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The structures and aromaticity of a series of condensed cyclobutadienoids were investigated by ab initio
molecular orbital and density functional methods. A boat-type structure was found to be the most stable for
all cyclobutadienoids except butalene, and the structures could also be predicted from a simple combination
of asymmetric Kekulé structures. There were found to be three types of stable structure for cyclobutadienoids
(C2nH4). In the case of 2n ) 6m (m ) 1, 2, ...), the structure consists of a succession of six-membered
π-resonance ring units, while for 2n - 4 ) 6m, the structure is an assembly of six-membered π-resonance
ring units with two “double-bonds” in the center or at the ends of the structure. In all other cases, the structures
are of symmetric Kekulé type. The aromaticity for each ring was obtained on the basis of the index of deviation
from aromaticity. Although all compounds examined here (except for butalene) showed anti- or nonaromatic
nature in the whole molecule, the six-membered ring units in some molecules had an aromatic nature similar
to that of butalene.

1. Introduction

Cyclobutadiene is a typical antiaromatic (nonaromatic) com-
pound and is a highly reactive molecule. In 1965, Pettit and
co-workers1 first prepared cyclobutadiene as a highly reactive
intermediate by oxidation of an iron tricarbonyl complex. Dewar
and co-workers2 theoretically verified the antiaromaticity of
cyclobutadiene by a perturbation (P) method using Hückel
molecular orbital (MO) approximation. They also studied the
aromaticity of butalene and bicyclobutadienylene by the PMO
method and found that butalene was more aromatic (less
antiaromatic) than cyclobutadiene and bicyclobutadienylene.
Butalene is known as an isomer of p-benzynes, and the reaction
between these has been studied experimentally and theoretically.
Cyclobutadiene, butalene, and bicyclobutadienylene are envis-
aged as an antiaromatic series. Vollhardt and co-workers3,4

synthesized cobalt metal complexes with substituted cyclob-
utadiene, butalene, and bicyclobutadienylene. Thus, these poly-
cyclic benzenoid hydrocarbons have played an important part
in the development of the theory of π-electron rings. With an
interest in the aromaticity of butalene and the related com-
pounds, Warner and Jones5 studied the structures and magnetic
properties of the condensed cyclobutadienoid series (butalene,
bicyclobutadienylene, and dicyclobutalene) using the density
functional method (BLYP) and concluded that butalene had an
aromatic nature while bicyclobutadienylene had a nonaromatic
and nonantiaromatic nature. However, the aromaticity or anti-
aromaticity of the larger members of the condensed cyclobuta-
dienoid series is unknown. The aromaticity and structures of
these compounds are interesting from the point of view of
π-electronic theory for polycyclic compounds, fullerenes, and
nanotubes.

Although the concept of aromaticity was introduced in 1865,6

a precise or generally well-established definition has yet to be
presented. Generally, aromaticity has been defined as the
π-electron resonance energy of a cyclic π-conjugated compound.
Although the definition of aromaticity on the basis of HMO

theory7 can be readily understood, treatment of complex
compounds such as nonplanar molecules remains difficult.
Aromaticity has also been treated magnetically,8-10 and as a
nucleus-independent chemical shift (NICS);11 a harmonic oscil-
lator model (HOMA)12 and a para-delocalization index (PAI)
have also been proposed.13 Among the proposed indexes of
aromaticity, the NICS has been used in many studies. The values
of the NICS may be adequate for classification of aromaticity
and antiaromaticity, but measurements of order for some
compounds are not adequate, as shown in previous studies.14-16

Bultinck and co-workers17 also showed that NICS values did
not reveal the individual aromatic nature of specific rings in
polycyclic aromatic hydrocarbons. Therefore, in order to evalu-
ate the order of π-electron resonance energies, we proposed in
previous papers an index of deviation from aromaticity (IDA)
for whole molecules and/or ring units.18,19 The value of the IDA
corresponds16 to the π-electron resonance energy.

In this paper, the geometries and aromaticity values of the
condensed cyclobutadienoid series are investigated by ab initio
MO and density functional methods. The stationary point
structures of the series are also predicted by a simple selected
combination of Kekulé structures.

2. Computational Methods

Molecular geometries were obtained by ab initio CASSCF20

and CCSD(T)21,22 MO methods, and the B3LYP density
functional method23,24 with a 6-31G(d) basis set.25 For CASSCF
calculations, all active spaces corresponding to valence π and
π* orbitals were included, and all configurations in active spaces
were generated.

CiLC (CI/LMO/CASSCF) calculations were carried out to
interpret aromaticity; the details of this method can be found
in previous papers.26-28 The electronic structures of bonds on
the basis of CiLC calculations were presented roughly as one
singlet coupling term and two polarization terms (Scheme 1).
In the scheme, a circle indicates an atomic-like orbital obtained
by the localization process in the CiLC calculations. A* Corresponding author.
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representation with three terms (one singlet coupling and two
polarization terms) for a bond was used for the index of
aromaticity.

The criterion of aromaticity was defined18,29,30 according to
the following conditions on the basis of the CiLC calculations:
(A) the weights of the singlet coupling and polarization terms
are equal for all bonds, and (B) the difference between the
weights of the singlet coupling and polarization terms for each
bond is small. The first criterion corresponds to aromaticity in
terms of bond length equalization, while the second corresponds
to resonance stabilization energy. From these two criteria of
aromaticity, the IDA for an n-cyclic ring can be defined as
shown in eq 1.

Here, Ds and Dp are the ratios of deviation from the average
weights of the singlet coupling and polarization terms, respec-
tively, and they correspond to the requirement of criterion A.
The term Gsp denotes the average ratio of the difference between
the weights of the singlet coupling and the polarization terms
on the basis of average singlet coupling. Therefore, a small IDA
value indicates an aromatic nature, while a large value indicates
a non- or antiaromatic nature. The IDA can be evaluated not
only for a whole molecule but also for a ring unit within a
molecule.

The CiLC calculations were performed using the GAMESS
software package,31 and other calculations were carried out using
the Gaussian03 program.32

3. Results and Discussion

3.1. Cyclobutadiene and Butalene. The geometrical pa-
rameters of cyclobutadiene and butalene, obtained by the
B3LYP, CASSCF, and CCSD(T) methods, are shown in Figure
1. The relative energies for each molecule, from the lowest
energy geometry, and the whole-molecule IDA values for C2nH4

(n ) 2-5) are listed in Table 1. All IDA values were calculated
using CASSCF optimized geometries, except for the values in
parentheses, which were calculated using B3LYP optimized
geometries. It is well-known that cyclobutadiene has an anti-
aromatic (less aromatic) nature and that its geometry is
rectangular. The IDA of cyclobutadiene (1-1) is large (2.037)
and is in the antiaromatic (nonaromatic) region.

For butalene (2-1), three types of Kekulé structure can be
drawn: I, II, and III. However, from the point of view of bond
distances, the geometries obtained by three methods (B3LYP,
CASSCF, and CCSD(T)) can be considered as a resonance
structure between II and III, with I not included. Stationary

point geometries corresponding to the asymmetric structures II
or III could not be obtained by any of these computational
methods. We will use the terms “asymmetric structures” and
“symmetric structures” based on the symmetry of the σv plane
(including the central C-C bond in the case of butalene); I is
symmetric, while II and III are asymmetric. For the relationship
between II and III, we use the term “anti-symmetric”. The
geometric parameters of butalene were previously calculated
at the GVB level by Ohta and Shima,33 and the results obtained
were similar to ours (2-1). The IDA values for two rings in
butalene (a four-membered ring and a six-membered ring) were
obtained: that of the four-membered ring is 1.995, which is a
little less than that of cyclobutadiene but still large, while that
of the six-membered ring is 0.865, which indicates considerable
aromaticity. It is considered that the aromaticity (stabilization
energy) of the six-membered ring works to the exclusion of
Kekulé structure I (double bond in the center and single bonds
in the horizontal bonds) for the calculated geometry of butalene.
In other words, 2-1 does not include the symmetric Kekulé
structure I but is composed of a combination of the asymmetric
Kekulé structures II and III. Structure IV may be obtained from
the overlap between II and III, with treatment only of π bonds.
To normalize π bonds in a structure, the structure IV is included
a half weight of each π bond for II and III. So, the dashed line
of the structure IV indicates a half π bond. The π-bond structure
of IV corresponds to that of benzene.

SCHEME 1

IDA ) Ds + Dp + Gsp (1)

Figure 1. Stationary point geometries for cyclobutadiene and butalene
by the B3LYP, CASSCF, and CCSD(T) methods.

TABLE 1: Relative Energies (kcal/mol) of C2nH4 (n ) 2-5),
from the Lowest Energy, and IDA Valuesa

compounds methods

structure symmetry B3LYP CASSCF CCSD(T) IDA

C4H4 1-1 D2h 0.0 0.0 0.0 2.037
C6H4 2-1 D2h 0.0 0.0 0.0 0.865

2-2 D2h 67.7 55.6 (2.306)
2-3 C2V 43.7 31.6 (2.768)

C8H4 3-1 D2h 1.2 10.2 5.4 1.959
3-2 C2V 0.0 0.0 0.0 2.899
3-3 C2h 64.2 52.9 (3.446)
3-4 D2h 57.0 53.9 (2.191)
3-5 C2h 70.0 3.529

C10H4 4-1 D2h 8.2 18.7 16.4 2.148
4-2 C2h 17.3 2.038
4-3 D2h 16.1 23.9 21.4 2.019
4-4 C2V 0.0 0.0 0.0 2.687

a The IDA values in parentheses were calculated using B3LYP
optimized geometry.
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The stationary point geometries corresponding to Kekulé
structure I were obtained as 2-2 and 2-3 (Figure 1) by the
B3LYP and CCSD(T) methods. Both geometries have one
negative eigenvalue for the force-constant matrices. The ge-
ometry 2-2 collapses to 2-3 upon geometry optimization along
the eigenvector of the negative eigenvalue, and that of 2-3
collapses to 2-1 along the eigenvector of the eigenvalue. The
geometries of 2-2 and 2-3 are much more unstable (by 67.7
and 43.7 kcal/mol by the B3LYP method, and 55.6 and 31.6
kcal/mol by the CCSD(T) method, respectively) than that of
2-1. The IDA values for the four-membered rings of 2-2 and
2-3 are 1.939 and 2.286, respectively, while those of the six-
membered rings are 2.306 and 2.768, respectively. Thus, the
IDA values of 2-2 and 2-3 indicate a non- or antiaromatic
nature.

3.2. C8H4. The stationary point geometries of the polybuta-
dienoids C8H4 are shown in Figure 2. There are a total of five
Kekulé structures for C8H4, including three symmetric and two
asymmetric structures, and these are also shown in Figure 3.
For the structures with D2h symmetry, two geometries (3-1 and
3-4) were obtained by the theoretical calculations, which
correspond to the symmetric Kekulé structures II and III,
respectively, from the point of view of C-C bond distances.
Although 3-1 was obtained by three methods (B3LYP,
CASSCF, and CCSD(T)), 3-4 could not be obtained by the
CASSCF method. The geometry 3-1 is about 47 kcal/mol more
stable than that of 3-4 at the CCSD(T) calculation level. The
3-1 and 3-4 structures, which have D2h symmetry, each have
one negative eigenvalue for their force-constant matrices.
Geometry optimization along the eigenvectors of the negative
eigenvalues gave two stationary point structures, 3-2 and 3-5,
respectively, from 3-1 and 3-4. As shown in the previous
section, the geometries (2-2 and 2-3) corresponding to the
symmetric Kekulé structure I of butalene are less stable (about
68 kcal/mol using B3LYP (56 kcal/mol by the CCSD(T)) higher
in energy) than the lowest geometry (2-1) of butalene. A
geometry with D2h symmetry corresponding to the symmetric
Kekulé structure I could not be obtained for C8H4 by any
computational methods; however, a chair-type geometry (3-3)
with C2V symmetry corresponding to the symmetric Kekulé
structure I was obtained by the B3LYP and CCSD(T) methods.
Only 3-2 was obtained by all three methods; this is the most
stable geometry. The structures 3-3, 3-4, and 3-5 are less
stable (by 50 to 70 kcal/mol) than 3-2, but 3-1 is only a few
kcal/mol higher in energy than 3-2. The structure 3-2 shows
a nature more typical of Kekulé-type II than 3-1; namely, the
double bond units in II are shorter in 3-2 than in 3-1, while
the single bonds are longer. We could not find asymmetric
stationary point geometries IV or V or a symmetric structure
consisting of a combination of asymmetric Kekulé structures
IV and V, as in the case of butalene. The structure of the
combination of asymmetric Kekulé structures IV and V is shown
in the following:

Structure VI resembles a combination of two square-type
cyclobutadienes; consequently, it is considered to be unstable.

As the geometry of cyclobutadiene with D4h symmetry is 6.4
kcal/mol more unstable than with D2h symmetry (by CASSCF
calculations), VI may be about 13 kcal/mol more unstable than
IV or V.

The IDA values for the calculated geometries of C8H4 are
shown in Figure 4. The IDA values for the ring units in all
geometries are greater than 2, which means that all of the rings
are nonaromatic or antiaromatic when compared with the IDA
value of cyclobutadiene (2.04). This corresponds to the station-
ary point geometries obtained; the structures are of symmetric

Figure 2. Stationary point geometries for C8H4 by the B3LYP,
CASSCF, and CCSD(T) methods.

Figure 3. Kekulé structures of C8H4.

Figure 4. IDA values for each ring unit in the stationary point
geometries of C8H4.
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Kekulé type, and a six-membered π-resonance structure, as in
the case of butalene, is not included in all of them. The range
of IDA values for the rings of 3-1 and 3-2 is wider than that
for 3-3, 3-4, and 3-5, which indicates that the structures of
3-3, 3-4, and 3-5 are typical Kekulé structures. In fact, the
difference between the longest and the shortest bond lengths
for 3-3, 3-4, and 3-5 is much greater than that for 3-1 and
3-2.

3.3. C10H4. For the polybutadienoids represented by the
formula C10H4, there are eight Kekulé structures, including two
symmetric and six asymmetric structures. These Kekulé struc-
tures and the stationary point geometries obtained by the three
methods are shown in Figure 5 and Figure 6, respectively. A
stationary point geometry corresponding to the symmetric
Kekulé structure I, which corresponds to 2-3 for C6H4 and 3-3
for C8H4, could not be found. The relative energies of the lowest
energy geometries of 2-3 and 3-3 are 43.7 and 64.2 kcal/mol
by the B3LYTP method (31.6 and 52.9 kcal/mol by the
CCSD(T) method), respectively. The lowest energy geometries
of C6H4 and C8H4 are of aromatic type, with six-membered
π-resonance, and nonaromatic Kekulé type, respectively. Thus,
the larger molecule of this type has the larger relative energy.
Accordingly, it may be concluded that the stationary point
geometry corresponding to I for C10H4 probably has a large

relative energy, greater than that of the lowest energy geometry.
The stationary point structure 4-1, corresponding to the
symmetric Kekulé structure II, was obtained by three methods.
The geometry 4-1 has two negative eigenvalues for the force-
constant matrix. From geometry optimization with movement
along the eigenvectors of the negative eigenvalues, the geometry
4-2 was obtained by the CASSCF method. The geometry 4-2
is the real minimal and is only 1.4 kcal/mol more stable than
that of 4-1.

We could not find stationary point geometries corresponding
to the asymmetric Kekulé structures III-VIII by any compu-
tational methods. Combinations of these asymmetric Kekulé
structures are shown in Scheme 2; the combinations of two
asymmetric Kekulé structures are chosen from structures that
are antisymmetric with respect to each other, because other
combinations do not produce a symmetric structure.

The structure IX, composed from a combination of III and
IV, has a cyclobutadiene-type unit at both ends; accordingly,
the structure is probably unstable, and a stationary point
geometry could not be found by any computational methods.
The structure X, composed from a combination of V and VI,
includes a six-membered π-resonance ring, with a “double-
bond” at both ends of the structure, and the corresponding
geometry 4-3 was obtained by three computational methods.

Figure 5. Kekulé structures of C10H4.

Figure 6. Stationary point geometries for C10H4 by the B3LYP, CASSCF, and CCSD(T) methods.

SCHEME 2
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Here, “double-bond” in the structure X means a strong double
bond. In fact, the bond lengths at both ends of 4-3 are very
short, 1.36 Å by the B3LYP method, and the C-C bonds of
the six-membered ring in the center are about 1.42 Å, which
corresponds to the bond length found in benzene. The geometry
4-3 has one negative eigenvalue for the force-constant matrix.
From geometry optimization along the eigenvector of the
negative eigenvalue, the geometry 4-4 was obtained by all three
methods. This is the most stable geometry, with a six-membered
π-resonance ring similar to that of benzene in the center. The
structure XI, composed from a combination of VII and VIII,
is a 10 membered π ring, which is predicted from the Hückel
rule to be a stable aromatic structure. However, this stationary
point geometry could not be found by any computational
methods. This is probably due to the strain energy of the 10
membered ring, as shown in a previous paper.18

The IDA values for the calculated geometries of C10H4 are
shown in Figure 7. The IDA values for each ring structure in
4-1 and 4-2 are over a narrow range of about 1, while the
IDA values for those of 4-3 and 4-4 are in a wider range of
around 3. This means that the structures of 4-3 and 4-4 contain
local aromaticity, while those of 4-1 and 4-2 are typical
Kekulé structures. The six-membered rings in the center of 4-3
and 4-4 have small IDA values of 0.855 and 1.030, corre-
sponding to that of butalene (0.865). However, the IDA values

of the four-membered rings are much greater than that of
cyclobutadiene, which indicates nonaromaticity. The range of
IDA values for the ring units of 4-4 is wider than that for 4-3.
Although the IDA value of the six-membered ring in the center
of 4-4 is a little larger than that of 4-3, the IDA values of the
four-membered rings at the two ends of 4-4 are much greater
than those for 4-3. This means that the variation from planar
to arc-shaped structure is based on stabilization due to strong
terminal double bonds without much loss of aromaticity (and
thus stability) in the central six-membered ring. The IDA value
of the 10 membered ring does not change much for any of the
structures. This corresponds to the nonexistence of aromatic
compounds with 10 π electrons.

3.4. C2nH4. On the basis of the results obtained in the
previous sections, the lowest energy geometry for C2nH4 (n )
2, 3, 4, and 5) can be obtained by all three computational
methods used here. The geometrical parameters obtained by the
three methods are qualitatively the same, and the wave function
is dominated by the main determinant with coefficient C0 >
0.9-0.8).34 The lowest energy geometries of C2nH4 (n ) 6, 7,
8, 9, and 10) were calculated by the B3LYP method, and the
results are shown in Figure 8. All structures obtained here are
boat-type with C2V symmetry.

The geometry (5-1) obtained for C12H4 comprises two
terminal six-membered π-resonance units. There are 13 Kekulé
structures for C12H4, including 5 symmetric and 8 asymmetric
structures, and these structures, along with combinations of the
asymmetric Kekulé structures, are shown in Figure 9. The
structure XVII, which is a combination of XII and XIII, appears
to be the most stable because of the inclusion of two six-
membered π-resonance rings. This combination structure cor-
responds to the stationary point geometry 5-1 obtained by the
B3LYP calculation method.

The calculated geometry (6-1) for C14H4 appears similar to
a symmetrical Kekulé type on the basis of a comparison of the
bond distances of adjoining C-C bonds. There are 21 Kekulé
structures for C14H4, including three symmetric and 18 asym-
metric structures, and these structures, along with combinations

Figure 7. IDA values for each ring unit in the stationary point
geometries of C10H4.

Figure 8. Stationary point geometries for C2nH4 (n ) 6, 7, 8, 9, and 10) by the B3LYP method.
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of the asymmetric Kekulé structures, are shown in Figure 10.
The possible stable structures are symmetric structure III and
combination structure XXVIII, which is a combination of XVI
and XVII. Structure XXVIII contains a six-membered π-res-
onance ring at both ends and appears to be stable. However,
the “double-bond” in the central vertical bond probably results
in strong strain energies for the four-membered rings on both
sides. Therefore, the symmetric Kekulé-type structure III is the
likely structure for C14H4 and corresponds to the calculated
geometry 6-1.

For C16H4, the conceivable stable structures from combina-
tions of asymmetric Kekulé structures may be considered as
the three structures shown below, which include two six-
membered π-resonance rings and two “double-bonds”. In the

first structure, the two double-type bonds are the central vertical
bonds, while in the second, they are the central horizontal bonds,
and in the third, they are the terminal vertical bonds. Double-
type bonds at the central vertical bond result in strain for the
four-membered rings in the center and at both sides; conse-
quently, the combination structure I is probably unstable.
Although the combination structure II also includes double-
type bonds at the center of the structure, the bonds are horizontal
and thus avoid producing strain. The third structure III includes
two terminal “double-bonds”, but the strain energy for the four-
membered ring of III is probably less than that in structure I.

We obtained two stable structures, II and III (7-1 and 7-2);
in 7-1, the central horizontal C-C bonds are the shortest (1.391
Å) among all C-C bonds, while in 7-2, the terminal C-C
bonds are also among the shortest (1.356 Å). The energy of
7-1 is only 0.23 kcal/mol lower (more stable) than that of 7-2.

The most stable structure of C18H4, from a combination of
the asymmetric Kekulé structures, is that shown in below which
contains three six-membered rings. The calculated geometry
8-1 corresponds reasonably to the predicted structure:

From a combination of asymmetric Kekulé structures for
C20H4, two possible structures were obtained, as shown in the
following:

Both structures contain six-membered π-resonance ring units.
Since one of them contains two terminal four-membered rings
similar to cyclobutadiene, it may be unstable. The other structure
includes two six-membered π-resonance rings as the terminal
units and a C8 series in the center. In the structure of C8H4, the
stable structure is not a combination of asymmetric Kekulé
structures but is of symmetric Kekulé type. Therefore, the stable
structure of C20H4 can be considered as a symmetric Kekulé
structure and corresponds to the geometry 9-1 obtained by the
B3LYP method.

4. Conclusions

The structures and electronic states of condensed cyclobuta-
dienoids C2nH4 (n ) 2-10) were investigated by ab initio MO
(CASSCF and CCSD(T)) and density functional (B3LYP)
methods. All Kekulé structures of the condensed cyclobutadi-
enoids were classified as either symmetric or asymmetric type,
and combinations were constructed from the overlap of two
asymmetric Kekulé structures that were antisymmetric with
respect to each other.

Cyclobutadiene is a typical Kekulé structure, which has a
rectangular shape due to antiaromatic π resonance energy. The
square structure of cyclobutadiene is about 6 kcal/mol higher
in energy than the rectangular one. The resonance term (Gsp)
of the IDA for square cyclobutadiene is about 0.139 greater
than that for the rectangular structure, which means that the
square structure is less aromatic than the rectangular one. For
butalene, the stable structure is of benzene-type, with a six-
membered π-electronic ring, which can be predicted by com-
bining asymmetric Kekulé structures. The lowest energy
geometry of C8H4 corresponds to the symmetric Kekulé structure
because the combination of asymmetric Kekulé structures
predicts only unstable structures. For C10H4, we can predict a
combination of asymmetric Kekulé structures to be the most
stable, and the predicted structure corresponds to that obtained
by theoretical calculations.

The most stable structures for C2nH4 (n ) 2-5) can be
obtained by all of the theoretical methods used here; conse-
quently, the structures for C2nH4 (n ) 6-10) were also obtained
by the B3LYP method. The most stable structure of C12H4

Figure 9. Kekulé structures of C12H4.
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includes two terminal six-membered π-resonance rings; this can
also be predicted from a combination of asymmetric Kekulé
structures. For C14H4, a structure with two terminal six-
membered π-resonance rings is predicted from a combination
of asymmetric Kekulé structures; however, the predicted
structure includes “double-bonds” at the central vertical bonds.
Accordingly, the structure becomes a symmetric Kekulé struc-
ture, which corresponds to the geometry obtained by the
theoretical method. For C16H4 and C18H4, the most stable
structures can be also predicted from combinations of asym-
metric Kekulé structures and correspond to the geometries
obtained by theoretical calculations. For C20H4, the most stable
structure can be predicted as the symmetric Kekulé type and
corresponds to the geometry obtained by the theoretical
calculations.

Thus, by combining asymmetric Kekulé structures, we can
predict the most stable structure for each cyclobutadienoid. All
of the stable structures for the condensed cyclobutadienoids
(C2nH4) can be classified into three types. If 2n is a multiple of
6, the structure will consist of a succession of 6 membered
π-resonance units (I). If 2n - 4 is a multiple of 6, the structure
will be an assembly of 6 membered π-resonance ring units with

2 “double-bonds” (II or III). In the other cases, the structure
will be of symmetric Kekulé type.

The IDA values of the cyclobutadienoids were also estimated.
The whole-molecule values for all cyclobutadienoids except
butalene showed anti- or nonaromaticity; however, the IDA
values of the six-membered π-resonance ring units predicted
by combining asymmetric Kekulé structures for some molecules
indicated an aromatic nature.

Figure 10. Kekulé structures and combination structure of C14H4.

13970 J. Phys. Chem. A, Vol. 113, No. 50, 2009 Sakai et al.



Acknowledgment. This research is supported by a Grant-
in-Aid for Scientific Research (C; No. 18550015) and a Grant-
in-Aid for Scientific Research on Priority Areas (No. 20038020)
from the Ministry of Education, Culture, Sports, Science and
Technology of Japan. Computer time was made available by
the Computer Center at the Institute for Molecular Science.

Supporting Information Available: Geometry data. This
material is available free of charge via the Internet at http://
pubs.acs.org.

References and Notes

(1) Watts, L.; Fitzpatrick, J. D.; Pettit, R. J. Am. Chem. Soc. 1965, 87,
3253.

(2) Dewar, M. J. S.; Kohn, M. C.; Trinajstic, N. J. Am. Chem. Soc.
1971, 93, 3437.

(3) Fritch, J. R.; Vollhardt, K. P. C. J. Am. Chem. Soc. 1978, 100,
3643.

(4) Fritch, J. R.; Vollhardt, K. P. C. Organometallics 1982, 1, 590.
(5) Warner, P. M.; Jones, G. B. J. Am. Chem. Soc. 2001, 123, 10322.
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