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cidic antimony centers with
electron-withdrawing carborane cages

Victoria P. Rubio, a McKinley H. Durham,a Matthew Scurria, a Tyler A. Kerr, a

Osvaldo Gutierrez *a and Alexander M. Spokoyny *ab

While fluorinated carbon-based electron withdrawing substituent groups are commonly employed when

strengthening the Lewis acidity of group 15 organometallic compounds, we exploit an alternative

approach by leveraging the electron-withdrawing properties of the carbon vertices of three-dimensional

icosahedral boron clusters, known as carboranes. Here, we report the synthesis of C-bound ortho-

carborane bridged antimony(III) species, which can be conveniently oxidized to their antimony(V)

counterparts using o-chloranil. The corresponding antimony(V) species have proven to strongly bind to

small molecules showing that with the aid of bulky C-bound carborane groups, antimony(V) centers have

enhanced Lewis acidic properties. This improved Lewis acidity is confirmed via binding studies and

computational analysis, which together highlight the reactivity of accepting s* orbitals, commonly

referred to as sigma holes.
Introduction

A well-established strategy for modulating Lewis acidity in main
group-based compounds centers on using carbon-based
substituents to tune both steric and electronic environments.
Specically, peruoroaromatic substituents have been known
for several decades as strong electron-withdrawing moieties,
which when appended to a certain atom (e.g., B, Al, Si, Hg) can
confer substantial Lewis acidity in the resulting species
(Fig. 1).1–5 In 1991, Hawthorne reported a class of mercury-based
macrocycles containing C–Hg-bound carborane-based ligands
which exhibited unprecedented Lewis acidic properties stem-
ming from electron-poor Hg(II) sites.6,7 This work raises the
question of whether C-bound carborane clusters can exhibit
electron-withdrawing properties comparable to those of
peruoroarenes. Over the next two decades, subsequent studies
by several groups showed that when ortho- and meta-carborane
(subsequently abbreviated as o- and m-carborane, respectively)
clusters are C-bound to other heteroatoms including phos-
phorus,8a,b sulfur,8c,d carbon,8e selenium,9 iodine,10 boron,11 and
most recently tin,12 they exhibit electron-withdrawing properties
that can surpass the inductive effect of the pentauoroaryl
group (Fig. 1).

Among the existing main group Lewis acids, heavy pnictogen
(Sb, Bi) compounds remain relatively underexplored compared
to their organoborane counterparts.13–15 Specically, Sb(V) and
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Bi(V) compounds can engage in noncovalent binding due to the
presence of a low-lying sigma star (s*) orbital on the heavy
atom. These binding interactions are normally termed as
pnictogen (Pn) bonding. Analogous to halogen and chalcogen
bonding, these interactions can be enhanced by the nature of
the substituent directly attached to the Pn(V) site which
deepens the sigma-hole and lowers the energy of the accepting
s* orbital, thus enhancing Lewis acidity.16–19a–e

Inspired by Pn(V) species and the superior ligand properties
of icosahedral carboranes, we sought to combine both features
in the design of new antimony-based Lewis acids. In a series of
seminal papers, Gabbäı and co-workers have recently advanced
the eld of Lewis acidic organostiboranes using peruoroaryl
substituents.20–22 Specically, they reported a series of Sb(V)
compounds whose Lewis acidity is reected in uorine ion
affinity (FIA) values approaching 400 kJ mol−1. Here we
demonstrate how replacing the peruoroaryl moiety with an o-
carboranyl substituent results in a 40–50 kJ mol−1 increase in
FIA. This is further reinforced by experimental measurements
using the 31P chemical shi of triethylphosphine oxide (Et3PO)
in the presence of Sb(V) compounds, as well as solution-based
uoride titrations.23,24 Overall, this work highlights how car-
boranes can act as powerful electron withdrawing substituents
surpassing peruoroaryls in the context of Pn(V) chemistry.
Results and discussion

To date, only one report describes an exopolyhedral carborane
C–Sb bond, where Bregadze and co-workers claimed the
successful synthesis of Sb(2-Ph-o-carborane)3 on the basis of
elemental analysis and melting point data, obtained by heating
Chem. Sci.
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Fig. 1 (A) Select, early examples of perfluoroaryl-stabilized main-group species. (B) Comparison of perfluoroaryl and C-bound carborane
substituents as inductively withdrawing motifs. (C) Representative advances in carborane-based architectures demonstrating extreme electron-
withdrawing properties of C-bound icosahedral carboranes.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/2
1/

20
26

 4
:1

0:
58

 P
M

. 
 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
1-Li-2-Ph-o-carborane in neat SbCl3.25 In order to determine the
general synthetic feasibility of attaching two Sb(III) substituents
onto the carbon vertices of o-carborane, we have chosen di-
lithiated o-carborane as a potential reagent of choice that can
engage in a nucleophilic substitution with antimony-based
electrophiles. A solution of SbCl2Ph26 dissolved in dry di-
chloromethane (DCM) is added to a suspension of freshly
prepared dilithiated o-carborane, and the resulting reaction
mixture is le stirring at room temperature for 12 hours; in situ
11B NMR spectroscopy indicates full consumption of the start-
ing material. Following workup, the crude product material is
recrystallized in benzene affording spectroscopically pure
compound 1a, consistent with the multinuclear NMR (1H, 13C
{1H}, 11B, 11B{1H}) spectroscopy.

Specically, the NMR spectra conrm the bridged architec-
ture, as evidenced by the disappearance of the characteristic o-
carborane C–1H resonance at 3.20 ppm in the 1H NMR spec-
trum and the corresponding integration of the B–H and
aromatic regions. Finally, X-ray crystallographic studies on the
single crystals of 1a grown in benzene unequivocally support
the proposed structural model where two Sb(III) centers are
connected with two C-bound o-carboranyl ligands, resulting in
the formation of a six-membered Sb-containing heterocycle
(Fig. 2).
Chem. Sci.
We found that by changing the antimony precursor from
SbPhCl2 to the SbPh2Cl species, the C-bound o-carboranyl Sb(III)
species 2a can be accessed, where only one o-carborane ligand
bridges two Sb(III) sites. This compound was synthesized in 62%
yield using a procedure similar to the synthesis of 1a (see SI).
Heteronuclear NMR spectroscopy and single crystal X-ray
structural characterization are fully consistent with the
proposed structural formulation of 2a (Fig. 2). The ability to
prepare both 1a and 2a allowed us to explore the steric and
electronic effects imposed on the heavy pnictogen center by the
o-carboranyl moieties. While the 11B NMR spectrum for 1a and
2a is less informative due to its broadening, its noticeably
distinct features compared to the starting material further
support the formation of 2a. The broadening is ascribed to
newly introduced uxionality in 2a due to possible rotation of
the phenyl rings.27–29 Low temperature 11B NMR spectroscopy
experiments at −20 °C further support this hypothesis with the
low temperature spectrum undergoing signicant sharpening.
In order to establish this benchmarking, access to the corre-
sponding Sb(V) species is required, as enhanced Lewis acidity is
associated with a higher oxidation state metalloid (Sb)
center.30–33 Gabbäı and co-workers have previously developed an
elegant approach that cleanly oxidizes Sb(III) aryl compounds to
their Sb(V) congeners using o-chloranil. Gratifyingly, oxidation
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Center: Synthetic routes to mono(carboranyl) and bis(carboranyl) stiboranes via o-carborane lithiation, electrophilic substitution with
SbPh2Cl or SbPhCl2, and oxidation with o-chloranil. Left: solid-state structures of 1a and 1b. Right: solid-state structures of 2a and 2b showing
the corresponding geometric and bonding changes upon oxidation to Sb(V). Thermal ellipsoids drawn at 50%.
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of 1a and 2a with o-chloranil afforded the corresponding Sb(V)
species, 1b and 2b.34,35 The oxidation proceeds rapidly at room
temperature, signied by the disappearance of the red o-chlor-
anil color providing a convenient visual indicator when the
conversion is complete. Following oxidation, 1b precipitates as
an orange solid whereas 2b remains in an orange solution.
Multinuclear NMR spectra of both products are distinct from
the parent Sb(III) species, and new resonances in the 13C spec-
trum of the aryl region are consistent with incorporation of the
o-chloranil diolate ligand at the newly formed Sb(V) sites. Single-
crystal X-ray structures of both compounds conrm the change
from trigonal pyramidal coordination at Sb(III) to a distorted
trigonal bipyramidal geometry at Sb(V), characteristic of an
organostibane(V) center when bound to o-chloranil.36,37

Apart from the distinct geometry change, it is noteworthy to
mention the metalloid bond distances between the Sb(III) and
Sb(V) species. In 1a, the Sb(1)–Sb(2) distance is 4.398(9) Å, with
a nearly symmetric Sb(1)–C(1) bond length of 2.196(4) Å to the
bridging o-carborane cage. Upon oxidation to 1b, the Sb(1)–
Sb(2) distance contracts to 4.287(4) Å likely due to the electron
decient nature of the Sb(V) centers, resulting in shorter bonds.
Additionally, the crystal structure shows Sb–O bond distances of
1.995(8) Å and 2.040(8) Å. In the context of 2a, the mono(-
carboranyl) species, the Sb(1)–Sb(2) distance is shorter at
3.5476(8) Å, and the Sb(1)–C(1) bond length is slightly longer
(2.218(6) Å), consistent with reduced steric congestion. Upon
oxidation to 2b the Sb–Sb separation increases signicantly to
4.079(1) Å and the Sb(2)–O(1) bond is slightly longer (2.047(3) Å)
than 1b. When comparing 1b and 2b to similar pnictogen
bridged species, this o-carborane bridged Sb–Sb pocket is quite
large. Gabbäı and co-workers reported a Sb(1)–Sb(2) distance of
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.817 Å in (o-Cl4C6O2)2Sb2(C6F4)(C6H5)4, in which the Sb(1)–
Sb(2) atoms are bridged by a peruoroaryl ligand.22 In our
analogous compound 2b, we show a longer Sb(1)–Sb(2) distance
(4.079(1) Å) which allows for a more accessible Lewis acidic site
for small molecule binding.

The Lewis acidity of oxidized stiboranes 1b and 2b was
quantied using the Gutmann–Beckett (GB) method, a stan-
dard probe of Lewis acid–base interactions that monitors
coordination of triethylphosphine oxide (Et3PO) via its

31P NMR
chemical shi.23,24 Upon addition of one equivalent of Et3PO to
2b in dichloromethane, the 31P NMR resonance shis from
50.0 ppm (free Et3PO) to 66.6 ppm (Dd = 16.6 ppm), which
indicates coordination of Et3PO to the antimony center. Under
identical conditions, when 1b is exposed to Et3PO, a new 31P
NMR shi for the resulting complex is observed at 71.6 ppm,
which corresponds to aDd of 21.6 ppm.While we were unable to
obtain a diffraction quality crystal to conrm the structural
identity of the 1b-Et3PO adduct, in situ NMR spectroscopic
analysis supports the identity of this species as 1c (Fig. 3A). On
the other hand, vapor diffusion of 2b treated with Et3PO
resulted in the formation of diffraction quality crystals. X-ray
crystallographic analysis of the adduct 2b-Et3PO reveals
terminal, monodentate Sb–O coordination (Sb1–O1 = 2.178(2)
Å). The elongated Sb–O distance between Et3PO and the anti-
mony center relative to a standard single Sb–O bond (∼2.03 Å)
implies steric hindrance from the carborane cage and neigh-
boring aryl groups.38,39 Upon addition of two equivalents of
Et3PO to 1b, two discrete 31P NMR resonances (70–75 ppm)
emerge, signifying that the Sb sites are inequivalent following
the initial binding of Et3PO (SI, Fig. S34).
Chem. Sci.
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Fig. 3 (A and B) Gutmann–Beckett titrations of Sb(V) complexes 1b and 2bwith 1 equiv. Et3PO in CDCl3, forming adducts 1c and 2c. (C) 31P NMR
spectra showing downfield coordination shifts for Et3PO upon binding to 1b and 2b. (D) Solid-state structure of 2c with selected bond lengths
and angles, highlighting Sb–O coordination and the resulting geometric changes.
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Based on established benchmarks for Lewis acids, the
magnitude of the 31P NMR shi upon coordination of Et3PO can
be correlated with Lewis acidity.40–42 For example, Sb(C6F5)3(-
O2C6Cl4) has been reported as a strong Lewis acidic stiborane
on the Gutmann–Becket scale, producing a 31P NMR signal at
74 ppm upon binding Et3PO while free Et3PO results in a 31P
NMR shi of 55 ppm.46 This correlation provides a convenient
spectroscopic handle for comparing Lewis acidity across main
group centers, particularly with the pnictogen series.43–45

Therefore, the observed GB results for both 1b and 2b indicate
strong Lewis acidity when Sb is bound to the strongly electron
withdrawing group, C-bound o-carboranyl. In addition, the
presence of two C-bound o-carboranyl moieties in 1b enhances
the Lewis acidity compared to 2b. The ∼5 ppm 31P NMR shi
increase from 2b to 1b when bound to Et3PO can be attributed
to an additive inductive contribution from the second C-bound
o-carborane unit, which deepens the s-hole and enhances the
polar character of the Sb(1)–O(2) interaction. Notably, the Dd

value observed for 1b exceeds that reported for closely related
aryl-substituted stiboranes, consistent with the enhanced
electron-withdrawing inuence of a C-bound o-carboranyl
substituent in this system. In contrast, while 2b exhibits
a similarly large Dd value, the absence of a directly comparable
peruoroaryl analogue precludes a one-to-one comparison;
nevertheless, the magnitude of the response supports a general
trend of increased pnictogen acidity upon carborane substitu-
tion.46 To probe whether the Lewis acidity trends inferred from
the Gutmann–Beckett measurements translate into catalytic
reactivity, we evaluated 1b and 2b as catalysts for the transfer
hydrogenation of quinoline using a Hantzsch ester as the
Chem. Sci.
hydride source.69,70 This reaction was selected as a well-
established benchmark for assessing pnictogen-mediated
Lewis acid catalysis under mild conditions using in situ 1H
NMR monitoring over 12 hours. Under these conditions, both
1b and 2b exhibited catalytic reactivity consistent with previ-
ously reported Sb(V) systems (see SI, S32 and S33).
Fluoride ion binding measurements

To further corroborate the Gutmann–Beckett measurement
results, complementary uoride-binding and computational
acidity analyses were conducted. While the Guttman–Beckett
method probes neutral donor interactions, Lewis acidity in
pnictogen systems is oen examined using anionic uoride
capture. Upon addition of uoride, the antimony center can
engage in a strong, quantiable Sb(V)–F interaction that can be
monitored and quantied by 19F NMR spectroscopy. The
magnitude of the 19F NMR resonance shi corresponds to the
magnitude of the Lewis acidity at the Sb(V) center.47 Upon
addition of 1 equiv. of [nBu4N][Ph3SiF2] (TBAT) to 2b in di-
chloromethane, the 19F NMR resonance shis downeld to
−77.1 ppm (reference 19F NMR resonance for TBAT = −98.5
ppm) which is consistent with previous studies on electrophilic
Sb(V) compounds, overall implying the formation of a Sb(V)–F
adduct.48,49

In comparison, 1b exhibits a more downeld 19F NMR signal
near −58.6 ppm, indicating a stronger uoride binding affinity.
Slow vapor diffusion of TBAT-treated 1b afforded diffraction-
quality crystals of the corresponding uoride adduct 1d. X-ray
crystallographic analysis of the m2-uoride species reveals
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Left: Fluoride-binding reactivity of Sb(V) complexes 1b and 2b with [nBu4N][Ph3SiF2], generating fluoride adducts 1d and 2d; hydrolysis of
2b to organoantimony hydroxy species 2e. Center: solid-state structures of 1d, 2d, and 2e. Right: 19F NMR spectra illustrating the distinct fluoride
resonances observed for 1d and 2d upon reaction with 1 equiv. of [nBu4N][Ph3SiF2].
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bridging Sb–F interactions with an average bond length of
2.159(6) Å and a highly bent Sb–F–Sb geometry (117.6(3)°),
together with an elongated Sb–Sb distance of 3.691(1) Å. In
contrast, the stibonium uoride adduct reported by Gabbäı and
co-workers displays a terminal Sb–F bond of 2.028 Å. The
increased Sb–F distance and substantial angular compression
observed in 1d therefore highlight the unique ability of C-bound
o-carboranyl substituents to support a m2-F bridging mode that
is inaccessible to conventional tetraaryl stibonium systems,
reinforcing the enhanced Lewis acidity and s-hole delocaliza-
tion imparted by the bis(carboranyl) scaffold. Consistent with
the GB method, uoride binding titrations reveal the same
Lewis acidity order (1b > 2b), emphasizing the enhanced Lewis
acidity imparted by the attachment of two o-carboranyl scaf-
folds to Sb(V) centers. This convergence across orthogonal
probes strengthens the interpretation that C-bound o-carborane
substitution systematically enhances the accessible s-hole
depth and stabilizes Sb(V)–F interactions. Interestingly, during
the course of our studies we have also observed that despite 1b
being more Lewis acidic than 2b, it is not moisture sensitive. On
the other hand, when 2b is exposed to a mixture of acidied
water in dichloromethane, a rapid reaction occurs, leading to
the quantitative formation of the corresponding organo-
antimony hydroxy species in which an oxygen atom inserts
between two antimony centers in a m2-oxo fashion (Fig. 4). The
single crystal X-ray structure of 2e shows a m2-oxo motif
featuring Sb–O average distances of 1.976(6) Å and a bent Sb–O–
Sb angle of 132.9(3)°, together with an elongated Sb–Sb sepa-
ration of 3.610(1) Å, reecting signicant geometric distortion
around the bridging oxygen. This bending places 2e between
the extremes observed in Sowerby's systems, which range from
© 2026 The Author(s). Published by the Royal Society of Chemistry
linear geometries (180°) in the p-tolyl derivative to a more acute
171.5° bridge in the o-tolyl analogue. The more compressed
132° angle in 2e therefore indicates a stronger deviation from
linearity than either aryl-substituted example, consistent with
the greater steric and electronic demand imposed by the C-
bound o-carborane substituent, which enforces a tighter Sb–
O–Sb hinge and stabilizes the m2-oxo unit against hydrolytic
degradation. Similar structures have been shown by Sowerby
et al., in which they prepared (SbR3Br)2O where R is required to
be a bulky o/p-tolyl group. Without bulky ligands to stabilize the
Sb–O–Sb bridge, the degradation product results in an unhy-
drolyzed compound.50 In this case, the bulky o-carborane clus-
ters provide stability to the Sb–O–Sb to avoid this degradation.
Importantly, these studies show that Sb(V)–C bonds with o-car-
borane substituents are hydrolytically stable under relatively
forcing conditions.

To rationalize our experimental trend further, we conducted
computational studies using dispersion-corrected density
functional theory calculations (B3LYP-D3/LANL2Dz-def2-SVP in
the gas phase; see SI, Table S3) and compared these results to
a representative series of benchmark compounds recently
introduced by Gabbäı and co-workers.21 As shown in Fig. 5,
replacing peruorinated aryl groups with one (2b) or two (1b) C-
bound o-carboranyl substituents produces a systematic increase
in electron affinity, reecting increasingly electron-decient
antimony centers.

From the computational ndings, the addition of a second o-
carboranyl unit further stabilizes the LUMO, which increases
the s-hole depth leading to stronger Lewis acidity (see SI, Table
S1). The electrostatic potential surface of 2b (Fig. 5B) further
illustrates the emergence of a highly localized region of positive
Chem. Sci.
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Fig. 5 (A) Comparison of benchmark perfluoroaryl-stabilized Sb(V) species (Gabbäı et al., 2021) with C-bound mono- (2b) and bis(carboranyl)
(1b) stiboranes, illustrating the trend of decreasing LUMOenergies and increasing Lewis acidity across the series. (B) Electrostatic potential map of
1b highlighting the surface potential of the deepened s-hole at antimony. (C) Computed fluoride ion affinities (FIA), electron affinity (EA), and
LUMO energies for reference and carborane-functionalized systems. (D) Electrostatic potential map of Sb2C6F4Ph4oCl2 with surface potential
values at each s-hole.
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potential, i.e. a deepened s-hole, directed along the Sb–O bond,
providing a visual representation of the inductive effect applied
by the o-carboranyl framework. When compared with the per-
uoroaryl analogue, Sb2C6F4Ph4OCl2, the surface potential
values are larger, indicative of a more electron decient s-hole
(Fig. 5D). In addition, relative to the peruoroaryl analogue,
Sb2C6F4Ph4OCl2 (FIA = 387 kJ mol−1; EA = 1.69 eV), both
carborane-functionalized systems display noticeably greater
uoride affinities, 1b (448.2 kJ mol−1, 2.78 eV) and 2b
(449.7 kJ mol−1, 2.31 eV) indicating an enhanced capacity to
engage hard Lewis bases. This trend is also mirrored in the
computed hydrogen ion affinities (HIA), where both 1b and 2b
exhibit substantially higher affinities than the peruoroaryl
analogue. However, the HIA values are not as pronounced as the
FIA values demonstrating the hard nature of the antimony
centers.51 Both FIA and HIA calculations were done in the gas
phase for better comparison with reported literature values as
well as to reduce computational cost.22 Notably, prior literature
reports51,52 suggest that if a solvation model was implemented,
all FIA and HIA values generally see a decrease by roughly 100–
200 kJ mol−1 due to solvent dampening of charge density.
Although structure 1b exhibits amplied Lewis acidity, a result
of the highly stabilized LUMO orbitals, it should be noted that
1b displays a slightly lower FIA value due to the secondary steric
effects as a result of the icosahedral boron clusters. This is
demonstrated by the fact that the bond lengths and bond angles
between the antimony centers and the uoride anion are all
slightly larger than its counterpart, structure 2b (see SI, S61–
Chem. Sci.
S70).53 Together, these data are consistent with a strongly
electron-withdrawing icosahedral boron cluster leading to an
increase in the polar character of the antimony(V) acceptor
sigma-hole site, culminating in a marked enhancement in
computed Lewis acidity across the series. Taken together, these
results demonstrate that o-carborane substitution of the clas-
sical peruoroaryl groups, particularly in the C-bound carbor-
anyl motif, amplies Lewis acidity at the Sb(V) centers by
simultaneously lowering frontier orbital energies and enforcing
a rigid geometry. Examining the 19F NMR titrations, rational-
ized by computational methods, together with 31P NMR shis
from the GB method, provides a consistent ranking that vali-
dates the Lewis acidity strength order of 1b and 2b.
Conclusions

In this work, we introduced C-bound o-carborane as a powerful
electron-withdrawing substituent for tuning the s-hole depth at
two antimony sites in a bridging moiety. Two o-carborane
bridged stibanes were prepared (1a and 2a) and cleanly oxidized
to the corresponding Sb(V) stiboranes (1b and 2b). Structural
analysis conrmed conversion from trigonal pyramidal Sb(III) to
distorted trigonal-bipyramidal Sb(V) in both systems while
preserving the rigid carborane bridge that enforces large
metalloid separations between antimony centers. Across inde-
pendent acidity probes, including Gutmann–Beckett (Dd31P),
19F NMR spectroscopic uoride binding measurements, and
DFT-calculated FIA, o-carborane substitution increased Lewis
© 2026 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
acidity relative to aryl benchmarks, with the bis(carboranyl)
framework 1b consistently exhibiting the strongest acidity in
the series. Computed LUMO energies and FIA values correlate
with the experimental trends, supporting a primarily s-induc-
tive origin for the effect. While C-based carborane substitution
signicantly enhances Sb(V) acidity, the present scaffolds do not
reach the “superacid” regime by common FIA benchmarks, and
replacement of all aryl substituents with C-bound carboranes is
likely needed to achieve this goal (e.g., tris(carboranyl)Sb
system).

Overall, we show how o-carborane provides a lever for
designing heavy-pnictogen Lewis acids whose strength and
geometry can be tuned without sacricing stability. Given their
robust binding to oxo and uoride donors, the platforms re-
ported here are promising starting points for anion capture,
halide- or oxide-abstraction, and s-hole-assisted catalysis. More
broadly, this work provides additional evidence that carboranes
and, more generally, boron clusters can function as tunable
substituents across a wide range of heteroatoms,53–71 enabling
precise modulation of their electronic properties. In this
capacity, these clusters serve as compelling alternatives to
traditional aryl- and alkyl-based substituents, offering access to
electronic and structural features that are difficult to achieve
using conventional organic frameworks.71
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20 M. Hirai and F. P. Gabbäı, Squeezing Fluoride out of Water
with a Neutral Bidentate Antimony(V) Lewis Acid, Angew.
Chem., Int. Ed., 2015, 54(4), 1205–1209, DOI: 10.1002/
anie.201410085.
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F. P. Gabbäı, Pnictogen-Bonding Catalysis:
Copolymerization of CO2 and Epoxides on Antimony(V)
Platforms, ACS Catal., 2025, 17882–17892, DOI: 10.1021/
acscatal.5c03781.

31 J. E. Smith and F. P. Gabbäı, Are Ar3SbCl2 Species Lewis
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