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aticity in borazine†

Rodrigo Báez-Grez a and Ricardo Pino-Rios *b

The aromaticity of borazine (B3N3H6), also known as the inorganic benzene, is a controversial issue since

this compound has several characteristics that could qualify it as an aromatic compound. However,

recent studies using magnetic criteria indicate that this compound should be considered as a non-

aromatic system. This assignment is mainly due to diatropic currents in the nitrogen atoms without

observation of ring currents. The present work shows by means of the magnetic criteria that borazine

has a ring current hidden by the local contributions of degenerate orbitals p1 and p2. Additionally, the

study of borazine's first triplet state antiaromaticity using the magnetic and energetic criteria by means of

isomerization stabilization energies (ISEs) together with Baird's and Hückel's rules suggests that borazine

is best described as an (weakly) aromatic system.
Introduction

Aromaticity in borazine is a controversial issue, this compound
is known as inorganic benzene,1 is thermally stable,2 possesses
bond equalization and high protonation energies,3 is prone to
electrophilic aromatic substitution reactions4 and has 6p-elec-
trons, features that would primarily suggest that it is aromatic.
Electron counting rules have been especially useful for aroma-
ticity assignment in p-aromatic systems, the most important
being Hückel's rule.5 This rule states that compounds with 4n +
2 (4n) p-electrons are aromatic (antiaromatic). However, elec-
tronegativity differences between B and N atoms have led to
different aromaticity criteria – mainly the energetic and the
magnetic – to present evidence that puts its aromatic nature in
doubt, in fact, borazine has been used in recent works as a non-
aromatic representative system.6–8

In the case of energetic criteria, resonance energies are
employed as a measure to determine whether a system is
aromatic, anti-aromatic or non-aromatic.9 For classic aromatic
benzene, these values may vary, due to this criteria employs
homodesmotic reactions and therefore reference compounds
may be different.9 Historical values such as those of Pauling–
Wheland10,11 and Kistiakowsky et al.12 obtained empirically and
experimentally give benzene a resonance value of 36 kcal mol�1.
More recently, several computational methods have been
developed to determine the aromaticity of organic and
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de Qúımica y Bioloǵıa, Universidad de

or Bernardo O'Higgins 3363, Santiago,

ile. E-mail: ricardo.pino@usach.cl

(ESI) available: Dissected magnetically
artesian coordinates for all systems
ra06457f

10
inorganic compounds such as aromatic stabilization energy
(ASE).9 For the case of borazine, Schleyer et al.13 show an ASE
value of 10.0 kcal mol�1 which is 29.3% the value of benzene.14

Additionally, Fernández and Frenking proposed an energy
decomposition analysis based method15 to calculate aromatic
stabilization (EDA-ASE)15 showing that borazine is less stabi-
lized by aromaticity than benzene reporting that borazine has
27.3% the aromaticity of benzene.

From the magnetic point of view, recent studies suggest that
borazine is non-aromatic,6,7,16 according to the denition of
magnetic aromaticity,17 it does not possess a diatropic ring
current resulting from the external magnetic eld perturbation.
Monaco et al.6,7 and Fowler et al.18 independently, show that the
stronger diatropic currents are located in nitrogen atoms, these
results are in agreement with popular indices such as NICS,
magnetic susceptibility exaltation and interatomic magnet-
izabiliy reported in the literature.19,20 In addition, Báez-Grez
et al.21 and Islas et al.,22 employing dissected/total isolines/
isosurfaces of the z-component of the induced magnetic eld
(Bindz ), showed that the shielding cones in borazine ring are
rather similar to those in benzene but weaker in magnitude,
these results can be interpreted as indirect evidence of the
existence of an aromatic ring current. Recently it has been
shown that a strong aromaticity can be induced in borazine due
not only to p contributions,23 but also to s.24 On the other hand,
quantication of aromaticity by ring current strength (RCS)
calculations suggest that borazine has a weak aromatic behav-
iour. Several authors7,24–27 report that the aromaticity of bor-
azine is approximately 28% of the aromaticity of benzene
according to RCS, however, their ring current patterns cannot
be clearly identied. Other aromaticity criteria also present
disagreements. The geometric criterion through the harmonic
oscillator model of aromaticity (HOMA) indicates that the
aromaticity of borazine is similar to that of benzene, while the
delocalization criterion indicates a lower degree of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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aromaticity.28 Surprisingly, Udagawa and Iwaki8 indicate that
borazine exhibits an antiaromatic character according to mul-
ticongurational calculations. However, this method has not
been well tested as an aromaticity criterion.

The question that arises is: should borazine be considered as
an aromatic or non-aromatic system? The literature is diverse
and both assertions seem to be valid. In present article,
evidence will be shown that borazine presents a magnetic
response and a “hidden” aromatic ring current similar to that in
benzene. In addition, energetic criteria based on isomerization
stabilization energies (ISEs)29 supports the results obtained.
Finally, it will be shown that the study of (anti)aromaticity in the
rst excited triplet state allows to complement the results in the
fundamental state by combining Hückel's5 and Baird's rules.30
Fig. 1 Dissected magnetically induced current density maps and their
p-contributions for benzene (a, c and e) and borazine (b, d and f) at the
PBE0/def2-TZVP level.
Computational methods

Geometric optimizations were performed at the PBE0 (ref. 31)/
def2-TZVP32 level using Gaussian 16 soware.33 Aromaticity was
assessed by two criteria: the magnetic one through dissected
magnetically induced current density (dMICD) maps34–37 and
the quantication via ring current strength (RCS)38 performed
with GIAO method.39–43 Current density calculations were per-
formed in the context of Quantum Theory of Atoms in Mole-
cules (QTAIM)34–36,44,45 using the GIAOCD method46 which is
implemented in the AIMAll soware.47 RCS values were
computed through the integration of current density passing
through zero-ux interatomic surfaces. In order to obtain p

contributions of RCS, the wfx les generated from the NMR
calculations were modied removing the contributions of the s-
orbitals and preserving the p orbitals.20,48,49 Vector maps were
plotted using the VisIt program.50 On the other hand, the
energetic criteria was evaluated by obtaining the aromatic
stabilization energies, based on the isomerization scheme (ISE)
proposed by Schleyer.29,51 In the case of borazine, we have
computed the adiabatic T1 state, however, since there is a loss
of ring planarity due to the destabilization effects caused by
antiaromaticity, we have also calculated the ISE by keeping the
atoms that compose the rings xed. Negative ISE values indicate
an aromatic character, while positive values represent anti-
aromaticity.
Results and discussion
The hidden ring current in borazine

Dissected magnetically induced current density maps enable
a detailed analysis of the orbital contributions to aromaticity. As
example, le column in Fig. 1a show the p orbital contribution
of the aromaticity of benzene which presents a diatropic
(clockwise) ring current with a RCS value of 11.8 nA T�1. In
addition, Fig. 1c and e shown the contributions of the degen-
erated p1, p2 orbitals and p3 orbitals respectively, both gures
present diatropic ring currents. The computed RCS values for
these contributions are 7.6 and 4.2 nA T�1 respectively. As can
be seen, each p orbital contributes approximately 33% to the
aromaticity of benzene.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Borazine has noticeable differences, Fig. 1b depicts diatropic
currents located in nitrogen atoms and a weak ring current. In
addition, a similar pattern is observed for degenerated orbitals
(Fig. 1d), local diatropic currents are located in nitrogen atoms
while the ring current is missing. RCS value for these orbitals is
�0.2 nA T�1. Results are in agreement with the calculations
performed by Fowler et al.18 using the ipsocentric method.52

However, the p3 orbital of borazine, presents a similar ring
current compared to benzene as shown in Fig. 1e and f. In
addition, this orbital possess a RCS value of 3.8 nA T�1, differing
only by 0.3 nA T�1 to the contribution of the analogous
molecular orbital in benzene. This evidence shows that bor-
azine possess an aromatic character since it has a diatropic ring
current pattern however, this is hidden by local diatropic
currents located in the nitrogen atoms. The directions of the
local diatropic currents cancel out the diatropic ring current
due to their directions, as shown in Scheme 1. The explanation
of aromatic patterns by the cancellation of ring currents has
previously been used by Schleyer and coworkers to describe
aromaticity patterns in polycyclic compounds such as por-
phyrinoids which have local and macrocyclic aromaticity.53
RSC Adv., 2022, 12, 7906–7910 | 7907
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Fig. 2 p-Contribution to the magnetically induced current density for
the triplet state of benzene (a) and vertical triplet state of borazine (b).

Scheme 1 Local and ring diatropic currents in borazine. Red arrows
represent the diatropic currents.
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These patterns have been recently identied through the study
of the z-component of the induced magnetic eld topology
(Bindz ).54

Nevertheless, it is possible to argue that antiaromatic
compounds such as cyclobutadiene could present aromaticity
since one of its p orbitals presents diatropicity as showed by
Charistos et al.55 However, when all p orbitals are taken into
account, the nal character is antiaromatic due to the strong
paratropic response of the HOMO (see Fig. S1† for dissected
ring current maps). The case of borazine it is different since, the
ring magnetic response of this compound is related solely to the
p3 orbital, whereas the other p-orbitals hide the ring current
due to the local currents in nitrogen atoms. Additionally, it has
been shown that the frontier orbitals are the principal players in
the assignment of aromaticity, but as shown for benzene, they
do not contain 100% of the information.
Fig. 3 Isomerization reactions for ISE computations for benzene (a)
and borazine (b and c). Values in parentheses show the results with the
fixed ring.
Combining Hückel's and Baird's rules for proper aromaticity
assignment

The combination of aromaticity rules has been recently
reviewed and used for a complete understanding of this prop-
erty.56 As mentioned above, Hückel's rule states that
compounds containing 4n + 2 (4n) p-electrons are considered
aromatic (antiaromatic). Similarly, Baird's rule states that
compounds with 4n (4n + 2) p-electrons will be aromatic (anti-
aromatic) in their lowest p–p* triplet state. The combination of
both rules enables to state that a p-aromatic compound in the
singlet state will be p-antiaromatic in its lowest p–p* triplet
state.51

The antiaromaticity of benzene in their triplet state is widely
known30,57–59 and can be seen in Fig. 2a through the paratropic
(anticlockwise) ring currents that conrm this feature, having
a RCSp value of �27.1 nA T�1 for the rst triplet state of
benzene. For the case of borazine, the rst vertical triplet state
has been studied as a model since the optimized geometry is
not planar, however, it allows to study the p–p* transition of
borazine in ground state. In Fig. 2b a paratropic ring current can
be seen which indicates that it is anti-aromatic, this is
conrmed by the extremely high value of �6.4 � 102 nA T�1,
this result also explains its high instability and why borazine
7908 | RSC Adv., 2022, 12, 7906–7910
avoids a complete planarity in their adiabatic triplet state. The
combination of Hückel's and Baird's rules allow to suggest that
borazine is aromatic in its singlet state and antiaromatic in its
triplet vertical p–p* state.

The energetic criteria conrm the results obtained using
current density model. The aromatic stabilization energies
based on isomerization reactions for benzene in ground and
rst triplet state are�34.86 and 33.54 kcal mol�1 very similar to
those obtained by Schleyer et al. conrming aromaticity in
ground state and antiaromaticity in the rst triplet state.29,51

When the six-membered ring is kept xed, the antiaromatic
character is maintained, with a value of 26.22 kcal mol�1. In the
case of borazine, two reactions have been taken as reference, in
such a way that the number of B–N bonds that can be observed
in Fig. 3 are conserved. For the ground state, the values ob-
tained are �12.41 and �6.55 kcal mol�1, denoting a slightly
aromatic character if compared to benzene. For reaction Fig. 3b,
the aromaticity of borazine is approximately 36% the value of
benzene. With respect to the adiabatic triplet state the values
© 2022 The Author(s). Published by the Royal Society of Chemistry
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obtained are 0.15 and 5.79 kcal mol�1, however the planarity of
the ring is lost by additional effects to the aromaticity, so it is
not a reliable method. To compensate for the inuence of
effects other than aromaticity, the atoms that conform the six-
membered ring have been kept xed. The values obtained are
12.51 and 21.72 kcal mol�1 showing a remarkable antiaromatic
character, fullling Baird's rule. It should also be noted that our
results are in agreement with those published recently by Shoji
et al.60 who experimentally obtained a diazaboretidine ring
(B2N2) derivative which is the isoelectronic analogue of cyclo-
butadiene. Authors indicate that B2N2moiety is non-aromatic in
the rst triplet state, however, the B2N2H4 ring present a con-
icting aromatic Baird character in its planar (D2h) triplet state.
Magnetic criteria based on NICSzz(1) shown an Baird aromatic
behaviour when compared to cyclobutadiene, whereas elec-
tronic criteria based on delocalization indices reveal a non-
aromatic character. Although the magnetic criterion has been
criticized for apparently overestimating the aromatic behavior
of various compounds, especially those that present local
currents (as occurs in nitrogen atoms),61 it is necessary to point
out that this criterion can properly estimate the aromatic
character of several compounds as long as different indices
based on the same criterion are taken into account,62,63 as
occurs with the electronic indicators.
Conclusions

In the present article, evidence has been presented by means of
the magnetic and energetic criteria which determines that
borazine has an aromatic character, but less than benzene in
the singlet state. The magnetic response shows that despite
being approximately 30% of benzene, borazine has a “hidden”
ring current where the contribution is only from the p3 orbital,
the results show that this orbital contributes in the same way as
the p3 orbital of benzene. The ring current of the degenerated
p1 and p2 orbitals in borazine are responsible for the diatropic
currents located in the nitrogen atoms that “hide” the aromatic
ring current. Additionally, the antiaromaticity of borazine in its
vertical triplet state conrms its aromatic nature in singlet state
and moreover, due to high instability resulting from anti-
aromaticity, explains why borazine avoids planarity in adiabatic
triplet state. Additionally, computed ISEs showed that borazine
presents a degree of aromaticity in its singlet state and anti-
aromaticity in the triplet state with a value of 10.79 kcal mol�1.
The results conrm that borazine should be considered as
a weakly aromatic system with a hidden ring current and that
the combination of Hückel's and Baird's rules can be used in
a complementary way for an appropriate assignment of
aromaticity.
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