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aint induced increase in Lewis
acidity of tris(ortho-carboranyl)borane and
selective complexation with Bestmann ylides†

Libo Xiang,ab Junyi Wang,c Alexander Matlerab and Qing Ye *ab

The Lewis acidity of tris(ortho-carboranyl)borane has been slightly increased by mimicking the structural

evolution from triarylborane to 9-aryl-9-borafluorene. The o-carborane-based analogue

(C2B10H10)2B(C2B10H11), obtained via salt elimination between LiC2B10H11 and (C2B10H10)2BBr, has been

fully characterized. Gutmann–Beckett and computational fluoride/hydride ion affinity (FIA/HIA) studies

have confirmed the increase in Lewis acidity, which is attributable to structural constraint imposed by the

CC-coupling between two carboranyl groups. Selective complexation of (C2B10H10)2B(C2B10H11) with

Bestmann ylides R3PCCO (R = Ph, Cy) has been achieved, enabling further conversion into the

zwitterionic phospholium salt through NHC-catalyzed proton transfer.
Triarylboranes feature a three-coordinate six-electron boron
center. They constitute a highly signicant class of Lewis acids.
Over the past century, the continuous focus on triarylborane
chemistry has led to its substantial development.1 This has
resulted in a wide array of applications across diverse elds,
such as sensory materials,2 optoelectronic materials,3 small
molecule activation,4 and catalysis.5 A signicant benet
derived from the triarylborane motif is the feasibility of tuning
the steric hindrance and electronic properties of the boron
center by introducing appropriate substituents on the aryl
groups.

Remarkably, the coupling of one ortho-carbon atom from
each of the two aryl groups in triarylborane results in the
creation of another signicant class of molecules known as 9-
borauorenes.6 In these molecules, the boron atom is posi-
tioned within an anti-aromatic borole unit,7 giving rise to
distinctive properties,8 including an increase of the Lewis
acidity. For instance, triphenylborane (Fig. 1. A) demonstrates
a uoride ion affinity (FIA) of 354.35 kJ mol−1 (Table S2†), while
the FIA of 9-phenyl-9-borauorene (B) is elevated to
366.27 kJ mol−1 (Table S2†).9 Moreover, despite the removal of
two ortho-electron-withdrawing uorine atoms, the FIA of D
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(456.67 kJ mol−1, Table S2†) is still higher than that of C
(452.68 kJ mol−1, Table S2†).9

On the other hand, three-dimensional (3D) aromatic ortho-
dicarbadodecaborane (o-carborane) can be regarded as an 3D
analogue of benzene, and there has been a growing interest in
carborane-based 3D analogues of conventional aryl-substituted
boron compounds in recent years.10 In fact, the carboranyl
substituted boron compounds have displayed numerous prop-
erties worthy of further exploration and development, including
Lewis superacidity,11 uorescence,11d,12 the capability of small
molecule activation,13 and unique boron radical electronic
structures.14 The successful synthesis of the three-dimensional
analogue of A, i.e. E as a Lewis superacid (LSA) stands as
Fig. 1 The trend in Lewis acidity among triarylboranes, 9-aryl-9-
borafluorenes, and their respective carborane-based three-dimen-
sional analogues.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Single crystal structure of complex 1 in the solid state. The
hydrogen atoms were omitted for clarity. Thermal ellipsoids are drawn
at the 50% probability level. Selected bond lengths [Å] and angles [°]:
B–C1 1.558(2), B–C3 1.5966(16), B–C6 1.5966(16), C3–C4 1.6554(16),
C4–C5 1.537(2), C5–C6 1.6554(16), C1–B–C3 124.55(7), C1–B–C6
124.55(7), C3–B–C6 110.74(14).
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a recent exemplary case.15 In this context, curiosity arises as to
whether a similar structural alteration of E, as illustrated in
Fig. 1, could also enhance the Lewis acidity. Herein, we present
the synthesis and Lewis acidity assessment of the carborane-
based 3D analogue of B, i.e. 1. Furthermore, it is believed that
the ball-shaped carboranyl substituents create a sterically
hindered spatial environment around the central boron atom.
To validate this hypothesis, we examined its reaction with
Bestmann ylide,16 a Lewis base known for its ditopicity.

Compound 1 was attained by the reaction of LiC2B10H11 with
an equimolar amount of (C2B10H10)2BBr11d at −78 °C (Scheme
1). 11B NMR spectrum displays a broad signal at dB 65, which is
comparable to E (dB 67.2)15 and falls in the range of three-
coordinate boron centers. The C–H proton NMR signal at dH
3.70 is diagnostic while the corresponding C–H displays
a singlet at dC 58.7 in the 13C{1H} NMR spectrum. The atom
connectivity was conrmed by single-crystal X-ray diffraction
analysis (Fig. 2). Remarkably, the three Ccarborane–B bonds (B–
C1: 1.558(2) Å, B–C3/B–C6: 1.597(16) Å) are shorter than the
Ccaroborane–B bonds (1.614(8)–1.627(7) Å) in BoCb3 (E).15 In
addition, the sum of angles around the central boron atom is
359.8°, indicating the trigonal-planar geometry. The C3–B–C6
angles of 110.74(14)° is close to the interior angle of a pentagon
(108°). In addition, we exposed the C6D6 solution of 1 to air and
conducted hourly NMR monitoring, which revealed complete
hydrolysis within 6 h.

The Gutmann–Beckett method17 was applied to assess the
Lewis acidity of 1. With an LA/Et3PO ratio of 1 : 1, the 31P Dd of
34.9 for 1/Et3PO was slightly larger than that of C/Et3PO (31P Dd

33.9 in C6D6). The acceptor number (AN) was 76.8 for 1 in C6D6,
conrming its greater Lewis acidity than that of B(C6F5)3 (AN
65.6 in C6D6) and C (AN 74.9 in C6D6),15 and comparable to that
of the pyramidal borane: 9-boratriptycene (AN 76.2 in
CD2Cl2).18d It should be noted that the Gutmann–Beckett values
are steric dependent. We calculated the buried volumes (% Vbur)
of 1 and E considering the steric bulk of the carboranyl
substituents,19 which indicate that both compounds have large
% Vbur values (1: 67.7%, E: 73.3%, Table S5†). We also con-
ducted calculations to further determine the FIA and hydride
ion affinity (HIA) of 1 alongside A, to E, following the estab-
lished literature protocols (Fig. 3).9 The calculations indicate
that 1 displays the highest FIA and HIA energies, clearly desig-
nating it as a Lewis superacid. Notably, 1 exhibits larger FIA and
HIA values than E, which is consistent with the results obtained
through the Gutmann–Beckett method. One possible primary
reason why 1 is slightly more acidic than E should be due to the
structural constraint through CC-coupling (marked in red in
Scheme 1 Synthesis of 1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Fig. 1), which reduces the C3–B–C6 angle by ca. 10°, from 120°
to ca. 110° compared to that in E (ca. 120°). This deformation
can be regarded as a ring-closure-enforced pre-
pyramidalization, lowering the energy required for the struc-
tural deformation accompanying the complexation process.18

Indeed, the calculated pyramidization energy of 1
(122.0 kJ mol−1) was lower than that of E (130.1 kJ mol−1).
Overall, the results of FIA, HIA and Gutmann–Beckett method
are all consistent, indicating the Lewis acidity order of 1 > E > D
> C > B > A. Among these, 1 and E are the strongest acids in the
sequence, further demonstrating that the inductive effect of o-
carborane can effectively enhance the Lewis acidity of boranes.
Additionally, the relatively lower pyramidization energy of 1
leads to its higher Lewis acidity compared to E.

Density functional theory (DFT) calculations were performed
to provide further insight into the electronic properties of 1, E
and D. Compound 1 has appreciably lower LUMO and larger
HOMO–LUMO gap (Fig. 4) than D, thus indicating the
Fig. 3 Results of fluoride ion affinity (ref. to SbF5), hydride ion affinity
(ref. to B(C6F5)3) analyses and Global Electrophilicity Index (GEI) of
compound 1 and A to E.

Chem. Sci., 2024, 15, 17944–17949 | 17945
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Fig. 4 Frontier orbitals of compound 1, D and E.
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enhanced electron-accepting ability. This can be attributed to
the strong electron-withdrawing effect of the carboranyl group.
The LUMO of E is 0.03 eV lower in energy than that of 1.
Furthermore, Global Electrophilicity Index (GEI)18c,20,21 was
calculated for 1 and A to E (Table S4†). The GEI values of 1
(4.17), E (4.20) and D (4.40) are larger than those of C (3.78), B
(2.59) and A (2.04). Notably, the GEI results do not correlate well
with the GB-method and the FIA results, with D displaying
a relatively higher GEI value.

With the Lewis superacidic borane 1 in hand, we decided to
investigate its complexation reaction with Bestmann ylides. The
prototype compound for Bestmann ylide is (triphenylphos-
phoranylidene)ketene Ph3PCCO.22 Several Bestmann ylide-
supported transition metal complexes have been reported,
where the ylidic carbon donates a pair of electrons to the tran-
sition metal center.23 However, the reactivity of Bestmann ylides
with three-coordinate boranes has been less explored. In fact,
Bestmann ylides can undergo addition to B(C6F5)3, either
through the ylidic carbon or the carbonyl oxygen.24 In contrast,
because the central boron of 1 is surrounded by three spherical
substituents, this could potentially enable a selective complex-
ation reaction.

To this end, 1 was reacted with an equimolar amount of 2a
and 2b in toluene, respectively (Scheme 2). The reactions were
monitored by multinuclear NMR spectroscopy. In both cases,
the three-coordinate boron 11B signal disappeared within
10 min, accompanied by the formation of a white precipitate. It
is worth noting that the phosphonium 31P signal is merely
slightly low-eld shied, in the case of 2a from dP 3.1 to 5.2, 2b
Scheme 2 Synthesis of 3.

17946 | Chem. Sci., 2024, 15, 17944–17949
from dP 19.9 to 23.3, indicating that the electronic environment
of the phosphorus center is not much affected upon complex-
ation, and the oxygen-coordinated products 3a and 3b should
be formed. Single crystal X-ray diffraction analysis unambigu-
ously conrmed our hypothesis, showing that the terminal
oxygen atom is bound to 1 (Fig. 5). While the bond lengths
around boron increase from 1 (B–C1 1.558(2), B–C3 1.5966(16),
B–C6 1.5966(16)) to 3 (3a: B–C3 1.683(2), B–C4 1.691(2), B–C1
1.653(2); 3b: B–C3 1.691(4), B–C4 1.695(4), B–C1 1.664(4)), the
sum of angles decreases from 359.8° in 1 to 339.5° in 3a and
338.6° in 3b, respectively, indicating a geometric change from
trigonal planar to tetrahedral. In 3a, the P–C2–C5–O unit
features a nearly linear geometry, an elongated C5–O distance
(1.264(19) vs. 1.195(2) Å) and a shortened C–C distance
((1.204(2) vs. 1.247(2) Å)), suggesting the oxyethynyl phospho-
nium type structure. The overall geometry of 3b resembles that
of 3a. The infrared data for the C^C stretching in compound 3
(3a: 2198 cm−1, 3b: 2199 cm−1) show a shi to higher wave-
numbers than the uncoordinated Bestmann ylide (2090 cm−1),
indicating the strengthening of the carbon–carbon bond upon
coordination. In addition, the notably shorter B–O distance in
3b (1.522(4) Å) compared to the corresponding O-coordinated
B(C6F5)3-2b adducts (1.573(3) Å)24 further conrms the higher
Lewis acidity of 1 than B(C6F5)3.
Fig. 5 Molecular structure of complex 3a and 3b in the solid state. The
hydrogen atoms were omitted for clarity. Thermal ellipsoids are drawn
at the 50% probability level. Selected bond lengths [Å] and angles [°]:
3a, B–O 1.533(2), B–C1 1.653(2), B–C3 1.683(2), B–C4 1.691(2), O–C1
1.264(19), C1–C2 1.204(2), C2–P 1.701(17), O–C1–C2 174.19(17), C1–
C2–P 179.96(17), C3–B–C4 104.18(12); 3b, B–O 1.522(4), B–C1
1.664(4), B–C3 1.691(4), B–C4 1.695(4), O–C1 1. 265(4), C1–C2
1.206(4), C2–P 1.713(3), O–C1–C2 172.60(3), C1–C2–P 166.5(3), C3–
B–C4 104.1(2).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Synthesis of 4a.

Scheme 4 Proposed reaction mechanism for the NHC-catalyzed
proton transfer reaction.
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The zwitterionic phospholium salt 4a was synthesized by
treating 3a with 10 mol% MeIiPr (1,3-diisopropyl-4,5-dimethyl-
imidazole-2-ylidene) at room temperature (Scheme 3). The 31P
NMR spectrum showed the complete consumption of 3a (d31P
5.17) within 10 min and the formation of a new species showing
a downeld-shied resonance at d31P 12.64. Aer workup,
colorless single crystals of 4a suitable for X-ray crystallography
were obtained in a high yield (82%). X-ray analysis revealed
a formal 1,2-addition of the CH of the exocyclic carborane cage
to the alkynyl group of the coordinated Bestmann ylide, leading
to a cyclization and the formation of 4a featuring a planar C3BO
ve-membered heterocycle with an internal angle sum of 540.0°
(Fig. 6). This reaction can also be evidenced by infrared spec-
troscopy, which indicated the disappearance of the character-
istic C^C stretching and a new C]C stretching at 1610 cm−1

(Fig. S27 and S28†). A plausible mechanism for the formation of
4a was proposed in Scheme 4. Following the deprotonation of
3a by MeIiPr, the resulting ortho-carborane anion undergoes
intramolecular nucleophilic attack on the alkynyl group,
leading to cyclization into a carbone intermediate. Due to the
generally higher Brønsted basicity of carbone than NHCs,25 the
carbone intermediate reclaims the proton from [MeIiPr-H]+,
yielding the zwitterionic phospholium product 4a and regen-
erating the free carbene for the next catalytic cycle. The strong
Brønsted basicity of the carbone intermediate can also be re-
ected by the fact that all attempts using the common strong
bases such as NaHMDS and NaH to deprotonate 4a have failed:
no reaction was observed.
Fig. 6 Molecular structure of complex 4a in the solid state. The
hydrogen atoms were omitted for clarity. Thermal ellipsoids are drawn
at the 50% probability level. Selected bond lengths [Å] and angles [°]:4a,
B–O 1.5221(14), O–C1 1.3265(14), C1–C2 1.3469(17), C2–P 1.7633(14),
C1–C2–P 130.04(10).

© 2024 The Author(s). Published by the Royal Society of Chemistry
In summary, drawing inspiration from the structural evolu-
tion from triarylboranes to 9-aryl-9-borauorenes, we envi-
sioned that the title compound 1may exhibit even higher Lewis
acidity than the Lewis superacidic tris(o-carboranyl)borane.
Compound 1 was synthesized via salt elimination between
monolithiated o-carborane and the carborane-based analogue
of 9-Br-9-borauorene. The increase in its Lewis acidity with
respect to tris(o-carboranyl)borane was conrmed experimen-
tally by Gutmann–Beckett method and computationally
through FIA and HIA values. It is noteworthy that unlike the 9-
borauorene system, the exceptional Lewis acidity of 1
primarily stems from the strong inductive effect of o-carborane,
with negligible (hyper)conjugation effects, as well as the struc-
tural constraint imposed by the CC-coupling between two car-
boranyl groups. These factors combined render it the strongest
Lewis acid among triarylboranes, 9-borauorenes, and their
carborane-based analogues. Furthermore, the unique steric
environment of 1 allows for its selective addition to the O-site of
Bestmann ylides, representing a rare example of selective
coordination of Bestmann ylides with a borane. Moreover,
beneting from this, a unique reactivity, namely the NHC-
catalyzed proton transfer has been disclosed. As demonstrated
by this reaction, the combination of selective O-complexation
and the presence of an acidic proton from the exocyclic car-
boranyl cage enables the catalytic process.
Data availability

The data supporting this article have been included as part of
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obtained from https://www.ccdc.cam.ac.uk/structures/.
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Trans., 2013, 42, 8164–8178; (f) K. Ishihara and
H. Yamamoto, Eur. J. Org Chem., 1999, 527–538; (g)
A. Chardon, A. D. Mahaut, A. B. Saida and G. Berionni,
Synlett, 2020, 31(17), 1639–1648.

3 (a) Z. M. Hudson and S. Wang, Dalton Trans., 2011, 40, 7805–
7816; (b) Y. Yu, C. Dong, A. F. Alahmadi, B. Meng, J. Liu,
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