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ABSTRACT: The inﬂuence of the N-substituent on the aromaticity of
azoles is a subject that has not yet been addressed in detail, in contrast to the
good understanding of the corresponding C-substitution. In the present
work, we analyze the aromaticities of a series of 1,2- and 1,3-azoles
(pyrazoles and imidazoles, respectively) with the N-substituents NH2,
OH, Cl, SH, H, NO2, CN, SO2F, SO2CF3, and N(SO2CF3)2, which are
also compared with the aromaticities of the corresponding substituted
benzene series. The larger stabilitiy of the imidazole ring is due not to a
higher aromaticity, but rather to the weakness of the N—N bond in the
pyrazole series. The aromaticity of azoles was found to be signiﬁcantly less
robust to N-substitutions than that of their C-substituted benzene
counterparts.

1. INTRODUCTION
Approximately one-half of the 20 million identiﬁed chemical
species are completely or partially heteroaromatic
compounds.1 The typical way of classifying heterocycles is by
using their aromatic forms, when possible, for instance, azines
and azoles,2 and considering all other derivatives as either
reduced (azoline) or oxidized (azolone) forms. Therefore,
heteroaromaticity is not only an important theoretical problem
but also a concept necessary to articulate all of heterocyclic
chemistry.
Although interest in aromaticity has continued unabated for
many years3 and many aspects have been comprehensively
covered, including heteroaromaticity, one aspect has been
neglected, namely, the inﬂuence of N-substituents on the
aromaticity of azoles (aromatic ﬁve-membered rings containing two or more N atoms).4 Classically, the eﬀect of the
substituents on aromatic rings has been modeled through
Hammett, Taft, and other linear free energy relationships
(LFERs),5,6 and the corresponding constants have been shown
to be linearly related to aromaticity.7 However, these studies
concern almost exclusively C-substituents. Only in azoles can
the eﬀects of N-substituents be studied, at least for neutral
molecules.
We have speculated whether very strong attracting groups
such as the triﬂuorosulfonyl group (SO2CF3, σI = 0.73), when at
position 1, will considerably increase the 1-azadiene (NdC—
CdC) character of the pyrazole, allowing it to participate in
DielsAlder reactions A (a behavior that has never been observed)8 by pulling the lone pair of the N-1 nitrogen atom toward
the substituent.9 Ethenylazoles (e.g., 4- or 5-ethenylpyrazoles)
r 2011 American Chemical Society

behave as dienes in DielsAlder reactions B and C,10 and
4-vinylimidazoles behave similarly.11

The eﬀects of N-silatranylmethyl [CH2Si(OCH2CH2)3N], a
strong electron-releasing group (σI = 0.36, σ* = 2.24), on the
aromaticities of pyrrole, indole, and carbazole were estimated
from X-ray geometries, and although it seems that this group
increases the aromaticity, the conclusions were not clear.12 An ab
initio study on the eﬀects of N-substituents on pyrazole properties has been reported,13 in which, although aromaticity is
discussed, the main concerns are geometries, vibrational spectra,
and tautomerism.
To attain a better understanding of the N-substituent eﬀect on
the aromaticity of azoles, we decided to compare the behavior of
1,2-azoles (pyrazoles) and 1,3-azoles (imidazoles) bearing the
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following substituents: NH2, Cl, NO2, CN, OH, SH, SO2F,
SO2CF3, and N(SO2CF3)2. The purpose of this study was to
determine whether it is possible to alter the aromatic behavior of
azoles signiﬁcantly by modifying the nature of the substituent at
position 1, a much easier task for chemistry than modifying the
C-substituents in other aromatic rings.

2. COMPUTATIONAL DETAILS
All compounds were fully optimized at the B3LYP level of
theory,1416 with the 6-311++G(d,p) basis set17 using the
Gaussian 09 program.18 Analytical Hessians were computed to
check the nature of the minima located and to calculate unscaled
zero-point energies, as well as thermal corrections and entropy
eﬀects using the standard statistical-mechanics relationships for
an ideal gas.19 The two latter terms were computed at 298.15 K
and 1 atm to provide the reported relative Gibbs energies.
For the measure of the aromaticity of the rings, we used
diﬀerent indicators. As a structure-based descriptor, we employed the harmonic oscillator model of aromaticity (HOMA)
index, deﬁned by Kruszewski and Krygowski as20,21
HOMA ¼ 1 

R
ðRopt  Ri Þ2
n i¼1
n

∑

∑

i1 , i2 , 3 3 3 , iN

MCIðAÞ ¼

ni1 3 3 3 niN Si1 i2 ðA1 Þ Si2 i3 ðA2 Þ 3 3 3 SiN i1 ðAN Þ
ð2Þ

where ni is the occupancy of molecular orbital (MO) i and A =
{ A1, A2, ..., AN } is a string containing the set of N atoms forming
the ring structure. Summing all Iring values resulting from the

∑

1
Iring ðAÞ
2N pðAÞ

ð3Þ

where P(A) stands for a permutation operator that interchanges
the atomic labels A1, A2, ..., AN to generate the N! permutations of
the elements in the string A.29,33 MCI and Iring give an idea of the
electron sharing among all atoms in the ring. The analysis of the
delocalization in the ring by MCI has been complemented with
the calculation of the ﬂuctuation index of aromaticity (FLU),34
which measures the amount of electron sharing between contiguous atoms. It is deﬁned as
1 N
FLUðAÞ ¼
N i¼1

∑

"

!#2

V ðAi Þ R δðAi , Ai1 Þ  δref ðAi , Ai1 Þ
δref ðAi , Ai1 Þ
V ðAi1 Þ

ð4Þ
where A0 t AN and V(A) is the atomic valence, given by
V ðAi Þ ¼

ð1Þ

where n is the number of bonds considered and R is an empirical
constant (for C—C, C—N, and N—N bonds, R = 257.7, 93.5,
and 130.3, respectively) ﬁxed to give HOMA = 0 for a model
nonaromatic system and HOMA = 1 for a system with all bonds
equal to an optimal value Ropt (1.388, 1.334, and 1.309 Å for
C—C, C—N, and N—N bonds, respectively), assumed to be
achieved for fully aromatic systems. Ri stands for a running bond
length.22
As a magnetic measure of aromaticity, we used the nucleusindependent chemical shift (NICS) index, proposed by Schleyer
and co-workers.23,24 NICS is deﬁned as the negative value of the
absolute shielding computed at a ring center or at some other
interesting point of the system. Rings with large negative NICS
values are considered aromatic. In particular, the gauge-including
atomic orbitals (GIAO) method25 has been used to perform
calculations of NICS at ring centers [NICS(0)] determined by
the nonweighted mean of the heavy-atom coordinates and at 1 Å
above or below the center of the ring taken into analysis
[NICS(1)]. It has been postulated that NICS(1) better reﬂects
aromaticity patterns because, at 1 Å, the eﬀects of the π-electron
ring current are dominant and local σ-bonding contributions are
diminished.2628 We also analyzed the out-of-plane component
of NICS(1), NICS(1)zz, which was found to be [together with
the so-called NICS(0)πzz index] the best NICS-based indicator
of aromaticity.27,29 In particular, in the present work, we focused
on this NICS(1)zz measure, although the NICS(1)πzz value is
also reported for Cs species.29
Moreover, as electronic-based aromaticity measures, we applied ﬁrst the multicenter index (MCI).30,31 MCI is a particular
extension of the Iring index,32 deﬁned as
Iring ðAÞ ¼

permutations of indexes A1, A2, ..., AN, the MCI index30 is
obtained as

∑

Aj 6¼ Ai

δðAi , Aj Þ

ð5Þ

and R is a simple function to make sure that the ﬁrst term in eq 4
is always greater than or equal to 1. Therefore, it takes the values
(
1
V ðAi Þ > V ðAi1 Þ
R¼
ð6Þ
1 V ðAi Þ e V ðAi1 Þ
The DI value between atoms A and B, δ(A,B), is obtained by the
double integration of the exchange-correlation density [ΓXC(r
B 1,
35
Br 2)] over the space occupied by atoms A and B
ZZ
δðA, BÞ ¼  2
ΓXC ð B
r 1, B
r 2Þ d B
r1 dB
r2
ð7Þ
A B

For single-determinant closed-shell wave functions, one obtains
δðA, BÞ ¼ 4

N=2

∑i, j Sij ðAÞ SijðBÞ

ð8Þ

The sums in eq 8 run over all N/2 occupied MOs. Sij(A) is the
overlap between MOs i and j within the basin of atom A. We have
made use of the AIM atomic partition36 deﬁned from the
condition of zero-ﬂux gradient in one-electron density F(r) to
compute the Sij(A) values. The values δref(C,C) = 1.389 e,
δref(C,N) = 1.318 e, and δref(N,N) = 1.518 e, calculated from
benzene, pyridine, and pyridazine, respectively, at the B3LYP/6311++G(d,p) level have been used in the calculations. FLU is
close to 0 in aromatic species and diﬀers from 0 in nonaromatic
ones. For the present case, we preferred using FLU1/2 instead of
FLU because FLU1/2 values are scattered over a wider range, so
that the trends derived are clearer. In addition, we recently
showed that FLU1/2 presents better correlations with classical
aromaticity indexes.37
Calculation of atomic overlap matrices, Sij(A), and computations of MCI and FLU were performed with the AIMPAC38 and
ESI-3D39 collections of programs. For the indexes considered,
the higher the aromaticity, the larger the HOMA and MCI values,
and the lower the NICS(1)zz, NICS(1)πzz, and FLU1/2 values.
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Scheme 1. Imidazole and Pyrazole Rings,a along with Substituents Examined Shown According to the MinimumEnergy Structures Obtained for the Two Rings

a

X substituent is at position 1.

Table 1. Diﬀerence in Gibbs Energies (ΔG, kJ mol1)
between Substituted Imidazole and Pyrazole Systems and for
the Isodesmic Reactions (A) X-Imidazole + Pyrazole f
Imidazole + X-Pyrazole, (B) X-Imidazole + Benzene f
Imidazole + X-Benzene, and (C) X-Pyrazole + Benzene f
Pyrazole + X-Benzene, along with σR and σP Values for the
Substituentsa
X

a

ΔG(Pyr f Im) ΔG(A) ΔG(B)

ΔG(C)

σR

σP

NH2

27.29

17.36 116.40

OH

28.28

16.37 179.50 163.13 0.70 0.37

Cl

44.42

SH

45.38

H

44.65

NO2

43.95

CN

48.08

SO2F
SO2CF3

48.01
47.67

N(SO2CF3)2

32.04

99.04 0.74 0.66

0.23 137.38 137.15 0.19
0.73

69.53

0.00

0.00

70.26 0.15

0.23
0.15

0.00

0.00

0.70 106.88 106.18

0.13

0.00
0.78

3.43

73.53

76.95

0.15

0.66

3.36
3.02

69.49
56.05

72.84
59.07

0.19
0.22

0.91
0.96

12.61 125.90 113.29

0.33

0.83

σR and σP values taken from Hansch et al.6

3. RESULTS AND DISCUSSION
For pyrazole and imidazole with X = H, NH2, Cl, NO2, and
CN, the equilibrium structure has Cs symmetry, whereas for X =
OH, SH, SO2F, SO2CF3, and N(SO2CF3)2 the substituent
adopts nonsymmetrical arrangements. (Scheme 1 shows the
conformation adopted by the substituents in the optimized
azoles.) For substituted benzenes, the systems are nonplanar
only for X = SO2F, SO2CF3, and N(SO2CF3)2, with these
substituents assuming the same conﬁgurations as in the azoles
(see Scheme 1). Note, however, that the NH2 group in the
pyrazole and imidazole derivatives does not adopt a planar
geometry as in its benzene counterpart, but rather, it takes on
an out-of-plane symmetrical arrangement of the two hydrogen
atoms (with — HNNringCring dihedral angles in substituted
pyrazole and imidazole rings of 238 and 60, respectively).
Similarly, the hydrogen atoms of the SH and OH groups in the
azole derivatives adopt an out-of-plane position (with
— HYNringCring dihedral angles in substituted pyrazole and
imidazole rings of 99 and 91 for Y = S and 141 and 92 for
Y = O, respectively). This eﬀect is due to the partial blocking of
π-donation ability in the N-substituents connected to azole rings
(vide infra), in contrast to the situation found in benzene

Scheme 2. Five Resonance Forms of N-Substituted Imidazole and Pyrazole

derivatives. Thus, given that no stabilization due to partial
electron delocalization arises from planar arrangements in azoles,
the substituents NH2, OH, and SH adopt out-of-plane orientations that somewhat reduce the steric hindrance with neighboring hydrogen atoms in the ring.
Table 1 lists the Gibbs energy diﬀerences (ΔG) between the
diﬀerent imidazole and pyrazole systems with equivalent substituents. In all cases, the imidazole appears to be more stable, with
ΔG ranging from 27.3 kJ mol1 (X = NH2) to 48.1 kJ mol1 (X =
CN). For the unsubstituted case, the imidazole ring is more stable
than the pyrazole ring by 44.7 kJ mol1. This value is not far from
the 45.6 kJ mol1 found at the CCSD(T) level at the complete
basis set limit40 and the experimental 46.5 ( 0.8 kJ mol1 value
derived from the heats of formation of these two compounds.41
Table 1 also includes the Gibbs reaction energies of the following
isodesmic reactions that can be used to compare the substitution
eﬀects in the two systems
X-imidazole þ pyrazole f imidazole þ X-pyrazole ðAÞ
X-imidazole þ benzene f imidazole þ X-benzene ðBÞ
X-pyrazole þ benzene f pyrazole þ X-benzene ðCÞ
ð9Þ
Thus, ΔG(A) refers to the stabilization or destabilization due
to a substituent change from imidazole to pyrazole. A negative
value means that the substituent is stabilized in the pyrazole ring
as compared to the imidazole ring. The diﬀerences observed are
less than 3.5 kJ mol1, except for the X = NH2, OH, and
N(SO2CF3)2 species. For these systems, there is a steric repulsion of the H atoms of NH2, the lone pairs of OH, and the
SO2CF3 groups of N(SO2CF3)2 with the H atom of the C2 in the
imidazole ring that is not present in the pyrazole ring, thus
explaining the energy diﬀerences. On the other hand, ΔG(B) and
ΔG(C) indicate the stabilization or destabilization that occurs
when the substituent changes from imidazole and pyrazole rings,
respectively, to benzene. As can be seen, in all cases, C-substitution on benzene rings is preferred to N-substitution on imidazole
and pyrazole rings by 56.1179.5 kJ mol1. These results are in
line with the fact that substitution reduces the aromaticity of the
imidazole and pyrazole rings more than that of benzene, as
shown below. The diﬀerence is larger for π-donor substituents
(X = NH2, OH and Cl) that have the π-donation blocked (vide
infra) in azole rings and not in benzene.
The reason for the higher stability of the imidazole ring as
compared to the pyrazole ring cannot be attributed to a higher
aromaticity of the former, as discussed in the next paragraph. Nor
can it be ascribed to the existence of a larger number of
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Table 2. NICS(1)zz and NICS(1)πzz (ppm), HOMA, MCI
(au), and FLU1/2 Values for Substituted Imidazole Systems
X

HOMA

NICS(1)zz

NICS(1)πzza

MCI

FLU1/2

NH2

0.873

28.45

22.76

0.049

0.115

OH
Cl

0.893
0.863

29.03
28.87


22.74

0.049
0.048

0.118
0.123

SH

0.821

28.72



0.046

0.127

H

0.880

31.68

23.98

0.051

0.109

NO2

0.757

22.24

17.01

0.034

0.165

CN

0.729

26.87

19.72

0.036

0.159

SO2F

0.709

25.86



0.034

0.163

SO2CF3

0.718

26.63



0.035

0.160

N(SO2CF3)2

0.749

25.97



0.035

0.163

Scheme 3. Mechanism of Substituent Delocalization in NSubstituted Five-Membered Rings: (a) π-Donation Partially
Blocked, (b) π-Acceptance Allowed, and (c) π-Acceptance for
an N-Amino Acid Substituent Partially Blocked

a

NICS(1)πzz values reported only for substituted imidazoles with Cs
symmetry.

Table 3. NICS(1)zz and NICS(1)πzz (ppm), HOMA,
MCI (au), and FLU1/2 Values for Substituted Pyrazole
Systems
X

HOMA

NICS(1)zz

NICS(1)πzza

MCI

FLU1/2
0.109

NH2

0.917

29.83

23.82

0.045

OH

0.966

29.64



0.047

0.088

Cl

0.931

29.95

23.84

0.044

0.104

SH

0.859

29.77



0.041

0.122

H

0.913

32.79

24.97

0.046

0.100

NO2
CN

0.839
0.756

25.24
28.21

19.64
20.88

0.032
0.029

0.142
0.154

SO2F

0.781

27.95



0.029

0.147

SO2CF3

0.793

28.47



0.030

0.142

N(SO2CF3)2

0.802

27.65



0.030

0.154

a

NICS(1)πzz values reported only for substituted pirazoles with Cs
symmetry.

particularly stable resonant structures in the imidazole case (see
Scheme 2). The most important ionic resonant structures are Ia
and Pa, because they locate the negative charge on a N atom.
Moreover, it is likely that Pa makes a higher contribution than Ia
to the total wave function because the positive and negative
charges in Pa are separated by a shorter distance. The higher
stability of the imidazole form parallels that of the pyrazine or
pyrimidine with respect to pyridazine. Pyrazine and pyrimidine
are about 7090 kJ mol1 more stable than pyridazine.4244 As
shown using several indexes of aromaticity, the aromaticities of
pyridazine, pyrazine, and pyrimidine are quite similar,43,45 with
the pyridazine species being considered slightly more aromatic
than the pyrazine and pyrimidine rings. The lower stability of the
pyridazine structure is then usually related to the weakness of the
NN bond present in this molecule rather than to reduced
aromaticity.43 We consider that the same reason explains the
lower stability of the pyrazole ring as compared to the imidazole
molecule. The general trend found is that π-donor substituents
that experience steric hindrance with the H atom attached to the
C2 atom of the imidazole ring stabilize the pyrazole ring as
compared to the imidazole one. The main exception is the
π-acceptor N(SO2CF3)2 substituent, although, for this particular
case, the π-accepting mechanism in these ﬁve-membered rings is
partially blocked (vide infra).

With respect to the analysis of the two series of compounds
from the aromaticity point of view, Table 2 lists the values
corresponding to substituted imidazole, and Table 3 lists those of
substituted pyrazole. First, note that both pyrazole and imidazole
rings are formally 6π-electron species. However, because of the
larger electronegativity of the nitrogen atom, it is expected that
the 2p lone pair of N will be somewhat localized, contributing less
to the aromaticity of the ring. The results in Tables 2 and 3 show
that, like their six-membered counterparts, imidazole and pyrazole have similar aromaticities, with the pyrazole system being
somewhat more aromatic than the imidazole one in the same way
that pyridazine is slightly more aromatic than pyrazine and
pyrimidine. This is in line with the aromatic stabilization energies
of the imidazole and pyrazole rings reported by Cyra
nski and coworkers46 and the Bird index results reported by Kotelevskii and
Prezhdo.47 In their work, Cyranski et al. reported a series of
resonance energies with contradictory results, some favoring the
aromaticity of imidazole and others favoring that of the pyrazole
ring. The larger aromaticity of the six- and ﬁve-membered rings
having NN bonds has been attributed to the reduced number
of polarized CN bonds in these species.39 The MCI results,
however, give a larger aromatic character to the imidazole ring,
which is in agreement with MCI values published previously by
Mandado and co-workers.39 Interestingly, all aromaticity indexes
(except HOMA) consider the unsubstituted imidazole (X = H)
as the most aromatic species in the series. This is similar to what
we obtained for substituted benzenes.48 For the pyrazole ring, the
most aromatic [except for NICS(1)zz] corresponds to the
X = OH system. Not unexpectedly, the reduction of aromaticity
in both rings due to substitution is larger for the substituents
having larger π-acceptor character. These substituents subtract
π-electron density from the ring and produce a clear decrease in
aromaticity (see X = NO2 in the middle of Scheme 3). On the
other hand, π-donor substituents have a minor inﬂuence in the
aromaticity of the rings. This is likely the result of π-electron
donation being disallowed in pyrazole and imidazole rings
(see for X = NH2 on top of Scheme 3). Indeed, in contrast to
their benzene counterparts, NH2, OH, and SH groups adopt outof-plane orientations when connected to azole rings, thus
minimizing steric hindrance with the adjacent H atoms (or
the N2 lone pair) of the ring given that no stabilization arises
from electron delocalization. Therefore, π-donor substituents
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Figure 1. Correlations between the aromaticity indexes and σR (X = H not included). NICS in ppm, MCI in au and FLU1/2. Blue diamonds, imidazole;
red squares, pyrazole; and green triangles, benzene.

Table 4. NICS(1)zz and NICS(1)πzz (ppm), HOMA, MCI,
and FLU1/2 Values for Benzene Derivatives
X

HOMA

NICS(1)zz

NICS(1)πzza

MCI

FLU1/2

NH2

0.976

25.02

24.87

0.060

0.040

OH

0.989

26.76

26.26

0.063

0.039

Cl

0.993

27.40

27.32

0.068

0.014

SH

0.985

26.05

25.95

0.065

0.017

H
NO2

0.989
0.994

29.25
27.51

29.07
26.90

0.072
0.064

0.000
0.029

CN

0.977

27.80

27.44

0.063

0.031

SO2F

0.992

28.51



0.066

0.016

SO2CF3

0.991

28.78



0.065

0.017

N(SO2CF3)2

0.992

27.77



0.062

0.032

a

NICS(1)πzz values reported only for substituted benzenes with Cs
symmetry.

(σR < 0; see Table 1) have a minor eﬀect on the electron
delocalization of these two rings. This is not the case for
π-acceptor substituents [with the sole exception of X =
N(SO2CF3)2, which cannot accept π-electron charge from the
ring; see the bottom of Scheme 3]. These trends are clearly
observed in Figure 1. (The case of X = H has not been included in
the plots because deviations are large.) The HOMA, MCI, and

FLU1/2 indexes correlate reasonably well with the σR value of the
substituent (correlation coeﬃcients of r ≈ 0.870.93), whereas
NICS(1)zz follows a poorer trend (r ≈ 0.64). This is in
agreement with the poor correlations between substituent constants and NICS(1)zz that were observed previously on several
substituted benzenes.49
To complement the above work on ﬁve-membered ring
systems, we also analyzed the equivalent series of substituted
benzenes. In these systems, both π-donation and π-acceptance
from substituents is active [except in N(SO2CF3)2 because of the
conformation adopted by the substituent, vide supra]. Table 4
includes the results for the same aromaticity indicators as used in
the previous systems, and Figure 1 depicts the evolution of these
indexes as a function of the substituent constant σR values that
are used as a measure of the π-electron-donor (σR < 0) or
-acceptor (σR > 0) character of the substituent. All indexes
indicate that the aromaticity of benzene hardly changes with the
substituent, in line with previous results obtained for such
systems.49 This is not surprising, as it is well-known that the
aromaticity in benzene is a robust property that remains almost
unchanged upon ring distortion48,50,51 or substitution.45,49 All
indexes, except HOMA, predict unsubstituted benzene to be
more aromatic than substituted benzene, irrespective of the πdonor or -acceptor character of the substituents. Pyrazole and
imidazole, like benzene, are 6π-electron systems. However, there
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dx.doi.org/10.1021/jp204263p |J. Phys. Chem. A 2011, 115, 8571–8577

The Journal of Physical Chemistry A
are four important diﬀerences between these ﬁve-membered
rings and benzene. First, the aromaticities of pyrazole and
imidazole are lower than that of benzene, as indicated by all
indexes, except NICS(1)zz. For the unsubstituted imidazole case,
this NICS(1)zz malfunction was already pointed out by
Stanger.52 It is worth noting that NICS(1)πzz correctly indicates
the higher aromaticity of benzene as compared to the imidazole
and pyrazole rings. Therefore, the failure of NICS(1)zz is due to
the contamination of the in-plane components of the chemical
shifts (not directly related to aromaticity) due to σ electric
currents that is more important for the ﬁve-membered rings
than for the six-membered rings. [In the latter case, the diﬀerences between NICS(1)zz and NICS(1)πzz are less than 0.6
ppm.] The second point to be underlined is the fact that the
aromaticities of both pyrazole and imidazole change signiﬁcantly
upon substitution (see the slopes in Figure 1). Therefore,
aromaticity in these ﬁve-membered rings is less robust than that
in benzene. Third, for the pyrazole and imidazole series, in
contrast to benzene, electron-donor substituents present higher
aromaticities than electron-acceptor ones. This is basically the
result of π-donation being blocked in azoles, as noted above.
Moreover, as commented before, the eﬀect of the electron-donor
substituents is less pronounced (more constant aromaticity)
than that of electron-acceptor ones. Fourth, the aromaticity
diﬀerences between a given substituted benzene ring and its
imidazole and pyrazole counterparts are clearly reduced when
going from π-acceptor to π-donor substituents.

4. CONCLUSIONS
In the present work, we have analyzed the aromaticities of the
series of 1,2-azoles (pyrazoles) and 1,3-azoles (imidazoles) with
the N-substituents NH2, OH, Cl, SH, H, NO2, CN, SO2F,
SO2CF3, and N(SO2CF3)2, in order to gain a better comprehension of the inﬂuence of the N-substituent on the aromaticity of
azoles. These series were also compared to the corresponding
substituted benzene series. The imidazole series presents a higher
stability than the pyrazole one, and the energy diﬀerence
decreases for π-donor substituents that suﬀer steric hindrance
with the H atom attached to the C2 atom of the imidazole ring.
The larger stability of the imidazole ring can be not attributed to
its higher aromaticity, which is similar to that of pyrazole, but
rather to the weakness of the N—N bond in the latter. In
addition, when comparing the aromaticities of substituted benzenes with those of members of the two previous series, benzene
appears to be more aromatic, conﬁrming its status as the
archetype of aromaticity in organic systems. The aromaticity of
benzene is conﬁrmed to be highly robust, in contrast to those of
imidazole and pyrazole, which are largely aﬀected by substitution.
Finally, it is shown how π-donor substituents have a minor eﬀect
on these azoles (the lone pair of N cannot be delocalized in the
ring), whereas π-acceptor substituents present an even larger
eﬀect than in benzene. It appears that the N atom in azoles plays a
very diﬀerent role than the C atom in benzene and in azines such
as pyridine. In some sense, the N lone pair acts as an insulator of
the electronic information.
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