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Free borabenzene is aromatic, but when fused with 3D aromatic carborane, it loses its aromaticity. A new
series of ortho-carborane-fused boracycles has been successfully synthesized through selective intra-
molecular C—H borylation, with claims of forming fused 3D/2D aromatic systems. However, our quantum
chemical analysis shows that while the boron cage maintains its aromatic character, the boracycle loses
its aromaticity. The limited overlap between the &= molecular orbitals of the planar boracycle and the n +
1 molecular orbitals of the carborane hinders significant electronic delocalization between the two fused
components. Our findings reveal that the peripheral c-aromaticity of the carborane and the n-aromaticity
of the boracycle are not fused, making a true 3D/2D aromatic system unattainable. In contrast, when the
same boracycle is fused to a 2D aromatic polycyclic aromatic hydrocarbon (PAH), it retains partial aroma-
ticity. Thus, the aromaticity of free boratabenzene is lost when fused with 3D aromatic carborane, i.e., it
switches from aromatic to non-aromatic when fused to carborane or weakly aromatic when fused to
PAHs.
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anionic boratabenzene (Fig. 1).> With regard to the aromaticity
of the neutral borabenzene, Karadakov and coworkers, by
means of valence bond theory (with six active = orbitals and

Introduction

Boron heterocycles, a key subset of heteroatom-incorporated
rings, are notable for their empty p, orbital at the boron
center, which makes them strong Lewis acids and allows for
easy modulation of electronic and photophysical properties.">
Their potential for extensive functionalization® has led to
wide-ranging applications in catalysis, chemical biology,
materials science, and as synthons for conjugated materials.>*
Organoboron compounds, particularly boron-containing rings
or boracycles, have long been central to synthetic chemistry.
With tricoordinate boron providing a Lewis acidic site, bora-
cycles enable facile tuning of electronic structures and con-
tinue to be explored for their versatile chemical behavior,
especially in their prevalent B(m) oxidation state.

When we talk about boron heterocycles, we must first focus
on the simplest boracycle, borabenzene, that can be found
either as the neutral Lewis base stabilized borabenzene or the

+0.192

“Departament de Quimica Inorganica i Organica & Institut de Quimica Teorica i
Computacional (IQTCUB), Universitat de Barcelona, Marti i Franqués 1-11,
08028 Barcelona, Spain

borabenzene boratabenzene

bICREA, Pg. Lluis Companys 23, 08010 Barcelona, Spain.

E-mail: jordi.poater@ub.edu

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5¢000449g

This journal is © the Partner Organisations 2025

Fig. 1 Geometries of borabenzene and boratabenzene anion (top,
bond lengths in A and angles in degrees); molecular electrostatic poten-
tial isosurfaces (bottom, isovalue = 0.03) and VDD (in a.u.) of boron and
carbon atoms.
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with four and eight active o orbitals), suggested that the
n-electron sextet in borabenzene is aromatic.® And the reactiv-
ity of the molecule likely stems from its ¢ framework,” particu-
larly due to “bent” boron-carbon o bonds that create an
orbital “hole” at the boron atom, making it a preferred attach-
ment site for Lewis acids.

On the other hand, polycyclic aromatic hydrocarbons
(PAHs) have gained significant attention in the field of elec-
tronic materials due to their extended conjugation, which
facilitates electron transport.>® Traditionally, PAHs consist of
2D aromatic n-systems, but introducing a tricoordinate boron
center into their framework can modify the frontier molecular
orbitals, thereby impacting their photophysical, electronic,
and magnetic properties.*'®'" Icosahedral dicarbadodecabor-
ane clusters (C,B;oH;,), known for their 3D aromaticity,'>™"*
are becoming increasingly appealing for integration into
extended networks because of their high stability and electron-
withdrawing nature when bound to carbon atoms.'™'® The
incorporation of carboranes into extended n-systems is
rare,’’2° providing a unique opportunity to expand chemical
exploration beyond conventional 2D PAHs.”?'™>* Despite the
few previous success in introducing a boracycle into a PAH,
very recently, Martin and coworkers have successfully proven
that selective intramolecular C-H borylation offers a straight-
forward approach to synthesize such 3D/2D fused analogs of
PAHSs.’ Their method allows the formation of unsaturated five-
and six-membered boracycles that link an arene to an ortho-
carborane, thus giving boron-doped analogues of PAHs that
are claimed to be fused 3D/2D aromatic systems.

However, we have recently demonstrated that, unlike many
2D/2D and 3D/3D aromatic fusions that maintain their aroma-
ticity, a 3D/2D aromatic combination is not viable due to the
ineffective overlap between the m molecular orbitals of the
planar species and the (n + 1) molecular orbitals of the aro-
matic cage.'”'®*%? This insufficient overlap prevents efficient
electronic delocalization between the two fused units. Shortly
after, Kelemen and colleagues confirmed that our findings
also applied to ortho-carboranes fused with five-membered
ring systems.”®*” The position of the heteroatom in these exo
rings determines the bonding, resulting in restricted conju-
gation and, as a result, no aromatic stabilization. Additionally,
the magnetic field generated by the 3D cluster affects the con-
jugation and the calculated magnetic properties of the fused
exo ring, potentially leading to the incorrect assignment of aro-
matic character to this ring.'”**?”

Based on the above research, are boracycles aromatic when
fused to either 2D aromatic PAHs or 3D aromatic carboranes?
With the aim to better understand the aromaticity of bora-
cycles, we have undertaken a quantum chemical study of a
series of previously synthesized 3D/2D and 2D/2D systems
enclosing this heterocycle. Aromaticity has been assessed by
means of magnetic, geometric-, and electronic-based
criteria.”®*° We will prove how the peripheral 3D c-aromaticity
of the boron cluster and the w-aromaticity of the boracycle
cannot be fused, which translates into an unachievable 3D/2D
aromatic system, but only the former remains aromatic.
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Results and discussion
Borabenzene and boratabenzene anion

Let us start with the simplest boracycle, borabenzene, referred
in the Introduction. We confirm that both borabenzene and
boratabenzene anion are aromatic, with electronic aromaticity
criterium MCI that amounts to 0.050 and 0.030 a.u., respect-
ively (Fig. 2).>® And the strong diatropic ring current strengths
in both systems also support their aromatic character (Fig. 3).
However, their aromaticity differs from one to the other, as it
can already be guessed from their geometries. Whereas borata-
benzene anion keeps an almost hexagonal geometry, that of
borabenzene is a distorted hexagon, with a CBC angle of
140.8° (Fig. 1). In addition, the C-B bond length in boraben-
zene is 1.436 A, that could be considered a double bond,
whereas that in boratabenzene is 1.518 A, typical of a single
bond. This translates into a smaller bond length alternation in
the former (Fig. S7t). The aromaticity of both systems is also
confirmed by geometric-based HOMA values (0.687 and 0.848
au. for boratabenzene and borabenzene, respectively,
Table S17). Thus, both systems possess a n-sextet (Fig. S17),
but borabenzene presents a more delocalized structure,®'~*
whereas the aromaticity of boratabenzene is achieved thanks
to its anionic character (VDD charges enclosed in Fig. 1),
driving to the 6 n electrons required to satisfy Hiickel’s 4n + 2
rule.

Despite the failure to synthesize free borabenzene, its
adduct with pyridine has been isolated as a yellow crystalline
solid.** This pyridine-borabenzene compound can be referred
as a donor-acceptor complex, in which the electrons of the
bond connecting the two rings are mainly provided by pyri-
dine. The boracyclic is aromatic and, importantly, it keeps a
regular hexagonal shape, ie., it behaves like boratabenzene
due to the donor character of pyridine (Fig. 2). In particular,
both MCI and ring current strengths are very similar to those
of boratabenzene (Fig. 3). And, regarding the ring currents,
both borabenzene and pyridine rings show diatropic ring cur-
rents, i.e., aromatic. Thus, also in this case the 6 & electrons to
accomplish Hiickel’s rule of the boracyclic ring are achieved,
but not as an anionic system, but due to the donor-acceptor
interaction with the pyridine. In particular, the borabenzene
ring adopts a total charge of —0.372¢, with B slightly negatively
charged (—0.007¢). And the molecular orbitals for this system
also show the n sextet localized in this ring (Fig. S27).
Noticeably, in case of borabenzene above, the short C-B bond
lengths cause hyperconjugation, thus increasing its
n-character through in-plan m-overlap. However, when stabil-

B )
0.050 0.030 | 0.031 ‘g——N_ 0.048
borabenzene boratabenzene pyridine-borabenzene

Fig. 2 MCI values (in a.u.) of borabenzene reference systems and fused
cycloboranes with o-carborane.
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Fig. 3 Bond current strengths for a magnetic field perpendicular to the molecular plane of borabenzene reference systems. Values aside each
arrow represent the percentage relationship with respect to a reference current strength of 12 nA T~ (top). And current density maps (all-electron
contributions) for a perpendicular magnetic field over a plane 1 a.u. below the molecular plane (bottom).

ized with pyridine, this electronic effect is switched off by
direct stabilization of the outward pointing empty sp hybrid,
thus offering both kinetic and thermodynamic stability that
have driven to its synthesis.

First synthesized carboranes fused to PAHs including
boracycle

The first synthesized carboranes fused to boracyclic analogues
of PAHs were achieved by Nie, Siebert and coworkers,>" and
later by Braunschweig, Marder and coworkers.>” Both groups
synthesized a kind of diboraanthracene (Fig. 4). With respect
to their aromaticity, MCI of the boracyclic ring of both systems
is 0.000 a.u., thus assigning them a non-aromatic character.
This latter is further supported by the ring current strengths
(Fig. 5), with an almost inexistent current, neither diatropic
nor paratropic. At difference, the fused benzene rings are
clearly aromatic with large MCI values (0.057 and 0.054 a.u. for
Siebert and Marder systems, respectively) and strong diatropic
ring currents. In case of the latter system, the 9-borafluorene

NPrp Ph

Siebert et al.

Marder et al.

Fig. 4 MCI values (in a.u.) of first synthesized fused cycloboranes with
o-carborane.

This journal is © the Partner Organisations 2025

presents two aromatic benzene rings, whereas the middle five-
membered BC, ring also presents a very small MCI value (MCI
=0.005 a.u.). At difference to the six-membered boracyclic ring
fused to the o-carborane, this one shows a paratropic ring
current (Fig. 5), arisen from the two localized diatropic ring
currents of the benzene rings to which is fused. This assigns
an anti-aromatic to it. Thus, we can state that these both
systems by Siebert and coworkers,”® and Marder and co-
workers®” present a 3D aromatic carborane and a 2D aromatic
benzene, connected or bridged by a non-aromatic boracyclic
ring.?**>™*? The aromaticity of the carborane is supported by
strongly negative NICS values (around —30 ppm in all systems),
in agreement with previous works,'”182%23

3D/2D boracyclic analogues of PAHs by Martin and coworkers

Let us now focus on the 3D/2D fused analogues of PAHs very
recently synthesized by Martin and coworkers through selective
intramolecular C-H borylation reactions.’ For a better under-
standing, we have kept the same nomenclature as in their
manuscript. Computed MCI values further support the non-
aromaticity of the cycloborane fused to the carborane (Fig. 6,
MCI = 0.000 a.u.), either as a five- (systems 1 and 2) or six-
membered rings (systems 3 and 4). At difference, the PAHs
attached to the boracycle are aromatic, either benzene (system
1), naphthalene (systems 2 and 3), or phenanthrene (system 4).
The aromaticity of these PAHs is further supported by the ring
currents strengths (Fig. 7), with strong diatropic ring currents
along the referred aromatic systems. At difference, there is
hardly any ring current in the boracycle of the four systems,
not even paratropic. Noticeably, in case of the five-membered
boracycle, it is even more difficult to reach the required 6 =«
electrons for Hiickel’s rule taking into account that one atom
is the electron-deficient B. For completeness, the current
density maps (Fig. S31) for systems 3 and 4 (those enclosing

Org. Chem. Front, 2025, 12, 4321-4331 | 4323
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Fig. 5 Bond current strengths for a magnetic field perpendicular to the molecular plane of first synthesized fused cycloboranes with o-carborane.
Values aside each arrow represent the percentage relationship with respect to a reference current strength of 12 nA T (top). And current density
maps (all-electron contributions) for a perpendicular magnetic field over a plane 1 a.u. below the molecular plane (bottom).

the six-membered cycloborane) show certain coupling between
the diatropic ring current around the o-carborane and that
around the different PAHs, especially along the C-C bond con-
necting both units, whereas the current along the C-B-C bond
is much weaker. At difference, the equivalent coupling of the
diatropic ring currents for systems 1 and 2, enclosing the five-
membered cycloborane, is much weaker or almost inexistent.
Finally, it must be noted that systems 3 and 4, compared to

4324 | Org Chem. Front, 2025, 12, 4321-4331

those by either Siebert or Marder above, enclose a cycloborane
with only one boron atom, not two.

The above four systems previously synthesized show how
the cycloborane just plays as a connector between the 3D aro-
matic carborane and the 2D aromatic PAHs. However, this
either five- or six-membered boracycle remains as a non-aro-
matic ring. The same authors proposed a series of model
systems (non-synthesized) for comparison of these new pro-

This journal is © the Partner Organisations 2025
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Fig. 6 MCI values (in a.u.) of 3D/2D boracyclic analogues of PAHs by
Martin and coworkers.
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posed 3D/2D fused systems to 2D/2D ones. First, even when
the cycloborane is fused to two carboranes, it is equally non-
aromatic (system E), with MCI = 0.000 a.u. (Fig. 8), as well as
with a non-existent ring current strength (Fig. 9). Thus, even
the fact of being fused to two carborane units does not affect
its aromatic character. This further supports that a five-mem-
bered ring boracycle cannot reach the required 6 = electrons.
At difference, when this cycloborane is fused to two benzene

CQ
H CHg/
|
<

Fig. 8 MCI values (in a.u.) of model systems with fused boracyclic pro-
posed by Martin and coworkers.
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Fig. 7 Bond current strengths for a magnetic field perpendicular to the molecular plane of 3D/2D boracyclic analogues of PAHs by Martin and co-
workers. Values aside each arrow represent the percentage relationship with respect to a reference current strength of 12 nA T, Current density

maps enclosed in Fig. S3.1
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Fig. 9 Bond current strengths for a magnetic field perpendicular to the molecular plane of model systems with fused boracyclic proposed by
Martin and coworkers. Values aside each arrow represent the percentage relationship with respect to a reference current strength of 12 nA T~ (top).
And current density maps (all-electron contributions) for a perpendicular magnetic field over a plane 1 a.u. below the molecular plane (bottom).

rings (systems C and D), MCI slightly increases (0.005 a.u. in
both cases). But, more importantly, if we focus on their ring
current strengths, this boracycle adopts a paratropic ring
current in both systems C and D (Fig. 9). And the reason is
found in the number of & electrons of this five-membered
ring.*>** This ring has 4 n electrons, and thus, based on
Hiickel’s 4n + 2 rule, it is antiaromatic. In particular, system C
presents 12 =n electrons, 6 x electrons localized in each benzene
ring (Fig. S47). The paratropic ring current in both C and D is
more clearly observed in the corresponding maps (Fig. 9),
much weaker in the latter due to the electron-withdrawing sub-
stituent on B, and can be compared to the absence of paratro-
pic current in system E.

2D/2D boracyclic analogues of PAHs

We have above proven that when boracycles are fused to a 3D
aromatic carborane, they cannot maintain aromaticity due to
the disruption of electron delocalization caused by the dimen-
sional transition from 2D to 3D structures. However, free bora-
benzene is aromatic as it has delocalized n-electrons following
Hiickel’s rule (4n + 2 m-electrons). Now, let us check the case
when a borabenzene (a 2D aromatic compound) is fused to
other 2D aromatic rings. Fusing two 2D aromatic systems,

4326 | Org. Chem. Front., 2025, 12, 4321-4331

such as borabenzene with a typical benzene ring, could poten-
tially preserve aromaticity, depending on the nature of the
fusion and how the electrons are shared or localized between
the rings. Noticeably, the set of systems under analysis have
also previously been synthesized (Fig. 10)."*>~"

We first start with 1-methyl boratabenzene (system V) that,
compared to previous boratabenzene, almost shows the same

8 © 5O 8O
=z =z =z
0.028 | 0.013 0.007
X

Fig. 10 MClI values (in a.u.) of 2D/2D fused boracyclic to PAHs.
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aromaticity based on MCI (0.028 a.u.). However, as soon as
this system is fused to benzene (systems W and Y), its aromati-
city clearly decays (MCI = 0.013 a.u.). And its aromaticity is
even further reduced when fused to two benzene rings, one in
each side, to either form borataanthracene (system X) or bora-
taphenanthrene (system Z), both with MCI = 0.007 a.u. For this
latter system, our MCI results would be in agreement with the
work of Pino-Rios et al. stating that whereas the outer rings
exhibit benzene-like aromaticity, the central ring is more accu-
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rately considered as non-aromatic (Fig. 10).*® Nonetheless,
some other criteria assign to this system a similar behavior to
that of phenanthrene. This is the case of the bond current
strengths, that show a diatropic ring current along the periph-
ery of all the five systems (Fig. 11). The weaker aromaticity of
the cycloborane ring pointed out by MCI when going from V to
W, for instance, is better observed with the corresponding
current density maps. In particular, an aromatic ring shows an
external diatropic ring current along the periphery of the

99 89

95 104

NN s

Fig. 11 Bond current strengths for a magnetic field perpendicular to the molecular plane of 2D/2D fused boracyclic to PAHs. Values aside each
arrow represent the percentage relationship with respect to a reference current strength of 12 nA T~ (top). And current density maps (all-electron
contributions) for a perpendicular magnetic field over a plane 1 a.u. below the molecular plane (bottom).
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atoms forming the ring, together with an internal paratropic
ring current. Thus, whereas this paratropic ring current is
clearly observed in V, the one for W is partially interrupted and
even non-circular (Fig. 11). And such interruption in the
internal paratropic ring current is even better observed in
system X, in agreement with its even smaller MCI. The above
trends are further supported by the molecular orbitals of these
five systems. They allow to count the expected number of =©
orbitals to satisfy Hiickel’s rule. However, around the electron-
deficient boron atom there is a less delocalized density
(Fig. S57).

Thus, we have observed a clear difference when the bora-
cycle is fused to o-carborane versus benzene. In the former, the
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Fig. 12 MCI values (in a.u.) of model systems 2D/2D with fused bora-
cyclic to PAHs. Computed at ZORA-BLYP-D3(BJ)/TZ2P level of theory
(top). Bond current strengths for a magnetic field perpendicular to the
molecular plane. Values aside each arrow represent the percentage
relationship with respect to a reference current strength of 12 nA T
(middle). Current density maps (all-electron contributions) for a perpen-
dicular magnetic field over a plane 1 a.u. below the molecular plane
(bottom).
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boracycle becomes non-aromatic, while in the latter it remains
aromatic, though less so than free borabenzene.

Finally, with the aim to further support the above state-
ment, we have taken above analyzed systems 3 and 4, and sub-
stituted the carborane by a benzene ring, to obtain systems R
and S, respectively (Fig. 12). First, to our knowledge, these two
systems have not been previously synthesized. Computed MCI
amount to 0.003 a.u. for both boracycles, showing again its
non-aromatic character. The added benzene in substitution of
carborane is proven to be largely aromatic (MCI = 0.055 a.u.),
and the same happens for the fused naphthalene in system R
and phenanthrene in system S. The non-aromaticity of the
boracycle is further supported by the bond current strengths
(Fig. 12). We can clearly observe the diatropic ring current
around the fused benzene on the left of the boracycles, as well
as that around either naphthalene and phenanthrene on the
right. Nonetheless, the depicted current density maps allow to
see certain coupling between both diatropic ring currents in
each system, although somehow interrupted next to the boron
atom, thus in agreement with the current bond current
strengths. For completeness, we have also studied the same
systems R and S, but without the fused benzene ring, ie.,
systems T and U, respectively (Fig. S61). Their MCI slightly
increase to 0.006 and 0.005 a.u. for T and U, respectively,
further supported by weak bond current strengths, at differ-
ence to those for either naphthalene or phenanthrene.

For completeness of the analysis of aromaticity of the
above series of compounds, geometric-based HOMA has also
been computed for the boracyclic ring of all systems
(Table S11). HOMA values appear to be in agreement with the
trends given by both MCI and current density maps above. In
addition, the depicted bond lengths of these boracyclics for
all systems allow to observe the bond length alternation
present in such rings, also being a prove of such lack of aro-
maticity (Fig. S77).

Conclusions

The present study highlights the fascinating interactions
between 2D and 3D aromatic systems, specifically in the
fusion of borabenzene and o-carborane. While free boraben-
zene maintains its aromaticity due to its © sextet, the fusion
with 3D aromatic o-carborane disrupts this aromatic character.
According to DFT analysis, the unavailable connection
between the m-aromaticity of borabenzene and the c-aromati-
city of the carborane cage prevents electronic delocalization
between the two, leading to the loss of aromaticity in the
boracycle.

The electron-deficiency of boron typically necessitates elec-
tron-donor interactions to complete the = sextet, as seen in pyr-
idine-borabenzene complex. However, o-carborane’s electron-
withdrawing nature and the lack of orbital overlap hinder the
formation of a fused 3D/2D aromatic system in this case.
Interestingly, when borabenzene is fused with benzene
(another 2D aromatic system), a small degree of aromaticity

This journal is © the Partner Organisations 2025
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persists, as indicated by electronic MCI values and weak ring
currents.

The study is an important step toward understanding the
electronic properties of these fused aromatic systems. Ongoing
research is exploring alternative heterocycles to design a fully
fused 3D/2D aromatic system. This could have significant
implications for materials science, particularly in the develop-
ment of new electronic or optoelectronic materials.

Theoretical methods

All calculations were performed with the AMS software*®™> at

the ZORA-BLYP-D3(BJ)/TZ2P level of theory. The geometry
optimizations were carried out without symmetry constraints
and analytical hessians were computed to characterize the
optimized structures as minima (zero imaginary frequencies).
Aromaticity was first evaluated by means of the nucleus-inde-
pendent chemical shift (NICS),***#%>°3 proposed by Schleyer
and co-workers as a magnetic descriptor of aromaticity. NICS
is defined as the negative value of the absolute shielding com-
puted at a ring center or at some other point of the system.
Rings with large negative NICS values are considered aromatic.
NICS values were computed using the gauge-including atomic
orbital method (GIAO).”* Multicenter indices (MCI)!?2%29>%:56
were computed with the ESI-3D program using AIM partition
of space.””*® Current density maps have been computed by
means of the SYSMOIC package®®®' with the B3LYP hybrid
density functional and the 6-311++G(d,p) basis set.®*"** Red/
blue arrows when the component parallel/antiparallel to the
magnetic field B is greater than 30% of the vector modulus.
Diatropic/paratropic circulations are clockwise/anticlockwise.
Finally, a Voronoi deformation density (VDD) analysis has also
been performed.®®

Data availability

Cartesian coordinates of all systems under analysis and comp-
lementary figures of the current density maps are enclosed in
the ESL.}
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