J. Phys. Chem. R007,111,4513-4521 4513

Aromaticity of Distorted Benzene Rings: Exploring the Validity of Different Indicators of

Aromaticity

1. Introduction

Discovered by Michael Faraday in 182%enzene is the
archetype of a two-dimensional aromatic molecule that exhibits
all typical structural and chemical manifestations of aromaticity
as, for instance, substantial energy stabilization, bond length
equalization, unusual reactivity, and characteristic spectroscopic'.
features as well as distinctive magnetic properties related to
strong induced ring currents®

Planarity and bond length equalization are two structura
characteristics of benzene that are usually associated with its>
aromatic character. Yet, simple connection of benzene with
another aromatic six-membered ring (6-MR) to form naphtha-
lene destroys the perfect bond length equalization. Even more
significant, C-C bond length alternation is achieved when the
benzene ring is annelated with clamping groups such as the
cyclopropa, cyclobuta, and cyclobutadieno claf4-dowever,
as shown by Soncini et al., when only saturated clamping groups

are used, the

changed. Thus, apparently the benzene molecule can suffer
significant C-C bond length alternations (BLAs) without a
substantial loss of its cyclic electron delocalization and its
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The effect of three in-plane (bond length alternation, bond length elongation, and clamping) and three out-
of-plane deformations (boatlike, chairlike, and pyramidalization) on the aromaticity of the benzene molecule
has been analyzed employing seven widely used indicators of aromaticity. It is shown that only the aromatic
fluctuation index (FLU) is able to indicate the expected loss of aromaticity because of distortion from the
equilibrium geometry in all deformations analyzed. As FLU has been shown previously to fail in other particular
situations, we conclude that there is not yet a single indicator of aromaticity that works properly for all cases.
Therefore, to reach safer conclusions, aromaticity analyses should be carried out employing a set of aromaticity
descriptors on the basis of different physical manifestations of aromaticity.

symmetry of the molecule frondg, to Cs,.2° Moreover, the
crystal structures of most acenes and their derivatives show some
deviations from planarity There is also other evidence of the
flexibility of the benzene ring. A nonexhaustive list includes
the following. First, p]para- and metacyclopharied® and
pyrenophanés 1° can undergo severe distortions of the aromatic
rings without significant loss of aromaticity in comparison with
the undistorted benzene and pyrene molecules, respectively, as
| indicated by'H NMR signals, magnetic anisotropies, UV/vis
spectra, X-ray molecular structures, and theoretical calcula-
tions1® Second, severe out-of-plane distortions take place in the
CugH24 and GagHyo structures that havBsq symmetry instead
of the expectedg, geometrie¥ and, in general, all out-of-
plane distortions that occur in sterically overcrowded poly-
cyclic aromatic hydrocarbor?3,24 such as those found in the
[n]helicenes series far > 4.25-28 For these species, it has been
found that the aromaticity of their 6-MRs change only slightly
benzene ring current remains essentially un-When compared to the analogous rings in the planfohen-
acenes specie828 Third, most of the 6-MRs of fullerenes and
buckybowls are known to be quite aromatic despite the
important departure from planarity-36

aromaticity!! This result is reinforced by resonance energy  Theoretically, the flexibility of the benzene ring as well as
calculations of several BLA deformed benzene rifggs? the robustness of itg-electronic delocalization and aromatic
However, aromaticity resists not only BLA in the benzene ring character has been discussed in several works. Thusnskjra
but also large out-of-plane distortiofs° a fact that has been  and Krygowski” analyzed the change in aromaticity of the
well documented both experimentally and theoretically but that benzene ring because of BLAx({symmetry) and bond length
is usually overlooked by most organic chemistry textbooks. —elongation (BLE, g symmetry) using the harmonic oscillator
From an experimental point of view, the suggestion that model of aromaticity (HOMA) index and the nucleus-indepen-
benzene possesses conformational ring flexibility is supported dent chemical shifts (NICS) as indicators of aromaticity. NICS
by the fact that the same molecule of deuterated benzene in itsvalues indicated slight changes in the aromatic character of the
orthorhombic crystal structure suffers slight but non-negligible 6-MR because of BLA and BLE, while HOMA results predicted
distortions caused by crystal packing forces that change thelarger variations. Krygowsk? also analyzed with HOMA the

change of aromaticity in metacyclophane with similar results.
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CHART 1. Schematic Representation of the Six of the ring with the increase of deformation for any of the six
Distortions of the Benzene Ring Analyzed Indicating the possible distortions analyzed. As a byproduct of this work, our
Main Parameter Changed in Each Casg results confirm the previously reported resistance of the benzene
In-plane ring to the loss of aromaticity when distorted in several ways.
"2 Y 2. Descriptors of Aromaticity
1 r j The evaluation of aromaticity is usually performed by
H analyzing its manifestations, and this leads to the classical
AR=r,-T, AR=T)1,, structural, magnetic, energetic, electronic, and reactivity-based
BLA BLE Clamping measures of aromaticif* Despite several aromaticity_indica-
tors that have been put forward, we must note the important
contribution by Katritzky and co-workers and Krygowski and
Owt-of-plane co-workers who found, by means of principal component
analyses, that aromaticity is a multidimensional property and,
RN A o o as a consequence, aromatic compounds are better characterized
=/ - using a set of indexes on the basis of different physical
propertie4—58
. . S As a structure-based measure, we have made use of the
Boatlike Chairlike Pyramidalization . . - .
& The sign %" indicates the position where NICS(1) has been har.momc oscillator mOdel of aroma.thIty (HOMA) index,
calculated. defined by Kruszewski and Krygowski ®s°

a n
HOMA =1 - — Z' (Rypt— R)’ (1)

for cyclophane$?41 Two studies, the first by Dijkstra and van
Lenthe?2 and the second by Jenneskens et%bf, boat-shaped
benzenes, which mimic the distortions of the 6-MR in cyclo- where n is the number of bonds considered, aadis an
phanes, showed that the benzene ring can experience deviationempirical constant (for €C bondsa. = 257.7) fixed to give
from planarity up to 25 degrees without a substantial loss of HOMA = 0 for a model nonaromatic system, and HOMAL
electron conjugation. In addition, resonance energies obtainedfor a system with all bonds equal to an optimal vaRyg: (1.388

by Datta and Patti indicate that the benzene ring retains its A for C—C bonds), assumed to be achieved for fully aromatic
aromatic stabilization even for severe chair and boat distor- systemsR; stands for a running bond length. This index is one
sions* The high conformational out-of-plane flexibility of  of the most effective structural indicators of aromatiify.In
aromatic systems has been also analyzed in two recent worksl996, Krygowski and CymeskP’-6%61split the HOMA into the
reporting that changes of about®2® torsion angles result in ~ energetic (EN) and geometric (GEO) contributions according
an energy increase of about only2 kcatmol~1.4546 Interest- to the relation HOMA= 1 — EN — GEO. The GEO
ingly, according to Shishkin and co-workefs?’ the energy contribution measures the decrease/increase in bond length
of the out-of-plane deformations of the ring can be used as aalternation as follows:

measure of aromaticity. In addition, as a clear indication of the

flexibility of the 6-MR, Moran et al® have shown recently that _a - 2

several ab initio correlated methods give nonplanar equilibrium GEO= E VA (Ry—R) )
structures for benzene. Finally, let us mention the work by Bader =

et al’® who studied the effect of BLA and BLE distortions on  \yhereR,, is the mean &C bond length of the ring. On the

because of BLE distortions. However, theelectronic delo- b

calization between para-related carbon atoms is clearly reduced
because of BLA deformations. This property has been used by EN = a(R,, — R.> forR,, > Ropt (3a)
some of us to define an index of aromaticity named para-
delocalization index (PD¥ (vide infra). and

In the present paper, we extend the previous investigations
by Cyranski and KrygowsKi” on BLA and BLE deformations EN=—a(R— Ry)® forR, <Ry, (3b)
to clamping and several out-of-plane distortions of the ring
employing the HOMA and NICS indexes used by these authors In this 1996 reformulatiof’-6%-61the HOMA index can be larger
as well as other descriptors of aromaticity on the basis of the than 1 for systems witlRay < Rope.
analysis of the electronic structure such as the para-delocaliza- Magnetic indices of aromaticity are based on thelectron
tion index (PDI)3° the fluctuation aromaticity (FLU) inde%, ring current that is induced when the system is exposed to
the six-center index (SCP, and the hardnesg).>® The main external magnetic fields. In this work, we have used the NICS,
aim of the present paper is to discuss the behavior of the proposed by Schleyer and co-workéf8as a magnetic descrip-
aforementioned descriptors to analyze the changes of aromaticitytor of aromaticity. It is defined as the negative value of the
because of different deformations of the benzene ring (see Chartabsolute shielding computed at a ring center or at some other
1). In particular, we have studied three in-plane distortions interesting point of the system. Rings with large negative NICS
(BLA, BLE, and clampling) and three out-of-plane deformations values are considered aromatic. The more negative the NICS
(boatlike, chairlike, and pyramidalization). Here, we anticipate value, the more aromatic the ring is.
that only the FLU index of aromaticity is able to reproduce the ~ Three aromaticity criteria based on electron delocalization
expected result, namely, a decrease in the aromatic charactemeasures have been employéét These indexes try to measure
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the cyclic electron delocalization of mobile electrons in aromatic
rings. First, the para-delocalization index (PBA$° which is
obtained using the delocalization index (8156 as defined in
the framework of the atoms in molecules (AIM) theory of
Bader$’-%%is an average of all DI of para-related carbon atoms
in a given 6-MR. The DI value between atoms A andigA,

J. Phys. Chem. A, Vol. 111, No. 20, 200#4515
molecule, Giambiagi's proposal of aromaticity index reéds
KSCI =24 g S; (A)S (B)S4 (C)Sm (D)Sin(B)Sii(F)

i,j,kI,mn (9)

Recently, Bultinck et al. have worked on a particular extension

B), is obtained by double integration of the exchange-correlation of the |atter index. According to these authors, summing up all

density U'xc (1, T2)) over the basins of atoms A and B, which
are defined from the condition of zero-flux gradient in the one-
electron densityp(r):67-69

O(A,B) =2 [ [ Ty(F,, TdF,df, (4)
For monodeterminantal closed-shell wavefunctions one
obtains

N/2

oA B)=4% §(A)S (B) (®)
D]

The summations in eq 5 run over all tN& occupied molecular
orbitals. §(A) is the overlap between molecular orbitaland
j within the basin of atom Ad(A, B) provides a quantitative

the KSCI resulting from the permutations of indexes A,B...F
defines a new index of aromaticity, in the case of 6-MR, the
so-called six-center index (SC#.The particular expression of
SCI for a decomposition of the molecular space into atomic
basins, in the case of a monodeterminantal closed-shell wave-
function, reads as follows:

SCl=
16
32

o

DA CICEICENCENCERCENC)
e (10)

wherel', stands for a permutation operator which interchanges
the atomic labels A,B...F to generate up to 6! combinations.
Generally, the values of SCI and KSCI are in tight correlation
because the dominant contribution to SCI is the Kéektrecture,

idea of the number of electron pairs delocalized or shared nonetheless some exceptions may afise.

between atoms A and B. Therefore, the PDI is clearly related

to the idea of electron delocalization so often found in textbook
definitions of aromaticity. Previous work=**have shown that
for a series of planar and curved polycyclic aromatic hydro-

carbons there is a satisfactory correlation between NICS,

HOMA, and PDI.
Second is the aromatic fluctuation index (FL¥)which

Finally, we have also computed the hardness, which was
reported as a good indicator of global aromaticity by Zhou and
Parr33 For the indexes used, we have that the more negative
the NICS, the lower the FLU index, and the higher the HOMA,
PDI, KSCI, SCI, and; values, the more aromatic the rings are.

3. Computational Details

describes the fluctuation of electronic charge between adjacent

atoms in a given ring. The FLU index is based on the fact that
aromaticity is related to the cyclic delocalized circulationmof

All calculations have been performed with the Gaussiaid 03
and AIMPAC”® packages of programs at the B3LYP level of

electrons, and it is constructed not only considering the amount th€ory* 7 with the 6-31-+G(d,p) basis sef’’® All aroma-
of electron sharing between contiguous atoms, which should ticity criteria have also been evaluated at the same B3LYP/6-

be substantial in aromatic molecules, but also taking into account 311+G(d,p) level of theory.

the similarity of electron sharing between adjacent atoms. It is

defined as

o [5(A, B) — d,1(A, B)\]2

(6)

n

1 RING (V(B)
FLU =-
V/(A)

5ref (A' B)

with the sum running over all adjacent pairs of atoms around
the ring,n being equal to the number of members in the ring,
Oref (C, C) = 1.389e (th&)(C, C) value in benzene at the B3LYP/
6-311++G(d,p) level), andV(A) is the global delocalization

of atomA given by

V) = Y (A B)

B=A

)

Finally, o is a simple function to make sure that the first term

The GIAO method has been used to perform calculations
of NICS at ring centers (NICS(0)) determined by the non-
weighted mean of the heavy atom coordinates aridfabove
or below the center of the ring taken into analysis (NICS(1)). It
has been postulated that NICS(1) better reflects aromaticity
patterns because & A the effects of ther-electron ring current
are dominant and locab-bonding contributions are dimin-
ished8%-81 We have also analyzed the out-of-plane component
of the NICS(1), the NICS(1) which was found to be (together
with the so-called NICS(Q),) the best NICS-based indicator
of aromaticity81:82

Calculation of atomic overlap matrices (AOM) and computa-
tion of DI, KSCI, and SCI were performed with the AIMPAT
and ESI-338 collection of programs. Calculation of these DlIs
with the density functional theory (DFT) cannot be performed
exactly because the electron-pair density is not available at this
level of theory?* As an approximation, we have used the Kehn

in eq 6 is a|WayS greater or equa| to 1, so it takes the values Sham orbitals obtained from a DFT calculation to Compute

_[1 ve) v
“T1-1 v(B) = v(A)

FLU is close to O in aromatic species and differs from it in
nonaromatic ones.

®)

Hartree-Fock-like DIs through eq 5, which does not account

for electron correlation effects. In practice, the values of the
Dls obtained using this approximation are generally closer to
the Hartree-Fock values than correlated DlIs obtained with a

configuration interaction methdd:8> The numerical accuracy

of the AIM calculations has been assessed using two criteria:

Third, multicenter indexes have been recently used as a(1) The integration of the Laplacian of the electron densitip(

measure of aromaticity in a given ring. Giambiagi et al. have (r)) within an atomic basin must be close to zero and (2) the
extensively used these indexes to characterize the aromaticitynumber of electrons in a molecule must be equal to the sum of
For a closed-shell monodeterminantal wavefunction of a 6-MR all the electron populations of the molecule and also equal to
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TABLE 1: B3LYP/6-311++G(d,p) HOMA, NICS (ppm), PDI (Electrons), FLU, SCI (Electrons), KSCI (Electrons), and 5

(Hartrees) for the In-Plane Distortions

AR HOMA NICS(0) NICS(1) NICS(1), PDI FLUY2 scl KSCI n
BLA
0 0.989 —8.045 —10.216 —29.248 0.103 0.000 0.072 0.0179 0.24216
0.05 0.827 —-7.913 —10.069 —28.787 0.102 0.045 0.070 0.0175 0.24326
0.1 0.344 —7.541 —9.651 —27.471 0.099 0.088 0.064 0.0163 0.24566
0.15 —0.461 —6.996 —9.020 —25.483 0.094 0.130 0.056 0.0146 0.24956
0.2 —1.588 —6.373 —8.257 —23.076 0.088 0.168 0.046 0.0125 0.25487
0.25 —3.038 —5.782 —7.453 —20.523 0.082 0.204 0.037 0.0105 0.26146
BLE
—-0.15 6.295 —7.576 —10.285 —33.173 0.107 0.017 0.068 0.0171 0.27076
—-0.1 3.245 —7.832 —10.361 —31.925 0.105 0.011 0.069 0.0173 0.26416
—0.05 1.484 —7.988 —10.335 —30.607 0.104 0.006 0.070 0.0176 0.25826
0 0.989 —8.045 —10.216 —29.248 0.103 0.000 0.072 0.0179 0.24216
0.05 0.173 —8.029 —10.019 —27.861 0.102 0.006 0.073 0.0182 0.22647
0.1 —1.932 —7.937 —9.754 —26.468 0.101 0.012 0.074 0.0186 0.21163
0.15 —-5.325 —7.773 —9.431 —25.085 0.101 0.018 0.076 0.0189 0.19786
o HOMA NICS(0) NICS(1) NICS(1), PDI FLUY2 SClI KSCI n
Clamping
0 0.989 —8.045 —10.216 —29.248 0.103 0.000 0.072 0.0179 0.24216
5 0.970 —8.057 —10.208 —29.190 0.103 0.014 0.072 0.0179 0.24243
10 0.905 —8.080 —10.178 —28.993 0.103 0.029 0.071 0.0179 0.24236
15 0.761 —8.088 —10.097 —28.574 0.104 0.047 0.071 0.0177 0.24222
20 0.457 —8.035 —9.918 —27.761 0.104 0.071 0.069 0.0174 0.24198
25 —0.193 —7.852 —9.566 —26.258 0.104 0.103 0.065 0.0167 0.24163
the sum of all the localization indices and half of the delocal- 4. Results

ization indices in the molecule. For all atomic calculations,
integrated absolute values @fo(r) were always less than 0.001
au. For all molecules, errors in the calculated number of
electrons were always less than 0.01 au.

For the analysis of the BLE distortion, we will for the first
time compute SCI and the KSCI indexes at a correlated level
with the MP2 method. To this aim, providing the calculation
of the six-order density matrix is completely unaffordable, our
choice of the (K)SCI formula has been one that reduces to

existing formulas at monodeterminantal level, and at the same

time, excepting for a numerical factor, provides the correlated
version of the MayerWiberg bond order in the case of two-
center indexes. The same formula as that in eqs 9 and 10 ca
be used but performing the following substitution:

6]
5 ~w (11)

where §;(A) is now the AOM of atom A in terms of natural
orbitals and the summations run over the whole set of natural
orbitals instead of only the occupied molecular orbitals. At the

correlated level, the SCI indexes become much more compu-

n

The B3LYP/6-31#+G(d,p) optimization of benzene leads
to a C—C bond length of 1.395 A to be compared with the
experiment&® and CCSD/TZ2F® results of 1.390 and 1.392
A, respectively. Chart 1 represents the six distortions of the
benzene ring considered in the present work together with the
main parameter changed in each deformation. Three distortions
keep the planar structure of the ring (in-plane deformations)
while the rest break the planarity of the molecule (out-of-plane
deformations).

In-Plane Deformations.Table 1 encloses the corresponding
HOMA, NICS, PDI, FLU"2, KSCI, SCI, andy values for the
different in-plane distortions. Obviously, being FLU is a positive
quantity, the conclusions derived from the FLU or PlAvalues
are exactly the same. However, we have preferred in Table 1
to list FLUY? instead of FLU because FI!@values are scattered
over a wider range and, therefore, the trends derived are clearer.
In addition, we have recently shown that F¥&presents better
correlations with classical aromaticity indeX@$or the studied
in-plane BLA and BLE distortions, we have introduced the
deformation with consecutive steps of 0.05 A without further
reoptimization of the distorted benzene ring geometry. For the
in-plane clamping distortion, we have modified thangle (see

tationally expensive (and susceptible to numerical errors) than Chart 1) up to 2% with consecutive steps of’5and we have
at the monodeterminantal level, obviously because of the largerreoptimized the remaining geometrical parameters of the ring

size of AOM in eqg 11. Yet 6-MR can be calculated without

at every point. For the different deformations analyzed, Figures

problems, but addressing larger size rings may become ratherS1-S6 in the Supporting Information contain the graphical

cumbersome.
In the framework of the conceptual DPY the hardness is

the second derivative of the energy with respect to the number

representation of the results obtained conveniently transformed
into dimensionless quantities and normalized.
The in-plane BLA distortion of f symmetry, which connects

of electrons at a constant external potential. The combination the symmetridDg, benzene with a Kekitke Dan, symmetry

of the finite differences approximation and Koopmans’ theo-
remP’ leads to the expression used in this work for the
calculation of the hardness:

=€~ €4 (12)
whereey and ¢ are the energies of the HOMO and LUMO
molecular orbitals, respectively.

structure, breaks the bond length equalization in benzene and
leads to a more localized system and, therefore, to a less
aromatic ring?® All indices studied acknowledge this fact, with
the exception of the hardness. As already reported by some of
us, the b, BLA vibrational mode is a nontotally symmetric
vibration that breaks the maximum hardness (MHP) and
minimum polarizability principles (MPP).%2So, not unexpect-
edly, we find that a larger BLA deformation goes with an
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increase of the hardness. On the other hand, the magnetic (NICSYABLE 2: MP2/6-311++G(d,p) SCI (Electrons) and KSCI

and electronic indexes (PDI, FLU, KSCI, and SCI) predict a
relatively small change in the aromaticity of the benzene ring
with BLA distortions as large as 0.25 A. This result is in line

with the findings by Soncini et al. that the benzene ring current

remains almost unchanged despite significant bond alternation

introduced by several clamping groub€On the contrary,

HOMA yields an important change in the aromatic character
of the ring with HOMA values that are negative already for
AR=0.15 A. It seems that HOMA overemphasizes the loss of
aromaticity because of BLA distortions. Indeed, Krygowski and

Cyranski have already warned about the use of geometry-based,

aromaticity indexes in too much strained systéfbviously,

the EN component of the HOMA index is equal to zero in the

BLA deformation while the GEO term steeply increases when

the deformation builds up. The BLA is a relatively easy

deformation from an energetic point of vié#For instance, it

only costs about 11 kcahol~! to reach a deformation okR

= 0.15 A as compared to the approximately 60 keoeil—1

needed to produce a BLE deformation of the same amount.
The in-plane BLE distortion of g symmetry elongates/

shortens the €C bonds simultaneously, whereas-B dis-

(Electrons) for the BLE Distortion

AR SCI KSCI
—0.15 0.0493 0.0127
—0.1 0.0491 0.0126
—0.05 0.0489 0.0126

0 0.0486 0.0125

0.05 0.0481 0.0124

0.1 0.0475 0.0123

0.15 0.0468 0.0121

population of these atomic basins éscharge transfer from
hydrogen to carbon as the valueRincreases. One can deduce
the latter from the perfect correlation between C and H
o-population. Therefore, BLE distortion undergoes important
o-electron distribution and subtteelectron reorganization. This

is of course not completely unexpected, since the BLE is an
in-plane distortion. To gather the effects that this distortion has
on electron localization, we will focus on the integrated values
of the exchange-correlation density (XCD) function. A sum of
all DlIs in the system may provide a global measure of electron
delocalization. Not unexpectedly, our calculations indicate a
linear increment of the electron delocalization wih This

tances are kept constant. Therefore, both planarity and bonddelocalization comes from charge placed in the C atoms and
length equalization are preserved and, consequently, one wouldaffects thes-electron sharing with other carbon atoms: adjacent,

expect a loss of aromaticity smaller than in the BLA deforma-
tion. Moreover, at variance with all other distortions studied,
in the BLE distortion theDg, symmetry is preserved, and

para-related, and meta-related carbon atoms. However, the
effects are completely different. For adjacent atoms|ectron
sharing keeps constant AR > 0 though decreases slightly as

consequently our hypothesis that aromaticity reaches a maxi-AR < 0. The para-related atoms electron sharing shows opposite
mum value in the optimal geometry of benzene is at least trends foro- andsz-electron sharing; while the former decreases

arguable. The indexes NICS(0), PDI, and FLU, idR > O at
the B3LYP/6-31%++G(d,p) level, indicate the anticipated small
loss of aromaticity because of BLE distortion. In contrast,
although HOMA, NICS(L), and#n correctly predict a loss of
aromaticity, they show a larger change for BLE than in BLA
distortions. In this kind of deformations, the change in HOMA
is due entirely to the EN component, the GEO term being
exactly zero. As stated for the BLA deformation, apparently

considerably withR, the latter increases slightly, all together
leading to a global para-related electron sharing decrease with
R. The meta-related atoms electron sharing decreasesRyith
as one would expect, and the same occurs with @¢eunterpart.

An amazing result is found fas-electron sharing of atoms in
meta-position: it increases as the structure deviates from
benzene either shortening or increasiRg This is the only
component of electron sharing which is able to recover the

the HOMA also overemphasizes the loss of aromaticity becauseexpected changes of aromaticity because of BLE distortion. It

of BLE distortions withAR > 0. For positiveAR, all indexes

seems as the meta-related atasmslectron sharing goes with

point out that the aromatic character of the ring decreases aslower aromaticity. Besides, the KSCI and the SCI indexes were

AR increases, with the only exception of the KSCI and SCI
index that fail to indicate the expected loss of aromaticity in
this case. FOAR < 0, HOMA, NICS(1), NICS(1), PDI, and

77 give the trend exactly opposite to our KSCI and SCI results,

also separated into their andsr components; providing both
lead to the same conclusions, we will only focus on SCI results.
In the same line of the results given by Bultinck for a Mulliken
partition?* the SC}, decreases while Sgincreases withR.

indicating a regular increase in the aromatic character as theHowever, the increase of the SG$ much more notorious with
C—C bond lengths decrease, in contradiction with the expectedthe AIM partition, leading to a general increase of SCI w&h

behavior. ForAR < 0, the HOMA values are larger than 1, a

just the opposite which was found with Mulliken partitiéh.

result that must be attributed to the particular expression of the This SClI failure is somewhat surprising since one would expect
EN term in eq 3b, indicating an unexpected increase of the a larger delocalization for smaller-€C distances as it is found
aromatic character of the ring. Therefore, all indexes excepting for all two-center Dls. Interestingly, the B3LYP/6-31%+G-

FLU and NICS(0) fail to predict a decrease of aromaticity, either
for AR < 0 or AR > 0. Because of this general failure, we

(d,p) SCI values for a BLE distortion increase umtiR ~ 0.9
and then it decreases abruptly, probably because of a sudden

have analyzed in greater detail the electronic structure of change in the wavefunction of the electronic ground state.

benzene under the BLE deformation within the AIM partition

To validate our B3LYP calculations, we have also performed

to shed light into this issue. The following results hold regardless Mp2/6-311++G(d,p) calculations of AIM properties of benzene

if we optimize C-H distance in each point or not, indicating
that the relaxation of €EH has no effect on the aromaticity
from an electronic viewpoint.

under the BLE distortion. At the MP2/6-33+H-G(d,p) level,
the general tendency holds but the charge transfer from H to C
is less than half of the value found with the B3SLYP method;

Comparing the electron density of the benzene for different exactly the same exaggeration effect of B3LYP is observed in

Rvalues, we can observe howRéncreases there is a constant the meta-related electron sharing. However, the reduction of
increment on the size of C basin at the expense of the decreasadjacent atoms and para-related atoms electron sharing is of
of H basin. It is a direct consequence of the larger distance the same magnitude as that of BSLYP, which leads to the same
between C and the bond critical point (BCP) connecting this qualitative results for FLU and PDI measures. On the other hand,
atom with the nearest H. The only effect that it has in the the KSCI and the SCI indexes reverse their trend according to



4518 J. Phys. Chem. A, Vol. 111, No. 20, 2007 Feixas et al.

TABLE 3: B3LYP/6-311++G(d,p) HOMA, NICS (ppm), PDI (Electrons), FLU, SCI (Electrons), KSCI (Electrons), and 5
(Hartrees) for the Out-of-Plane Distortions

o HOMA NICS(0) NICS(1) NICS(1), PDI FLUY? SCI KSCI n
Boat
0 0.989 —8.045 —10.216 —29.248 0.103 0.000 0.072 0.0179 0.24216
5 0.987 —8.000 —10.130 —29.254 0.103 0.000 0.072 0.0179 0.24142
10 0.986 —7.907 —10.023 —29.287 0.103 0.000 0.071 0.0178 0.23850
15 0.982 —7.781 —9.898 —29.309 0.104 0.001 0.070 0.0176 0.23401
20 0.976 —7.595 —9.744 —29.299 0.104 0.003 0.070 0.0174 0.22816
25 0.965 -7.311 —9.546 —29.241 0.105 0.004 0.069 0.0172 0.22105
Chair
0 0.989 —8.045 —10.216 —29.248 0.103 0.000 0.072 0.0179 0.24216
5 0.988 —7.877 —10.145 —29.158 0.103 0.000 0.072 0.0179 0.24178
10 0.984 —7.588 —10.021 —28.903 0.103 0.001 0.071 0.0178 0.23978
15 0.967 —7.139 —9.834 —28.478 0.103 0.003 0.070 0.0176 0.23660
20 0.955 —6.529 —9.593 —27.889 0.103 0.005 0.069 0.0173 0.23237
25 0.951 —5.766 —9.060 —26.832 0.104 0.007 0.068 0.0171 0.22718
Pyramidalization

0 0.989 —8.045 —10.216 —29.248 0.103 0.000 0.072 0.0179 0.24216
5 0.988 —7.981 —9.357 —26.909 0.103 0.000 0.072 0.0179 0.24194
10 0.986 —7.809 —8.382 —24.284 0.103 0.000 0.071 0.0179 0.24052
15 0.983 —7.559 —7.311 —21.421 0.103 0.001 0.071 0.0178 0.23817
20 0.977 —7.256 —6.167 —18.368 0.104 0.002 0.071 0.0177 0.23502
25 0.969 —6.918 —4.964 —15.169 0.104 0.003 0.071 0.0176 0.23074

our MP2 calculations (see Table 2). While SCI and KSCI are related carbon atoms come close to each other. To analyze
seriously affected by the correlation, FLU or PDI are not. further the breakdown of the PDI in this boatlike distortion, we
Although some authors argue that PDI can be regarded as ehave decomposed the PDI into the different molecular orbital
cheap alternative to SCI, this is yet another example that they contributions?® As some of us have shown previou8ithe
measure different characteristics of aromaticity and are differ- PDI in benzene is mainly the result of a positive contribution
ently affected by the method and the molecular partition. Failure of the doubly degenerated@@HOMO orbitals of about 0.18 e
to find a decrease of aromaticity fé&tR < O is probably less and a negative component coming from thg a-orbital of
relevant than foAR > 0 since the most common experimental approximately—0.09 e. This means that the two electrons in
BLE distortions of the benzene ring are those wkR > 0. au MO reduce the delocalization between para-related carbon
Remarkably, only the FLU and NICS(0) indexes are able to atoms in benzene. The main reason for the increase of the PDI
indicate the loss of aromaticity for both positive and negative value in a boatlike out-of-plane deformation is that the negative
AR values. Let us briefly add that as for the Dls, the SCI and contribution from the &, z-orbital is significantly reduced. This
KSCI correlated indexes are lower than the uncorrelated ones.is a consequence of the fact that the overlap betweenathe e
Finally, for the in-plane deformation that simulates the effect and a, w-orbitals in the basin of a given carbon atom is reduced
of clamping groups on the benzene ring, all indexes show a because of pyramidalization of the C atoms. This results in
reduction of aromaticity whero increases, with the only a reduction in absolute value of the negative products
exceptions of PDI that remains practically constant, slightly Sy, (C1)Su.e(Ca), Soier(C2)Saniero(Cs), @aNASy,e,(C3) Spiero(Co)
increasing witha,, and NICS(0) andy that present some involved in the calculation of the PDI component of thg a
oscillations. As said before, Soncini et al. found that the ring s-orbital, thus justifying the increase of the PDI in a boatlike
current in benzene is essentially unchanged when saturatedlistortion. The results obtained with the rest of the indexes for
clamping groups are usédn accordance with this result, all  this boatlike distortion are in line with previous experimetitaf
indexes, except HOMA, predict a relatively small change in and theoreticd?-*345studies showing a slight loss of aromaticity
the aromaticity of the benzene ring with clamping distortions with bending. Finally, despite the failure of PDI to show the
as large as 25 expected reduction of aromaticity in boatlike distortions, unlike
Out-of-Plane Deformations.Table 3 lists the corresponding  NICS the PDI correctly indicated the loss of aromaticity of the
HOMA, NICS, PDI, FLU"2, KSCI, SCI, andy values for the six-membered rings when going from planar to pyramidalized
three out-of-plane distortions analyzed. The change in aroma-pyracylene®
ticity for the out-of-plane deformations was studied by scanning  For the chairlike out-of-plane distortion, the trends are almost
the o angle (see Chart 1) up to 2%with consecutive steps of  the same. There is a small reduction of aromaticity when
5°, and by optimizations of the remaining geometrical param- increasing the deformation according to all indexes, except the

eters of the molecules at every point. PDI which indicates that the aromaticity remains almost
Boatlike deformations are those suffered by benzene rings unchanged with the distortion. All indexes, with the exception
in [n]para- and metacyclophar&4® and pyrenophanég.1® of the hardness, show a somewhat larger loss of aromaticity

Table 3 shows that, for the boatlike out-of-plane deformation, for the chairlike as compared to the boatlike out-of-plane

all indexes analyzed indicate a minor loss of aromaticity, with deformations.

the exceptions of the PDI that points to a minor increase in the  Finally, similar results are obtained when the carbon atoms
aromatic character of the ring and NICS{Xhat has for small of the ring are pyramidalized, simulating the situation found in

deformations an oscillatory behavior. However, the observed buckybowls and fullerenes. Such deformation introduces a lot
increase in the PDI value can be very large in case of a largeof strain energy. Indeed, this is the most energetically costly
(~80°) boatlike out-of-plane deformatidid.The failure of this out-of-plane deformation among the three analyzed. However,
index to show the expected reduction of aromaticity can be only a minor loss of aromaticity is found because of pyrami-

attributed to the fact that in this boatlike deformation two para- dalization according to all indexes. This is in line with previous



Aromaticity of Distorted Benzene Rings J. Phys. Chem. A, Vol. 111, No. 20, 2004519

results found for the 6-MRs of a series of pyramidalized A similar situation occurs for the NICS index that behaves

pyracylene molecule®.The two exceptions to this general rule notably well for the distortions analyzed but has well-known

are the PDI that indicates a small increase in aromaticity becauseproblems in condensed benzenoid spetiég8-101 These

of pyramidalization and the NICS(1) and NICS{Iescriptors results show that there is not yet a single indicator of aromaticity
which give an important loss of the aromatic character of the that works properly for all cases. Since aromaticity refers to a

ring with the distortion. nonobservable physical property and, consequently, it is a
vaguely defined concept, it may happen that such an indicator
5. Discussion and Concluding Remarks valid for all situations simply does not exist. However, exploring

) ) the successes and breakdowns of the different descriptors of
If one considers that the aromatic character of the benzenearomaticity is relevant not only for its own sake but as a way

ring is the largest at its optimized geometry (except for the BLE 14 g6t ideas of how to improve present indicators of aromaticity
distortion, this is an assumption that can be easily accepted),and to define new indices that correlate better with chemical
then we have shown in the previous section that only the FLU i«ition for most of the cases. For the moment, with the current
index is able to account for the loss of aromaticity in the siX escriptors available, our results emphasize the need of using
distortions of the benzene ring that we have analyzed. This is more than a single index to analyze aromatiéf% Thus

not completely unexpected, because FLU is indeed measuringchemists wishing to use indicators of aromaticity should be
the degree of electronic similarity with respect to benZ8ie.  5\yare that more than one aromaticity parameter must be used.
this sense, it is only proving the change of aromaticity comes gyen in this case, if different methods provide different answers,

together with the change of adjacent atoms electron sharing.jt js not possible to reach a definite conclusion on the relative
The HOMA index overestimates the loss of aromaticity for the |5cq aromaticity of the rings in these compounds.

BLA and clamping deformations and fails for the BLE
deformation indicating an increase of aromaticity for negative
AR values. It is noteworthy the superior behavior of FLU as
compared to HOMA despite the similarity in the definition of
these two indexes. Thus, while FLU compares theCC
delocalization index with that of benzene, HOMA takes into
account the differences between the € bond lengths in the
ring with those of the optimized benzene molecule. The KSCI,
SCI, NICS(1), and NICS(%) indexes only fail to detect the
reduction of aromaticity in BLE deformations for positive and
negative AR values, while NICS(0) only falls short in the
clamping deformation. The hardness indicator does not succee
for the BLA deformations and for the BLE distortions with
negativeAR values. Moreover, it presents oscillatory behavior
for the clamping deformation. Finally, the PDI gives incorrect
trends for all distortions analyzed except the BLA one, although,
in general, the PDI remains almost unaffected by the different ~Supporting Information Available: Table S1 with the
ring deformations analyzed. B3LYP/6-311+G(d,p) optimized Cartesiaxyzcoordinates of
BLE is by far the most difficult distortion for the current  @ll analyzed species and Figures-&86 with the normalized

measures of aromaticity. Neither the global delocalization nor Values of the aromaticity indexes analyzed for all distortions
the - or o-electron sharing between adjacent, meta-related, or studied. This material is available free of charge via the Internet
para-related atoms succeeds to explain the evolution of the@t http://pubs.acs.org.

aromatic character of the BLE deformed benzene rings. The

use of the electron sharing of benzene as a reference explainfkeferences and Notes

the success of FLU to detect the change of aromaticity in BLE (1) Faraday, MPhilos. T R. Soc. Londd82s 115 440
distortions. It is not possible to uncover the effects of BLE in araday, M-NI'0s. 1rans. is. S0, Londcvay s 440, -
aromaticity using adjacent electron sharing. Unhopefully, the Katr(itzz)k;,f r),f’OF\e"f iké};h“gargggglgg"sg' 1K7'ég_zam00k" Z; Heelinger, G.;
same is true for atoms in para-related positions: and (3) Garrat, P. JAromaticity, John Wiley & Sons: New York, 1986.
m-electron sharing exhibit opposite behavior Rsncreases, (4) Minkin, V. I.; Glukhovtsev, M. N.; Simkin, B. YAromaticity and
being predominant the effect of tlweelectron sharing. Surpris- Qntl'a:(()mstl(l:ls;)g;:4 Electronic and Structural Aspert®ohn Wiley & Sons:
ingly, only. the meta—related—electrqn sharing fo!lqwg exactly evzs)olge’ Proﬁ" F.: Geerlings, RChem. Re. 2001, 101, 1451.

the opposite trend to be expected in an aromaticity index when  (6) Lioyd, D. J. Chem. Inf. Comput. ScL996 36, 442.

benzene is under BLE distortion, though it may be a mere (7) Schleyer, P. v. R.; Jiao, Hhure Appl. Chem1996 68, 209.
coincidence. Finally, MP2 results have proved that the trend  (8) Schleyer, P. v. RChem. Re. 2001, 101, 1115.

; R (9) Soncini, A.; Havenith, R. W. A.; Fowler, P. W.; Jenneskens, L.
yield by the SCI and KSCI indexes depends on the method of W.: Steiner, EJ. Org. Chem2002 67, 4753,

CalCUIation'_ . o . o (10) Frank, N. L.; Baldridge, K. K.; Siegel, J. 3. Am. Chem. Soc.
In our opinion, it is very important to know the limitations 1995 117, 2102. _ _
of the different methods to analyze aromaticity. To this end,  (11) Fleischer, U.; Kutzelnigg, W.; Lazzeretti, P.;"Mankamp, V.J.

. - . Am. Chem. Sod994 116, 5298.
S|rr_1ple systems such as distorted benzene are good startin (12) Mo, Y. Wu, W.: Zhang. QJ. Phys. Chem1994 98, 10048.
points. As a summary, we have found that only the FLU indeX  (13) shaik, S. S.; Shurki, A.; Danovich, D.; Hiberty, P.Chem. Re.
does well for all distortions of the benzene ring analyzed. 2001 101, 1501.
Despite the excellent behavior of the FLU indicator of aroma- W(Il? JDigstrai F. \é’?]n hggtohaebi l;-6;6Havenith, R. W. A.; Jenneskens, L.
Fe H : F- HIF ; : . Int. J. Quantum e y .
t|C|ty_for these distortions, this index may_fall in other situations. (15) Kraakman, P. A.: Valk, J. M. Niederlander, H. A. G.: Brouwer,
For instance, we have found that FLU is unable to detect the p g g : Bickelhaupt, F. M.; Dewolf, W. H.; Bickelhaupt, F.; Stam, C. H.

aromaticity of the transition state of the Dielalder reactior?” J. Am. Chem. S0d.99Q 112, 6638.

Acknowledgment. This paper is dedicated to the memory
of our appreciated friend and colleague Prof. Dr. Lorenzo Pueyo
who passed away on March 18, 2007. Financial help has been
furnished by the Spanish MEC Project No. CTQ2005-08797-
C02-01/BQU and by the catalan Departament d’Universitats,
Recerca i Societat de la InformagipURSI) through project
No. 2005SGR-00238. F. F. and E. M. thank the MEC for the
doctoral fellowships no. AP2005-2997 and AP2002-0581,
respectively, and J. P. acknowledges the European Union for a
d\/larie Curie fellowship. We thank the Centre de Supercom-
putaciode Catalunya (CESCA) for partial funding of computer
time. Finally, we are grateful for Professor J. Cioslowski and
the two referees for helpful suggestions.



4520 J. Phys. Chem. A, Vol. 111, No. 20, 2007

(16) Gready, J. E.; Hambley, T. W.; Kakiuchi, K.; Kobiro, K.; Sternhell,
S.; Tansey, C. W.; Tobe, Yd. Am. Chem. S0d.99Q 112 7537.

(17) Bodwell, G. J.; Bridson, J. N.; Houghton, T. J.; Kennedy, J. W. J.;
Mannion, M. R.Angew. Chem., Int. Ed. Endl996 35, 1320.

(18) Bodwell, G. J.; Bridson, J. N.; Houghton, T. J.; Kennedy, J. W. J.;
Mannion, M. R.Chem. Eur. J1999 5, 1823.

(19) Bodwell, G. J.; Bridson, J. N.; Cyraki, M. K.; Kennedy, J. W.
J.; Krygowski, T. M.; Mannion, M. R.; Miller, D. OJ. Org. Chem2003
68, 2089.

(20) Jeffrey, G. A.; Ruble, J. R.; McMullan, R. K.; Pople, J. Rroc.

R. Soc. London, Ser. 2987, 414, 47.

(21) Pascal, R. A., JrChem. Re. 2006 106, 4809. Lu, J.; Ho, D. M,;
Vogelaar, N. J.; Kraml, C. M.; Bernhard, S.; Bryne, N.; Kim, L. R.; Pascal,
R. A., Jr.J. Am. Chem. So@006 128 17043.

(22) Moran, D.; Stahl, F.; Bettinger, H. F.; Schaefer, H. F., lll; Schleyer,
P.v. R.J. Am. Chem. So@003 125, 6746.

(23) Boschi, R.; Clar, E.; Schmidt, W. Chem. Physl974 60, 4406.

(24) Poater, J.; Visser, R.; Solsl.; Bickelhaupt, F. MJ. Org. Chem.
2007, 72, 1134.

(25) Schulman, J. M.; Disch, R. lJ. Phys. Chem. AL999 103 6669.

(26) Dabestani, R.; lvanov, I. N°hotochem. Photobioll999 70, 10.

(27) Katz, T. JAngew. Chem., Int. EQ200Q 39, 1921.

(28) Portella, G.; Poater, J.; Bofill, J. M.; Alemany, P.; Sdia J. Org.
Chem.2005 70, 2509; Portella, G.; Poater, J.; Bofill, J. M.; Alemany, P.;
Sola M. J. Org. Chem2005 70, 4560.

(29) Krygowski, T. M.; Ciesielski, AJ. Chem. Inf. Comput. Sci995
35, 1001.

(30) Bthl, M.; Hirsch, A.Chem. Re. 2001, 101, 1153.

(31) Pasquarello, A.; Sctier, M.; Haddon, R. CSciencel992 257,
1660.

(32) Pasquarello, A.; Schier, M.; Haddon, R. CPhys. Re. A 1993
47, 1783.

(33) Bthl, M. Chem. Eur. J1998 4, 734.

(34) Hirsch, A.; Chen, Z.; Jiao, HAngew. Chem., Int. EQR00Q 39,
3915.

(35) Poater, J.; Fradera, X.; Duran, M.; Sdi& Chem. Eur. J2003 9,
1113.

(36) Poater, J.; Duran, M.; Sgl#. Int. J. Quantum ChenR004 98,
361.

(37) Cyranski, M. K.; Krygowski, T. M. Tetrahedron1999 55, 6205.

(38) Krygowski, T. M.J. Chem. Inf. Comput. Sc1993 33, 70.

(39) Poater, J.; SoJVl.; Viglione, R. G.; Zanasi, R]. Org. Chem2004
69, 7537.

(40) Rice, J. E.; Lee, T. J.; Remington, R. B.; Allen, W. D.; Clabo, D.
A., Jr; Schaefer, H. F., llIJ. Am. Chem. S0d.987, 109, 2902.

(41) Grimme, SJ. Am. Chem. S0d.992 114, 10542.

(42) Dijkstra, F.; van Lenthe, J. Hnt. J. Quantum Cheni999 74,
213.

(43) Jenneskens, L. W.; Vaneenige, E. N.; Louwen, Néiv J. Chem.
1992 16, 775.

(44) Datta, A.; Pati, S. KChem. Phys. Let2006 433 67.

(45) Shishkin, O. V.; Pichugin, K. Y.; Gorb, L.; LeszczynskiJIJMol.
Struct.2002 616, 159.

(46) Zhigalko, M. V.; Shishkin, O. V.; Gorb, L.; Leszczynski,JJ.Mol.
Struct.2004 693 153.

(47) Shishkin, O. V.; Omelchenko, I. V.; Krasovska, M. V.; Zubatyuk,
R. I.; Gorb, L.; Leszczynski, . Mol. Struct.2006 791, 158. Zhigalko,
M. V.; Shishkin, O. V.Struct. Chem2006 47, 823.

(48) Moran, D.; Simmonett, A. C.; Leach, F. E., lll; Allen, W. D.;
Schleyer, P. v. R.; Schaefer, H. F., Jl.Am. Chem. So2006 128 9342.

(49) Bader, R. F. W.; Streitwieser, A.; Neuhaus, A.; Laidig, K. E;
Speers, PJ. Am. Chem. S0d.996 118 4959.

(50) Poater, J.; Fradera, X.; Duran, M.; Sdi& Chem. Eur. J2003 9,
400.

(51) Matito, E.; Duran, M.; SolaM. J. Chem. Phys2005 122 014109;
Matito, E.; Duran, M.; SolaM. J. Chem. Phys2006 125 059901.

(52) Bultinck, P.; Rafat, M.; Ponec, R.; van Gheluwe, B.; Callmca,
R.; Popelier, PJ. Phys. Chem. 2006 110, 7642.

(53) Zhou, Z.; Parr, R. GJ. Am. Chem. S0d.989 111, 7371.

(54) Katritzky, A. R.; Jug, K.; Oniciu, D. CChem. Re. 2001, 101,
1421.

(55) Katritzky, A. R.; Barczynski, P.; Musumarra, G.; Pisano, D.;
Szafran, M.J. Am. Chem. Sod.989 111, 7.

(56) Katritzky, A. R.; Karelson, M.; Sild, S.; Krygowski, T. M.; Jug,
K. J. Org. Chem1998 63, 5228.

(57) Krygowski, T. M.; Cyfaski, M. K. Chem. Re. 2001, 101, 1385.

(58) Cyraski, M. K.; Krygowski, T. M.; Katritzky, A. R.; Schleyer, P.
v. R.J. Org. Chem2002 67, 1333.

(59) Kruszewski, J.; Krygowski, T. Ml etrahedron Lett1972 13, 3839.

(60) Krygowski, T. M.; Cyfaski, M. C.Tetrahedronl996 52, 10255.

(61) Krygowski, T. M.; Cyfaski, M. K. Tetrahedron1996 52, 1713.

(62) Schleyer, P.v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; van Eikema
Hommes, N. J. RJ. Am. Chem. Sod.996 118 6317.

Feixas et al.

(63) Poater, J.; Duran, M.; SolM.; Silvi, B. Chem. Re. 2005 105,
3911.

(64) Merino, G.; Vela, A.; Heine, TChem. Re. 2005 105 3812.

(65) Fradera, X.; Austen, M. A.; Bader, R. F. W. Phys. Chem. A
1999 103 304.

(66) Fradera, X.; Poater, J.; Simon, S.; Duran, M.; SdlaTheor. Chem.
Acc.2002 108 214.

(67) Bader, R. F. W.Atoms in Molecules: A Quantum Thepry
Clarendon: Oxford, U.K., 1990.

(68) Bader, R. F. WAcc. Chem. Red.985 18, 9.

(69) Bader, R. F. WChem. Re. 1991, 91, 893.

(70) Giambiagi, M.; de Giambiagi, M. S.; dos Santos, C. D.; de
Figueiredo, A. PPhys. Chem. Chem. PhyZ00Q 2, 3381.

(71) Cioslowski, J.; Matito, E.; SoJaM. J. Phys. Chem. A007,
accepted.

(72) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Gdussian
03, Revison C.01 ed.; Gaussian, Inc.: Pittsburgh, PA, 2003.

(73) Biegler-Kmig, F. W.; Bader, R. F. W.; Tang, T.-H. Comput.
Chem.1982 3, 317.

(74) Becke, A. D.J. Chem. Phys1993 98, 5648.

(75) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(76) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, Nl.. J.
Phys. Chem1994 98, 11623.

(77) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J.AChem. Phys.
198Q 72, 650.

(78) Frisch, M. J.; Pople, J. A,; Binkley, J. $.Chem. Physl1984 80,
3265.

(79) Wolinski, K.; Hilton, J. F.; Pulay, RI. Am. Chem. S0499Q 112
8251.

(80) Schleyer, P. v. R.; Manoharan, M.; Wang, Z. X.; Kiran, B.; Jiao,
H. J.; Puchta, R.; van Eikema Hommes, N. JORg. Lett.2001, 3, 2465.

(81) Corminboeuf, C.; Heine, T.; Seifert, G.; Schleyer, P. v. R.; Weber,
J. Phys. Chem. Chem. Phy2004 6, 273.

(82) Fallah-Bagher-Shaidaei, H.; Wannere, C. S.; Corminboeuf, C.;
Puchta, R.; Schleyer, P. v. Rrg. Lett.2006 8, 863.

(83) Matito, E. ESI-3D: Electron Sharing Indexes Program for 3D
Molecular Space Partitioning. http://igc.udg-estluard/ESI Girona, I1QC,
2006 (accessed Apr 2007).

(84) Poater, J.; SojJaV.; Duran, M.; Fradera, XTheor. Chem. Acc.
2002 107, 362.

(85) Matito, E.; SolaM.; Salvador, P.; Duran, MFaraday Discuss.
2007, 135, 325.

(86) Parr, R. G.; Yang, WDensity-functional theory of atoms and
molecules Oxford University Press: New York, 1989.

(87) Koopmans, TPhysica (Utrecht1933 1, 104.

(88) Christiansen, O.; Stanton, J. F.; Gauss).JChem. Phys1998
108 3987.

(89) Matito, E.; Feixas, F.; Sgl#. J. Mol. Struct. (THEOCHEM2007,
doi:10.1016/j.theochem.2007.01.015 (accessed Apr 2007).

(90) van Lenthe, J. H.; Havenith, R. W. A;; Dijkstra, F.; Jenneskens, L.
W. Chem. Phys. Let2002 361, 203.

(91) Torrent-Sucarrat, M.; Luis, J. M.; Duran, M.; SpoM. J. Chem.
Phys.2002 117, 10651.

(92) Torrent-Sucarrat, M.; Luis, J. M.; Sold. Chem. Eur. J2005
11, 6024.

(93) Blancafort, L.; SolaM. J. Phys. Chem. 2006 110, 11219.

(94) Bultinck, P.Faraday Discuss2007, 135 347.

(95) Giell, M.; Matito, E.; Luis, J. M.; Poater, J.; Sold. J. Phys.
Chem. A2006 110, 11569.

(96) Matito, E.; Salvador, P.; Duran, M.; Seolsl. J. Phys. Chem. A
2006 110, 5108.

(97) Matito, E.; Poater, J.; Duran, M.; Sola. J. Mol. Struct.
(THEOCHEM 2005 727, 165.

(98) Lazzeretti, P. Ring Currents. IRrogress in Nuclear Magnetic
Resonance Spectroscoymsley, J. W., Feeney, J., Sutcliffe, L. H., Eds.;
Elsevier: Amsterdam, 2000; Vol. 36, p 1.

(99) Lazzeretti, PPhys. Chem. Chem. Phy2004 6, 217.



Aromaticity of Distorted Benzene Rings J. Phys. Chem. A, Vol. 111, No. 20, 2004521

(100) Poater, J.; Bofill, J. M.; Alemany, P.; Sol&l. J. Org. Chem. (102) Poater, J.; Ga@iCruz, |.; lllas, F.; SolaM. Phys. Chem. Chem.
2006 71, 1700. Phys.2004 6, 314.
(101) Osuna, S.; Poater, J.; Bofill, J. M.; Alemany, P.;"StMaChem. (103) Chen, Z.; Wannere, C. S.; Corminboeuf, C.; Puchta, R.; Schleyer,

Phys. Lett2006 428 191. P. v. R.Chem. Re. 2005 105 3842.



