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The aromaticity of benzenes annelated to small rings is studied through ab initio molecular orbital calcu-
lations. The aromaticity of benzene is defined in terms of the equivalent electronic states fobainds

from a configuration interaction localized molecular orbital CASSCF (CiLC) analysis on the basis of ab
initio calculations, and the nature of the Kekule structure is obtained based on the deviation from this
aromaticity. The deviation is calculated by the CiLC method for benzenes annelated to one of three types of
small rings, revealing MillsNixon and reverse MillsNixon effects. The deviation from the aromaticity is
determined by the relative dominance @ftrain-induced bonds or the potential field of adjacent atoms or
groups.

1. Introduction

The aromatic or Kekule structure of benzenes has been under
investigation for over a century, and the role of the Mills
Nixon effect remains a contentious issue. The Milixon
effect, describing the deformation of the benzene moiety when
annelated to a small saturated ring, was originally proposed to
explain the reactivity and selectivity of benzenes annelated to
small rings. The effect itself is stated as a significant alternation
of bond length within the benzene nucleus when annelated to a
small ring. Diercks and Vollharditreported the synthesis and
structural characterization of the first cyclohexatrienes as a starrigure 1. Model of artificially distorted benzene.
phyenylene.

CHART 1
T-X-1 S-X-1 D-C-1
Triangular [4] phenylene @ d@b
T-X-2 S-X-2

The validity of the Mills—Nixon effect for bond-localized
benzenes has been examined theoretically by many re-

searchers$ 1® These studies can be categorized into analysis N .
based on three broad definitions of bond localization in strained

aromatic systems. One is the classiapproactH;>7-181wyhich ‘ @
relies on aromaticityantiaromaticity arguments to explain the A A ‘ .

phenomenon. This approach predicts that if the small ring
contains 4 + 2 electrons, the systems should exhibit longer T-X-3 $-X-3 D-C-3

exocyclic bonds to the annelated small ring(s) as compared to . . - o
the endocyclic bonds. 1) in order to demonstrate strain-induced bond localization by

In the second approach, bond localization is explained by calcu'lating the structure of the benzene with a fixed HCC
strain-induced bond localizatiGi.610.12.15161%y which the bonding angle) (the Ds, symmetry). The calculated structure

strain effect causes rehybridization in the strained atoms. Stangef€Vealed the bond localization of€C: for 6 = 90° (fixed),

and Vollhardt simulated artficially distorted benzene (Figure "y 3588 A andR, = 1.5290 A at the HF/6-31G* level.

* To whom correspondence should be addressed. E-mail: sakai@ise._The last approach deals with the curvature of the bonds
osaka-sandai.ac.jp. involved?10
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Figure 2. Stationary point geometries for benzenes annelated to small rings by CASSCF(6,6)/6-31G(d).

In this approach, the indeXR is employed, representing the  aromaticity. In the present paper, we report the bond localization,
difference between the exocyclic and the endocyctg3dbond or the deviation from aromaticity, for benzenes annelated to
lengths in the benzene ring annelated to small rings. However, one of three types of small rings as displayed in Chart 1.
the difference in bond lengths does not always explain the bond
I(_)calization_. In particular, & bond o_fter_l exhibits bon_d localiza- 5 Computational Methods
tion by the influence of the potential field in the neighborhood.

In the previous papef,we defined the aromaticity of benzene All equilibrium geometries were determined with analytically
type by ab initio molecular orbital (MO) calculations for the calculated energy gradients using a complete active space (CAS)
case that the weights of electronic states for sielectrons self-consistent field (SCF) meth&dwith the 6-31G(d) basis
bonds were equivalent for each-C bond. In this instance, set?? For the CASSCF calculation, six active spaces corre-
bond localization can be considered to be the deviation from sponding to threer and 7* orbitals for benzenes rings were
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TABLE 1: Difference between Longest and Shortest €C
Bond Lengths (AR) for T-XC- n and S-X-n Series
C Si Ge
0.071 0.030 0.030

T-X-1

T-X-2 0.079 0.041 0.031

T-X-3 0.010 0.045 0.026 (1) Kekule Structure (2) Aromatic Structure

S-X-1 0.015 0.025 0.020 Figure 3. Kekule structure and aromatic structure for benzene.

S-X-2 0.029 0.026 0.019

S-X-3 0.016 0.008 0.006 H\ /H H

D-X-1 0.041

D-X-2 0.075 c——c Nec o

D-X-3 0.098 / \ / H

H H H
included, and all configurations in the active spaces were (3) Ethylene (4) Twisted Ethylene
generated. Fi 4. Ethyl d twisted ethyl
To interpret the aromaticity, a configuration interaction (Cl) 'gure 4. ylene and twisted ethylene.

localized molecular orbital (LMO) CASSCF (CiLC) analysis 0.12
was carried out according to a method described in detail . Confi
elsewher#23-33 ysing the 6-31G(d) basis set. In this procedure, —_— —
the CASSCF is calculated to obtain a starting set of orbitals for 0.10

the localization procedure, after which the six CASSCF-
optimized orbitals are localized by the Boys localization

0.08 1
procedure* The calculated localized orbitals are very atomic

in nature and appear as thg @rbital of a carbon atom. Using

the localized MOs as a basis, a full Cl with determinant level 0.06

is performed to generate electronic structures and their relative
weights in the atomic orbital-like wave functions. The total | S S
energy as calculated by the CI procedure corresponds to that 0.04 . \
by the CASSCF calculation, and the relative weights of the g
electronic states of different Cl configurations are expected to 0.02 1
indicate the electronic bond state. This procedure is referred to
as the CiLC method.

Calculations for the CiLC method were performed using the

GAMESS software packadg®.Other calculations were carried
out using Gaussian9g8. O @ @

3. Results and Discussion

Coefficients**2

0.00 +—— . i i

Kekule Structure 11 Aromatic Structure Kekule Structure 1

3.1. Geometry.The stationary point geometries f_or benzenes Figure 5. Weights of ClI coefficients by CiLC calculations for aromatic
annelated to one of the three types of small ring(s) (three- 4 4 kekule structure.

membered, four-membered, and bicyclic rings) treated here are
shown in Figure 2. The notation A-K-is adopted for this  the G-C ende-exo bond lengths. A similar relation in the angle
annelation, where A= T, S, or D, which refers to the three- s obtained for the four-membered and bicyclic rings.
membered, four-membered, and bicyclic rings, respectively; X The differencesAR between the longest-€C bond length
indicates the element of the small ring; amds the number of  and the shortest-€C bond length in the benzene rings are listed
annelated small rings. in Table 1. In the T-Qa series, theAR of T-C-2 and T-C-1 are
For benzenes annelated to a three-membered ring, the lengtharger than that of T-C-3, and that of S-C-2 is largest in the
of the C-C bond (endo) of the annelation of Gldnd that of S-Cni series. In the D-Gyseries AR increases with the number
the adjacent bond (exo) for monosubstitution are shorter by of annelated rings. For the T-K-series, the values afR for
0.055 and 0.017 A than those of benzene, respectively. As morethe C rings are larger than those for Si and Ge, except when
three-membered rings (GHare annelated, the-&C endo bond  three rings are annelated. Therefore, if the aromaticity and
lengths increase and the-C exo bonds decrease. As a result, Kekule nature were determined from the geometry parameters,
the C-C endo bond is longer than the exo bond in T-C-3.  T-C-1 and T-C-2 would exhibit the largest deviation from
For the three-membered rings Sighd GeH, the C-C endo aromaticity in the T-Xn series. However, this contradicts the
bond length remains largely unchanged with any increase in Mills—Nixon hypothesis. Therefore, the discussion of the
the number of annelations, whereas the adjacent bond (exo)aromaticity and Kekule nature of these compounds will be
becomes shorter. Consequently, the exo bonds are longer thamedirected to an analysis of the electronic states of bonds.
the endo bonds for T-Si-3 and T-Ge-3, which is the reverse of  3.2. Aromaticity. The aromaticity and Kekule structures of

the situation predicted by the MillsNixon effect® Similar benzene were characterized by CiLC analysis using the 6-31G-

variations in bond lengths are observed for the four-membered (d,p) basis set in our previous papgihe results are outlined

and bicyclic rings. briefly in the following for comparison with the present results.
For each X of the T-X-n series, the angle between,dAd Both the Kekule structure and the aromatic structure are

the C-C bond of benzene ring remains largely unchanged with examined here for a basic benzene (Figure 3), using th€ C
any increase in the number of annelations. The angle fer X  double bond length for ethylene (1.338 A) and the@Cbond

C is a little smaller than those of ¥ Si and Ge. However, the  length for twisted ethylene (1.469 A) for the respective bonds
ariation of the angle for these compounds does not correlate toin the Kekule structure (Figure 4).
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Figure 6. Selected electronic configurations of benzene for CiLC analysis. Dotted lines denote triplet coupling (antibonding) between orbitals, and
ellipses denote ionic coupling.

The geometry parameters of benzene, ethylene, and twisted

ethylene were optimized by CASSCF calculation based on the ®7® @O Q_@
6-31G(d) basis set. CiLC calculations were performed for the
Kekule and aromatic benzene structures. The squares of the CI
coefficients obtained by the CiLC method are shown in Figure
5. Small values €0.01) for both structures are neglected. Some
configurations for the larger ClI coefficients are shown in Figure
6. The weight of configuration 1, the reference state, remains
virtually unchanged between the aromatic and the Kekule
structures, whereas the weights of Kekule structure | for
configurations 2-10 are higher and those for configurations
25—33 are lower. The total weight for configurations 23 is
therefore similar to that for the aromatic structure. Configura-
tions 2-4 are considered to involve the interaction of singlet
couplings in the double bonds of Kekule structure I, and

configurations 510 are associated with polarization of the 11-16 and 19-24. The CI coefficients for S-@-(n = 1—3)

double bond part of Kekule structure _I' Co_nﬂguratlonsl?.) are almost the same as those of the aromatic benzene, indicating
may therefore represent overall bonding via the double bond {5+ benzenes annelated to four-membered ring(s) exhibit
parts of Kekule structure I. In fact, thebonding of ethylene  5omatic nature. The largest, the next largest, and the smallest
can be described as the singlet coupling betwegwrpitals weights groups for S-@-correspond to those of the aromatic
and the polarization terms (Figure 7). benzene of the center in Figure 5. As shown in the previous
On the other hand, configurations 233 are attributed to section, the difference of the aromatic and the Kekule character
bonding via the single bond parts of Kekule structure |. can be seen in the dispersion of the weights of configurations
Configurations 1+24 are expected to represent higher order in the second largest group. For TrCand D-Cn (n = 1-3),
excitation terms. On the basis of the above results, the aromaticthe Kekule character becomes remarkable and more so with

Singlet Coupling Polarization A Polarization B
Figure 7. Electronic configurations of ethylene.

structure of benzene can be described in terms of equivalent
singlet coupling and polarization terms for all six bonds.

3.3. CiLC Analysis. The squared CI coefficients (weights
of configurations) for nine compounds (S#(;-T-Cn, and
D-C-n; n = 1-3) as determined by CiLC analysis are shown
in Figure 8. The largest weight (top line in figure) for each
compound is that of configuration 1. The next largest group of
weights (for T-Ca and S-Cn) corresponds to configurations
2—10 and 25-33, and the smallest group includes configurations
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Figure 8. Weights of ClI coefficients by CiLC calculation for S4-
T-C-n, and D-Cn series.
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Figure 9. Weights of CI coefficients by CiLC calculation for T-K-
series.

increasingn. For T-Cn, the largest differenceAR) in the C-C
bond distances is that of T-C-2 (0.079 A). However, on the
basis of the weights of electronic state for theCbonds, T-C-3
exhibits greater deviation from aromaticity than either T-C-2
or T-C-1. The deviation is also greater than that for S-C-3, while
the AR of S-C-3 is slightly larger. This implies that the-@©

Sakai

TABLE 2: Weights of ClI Coefficients by CiLC Calculation
for Six Compounds and Three Benzenés

exo endo exo—endo

singlet polar total singlet polar totaldifference
T-C-3 0.027 0.046 0.073 0.015 0.034 0.049 0.024

T-Si-3 0.006 0.020 0.026 0.042 0.058 0.100-0.074

T-Ge-3 0.009 0.026 0.035 0.036 0.054 0.089-0.054
S-C-3 0.022 0.041 0.063 0.020 0.039 0.059 0.004

S-Si-3 0.013 0.032 0.045 0.031 0.049 0.086-0.035
D-C-3 0.044 0.059 0.103 0.006 0.020 0.026 0.077
ben Der)® 0.021 0.040 0.062 0.021 0.040 0.062 0.000
ben Os,)¢ 0.040 0.056 0.096 0.008 0.024 0.031 0.065
ben (90 0.049 0.060 0.109 0.005 0.018 0.023 0.086

a Singlet refers to singlet coupling of-€C bonds, and polar refers
to the polarization term and includes both polarizations A and B.
b Aromatic benzene: Kekule benzene? Benzene structure optimized
with C—C—H angle of 90.

TABLE 3: Weight of CI Coefficients by CiLC Calculation
for A-X-3 Series and Atrtificially Distorted Dg, Benzene

endo

exo exo—endo
singlet polar total singlet polar totaldifference
T-C-3 0.027 0.046 0.073 0.016 0.036 0.052 0.021
T-Si-3 0.008 0.026 0.033 0.036 0.054 0.0906-0.057
S-C-3 0.020 0.039 0.059 0.022 0.042 0.0640.005
S-Si-3 0.014 0.033 0.047 0.028 0.047 0.076:0.029
D-C-3 0.030 0.048 0.078 0.014 0.032 0.046 0.032
ben (90D¢,) 0.025 0.044 0.069 0.018 0.037 0.055 0.014

The squared CI coefficients for the-«C bonds of the exo
and endo positions are listed in Table 2. The weights for the
artificially distorted benzene (HCC bonding angte90°: ben
(90)y are also shown in order to demonstrate strain-induced
bond localization. A positive difference between the exo and
the endo coefficients indicates the Milldlixon effect, and
negative values indicate the reverse MilNixon effect. The
exo—endo weight for T-Si-3 is reversed to that for D-C-3
(Kekule structure). The weight for the singlet term at smaller
total weights is smaller than half the polarization term (equiva-
lent structure in polarization configuration) and larger than half
the polarization at larger total weights. This relationship holds
for all of the compounds examined here, including dissimilar
compounds. For example, the exo weights for T-Si-3 are
identical to the endo weights for D-C-3.

The CiLC analysis therefore highlights the difference between
exo and endo bond characters. The CiLC analysis in Table 2
was performed for the equilibrium (stationary point) geometries.
Further calculations were subsequently performed on six
compounds with accurate-€C bond length foDg, symmetry
in order to identify the key characteristics of thebonds in
benzene annelation. In this configuration, the € bonds are
1.396 A in length for both exo and endo positions and all
compounds. The squared CI coefficients are listed in Table 3,
including those for the distorted benzenes. The -exado
difference for ben(90Dg) is dramatically smaller than that for
ben (90). The higher value for ben (90) is therefore attributed

bond distances are not a good index for differentiating aromatic to the difference in the lengths between the Cexo and the

and Kekule character.

The squared CI coefficients for the T-Xseries are shown
in Figure 9. The T-Sh series exhibits a significantly stronger
Kekule structure as compared to the TAGeries. In the figure,

C—C endo bonds. The potential field of thébond frame affects
only few for the polarity ofz bonds with respect to bond
localization. In the constrained T-C-3 structure, the-egndo
difference is only slightly larger than that for ben ().

it can be seen that the weights for the double bond and single The bond alternation for T-C-3 is therefore thought to originate

bond configurations of the T-@series occur in a different order
than in the T-Sin and T-Gen series, indicating a reversing of
the Mills—Nixon effect for those two series, although the effect
is less pronounced for the T-Geseries due to the weaker
Kekule character.

from the o bond-induced localization of the -€C—C bond
angle. Although the negative exendo difference for T-Si-3
indicates the reverse MilisNixon effect, the bond alternation
due to theo bond-induced effects of the SC—C bond angle
suggests a positive MiltsNixon effect. This can be explained
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Figure 11. Structure of hexamethyl benzene wiih, symmetry.

by the dominance of electrostatic effectsmtonds by SiH,
overriding any bond alternation as a resultcobond-induced
effects. This situation is also observed for S-Si-3. A comparison
between S-C-3 and D-C-3 reveals very interesting information
with regard to bond alternation. The exendo differences for
S-C-3 and D-C-3 contradict the results predictedtstrained-
induced effects from the bond angle. However, the results for
S-C-3 and D-C-3 can be explained by the direction (or angle)
for the pseudor orbital, which is similar to that of a methyl
group. For S-C-3, the orbitals of two C-H bonds of CH can

be considered to be pseudoerbitals, and when the center of
such an orbital corresponds to the midpoint between two H
atoms, the angle of the pseudoarbital and the € C bond of

the endo position is 165 significantly exceeding the 12®f

the equilibrium structure. In the same way, twaorbitals of

the C-C bonds in the bicyclic configuration of D-C-3 can be
considered to be pseudo-orbitals. In this case, the angle
between the pseude-orbital and the endo €C bond will be
about 80.

We can now explain the difference in bond alternation
between S-C-3 and D-C-3, assuming the validity of psewdo-
orbitals (Figure 10). When the geometry of hexamethyl benzene
Dan (Figure 11) is optimized at the B3LYP/6-31G(d) level, the
length of the G—C, bond is about 0.014 A longer than that of
the G—C;3 bond.

J. Phys. Chem. A, Vol. 106, No. 47, 200R1531

4., Conclusion

The aromaticity of benzenes annelated to three kinds of small
rings was studied through ab initio MO calculations. The
difference in bond distances between the largest and the smallest
C—C bonds in the benzene ring was found to not to correlate
consistently with the Mills-Nixon hypothesis. The aromaticy
and Kekule structures of benzene were discussed based on ab
initio MO calculations with electronic states for eachC bond
obtained by CiLC analysis. The deviation from aromaticity was
determined through CiLC calculations for benzenes annelated
to small rings and artificially distorted benzenés= 90°). The
difference between the square of the CI coefficients for exo
and endo € C bonds was found to indicate whether the Mills
Nixon effect was positive or reversed, and the deviation from
aromaticity was determined by the dominance tbnd-induced
effects or potential field effects am bonds.
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