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I. Introduction

Nonbenzenoid cyclic conjugated hydrocarbons are conveniently classi-
fied into two categories: conjugated hydrocarbons composed of odd-
membered rings called, in terminology of molecular orbital theory,
nonalternant hydrocarbons, and cyclic polyenes currently known as
annulenes,

Of the fundamental nonalternant hydrocarbons, only two proto-
types were known about fifteen years ago: azulene (XI, Fig. 5), the
molecular structure of which was determined by Pfau and Plattner?
and fulvene (XIX) synthesized by Thiec and Wiemann?, Early in the
1960’s many other interesting prototypes have come to be synthesized.
Doering?® succeeded in synthesizing heptafulvene (XX)*, fulvalene
(XXI) and heptafulvalene (XXIII). Prinzbach and Rosswog> reported
the synthesis of sesquifulvalene (XXII). Preparation of a condensed
bicyclic nonalternant hydrocarbon, heptalene (VII), was reported by
Dauben and Bertelli®. On the other hand, its 5-membered analogue,
pentalene (I), has remained, up to the present, unvanquished to many
attempts made by synthetic chemists. Very recently, de Mayo and
his associates” have succeeded in synthesizing its closest derivative,
1-methylpentalene. It is added in this connection that dimethyl deriv-
atives of condensed tricyclic nonalternant hydrocarbons composed of
5- and 7-membered rings (XIV and XV), known as Hafner’s hydro-
carbons, were synthesized by Hafner and Schneider® already in 1958.

As early as about twenty years ago, Pullmans and their associates®
carried out extensive theoretical studies of electronic structures of fun-
damental nonalternant hydrocarbons, most of which were unknown at
that time, using the simple Hiickel molecular orbital theory, It is grati-
fying to note that this precedence of theoretical investigation has stim-
ulated organic chemists to attempts to synthesize these then desk
molecules. The simple Hiickel theory has predicted substantial n-electron
delocalization energies for these molecules, suggesting that they would
have in a greater or lesser degree aromatic stability. Experimental in-
formation now available, however, indicates that contrary to this ex-
pectation, most of the nonalternant hydrocarbons we know possess no
aromatic stability like that of the classical aromatic systems.

In the 1930’s Hiickel'® proposed, on the basis of molecular-orbital
calculations, a theoretical criterion for aromaticity of cyclic polyenes,
known as Hiickel’s rule, which states that cyclic polyenes should be
aromatic if, and only if, they contain 4n+2 n-electrons. At that time
only two of such cyclic polyenes were known: benzene and cyclo-
pentadienyl anion, each having six n-electrons and satisfying Hiickel’s
rule. Since then, the validity of Hiickel’s rule had not been challenged
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until Sondheimer and his group!" !'? succeeded in synthesizing the
higher members of the [4n+2] annulenes about ten years ago. Various
experimental facts concerning C;oH,,'?, the highest member of the
[4n+2] annulene known to date, indicate that it is definitely not
aromatic. This seems to suggest that the aromaticity of [4n+2] an-
nulenes should decrease with increasing n and disappear above a certain
critical ring size, the situation apparently violating Hiickel’s rule.

The anomalously reduced stabilities of certain nonalternant hydro-
carbons and higher members of [4n+2] annulenes arise from their
seemingly peculiar geometrical structures in which a strong bond distor-
tion often accompanied by a molecular-symmetry reduction occurs,

For benzenoid hydrocarbons, it has been well recognized that the
molecular symmetry for the ground state is always that suggested by
the superposition with equal weight of the equivalent Kekulé-type
resonance structures, and that the bond orders calculated using valence-
bond or molecular-orbital theories, assuming the apparently-full
molecular-symmetry, give the theoretical C—C bond lengths which
are in good agreement with experimental values.

On the other hand, it was somewhat amazing to discover that the
ground states of certain nonbenzenoid hydrocarbons should not adopt
the fully-symmetrical nuclear arrangement expected on the basis of the
conventional resonance theory, but rather a less symmetrical nuclear
configuration in which the nuclei have been displaced in some degree
(for a general account of this problem, see 13)). For example, it was no-
ticed'¥ 17 that the ground state of heptalene does not show an energy
minimum for the nuclear configuration with D,, symmetry, suggested by
the superposition of the two Kekulé-type resonance structures, but has
a lower energy if it adopts a less symmetrical nuclear configuration that
corresponds to either of the resonance structures and exhibits a strong
bond-length alternation in its periphery. The resonance between the
Kekulé-type structures in this molecule would substantially be hindered.

O CO

The available experimental facts® agree with this in indicating that the
n-electrons in this molecule should be localized largely in “double”
bonds, rather than uniformly delocalized over the entire molecule.
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Another example is provided by [30] annulene. Longuet-Higgins and
Salem'® have shown that the observed visible and UV absorption
spectrum and, in particular, the NMR proton chemical shifts of this
molecule are very difficult to reconcile with the symmetrical nuclear
configuration (D,) suggested by the superposition of the Kekulé-type
resonance structures. The hypothesis of a bond-length alternation of
D5, symmetry removes this difficulty. This indicates that the resonance
between Kekulé-type structures should be very much impeded also in

this molecule.
—*- @

A theoretical explanation for such an anomalous phenomenon in
certain nonalternant hydrocarbons has first been attempted, in case of
pentalene, by Boer-Veenendaal and Boer!®, followed by Boer-Veenen-
daal et al.'¥, Snyder'®, and Nakajima and Katagiri'” for other related
nonalternant hydrocarbons. By making allowance for the effects of
o-bond compression, these authors have shown that a distorted struc-
ture resembling either of the two Kekulé-type structures is actually
energetically favored as compared with the apparently-full symmetrical
one.

A theoretical justification for the existence of a bond-length alter-
nation accompanied by a molecular-symmetry reduction in higher
members of the [4n+2] annulenes came from a somewhat different
source. It is Kuhn?® who first showed that in contradiction to the earlier
predictions by Lennard-Jones®? and Coulson??, a certain degree of
bond alternation should be postulated even in an infinitely-long linear
polyene, the assumption providing a possible theoretical interpretation
for the experimental fact that in the electronic spectra of chain polyenes,
the frequency of the longest wave-length absorption band converges to
a finite limit, as the chain length tends to infinity, rather than to zero,
as is expected on the basis of the conventional molecular-orbital theory.
Since an infinite chain polyene is not to be distinguished from an infinite
cyclic polyene, this result by Kuhn implies at once that some degree of
bond alternation is also present in a sufficiently large cyclic polyene,
even if it satisfies the Hiickel 4n+2 rule. Such a view has been followed
up by succeeding theoretical works by Dewar??, Simpson?*), Platt*~,
Huzinaga and Hashino?®, Labhart?”, Ooshika?®, Longuet-Higgins
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and Salem?®), Coulson and Dixon*?, and Férstering ez al.>". Simpson?*
has tried to rationalize the experimental slow convergency of the ab-
sorption frequency in chain polyenes by treating the “double” bonds
as independent ethylenic systems and even by neglecting the exchange
interaction between adjacent systems. It was emphasized by Labhart??”
and Kuhn2® that the stable nuclear configuration of a conjugated sys-
tem cannot be predicted on the basis of n-electron calculations alone,
but allowance for the effects of s-bond compression has to be made. It
is Platt?® who first suggested that the stabilization of the distorted
structure in a long chain polyene is due to the vibronic interaction of
the ground state with low-lying excited states of proper symmetry—that
is, the pseudo Jahn-Teller effect. As for the critical value of n for which
bond alternation sets in in [4n+42] annulenes, a variety of values rang-
ing from 2 to 8 have been proposed: n=2 by Coulson and Dixon>% and
Nakajima3?, n=5 by Dewar and Gleicher®*, Binsch and Heilbronner**,
and Binsch et al.*®, n>5 by Forstering et al.>"), and n=8 by Longuet-
Higgings and Salem2?, who proposed alternatively a value between
4 and 7'9).

A basic assumption common to all these theoretical treatments is
that a bond alternation corresponding to one of the Kekulé-type struc-
tures is the energetically most favorable bond distortion in a conjugated
molecule. Even if this be so with the ground states of simple conjugated
molecules (e. g, pentalene), obviously, such a presumption cannot be
extended to large polycyclic conjugated molecules (e. g., Hafner’s hydro-
carbons) in which possible Kekulé-type resonance structures are not
always equivalent. For the same reason it cannot be applied to the
charged conjugated systems or to the electronically excited states. Thus,
a reexamination of the theory of double-bond fixation is highly desir-
able, since, in an advanced theory, not only bond alternation but all
the possible types of bond distortion should be examined.

Recently, Binsch et al.3*~3® and Nakajima et al.*®~*? have, along
this line, developed a general theory of double-bond fixation in con-
jugated molecules. The scheme of Binsch is based on the second-order
perturbation theory and allows a sharp distinction to be made between
the first-order bond fixation, which does not affect the molecular sym-
metry, and the second-order bond fixation which may result in a
molecular-symmetry reduction. Information about the second-order
bond fixation is obtained by examining the eigenvalues and eigen-
vectors of the bond-bond polarizability matrix. If the largest eigen-
value of the bond-bond polarizability matrix for a molecule is larger
than a certain critical value, the second-order effects in the m-electron
energy overcome the ¢-bond compression energy, and the molecule
will, in general, distort into a less symmetrical nuclear configuration.
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The type of the most favorable second-order bond distortion is given
by the eigenvector corresponding to the largest eigenvalue.

On the other hand, Nakajima et al.*'*? have applied the symmetry
rule recently developed by Pearson*® to the estimation of the second-
order bond distortion. This rule provides a more intelligible way of
predicting the molecular-symmetry reduction occurring in certain con-
jugated molecules and of understanding its origin.

Since they are based on the perturbation theory, both these theo-
ries—so to speak, the static theories—only give the type of the most
favorable bond fixation and do not provide the actual magnitude of
bond distortion or equilibrium bond distances at which the nuclei of
the real molecule will settle. A general theory for predicting the ener-
getically most favorable geometrical structure with respect to bond
distance of a conjugated molecule—a dynamic theory—has been de-
veloped by Nakajima and Toyota® 4%, The method used is the semi-
empirical SCF MO method in conjunction with the variable bond-
length technique. By adopting all the possible distorted structures as
the starting geometries for iterative calculation, we can obtain auto-
matically the energetically most favorable nuclear arrangement using
this method.

_In this contribution, we are concerned with the static and dynamic
theories—in a sense mentioned above—of bond distortion in conjugated
hydrocarbons. The geometrical structures of the ground states of non-
alternant hydrocarbons, some of their charged radicals and dianions,
and [4n+2] annulenes, together with those of electronically excited
states of selected molecules will be treated. Further, the effects of bond
distortion on the magnetic susceptibilities and electronic excitation
energies, the physical quantities which depend sensitively upon geo-
metrical structure, in nonalternant hydrocarbons will be discussed.

I1. The Static Theory of Bond Distortion

A. The Second-Order Perturbation Theory

We start by assuming for a conjugated molecule a fully-symmetrical
arrangement of carbon nuclei as an unperturbed system. Electronic
wavefunctions W, ¥4,...,¥,,... and the corresponding energies
Eo, Ei,...,E,,... of the unperturbed system are assumed to be known.
We then distort the nuclei from the symmetrical arrangement by means
of the ith normal coordinate of nuclear motion Q;. So long as the

6



Quantum Chemistry of Nonbenzenoid Cyclic Conjugated Hydrocarbons

distortion is not too drastic, we may describe the ground-state energy
after the deformation using the second-order perturbation theory:

0
E(Qi)=E0 + <‘/’0 % 0> Q;
2
*H K‘” 20, "’°>
< °| 307 >_2n§o Ry G

Now we assume the complete o—n separation for a conjugated
molecule, which states that the total Hamiltonian can be written as
the sum of the Hamiltonian for the o-core and that for the n-electron
system:

H=H,+H,. (2)

Eq. (2) means further that the total energy can correspondingly be
written as the sum of the two terms:

E=E,+E,. (3)

The o-core energy can be regarded as the sum of the individual con-
tributions of the C—C o-bonds, each of which may be approximated
by a quadratic function of the bond-distance variation:

k
Ea‘ = Z 5 (ruv— r0)2 (4)

p<v

where k is the force constant appropriate for an sp? hybridized carbon
g-bond. -

If the initial ground-state wavefunction , is nondegenerate, the
first-order term (i. e., the second term) in Eq. (1) is nonzero only for the
totally-symmetrical nuclear displacements (note that Q; and (0H/3Q))
have the same symmetry). Information about the equilibrium nuclear
configuration after the symmetrical first-order deformation will be given
by equating the first-order term to zero,

3E,
<°6Ql > 20, 0 ©

where for the first equality we have used the Hellman-Feynmann theo-
rem*?), Further, Eq. (5) can be rewritten as

OEo\ (Or,,\
a0, " %, (arw) (FQ:)‘O ©
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which means that all the partial derivatives of the total energy with
respect to r,, should vanish individually. Writing the n-clectron energy
in the one-electron approximation and using Egs. (3) and (4), we have
for the total energy

EO = Z {E(ruv_r0)2+2puvﬁuv}+ ch (7)

u<y 2

where p,, and B,, are respectively the bond order and the resonance
integral for real bond u—v, and « is the Coulomb integral for the
carbon atom. Differentiation of Eq.(7) with respect to r,, yields the
following relations for all bonds

7
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2
ruv rO—Tpuv' (8)

Eq. (8) is nothing but the usual bond-order—bond-length relationship
for conjugated hydrocarbons. It follows that in these molecules all the
symmetrical bond distortions will occur until the first-order energy
equilibrinm is attained. In other words, initially assumed bond lengths
will change to the first-order equilibrivm values through the bond-
order—bond-length relationship, but still keep the initial molecular-
symmetry.

Assuming that the first-order changes have taken place and using

Egs. (2), (3) and (4), we find
K " 30, ‘”°>

l//o>—2 ;0——5_*]30—— Qr )

aH,| \|?

0%H,
00}

£@) =5 + 34+ (4o

In the framework of the one-electron approximation, the second term
in braces in Eq. (9) can be written as

(i

where fB” is the second derivative of B(r) with respect to r. We may
safely neglect this term since for the reduced bond-distance interval in
question the curvature of the S(r) curve would be very small. We have

aZHIZ 71 6 v 2
i u<v i
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finally for the energy of the ground state after the second-order de-

formation
E(Q)=EV + _—{k— E :
(Ql) 0 + 2 2 o E"—Eo

0f. (11

According to Eq. (11), the force constant for the normal vibration
Q; can be identified with the term in braces and can be negative if the
second term, which is positive, exceeds the first term. If the force con-
stant is negative, the energy should be lowered by the nuclear deforma-
tion Q;, and the second-order distortion from the symmetrical nuclear
arrangement would occur spontaneously.

Two different methods for estimating the probable value of force
constant have so far been proposed; in estimating the second term in
braces in Eq. (11), Binsch et al.*¥~3® have used the bond-bond polar-
izabilities, while Nakajima et al.*!» 42 have made an extensive use of
the symmetry rule, the usefulness of which in predicting stable molec-
ular shapes has recently been appreciated by Pearson** 4%,

B. Use of Bond-Bond Polarizabilities

In the framework of the one-electron approximation, the second term
in braces of Eq. (11) is given by

ozl

6Ql _ . or,
2n§0 n EO _—uZVKglzn:lv),xlﬁuvﬁxl( Q)( Q,) (12)

where w,, ., is the bond-bond polarizability, and we have neglected
the curvature of the B(r) curve (i.e., we have assumed f”=0). Since
Eq. (12) contains cross-terms, it is convenient to apply a normal-
coordinate analysis. Diagonalization of the bond-bond polarizability
matrix will yield a set of eigenvalues A, and the corresponding set of
eigenvectors D;. We can then rewrite Eq. (11) as

2

E(Q)=E§’ +3 {k+24(8)} 0. (13)

Remembering that the polarizabilities are expressed in units of 85?,
it follows that the largest positive eigenvalue 1, corresponds to the
energetically most favorable second-order bond distortion, and the type

9
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of this distortion is given by the eigenvector D_,, belonging to An,,.
If the largest eigenvalue ., exceeds a certain critical value A_;,, which
will be given by

kB
2(6)°

(14)

Acri! =

then the force constant for the corresponding normal vibration will be
negative, and the molecule is predicted to suffer the second-order bond
distortion which is, in general, accompanied with a molecular-symmetry
reduction. The type of symmetry reduction is given by the irreducible
representation to which D, and A, belong, relative to the point
group of the initial, fully symmetrical nuclear configuration. Using the
reasonable parameter values for f8,, k and (25/k) which appears in
Eq. (8), Binsch estimated A, =1.81 85 for use in the Hiickel model®*
and A, =1.22B5"' for use in the semiempirical SCF MO formal-
ism 35 38)

Using the above procedure and the 1_;, values, Binsch has examined
the second-order bond fixations in the ground states of linear, cyclic,
and benzenoid hydrocarbons*#: *3) 38 and nonalternant hydrocarbons
and nitrogen heterocycles®”3® together with those in the lowest
excited states of nonalternant hydrocarbons3™.

C. Application of the Symmetry Rule

Recently, a symmetry rule for predicting stable molecular shapes has
been developed by Pearson** 4% Salem*®, and Bartell*”, This rule
is based on the second-order, or pseudo, Jahn-Teller effect and follows
from the earlier work by Bader*®»*%). According to the symmetry rule,
the symmetries of the ground state and the lowest excited state determine
which kind of nuclear motion occurs most easily in the ground state of a
molecule. Pearson has shown that this approximation is justified in a
large variety of inorganic and small organic molecules.

In estimating the probable value of the force constant, we now make
use of this approximation and assume that the infinite sum over the
excited states in Eq. (11) is replaced by one or two dominant terms cor-
responding to the lowest one or two excited states. Our approach is
then simply to examine whether a given molecule in a symmetrical
nuclear configuration has reasonably low first excited state(s) and, if so,
whether any of the matrix elements (i, |0H,/0Q,| > are nonvanishing.
Since Q; and (0H,/0Q;) have the same symmetry and since the ground
state is, in general, totally symmetric, the integral is nonzero only when
¥, and Q, have the same symmetry. The symmetry of the lowest excited
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state(s) now determines which kind of nuclear displacement occurs
energetically most easily.

Although the symmetry of the most soft nuclear distortion can thus
be determined, its actual type cannot always be uniquely determined,
because there are, in general, several types of bond distortion belonging
to the same symmetry. In order to predict which type of distortion is
actually energetically most favorable, it is useful to interpret the second
term in braces of Eq. (11) as the “relaxability” of the molecule along
the coordinate Q,, and to express the matrix element {y,|0H /0Q||¥q>
in terms of the transition density p,, between the ground and excited

states*9:
<»//n wo>=fpo"a—‘fdr (15

9

where v is the one-electron nuclear-electron potential operator. For
a one-electron transition between molecular orbitals ¢; and @;, p,, is
given by /2 @;0,*. A given excited state may contribute much to the
molecular relaxability towards mode Q,, if p,, is such that the distribution
of its one-center and two-center components matches with that of the
components of displacement Q,, but little to the molecular relaxability,
if the distribution of components of p,, does not correspond to that of Q..
We can thus predict the actual type of the most soft bond distortion by
examining the distribution of the components of transition density over
the entire molecular skeleton.

oH,
00Q;

D. Results and Discussion

The A, values and the symmetry types of the corresponding bond
distortions for the ground states of nonalternant hydrocarbons (Fig. 5)
are listed in Table 1. Two sets of A_,, values are presented: one set of
values obtained from the bond-bond polarizabilities calculated using
the Hiickel MO method>” and the other set obtained from those calculated
using the semiempirical SCF MO method*®. Also shown in Table 1
are the energies and symmetries of the lowest excited states obtained
using the semiempirical SCF CI MO method in conjunction with the
variable bond-length technique (vide infra) assuming the full molecular
symmetries for the ground states. Further, in the last column of Table 1
are presented the types of molecular-symmetry reduction predicted
using the dynamic theory (vide infra) for molecules in which it occurs.
The second-order bond distortions predicted on the basis of the
Hiickel 4,,,, values are not in good agreement with those predicted using

max
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the dynamic theory: according to results based on the dynamic theory,
of the five molecules, I, IV, V, VII and X, A,,,, values of which are larger
than the critical value (1.8 fg '), molecules IV and X do not suffer a
second-order bond distortion, and three molecules, III, IX and XIII,
Amax Values of which are all smaller than the critical value do suffer
a symmetry reduction. The second-order bond distortions predicted
from the SCF A,,, values are in much better agreement with those
predicted using the dynamic theory: only molecule V which is predicted
to have a A, value smaller than the critical value (1.22 85 '), but to
suffer a symmetry reduction according to the dynamic theory, is an
exceptional case.

We now move to the predictions based on the symmetry rule. Com-
paring the lowest excitation energies (the sixth column) with the results
concerning the symmetry reduction obtained on the basis of the dy-
namic theory (the last column), we can draw a very clear-cut criterion
for the symmetry reduction:

if the lowest excitation energy of a given molecule, calculated
assuming the full molecular symmetry, is smaller than ca. 1.2 eV,
the force constant for certain antisymmetrical in-plane nuclear
vibration should be negative, and the molecule would be
distorted into a less symmetrical nuclear arrangement.

The proposed criterion holds for all the molecules without exceptions.
It is interesting to note that in estimating the probable value of force
constant the replacement of the sum over excited states (the second term
in braces of Eq. (11)) more simply by the term corresponding to the lowest
excited state brings about the results which agree quite well with those
obtained using a far more sophisticated method. As will be shown
below, for molecules which suffer a molecular-symmetry reduction,
there is indeed a good correlation between the lowest excitation energies
and the relative stabilities of the distorted structures, 1. e., the stabilization
energies defined as the difference in total energy between the hypothetical
fully-symmetrical structure and the actual distorted one (vide infra).
A plot of the SCF 1., values against stabilization energies shows a far
less successful correlation.

The symmetries of the lowest excited states listed in Table 1 are
nothing but the symmetries to which the most soft second-order bond
distortions belong. It is seen that the types of symmetry reduction
predicted using the symmetry rule are in complete agreement with those
obtained on the basis of the dynamic theory.

In Fig. 1 are shown the one-center and two-center components of
transition densities py, for some selected molecules. From these data
the actual types of the most soft nuclear displacements will be deter-

12



Quantum Chemistry of Nonbenzenoid Cyclic Conjugated Hydrocarbons

Table 1. The second-order bond distortion in the ground states of nonalternant hydro-
carbons

Molecule® Hiickel? SCF¥ Lowest excited Symmetry
(symmetry)® state reduction”

Amax Type of Amax  Type of E,—E, Sym-

(B5Y) distor- (B51) distor- (eV)®  metry
tion tion
1(D,,) 236 B, 345 By, 0.35 B,, Dy~ Csy,
11 (Dy,) 183 B, 1.22 B, Dy, = C,,
1I(D,,) 157 By, 143 B,, 1.00 B, Dy, —Csy
IV (C,) 206 B, 0.65 A, 1.47 B, .
VI(Cy) 183 B, 113 B, 0.41 B, Cy,—C,
VI(Cy) 101 4, 0.66 A, 2.54 A,

VII (D, 260 B, 259 B, 0.26 B,, Dy — Csy,

VIII (D,,) 0.81 B, Dy, —Cyy

IX (D,,) 175 B, 138 By, 0.83 By, Dy —Cy
X (C,,) 282 B, 1.46 B,
XI1(C,,) 126 B, 111 B, 205 B,

XI1(C,,) 1.07 B, Cy—C,
XIII (C,,) 134 B, 132 B, 0.81 B, Cy— C,
XIV (C,,) 114 B, 111 B, 173 B,

XV (Cy,) 139 B, 111 B, 1.52 B,

XVI (D) 0.69 2.24 B,
XVII (Cy,) 117 A, 0.68 2.98 A,
XVIII (D,;) 215 B,
XIX (C,,) 3.32 B,

XX (C,,) 297 B,
XXI (D,,) 2.39 B,

XXIIL(C,,) 2.72 B,
XXIIT (D,,) ‘ 214 B,,
I72(D,,) 0.47 4.62 B,,
112 (D,,) 0.62 3.05 B,,

1IV~2(C,,) 0.52 3.93 B,

VII=# (D) 143 B,,

* See Fig. 5.

Y The apparently-full molecular symmetry.
) In this approximation A.; =1.8 f5!.

9 In this approximation 1., =1.22 5.

9 (B, — Eg)one=12eV.

D Predicted using the dynamic theory.

mined. For example, the symmetry of the most soft nuclear displacement
for pentalene (I) is predicted to be by, However, in this molecule two
distinct types of bond distortion are possible. The components of the
transition densities for pentalene shown in Fig. 1 indicate that the lowest
excited state contributes much to the molecular relaxability towards
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the bond-alternation type of distortion. Other data in Fig. 1 show that
in most of the molecules examined, with the exception of molecule V,
the bond alternation in the molecular periphery is energetically most
favored. Such will be the case with the 7-membered analogues of mole-
cules I, IT and III. As will be seen later, the bond-length distributions
calculated using the dynamic theory support these predictions.

The molecular-symmetry reductions in molecules I, III, V, VII, IX
and XII are closely related to the fact that their peripheral skeletons
correspond to 4n cyclic polyenes. In the Hiickel picture the top half filled
molecular orbitals of 4n cyclic polyenes are doubly degenerate, and the
introduction of a transannular bond to form a nonalternant hydro-
carbon lifts the degeneracy. Orbital splittings are in general rather small,
and the resultant nonalternant hydrocarbons have still a very low-lying
excited state. Fig. 2 shows how the degenerate nonbonding orbitals of
cyclooctatetraene split by the introduction of a transannular bond to
form pentalene. The changes in orbital energy have been evaluated using
the first-order perturbation theory:

58i=2Cﬂiniﬁ (16)

where C, and C, are the atomic-orbital coefficients for atoms u and v
between which a transannular bond is introduced. One of the nonbonding
orbitals has its energy lowered after the perturbation, while the other
has its energy unchanged. The resultant pentalene possesses still a
nonbonding orbital which now is empty and, consequently, has a fairly
low-lying excited state which can interact effectively with the ground
state if a relevant nuclear deformation is applied. The type of the bond
distortion which makes this interaction possible is given by examining
the transition density pq,. Since the perturbation due to the introduction
of a transannular bond is not so strong, the transition density, ]/i(p
(top filled) x ¢ (bottom empty), for pentalene may be approximated by
2 ¢ (one nonbonding orbital) x ¢ (the other nonbonding orbital) for
cyclooctatetraene. Using the atomic-orbital coefficients for nonbonding
orbitals shown in Fig. 2, we can easily show that the distribution of
one-center and two-center components of the transition density between
nonbonding orbitals is such that it favors the bond alternation.

It should be noted, on the other hand, that a symmetry reduction is
predicted even in molecules 11, VIII and XI1I whose peripheral skeletons
correspond to 4n+2 cyclic polyenes. The transannular bonds in these
molecules are different in nature from those mentioned above. For

. example, the introduction of the transannular bonds between atoms 2
and 8 and between 3 and 7 of cyclododecapentaene to form bowtiene (I1)
_ (Fig. 3) brings about the splitting of the top filled degenerate orbitals of
the unperturbed system into two levels, one with its energy raised and
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the other with its energy lowered and, at the same time, a similar splitting
of the bottom empty degenerate orbitals. As a result, in the resultant
bowtiene a very low-lying excited state appears which can interact
effectively with the ground state, if the molecule suffers a relevant nuclear
deformation. The type of bond distortion which makes such an inter-
action possible may be conjectured from the product of molecular or-
bitals of the unperturbed system with which the top filled and bottom
empty orbitals of bowtiene are correlated. Such orbitals of cyclodode-
capentacne are the highest filled orbital with atomic-orbital coefficients
(1]/§) sin(2mp/5) (1=0, 1,...9) and the lowest empty orbital with atomic-
orbital coefficients (1/[/5) cos(3mu/5) (u=0,1,...9), and the product of
these orbitals gives the transition density which indicates that the lowest
excited state of bowtiene contributes much to the molecular relaxability
towards the bond-alternation type of bond distortion.

Azulene (XI) possesses a transannular bond which has the same effect
as those of bowtiene (Fig. 3). The splittings of the top filled and bottom
empty degenerate orbitals of cyclododecapentaene in this case are half
the corresponding splitting in the case of bowtiene, and are not large
enough to produce an effective vibronic interaction between the ground
and lowest excited states of the resultant azulene molecule.

Fig. 3 also includes the splittings of the top filled and bottom empty
degenerate orbitals of cyclododecapentaene by the introduction of a
transannular bond between atoms 0 and 5 to produce naphthalene. The
situation is essentially different from that observed in the case of bowtiene
or azulene: one of the top filled degenerate orbitals remains unchanged
in energy by the perturbation and, likewise, one of the bottom empty
degenerated orbitals undergoes no energy change, the lowest electronic
transition in naphthalene occurring between these orbitals. The lowest
excited state of naphthalene is too high to interact effectively with the
ground state, and no symmetry reduction from the fully-symmetrical
nuclear configuration (D,,) is expected.

In Table 1 the dianions of some selected nonalternant hydrocarbons
are included. All the dianions examined have the lowest excitation
energies-larger than the critical value (ca. 1.2 eV), and are predicted to
undergo no symmetry reduction in agreement with the results obtained
using the dynamic theory. The orbital arrangement for pentalene shown
in Fig. 2 serves for showing how high the lowest excited state is when
two extra electrons are placed in the nonbonding orbital to form the
dianion.

Next, we consider the application of the symmetry rule to the pre-
diction of the geometrical structures of some other related systems.

Recently the anion and cation radicals of heptafulvalene (XXIII)
have been prepared and their ESR spectra have been investigated by
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Sevilla et al.>®. The analysis of the hyperfine spectra of these radicals
has revealed that the cation radical should have D,, symmetry, whereas
the molecular symmetry of the anion radical should be lower than the
apparently-full molecular symmetry, i.e., D,,. We now examine the
molecular symmetries of the anion and cation radicals of heptafulvalene,
together with those of its 5-membered analogue, fulvalene (XXI) using
the symmetry rule.

L]
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Fig. 4. Hiickel molecular orbitals of fulvalene and heptafulvalene
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If the full molecular symmetry (D,,) is assumed, the ground states
of the cation radical of fulvalene and the anion radical of heptafulvalene
are both predicted to be of By, symmetry>? by using the semiempirical
open-shell SCF MO method®?. The lowest excited states of both
radicals are of A, symmetry and are predicted to be very close to the
ground states: in the framework of the Hiickel approximation these
states are degenerate in both cases (Fig. 4). Therefore, it is expected that
in both these radicals the ground state interacts strongly with the
lowest excited state through the nuclear deformation of symmetry
b1.(2) (=a,xb,,), with the result that the initially assumed molecular
symmetry (D,,) should be reduced to C,,.

On the other hand, in the anion radical of fulvalene and the cation
radical of heptafulvalene, the energy gaps between the ground and
lowest excited state (which is in both cases doubly degenerate in the
Hiickel approximation (Fig. 4)) are predicted to be reasonably large
(14 and 1.7 eV, respectively), so that these radicals would not suffer a
symmetry reduction.

It will be seen below that the actual geometrical structures of these
radicals calculated using the dynamic theory support these conclusions.

Next, we discuss the possibility of molecular-symmetry reduction in
annulenes. It has been noticed by several authors!3-1%:3537356) that
cyclobutadiene, the simplest 4n annulene, should take a rectangular
form rather than the fully-symmetrical, square form in the ground state.
In the Hiickel picture it possesses a pair of degenerate nonbonding
orbitals in which the top two electrons are accomodated. There are
four ways of assigning two electrons to these orbitals, and in the simplest
one-electron model the three singlet states ('4,,, 'B,, and 'B,,, if the z
axis is chosen perpendicular to the molecular plane) and the triplet

. state (°4,) are all degenerate. Inclusion of electron interaction lifts the
degeneracy and gives rise to four distinct states separated by small
energy differences: the triplet state and the 'A,,, 'B,, and 'B,, singlet
states in order of increasing energy'® ', The lowest singlet can, in
principle, interact vibronically with the 'B,, and 'B,, singlets through
the b,, and b,, deformations of the nuclei, respectively. Of these two
possible types of nuclear deformation. the b,, distortion, which corre-
sponds to an antisymmetric C—C stretching mode (a bond alternation),
would probably be soft as compared with the b,, distortion, which
includes the bond-angle deformation. The energy of the '4,, state is
thus lowered by the vibronic interaction with the 'B,, state to such
an extent that it finally lies below the triplet state. The ground state of
cyclobutadiene should, therefore, be a rectangular singlet rather than
a square triplet. A quite similar phenomenon is expected to occur in
all the higher homologues of 47 annulenes.
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On the other hand, the situation is rather different in [4n+2] an-
nulenes. Benzene in its fuily-symmetrical nuclear arrangement (Dg,) has
the totally symmetric ground state ('4,,) and the lower excited singlet
states of 'B,,, 'B,, and !E,, symmetries (in order of increasing energy).
In principle, the vibronic interaction between the ground state and the
lowest-lying excited singlet (}B,,) is possible through the antisymmetric
nuclear deformation of b,, symmetry, which corresponds to the bond
alternation. However, since the energy gap between the two states is
large (ca. SeV), the vibronic interaction is not large enough to make
the corresponding force constant negative and to distort the ground
state into a skewed structure of D,, symmetry. This argument provides
a very comprehensive way of understanding the reason why benzene
adopts a regular-hexagonal nuclear arrangement in its ground state,
and, at the same time, suggests that such a vibronic coupling will be
large enocugh to distort the ground state into a less symmetrical nuclear
configuration, as soon as the lowest excitation energy becomes small
enough in the large [4n+2] annulenes.

For C,3H, 5 and C;,H;,, both known to date'"'?), the excitation
energies for the lowest '4;,—'B,, transition, calculated assuming
molecular symmetry D,, have been reported to be 1.6 and 0.95eV,
respectively!®. Using the criterion for symmetry reduction obtained
above, we can then conclude that though C; H, does not undergo a
symmetry reduction, C;,H,, should suffer a symmetry reduction
(Dg, — D3;) and have alternating bonds in its ground state. The sym-
metry reduction in [4n+2] annulenes is thus predicted to set in at
n=~35, which is in agreement with the predictions obtained by Dewar
and Gleicher3?, Binsch and Heilbronner®®, and Binsch et al.> using
a more sophisticated theoretical method.

As for C,3H,q, available experimental facts seem to support the
above conclusion. Gouterman and Wagniére>” have indicated that the
vibronic analysis of the electronic spectrum weighs against the assump-
tion that bond alternation occurs in C,;gH,g. Further, the X-ray ex-
periments on C,3H,g°®"°? have shown that it has a D, symmetry
(however, the X-ray data do not necessarily exclude the possibility of
the existence of rapidly interconverting alternating bonds!®). Finally,
more conclusive support for the above conclusion is provided by the
fact that the lowest excitation energy calculated assuming Dg, sym-
metry is in good agreement with the position of the longest wave-length
absorption band ('B,,) in the electronic spectrum recently discovered
by Blattmann et al.%?,

Finally, we consider the application of the symmetry rule to the
prediction of the geometrical structures of the excited states of con-
jugated hydrocarbons. On the basis of the same approximations as we
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have used in deriving Eq. (11), the force constant for the ith normal
nuclear displacement in the mth excited state may be given by
o0H,

<l//n A ¢m>
fi=k=2 Z’ %

ntEm En—Em

2

(17

In order to seek the most soft nuclear deformation in an excited state,
the approximation is again made of replacing the sum over excited
states in Eq.(17) by a dominant term corresponding to the next
higher excited state. Now, the transition density p,, between the nth
excited state corresponding to the orbital jump ¢, —> ¢, and the mth
excited state corresponding to ¢;— ¢, is ¢, ¢, if i=j, and —¢;¢; il

Table 2. Energies and symmetries of the second excited states of nonalternant hydro-
carbons

Molecule® E,—E;(eV) Symmetry Molecule® E,—E (¢V) Symmetry

I 325 B, XV 1.37 A,
11 215 B,, XVI 0.99 B,,
11 1.54 B,, XVII 017 B,
v 148 B, XVIII 098 B,
v 2.27 B, XIX 1.74 A,
VI 0.79 B, XX 135 Ay
Vit 241 B, XXI 005 B,,
VIII 1.75 B,, XX 0.06 B,
X 120 B,, XX111 0.06 B,,
X 106 B, 1-2 0.66 B,,
XI 1.48 A, -2 1,00 B,
XII 1,51 4, v-2 005 A,
X1 1.62 A, vII-? 0.44 By,
XIV 118 A,
* See Fig. 5.

k=1 (vanishing otherwise). Therefore, the square of the matrix element
Kyl 0H /0Q; 1,1 in Eq.(17) would be about one half of that of
Kyl 6 H /00,1 o>? in Eq.(11), in so far as the transition density is
assumed not to vary significantly, depending on the molecular orbitals
concerned. Thus, if the energy gap E, ., — E, between an excited state
and the next higher one is smaller than ca. 0.6 €V, the force constant for
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a certain normal nuclear displacement in the excited state of interest
is expected to be negative.

In Table 2 are listed the energies of the second excited states (meas-
ured from the first excited states) corresponding to the first-order equi-
librium nuclear configurations of the ground states for nonalternant
hydrocarbons and some of their dianions. Use of these energy values
and the corresponding wavefunctions in Eq. (17) is approximative. In
a strict sense, the energy values and corresponding wavefunctions to
be used in Eq. (17) should be those corresponding to the first-order
equilibrium nuclear configuration of the mth excited state as given by
minimizing its energy while maintaining the highest molecular symmetry.

Inspection of Table 2 reveals that all those molecules that suffer a
molecular-symmetry reduction in the ground state possess (E;—E,)
values considerably larger than the critical value, so that they should
have a fully-symmetrical nuclear configuration in their first excited states.
On the other hand, there are cases where a molecule has an (E, — E,)
value significantly higher than the critical value, but has a relatively
smaller (E,—E,) value. The (E,—E,) value of the pentalene dianion
(I"2?) is of the same order of magnitude as the critical value; and those
for the peri-condensed nonalternant hydrocarbon, XVII, the fulvalenes,
XXI, XXII and XXIII, and the dianions, IV~2 and VII~?2, are signifi-
cantly smaller than the critical value (~0.6 eV).

The orbital arrangement for pentalene shown in Fig. 2 serves to
indicate how close the second excited state is to the first excited state
when two more electrons are placed in the nonbonding orbital to form
the dianion. The very small (E,—E,) values for fulvalene and hepta-
fulvalene are realized from the orbital arrangements shown in Fig. 4:
in both molecules the two lowest excited states (lB3g and B, ) have the
same energy in the Hiickel picture,

The symmetry of the most soft distortion in the lowest excited state
is given by the direct product of the symmetry of the first excited state
(shown in Table 1) and that of the second excited state (shown in
Table 2). These symmetries are by, (R,) for I7% and VII~2, b,(y) for
XVII and IV~2, b, (z) for XXI and XXIII, and a,(z) for XXII. The sym-
metries of the lowest excited states are then predicted to be C,,, C,, C,,
and C,,, respectively. It should be noted that despite the strong vibronic
coupling with the second excited state, the first excited state of sesqui-
fulvalene (XXII) does not undergo a symmetry reduction.

Using the same method as described in IL.B, Binsch and Heil-
bronner®” have examined the second-order bond distortion in the
lowest excited states of nonalternant hydrocarbons (I, IV—VIL, X, XI,
XIIT— XV and XVII), and have shown that, of the molecules examined,
only VI and XVII suffer a molecular-symmetry reduction in the lowest
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excited state. This is in qualitative agreement with the above results
(note that the (E,—E,) value for VI is higher than the critical value,
but still very close to it). Futher, partial support for the above results
will be provided later by the geometrical structures of lowest excited
states of molecules VII, XI, XXI, XXII and XXIII calculated using the
dynamic theory.

II1. The Dynamic Theory of Bond Distortion

A. Method of Calculation

The method of calculation used for obtaining the energetically most
stable set of C—C bond distances in a conjugate molecule is the SCF
formalism of the Pariser-Parr-Pople semiempirical MO method®Y- %2,
taken together with the variable bond-length technique®®. The C—C
bond distances and, correspondingly, the resonance and Coulomb
repulsion integrals are allowed to vary with bond orders at each iteration
until self-consistency is achieved. Bond lengths are correlated with bond
orders by the aid of the following formula'”

r,y(R) = 1.520—0.186 p,, . (18)

The Coulomb repulsion integrals are evaluated using the Mataga-
Nishimoto formula®®. The resonance integral is assumed to be of
exponential form f=Be~ %, the value of exponent a being taken as
17A! 65)

As the starting geometries for iterative calculation, we take all the
possible structures in which bond lengths are distorted so that the set
of displacement vectors may form a basis of an irreducible representa-
tion of the full symmetry group of a molecule. For example, with
pentalene (I), there are 3, 2, 2 and 2 distinct bond distortions belonging
respectively to a,, bs, by, and b,, representations of point group D,,.
Further, if a certain distorted structure and its countertype in which
the bond-length variation is reversed are not equivalent (e. g., the two
Kekulé-type structures in IV), these two structures should be differ-
entiated as a starting geometry.

When self-consistency is achieved at two different geometries, one
possessing the full symmetry and the other possessing a lower symmetry,
the latter should, in principle, be more stable than the former. In such
a case, we define the stabilization energy as the difference in total energy
between the two structures. The total energy is calculated using Egs. (3)
and (4). The value of the force constant k adopted for use in calculating
the o-core energy using Eq. (4) is 714 kcal mole™ LA-2 19

24



Quantum Chemistry of Nonbenzenoid Cyclic Conjugated Hydrocarbons

In order to discuss the geometrical structures of electronically
excited states, the same procedure as described above is used, except
for the use of a different value 3.3 A~ for exponent g in the exponential
form of the resonance integral®®, This value of a was determined so
that the predicted fluorescence energy from the lowest singlet excited
state ('B,,) in benzene may fit the experimental value.

B. Results and Discussion

The symmetry groups and bond lengths corresponding to the most
stable nuclear configurations for nonalternant hydrocarbons and some
of their dianions are shown in Fig. 5. ‘

In cata-condensed nonalternant hydrocarbons (I—XIII), except IV,
VI, X and XI, two different self-consistent nuclear arrangements, one
belonging to the full symmetry group of a molecule and the other belong-
ing to a reduced symmetry group, were obtained. In pentalene, for
example, the starting bond distortions, belonging to aq,, b,, and b,,
representations, all converge into the unique self-consistent set of bond
lengths belonging to point group D,,, and those belonging to b;, con-
verge into the set of bond lengths belonging to point group C,,. The
stabilization energies which favor the lower-symmetry nuclear arrange-
ments for molecules I, I1, I1I, V, VII, VIII, IX, XII and XIII are calcu-
lated to be 8.4, 0.6, 2.4, 7.2, 12.1, 5.3, 5.9, 2.5 and 6.6 kcal mole™?, respec-
tively. All these molecules exhibit in a greater or lesser extent a marked
bond alternation, the degree of which may be estimated from the
magnitude of stabilization energy; in the fully symmetrical equilibrium
structures of these molecules, bond lengths of the peripheral C—C
bonds are nearly equalized.

In Fig. 6 the stabilization energies (4E) are plotted against the
lowest excitation energies (E, —E,;), as calculated assuming the fully-
symmetrical structures. It is seen that there is a good correlation be-
tween these quantities. This indicates that the seemingly drastic approx-
imation that only the vibronic coupling between the lowest excited state
and the ground state plays a dominant role in estimating the force
constant for the most soft nuclear deformation in the ground state of a
conjugated molecule is actually justified not only qualitatively but also
quantitatively.

On the other hand, in cata-condensed nonalternant hydrocarbons IV,
VI, X and XI, peri-condensed nonalternant hydrocarbons XIV — XVIII,
fulvenes XIX and XX, and fulvalenes XXI — XXIII, self-consistency was
achieved only for the fully-symmetrical nuclear arrangement. All these
molecule, except azulene (XI), also show in a greater or lesser degree
a pronounced double-bond fixation.
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Fig. 5 (p.26-29). Predicted and experimental (in italics) bond lengths (in A) of non-
alternant hydrocarbons and choice of axes (Experimental data: for XI, Robertson, J. M.,
Shearer, M. M., Sim, G. A., Watson, D. G.: Acta Crist. 15, 1 (1962); for XIV (a dimethyl
derivative) see Reference 72); for the upper values of XV (a dimethylphenyl derivative)
see Reference 73); for the lower values of XV (a tetramethyl derivative) see Reference 74).
For VI the z axis is chosen perpendicular to the molecular plane)
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Fig. 5 (continued)
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Fig. 5 (continued)
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Fig. 5 (continued)
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Of the cata-condensed nonalternant hydrocarbons undergoing a
pseudo Jahn-Teller distortion, pentalene (I) and heptalene (VII), having
the largest AE; value, are predicted to possess a strong bond alter-
nation. This confirms the results of the previous theoretical investi-
gations'¥~17:19 and agrees with the available experimental facts®: 7,

The s-indacene (III) synthesized by Hafner’'s group®” and its
7-membered analogue (IX) are predicted to assume a skewed structure
with a moderate double-bond fixation. As for (I11), this conclusion sup-
ports the previous theoretical works®® and is in accordance with the
experimental information.

Of particular interest is dibenzopentalene (V), which suffers a
strongly-antisymmetrical bond distortion. In one of the 6-membered
rings of this molecule bond lengths are nearly equal as in benzene itself,
whereas in the other 6-membered ring as well as in the pentalene seg-
ment strong double-bond fixations exist. In this respect the static theory
is insufficient: the transition density of py, of this molecule (Fig. 1)
indicates that strong bond fixations are localized in the pentalene seg-
ment, but in both the 6-membered rings only a slight degree of bond
fixation exists.

In the isomeric dibenzopentalene (VI), which undergoes only a first-
order bond fixation, the two 6-membered rings are equivalent and in
both the rings bond lengths are almost equalized. Strong bond fixations
are localized in the pentalene-like region. It is therefore expected that
this molecule would undergo addition reactions in this region in ac-
cordance with the experimental facts -7,

Other molecules worth mentioning are peri-condensed nonalternant
hydrocarbons, XIV —XVIII, which undergo a first-order bond distor-
tion. As for XIV and XV, it is noted that bond lengths of the peripheral
“bonds of XIV belonging to the 7-membered ring and those of XV be-
longing to the S-membered ring are all 1.4 A, while in both the molecules
a strong bond fixation exists in the other region of the molecular peri-
phery "V, Dimethyl derivatives of XIV and XV have been prepared by
Hafner and Schneider®, and the predicted bond lengths are in good
agreement with the X-ray data’? 774,

For molecules XVI—-XVIII it is predicted that bond lengths of the
naphthalene core are almost the same as those of the free naphthalene
molecule, and in the other region of the molecule marked bond fixations
are observed’®. The most stable ground-state geometry of XVI cor-
responds to the “aromatic model” proposed by Lo and Whitehead’®.
Molecules XVI and XVII have been synthesized by Trost and Bright7”
and Boekelheide and Vick”®, respectively. The present results are in
good qualitative agreement with the available experimental informa-
tion.
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It is added that Tajiri et al.”® have recently examined the geo-
metrical structures of fundamental nonalternant hydrocarbons I. VII,
XI, XIX, XX, and XXI—XXIII using the CNDO/2 SCF MO method, in
which the assumption of ¢ —n separation is lifted by taking into account
all the valence electrons®® 8 Theoretical C—C bond lengths ob-
tained by minimizing the total energy are in good agreement with those
calculated using the dynamic theory.

The bond lengths for the dianions of I, III, IV and VII shown in
Fig. 5 indicate that these dianions all have a fully-symmetrical nuclear
arrangement and that the bond lengths of the peripheral bonds of these
anions are fairly equivalent. This means, in agreement with the results
obtained using the static theory, that addition of two more electrons
to molecules I, IIT and VII to form their dianions results in a complete
disappearance of the bond alternations existing in these molecules.
Dianions of 182-83) JII8% and IV®%-89 have been prepared and are
known to be stable species.

Next, we discuss the symmetries, bond lengths and s