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enables switching toward fused 3D/2D
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The realization of genuine 3D/2D aromatic systems through fusion of BN/CC isosteric azaborines with carbor-
ane clusters has been systematically examined using magnetic response analysis. Current density maps, bond
current strengths, and DIAL surfaces demonstrate that magnetic descriptors provide the most sensitive criterion
for multidimensional aromaticity. Although all isolated azaborines are aromatic, the magnitude and uniformity
of their diatropic ring currents strongly depend on the number and relative positioning of BN units, with con-
secutive BN incorporation attenuating and polarizing the circulation. Fusion studies reveal that neither benzene
nor mono-BN azaborine sustains integrated 3D/2D aromaticity due to a strong paratropic current localized at
the fusion bond. In contrast, systems containing two consecutive BN/CC isosteres—particularly 1,4-diaza-2,3-
diborine and 1,4-diaza-2-borine—exhibit a continuous diatropic ring current across the interface, consistent
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with effective magnetic communication between the planar ring and the boron cage. Electronic and energetic
analyses support these findings but are less discriminating than magnetic criteria. Overall, this work establishes
magnetic response properties as decisive tools for identifying viable 3D/2D aromatic systems and defines struc-
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Introduction

BN/CC isosterism refers to the replacement of a carbon-
carbon unit in an organic framework with an isoelectronic and
isostructural boron-nitrogen pair, offering a powerful strategy
to modulate electronic structure and chemical reactivity while
largely retaining the original molecular geometry." This
approach has gained considerable attention because BN-con-
taining analogues can closely resemble their all-carbon
counterparts in shape and connectivity, yet display markedly
different physicochemical properties arising from changes in
polarity, hydrogen-bonding capabilityy, and aromatic
stabilization."™ In monocyclic systems such as azaborines,*
BN/CC isosterism systematically reduces aromatic stabilization
relative to benzene, leading to distinct magnetic, energetic,
and reactivity profiles. As a consequence, the energetic penalty
associated with reactions that disrupt aromaticity is lowered,"”
enabling pericyclic processes that are otherwise unfavorable
for purely carbon-based aromatics.*®’

An extreme manifestation of BN/CC isosterism is borazine
(Fig. 1). Recent magnetic and energetic studies have shown
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that borazine—often termed “inorganic benzene”—possesses
aromatic character,’ albeit substantially weaker than that of
benzene.®*'°'® Magnetic response analyses by Pino-Rios et al.
revealed the presence of a hidden ring current dominated by
the m; orbital, which contributes in a manner analogous to the
corresponding orbital in benzene.'® In contrast, the degenerate
n; and m, orbitals generate localized diatropic currents cen-
tered on the nitrogen atoms, effectively masking the global
ring current. This weak aromaticity has also been corroborated
experimentally by X-ray diffraction studies, which indicate
island-like electronic delocalization within the B;N; ring that
primarily involves the nitrogen atoms."®

In parallel, icosahedral dicarbadodecaborane clusters
(C3BioHyz), well known for their
aromaticity,””° have emerged as attractive building blocks for
incorporation into extended molecular architectures due to
their exceptional thermal stability and pronounced electron-
withdrawing character when bonded to carbon atoms.*"*?
Nevertheless, the integration of carboranes into extended
n-conjugated systems remains uncommon,**® presenting an
opportunity to expand chemical space beyond conventional
two-dimensional polycyclic aromatic hydrocarbons.>”°

Despite this promise, we have recently demonstrated that,
unlike many 2D/2D and 3D/3D aromatic fusions that preserve
aromaticity, 3D/2D aromatic fusion is not viable.?****'"33 This
limitation arises from ineffective orbital overlap between the =

three-dimensional
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Fig. 1 Bond lengths of the ring (in A) of 1,2-dihydro-1,2-azaborine, 1,4-diaza-2,3-diborine, carborazine, and borazine (a); current density maps for a
perpendicular magnetic field computed on a plane located 1 a.u. below the molecular plane, with all (c and =)-electron contributions (diatropic and
paratropic circulations are clockwise and anticlockwise) (b); bond current strengths (c); and DIAL surfaces with diamagnetic regions shown in blue
and paramagnetic regions shown in red (d). All systems are charged —1 except carborazine that is neutral.

molecular orbitals of the planar aromatic unit and the (n + 1)
molecular orbitals of the three-dimensional aromatic cage,
which precludes efficient electronic delocalization across the
fused system. Shortly thereafter, Kelemen and co-workers con-
firmed that this behavior also extends to ortho-carboranes
fused with five-membered heterocycles.**° In these systems,
the position of the heteroatom within the exo ring dictates the
bonding topology, resulting in restricted conjugation and the
absence of aromatic stabilization. Moreover, the magnetic field
generated by the 3D cluster perturbs the electronic structure of
the fused exo ring, influencing calculated magnetic properties
and potentially leading to erroneous assignments of aromatic
character.>*>"3*

To date, our studies have consistently shown a lack of
double-bond character in the C-C, C-B, and B-B linkages
connecting carboranes to planar aromatic units. However,

Org. Chem. Front.

this limitation may be overcome by directly coupling an elec-
tron-rich nitrogen atom to an electron-deficient boron atom
at the fusion interface. In this context, BN/CC isosterism
offers a promising strategy to enable effective 3D/2D conju-
gation and potentially restore aromatic communication
between the two subunits. Motivated by this possibility, we
herein investigate the aromaticity of a series of
carboranes fused to azaborine motifs, aiming to assess
whether BN incorporation can facilitate viable 3D/2D
aromatic systems. In principle, achieving such effective 3D/2D
aromatic communication should allow to expand the concept
of aromaticity beyond planar systems, enabling cooperative
delocalization between boron clusters and =-rings and
providing new design principles for tuning electronic struc-
ture, stability, and magnetic response in hybrid molecular
architectures.

This journal is © the Partner Organisations 2026
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Results and discussion

Our first azaborine reference system is 1,2-dihydro-1,2-azabor-
ine, the simplest BN/CC isosteric analogue of benzene (Fig. 1).
In comparison with benzene, which exhibits a homogeneous
diatropic ring current density, the current distribution in 1,2-
dihydro-1,2-azaborine is perturbed along the B-N bond, being
weakened at the boron atom and enhanced at the nitrogen
atom. Nevertheless, the pronounced diatropic bond current
strengths observed along both the C-B and B-N bonds (64 and
75, respectively) clearly support its aromatic character. Upon
introduction of two BN units, the diatropic ring current is
further attenuated in 1,4-diaza-2,3-diborine,®”° with the
effect being most pronounced at the B-B bond, in agreement
with its reduced bond current strengths (31 and 51 for B-B
and B-N bonds, respectively). In contrast, when the two BN
units are spatially separated, as in carborazine (Fig. 1), the dia-
tropic ring current remains comparable in magnitude to that
of 1,2-dihydro-1,2-azaborine, supported by its stronger bond
current strengths (66 and 78 for C-B and B-N, respectively).
Finally, incorporation of three BN units, as in borazine, leads
to the weakest diatropic ring current among the systems
studied, showing the island-like main electronic delocalization
on the N atoms,”® a conclusion further supported by the
corresponding bond current strengths (25 for B-N bond). But
overall, although all four azaborine reference systems can be
classified as aromatic, the degree of aromaticity is strongly
dependent on both the number of BN units incorporated and
their relative positioning within the six-membered ring.
Further insight on the above discussion can be obtained by
means of the magnetically induced isotropically averaged
Lorentz force density (DIAL) surfaces (Fig. 1 and Fig. S1). In
the three azaborines studied, the enlarged paramagnetic
regions around the B atoms in the surfaces indicate an
enhancement of the paratropic components of the induced
current and a weakening of the stable diatropic n circulation.
In contrast, the opposite behavior is observed for the N atom.
Given that 1,4-diaza-2,3-diborine exhibits the weakest aro-
matic character among the azaborine systems examined, we
next explored whether its aromaticity could be enhanced
through electronic substitution. In particular, we evaluated the
effect of introducing electron-donating groups at either the
boron or nitrogen centers to strengthen aromatic delocaliza-
tion. However, this strategy proved ineffective. Substitution at
the boron atoms with strong electron donors such as NMe, or
NH, further reduces aromaticity, as reflected by a weakened
diatropic ring current density and smaller bond current
strengths. For example, in system BNMe, (Fig. 2), the bond
current strengths decrease to 16 and 18 for the B-B and B-N
bonds, respectively. In contrast, alkyl substitution at the nitro-
gen atoms, including methyl or tert-butyl groups, has only a
minor impact on the magnetic response; for instance, system
NMe (Fig. 2) exhibits bond current strengths of 33 and 53 for
the B-B and B-N bonds, respectively. This behavior can be
rationalized in terms of a push-pull electronic effect between
the nitrogen and boron atoms.’® In such systems, electron-

This journal is © the Partner Organisations 2026

View Article Online

Research Article

donating substituents (e.g., NMe, or NH,) “push” electron
density toward the electron-deficient boron centers within the
conjugated heterocycle, which act as “pull” sites. Although this
intramolecular charge-transfer interaction modifies the elec-
tronic distribution, it does not reinforce cyclic delocalization;
instead, it perturbs the balance required for effective aromatic
circulation. Consequently, electron-donating substitution at
boron weakens the diatropic ring current—and thus the aro-
maticity—of 1,4-diaza-2,3-diborine, whereas substitution at
nitrogen leaves it largely unaffected. This distinction is crucial
and will be considered in the analysis of the fused systems
with nido-carboranes discussed below.

As outlined above, the primary objective of the present
work is to explore whether a viable 3D/2D aromatic system can
be achieved through fusion of azaborine derivatives with nido-
carborane [C,BgH;,] . Previous studies have demonstrated
that such 3D/2D aromatic conjugation cannot be realized
when benzene is fused to a carborane cluster.???*31736:41:42
This limitation arises from the ineffective overlap between the
n molecular orbitals (MOs) of the planar aromatic ring and the
(n + 1) MOs of the boron cage, which prevents efficient elec-
tronic delocalization between the two fragments. Magnetically,
this is reflected in the very weak diatropic ring current along
the five external bonds of benzene, which is disrupted by a
strong paratropic ring current localized at the fusing C-C bond
(Fig. 3). At difference there is a strong paratropic ring current
inside the ring. Thus, for this nido-benzene, while the bond
current strengths of the external bonds range only from 5 to
13, the paratropic current at the fusion bond reaches a mark-
edly higher value of 79. When BN/CC isosterism is introduced
by replacing benzene with 1,2-dihydro-1,2-azaborine, the for-
mation of a 3D/2D aromatic system is still not achieved
(Fig. 3). Despite the internal paratropic ring current has
almost vanished, now we observe a stronger external non-
uniform diatropic ring current. Thus, although the diatropic
ring current within the azaborine ring increases significantly
(bond current strengths of 58-70), the fusing C-B bond
remains strongly paratropic (bond current strength of 55),
thereby interrupting global delocalization.

Complementary insight is provided by the DIAL surfaces
(Fig. 3), which reveal partial spatial merging of the diatropic
currents of the 3D nido-carborane and the 2D azaborine units.
Nevertheless, a pronounced paratropic contribution (shown in
red) persists at the fusion bond, confirming its paratropic
character and ultimately preventing the establishment of a
fully integrated 3D/2D aromatic system.

Remarkably, a continuous diatropic ring current is observed
when 1,4-diaza-2,3-diborine is fused to nido-carborane (Fig. 4).
Upon incorporation of two BN/CC isosteric units, the fused B-
B bond also exhibits a diatropic character (bond current
strength of 55), indicating improved electronic communication
across the interface. Nevertheless, the azaborine ring itself sus-
tains only a modest diatropic ring current (bond current
strengths of 13-16). Importantly, similar behavior is observed
when the fusion occurs through a C-B bond. In the case of
1,4-diaza-2-borine fused to nido-carborane, the azaborine ring
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N#-Bu NMe

Fig. 2 Bond lengths of the ring (in A) of substituted 4-diaza-2,3-diborine derivatives (a); current density maps for a perpendicular magnetic field
computed on a plane located 1 a.u. below the molecular plane, with all (c and x)-electron contributions (diatropic and paratropic circulations are
clockwise and anticlockwise) (b); bond current strengths (c); and DIAL surfaces with diamagnetic regions shown in blue and paramagnetic regions

shown in red (d). All systems are charged —1.

displays a somewhat stronger diatropic ring current (23-26),
while the bond current strength at the fusion bond remains
comparable (55).

In contrast, fusion of carborazine, despite also incorporat-
ing two BN/CC isosteric substitutions, does not yield a fully
diatropic system (Fig. 4). Although the azaborine ring itself
exhibits relatively strong diatropic currents (34-48), these are
again disrupted by a paratropic contribution at the fusing C-B
bond. These results demonstrate that the mere introduction of
BN/CC isosterism is insufficient; rather, the relative position-
ing of the BN units within the azaborine framework is crucial

Org. Chem. Front.

for achieving effective 3D/2D aromatic delocalization (see also
Fig. S2).

Consistent with this magnetic analysis, the DIAL surfaces
for the systems fused with 1,4-diaza-2,3-diborine or 1,4-diaza-
2-borine clearly reveal a diatropic contribution along the
fusion bond connecting the two aromatic units (Fig. 4). In con-
trast to the previously discussed systems, the paratropic
regions (shown in red) are no longer localized at the fusion
interface but instead are mainly associated with the lone pairs
on the nitrogen atoms. However, this behavior is not observed
for the nido-carborane-carborazine adduct, where the paratro-

This journal is © the Partner Organisations 2026
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Fig. 3 Bond lengths of the ring (in A) of fused nido-carborane to benzene and azaborine (a); current density maps for a perpendicular magnetic
field computed on a plane located 1 a.u. below the molecular plane, with all (c and n)-electron contributions (diatropic and paratropic circulations
are clockwise and anticlockwise) (b); bond current strengths (c); and DIAL surfaces with diamagnetic regions shown in blue and paramagnetic
regions shown in red (d). Systems nido-benzene and nido-azaborine™ are charged —1, whereas nido-azaborineN" is neutral.

pic contribution remains concentrated at the fusing bond,
further confirming the absence of a fully integrated 3D/2D aro-
matic system due to disruption at the interface.

For completeness, analogous fusions with closo-carborane
were also investigated (Fig. 5). Notably, fusion of 1,4-diaza-2,3-
diborine to closo-carborane also results in a fully diatropic ring
current within the azaborine moiety, with even stronger bond
current strengths than in the corresponding nido system
(26-29 for the external bonds and 77 for the fused B-B bond).

Thus, the realization of a genuine 3D/2D aromatic system
depends not only on the introduction of BN/CC isosterism but
also critically on the relative positioning of the BN units within

This journal is © the Partner Organisations 2026

the azaborine framework. In addition, another key structural
factor must be considered: the length of the fusion bond con-
necting the two aromatic fragments. In the case of benzene,
the C-C bond involved in fusion elongates significantly from
1.400 A in the isolated molecule to 1.594 A upon fusion with
nido-carborane (Fig. 3). Such pronounced lengthening effec-
tively converts the bond into a single C-C bond, thereby dis-
rupting n-conjugation and preventing electronic delocalization
across the interface.

A similar situation is observed for the mono-BN isostere
1,2-dihydro-1,2-azaborine, where the fusion bond elongates
from 1.514 A in the isolated ring to 1.655 A in the fused system

Org. Chem. Front.
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nido-diazadiborine

Fig. 4 Bond lengths of the ring (in A) of fused nido-carborane [C,BgH»

nido-diazaborine

nido-carborazine

1= with 1,4-diaza-2,3-diborine, 1,4-diaza-2-borine, and carborazine (a);

current density maps for a perpendicular magnetic field computed on a plane located 1 a.u. below the molecular plane, with all (c and =)-electron
contributions (diatropic and paratropic circulations are clockwise and anticlockwise) (b); bond current strengths (c); and DIAL surfaces with diamag-
netic regions shown in blue and paramagnetic regions shown in red (d). Systems are charged —1.

(Fig. 3). This substantial increase in bond length again
hampers effective 3D/2D electronic communication. In con-
trast, systems incorporating two consecutive BN/CC isosteres
behave differently. For nido-1,4-diaza-2,3-diborine, the B-B
fusion bond increases only moderately from 1.673 A to 1.782 A
upon fusion (Fig. 4). Similarly, in nido-1,4-diaza-2-borine, the
C-B bond length changes from 1.499 A to 1.600 A (Fig. 4). In
both cases, the more limited bond elongation preserves a sig-
nificant degree of n-delocalization within the azaborine ring

Org. Chem. Front.

and facilitates effective electronic communication with the
nido-carborane cluster. This structural feature ultimately
enables the establishment of a continuous diatropic ring
current in the 2D fragment upon fusion, consistent with the
formation of a viable 3D/2D aromatic system.

At this point, it is worth referring to the previously claimed
ineffective overlap between the © molecular orbitals (MOs) of
benzene and the (n + 1) MOs of the boron cage.>'** At differ-
ence, diazodiborine ring, despite also presenting 6x electrons,

This journal is © the Partner Organisations 2026
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closo-diazaborine

Fig. 5 Bond lengths of the ring (in A) of fused closo-carborane with 1,4-diaza-2,3-diborine, and 1,4-diaza-2-borine (a); current density maps for a
perpendicular magnetic field computed on a plane located 1 a.u. below the molecular plane, with all (c and =)-electron contributions (diatropic and
paratropic circulations are clockwise and anticlockwise) (b); bond current strengths (c); and DIAL surfaces with diamagnetic regions shown in blue

and paramagnetic regions shown in red (d). Systems are charged —1.

the electronegativity difference between B and N atoms causes
a strong orbital polarization (Fig. S3). Its electronic delocaliza-
tion is present, but not uniform any longer, together with a
different energetic ordering compared to fully symmetric
benzene. Such distortion of the heterocyclic ring translates
into a stronger overlap between the © fragment molecular orbi-

This journal is © the Partner Organisations 2026

tals of this ring and the nido-carborane (Fig. S4 and Table S1).
This latter further supports the diatropic ring current above
observed for this heterocycle in nido-diazadiborine compared
to nido-benzene. This data is obtained from an energy
decomposition analysis performed on both fused nido-diazadi-
borine compared to nido-benzene systems (Table S1), with the

Org. Chem. Front.
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former showing a weaker interaction between 3D and 2D units
(=209.2 and —245.4 kcal mol™", respectively). Furthermore, in
1,4-diaza-2,3-diborine when fused to nido-carborane, negative
hyperconjugation arises from donation of electron density
from polarized = orbitals (mainly N-centered) into antibonding
orbitals of the electron-deficient boron atoms and the nido-car-
borane cage, thereby enhancing cage-ring coupling and contri-
buting to the observed aromatic response.****

Last but not least, the discussion above supporting the for-
mation of a fully integrated 3D/2D aromatic system through
BN/CC isosterism has been based primarily on magnetic cri-
teria of aromaticity. However, aromaticity is a multidimen-
sional concept and, since it is not a directly observable prop-
erty, it is generally characterized by two essential features: elec-
tron delocalization and energetic stabilization.””™° The
absence of either of these components should preclude the
assignment of aromatic character. Consequently, the previous
conclusions based solely on magnetic descriptors must be
complemented with an analysis of electronic delocalization.
To this end, we computed delocalization indices (DIs) within
the Atoms-in-Molecules (AIM) framework,”" which provide a
quantitative measure of electron sharing between pairs of
atoms. In the case of benzene, the DI(C-C) value decreases
markedly from 1.389 a.u. in the isolated ring to 0.984 a.u.
upon fusion with nido-carborane (Fig. 6). This substantial
reduction clearly indicates loss of electron delocalization at
the fusion bond. Furthermore, the DIs within the fused
benzene ring reveal localization into distinct single and

View Article Online
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double bonds, in sharp contrast to the uniform delocalization
expected for an aromatic system. In contrast, for 1,4-diaza-2,3-
diborine, the DI values for the B-B and B-N bonds are 0.812
and 0.708 a.u., respectively, in the isolated molecule. Upon
fusion, these values decrease to 0.498 and 0.572 a.u., respect-
ively—changes that are significantly smaller than those
observed for benzene. Moreover, the DI associated with the for-
mally localized C-C bond increases only slightly, from 1.558 to
1.601 a.u., upon fusion. This comparatively modest variation
in electron delocalization supports the distinct behavior of 1,4-
diaza-2,3-diborine and is consistent with its ability to sustain a
fully integrated 3D/2D aromatic system.

Finally, for completeness, isomerization stabilization ener-
gies (ISEs) were computed as an energetic criterion of aromati-
city. In their isolated forms, both 1,2-dihydro-1,2-azaborine
and 1,4-diaza-2,3-diborine exhibit smaller ISE values than
benzene, consistent with their reduced aromatic character
(Fig. 7). For example, the ISE decreases from —32.5 kcal mol™*
for benzene to —16.7 kcal mol™" for 1,4-diaza-2,3-diborine,
reflecting the weaker energetic stabilization associated with
BN incorporation. Upon fusion with nido-carborane, all
systems retain negative ISE values, indicating that they remain
energetically aromatic (Fig. 7), and the trends are kept, from
—51.7 to —11.8 kecal mol™" for benzene and 1,4-diaza-2,3-dibor-
ine fused to nido-carborane, respectively. However, we must be
careful with the computed ISE values for such fused systems
as, upon fusion, the nido-carborane fragment becomes the
dominant electronic perturbation in both systems. Thus, the
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1.102\ ( 9g4 0.544\ (. 566,NH
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Fig. 6 Delocalization indices (in a.u.) of the azoborine rings under analysis,
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together with benzene for comparison.
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Fig. 7 Isomerization stabilization energies (in kcal mol™) of methylated benzene (top), 1,2-dihydro-1,2-azaborine (middle), and 1,4-diaza-2,3-dibor-
ine (bottom) alone (left) and when fused to nido-carborane (right). All fused systems are charged —1. CH, isomer for nido-benzene has a triplet state

4.7 kcal mol™ lower in energy.

measured stabilization reflects not only the intrinsic aromati-
city of benzene or diazadiborine, but also a comparable degree
of cage-ring conjugation, polarization, and fusion-induced
structural reorganization. Furthermore, we must also be cau-
tious with these ISE values because the CH, isomers of both
fused benzene and 1,2-dihydro-1,2-azaborine present an
important biradical character, with the risk of describing the
instability of the biradical rather than their aromaticity.

Thus, in the set of systems under analysis, although both
the delocalization indices and the ISE values support the per-
sistence of aromatic stabilization in the azaborine rings fused
to nido-carborane, these energetic and electronic descriptors
alone do not clearly distinguish which systems achieve
genuine 3D/2D aromatic communication. In contrast, the mag-
netic descriptors—namely, ring current densities and bond
current strengths—provide a more sensitive criterion for iden-
tifying the systems that sustain effective 3D/2D aromatic delo-
calization. For completeness, NICS have also been computed
to further support the aromaticity of the carborane cages,
either alone or fused to 2D aromatic systems
(Table $2).>>72%°*73% Nonetheless, NICS drive to misleading

This journal is © the Partner Organisations 2026

conclusions for these fused 2D aromatic rings, as the magnetic
field generated by the nido-carborane may influence the mag-
netic properties and conjugation of the fused 2D ring.**??
Also, and in agreement with previous works, MCI gives values
very close to zero when dealing with electron-deficient rings
involving boron.

Conclusions

The present study demonstrates that magnetic criteria seem to
provide the most decisive evidence for assessing aromaticity and,
in particular, for identifying genuine 3D/2D aromatic communi-
cation in azaborine-carborane fused systems. Current density
maps, bond current strengths, and DIAL surfaces consistently
reveal how BN/CC isosterism and structural arrangement govern
the continuity—or disruption—of diatropic ring currents.

The isolated azaborine reference systems exhibit diatropic
circulation and can therefore be classified as aromatic.
However, both the magnitude and uniformity of the ring
current strongly depend on the number and relative position-
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ing of BN units. Incorporation of consecutive BN fragments
attenuates the global diatropic current, whereas spatial separ-
ation of BN units preserves a stronger and more uniform circu-
lation. This reduction in aromaticity is reflected in increasingly
perturbed diatropic ring currents and is further quantified by
lower bond current strengths.

Fusion with carborane clusters provides the most striking
insights. In agreement with previous studies, fusion of benzene
or mono-BN azaborine to nido-carborane fails to generate a
unified aromatic system. The magnetic response is dominated
by a strong paratropic current at the fusion bond, which inter-
rupts global diatropic circulation despite residual aromaticity
within each fragment. Bond current strengths and DIAL sur-
faces unequivocally show that this paratropic contribution pre-
vents effective 3D/2D delocalization. In contrast, when two con-
secutive BN/CC isosteres are incorporated—specifically in 1,4-
diaza-2,3-diborine and 1,4-diaza-2-borine—a continuous diatro-
pic ring current across the fusion interface is achieved. The
fusion bond itself becomes diatropic. Importantly, the success
of these systems correlates with limited elongation of the
fusion bond, preserving the magnetic continuity necessary for
effective 3D/2D aromatic communication. By contrast, carbora-
zine fusion—despite BN incorporation—retains a paratropic
fusion bond, underscoring that relative BN positioning, rather
than mere BN substitution, is the determining factor.

Electronic (delocalization indices) and energetic (ISE) ana-
lyses support the magnetic findings but play a complementary
role. While these descriptors confirm the persistence of aromatic
stabilization and reveal better preservation of electron sharing in
the successful diaza-diborine systems compared to benzene,
they do not as clearly discriminate between systems that achieve
true 3D/2D aromatic integration and those that do not.

Overall, this work establishes that achieving a viable 3D/2D
aromatic system requires not only BN/CC isosterism but
precise control over BN positioning and structural adaptation
at the fusion interface, providing clear magnetic-based design
principles for future heteroaromatic architectures.

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),*®>*°*! 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).®> Delocalization indices (DIs) and mul-
ticenter indices (MCI)***%%*"% were computed with the ESI-3D
program using AIM partition of space.®®®”
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Current density maps have been computed by means of the
SYSMOIC package®®”® with the B3LYP hybrid density func-
tional and the 6-311++G(d,p) basis set, for a perpendicular
magnetic field over a plane 1 a.u. below the molecular
plane.”*””? Red/blue arrows when the component parallel/anti-
parallel to the magnetic field B is greater than 30% of the
vector modulus. Diatropic/paratropic circulations are clock-
wise/anticlockwise.'® With respect to the bond current
strengths, values aside each arrow represent the percentage
relationship with respect to a reference current strength of 12
nA T~'. Noticeably, the current density maps distinguish the
roles of ¢ and = electrons in aromatic systems. c-electrons
form the local bonding framework and create localized vortices
around individual bonds, including paratropic currents at ring
centers. In contrast, delocalized n-electrons generate a global
ring current under an external magnetic field, leading to
shielding inside the ring and deshielding outside it. At about
1 a.u. above or below the ring plane, the total current density
is dominated by the more mobile n-electrons, whose global cir-
culation masks the weaker, localized ¢ contributions. The non-
uniform diatropic and paratropic currents suggest weaker aro-
maticity compared to benzene, which serves as a reference.
While current density maps provide qualitative insight, bond
current strength calculations were performed to quantitatively
assess electron delocalization, with values expressed as percen-
tages relative to benzene,'%'%8770.74

Finally, we have also included the magnetically induced iso-
tropically averaged Lorentz force density (DIAL) which is a real-
space descriptor derived from the Lorentz force formalism and
adapted to the quantum-mechanical description of electrons in
molecules.'”’* Under an external magnetic field, the electronic
response is expressed through the magnetically induced current
density j(r), from which the Lorentz force density can be
obtained. To remove dependence on the field orientation, the
current density tensor is used to perform isotropic averaging,
yielding the isotropically averaged Lorentz force density (IALFD).
The divergence of the IALFD (DIAL) provides chemically mean-
ingful insight by identifying regions where induced currents are
locally reinforced or depleted. Diamagnetic regions are typically
associated with stable circulating currents and aromatic stabiliz-
ation, whereas paramagnetic regions indicate local pertur-
bations. This orientation- and origin-independent approach is
particularly well suited for analyzing non-planar and structurally
complex systems. In these surfaces, diamagnetic regions (diatro-
pic contributions) are shown in blue, while paramagnetic
regions (paratropic contributions) are shown in red. The sur-
faces are displayed at two isovalues: —0.001 a.u. (blue) and
+0.006 a.u. (red), considering all-electron contributions.
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