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that a balance between further polymerization and 
varying degrees of sulfonation could occur so that 
the integral i-iactors would be obtained for the com­
pounds which did polymerize. Also the molecular 
weight determination of the polymer formed by 4-
nitrobenzhydrol in sulfuric acid is evidence for the 
formation of a dimer. The elemental analysis 
suggests that the dimer is associated with one sul­
fur-containing group. 

It should be noted that the absorption spectra 
were obtained on very dilute solutions, and in the 
cases of the 4-nitrobenzhydrol and bis-(3-nitro-
benzhydryl) ether, these were produced by extrac­
tion from a carbon tetrachloride solution as the 
volatile -solvent was removed. Neither the con­
centration nor the method of preparation was com-

Although a number of theoretical investiga­
tions1-4 based on the method of molecular orbitals 
have been carried out on azulene and its derivatives, 
experimental investigations providing evidences 
for the conclusions thereof are still meager, prob­
ably because suitable sets of compounds of this 
series have not been available. Samples of eleven 
azulene derivatives, however, were kindly furnished 
by Prof. Nozoe of Tohoku University for dipole 
moment measurements, which enabled us to draw-
important conclusions concerning the electronic 
structures of the molecules of these compounds. 
The results of analysis of the measurements com­
prise the following scope: the experimental deter­
mination of the direction of a moment in an azulene 
molecule, the problem of amino-imino isomerism in 
aminoazulene, the mesomeric moments of Cl, Br, 
NH2, NHCOCH3 and CN groups attached to an 
azulene ring, the polarity of an azaazulene molecule 
as well as of l-oxaazulan-2-one and l-azaazulan-2-
one molecules, and so forth. 

Experimental Method and Results 
Materials, listed in Table I, were synthesized and purified 

in Tohoku University. The measurements were carried out 
at 25, 30 or 35° on dilute solutions in benzene. The di­
electric constants were measured by means of a heterodyne 

(1) G. W . W h e l a n d a n d D . E . M a n n , / . Chetn. Phys.. 17, 204 
(1949). 

(2) B . P u l l m a n and A. Pu l lman , " T h e o r i e e lec t ronique de la chimie 
u r g a n i q u e , " Masson Par is , 1952. 

(3) C . Ber th ie r and B. P u l l m a n , Ball. sor. diim. France, I) 457 (1949). 
(4) A. JuIg, J. chim. phys., 52, 378 (1955). 

parable with the product isolation or "i"-factor ex­
periments. The extraction method has been used 
quite successfully for 3-methylbenzhydrol which 
gives polymers in the chemical runs, and quite 
typical carbonium ion spectra in solutions thus 
prepared. This same situation is found in the titra­
tion experiments. The carbinol (or ether) was in 
dilute solution in carbon tetrachloride, and the 
first end-point obtained should be due to carbon­
ium ions rather than polymer formation. It 
should be further noted that even if dimers were 
formed when the spectra were being obtained or 
during titration studies, the carbonium ions thus 
produced should have spectra similar to their 
simpler counterparts. 
KNOXVILLE, TENNESSEE 

beat apparatus provided with a platinum cell.6 The molar 
polarization of the solute was calculated from the experi­
mental data by a method similar to that introduced by HaI-
verstadt and Kumler,6 differing in that densities were used 
rather than the specific volumes. The deformation polari­
zations of these deeply colored compounds were calculated 
from that of azulene and the contributions from various 

TABLE I 
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5 
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7 
8 
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10 
11 

C o m p o u n d s 

2-Chloroazuleiie 
2-Aminoazulene 
ri-Bromo-2-aminoazulenp 
2-Acetylaminoazuleiie 
2-Cyanoazulene 
1,3-Diethoxycarbonylazulene 
2-Chloro-l -azaazulene 
2,6-Dichloro-l -azaazulene 
1,3- Diazaazulene -H2O 
l-Oxaazulan-2-one 
l-Azaazulan-2-one 

M . p. 

91 
93-

1,3,5 
HiS 
78 

125 
73 

179 
120 

72-
163-

, 0 C . 

•94 

-73 
•164 
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The dielectric constants and densities of dilute solutions of six azulene derivatives, three azaazulene derivatives, oxaazula-
none and azaazulanone in benzene have been measured and used to calculate the dipole moments of the molecules. The 
moment of 2-chloroazulene affords the first experimental evidence in support of the correctness of prediction by the method 
of molecular orbitals on the direction of moment in an azulene molecule. The analysis of the moments of 2-aminoazulene 
and 6-bromo-2-aminoazulene leads to the conclusion that the imino form of 2-aminoazulene, as suggested from the chemical 
properties of 2- and 6-amino-l,3-diazaazulenes as well as from the considerable stability of an azulenium ion, cannot be rec­
onciled with the experimental data. The large mesomeric moment of the amino group is attributed to guanidinium-type 
resonance. The moments of azaazulenes, oxaazulanone and azaazulanone can be accounted for by the probable geometric 
structures of these molecules with due regard to resonance contributions from highly polar structures as well as to the forma­
tion of hydrogen bonds in solutions. 
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substituent atoms or groups. The former was approxi­
mated with the observed molar refraction of naphthalene, 
an isomer of azulene, for the D line. The latter were esti­
mated from the differences between the molar refractions of 
the corresponding benzene derivatives and that of benzene. 
Since the values of moments were great, no serious errors 
were introduced by this assumption, probable errors being 
estimated to be less than 0.05 D . 

The results are shown in Table I I , in which «i and di de­
note, respectively, the dielectric constant and density of the 
solvent; a and /3 are, respectively, the changes of the dielec­
tric constant and density of the solution with the weight 
fraction of the solute; other notations have their usual 
significances. 

TABLE II 

DIPOLE MOMENTS OF SOME AZULENE DERIVATIVES IN 

BENZENE SOLUTION 

Cmpd. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

I, 
0C. 

35 
30 
25 
30 
25 
30 
35 
30 
25 
30 
30 

2525 
2630 
2731 
2629 
2729 
2630 
2526 
2599 
2726 
2653 
2628 

di, 
g./cc. 

0.86170 
.86687 
.87147 
.86670 
.87177 
.86679 
.86166 
.88675 
.87116 
.86672 

4.86 
3.65 
7.12 
6.28 

23.23 
1.30 

12.82 
5.98 
14.45 
23.34 
5.68 

g./cc. 

0.244 
.226 
.402 
.223 
.210 
.233 
.292 
.359 
.270 
.296 
.285 

Ps co 
CC. 

192.1 
135.7 
338.9 
268.6 
710.4 
135.6 
440.6 
265.4 
438.7 
682 
190.4 

RD, 
cc. 

49.3 
48.0 
55.6 
55.4 
49.8 
75.7 
45.8 
53.4 
44.0 
43.0 
44.9 

Mi 
D. 

69 
09 
72 
26 
68 
72 
47 

3.25 
4.39 
5.64 
2.73 

azulene is 1.69 D. in its magnitude. The first con­
clusion ascertains the prediction from the method 
of molecular orbitals and substantiates the general 
view that an unsaturated seven-membered ring be­
haves as an electron donor while an unsaturated 
five-membered ring acts as an electron acceptor, 
thus approaching a stable configuration of an aro­
matic sextet, as in tropones, tropolones,11-13 ferro-
cenes, etc. As to the second conclusion, it should 
be pointed out that the C-Cl bond moment of 2-
chloroazulene is nearly equal in its magnitude to 
that of monochlorobenzene rather than to those of 
alkyl chlorides, indicating a striking resemblance 
of azulene to benzene in affecting the nature of a 
C-Cl bond attached to them. 

The problem of the two alternative structures of 
2-aminoazulene, i.e., an amino-form and an imino-
form resonating among various structures of which 
the representative ones are, respectively 

, , C H - C H 
H C f 

X C H = C H — C = C H 

C - C H . ! V- -NH2 

Discussion of Results 
The dipole moment of azulene has been measured 

^CH—CH—C—CH2X 
H C f I > C = N H 

X C H = C H — C = C H / 

cannot be settled from the chemical properties of 
this compound alone. I t is known that aniline 
and amines take an amino-form, whereas 2- and 6-
amino-l,3-diazaazulenes do not display properties 

by Wheland and Mann1 as 1.0 D. The direction characteristic of typical aromatic amines,14'16 sug 
of the moment in the molecule, however, cannot 
be determined from this value alone, and although 
Wheland and Mann,1 Pullman2'3 and others4 have 
predicted from theoretical calculations that the 
positive end of the dipole is on the side of the seven-
membered ring whereas the negative end points 
toward the five-membered ring, no experimental 
confirmation has been made of this theoretical pre­
diction as yet. 

I t is definitely established from investigations by 
electron diffraction on tropone7 and tropolone8'9 

as well as by X-ray crystal analysis on tropolone 
derivatives10 that a cycloheptatriene ring is planar. 
Therefore, from symmetry considerations, both 
the moment of azulene and the C-Cl moment of 2-
chloroazulene are directed along the twofold axis of 
symmetry joining two carbon atoms at 2- and 6-
positions. The C-Cl bond moment of 2-chloro-
azulene being presumed to be in the range between 
1.6 D. for monochlorobenzene and 2.0 D. for alkyl 
chlorides, the moment of 2-chloroazulene is cal­
culated as either 2.6-3.0 or 0.6-1.0 D., depending 
upon whether these two component moments are 
parallel or antiparallel to each other. The ob­
served moment, 2.69 D., of this compound enables 
a choice between the two alternatives to be made. 
Thus one arrives at the conclusions that the elec­
tron transfer takes place from the seven-membered 
ring to the five-membered ring of an azulene mole­
cule and that the C-Cl bond moment in 2-chloro-

(7) K. Kimura, S. Suzuki, M. Kimura and M. Kubo, / . Chem. Phys., 
26, 320 (1957). 

(8) E. Heilbronner and K. Hedberg, T H I S JOURNAL, 73, 1386 
(1951). 

(9) M. Kimura and M. Kubo, Bull. Chem. Soc. Japan, 26, 250 
(1953); M. Kubo, M. Kimura and K. Kimura, ibid., 27, 455 (1954). 

(10) Y. Sasada, K. Osaki and I. Nitta, Ada Cryst., 7, 113 (1954); 
Y. Sasada and I. Nitta, ibid., 9, 205 (1956). 

gesting the presence of an imino-form. Azulene 
is basic to a considerable extent. With strong 
acids, it forms salts. The resulting azulenium ion, 
which exists as a resonance hybrid in 

H C / 
C H - C H = C -

^ C H = C H - C = 

-CH 2 x 

= C H / 
-H 

and a variety of other resonating forms, is stabilized 
by a greater resonance energy than that of azu­
lene.16 Accordingly, in the absence of any definite 
proof, it is not adequate to disregard the possibility 
of the imino-form. The dipole moment data af­
ford a means of decision to be made for the pres­
ence or absence of the imino-form. 

Let the component of the moment of 2-amino­
azulene parallel to an axis joining two carbon atoms 
at 2- and 6-positions be denoted by fx,l: the com­
ponent of the same moment perpendicular to the 
axis by n± and the C-Br bond moment by ^Br-
Then, one has the following equations for the mo­
ments of 2-aminoazulene and 6-bromo-2-aminoazu-
lene, respectively. 

M1,
2 + Ml2 = 2.092 

O l +MBr)2 +M-L2 = 3.72^ 

These simultaneous equations immediately lead to 
the conclusion that ^N and ^Br are parallel rather 
than antiparallel to each other. The moment of 

(11) Y. Kurita, S. Seto, T. Nozoe and M. Kubo, Bull. Chem. 
Soc. Japan, 26, 272 (1953). 

(12) Y. Kurita and M. Kubo, ibid., 24, 13 (1951). 
(13) Y. Kurita, Science Repts. Tohoku Univ., I, 38, 85 (1954). 
(14) T. Nozoe, T. Mukai, K. Takase, I. Kurata and K. Matsu-

moto, Proc. Japan Acad., 29, 452 (1953); T. Nozoe, M. Seto, S. Ito, 
K. Matsui and T. Matsuda, ibid., 29, 565 (1953), T. Nozoe, T. 
Mukai and I, Murata, T H I S JOURNAL, 76, 3352 (1954). 

(15) H. Kon, Science Repts. Tohoku Univ., I, 38, 67 (1954). 
(16) E. Heilbronner and M. Simonetta, HeIv. Chim. Ada, 38, 1019 

(1U52); H. M. Frey, J. Chem. Phys., 25, 600 (1950). 
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the imino-form can be calculated from reasonable 
numerical values for bond moments, H-C = 0.4 
D., C = N = 1.44 D. and H-N = 1.31 D., and for 
a valency angle, ZCNH = 120°, the positive end 
of each bond moment being at the first one of 
bonded atoms. The calculation leads to the con­
clusion that /u,i = 1.2 D. and that pn and MBr are 
antiparallel to each other. (This gives a lower 
limit, because the absolute value becomes greater, 
if the transfer of 7r-electrons from the seven-mem-
bered ring to a nitrogen atom is taken into account.) 
This cannot be reconciled with the experimental 
data. On the other hand, the amino-form is con­
sistent with experiments. Thus, introducing MX 
= 1.13 D.17'18 evaluated from the moment of p-
phenylenediamine into the simultaneous equations 
mentioned above, one obtains nn = 1.76 D. and 
MBr = 1-79 D. the former having the same direction 
as the latter. The value of ^Br is also of a right 
order of magnitude, since it falls in a range between 
1.6 D. for monobromobenzene and 2.0 D. for alkyl 
bromides. 

The absence of the imino-form could also be con­
firmed by means of infrared absorption spectra. 
In the frequency range of N-H and C-H stretching 
vibrations, two NH2- stretching modes (3300-3500 
cm. -1) and one stretching mode of aromatic C-H 
bonds (3030 cm. -1) will appear if only the amino-
form is present, whereas one N H - stretching mode 
(3200-3400 cm. - 1), one CH- stretching mode 
(3030 cm. -1) and two CH- stretching modes of a 
CH2- group (2926 ± 10, 2853 ± 10 cm. -1) are ex­
pected for the imino-form.19 Actually, the in­
frared absorption of 2-aminoazulene studied by 
means of a Perkin-Elmer spectrometer with a rock 
salt prism showed three strong absorption bands 
at 3470, 3380 and 3020 cm.-1 in the wave number 
range in question (2000-4000 cm. - 1). 

The interactions of an unsaturated ring system 
with a substituent atom or group attached to it can 
conveniently be expressed by the mesomeric mo­
ment of the substituent. It is defined as the differ­
ence between MArX, the moment of the substitution 
product, and /IRX, that of a corresponding alkyl 
compound. In the case when the unsaturated 
hydrocarbon itself is polar as in azulene, also its 
moment MArH must be subtracted from MArx, with 
due regard to its sign. Thus 

The values of some mesomeric moments calculated 
from the data of the present investigation are given 
in Table III , in which, as in the following para­
graphs, the positive sign of moments indicates elec­
trons being displaced from the ring system to the 
substituents. In Table IV, the mesomeric mo­
ments in azulene derivatives thus obtained are com­
pared with those evaluated by Sutton17 and others 
for benzene derivatives. 

Although Sutton has pointed out that meso­
meric moments increase or decrease progressively 

(17) K. B. Everard, L. Kumar and L. E. Sutton, J. Chen:. Soc, 
2807 (1951); K. B. Everard and L. E. Sutton, ibid., 2818 (1951). 

(18) Y. Kurita and M. KuIm1 Bull. Chem. Soc. Japan. 27, (till 
(1951). 

(19) L. J. Bellamy, "The Infrared Spectra oE Complex Molecules," 
Methuen, London, 1954, pp. 13, 54, 212. 

TABLE I I I 

MESOMERIC MOMENTS IN AZULENE DERIVATIVES 

C o m p o u n d s MArX MArX — MArH MRX Mines. 

2-Chloroazulene 2.69 1.69 2.01 - 0 . 3 2 
6-Bromoazulene" 1.79 2.00 - 0 . 2 1 
2-Aminoazulene6 - 1 . 7 6 - 2 . 7 6 0 - 2 . 7 6 
2-Cyanoazulene 5.69 4.69 3.60 + 1 . 0 9 

° Calculated from the moment of 6-bromo-2-aminoazu-
lene. b Components along the C-X axis. 

TABLE IV 

MESOMERIC MOMENTS OF VARIOUS SUBSTITUENTS 
Unsaturated 
ring systems Nils Cl Br CN 

Benzene - 1 . 0 2 - 0 . 4 1 - 0 . 4 3 0.45 
Biphenyl - 1 . 4 4 - 0 . 3 7 - .35 .73 
Stilbene - 1 . 7 3 . . . . - .33 .82 
Azulene" - 2 . 7 6 - 0 . 3 2 - .21 1.09 

" Bromine is substituted at the 0-position, while other 
substituents are at the 2-position. 

with the linear dimension of conjugated systems, 
those in azulene derivatives do not obey this rule: 
azulene having a molecular dimension intermediate 
between those of benzene and biphenyl behaves as 
if it had a greater linear dimension than that of stil­
bene. The large mesomeric moment of the amino 
group is very likely the result of guanidinium-type 
resonance. Since azulene has a much greater 

+ -N< 

electron affinity than that of benzene, the migration 
of 7r-electrons from the lone pair orbital of an NH2-
group to the azulene ring plays an important role. 

With the assumption of a regular pentagon form 
of the five-membered ring, the moments of 1-aza-
azulene and 1,3-diazaazulene can be calculated as 
3.1 and 2.6 D., respectively, from the observed 
moment of azulene, 1.0 D., and the C-N bond mo­
ment, 2.2 D., evaluated from the moment of pyri­
dine. Unfortunately, these two compounds have 
not been available in the present investigation. 
The moment of the former compound, however, 
may well be approximated with the observed 
moment of 2,6-dichloro-l-azaazulene, 3.25 D. The 
agreement of this value with the calculated moment 
for 1-azaazulene, 3.1 D., is good in view of the ap­
proximations made in the calculation. The direc­
tion of the moment of 1-azaazulene with respect to 
some reference line fixed in the plane of the mole­
cule can also be determined from the observed 
moments of 2,6-dichloro-l-azaazulene and 2-chloro-
1-azaazulene and the C-Cl bond moment, 1.6 D. 
It makes an angle of about 49° with the line joining 
two carbon atoms at the 2- and 6-positions. This 
value for the angle is consistent with 54° calculated 
by use of the assumptions mentioned above. 

It is difficult to presuppose the behavior of 1,3-
diazaazulene monohydrate in benzene solution. If 
the hydrate dissociates completely in the solution 
and each component part independently orients it­
self in the external field, the moment of 1,3-diaza­
azulene is calculated as (4.392 - 1.752)'/ = 4.03 D., 
which does not fit with the theoretical value, 2.6 D. 
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If the monohydrate complex persists in the solution 
with the moments of its component parts directed 
in parallel, its moment is calculated as 2.60 + 1.75 
= 4.35 D. in good agreement with the observed 
value, 4.39 D. In this connection, it is desirable 
that X-ray crystal analysis be carried out on the 
monohydrate. 

The large increase, about 1.52 D., in moment of 
l-oxaazulan-2-one, 5.64 D., over those of 7-lactones 
represented by that of 7-butylolactone,20 4.12 D., 
seems to indicate the contribution to resonance of 
polar structures such as 

CH=CH-C-O 
H C + / [I Nc=O, 

C H = C H - C — C - - H 

C H = C H - C - O 
HC + / I \c—0", etc. 

C H = C H - C - C - H 

An analogous case already has been reported by 

(20) R. J. B. Marsden and L. E. Sutton, J. Chem. Soc, 1383 (1936). 

Introduction 
Although the hydrogenolysis of various types of 

organic compounds by complex metal hydrides has 
been reported frequently, there are relatively few 
reports of the hydrogenolysis of ethers by lithium 
aluminum hydride. Karrer and Ruttner3 reported 
26% cleavage of phenyl allyl ether and 10% cleav­
age of phenyl benzyl ether, using ethyl ether as a 
solvent and cobalt(II) chloride as a catalyst. Sof-
fer and Parrotta4 found that in the lithium alumi­
num hydride reduction of /3-alkoxy- and /3-aryloxy-
propionitriles to the corresponding amines, there 
was considerable cleavage of the alkoxy and aryloxy 
groups to give w-propylamine and alcohols or phe­
nols. Other compounds containing ether linkages 
which undergo hydrogenolysis by lithium alumi-

(1) Paper presented at March, 1954, A.C.S. Meeting, Kansas City, 
Mo. 

(2) From the dissertation submitted by Michael Cuscurida in par­
tial fulfillment of the requirements for the Ph.D. degree, Baylor Uni­
versity, 1955. 

(3) P. Karrer and O. Ruttner, HeIv. Chem. Acta, S3, 812 (1950). 
(4) L. M. Sofler and K. W. Parrotta, THIS JOURNAL, 76, 3580 

(1954). 

Di Giacomo and Smyth,21 who found a large in­
crease, about 1.4 D., in the moment of cyclohepta-
trienone over those of other cyclic ketones. On the 
other hand, the increase in moment of 1 azaazulan-
2-one, 2.73 D., over that of 2-pyrrolidone, 2.3 D.,22 

is not so great as that predicted by the same rea­
soning. This suggests the following explanation 
in terms of hydrogen bonding. Unlike 1-oxaazu-
lan-2-one, l-azaazulan-2-one has an NH group ca­
pable of forming a hydrogen bond with the oxygen 
atom of another molecule. The formation of di-
mers having an almost vanishing moment in dilute 
solutions would lead to the decrease of observed 
moment of l-azaazulan-2-one below the true mo­
ment of a single molecule of this compound. 

Acknowledgment.—We wish to express our cor­
dial thanks to Prof. Nozoe and his collaborators 
for providing us with the purified materials used in 
the present investigation. 

(21) A. Di Giacomo and C. P. Smyth, THIS JOURNAL, 74, 4411 
(1952). 

(22) G. Devoto, Gazz. chim. UaL, 63, 495 (1933); cf. E. Fischer, 
J. Chem. Soc, 4525 (1952). 
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num hydride are epoxides,6 solasodine6 and sapoge-
nins.7 

It was the purpose of this investigation to de­
termine the general applicability of lithium alumi­
num hydride as a hydrogenolytic agent for aryl 
allyl ethers and to study the influence of catalysts, 
reaction conditions and molecular structure. 

Discussion 
The work of Karrer and Ruttner was verified al­

though with somewhat lower yields. Fourteen aryl 
allyl ethers have been cleaved in good yields by re­
action in a solvent for 24 hr. with a catalyst and an 
excess of lithium aluminum hydride. All underwent 
hydrogenolysis at the alkyl oxygen bond to form a 
phenol and an alkene. 

R R ' catalyst R R ' 

A rOCH 2 C=CR" + LiAlH, solvent ArOH + C H 3 C = C R " 

(5) L. W. Trevoy and W. G. Brown, ibid., 71, 167S (1949). 
(6) L. H. Briggs and R. H. Locker, / . Chem. Soc, 3020 (1950). 
(7) H. M. Doukas and T. D. Fontaine, THIS JOURNAL, 73, 5917 

(1951). 
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Hydrogenolysis by Metal Hydrides I. Hydrogenolysis of Aryl Allyl Ethers by 
Lithium Aluminum Hydride1 
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Lithium aluminum hydride has been found to be an effective hydrogenolytic agent for aryl allyl ethers, the reaction prod­
ucts being phenols and alkenes. The hydrogenolyses were catalyzed by a number of salts and metallic oxides of which 
nickel(II) chloride was most frequently used. The extent of cleavage was markedly influenced by the nature of the solvent 
and by the type of substituent groups on the aryl ring and the allylic chain. Hydrogenolysis of phenyl allyl ether at 35° 
was 86% in tetrahydrofuran, 18% in ethyl ether and 59% in dioxane. Chloro groups in the oriho and para positions and 
phenyl and chloro groups on carbon three of the allylic system generally enhanced the hydrogenolysis reaction; methyl 
groups in the corresponding positions decreased the extent of cleavage compared to that of phenyl allyl ether. Phenyl n-
propyl ether and phenyl 3-butenyl ether were not cleaved under the conditions employed. 


