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Abstract—The Nuclear Independent Chemical Shift of each ring, as a criterion of aromaticity, is used to explain the stability order of
benzopyrrole, benzofuran and benzothiophene, and their isomers. The results indicate that the benzene ring is aromatic in all the systems. The
five-membered rings of benzopyrrole, benzofuran and benzothiophene are also aromatic, whereas those of isobenzopyrrole, isobenzofuran
and isobenzothiophene are non-aromatic. This could be an explanation of the stability of the former molecules. The molecular orbitals and
the condensed Fukui functions derived from the electronic structure calculations are also reported. These reactivity indices explain the
expected electrophilic substitution of these compounds. The theoretical structure, ionization energies, order of aromaticity, stability and
reactivity are in good agreement with the experimental results. The usefulness of this approach to determine the reactivity is discussed since
their stability and reactivity may be understood. The reactivity indices are useful to explain and confirm the experimental information, and for
molecules with unknown reactive behavior, this approach could help to predict some of the reactions.
q 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Benzene fused, five-membered heterocycles compounds
have been the subject of sustained interest1 – 3 because they
are useful reactants for organic synthesis.4 There are many
experimental results for benzopyrrole, benzofuran, benzo-
thiophene, and their corresponding isomers5 – 9 (Fig. 1).
Benzopyrrole and isobenzopyrrole have similar chemical
properties and stability. However, benzofuran and iso-
benzofuran present different stabilities. The existence of
isobenzofuran has been clearly demonstrated,5,8 but this
compound is unstable in solution and it reacts rapidly with
dienophiles to give the corresponding Diels – Alder
products.9 This reactivity has been used in many synthetic
applications. Some authors have referred to this compound
as ‘the most reactive isolated diene for cycloaddition
purposes’.1,10 In contrast, benzofuran is very stable and
can be obtained with several synthetic methods.7 For the
two benzothiophenes, it was reported that isobenzothio-
phene is more reactive than benzothiophene.11

From a theoretical point of view, there are many semi
empirical and low level ab initio studies of the reactivity of
these compounds.12,13 In a qualitative prediction for the
reactivity of isobenzofuran, it was reported that positions 1
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Figure 1. Compounds under study: benzopyrrole, isobenzopyrrole,
benzofuran, isobenzofuran, benzothiophene, and isobenzothiophene.
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and 3 (Fig. 1) are the most reactive to attack by radical and
electrophilic reagents. Jursic and Zdravkovski14 reported a
theoretical study of the suitability of pyrrole as diene for
Diels–Alder reactions, and the AM1 results of dienophile
addition to indole and isoindole.15

Jursic and co-workers16 – 21 have demonstrated that the
B3LYP density functional theory is a reliable method for the
calculation of the geometries and energies of these
compounds. The B3LYP structures and the magnetic
properties of thiophene, pyrrole, furan and their benzo
derivatives were calculated in order to determine their
reactivity as dienes for Diels–Alder reactions.20 Based on
the structural uniformity and magnetic susceptibility
anisotropies, the relative aromaticity of these systems was
predicted. From the theoretical results, the experimental
stability was accurately described. The differences in
stability were explained in terms of aromaticity. For the
stable compounds, a high p molecular orbital delocalization
exists between the two aromatic rings, which may not
be present in the less stable isomers. The computed
magnetic susceptibility anisotropies for the fused rings
follow the same order as the aromatic, five-membered
heterocycles.20

The aromaticity is related to the thermodynamic stability of
the systems. There is also a relationship between hardness
and stability. In 1987, Pearson concluded that ‘there seems
to be a rule of nature that molecules arrange themselves to
be as hard as possible’22,23 Parr and co-workers also
reported this statement, called the principle of maximum
hardness.22 – 24 In addition, density functional theory (DFT)
has the advantage of providing definitions of important
universal concepts of molecular structure and reactivity.
Work based on DFT23 has developed an operational
approximation for absolute hardness:

h ¼ 1
2
ðI 2 AÞ

where I is the vertical ionization energy and A is the vertical
electron affinity. Upon application of the Koopmans
theorem, the hardness corresponds to the energy gap
between the HOMO and the LUMO orbitals. Hence, the
principle of maximum hardness confirms previous results
that claim that the stability of aromatic hydrocarbons
depends on the HOMO2LUMO energy gap. The larger the
gap, the harder the molecule.

The hard and soft acids and bases (HSAB) principle has
been very useful to predict and analyze the reactivity of
chemical systems. Recently,24 the HSAB principle has been
used in a local sense in terms of density functional concepts
such as the Fukui function [f(r)]. In this context, the
response of a chemical system to different types of reagents
is related with the idea that larger values of the Fukui
function imply greater reactivity. This seems to be a very
useful approach to explain the chemical reactivity of a large
variety of molecules.25 – 30 The procedure to obtain
information on f(r) was reported by Gázquez et al.30 This
procedure condenses the values around each atomic site into
a single value that characterizes the atom in the molecule.
With this approximation, the condensed Fukui function
becomes

fþAK ¼ qAKðNA þ 1Þ2 qAKðNAÞ for nucleophilic attack ð1Þ

f2AK ¼ qAKðNAÞ2 qAKðNA 2 1Þ for electrophilic attack ð2Þ

f 0
AK ¼ 1

2
½qAKðNA þ 1Þ2 qAKðNA 2 1Þ�

for radical attack ð3Þ

where qAK is the charge of the kth atom in the molecule
A. Systems with Nþ1 (anions), N (neutral) and N21
(cations) electrons are calculated with the ground state
geometries of the N electron system. The simplest procedure
to determine the charge is to use the Mulliken population
analysis. In this work, a reactivity analysis for the
electrophilic attack of benzopyrrole, benzofuran, benzothio-
phene, and the related isomers will be presented.

The problem of aromaticity and reactivity of benzene fused
five-membered heterocycles raises several questions. The
matter is of interest for those chemists involved in
heterocyclic and aromatic chemistry. Jursic20 reported the
correlation between the ‘global’ aromaticity of these
compounds and their relative stability. The aim of the
present study is to further examine these compounds from a
theoretical point of view. Our goal is to analyze these
molecules using the aromaticity of each ring rather than the
global aromaticity that Jursic20 employed to explain the
relative stability. For this purpose, DFT calculations on
these molecules were performed. Using Nuclear Indepen-
dent Chemical Shifts (NICS) as a criterion of aromaticity,
we compare the aromaticity of the two rings (benzene and
five-membered heterocyclic ring). In terms of the aromatic
behavior in each ring, it is possible to explain the stability of
these compounds. Optimized structures, ionization energies,
atomic charges, HOMO2LUMO gaps, Fukui functions, and
frontier molecular orbitals of these molecules are reported
and used to explain the experimental behavior of these
systems.

Since these molecules play a fundamental role in many
organic reactions, it is important to make use of DFT to
calculate reactivity parameters that could help to understand
their chemical behavior. Experimentally, the chemical
reactivity of these molecules is well known. The reactivity
indices that are presented here explain and confirm the
experimental information. For those molecules with
unknown reactivity, these parameters could help to under-
stand and predict their reactivity behavior.

2. Methodology

Full geometry optimization was carried out without
symmetry constraints using the Gaussian 98-code.31 Two
different functionals, Perdew–Wang91 (PW91)32 and
B3LYP,33 and the standard Gaussian 6-311þG(2d,p) basis
set were used.34 B3LYP was used to calculate the magnetic
properties (NICS), using the continuous set of gauge
transformation method.35 The initial geometries and
visualization of the results were performed with the Cerius
package36 and the MOLEKEL.37

Schleyer et al.38 using the same or similar levels of theory,
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reported the NICS values of several systems as a simple and
efficient probe of aromaticity. In this work, this criterion
was also used to carry out the respective aromaticity
comparisons. Furthermore, the NICS value of benzene as
29.7 from reference 38 has been taken as a reference for our
aromaticity measurements, and the same criterion, that an
absolute value of NICS lower than 29.7 should correspond
to a non-aromatic character for the ring, has been adopted.
In order to be able to perform a straight forward comparison
with previous results, we used B3LYP for the NICS
calculations. The geometry was optimized and the magnetic
properties obtained with B3LYP. Since B3LYP and PW91
results are similar (Fig. 2), we only present the results using
PW91 for the optimized structures, atomic charges,

ionization energies, HOMO2LUMO gap, Fukui functions
and frontier orbitals. B3LYP was used only for the
calculation of the magnetic properties (NICS).

The NICS values had been the subject of several analysis,39

detecting some problems with its application, mainly in the
comparison of the intrinsic value of this index.40 However,
other authors demonstrated that this index can be used for
the study of local aromaticity in polycyclic compounds.41

Therefore we applied this NICS criterion considering the
relative trends within the studied set of molecules.

3. Results and discussion

This section is organized into three subsections. Section 3.1
discusses the results of the geometry optimization and the
relationship between thermodynamic stability and other
properties of these systems. In Section 3.2, the molecular
orbitals are analyzed. Section 3.3 presents some reactivity
parameters for benzene fused, five-membered heterocycles.

3.1. Geometry optimization and the analysis of
properties

The optimized geometries are shown in Figure 2. The
harmonic vibrational frequencies are positive, implying that
the structures are minima on the potential energy surface.
Table 1 shows the total energy difference (in kcal/mol)
between two possible isomers of the benzene fused, five-
membered heterocycles. In all cases in Table 1, the benzo
derivatives are more stable than the isobenzo compounds.
The largest energy difference is between isobenzofuran and
benzofuran. This agrees with experimental results that
established a high reactivity for isobenzofuran, and a greater
stability for benzofuran. The smallest energy difference is
between benzopyrrole and isobenzopyrrole, the former
being around 8.1 kcal/mol more stable than the later (the
theoretical error for this type of calculations is 5 kcal/mol).
The benzothiophenes lie between the benzopyrroles and

Figure 2. Optimized structures with B3LYP and PW91 functionals. Bond
lengths in Å. B3LYP in parenthesis.

Table 1. Total energy difference (in kcal/mol) between two possible isomers of the benzene fused five-membered heterocycles. Benzopyrrole, benzofuran and
benzothiophene are the more stable of the two isomers

PW91/6-311þG(2d,p)

DE¼8.1

DE¼13.2

DE¼9.3
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benzofurans. Isobenzothiophene is less stable than benzo-
thiophene by 9.3 kcal/mol. These results are in agreement
with the experimental information concerning the reactivity
of these systems, namely, benzo isomers are more stable
than the corresponding isobenzo derivatives.

In Table 2, theoretical ionization energies (in eV) and some
experimental values available in the literature42 are shown.
The HOMO2LUMO gap (in eV) for the benzene fused five-
membered heterocycles is also reported. Theoretical
ionization energies are in good agreement with the
experimental values. For all the molecules, the HOMO2
LUMO gap is larger for the most stable isomers. This
confirms previous results that claim that the stability of
aromatic hydrocarbons depends on the HOMO2LUMO
gap. The principle of maximum hardness establishes that
the system would be more stable if the global hardness,
related to the HOMO2LUMO gap, is a maximum. As
shown in Table 2, the HOMO2LUMO gap correlate
well with the expected stability of these molecules.
Therefore, it is possible to use hardness as a criterion of
stability.

The NICS values for the two rings of benzene fused, five-
membered heterocycles compounds, are reported in
Figure 3. These results were obtained at the B3LYP level,
which is a good option for this analysis. Moreover, under
these conditions the comparison with Schleyer’s results is
direct. For benzopyrrole, the NICS values are 211.9 and
29.2 for benzene and pyrrole, respectively. For isobenzo-
pyrrole the values are 215.7 and 26.1 for the benzene and
pyrrole rings, respectively. Both rings of benzopyrrole are
aromatic, whereas for isobenzopyrrole, the benzene ring is
aromatic but the pyrrole one is almost non-aromatic. This
could explain the stability ordering i.e. benzopyrrole is more
stable than isobenzopyrrole because in the former both rings
are aromatic. In Figure 3, the sum of the NICS values for the
two rings is about the same in the benzo and in the isobenzo
isomers. This is just a coincidence and it is not an indication
of their reactive behavior.

For benzofuran and isobenzofuran, the results are similar.
For benzofuran, the NICS are 29.6 and 29.3, for benzene
and furan rings, respectively, while for isobenzofuran the
values are 214.4 and 24.3 in that order. Hence, benzofuran
is more stable than isobenzofuran because for the former,
both rings are aromatic. Analyzing the results of the
benzothiophenes, the NICS for benzothiophene are 29.7
and 28.6 for the benzene and thiophene portions,
respectively, and for isobenzothiophene, the values are
214.3 and 24.7 in that order. Again, benzothiophene could
be the most stable isomer because both rings are aromatic,
whereas for isobenzothiophene the benzene ring is aromatic
but the thiophene is non-aromatic. In summary, in going
from benzo derivatives to isobenzo compounds, one ring
gains aromaticity whereas the other loses it. For the
isobenzo compounds, only its benzene portion is found to
be aromatic, while for the benzo derivatives, both rings are
aromatic.

It is possible to compare these NICS results with those
reported before for the isolated rings. For benzene38 it is
29.7. For pyrrole, furan, and thiophene, they are 212.4,
211.4 and 211.9, respectively43 (Fig. 3). Thus, for pyrrole,
thiophene and furan, the aromaticity of the isolated
molecules is bigger than the aromaticity of the benzene
derivatives. Hence, the aromaticity of benzene increases
when it is bonded to a five-membered heterocyclic ring,
while the aromaticity of the five-membered rings decreases
when they are bound to benzene.

Table 2. HOMO–LUMO gap (DH2L) and HOMO2[HOMO-1] energy difference (DH2H0) in eV, for the benzene fused five-membered heterocycles. All
calculations with Perdew–Wang 1991.31 Theoretical ionization energies with available experimental results (in italics)40

DH2L¼3.8 DH2L¼3.0 DH2L¼ 4.0 DH2L¼ 2.7 DH2L¼ 3.8 DH2L¼ 2.7
DH2H0¼0.5 DH2H0¼1.3 DH2H0¼0.4 DH2H0¼1.6 DH2H0¼0.5 DH2H0¼1.1

Ionization energies
7.47 8.03 7.83 7.40
(7.76) (8.36) (8.13) (7.75)

Figure 3. NICS values for the two rings of benzene fused five-membered
heterocycles compounds. These results were obtained at B3LYP level. For
comparison, NICS values reported before with the same methodology43 for
pyrrole, furan and thiophene are reported.
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3.2. Molecular orbitals

In Figures 4–6, the frontier molecular orbital pictures of the
six molecules under study are shown. We present only the
HOMO, LUMO and HOMO-1. The energy difference
between the HOMO and HOMO-1 for benzopyrrole,
benzofuran and benzothiophene (Table 2) is smaller than
for isobenzopyrrole, isobenzofuran, and isobenzothiophene.

For benzopyrrole, a p molecular orbital delocalization
exists between the two aromatic rings. For isobenzopyrrole,
the HOMO-1 of the five-membered ring is localized on N,
C1 and C3, and there is no p molecular orbital delocaliza-
tion on the pyrrole ring. In the pictorial context of molecular
orbitals these results are in agreement with the NICS values.
For isobenzopyrrole, the pyrrole is non-aromatic, while for
benzopyrrole, both rings are aromatic.

The same situation was found for the other molecules
(Figs. 5 and 6), namely, the HOMO-1 for the isocycles is
localized on the heteroatom, C1 and C3, and there is no p
molecular orbital delocalization. On the other hand, for
benzothiophene and benzofuran there is a p molecular
orbital delocalization between the two aromatic rings.

Again, these results are in agreement with the NICS values
that we found for both rings of these molecules.

With this molecular orbitals analysis, the stability and
aromaticity of these compounds are explained. The p
molecular delocalization agrees with the aromatic behavior
of the two rings in these systems. It is possible to see the
delocalization with two frontier molecular orbitals. How-
ever, caution is required for other systems where perhaps
more occupied molecular orbitals are required.

3.3. Reactivity parameters for benzene fused five-
membered heterocycles

Reactivity indexes derived from the DFT calculations have
been successfully applied in describing and understanding
chemical reactivity.29,30,43 As outlined in the Introduction, it
is possible to define atomic reactivity indices, such as the
condensed Fukui function, for a given atom in a molecule.
For instance, it is expected that electrophilic aromatic
substitution reactions occur with the benzene fused, five-
membered heterocycles. For this reaction, the condensed
Fukui function is obtained according to Eq. (2).

A Mulliken population analysis was used to estimate the
condensed reactivity indexes. In Table 3, the absolute values
for the condensed Fukui function for electrophilic attack are

Figure 4. HOMO, LUMO, and HOMO-1 orbitals of benzopyrrole and
isobenzopyrrole. PW91 results are shown.

Figure 5. HOMO, LUMO, and HOMO-1 orbitals of benzofuran and
isobenzofuran. PW91 results are shown.
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shown for the relevant atoms in the heterocyclic
compounds. For benzopyrrole, the largest of f2AK

belongs to C3 in the five-membered heterocyclic
compounds. This means that C3 should be the most reactive
site towards an electrophilic attack for this molecule. For
benzofuran, C2 and C3 of the five-membered heterocyclic
compounds yield similar values of fAK

2 , indicating that both
C2 and C3 should be the most reactive site for an
electrophilic attack. For benzothiophene, S and C3 are the
most reactive sites. Note the large condensed Fukui function
on the S atom of benzothiophene. According to these
indexes, the S atom should be the most reactive site for an
electrophilic attack. Experimental information indicates that
it is possible to observe an electrophilic attack on the S
atom, but the products of the reaction are not very stable.
Theoretical results from the reactivity indexes are in
complete agreement with the observed reactivity,44 and
with Gimarc’s Topological Charge Stabilization
Principle.45

In Table 4, the absolute values of the condensed Fukui
function for electrophilic attack are shown for the relevant
atoms of the isobenzo derivatives. The largest (absolute)
value of fAK

2 belongs to C2 and C3 in the five-membered
heterocyclic compounds. Hence, C2 and C3 should be the
most reactive site towards an electrophilic attack for these
molecules.

4. Conclusions

Optimized structures of benzene fused five-membered
heterocycles and the stability of their isomers were
reported. The ionization energies are in good agreement
with the experimental results. The results concur with the

Figure 6. HOMO, LUMO, and HOMO-1 orbitals of benzothiophene and
isobenzothiophene. PW91 results are shown.

Table 4. Calculated Fukui functions (absolute values), fq
2, for electrophilic

attack at the qth atom, from the Mulliken population analysis for the iso
benzo derivatives. (PW91/ 6-311þG(2d,p))

Fukui functions for
electrophilic attack

N 0.03
C2 0.13
C3 0.13

O 0.07
C2 0.10
C3 0.10

S 0.12

C2 0.15
C3 0.15

Table 3. Calculated Fukui functions (absolute values), fq
2, for electrophilic

attack at the qth atom, from the Mulliken population analysis for the most
stable isomers. (PW91/ 6-311þG(2d,p))

Fukui functions for
electrophilic attack

N 0.08
C2 0.05
C3 0.18

O 0.09
C2 0.09
C3 0.12

S 0.20

C2 0.07
C3 0.13
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experimental information concerning the reactivity and
stability of these systems. The principle of maximum
hardness establishes that the system would be more stable if
the global hardness, related to the HOMO2LUMO gap, was
a maximum. The HOMO2LUMO gap correlates well with
the expected stability of these molecules. This is an
indication of the possibility to use hardness as a criterion
of stability.

The stability order of these molecules can be explained
using the NICS values of each ring. The NICS indicate that
the benzene ring is aromatic in all of the systems. However,
for the isobenzo derivatives, only the benzene ring is
consider aromatic, whereas for the benzo compounds both
rings are consider aromatic. This confirms that the first three
molecules are the most stable isomers. We can say that one
ring gains aromaticity, whereas the other loses it, when we
proceed from benzo derivatives to isobenzo compounds.
The aromaticity of benzene increases when it is bonded to a
five-membered heterocyclic ring, but decreases when they
are connected to benzene.

For benzopyrrole, benzofuran and benzothiophene, there is
a p molecular orbital delocalization between the two
aromatic rings. For isobenzopyrrole, isobenzofuran and
isobenzothiophene, the orbitals of the five-membered rings
are localized on the heteroatom, C1 and C3, and there is no
p molecular orbital delocalization on the heterocyclic five-
membered rings. These results are in agreement with the
theoretical aromaticity of these molecules. Theoretical
results from the reactivity indexes are in complete
agreement with the observed reactivity of these compounds.
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