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ake a right: a computational
investigation of [4n]–[4n]–[4n] fused p-systems

Muhammad Usama Gul Khan,a Katarzyna Młodzikowska-Pieńko, b

Renana Gershoni-Poranne *b and Judy I. Wu *a

Fusing antiaromatic units to other antiaromatic units could afford delocalized [4n]–[4n]–[4n] p-systems

with reduced paratropicity (or even weak diatropicity), while retaining narrow HOMO–LUMO gaps.

Through a computational investigation of bis-annelated borole-fused cyclobutadiene, pentalene, s-

indacene, and cyclooctatetraene isomers, we find that these effects are topology-dependent.

Comparisons to analogous [4n + 2]–[4n]–[4n + 2] systems show that [4n]–[4n]–[4n] fusion represents

a counterintuitive design strategy to access functional antiaromatic p-systems.
Introduction

Ring fusion is a powerful strategy to access p-expanded poly-
cyclic (anti)aromatic hydrocarbons with diverse energetic,
magnetic, and electronic properties, and the consequences of
fusing [4n + 2] to [4n + 2] and [4n] units have been studied
extensively.1–4 [4n + 2]–[4n + 2] annelation extends aromaticity;
for example, fusing two benzene rings gives naphthalene.3 In
contrast, [4n + 2]–[4n] fusion weakens both diatropicity in the
[4n + 2] rings and paratropicity in the [4n] rings. For example, in
biphenylene, the benzene rings exhibit pronounced bond
length alternation while the four-membered ring resembles
a [4]radialene.4,5 As such, [4n + 2]–[4n]–[4n + 2] annelation
patterns have emerged as a popular approach for accessing
synthetically viable antiaromatic p-systems, as exemplied by
preparations of outer and core p-expanded cyclobutadienes,4,6

pentalenes,7–10 and s-indacenes,11–13 and extensive studies
correlating structure and properties in these systems.13–16 Yet,
the outcomes of combining [4n] and [4n] units are less intuitive.

In this work, we investigate the effects of [4n]–[4n]–[4n]
annelation. We explore whether fusing antiaromatic rings to
antiaromatic rings could give rise to overall diatropic (aromatic)
compounds while retaining desirable [4n] features, such as
relatively narrow HOMO–LUMO gaps. The intriguing possibility
that [4n]–[4n] fusion may generate an aromatic p-system with
a [4n + 2] conjugation pathway was rst considered by Breslow
in the early 1960s17–19 and has since attracted much experi-
mental and computational interest.20–22 Extended Hückel
calculations suggest that planar [4n]–[4n] fused p-systems could
exhibit resonance stabilization like the [4n + 2] annulenes.23

Indeed, butalene is planar and displays bond length
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y the Royal Society of Chemistry
equalization as well as large negative nucleus-independent
chemical shis (NICS) values, consistent with aromatic char-
acter.24,25 Nevertheless, attempts to prepare cyclo-
octatetraenocyclopentadienone (COT-CPD) (Fig. 1a),17

cyclooctatetraenocyclobutadiene (COT-CBD) (Fig. 1b),26–28 octa-
lene (Fig. 1c and d),29,30 bicyclotropone (Fig. 1e),31 and butalene
(Fig. 1f)32,33 generally yielded highly reactive or eeting species,
providing little evidence for aromatic stabilization.

Breslow et al. noted that “the high basicity [of COT-CPD]
suggests that the bicyclic 10p-electron cation may be
aromatic.”17 Proton NMR chemical shis for COT-CBD (ranging
between 6.18–7.32 ppm) were downeld shied, indicating
some diatropicity (Fig. 1b).28 Yet, 1H NMR chemical shis for
the eight-membered rings of COT-CPD (ranging between 5.50–
6.50 ppm)17 (Fig. 1a) and benzooctalene (5.65–6.30 ppm)29

(Fig. 1c) are nearly identical to that of cyclooctatetraene (5.69
ppm). Bicyclotropone isomers reect the intrinsic instability of
their [4n] subunits rather than the peripheral [4n + 2] p-system;
the 2-isomer polymerizes at room temperature, while the 1-
isomer could not be isolated (Fig. 1e).31 Butalene could be
generated separately from p-benzyne and trapped “somewhat
below room temperature,” but has only eeting existence
Fig. 1 Synthetic examples of [4n]–[4n] fused systems: (a) COT-CPD,17

(b) COT-CBD,26–28 (c) benzooctalene,29 (d) octalene,30 (e) 1-bi-
cyclotropone and 2-bicyclotropone,31 (f) butalene.33
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Fig. 2 Computed NICS(1)zz, current density plots, and DEH–L gaps for
(a) cyclobutadiene, (b) biphenylene, (c) 1-syn, (d) 1-anti, (e) 1-terminal.
The two overlapping six-p-conjugated circuits in 1-syn and 1-anti are
shown in light and dark purple arrows. (f) NICS(1)zz-XY scans at B97-2/
6-311+G(d,p). The maxima in each curve indicate the ring centers of
each annelated ring.
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(Fig. 1f).33 We note, however, that all of the examples shown in
Fig. 1 contain either a nonplanar cyclooctatetraene unit (which
precludes effective p-conjugation) or a strained cyclobutadiene
unit34,35 (which competes with aromatic stabilization).

Here, we investigate the energetic, electronic, and magnetic
properties of bis-annelated borole-fused cyclobutadiene,
pentalene, s-indacene, and cyclooctatetraene isomers. By
extending Breslow's original question to [4n]–[4n]–[4n] fused p-
systems, we explore a counterintuitive design strategy in which
antiaromatic units are fused to other antiaromatic units, rather
than stabilized through conventional [4n + 2] annelation. We
assess whether this largely unexplored region of chemical space
can complement existing outer and core p-expanded strategies
based on [4n + 2] annelation, and provide access to functional
antiaromatic p-systems that retain narrow HOMO–LUMO gaps
and desirable optoelectronic properties.36,37

Results and discussion

We investigated a series of [4n]–[4n]–[4n] bis-annelated borole-
fused cyclobutadiene (1), pentalene (2), s-indacene (3), and
cyclooctatetraene (4). We chose borole annelation because the
ve-membered borole rings are planar and relatively
unstrained. Since the borole rings could be fused to the central
[4n] components in different orientations, we also studied how
placement of the boron atoms inuences the overall tropicity of
the fused p-system.38–40 We distinguished between molecules in
which the boron atom is not adjacent to the fused bond
(terminal) and those where it is; for the latter case, we further
distinguished based on the relative orientation between the two
borons (syn or anti). All structures were optimized at the (U)
M11/6-311+G(d,p) level. 3-Syn (y0 = 0.40) and 3-terminal (y0 =

0.54) show modest diradicaloid character, while all others
exhibit stable closed-shell wavefunctions (see details in the SI).

NICS41,42 were computed at the (U)B97-2/6-311+G(d,p)//(U)
M11/6-311+G(d,p) level to quantify the paratropic character of
the annelated four- (4MR), ve- (5MR), six- (6MR), or eight-
(8MR) membered rings. The B97-2 functional was selected for
NMR calculations as it has been shown to have the best
performance based on test sets of a broad range of organic
compounds.43 For planar systems, the NICS(1)zz index was
applied and bqs were placed at 1 Å above the ring plane. For
systems containing cyclooctatetraene subunits, a single NICS(0)
value was computed; “0” is dened by the center of mass of the
8MR carbons. We adopted the NICS(0) index in this work to
enable direct comparison with NICS(0) values computed for the
non-planar species shown in Fig. 1, some of which do not have
a dened “zz” direction (see data in the SI). NICS(1)zz-XY scans44

were computed for all planar systems, using the NICS(1)zz index;
details of the scan paths are included in the SI. Current density
plots (generated with the SYSMOIC package),45 containing only
the contributions of thep-orbitals, were computed for all planar
systems at 1 Å above the molecular plane at B97-2/6-311+G(d,p).
Counter-clockwise currents indicate paratropicity and clockwise
currents indicate diatropicity (see SI for details).

Across all four [4n] cores examined, a consistent pattern
emerges: syn- and anti-fused topologies enable overlapping [4n
Chem. Sci.
+ 2] circuits that weaken paratropicity of the [4n]–[4n]–[4n] p-
system. Terminal-fusion precludes a local [4n + 2] circuit and
therefore gives rise to p-systems with strong paratropicity.
Interestingly, all of the borole-fused [4n]–[4n]–[4n] p-systems
display notably narrower HOMO–LUMO gaps compared to their
dibenzo-fused [4n + 2]–[4n]–[4n + 2] analogs. These ndings
suggest that [4n]–[4n]–[4n] may represent an alternative design
strategy towards functional antiaromatic p-systems.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Computed NICS(1)zz, current density plots, and DEH–L gaps for
(a) pentalene, (b) dibenzopentalene, (c) 2-syn, (d) 2-anti, and (e) 2-
terminal. The two overlapping 10-p-conjugated circuits in 2-syn and
2-anti are shown in light and dark purple arrows. (f) NICS(1)zz-XY scans
at B97-2/6-311+G(d,p). The maxima in each curve indicate the ring
centers of each annelated ring.
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Computed NICS-XY scans for cyclobutadiene, biphenylene,
and the bis-annelated borole-fused cyclobutadiene isomers: 1-
syn, 1-anti, and 1-terminal (Fig. 2) reveal that cyclobutadiene is
strongly paratropic (Fig. 2f, black curve), while biphenylene
displays decreased paratropicity in the 4MR and weak di-
atropicity in the two 6MRs (purple). Bisborole-fusion in either
a syn- (peach) or anti- (orange) fashion converts the 4MR ring
into a modestly diatropic unit, while the two 5MRs become
essentially non-aromatic. In 1-terminal (magenta), the 4MR
© 2026 The Author(s). Published by the Royal Society of Chemistry
shows reduced paratropicity compared to cyclobutadiene and
biphenylene, while the two 5MRs are strongly paratropic.

SYSMOIC plots for cyclobutadiene and biphenylene show
local paratropic ring currents around the 4MR and diatropic
currents around the 6MR. However, in 1-syn (Fig. 2c) and 1-anti
(Fig. 2d), there are two overlapping diatropic currents, each
encompassing a 6p-electron perimeter of a pair of neighboring
4MR and 5MRs. The combined effect is an apparent weak di-
atropic current at the central 4MR (see light and dark purple
arrows in Fig. 2c and d). In 1-terminal, an 8p-electron conju-
gation pathway gives rise to a strong paratropic current around
the perimeter.

HOMO–LUMO gaps (DEH–L) for the borole-fused isomers
were computed at TD-(U)M11/6-311+G(d,p) and compared to
the dibenzo-fused [4n + 2]–[4n]–[4n + 2] analogs and parent [4n]
systems. Surprisingly, all three [4n]–[4n]–[4n] systems, 1-syn
(2.26 eV), 1-anti (2.70 eV), and 1-terminal (1.79 eV), exhibit nar-
rower computed DEH–L values compared to the [4n + 2]–[4n]–[4n
+ 2] fused biphenylene (5.22 eV). This can be attributed in part
to the low-lying LUMO orbitals of the borole-fused isomers (i.e.,
due to the empty p orbitals on boron), but nevertheless,
demonstrate that heteroatom doping can be used to modulate
[4n]–[4n]–[4n]p-systems and show reduced paratropicities while
retaining narrow HOMO–LUMO gaps.

We next compared computed NICS-XY scans for pentalene,
dibenzopentalene, and isomers: 2-syn, 2-anti, and 2-terminal
(Fig. 3). Pentalene is strongly paratropic (Fig. 3f, black). In di-
benzopentalene (purple), the 5MRs show reduced paratropicity
and the 6MRs are modestly diatropic. Borole-fusion in either
a syn- (peach) or anti- (orange) fashion completely alleviates the
paratropicity of the pentalene core, while the fused borole rings
are weakly diatropic. In 2-terminal (magenta), the pentalene
rings are modestly paratropic and the borole rings are strongly
paratropic. These ndings corroborate prior work showing that
fusion to heteroarenes can signicantly alter the paratropicity
of pentalene.46

SYSMOIC plots for pentalene (Fig. 3a) and dibenzopentalene
(Fig. 3b) reveal strong paratropic ring currents around the
pentalene unit and local diatropic currents around the 6MR,
while those of the borole-fused isomers feature overlapping ring
currents. Both 2-syn (Fig. 3c) and 2-anti (Fig. 3d) exhibit weak
paratropic circuits at the pentalene core and two overlapping
10p-electron circuits, each encompassing the perimeter of
a single borole subunit and its adjacent pentalene core (see light
and dark purple arrows in Fig. 3c and d). As a result of these
overlapping ring currents, the pentalene core is essentially non-
aromatic. In contrast, 2-terminal features a 12p-electron
conjugation pathway and a strong paratropic current around
the perimeter. All three isomers: 2-syn (2.59 eV), 2-anti (2.35 eV),
and 2-terminal (1.81 eV) exhibit narrower DEH–L gaps compared
to the [4n + 2]–[4n]–[4n + 2] fused dibenzopentalene (2.90 eV).

Next, we compared s-indacene and dibenzo-s-indacene to the
bis-annelated borole-fused: 3-syn, 3-anti, and 3-terminal (Fig. 4).
Computed NICS-XY scans show strong diatropicity in the 6MR
and 5MRs of s-indacene (Fig. 4f, black). In dibenzo-s-indacene
(purple), the s-indacene core shows signicantly reduced para-
tropicity, while the two arenes are modestly diatropic. Bis-
Chem. Sci.
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Fig. 4 Computed NICS(1)zz, current density plots, and DEH–L gaps for
(a) s-indacene, (b) dibenzo-s-indacene, (c) 3-syn, (d) 3-anti, and (e) 3-
terminal. The two overlapping 14-p-conjugated circuits in 3-syn and
3-anti are shown in light and dark purple arrows. (f) NICS(1)zz-XY scans
at (U)B97-2/6-311+G(d,p). The maxima in each curve indicate the ring
centers of each annelated ring.

Fig. 5 Computed NICS(1)zz, DEH–L gaps, and relevant dihedral angles
for cyclooctatetraene (data for D4h form is shown in parenthesis), di-
benzocyclooctatetraene, 4-syn, 4-anti, and 4-terminal. The two
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annelation to borole in either a syn- or anti-fashion further
reduces paratropicity of the s-indacene core. Both 3-syn (peach)
and 3-anti (orange) have nearly non-aromatic borole rings, while
that of 3-anti shows weak diatropicity. In 3-terminal (magenta)
the s-indacene core is essentially non-aromatic, but the two
borole rings are strongly paratropic.
Chem. Sci.
SYSMOIC plots reveal a strong global paratropic ring current
for s-indacene (Fig. 4a), while dibenzo-s-indacene exhibits ve
local ring currents: two diatropic ones around the arenes and
three paratropic ones in each of the rings in the s-indacene unit
(Fig. 4b). Both 3-syn (Fig. 4c) and 3-anti (Fig. 4d) exhibit a weak
global diatropic current, and weak paratropic currents in each
of the component rings. Also visible from the current density
plots are two overlapping 14p-electron circuits, each encom-
passing the perimeter of a pair of neighboring borole units and
the s-indacene core (see light and dark purple arrows in Fig. 4c
and d). In contrast, 3-terminal features an 18p-electron conju-
gation pathway and a paratropic current around the perimeter.
In addition, the borole rings sustain strong local paratropic ring
currents. All three bis-annelated borole-fused isomers: 3-syn
(2.77 eV), 3-anti (2.46 eV), and 3-terminal (2.03 eV) exhibit nar-
rower DEH–L gaps compared to the [4n + 2]–[4n]–[4n + 2] fused
dibenzo-s-indacene (2.99 eV), and indicate heteroatom doping
as a viable strategy for modulating [4n]–[4n]–[4n] p-systems.

Finally, we examine [4n]–[4n]–[4n] annelated systems with
a central cyclooctatetraene (COT) unit (Fig. 5). Planar annelated
COTs have been studied extensively, both computationally and
experimentally.47–53 Fusing small, strained rings to COT can
enforce planarity,52 but the paratropicity of the planar COT core
depends on the annelated ring(s); annelation to unconjugated
units (e.g., bicyclo[2.1.1]hexeno and cyclobuteno) retains the
paratropicity of planar COT, while annelation to conjugated
units (e.g., cyclobutadieno) quenches paratropicity.53 Here, we
compare dibenzo-COT to three isomers of bis-annelated borole-
fused COTs: 4-syn, 4-anti, and 4-terminal (Fig. 5), all of which
feature nonplanar COT rings.

Parent COT adopts a nonplanar tub-shape (D2d, f1234 =

57.9°) to avoid ring strain and antiaromaticity that are inherent
in the planar geometry,54 and the computed small positive
NICS(0) value (+2.4 ppm) is consistent with a non-aromatic ring
(Fig. 5). In contrast, planar COT (D4h) exhibits a large positive
NICS(0) value (+36.0 ppm) indicating strong paratropicity.
Dibenzo-COT retains a highly puckered tub shape (f1234 =
overlapping ten p-conjugated circuits in 4-syn and 4-anti are shown
in black and blue arrows.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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62.0°), and computed NICS(0) values at the 8MR (+2.1 ppm) and
6MRs (−8.0 ppm, cf. −8.3 ppm for parent benzene) suggest
a non-aromatic [4n] core anked by two aromatic benzene rings.

Annelating COT to borole units in either a syn or anti fashion
does not fully planarize the COT unit. Nevertheless, both 4-syn
and 4-anti tend towards partial planarization exhibiting smaller
f1234 dihedral angles (43.2° and 42.8°, respectively) compared to
dibenzo-COT. Computed NICS(0) values for the component
rings in 4-syn (borole unit: +3.0 ppm, COT unit: +4.8 ppm) and
4-anti (borole unit: +2.9 ppm, COT unit: +4.8 ppm) are all small
and positive, indicating essentially non-aromatic p-systems.
The modestly attened COT units in 4-syn and 4-anti suggest
that some delocalization is possible.

Indeed, previous calculations of current densities for D2d

COT geometries, progressively planarized from the tub-shaped
parent structure, show that a paratropic ring current “survives
almost all the way to the equilibrium tub-shaped D2d COT
structure; the current vanishes at ca. 80% of the geometric
change.”55 Hence, some delocalization is reasonable to expect
for nonplanar 4-syn and 4-anti; specically, the two overlapping
10p-conjugated circuits (see black and blue arrows in Fig. 5) can
provide a driving force for planarization. 4-Terminal does not
sustain a 10p-conjugated circuit, and therefore the COT unit is
strongly puckered (f1234 = 58.9°) like that of COT and dibenzo-
COT. Computed NICS(0) values for 4-terminal indicate a non-
aromatic COT unit (+1.2 ppm) anked by two paratropic bor-
ole rings (+17.5 ppm). We note that all three isomers: 4-syn (2.00
eV), 4-anti (3.79 eV), 4-terminal (2.42 eV) have smaller DEH–L

values compared to dibenzo-COT (5.88 eV).
Computed relative energies for the syn-, anti-, and terminal-

isomers of 1–4 (DErel) support the conclusion that p-delocal-
ization strongly stabilizes the syn- and anti-isomers relative to
their terminal-analogs. As shown in Table 1, the syn- and anti-
isomers for 2–4 are nearly thermoneutral with respect to one
another or have only small relative energy differences, while the
terminal-analogs lie 10–25 kcal mol−1 higher in energy. This
trend does not hold for the isomers of 1, possibly due to strain
associated with the 4MR unit. Note that all three isomers of 1 lie
within 4 kcal mol−1 of each other. The small energy differences
among 1-syn, 1-anti, and 1-terminal can be explained by the
resonance forms of the 4MR unit. In 1-syn and 1-anti, the p-
system is stabilized by having two overlapping [4n + 2] circuits,
but the central 4MR unit resembles a strained cyclobutadiene.
Table 1 Computed relative energies (DErel, in kcal mol−1) for the syn-,
anti-, and terminal-fused isomers of 1–4

Compound DErel Compound DErel

1-Syn 3.8 3-Syn 0.0a

1-Anti 0.0 3-Anti 2.9
1-Terminal 3.0 3-Terminal 10.9a

2-Syn 0.8 4-Syn 0.3
2-Anti 0.0 4-Anti 0.0
2-Terminal 10.2 4-Terminal 24.2

a Both 3-syn and 3-terminal have modest diradicaloid character and thus
were evaluated with UKS.

© 2026 The Author(s). Published by the Royal Society of Chemistry
By contrast, in 1-terminal, the central 4MR unit resembles a [4]
radialene.

We further studied the nature of the syn- and anti-fused
isomers (relative to terminally fused isomers) by examining
plots of their frontier molecular orbitals, by quantifying esti-
mates of p-electron delocalization energies, and by analyzing
their bond length alternation around the perimeter. Visualiza-
tion of the highest occupiedmolecular orbitals (HOMOs) for the
syn-, anti-, and terminal-isomers of 1–4 shows bonding MOs for
the syn- and anti-isomers, which is characteristic of aromatic
molecules. In contrast, the HOMOs of the terminal-isomers have
much more antibonding character (Fig. 6), which is oen seen
in antiaromatic systems. This contrast is particularly note-
worthy in light of the structural similarity between the systems
(i.e., same number of atoms, rings, and extent of conjugated
systems); it underlines the fundamental difference in electronic
structure between the isomers. Further support was obtained
from second-order orbital perturbation (E(2)) analyses, which
quantify donor–acceptor interactions, and reveal consistently
higher electron-delocalization energies for the syn- and anti-
isomers compared to the terminal-analogs (see Table S1).
Finally, from the geometrical aspect, the syn- and anti-isomers
exhibit less pronounced bond length alternation around the
perimeter, in agreement with a more globally delocalized p-
system (see Fig. S4). These trends are consistent with a largely
suppressed antiaromatic character for the syn- and anti-
isomers, relative to the terminal-analogs, and demonstrate that
the effects of [4n]–[4n]–[4n] fusion are topology-dependent.
Fig. 6 Computed HOMO (aSHOMO−1 for 3-syn) orbitals for the syn-,
anti-, and terminal-isomers of 1–4.
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Conclusions

We have systematically investigated [4n]–[4n]–[4n] fused p-
systems as an alternative and previously underexplored design
strategy for functional antiaromatic molecules. By extending
Breslow's original question beyond isolated [4n]–[4n] fusion to
a broader set of topologically-controlled [4n]–[4n]–[4n] p-
systems, we demonstrate that strategic bis-annelation of borole
rings to cyclobutadiene, pentalene, s-indacene, and cyclo-
octatetraene frameworks can effectively “conceal anti-
aromaticity,”2 yielding non-aromatic or weakly aromatic p-
systems. Remarkably, these [4n]–[4n]–[4n] p-systems exhibit
narrower HOMO–LUMO gaps compared to analogous [4n + 2]–
[4n]–[4n + 2] dibenzo-fused systems. Although the presence of
the B atoms may play a role, the examples shown in Fig. 1
(which do not contain B atoms) make it clear that the [4n]–[4n]–
[4n] topology itself results in attenuation of the paratropic
current. Our computational investigation of [4n]–[4n]–[4n] fused
p-systems demonstrates that “three wrongs can make a right”18

and provides topology-driven design principles that motivate
future synthetic efforts in this region of chemical space.
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