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While the electronic structures of sub-
stituted benzenes have been studied by
many authors, the theoretical investiga-
tions of those of substituted naphthalenes
have been scarcely ever made!~%, because
of difficulties of the calculation due to low

1) H. Baba and T. Suzuki, Symposium on the Electronic
Structures of Molecules, held at Kyoto, 1958,

2} R. Daudel and M. Martin, Bull. soc. chim. France,
1948, 559; ibid., 1949, 83.

3) D. Peters, J. Chem. Soc., 1957, 646, 1993.

4) B. Pullman, Bull. soc. chim. France, 1948, 533.

symmetry of these molecules and the
presence of many =-electrons to be con-
sidered. The spectra of naphthalene
mono-derivatives show® in general two
kinds of characteristic picture depending
upon the position of substitution, either
B or a positions. In the di-derivatives,
two substituents are bonded with rings in
two ways, that is, both with the same

5) R. A. Friedel and M. Orchin, * Ultraviolet Spectra

of Aromatic Compounds”, Jone Wiley and Sons, New
York, (1951).
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ring and each with the different rings.
This seems to lead additional effects on
their molecular properties. De Laszlo®
showed that fourteen isomeric dichloro-
naphthalenes could be classified spectro-
scopically as aa, ab and bb compounds.
But as pointed out by Daglish™ in the case
of naphthalene di-derivatives having
strongly conjugating substituents, such as
hydroxyl, amine etc., this classification is
an over-simplification of the problem. In
the present paper theoretical treatments
based on the simple MO theory will be
applied to the electronic structures of a, a'-
naphthalenediols, such as 1-4, 1-5 and 1-8
diols, in order to establish the effects of
substituents on their molecular properties.
The electronic structures of 3, 8/-naphtha-
lenediols will be considered in the next
paper.

Method of Calculation.—The method is
based on the simple LCAO MO theory with
only fourteen 2pr electrons considered
explicitly. The Coulomb and the exchange
integrals used are the same as those in
the previous paper®, where the electronic
structure of phenol was discussed. All
the Coulomb integrals for carbon atoms
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Fig. 1. Numbering of atoms and sym-
metry orbitals.

6) H. de Laszlo, J. Am. Chem. Soc., 50, 892 (1928).

7) C. Daglish, ibid., 72, 4859 (1950).

8) K. Nishimoto and R. Fujishiro, This Bulletin, 31,
1036 (1958).

[Vol. 32, No. 5

are taken as equal to a. When the non-
uniformity of charge distribution is small,
the above assumption may be approxi-
mately held. In order to simplify the
calculation we make this approximation.
The numbering of atoms and the sym-
metry orbitals for the moleclues are shown
in Fig. 1. A, B, A:; and B, in the figure
express the irreducible representations,
to which each symmetry orbital belongs.

Results and Discussion

(A) MO’s and their Polarization.—The
calculated MO’s and their energies for the
naphthalenediols are summarized in Table
I

The comparison of the MO’s of the
naphthalene® and those of diols obtained
here makes it clear that the signs of the
coefficients at each carbon AO in each MO
are unchanged by the introduction of the
hydroxy groups. Thus, so far as the
mono- and di-derivatives are concerned,
it is not too much to say that the effect of
substitution brings about some modifica-
tion of the MO’s of parent hydrocarbon,
but the extent of these modifications is
not so large as to destroy their orbital
characteristics. This situation will give
a basis to the assumption that in many
cases the perturbation theory supplies
qualitatively useful results, even if the
effect of the substitution amounts to con-
siderable extent. In the naphthalene
molecule, ¢, is totally symmetric for the
symmetry operation with respects to the
principal axis and has no node of the
wave function. For the naphthalenediols,
¢,’s of them have still no node, but they
are strongly polarized along the direction
toward the substituents in a regular man-
ner. If we try to measure the degree of
polarization by the value of C,,/C.,,, where
the C,. is the square of coefficient at p-th
carbon AO in ¢, of the diol and the Ci,,
is that of naphthalene, these values are
the greatest at the carbon atoms bonded
with a hydroxy group and decrease with
the increase in the distance between the
p-th carbon atom and the substituent.
For the case of 1-8 diol, the values at the
carbon atoms numbered by 1, 2, 3 and 4
in Fig. 1 are 1.367, 0.925, 0.656 and 0.591,
respectively. This polarization is similar
to the inductive effect which is usually
regarded as the polarization of e¢-cores

9) B. Pullman and A. Pullman, * Les Theories elec-
troniques de la Chimie organique ', Masson et Cie, Paris,
(1952), p. 199.
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TABLE I. MO’s AND MO ENERGIES
Sym- Orbital
metry  ©2eTEY MO

1-4-naphthalenediol

B, 2.4227 ¢1=0.34520,+0.24260,+0.238603+0.1677 ¢4+ 0.4103¢5+0.261904

Az 1.9264 (Pg=0.34980’7+0.11950’g—0.09620’9—0-03290’m+0.15240’11+0.5742012

B, 1.8058 ¢3=0.1695¢,+0.210302—0.311103—0.38600,—0.1757 05+ 0.3877 g4

B, 1.3271 ©4=0.12460,+0.38102—0.079603—0.24335,+0.1377 05— 0.5048 06

Az 1.1082 P5=U.163107+ 0.07740’3—'0.43490'9—0.230001o+0.30740|1'—0.2914612

B, 1.0000 ©s=0.4083 (02 +0,—03)

Az 0.4321 ©7=0.427607+0.298605+0.309609+0.21627 15+ 0.08240; —0.2803 02

B, —0.6922 ¢s=0.38180,—0.225602—0.4607 g3+ 0.272204+0.0466 05— 0.12190¢

Ag —1.0000 Po= —'0.4083(03—0‘10—011)

B, —1.3635 ©10=0.43690, —0.184602+0.357453—0.15120, — 0.336105 —0.10690

Az —1.6396 soll=0-261507-"0.409005"‘0.27500’9—'0.42990104‘0-0209611‘_0.0584612

A, —2.3271 ©12=0.3158¢7,—0.237905—0.290154+ 0.2186 7 10— 0.456501, — 0.05780;2
1-5-naphthalenediol

A 2.4190 ¢1=0.33620,+0.219502+0.194903+ 0.25194,+0.414405+0.2561 0%

B 1.9945 @2=0.368707+0.247205+0.124309+0.0007 0 19+ 0.12290,, + 0.5219;,

A 1.6212 ¢3=0.1038¢,—0.0407 0> —0.169803 —0.2346 4, —0.21060;+0.5994 g

B 1.5296 @y=—0.00840,-+0.285354+0.4447 g9+ 0.39510,,—0.1594¢,,—0.198152

B 1.0034 ¢5=0.2897g7+0.287705—0.001003—0.2887 5 19+ 0.2887 011 —0.40827 2

A 1.0000 505=D.4083(0’2+63—ﬂ'5)

A 0.4590 ¢7=0.36960;+0.29000:—0.236503 —0.398504+0.053505 —0.2484 04

B “—0.7005 (P3= 0.42580‘1'—0.233603—0.263209+ 0.41800m+0.02960’11—0.1357612

B —1.0000 Po=—0.4083(sg— 09— a11)

A —1.3550 ©10=0.37390,—0.10620:—0.230003+0.41780,—0.336205—0.0917 g4

A —1.6442 011 =0.31590, —0.4337 g5+ 0.397203 —0.2194 0, —0.036575 — 0.07030¢

B —2.3269 ¢12=0.312907—0.231304+0.225409—0.2931010—0.4567 011 — 0.05720 2
1-8-naphthalenediol

B, 2.4249 ©1=0.35130,+0.2219(02+205) +0.1868 (g3+2a¢) -+0.23124,+0.26594,

A 1.9360 ¢©2=0.327805+0.26620-+0.18750 5+ 0.09690 1, +0.52640 2

B, 1.7562 ©3=0.1794¢,—0.0094 (g2 +203) —0.1959 (g3+ 20¢) —0.3346 0,4+ 0.49030;

A: 1.4410 ¢4=0.0319¢5+0.311609+0.41720,5-+0.2895¢1; —0.37950 2

B, 1.0035 ¢5=0.29770,+0.1975(o2+205) —0.0995 (o3 +205) —0.29730,—0.4198¢+

Bl 1.0000 50520.4033(624'03—05—65)

A 0.4666 ©7=0.349005+0.32830¢—0.19580,,—0.4197 61, —0.23640,2

A —0.7020 ©3=0.433205—0.207795—0.287401,+0.40940,, —0.1378012

B, —1.0000 @o=—0.4083(02— 03— 05+ 05)

B, —1.3573 ¢10=0.39390, —0.1557 (02 + 205) —0.1826 (75 + 20¢) +0.40350, —0.09650¢

A —1.6416 ©11=0.286405—0.42550 ¢+ 0.4121 19— 0.251104, —0.0637 042

B, —2.3273 ©12=0.3172¢,—0.2325(02+205) +0.2240(03+206) —0.28870,—0.0581 07

caused by the introduction of the polar
group into the molecule. But, when we
take Bco=0, this polarization is absent, so
far as invoking the simple theory, since
the interactions between the 2pr electrons
of the substituents and of the naphthalene
ring are impossible in this case. If the
polarizations of ¢,’s are inductive, it is
expected that the value of C,,/Cy, for 1-
8-diols is the greatest and the smallest
for 1-5-diol. Actually, their values are
1,367, 1,319 and 1.251 for 1-8, 1-4 and 1-5-
diols, respectively. Although the all MO’s
for the diols have the same numbers of

nodes as those for the corresponding
naphthalene MO’s, the regular polariza-
tions are not recognized in them except
¢’s. In the light of the above fact, we
may except that when the overlap between
the electronic cloud of conjugated molecule
and that of the attacking molecule is pre-
sent, the lowest =-orbital of the former
will be most sensitive to the influence of
the latter. The occupied lowest z-orbital
will, therefore, play the most important
role for the rearrangement of charge dis-
tribution of the molecule produced by the
approach of the reagent.
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(B) Absorption Spectra. — It is well
known that the introduction of the
hydroxy group into the a-position of naph-
thalene causes a very large bathochromic
shift in the p-band with some distortion
of the fine structure and a rather small
shift in the a-band. As mentioned by
Daglish™ and Spruit'®, the spectra of a,
a'-diols also have those characteristic
features, but these bathochromic shifts
in the p-bands are larger in 1-4 derivative
and slightly larger in 1-5 compound than
that in a-naphthol. Comparison of the
energy level diagrams given in Fig. 2
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Fig. 2. Energy level diagrams.
1. naphthalene
2. a-naphthol
3. 1-4 naphthalenediol
4. 1-5 naphthalenediol
5. 1-8 naphthalenediol
makes it possible to expect that the

spectra of 1-8 diol may be very close to
that of 1-5 diol, since the spacing of their
- levels concerned with the electronic transi-
tions in the near ultraviolet region are
very similar to each other. This is the
case of Hochstein et al.'?, who reported
that the spectroscopic distinction between
them was difficult. The energy level
diagram of a-naphthol which is calculated
by using the same parameters for diols
is also given in Fig. 2. The numerical
values given in Fig. 2 express the orbital
energy differences between ¢; and ¢g for
the corresponding compounds in the units

10) C. J. P. Spruit, Rec. trav. chim., 68, 309 (1949).
11) F. A. Hochstein et al., J. Am. Chem. Soc., 75, 5457
(1953).
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of B, respectively. The comparison of
these values suggests that the wave
lengths of absorption corresponding to the
¢—rps transitions which are closely related
to the p-band are in following order; 1-
4 diol>1-5 diol=1-8 diol=a-naphthol.

The fact that the orbitals having orbital
energies of +f are not affected by the
substitution in the a-positions of naphtha-
lene may provide a determining factor
for the discussion of electronic transitions
concerned with a-bands of a-compounds,
because these orbitals are closely connected
with them. Experimentally observed dis-
tortion of the fine-structure in the p-band
will be reasonably attributable to the an-
harmonicity produced by the ununiform
charge distribution and the alteration of
the bond orders. The full discussion about
the electronic transitions on the ground
of the method involving the electronic
interaction will be desirable. Here, we
will try no further discussion about this
problem.

(C) Extra Delocalization Energies and
Molecular Diagrams.—Delocalization of the
2pr-electrons of substituents into the naph-
thalene ring brings the excess of stabili-
zation energies (extra delocalization ener-
gies) for the molecule as a whole. These
values per one hydroxy group are evalu-
ated to be 0.1807, 0.1851 and 0.18665 for
the 1-4, 1-5 and 1-8 diols, respectively.
A naive consideration will give larger
extra delocalization energy for greater
charge migration. Actually, if we plot
these values against the magnitudes of
the charge migrations from the hydroxy

=3
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T

0.065 |-

Charge migration, 4q

|
0.184

1 1 [l 1
0.178 0.180 0.182 0.186
Extra delocalization energy, Je
Fig. 3. Relation between the extra de-
localization energy of diols and the
charge migration in them.
1. phenol
2. 1-4 naphthalenediol
3. 1-5 naphthalenediol
4. 1-8 naphthalenediol
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group into the naphthalene ring, a linear
relationship is obtained as shown in Fig.
3. It is surprising that a point corre-
sponding to the phenol, which is obtained
from our previous paper®, is also located
on this line. This fact gives us an inter-
esting suggestion that the degree of charge
migration will be estimated by only the
calculation of orbital energies of the
molecule. This seems to give a theoretical
background to a well-known conception of
the electronic theory in organic chemistry
that the acidity of the aromatic hydroxy

0424

0.426

0.460
Fig. 4. Molecular diagram.
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derivatives is closely connected with the
magnitude of charge migration. In the
case of a-naphthol, the value of extra-
delocalization energy is 0.18628. Its
magnitude of charge density at the
hydroxy group will be, therefore, expected
to be comparable with that of 1-8 diol.

As seen from the molecular diagrams
given in Fig. 4 the charge distributions in
the molecules show a sharp difference
according to the type of substitution,
either two hydroxy groups bonded with
the same ring or not. Namely, in the
case of 1-4 diol the migrated charges are,
for the most part, localized within one
ring whereas in those of 1-5 and 1-8
diols they are equally distributed into
both rings. In the discussion of the
molecular properties, such as reactivity,
of the naphthalene di-derivatives this
characteristic charge distribution will
supply a useful information.

Summary

- The simple LCAO MO method was ap-
plied to the electronic structures of «,a’-
naphthalenediols, using the same para-
meters as those of phenol based on the
ASPMO calculation. The theory proved
that

(a) the lowest m-orbital of the molecule
would be the most sensitive to the in-
fluence of the external molecular field,

(b) the absorption spectra of diols were
satisfactorily correlated with their energy
level diagrams, and

(c) the extra delocalization energies
produced by the charge migrations from
the hydroxy groups into the naphthalene
ring increased linearly with the incre-
ment of the magnitude of charge migra-
tions.
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Mr. N. Mataga for his helpful discussions.
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