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165 02, Czech Republic

Patrick Bultinck
Department of Inorganic and Physical Chemistry, Ghent UniVersity, Krijgslaan 281 (S3),
B-9000 Gent, Belgium

Ana Gallegos Saliner
European Chemicals Bureau, Institute for Health & Consumer Protection, Joint Research Centre, European
Commission, 21020 Ispra, Italy

ReceiVed: April 27, 2005; In Final Form: May 31, 2005

This study reports the use of multicenter bond indices as a new tool for the quantitative characterization of
homoaromaticity. The approach was applied to the series bicyclic systems whose homoaromaticity was recently
discussed in terms of traditional aromaticity index, namely, NICS. In this study we found that the multicenter
bond indices are indeed able to quantify the degree of homoaromaticity of the studied systems as reflected
in the classification of these molecules into classes of homoaromatic, non-homoaromatic, and anti-homoaromatic
systems suggested on the basis of NICS values.

Introduction

The concept of homoaromaticity was introduced by Winstein
et al.1 to denote the fact, first observed by Applequist and
Roberts,2 that the insertion of short insulating chains into the
cyclic array of orbitals responsible for the specific properties
of aromatic systems does not completely destroy the conjugative
interactions between the separated subunits so that the corre-
sponding molecules still display, albeit to a reduced extent, the
properties typical for the aromatic systems. Because of its
importance, the phenomenon of homoaromaticity has been the
subject of a wealth of experimental and theoretical studies
aiming both at the evaluation of various manifestations of this
phenomenon3-17 and, also, to the design of new tools and
procedures allowing estimating the extent of the effects respon-
sible for its existence. An example can be, e.g., the early
studies10-13 in which qualitative molecular orbital (MO) dia-
grams and perturbational MO (PMO) theory were used to
estimate the energetic impact of homoaromatic stabilization.
Aromatic and homoaromatic systems also both exhibit special
magnetic features, and in fact the combination of both these
criteria (stabilization energies and magnetic aromaticity descrip-
tors) is widely used also in a variety of recent studies in which
the phenomenon of homoraomaticity is addressed.18-22 The main
issue of the contemporary studies of homoaromaticity is to
demonstrate whether the phenomenon is restricted only to
cationic structures, on which it was originally discovered, or
whether it also applies to neutral or even anionic systems.17,23,24

Our aim in this study is to follow up with the results of our
previous study of the aromaticity of polycyclic benzenoid

hydrocarbons25 and to demonstrate that the multicenter bond
indices, which were proposed as a new quantitative measure of
aromaticity,26 can also be used to characterize the extent of the
homoaromaticity. For this purpose we report in the following
part the results of the application of this new tool to the series
of neutral homoaromatic molecules scrutinized in the recent
study by Freeman.20 The studied systems involve the three sets
of molecules I, II, and III depicted in Chart 1, and as it will be
shown, the 5-center bond indices involving the appropriate
subsystems of the corresponding molecules do indeed correlate
with the calculated NICS values,27 which were shown to reflect
the degree of homoaromaticity in these systems.20 In addition

* To whom correspondence should be addressed. E-mail:
rponec@icpf.cas.cz.

CHART 1

6606 J. Phys. Chem. A2005,109,6606-6609

10.1021/jp052179b CCC: $30.25 © 2005 American Chemical Society
Published on Web 06/30/2005



to these data, we have also calculated the 5-center indices and
NICS values for the set of aromatic heterocyclic molecules IV
as hypothetic “precursors” of the homoaromatic systems I-III.

Theoretical

The multicenter bond indices represent a useful theoretical
tool to transform the abstract picture of the molecular structure
provided by quantum chemical wave functions into the language
close to classical chemical concepts of bonds, bond orders,
etc.28-32 The quantification of these concepts is based on the
scrutiny of the powers of the product between the charge density
and overlap matrixes (P and S respectively) of a given molecule,
respectively.

The partitioning of the identity (1), valid at Hartree-Fock
and formally also Kohn-Sham level of the theory, for a given
value of k then gives mono- di-, tri-, and generally k-atomic
contributions which can be attributed a certain chemical or
physical meaning.

Thus, for example, the monatomic terms∆A
(1) resulting from

the partitioning of the identity fork ) 1 represent the Mulliken
gross electron density on the atom A.33 Similarly, the diatomic
terms∆AB

(2) resulting from the analogous partitioning of the
identity (1) fork ) 2 are identical with the well-known Wiberg-
Mayer indices,34,35 which are widely used to characterize the
bond order (multiplicity) of localized 2-center 2-electron bonds.
The straightforward extension of the partitioning of the identity
(1) to higher values of k then opens the possibility to detect
similarly the nonclassical multicenter bonding and, for example,
the terms∆ABC

(3), resulting from the partitioning of the identity
(1) for k ) 3, are widely used, as the so-called 3-center bond
indices, for the detection and localization of 3-center bonding
in many systems.36-39 Stimulated by the success of the previous
applications of the bond indices, we have recently used the same
approach for the description of delocalized multicenter bonding
extended over even more centers.25 It was shown that the
6-center bond indices could indeed be used as a new general
and universal tool for the characterization of the extent of
aromaticity of individual benzene rings in polycyclic aromatic
hydrocarbons. Our aim in this study is to show that multicenter
bond indices can also be used as a tool to characterize the extent
of homoaromaticity.

Computational Details. The geometries of all the studied
molecules in the present study were completely optimized at
the B3LYP/6-31G* level of the theory,40-42 and the resulting
optimized structures were shown by frequency analysis to
correspond to true minima on the potential-energy hypersurface.
The calculations were performed using the Gaussian03 pro-
gram.43 NICS values were computed at the same level of the
theory using GIAO-B3LYP/6-31G* calculations. The NICS
values were calculated at the center of the ring formed by the
atoms involved in the homoaromatic system.

After the geometry optimization of the studied molecules,
calculation of 5-center bond indices was performed using our
own program GMA. The program is available upon request from
PB as a Linux exacutable for calculation of bond indices from
RHF and restricted DFT wave functions.

Results and Discussion

The calculated values of 5-center bond indices together with
the corresponding NICS values are summarized in Table 1.

In contrast to well-established examples of cationic homo-
aromaticity, the question of the homoaromaticity of the neutral
systems is a much more debated issue.17 There are numerous
neutral systems that have beencalculatedto be homoaromatic;
however there are only few, rather special examples that have
succumbed to experimental determination of homoaromaticity.
An interesting example corroborating the existence of this
phenomenon was reported in the recent study20 in which the
authors demonstrated that there is a fairly satisfactory correlation
between the stabilization energies, which reflect the energetic
impact of homoaromaticity in the series of neutral molecules
I-III, with the magnetic properties characterized by the NICS
values. The results of the study20 are very interesting since they
clearly demonstrate that, while the neutral homoaromaticity can
convincingly be demonstrated for bicyclo-3,2,1-octa-3,6,dien-
2-yl series II and III, the situation with the series I is slightly
more complex. Still according to Freeman,20 part of the systems,
namely, those corresponding to X) O, S, NH, PH, displays
non-homoaromatic behavior, while the rest of the molecules
can be classified as anti-homoaromatic. Stimulated by these
results, we decided to reconsider the problem of neutral
homoaromaticity in the same series of molecules using the
formalism of multicenter bond indices. These indices were,
namely, shown to provide a new efficient tool for the quantita-
tive characterization of aromaticity of polycyclic aromatic
hydrocarbons,25 and it was of interest to see whether they would
also be able to measure also subtler homoaromatic effects. The
answer to this question is affirmative, and Figure 1 displays
the correlation of the recognized aromaticity index NICS with
the values of 5-center bond indices calculated over the sub-
systems involving the numbered atoms in Chart 1. Before
discussing the conclusions suggested by this correlation it is,
however, useful to say a few words about the interpretation of
the bond indices. Such an interpretation requires taking into
account both the absolute value of the indices and their sign.
The situation with absolute value is quite simple; the higher
this value, the better are the conditions for the existence of cyclic
delocalized bonding. From this point of view, one can already
see a clear difference between the molecules belonging to the
series II, III, and IV, for which the values are an order of
magnitude higher than for the series I. Additional insight into
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TABLE 1: Calculated 5-Center Bond Indices and NICS
Values for the Series of Homoaromatic Systems I-IV Shown
in Chart 1

series X 5-center index× 102 NICS

I BH -0.277 3.50
AlH -0.546 0.58
Be -0.308 1.49
Mg -0.249 1.51
O 0.548 -1.33
S 0.512 -2.48
PH 0.200 -1.05
NH 0.816 -2.01

II PH 2.310 -6.75
S 3.216 -7.76
NH 3.876 -9.66
O 4.762 -13.52

III 3.253 -8.69
IV O 5.737 -13.18

S 5.846 -13.51
NH 7.663 -15.64
PH 8.032 -16.60
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the interpretation of the values comes then from the sign of the
indices. In previous studies it was shown, namely, that the sign
of the multicenter bond indices is closely related to the number
of electrons involved in cyclic delocalized bonding.32,44,45Thus,
for example, the positive values of 3-center bond indices were
shown to correspond to 3-center 2-electron bonding, while
negative indices are characteristic for 3-center 4-electron bond-
ing. The situation is similar for the bond indices characterizing
the cyclic bonding delocalized over more centers.46 In our case
of 5-center bonding, the negative values are typical for 5-center
4-electron bonding while positive values correspond to 5-center
6-electron bonding. This result is very important since the cyclic
delocalized bonding involving 6 (4n + 2) electrons is typical
for aromatic systems. Taking now into account that the
difference between aromaticity and homoaromaticity is only due
to partial weakening of the cyclic delocalized bonding, one can
expect that bond indices for homoaromatic systems should be
also positive but a bit lower than the analogous indices for
aromatic systems. An example of the aromatic systems in our
study are the molecules belonging to the series IV and Table 1
shows that the bond indices are indeed positive with largest
absolute values of the indices. The expected weakening of
delocalized cyclic bonding in homoaromatic systems is also
straightforwardly evident from Table 1. The molecules belong-
ing to the series II and III also exhibit positive indices with
still fairly large absolute values but clearly smaller than the
corresponding molecules in series IV. It is well worth noting
that these are just the systems that were classified as homo-
aromatic in the study by Freeman, where magnetic criteria and
stabilization energies were used.20

Series I is a slightly more complicated case. The absolute
values of the bond indices are, in this case, always considerably
lower compared to what is observed for aromatic and homo-
aromatic systems. This result can be interpreted in a sense that
those molecules with small but positive values of bond indices
can be regarded as non-homoaromatic and the systems with
negative values, which are characteristic of 5-center 4-electron
bonding, as slightly antihomoaromatic. This interpretation is
consistent with the values of NICS and our results thus in fact
completely corroborate the conclusions of the study by Free-
man.20

In addition to demonstrating the applicability of multicenter
bond indices as a new tool for the characterization of homo-
aromaticity, Figure 1 is interesting also for another reason. It is
seen that the same correlation line involves not only the
homoaromatic, non-homoaromatic, and anti-homoaromatic sys-
tems I, II, and III but also the aromatic molecules belonging to
the series IV. This result is very important since it straightfor-
wardly demonstrates that there is in fact no difference between
the aromaticity and homoaromaticity except in the extent of
the conjugative interactions in the cyclic delocalized array of
participating orbitals. In this connection it is, however, necessary
to remember that the existence of the correlation similar to
Figure 1 is slightly exceptional. The reason is that classical and
magnetic criteria of aromaticity are generally orthogonal47-49

so that correlation between such aromaticity measures is unlikely
unless the studied molecules form a set of closely structurally
related molecules,25 which is just the case of our study and the
study.20

It is worth noting that the correlation between the multicenter
indices and the NICS values for the molecules from series I-III,
is even better than the correlation between the stabilization
energies and NICS values reported by Freeman.20 This justifies
the conclusion that the multicenter indices can indeed be used
as a measure for aromaticity, including homoaromaticity. It
further has the important advantage over many other measures
since multicenter indices can be computed very efficiently
because only the charge density and overlap matrixes from a
single self-consistent field procedure are required. Computing
the multicenter index requires less than one second on a personal
computer for the molecules in Chart 1.
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