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Five-membered boroles and their doubly benzannulated 9-borafluorene derivatives are established
precursors for synthesizing various boron-doped heterocycles of broad applied interest. Extending this
chemistry, we show that a series of l-aryl-substituted boraindenes - the mono-benzannulated
analogues of boroles — can similarly generate diverse boracycles via insertion of various substrates into
their five-membered BC, ring. Insertion of chalcogens (O, S, Se), alkynes and an aryl azo compound

yields boraindene-derived products that are distinguished from earlier examples by their unique ring-
Receivea 3rd November 2025 fusion patterns, thereby broadening the structural diversity within this class of boron het 1
Accepted 29th November 2025 usion patterns, thereby broadening the structural diversity within this class of boron heterocycles.

Notably, these transformations provide access to unprecedented boron-sulfur and boron-selenium

DOI: 10.1039/d55c08526h naphthalene analogues, while azobenzene insertion into the boraindene framework yields two distinct
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Introduction

Boroles are a distinct class of five-membered boron heterocycles
in which m-conjugation between a three-coordinate boron
center and a butadienediyl carbon framework generates an
antiaromatic system.' This unique electronic structure, char-
acterized by a narrow HOMO-LUMO gap, coupled with strong
Lewis acidity and electron-accepting capabilities, renders bor-
oles attractive building blocks in materials chemistry.” These
advantageous properties can be further tuned through func-
tionalization of ring substituents or incorporation into
extended 7t systems, strategies that simultaneously mitigate the
inherent instability and high reactivity of the borole core.™*

Beyond their fascinating electronic and optical features,
boroles serve as versatile synthetic precursors for diverse
aromatic and non-aromatic boron ring structures.®* For
instance, they readily undergo ring expansion reactions with
unsaturated substrates, efficiently generating larger boron-
containing heterocycles such as six-membered 1,2-azabor-
inines (boron-nitrogen analogues of benzene)* and seven-
membered borepins® - structural motifs with promise for
optoelectronic applications.>** While boroles (A) and their bis-
benzannulated derivatives, 9-borafluorenes (C), have been
thoroughly explored for such transformations, the mono-
benzannulated 1-boraindene analogues (B) remain largely
overlooked (Fig. 1).
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The first reported derivative, a 1-chloro-substituted bor-
aindene synthesized by Kaufmann via pyrolysis in 1987, was too
reactive for isolation but exhibited characteristic borole insertion
reactivity in both alkyne trapping reactions and self-dimeriza-
tion.® Decades later, the Piers group exploited the unique reac-
tivity of a perfluorinated boraindene in the activation of both
H-H and H-Si bonds, thereby demonstrating its versatility in o-
bond activation chemistry.”® To further develop the chemistry of
the boraindene system, we recently reported the synthesis of
1,2,3-triphenyl-1-boraindene (1Ph, Fig. 2) and demonstrated how
its distinct molecular framework imparts unique Lewis acidic,
optical, electronic and antiaromatic characteristics.® Initial
reactivity studies with organic azides revealed facile nitrogen
atom insertion to form 2,1-azaboranaphthalenes, the benzan-
nulated analogues of 1,2-azaborinines.*

Inspired by these findings and the broader synthetic poten-
tial of 1-boraindenes as precursors to benzannulated boron
heterocycles, we now report three new derivatives bearing
chloro, p-tolyl, and duryl substituents on the boron atom, and
expand our reactivity studies to encompass chalcogens, alkynes,
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1-boraindenes 9-borafluorenes

Fig.1 Representative examples of borole frameworks with increasing
degrees of benzannulation, from monocyclic boroles (A) over bicyclic
1-boraindenes (B) to tricyclic 9-borafluorene systems (C).
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Fig. 2 (a) The previously reported 1,2,3-triphenyl-1-boraindene 1Ph
and new derivatives bearing 1-chloro (1Cl), 1-p-tolyl (1Tol), and 1-duryl
(1Dur) substituents at the boron center. (b) Molecular structure of 1Cl
with thermal ellipsoids at 50% probability and (c) depiction of close
intermolecular contacts within the crystal packing of 1Cl. Hydrogen
atoms are omitted for clarity, except those involved in intermolecular
interactions. The molecular structure of 1Dur is provided in the SI.

and azobenzene. These investigations furnished the first
boron-sulfur and boron-selenium naphthalene analogues,
along with benzannulated borepin derivatives from alkyne
reactions, revealing a pronounced preference of these 1-
boraindenes for endocyclic B-C insertion over cycloaddition
with alkynes. Reactions with azobenzene unveiled a sterically-
governed pathway, affording distinct diazaborepin isomers
depending on the boron substituent. These findings establish
fundamental reactivity patterns of 1-boraindenes and highlight
their versatility as platforms for the synthesis of diverse boron
heterocycles, offering new routes to both known and previously
inaccessible derivatives.

Results and discussion
Preparation of new 1-boraindene derivatives

Our work extends 1-boraindene chemistry through the synthesis
of three new derivatives (Fig. 2). In a similar manner to the
previously reported 1,2,3-triphenyl-1-boraindene (1Ph),' both the
1-p-tolyl (1Tol) and 1-chloro derivatives (1ClI) were prepared effi-
ciently via tin-boron exchange between 1,1-dimethyl-2,3-diphenyl-
1-stannaindene® and the corresponding dibromoborane RBBr, (R
= p-tolyl)"* or BCl,, with yields above 76%. The 1-duryl derivative
1Dur, not accessible via this route, was obtained from 1Cl by
reaction with duryl lithium in 79% yield. The distinct nature of
the duryl derivative is reflected in its ''B NMR signal at 74.8 ppm,
which is significantly downfield-shifted compared to those of the
other derivatives, clustered in a narrow range between 65.0 and
65.5 ppm. This marked difference is most likely attributable to the
steric demand of the duryl group, which disrupts 7 conjugation
between boron and the exocyclic substituent. X-ray crystallo-
graphic analysis supports this conclusion, revealing that the duryl
group adopts an orientation close to perpendicular (69.9°) relative
to the boraindene ring, whereas the phenyl group in 1Ph is
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considerably less twisted (32.6°). The p-tolyl derivative 1Tol could
not be included in the comparison, as all attempts to obtain single
crystals were unsuccessful. The B-CI bond length in 1Cl (1.747(5)
A) falls within the expected range, as do the remaining structural
parameters of this haloborole derivative (Fig. 2).”** Crystal
packing analysis reveals weak intermolecular interactions
between the boron atom and the m system of neighboring
benzene rings, with the shortest B---C contact at 3.453(7) A.
Additionally, the Lewis-acidic boron atom engages in an interac-
tion with the C-H bond of a neighboring exocyclic phenyl group
(CH---B 2.928 A), leading to a stacked molecular arrangement
(Fig. 2). Notably, comparable intermolecular boron contacts are
also present in the crystal structure of 9-chloro-9-borafluorene.™

In contrast to the less sterically protected 1-chloro-1-
boraindene reported by Kaufmann,” which bears only
hydrogen substituents, and the monocyclic 1-chloro-2,3,4,5-
tetraphenylborole,**** 1Cl is remarkably stable both in solution
and the solid state, showing no signs of decomposition or
dimerization at room temperature and elevated temperatures. A
related benzannulated derivative of 1Cl, 9-chloro-9-
borafluorene, also exhibits striking stability, as evidenced by
its ability to be purified by distillation at 90 °C.*

To evaluate the effect of the different boron substituents on
Lewis acidity, we employed the Gutmann-Beckett NMR method
in benzene solution.® Adducts with one equivalent of tri-
ethylphosphine oxide (OPEt;) formed readily for 1Cl and 1Tol,
resulting in *'P NMR signals at 77.6 and 75.4 ppm, respectively.
In contrast, the duryl derivative 1Dur forms only a weak adduct
at room temperature, with an averaged *'P NMR resonance at
49.9 ppm, likely due to steric shielding of the Lewis-acidic boron
center by the ortho methyl groups. This value increases with
decreasing temperature, and at —80 °C in toluene-dg solution
the *'P NMR signal shifts to 73.2 ppm, indicating complete
adduct formation. Analysis of the resulting acceptor numbers
(AN) demonstrates that chloroboraindene 1Cl is the strongest
Lewis acid (AN = 80.8) in the series, followed by 1Ph (AN = 76.9)
and 1Tol (AN = 76.1), which display progressively lower Lewis
acidity. The AN value for 1Dur (AN = 71.1) cannot be directly
compared to the others, as it was obtained under different
conditions (—80 °C in toluene vs. room temperature in
benzene). Nonetheless, it aligns with the expected trend of
decreasing Lewis acidity corresponding to the weaker -
accepting ability of more electron-rich aryl substituents.

Building on the well-established tendency of boroles to
undergo functionalization reactions that relieve the destabiliz-
ing 4m-electron system and drive the formation of larger
heterocycles, we investigated the reactivity of the 1-aryl deriva-
tives toward chalcogens, alkynes, and azobenzene. These
transformations effected ring expansion and produced new
benzannulated boron heterocycles.

Chalcogen insertions

By inserting chalcogens into boraindenes, we aimed to access
aromatic boron-chalcogen naphthalene analogues, funda-
mental structural motifs that had previously been reported only
for the lightest chalcogen, oxygen.'”'®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of B,E-naphthalenes via chalcogen atom (E = O,
S, Se) insertion into 1-aryl-1-boraindenes 1R (R = Ph, p-Tol, Dur).

Treatment of the 1-boraindenes 1Ph, 1Tol, and 1Dur with
either iodosobenzene or N-methylmorpholine N-oxide afforded
the corresponding oxygen-atom-expanded ring systems as white
solids in yields ranging from 43 to 55% (Scheme 1). The
transformation to 1,2-B,0O-naphthalenes is readily observed by
decolorization of the red boraindene solution and confirmed by
the more shielded ''B NMR resonances, resulting from the 7-
donating effect of the oxygen atom. Compounds 2Ph, 2Tol, and
2Dur exhibit "B NMR chemical shifts tightly grouped between
42.0 and 44.2 ppm, consistent with related structures by Martin,
Wagner and Dong."®?* The structures of all three compounds
have been determined by X-ray diffraction analysis, confirming
their naphthalene-like framework. The B-O bond lengths
(1.377(2)-1.383(3) A) are consistent with those reported for
a related B,O-containing naphthalene derivative prepared by an
alternative synthetic route.'® As observed in the boraindene
1Dur, the duryl substituent in 2Dur is twisted nearly perpen-
dicular (80.5°) to the plane of the bicyclic core due to steric
hindrance, whereas the other aryl boron substituents show
a lesser degree of twisting, namely 45.9° for 2Tol and 46.7° for
2pPh (Fig. 3).

The sulfur analogues, 3R, were obtained by irradiating 1R (R
= Ph, p-Tol, Dur) in benzene with elemental sulfur for 16 h to 3
days, depending on the aryl substituent (Scheme 1). The ''B
NMR resonances of the pale-yellow derivatives 3Ph, 3Tol, and
3Dur appear between 56.6 and 59.4 ppm and fall within the
expected range for such compounds.”®?* A closer analysis by
NMR spectroscopy revealed that the insertion reaction for the

phenyl and p-tolyl derivatives proceeds non-selectively,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Selected molecular structures showing the chalcogen insertion
products 2Ph, 3aPh, 3bPh, and 4Tol with thermal ellipsoids drawn at
the 50% probability level. Thermal ellipsoids for the aryl substituents
and all hydrogen atoms have been omitted for clarity. Depictions of
the molecular structures for 2Tol, 2Dur, 3Tol, and 3Dur are provided in
the SI.

producing regioisomeric products 3bR alongside the expected
insertion products 3aR (R = Ph, p-Tol). The 1,2-B,S isomers 3aR,
in which the sulfur atom inserts into the endocyclic B-C bond
opposite the benzo substituent, predominate in both cases. In
contrast, the sterically more demanding duryl derivative 1Dur
converts cleanly to the expected sulfur insertion product, the
1,2-B,S isomer 3Dur, which was isolated as a pale-yellow solid in
58% yield. While only an isomeric mixture of isomers 3aTol and
3bTol could be isolated for the p-tolyl derivative, the major 1,2-
B,S isomer 3aPh for the phenyl derivative could be separated in
analytically pure form in 15% yield. Assignment and charac-
terization of the different regioisomers were achieved by X-ray
crystallographic analysis (Fig. 3).

The isomers can also be readily distinguished by character-
istic through-space interactions between the boron-bound aryl
group and neighboring protons, as observed in the 2D "H-'"H
NOESY experiment (see SI for details). Both isomers of the
phenyl derivative could be structurally characterized, whereas
only isomer 3bTol of the p-tolyl derivative was accessible by
single-crystal X-ray diffraction. The B-S bond lengths in the
structures are essentially identical, ranging from 1.788(4) to
1.791(2) A, and reflect significant w-delocalization comparable
to that found in BSC, rings exhibiting aromatic character.***

Incorporation of the heavier chalcogen selenium into 1R to
generate boron-selenium-containing naphthalene analogues
were achieved by reaction of 1Ph and 1Tol with elemental
selenium (Scheme 1). When a benzene solution of 1Ph was
heated with a slight excess of red selenium (1.5 equiv) at 80 °C
for three days, the solution gradually changed color from red to
orange, and a new "B NMR resonance appeared at 63.6 ppm,
consistent with formation of the insertion product 4Ph.
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Formation of the p-tolyl derivative 4Tol did not proceed under
the same conditions, requiring heating at 110 °C in toluene,
whereas no formation of the duryl derivative 4Dur was observed
even at 120 °C. Unlike the sulfur insertion reactions, these
selenium insertions are selective, producing exclusively a single
product. Compound 4Tol exhibits a B NMR signal at
64.0 ppm. Good isolated yields of 75% (4Ph) and 78% (4Tol)
were achieved for both insertion products. The ’’Se NMR
signals were observed at 479 (4Ph) and 475 ppm (4Tol),
respectively, in good agreement with the value reported for
a boron-selenium-containing phenanthrene analogue (5(”’Se)
= 494 ppm).*® Compound 4Tol was further characterized by
single-crystal X-ray diffraction. Suitable crystals were obtained
by layering a saturated toluene solution of 4Tol with pentane at
—30 °C. Structural parameters of the planar BSeC, unit closely
resemble those of the B,Se-phenanthrene derivative, with a B-Se
bond length of 1.915(4) A and a small C-Se-B bond angle of
101.4(1) © at the selenium atom (Fig. 3).*

The observed trend of decreased shielding of the "'B NMR
resonances down the chalcogen group, exemplified by reso-
nances at 43.5, 57.3, and 63.6 ppm for 2Ph, 3Ph and 4Ph,
respectively, can be explained by the progressively weaker -
donation from the lone pairs of the heavier chalcogen atoms to
the empty boron p orbital. Related studies of 9-borafluorene
derivatives have shown a similar "'B NMR chemical shift
progression across the chalcogen series.”® The aromaticity of the
boracycles, evaluated by nucleus-independent chemical shifts
(NICS),* indicates comparable aromatic character among the
derivatives: 2Ph (NICS,,(—1/1) = —7.05), 3Ph (NICS,,(—1/1) =
—9.30), and 4Ph (NICS,,(—1/1) = —7.87). While shielding effects
from the heavier chalcogens are expected to influence NICS
values, a comparison of the sulfur derivative 3Ph with its non-
annulated pentaphenyl-1,2-thiaborinine analogue (NICS(1),, =
—12.75 ppm)* and Dbenzannulated  10-phenyl-10,9-
borathiaphenanthrene analogue (NICS(—1/1),, = —2.84 ppm)*
reveals that aromaticity in the boracycle decreases with
increasing benzannulation, consistent with expected trends.
Moreover, the differences in aromaticity between the 1,2- and
2,1-B,E isomers (E = O, S, Se) are minimal, which is consistent
with their only slight differences in thermodynamic stability.
For example, the 1,2-B,S isomer, observed in the sulfur insertion
reaction of 1Ph, was found to be more stable than its 1,2-

2Ph 3Ph 4Ph

Fig.4 ACID isosurfaces of compounds 2Ph, 3Ph, and 4Ph displaying o
and T contributions at an isovalue 0.050 a.u. The magnetic field is
applied perpendicular to the molecular plane of the annulated ring
system. Current density vectors are overlaid on the ACID isosurfaces to
illustrate diatropic (aromatic) ring currents.
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counterpart by merely +0.47 kcal mol " (see SI for details). To
gain richer spatial insight into the conjugation and aromaticity
of the derivatives, we analyzed the anisotropy of the current
(induced) density (ACID, Fig. 4).*” Visualizations of the current
density reveal diatropic (aromatic) ring currents that become
progressively disrupted with heavier chalcogen substitution,
indicating a gradual loss of aromaticity in contrast to the trends
suggested by the NICS values (Fig. 4). The selenium derivative
exhibits discontinuous induced current loops that are inter-
rupted at the chalcogen position, reflecting a loss of aromatic
stabilization.

Alkyne insertions

We further explored the reaction of boraindenes 1Ph and 1Tol
with alkynes, a classic and characteristic reactivity pattern of
boroles, documented for non-, mono-, and bis-benzannulated
derivatives.****® The reaction can proceed through multiple
pathways, producing diverse products such as seven-membered
borepins and bicyclic boranorbornadienes.

Both the phenyl- and p-tolyl-substituted boraindenes were
found to react with diphenylacetylene at room temperature to
give the borepins 5Ph™ and 5Tol™ in good isolated yields of
83% and 82%, respectively (Scheme 2). Monitoring the reaction
indicated completion over 4 days, with no observable

— Alkyne insertions
Ph o
PhC=CPh | i
benzene, rt ==
pp Ph
R
/ 5PhPh (R = Ph, 83%)
B 5TolPh (R = p-Tol, 82%)
| )—Ph —
Ph
Me o
1R =
MeC=CMe | B—R
benzene, rt =
pf Ph
5PhMe (R = Ph, 84%)
5TolMe (R = p-Tol, 81%)
R
23 benzene,
Me Me 80 °C
6PhMe (R = Ph, 91%)
6TolMe (R = p-Tol, 88%) z
Ph”  Ph
R R pPh
B PhC=CSiMe; B .
SiMe;
| )—Ph
benzene, rt Z>ph
Ph Ph
1R (E/2)-7Ph (R = Ph, 84%)
(E/12)-7Tol (R = p-Tol, 87%)

Scheme 2 Products obtained from the reaction of aryl-substituted 1-
boraindenes 1Ph and 1Tol with symmetrical and unsymmetrical
alkynes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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intermediates. The products, obtained as white solids, exhibit
B NMR signals at 72.1 ppm (5Ph™) and 71.5 ppm (5Tol™),
consistent with the expected range for tricoordinate boron
atoms in borepins.’****”® Similar reactivity was observed with
2-butyne (dimethylacetylene), which afforded the correspond-
ing borepins 5Ph™® (84% yield, 6(*'B) = 68.3 ppm) and 5Tol™®
(81%, 6(*'B) = 69.2 ppm).

The seven-membered rings in all four borepin structures, as
determined by X-ray diffraction analysis, adopt nonplanar boat
conformations that disrupt delocalization within the ring,
consistent with previous observations for aryl-substituted bor-
epins.*****” The carbon-carbon bond lengths within the ring
further indicate minimal 7 conjugation, showing values char-
acteristic of localized single and double bonds.

Next, we investigated the thermal stability of the borepins to
determine whether alternative isomeric forms are accessible.
The aryl-substituted borepins 5Ph™ and 5Tol™™ remained
unchanged, whereas the methyl derivatives 5Ph™® and 5Tol™
gradually converted at 80 °C over 4 days into new species
exhibiting 'B NMR resonances at —5.2 and —4.4 ppm (Scheme
2). The pronounced upfield shifts are consistent with the
formation of bicyclic 7-boranorbornadiene structures, stabi-
lized by intramolecular interaction between the electron-
deficient boron atom and the non-conjugated C=C double
bond.**** Single-crystal X-ray diffraction analysis of crystals
obtained by slow evaporation of saturated pentane solutions at
—30 °C confirmed the proposed structures, which correspond to
the formal [4 + 2] Diels-Alder cycloaddition product of the
corresponding boraindenes with 2-butyne. Compound 6Ph™*
crystallizes with two molecules in the unit cell, each exhibiting
different geometric parameters, which can be attributed to two

6PhMe

Fig. 5 Representative structures of the three distinct alkyne insertion
products: 5Ph™¢, 6Ph™e, and (E)-7Ph. Thermal ellipsoids are depicted
at the 50% probability level; those for the aryl substituents are omitted.
Hydrogen atoms have been excluded for clarity. Molecular structures
for 5PhP", 5Tol", 5TolMe, 6TolMe, (2)-7Ph and (E)-7Tol are provided in
the SI.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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distinct orientations of the phenyl substituent on the bridge-
head boron atom (Fig. 5). While both BPh units are markedly
tilted toward the non-annulated double bond, in one confor-
mation the phenyl group is oriented roughly orthogonally to the
axis defined by the carbon atoms of the C=C double bond,
facilitating optimal overlap of the vacant boron p orbital and the
7 system. Despite the enhanced overlap, the C=C bond length
in this conformation (1.388(3) A) is not statistically different
from that in the alternate conformation (1.373(3) A), where the
phenyl group is twisted relative to the double bond. The
bridgehead boron bond angles are nearly identical in both
conformations (97.6(2)° and 97.4(2)°), with values typical for
these strained systems.***>* The crystal structure of 6Tol™®
reveals a single conformation in the unit cell, with the p-tolyl
group oriented approximately perpendicular to the axis defined
by the double bond and markedly tilted toward it. The overall
structural parameters closely match those of 6Ph™® in the same
conformation.

The reactions of boraindenes with the methyl-substituted
alkynes establish a clear order of thermodynamic stability
among the isomeric products: at room temperature, the reac-
tion proceeds via insertion to form seven-membered borepins,
while upon heating, thermal isomerization occurs, yielding the
bicyclic boranorbornadienes 6Ph™¢ and 6Tol™® as the thermo-
dynamically favored species. This two-step pathway, consisting
of insertion followed by rearrangement, offers an alternative to
the direct [4 + 2] cycloaddition of the borole with the alkyne that
forms the boranorbornadiene. We have proposed a similar
competitive insertion mechanism for pentaphenylborole,**
where boranorbornadiene formation was long assumed to
proceed via a Diels-Alder pathway.?® Although an insertion
pathway is clearly favored for the boraindene-alkyne combina-
tions reported here and in Kaufmann's previous study,® cyclo-
addition reactivity of boroles with alkynes has been
unequivocally demonstrated elsewhere.*® These findings high-
light that both steric and electronic effects of the substituents
on the alkyne and the borole govern the reaction pathway and
ultimately determine the relative stability of the products,
which can also interconvert.

The pronounced dependence on the nature of the substitu-
ents is further illustrated by the reaction of boraindenes 1Ph
and 1Tol with the wunsymmetrical alkyne 1-phenyl-2-
trimethylsilylacetylene. Treatment of these boraindenes with
one equivalent of the alkyne afforded an additional, distinct
insertion product (Scheme 2). This transformation was accom-
panied by a gradual color change of the solution from red to
orange over 3 days, along with new ''B NMR signals at 71.4 ppm
(7Ph) and 69.9 ppm (7Tol), respectively. The resulting yellow
solids were isolated in yields of 84% (7Ph) and 87% yield (7Tol),
respectively. Single-crystal X-ray diffraction revealed the ring
expansion of the borole unit to form a boracyclohexadiene,
a structural motif previously established in borole insertion
chemistry (Fig. 5).>*** For 7Ph, both the E and Z isomers, arising
from different configurations of substituents across the exocy-
clic double bond on the six-membered boracycle, were
observed. These correspond to isomers in which the silyl and
boryl groups are either cis or trans to each other, respectively.
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7Tol crystallized exclusively in the E conformation (Fig. 5).
Overall, the structural parameters confirm the assignment of 7R
(R = Ph, p-Tol) as boron-containing dihydronaphthalene
analogues. The two geometric isomers of 7Ph and 7Tol are
readily distinguished by NMR spectroscopy. The observed
isomeric ratio is approximately 2:1 for 7Ph and 5: 2 for 7Tol,
both favoring the E isomer in solution. The divergent insertion
pathway, involving a one-carbon ring expansion of the borole
unit to a boracyclohexadiene, is likely facilitated by a facile silyl
migration that occurs after the initial adduct formation between
the alkyne and the boron atom.*!

Azobenzene insertion

Drawing on established reactivity patterns known from mono-
cyclic boroles, we examined the reaction of boraindenes 1Ph,
1Tol, and 1Dur with azobenzene.* In prior studies, photolytic
reaction of pentaphenylborole with this aryl azo compound was
shown to produce seven-membered 1,3,2-diazaborepin prod-
ucts,*” BN analogues of azepines.*

When the boraindenes 1Ph and 1Tol were irradiated with UV
light from a mercury lamp in the presence of one equivalent of
azobenzene for 16 h at room temperature, selective formation of
new products was observed, exhibiting ''B NMR resonances at
32.7 ppm (8Ph) and 32.1 ppm (8Tol), respectively (Scheme 3).
"B NMR spectroscopic monitoring indicated that the reaction
proceeds without observable intermediates. The boron chem-
ical shifts of these products align closely with that reported for
a related fully phenyl-substituted 1,3,2-diazaborepin derivative
(6(*'B) = 31.6 ppm).*? The formation of the benzannulated
BN,C, ring as the reaction product was confirmed by single-
crystal X-ray diffraction analysis. Due to structural disorder in
8Ph, bond parameters are discussed only for the p-tolyl deriv-
ative 8Tol (Fig. 6). Analysis of 8Tol reveals a nonplanar, boat-like
conformation of the boracycle featuring two distinct B-N bonds
characteristic of a ¢ bond (1.473(3) A) and a dative 7 bond
(1.409(3) A).** The nitrogen atom not involved in 7 bonding
exhibits slight pyramidalization, with an angular sum of
353.3(3)°. Overall, the structural parameters of 8Tol are closely

—— Azobenzene insertions

Ph R
N-pr’
PhN=NPh =B
| / Ph —mm | N—Ph
benzene, rt PH Ph
1Ph (R =Ph) 8Ph (R =Ph, 71%)
1Tol (R = p-Tol) 8Tol (R = p-Tol, 79%)
Dur  ppy
B- /
PhN=NPh =N
| / Ph —mm | N—Ph
benzene rt Ph Ph
1Dur 9Dur (55%)

Scheme 3 Synthesis of diazaborepins via azobenzene insertion into
boraindenes 1Ph, 1Tol, and 1Dur.
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Fig.6 Molecular structures of 8Tol and 9Dur with thermal ellipsoids at
the 50% probability level; those for the aryl substituents are omitted.

Hydrogen atoms have been excluded for clarity. The molecular
structure of 8Ph is shown in the SI.

8Tol 9Dur

—

comparable to those reported for the perphenylated derivative
by the Martin group.*

Interestingly, the reaction of the duryl derivative 1Dur with
azobenzene under similar conditions led to a different
outcome, as indicated by the significantly downfield-shifted *'B
NMR signal at 46.3 ppm for the isolated product 9Dur (55%
yield, Scheme 3). X-ray diffraction analysis revealed a seven-
membered BN,C, boracycle with an intact N-N bond, formed
by the formal insertion of azobenzene into the endocyclic B-C
bond opposite the benzo group (Fig. 6). The boracycle adopts
a more twisted boat conformation compared to those observed
for 8Ph and 8Tol. The two phenyl groups across the N-N single
bond (1.421(3) and 1.433(2) A) are mutually trans, with C-N-N-
C endocyclic torsion angles of 98.3(2) and 106.7(2)° for the two
independent molecules in the unit cell. The B-N bond lengths
of 1.419(2) and 1.420(2) A are characteristic of significant
double bond character.*

Although seven-membered 1,3,2-diazaborepin products
such as 8Ph and 8Tol have been previously reported from the
reaction of pentaphenylborole with azo compounds,* the direct
insertion of an azo group into the borole unit of 1Dur to form
9Dur represents an unprecedented transformation - one anal-
ogous to alkyne insertion that results in formal 1,2-carbobora-
tion of the unsaturated N=N bond. Thus, depending on the
steric demand of the aryl boron substituent, the photochemical
reaction of boraindenes with azobenzene affords two distinct
isomeric forms of B,N-azepine. Notably, 9Dur, featuring
a B-N-N connectivity within the ring, represents an unprece-
dented structural motif among diazaborepins.

Conclusions

In summary, we have expanded the range of known boraindene
derivatives by synthesizing 1-p-tolyl, 1-duryl, and 1-chloro vari-
ants, all sharing the characteristic 2,3-diphenyl-substituted
backbone. Insertion of chalcogen atoms into the boraindenes
afforded B,O-, B,S-, and B,Se-naphthalenes, thereby adding
previously unknown sulfur and selenium derivatives to this
family. The reactivity of the boraindenes with various alkynes
under thermal conditions demonstrated a preference for an
insertion pathway, initially yielding stable borepin derivatives.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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At elevated temperatures, the dimethyl-substituted borepins
derived from 2-butyne rearrange into bicyclic boranorbornadi-
enes, which are the formal [4 + 2] cycloaddition products of
boraindenes and alkynes and represent the thermodynamically
favored species. Reaction with 1-phenyl-2-
trimethylsilylacetylene induced one-carbon insertion and ring
expansion to form a boracyclohexadiene ring featuring an
exocyclic double bond, a structural motif previously reported in
monocyclic borole derivatives. Lastly, the aryl-substituted
boraindenes reacted with diazobenzene to form diazaborepins
(or BN-azepines), with the isomer outcome influenced by the
steric bulk of the 1-aryl substituent. Notably, the 1-duryl deriv-
ative undergoes a formal 1,2-carboboration through insertion of
the azo group, resembling the mechanism observed in borepin
formation from alkynes. These reactions establish boraindenes
as versatile precursors to heteroatom-doped polycyclic
compounds, offering synthetic access to scaffolds that
complement those derived from boroles and 9-borafluorenes.
Future studies will further exploit their potential and elucidate
differences between monocyclic boroles and tricyclic 9-bora-
fluorene analogues.
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