
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
22

/2
02

5 
3:

27
:2

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Borinine-FLP ring
aDepartment of Chemistry, Massachusetts I

Avenue, Building 18-596, Cambridge, MA 02
bDepartment of Chemistry, University of Virg

† Electronic supplementary information
NMR spectra, single-crystal X-ray diffrac
CCDC 2368500–2368507. For ESI and c
electronic format see DOI: https://doi.org

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2025, 16, 10857

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 13th March 2025
Accepted 10th May 2025

DOI: 10.1039/d5sc02000j

rsc.li/chemical-science

© 2025 The Author(s). Published by
expansion: isolation of eight-
membered B–P rings bridged by m2 chalcogenide
and chloronium ions†

Nathan C. Frey, ‡a Samir Kumar Sarkar,‡a Diane A. Dickie, b Andrew Molinoa

and Robert J. Gilliard, Jr *a

Boron–phosphorus (B–P) frustrated Lewis pairs (FLPs) are an important class of compounds for activating

various small molecules. Utilizing the ring expansion reactivity of 9-chloro-9-borafluorene, a borinine-

based FLP was synthesized. Various five-membered main-group element heterocycles were obtained via

the reaction of the FLP with Me3NO, S8, and Se. Subsequent reduction of these species yielded the ring-

expanded compounds, each featuring bridging B–E–B (E = O, S, Se) bonds. Similarly, halide abstraction

from the FLP with AgNTf2 led to the formation of a cationic ring-expanded compound with a bridging

B–Cl–B motif. This motif constitutes one of the first examples of a boron-stabilized chloronium ion, as

verified using in-depth bonding analysis methods. Mechanistic pathways for the reduction- and halide

abstraction-mediated ring expansion reactions are proposed with the aid of density functional theory.

Electronic structure computations were performed to determine the best representation of bonding

interactions in each compound, suggesting phosophorus(V)–chalcogen double bonding and chalcogen–

boron(III) dative interactions within the heterocycles.
Introduction

Due to their partially lled d orbitals and broad range of oxida-
tion states, transition metals have been used to activate a variety
of chemical bonds. In recent years, however, there has been
a surge in the use of main-group compounds to activate small
molecules in a manner similar to transition metals. Collectively,
this eld has been recognized as “main-group metallomimetic
chemistry”.1–9 At the forefront of these advances is boron, which
by virtue of its vacant pz orbital, is inherently electron decient.6,9

Nonetheless, recent developments in boron-based small mole-
cule activation have shown that electron-rich boron systems,
such as radicals,6,10–12 anions,13–20 and boron–boron multiply
bonded systems,21–29 exhibit a broad array of reactivity toward
various small molecules. One of the most commonly utilized
methods of boron-based reactivity is through the use of Frus-
trated Lewis Pairs (FLPs).30–33

Since the seminal report by Stephan,34 FLPs have been used
to activate various small molecules, including H2, CO2, and
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NO.30–33,35 In typical FLPs, sterically bulky functional groups on
the Lewis base (LB) and Lewis acid (LA) preclude the formation
of typical acid–base adducts, resulting in a formal lone pair on
the LB and an empty orbital on the LA. This conguration
enables the FLP to act as both an electron donor and acceptor,
resembling the frontier d orbitals of transition metals. Accord-
ingly, FLPs have become a key component of main-group
“metallomimetic” reactivity and catalysis for various hydroge-
nation, reduction, and small molecule capture reactions.30,32,33,36

While traditional FLPs consist of distinct Lewis acidic and basic
fragments, recent studies have shown that species with highly
strained rings with LB–LA moieties can also react like tradi-
tional FLPs.37–43 Accordingly, a theoretical study by Fernandez
demonstrated that the ring-opening reactivity of these cyclic
FLPs is dictated by ring strain.44 Electrochemical trans-
formations of FLPs and their resulting products have been
described to result in desired reactivity, including C–F func-
tionalization and metal-free dehydrogenations.45–50 We hereby
report the synthesis of a borinine-based FLP that activates
chalcogen-containing small molecules to generate ve-
membered main-group element heterocycles, as well as the
reactivity of these species with potassium graphite or silver(I)
triuoromethanesulfonamide to induce ring expansion.
Results and discussion

Expanding on our previous work to form bis(9-boraphenan-
threne),51,52 and earlier reports by Fukushima,53 we sought to
Chem. Sci., 2025, 16, 10857–10866 | 10857
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Scheme 1 Synthesis of compound 1 from 9-chloro-9-borafluorene
and diphenyl(phenylethynyl)phosphane.

Scheme 2 Ring expansion of compound 1 to form compounds 2–4.
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harness the ring expansion reactivity of 9-chloro-9-borauorene
to form reactive borinines. 9-Chloro-9-borauorene was reacted
with diphenyl(phenylethynyl)phosphane in a 1 : 1 ratio in
toluene under reux conditions (Scheme 1), which led to the
isolation of borylphosphinoethylene 1 as an off-white powder in
92% yield. The corresponding 11B{1H} resonance appeared at
0.3 ppm as a result of phosphorus-atom coordination to the
boron center and is shied upeld compared to 9-chloro-9-
borauorene (61.5 ppm), consistent with a tetracoordinate
boron center.54 Single crystal X-ray diffraction (SC-XRD) analysis
of compound 1 (Fig. 1) reveals that the six-membered boracycle
ring is nonplanar due to phosphorus coordination, which forms
a four-membered ring (B1–C13–C14–P1). The highly strained
nature of the ring is indicated by the P1–C14–C13 angle
(95.01(15)°), which is lower than the average for similar B–C–C–
P motifs (96.504°, ranging from 94(1)° to 100.6(1)°),55 as well as
the ideal C(sp2) bond angle of 120°. The B1–P1 bond length
(2.018(2) Å) is also shorter than the average reported for similar
systems with strained B–P bonds (2.062 Å, ranging from
1.985(1)° to 2.168(2)°).55

Because of the highly strained B–P ring, it was hypothesized
that the four-membered ring may undergo ring expansion upon
reaction with elemental chalcogens to form main-group
element-doped ve-membered rings, analogous to those previ-
ously reported.37,38,43 With compound 1 in hand, combination of
the FLP with trimethylamine N-oxide (Me3N–O), elemental
sulfur (S8), and grey selenium (Se) in dichloromethane (DCM) at
room temperature led to the formation of compounds 2, 3, and
4, respectively (Scheme 2). Colorless, plate-shaped crystals of
Fig. 1 Molecular structure of 1; hydrogen atoms are omitted for
clarity. Anisotropic displacement parameters are depicted at 50%
probability level. Selected distances (Å) and angles (°): B1–P1: 2.018(2);
B1–Cl1: 1.885(3); C13–C14: 1.366(3); B1–C13–C14: 107.43(19); P1–
C14–C13: 95.01(15)°.

10858 | Chem. Sci., 2025, 16, 10857–10866
each species were grown in 90% (2), 93% (3), and 91% (4) yields.
The 11B{1H} NMR spectra of compounds 2, 3, and 4 show
signals at 10.9, 10.1, and 9.3 ppm, respectively, which are
indicative of tetracoordinate boron centers. The 31P{1H} NMR
peaks are observed at 72.9, 68.2, and 59.3 ppm, respectively,
values that differ signicantly from their E]PPh3 counterparts
(O]PPh3: 29.3 ppm, S]PPh3: 43.2 ppm, Se]PPh3: 35.8 ppm).56

The identities of compounds 2–4 were veried via SC-XRD
analysis (Fig. 2).

The solid-state structures of compounds 2–4 each feature
B1–C13–C14–P1–E1 (E = O, S, Se) ve-membered planar rings
with an out-of-plane chlorine atom bound to the tetrahedral
boron center. Relevant interatomic distances and angles are
summarized in Fig. 2. As expected, the B1–P1 interatomic
distance changes substantially from compound 1 (2.018(2) Å)
aer ring expansion to form compounds 2–4, reecting the
inuence of the chalcogen size (2.527(3) Å for 2, 2.876(4) Å for 3,
and 2.965(5) Å for 4). Because the phosphorus–chalcogen bond
distances (1.5433(17) (2), 2.0170(10) (3), 2.1601(10) Å (4)) are all
similar to the average C3P]E bonds (1.495 Å (O), 1.978 Å (S),
2.127 Å (Se)), the P]E interaction is most appropriately
described as a double bond. Consequently, the boron–chal-
cogen interaction is best characterized as a dative interaction.
The E/B distances in 2 (1.528(3) Å), 3 (1.968(3) Å), and 4
(2.110(4) Å) align with the average E/B distances reported in
the literature (1.517 Å (O), 1.954 Å (S), 2.1670 Å (Se)).55 Notably,
the B1–E1–P1 bond angle decreases as a function of chalcogen
size, while the B1–C13–C14 and P1–C14–C13 bond angles each
increase.

In an attempt to isolate the intramolecular phosphine-
stabilized borinine anion via chemical reduction of
compounds 2, 3, and 4 using 2 equivalents of potassium
graphite (KC8), compounds 5, 6, and 7 were obtained from
compounds 2, 3, and 4, respectively (Scheme 3, top). Colorless,
plate-shaped crystals were obtained aer several days in 88%
yield for 5, 91% yield for 6, and 89% yield for 7.

The 11B{1H} NMR spectra of compounds 5, 6, and 7 show
signals at 0.7, −14.8, and −17.2 ppm, respectively, consistent
with tetracoordinate boron centers. The 31P{1H} NMR peaks are
observed at 18.1, 10.6, and −4.3 ppm for 5, 6, and 7, respec-
tively. Both the 11B{1H} and 31P{1H} NMR peaks are shied
upeld compared to those of compounds 2, 3, and 4. When
compound 1 was reacted with 1 equivalent of KC8 in THF,
compound 5 was formed via THF activation. However, when
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Molecular structures of 2 (A), 3 (B), and 4 (C); hydrogen atoms are omitted for clarity. Anisotropic displacement parameters are depicted at
50% probability level. Selected distances (Å) and angles (°): 2: B1–P1: 2.527(3); B1–O1: 1.528(3); B1–Cl1: 1.915(3); P1–O1: 1.5433(17); C13–C14:
1.357(3); B1–C13–C14: 115.1(2); P1–C14–C13: 105.41(17); B1–O1–P1: 110.71(15) 3: B1–P1: 2.876(4); B1–S1: 1.968(3); B1–Cl1: 1.903(3); P1–S1:
2.0170(10); C13–C14: 1.352(5); B1–C13–C14: 121.0(3); P1–C14–C13: 112.3(2); B1–S1–P1: 92.39(4) 4: B1–P1: 2.965(5); B1–Se1: 2.110(4); B1–Cl1:
1.902(5); P1–S1: 2.1601(10); C13–C14: 1.349(5); B1–C13–C14: 123.2(3); P1–C14–C13: 113.7(3); B1–Se1–P1: 87.93(12).

Scheme 3 Synthesis of compounds 5, 6, 7 (top) and 8 (bottom).
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THF was replaced with toluene, the reaction produced an
analogue of compound 1 featuring a B–H bond, likely due to
hydrogen abstraction from the solvent (Scheme S1†).

In attempts to form an intramolecular phosphine-stabilized
borenium ion, compound 8 was synthesized by combining
compound 1 with silver bis(triuoromethanesulfonyl)imide
(AgNTf2) in a 1 : 1 molar ratio in uorobenzene at room
temperature (Scheme 3, bottom). The 11B{1H}, 31P{1H}, and 19F
NMR signals appear at 3.0, 21.3, and −77.6 ppm, respectively.
Notably, the addition of excess AgNTf2 to compound 8 did not
result in halide abstraction of the remaining chloride.

Compounds 5–7 were crystalized in a colorless, plate-like
form from toluene at −37 °C. All three compounds (5–7)
adopt a bowl-type geometry, where the phosphorus atoms of
one borinine coordinate to the boron center of the other,
forming an 8-membered ring with a central m2-E (E = O, S, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
Se) atom bound to the B atoms (Fig. 3A–C). The B–E–B (E= O, S,
and Se) bond angles in 5–7 measure 121.7(3)°, 99.9(3)°, and
95.37(17)°, respectively. The average B–O, B–S, and B–Se bond
lengths are 1.436(6), 1.895(10), and 2.041(6) Å, whereas the
average B–P bond lengths in 5–7 are 2.078(4), 1.989(10), and
1.983(6) Å, respectively, each within the expected range. From
these data, it is observed that when the B–E bond lengths
increase, the B–P bond lengths decrease. Although similar
dibora-bicyclononane structures with a m2–O have been previ-
ously reported,57–65 the m2–S (one example)66 and m2–Se (no
examples) bonds are exceedingly rare for this motif.

Compound 8 was obtained as yellow, block-like crystals from
uorobenzene at −37 °C, enabling its structural characteriza-
tion via SC-XRD studies. Interestingly, compound 8 exhibits
a bonding motif similar to 5–7, despite markedly different
reaction conditions (Fig. 3D). The B1–Cl1 bond length
(1.9599(17) Å) is nearly identical to the B2–Cl1 bond distance
(1.9548(18) Å), and both exceed the average B–Cl bond length
(1.812 Å, ranging from 1.41(4) Å to 2.360(2) Å) reported in the
literature.55 Due to these similarities, compound 8 was sub-
jected to theoretical analysis to understand its electronic
structure (vide infra). Although other species containing a B–Cl–
B bonding motif have been reported, they primarily exist as
neutral or anionic species.67–72 The only known cationic B–Cl–B
species were reported by Braunschweig73 and Chein and Chiu.74

It should be noted that neither Braunschweig nor Chein and
Chiu characterized the bonding interactions between boron
and chlorine within their reported species using theoretical
methods. Braunschweig's [B2Cl3(IDip)2]

+ displays signicantly
asymmetric B–Cl bonds (1.992(7) Å and 2.257(6) Å), which is the
result of one B–Cl covalent interaction and one Cl/B dative
interaction. However, the B–Cl bonds in [B2Cl3(IMes)2]

+

(2.033(2) Å and 2.078(2) Å) are much more similar to one
another. Furthermore, Chein and Chiu's masked borenium ion
exhibits symmetric B–Cl bond lengths (1.991(1) Å and 1.990(1)
Å), a feature also observed in compound 8.

With all compounds isolated, density functional theory
(DFT) was employed to analyze the electronic structure of
compounds 1–4. Analysis of the Wiberg Bond Indices (WBI) at
the B3LYP75,76-D3(BJ)77/def2-TZVP78 level of theory indicates that
the B–Cl in 1 can be regarded as a single bond (WBIB–Cl= 0.944).
Chem. Sci., 2025, 16, 10857–10866 | 10859
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Fig. 3 Molecular structures of 5 (A), 6 (B), 7 (C), and 8 (D); hydrogen atoms, solvents, and counteranions (8) are omitted for clarity. Anisotropic
displacement parameters are depicted at 50% probability level. Selected distances (Å) and angles (°): 5: B1–P2: 2.080(4); B1–O1: 1.439(4); B2–P1:
2.075(4); B2–O1: 1.432(4); B1–O1–B2: 121.7(3) 6: B1–P2: 2.008(6); B1–S1: 1.893(6); B2–P1: 1.996(7); B2–S1: 1.902(7); B1–S1–B2: 99.9(3) 7: B1–
P2: 1.976(4); B1–Se1: 2.035(5); B2–P1: 1.989(5); B2–Se1: 2.035(5); B1–Se1–B2: 95.37(17) 8: B1–P2: 1.9958(18); B1–Cl1: 1.9599(17); B2–P1:
1.9986(17); B2–Cl1: 1.9548(18); B1–Cl1–B2: 101.30(7).
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However, this bond weakens in the case of compound 2
(WBIB–Cl = 0.883), which can be rationalized by enhanced
electron density at the boron center, resulting in weaker Cl/B
p back-donation. As the chalcogen changes from S to Se,
WBIB–Cl remains mostly unchanged (WBIB–Cl = 0.938 for 3,
WBIB–Cl = 0.968 for 4) and reects the reduced orbital overlap
between B and the heavier chalcogens.

Model systems based on similar scaffolds by Rivard (A)40 and
Nikonov (B),38 as well as (Ph)3P–BPh2Cl, were used as compar-
ison points to the interaction between boron and phosphorus in
compound 1. Representations of all model systems used for
theoretical studies are available in Fig. S34.† Localized molec-
ular orbital analysis (Intrinsic Bonding Orbitals, IBOs)79 and
quantum theory of atoms in molecules (QTAIM) analysis
describe bonding interactions between the boron and phos-
phorus atoms of compound 1 and model systems A, B, and
(Ph)3P–BPh2Cl (Table S7†). The r(B–P) term denotes the elec-
tron density at the bond critical point (BCP) between boron and
phosphorus, where a lower r value indicates a weaker covalent
bond. The r(B–P) value for compound 1 is signicantly lower
10860 | Chem. Sci., 2025, 16, 10857–10866
than that of A and B, suggesting a more labile B–P bond in
compound 1. Further evidence for the weak B–P bond in 1 is
represented by the low H(B–P) value, which represents the total
electron density at the BCP. Visualization of contour plots of the
Laplacian of electron density for compounds 1, A, B, and
(Ph)3P–BPh2Cl are available in Fig. S35–S38.† The curved nature
of the bond paths between the boron and phosphorus atoms in
1, A, and B are a result of the strained B–C–C–P ring in each
system, while the bond path in (Ph)3P–BPh2Cl is linear.

Localized molecular orbital analysis of compounds 2–4
identies localized bonds displaying a s bond between E and B,
both s and p character between P and E, and a single lone pair
on E (Fig. 4 and S39†). To further examine the nature of the E–B
bond in compounds 2–4, energy decomposition analysis in
conjunction with the natural orbitals of chemical valence
method (EDA-NOCV) was performed to contrast electron-
sharing (ES) and donor–acceptor (DA) bonding models. EDA-
NOCV results indicate that the E–B bond in compounds 2–4 is
best described as a donor–acceptor interaction, in which a lone
pair on the chalcogen coordinates to the boron center (Fig. 4B
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Intrinsic bonding orbitals (IBOs) of the B–O and P]O (s and p) bonding interactions, as well as E lone pairs, in compound 2 computed
at the B3LYP-D3BJ/def2TZVP level of theory. Orbital iso-surfaces enclose 70% of the integrated electron density of the orbital. (B) NOCV
deformation density of the most significant orbital interaction for 2. Direction of charge migration is red to blue. Hydrogen atoms are omitted for
clarity.
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and Table S8†). The strength of these E–B dative interactions
decrease with the heavier chalcogens (E–B: O; −146 kcal mol−1

> S; −125 kcal mol−1 > Se; −121 kcal mol−1). Taken together
with the experimental SC-XRD data, these computational nd-
ings suggest that the phosphorus–chalcogen interaction retains
double-bond character, accompanied by a chalcogen–boron
dative interaction.

Further insight into the electronic structure of compounds 1–8
was achieved by analyzing their frontier molecular orbitals,
computed at the CPCM(DCM)-B3LYP-D3(BJ)//B3LYP-D3(BJ)/def2-
TZVP level of theory. In each compound 1–4, the highest occupied
molecular orbital (HOMO) lies primarily on the borinine unit
(Fig. S40†). However, notable differences are observed in the
lowest unoccupied molecular orbital (LUMO) of these systems.
Whereas the LUMO of compound 1 exhibits signicant density
on the endocyclic alkene carbons, compounds 2–4 have LUMOs
that are more localized on the endocyclic alkene carbons, as well
as the –PPh2 motif. Comparison of the HOMO of compounds 5–8
indicates that the each HOMO of each system lies on the borinine
core, with additional contribution from the bridging chalcogen
(O, S, Se for 5, 6, 7, respectively) (Fig. S41†). The LUMO of these
systems lies primarily on the endocyclic alkene carbons. Despite
the HOMO of compounds 5–7 possessing signicant chalcogen
non-bonding orbital contribution, the HOMO of compound 8+

(counter-anion not considered) possesses no Cl lone pair char-
acteristics. Instead, the HOMO of compound 8+ resembles that of
compounds 1–4 by residing primarily on the borinine backbone.

Although compound 8 is formally a cationic species, the
nature of the bridging B–Cl–B moiety remains ambiguous due
to the potential for both donor–acceptor and electron-sharing
Table 1 Computed bond distances and CM5 charges80 computed at
the CPCM-B3LYP-D3BJ/def2TZVP level of theory for compounds 8+,
C+, D+, Me2Cl+, pyCl

+, and py2Cl
+. The dielectric constant (3) was set

to 5.42 to resemble fluorobenzene solvation

Compound r(B–Cl) (Å) CM5(B) CM5(Cl)

8+ 1.963 −0.19 +0.21
C+ 2.020 +0.01 +0.16
D+ 1.830 (exocyclic) −0.15 −0.04 (exocyclic)

2.043 (endocyclic) — +0.07 (endocyclic)
Me2Cl

+ — — +0.32
pyCl+ — — +0.22
py2Cl

+ — — +0.08

© 2025 The Author(s). Published by the Royal Society of Chemistry
bonding interactions. Owing to this ambiguity, a more
comprehensive theoretical analysis was conducted to elucidate
the nature of the B–Cl–B bond and to assess the possibility of
a bridged chloronium species. The Hirshfeld CM-5 charge80 on
the Cl atom in 8+ was calculated to be +0.210, while the charge
on both B atoms is −0.190 (Table 1). For comparison, the CM-5
charges of relevant literature compounds, including the chlor-
oborane borenium ion reported by Chein and Chiu (C+),74 the
[B2Cl3(IMes)2] cation reported by Braunschweig73 (D+), Me2Cl

+

reported by Stoyanov and Reed,81 and pyCl+ and py2Cl
+ reported

by Riedel82 were also computed (Table 1). All species, with the
exception of D+ (−0.040) and py2Cl

+ (+0.080), exhibit a positive
Cl atom charge of approximately +0.200, suggesting a chloro-
nium ion. IBO analysis of 8+ indicates a single covalent inter-
action between the central chlorine atom and each boron
center, identifying two B–Cl s bonds and two lone pairs (s and p
character) on chlorine (Fig. S42†). As observed in diary-
liodonium ions theoretically analyzed by Huber and Legault,83

the s and p lone pairs on chlorine remain localized due to the
bent geometry at chlorine, preventing delocalization to either
boron center. EDA-NOCV analysis was subsequently performed
on 8+ to compare both donor–acceptor and electron-sharing
models for the bridging B–Cl–B moiety. EDA–NOCV results
conrm that the most appropriate bonding model is an
electron-sharing interaction between two triplet fragments:
a chlorine cation and the diboracycle (Fig. S45 and Table S9†). A
Fig. 5 Calculated relative gas-phase free energies (DG, kcal mol−1) for
the reaction between 9-chloro-9-borafluorene and diphenyl(pheny-
lethynyl)phosphane to form compound 1 computed at the B3LYP-
D3(BJ)/def2-TZVP level of theory.
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qualitative molecular orbital diagram for the B–Cl–B bonding
interactions, including the relevant localized bonding orbitals,
is provided in Fig. S42.† These combined theoretical results
unambiguously identify the chlorine in compound 8 as
a chloronium ion, representing one of the earliest examples of
such a species supported by two boron centers.

The mechanism to form boracyclohexadienes from 9-chloro-
9-borauorene has been previously reported by Braunschweig
and Lin.84 Drawing inspiration from this study, density func-
tional theory was employed to investigate a possible mechanism
for the formation of compound 1 at the B3LYP-D3(BJ)/def2-
TZVP level of theory (Fig. 5). Starting from I, the C1 carbon of
diphenyl(phenylethynyl)phosphane acts as a nucleophile and
attacks the boron center (TS-II, DG‡ = +23.2 kcal mol−1),
resulting in formation of int-III (DDG = −20.0 kcal mol−1), in
which a phosphirenium ion and borauorenate are formed.
Through TS-IV (DDG‡ = +15.8 kcal mol−1), the phosphirenium
ring opens, resulting in a 1,2-shi of the diphenylphosphino
group to the C2 carbon, as well as ring expansion of the bora-
uorene to form borinine int-V (DDG = −35.9 kcal mol−1). The
diphenylphosphino moiety then rotates to form compound 1
(DDG = −4.3 kcal mol−1).
Fig. 6 Calculated relative gas-phase free energies (DG, kcal mol−1) fo
compound 5 computed at the B3LYP-D3(BJ)/def2-TZVP level of theory

10862 | Chem. Sci., 2025, 16, 10857–10866
The second mechanism of interest involves the reductive
ring expansion of compound 2 to form compound 5. A proposed
mechanism for this process was computed at the B3LYP-D3(BJ)/
def2-TZVP level of theory (Fig. 6). Addition of potassium metal
to compound 2 results in the formation of int-A (DG =

−22.6 kcal mol−1), in which the potassium atom is stabilized by
the p-system of a neighboring phosphine ring and the central
oxygen ring. From int-A, KCl leaves the coordination sphere of
the reduced heterocycle (int-B, DDG = −8.1 kcal mol−1),
subsequently forming int-C (DDG = +10.8 kcal mol−1), which
suggests the formation of a phosphine-stabilized boryl radical.
A second equivalent of int-C combines to produce the open-
shell singlet int-D (DDG = −7.9 kcal mol−1), in which the two
int-C units are in close proximity to each other. A radical
coupling transition state (TS-E, DDG‡ = +27.7 kcal mol−1) from
int-D was found to be the rate determining step of the mecha-
nism. Once the bridging oxygen–boron bond is formed, the
newly generated system becomes a closed-shell singlet (int-F,
DDG = −47.2 kcal mol−1). Subsequent addition of two equiva-
lents of potassium metal results in the dipotassium species int-
H (DDG = −27.4 kcal mol−1). Loss of K2O from int-H leads to
the ring-expanded compound 5 (DG = −87.1 kcal mol−1). To
r reduction and subsequent ring expansion of compound 2 to form
.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Calculated relative free energies (DG, kcal mol−1) for halide abstraction and subsequent ring expansion of compound 1 to form compound
8+ computed at the CPCM-B3LYP-D3-(BJ)/def2-TZVP level of theory. The dielectric constant (3) was set to 5.42 to resemble fluorobenzene
solvation.
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account for the formation of solid K2O, the computed DGrxn

from int-H to compound 5 was adjusted by adding the experi-
mental DGdeposition for KCl (−55.7 kcal mol−1) to the computed
DGrxn. Despite our best efforts to model the potential energy
surface for S and Se analogues, TS-E could not be located for
either system. Nonetheless, we postulate that compounds 3 and
4 proceed through a similar mechanism as compound 2. The
computed intermediates for formation of compounds 6 and 7
are available in Fig. S43 and S44.†

We then sought to propose a mechanism for the ring
expansion of compound 1 to form compound 8 upon halide
abstraction (Fig. 7). The mechanism begins with the removal of
Cl− from 1, resulting in the phosphine-stabilized borenium ion
int-1 (DG = +33.4 kcal mol−1). Subsequent addition of a second
equivalent of 1 forms int-2 (DDG = −0.3 kcal mol−1). TS-3 is the
result of nucleophilic phosphine attack of P2 on B1 in an SN2

fashion (DDG‡ = +31.4 kcal mol−1), resulting in dissociation of
P1 from B1, forming int-4 (DG = −25.3 kcal mol−1). From int-4,
nucleophilic attack of B2 by P1 via TS-5 (DDG‡ =

+0.7 kcal mol−1), results in the formation of 8+ (DDG =

−36.6 kcal mol−1). An alternative low-lying transition state (TS-
30), arising from chlorine nucleophilic attack at one of the boron
sites (DDG‡= +5.5 kcal mol−1), was also found and results in the
ring-closed int-40 (DDG = −7.5 kcal mol−1). However, this
© 2025 The Author(s). Published by the Royal Society of Chemistry
kinetic product readily reverts to int-2, whereas int-4 provides
a signicant thermodynamic sink that minimizes reversibility
at room temperature.

Conclusions

In summary, we report a new approach to expand the borole
ring in 9-chloro-9-borauorene using diphenyl(phenylethynyl)
phosphane to yield a six-membered borinine ring that contains
a four-membered B–P heterocycle (1). The computed mecha-
nism for the ring expansion shows that the reaction proceeds
through a 1,2-shi of the –PPh2 group. Compound 1 was then
used to activate chalcogen sources (Me3N–O, S8, and Se) to form
ve-membered B–E–P heterocycles 2–4. Subsequent reduction
of these species with KC8 results in K2E formation, thereby
forming an eight-membered ring with a m2-chalcogenide con-
necting two boron centers in compounds 5–7. A proposed
mechanism shows that the rate-determining step of this
reductive ring expansion is an open-shell singlet transition
state, in which an intermolecular B–E bond is formed. Halide
abstraction of compound 1 using silver bis(tri-
uoromethanesulfonyl)imide forms a proposed intermediate
phosphine-stabilized borenium ion, which then ring expands to
form compound 8. Using theoretical methods, we have assigned
Chem. Sci., 2025, 16, 10857–10866 | 10863
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compound 8 as containing one of the rst examples of a boron-
stabilized chloronium ion.

Data availability

Crystallographic data for 1–8 can be found in the Cambridge
Crystallographic Database (CCDC: 2368500–2368507). All other
data have been provided in the ESI,† including experimental
details, NMR spectra, single-crystal X-ray diffraction data, and
computational details.

Author contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the nal version of
the manuscript.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

We are grateful to the National Science Foundation Chemical
Synthesis (CHE 2046544) and Major Research Instrumentation
(CHE 2018870) programs for support of this work. We also
thank the Alfred P. Sloan Foundation for a Sloan Research
Fellowship. R. J. G. acknowledges additional laboratory support
through a Beckman Young Investigator award from the Arnold
& Mabel Beckman Foundation. N. C. F. acknowledges the
National Science Foundation for a Graduate Research Fellow-
ship (grant #1842490). N. C. F. thanks Professor Charles Edwin
Webster for insightful conversations concerning the computa-
tional portions of the paper. The authors acknowledge the MIT
SuperCloud and Lincoln Laboratory Supercomputing Center for
providing resources that have contributed to the research
results reported within this paper/report.

Notes and references

1 Z. Liu, Z. Wang, H. Mu, Y. Zhou, J. Zhou and Z. Dong, Nat.
Commun., 2024, 15, 9849.

2 M. Shibuya, M. Matsuda and Y. Yamamoto, Chem.–Eur. J.,
2021, 27, 8822–8831.

3 S. Bonfante, C. Lorber, J. M. Lynam, A. Simonneau and
J. M. Slattery, J. Am. Chem. Soc., 2024, 146, 2005–2014.
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