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Synthesis, reactivity and nucleophilicity of
carboranyl-B-Mg compound

Yizhen Liu1, Jie Zhang 2 & Zuowei Xie 1

The reactivity of boron is most commonly defined by its Lewis acidity and its
reactivity as an electrophile. Recently, nucleophilic boron anions have attrac-
ted tremendous research interest for offering alternative routes to a variety of
boron compounds. Herein, we report the synthesis and structure of a
nucleophilic boron anionic salt featuring an exo-polyhedral B–Mg bond. In
sharp contrast to the known borylmetals, this bottleable compound does not
have any heterocyclic backbones or supporting π-ligands. Its structure has
been confirmed by single-crystal X-ray analyses. The calculated NPA charge of
–0.503 at B(4) indicates the highly polarized B–Mg bond. It is shown to act as
an unambiguous reactive nucleophile through its reactions with a broad range
of organic, main-group, and transition-metal electrophiles.

Boron, occupying a pivotal position in the periodic table as carbon’s
electron-deficient neighbor, has long fascinated chemists with its
unique electronic structure and versatile reactivity. As the fifth ele-
ment with only three valence electrons, boron’s natural electron defi-
ciency has historically defined its chemical behavior, making
tricoordinate boron compounds prototypical Lewis acids that dom-
inate the landscape of boron chemistry. This electron poverty, while
enabling remarkable electrophilic reactivity, has simultaneously ren-
dered the development of nucleophilic boron species a formidable
challenge1,2.

The journey toward nucleophilic boron compounds began with
the proposed intermediates in transition metal-catalyzed borylation
reactions3. In these systems, the d-electrons of transition metals play a
crucial stabilizing role through a delicate “push-pull” mechanism: the
metal’s filled d-orbitals donate electron density into boron’s vacant p-
orbital, while the metal’s empty d-orbitals can accept electron density
from boron. The landmark isolation of an N-heterocyclic boryl anion
by Nozaki and Yamashita in 2006 marked a turning point in the field4.
By employing two adjacent nitrogen atoms as stabilizing substituents,
they achieved what had previously seemed impossible—a stable, isol-
able boryl anion (I, Fig. 1A). Such an anion finds wide applications in
constructing diverse B–E bonds (E = B, C, P, Be,Mg, Cu, Sc, etc.)5,6. This
breakthrough opened floodgates of innovation, leading to various
heteroatom-stabilized systems, including triazaborolyl anion (II,
Fig. 1A)7 and Bpin-magnesium complex (III, Fig. 1A)8. These develop-
ments not only expanded the toolkit of synthetic chemistry but also

deepened our understanding of boron’s electronic flexibility. How-
ever, they also revealed fundamental limitations: attempts to create
analogous systems without heteroatom stabilization, such as CAAC-
type boryl anions, consistently failed9, underscoring the essential role
of heteroatoms in preventing boron’s natural tendency toward elec-
tron deficiency. Apart from heteroatoms, neutral Lewis bases or
anionic bases, were also applied to coordinate to the empty porbital of
the boron atom for stabilizing reactive boryl anions, as exemplified by
boryls IV–VIII (Fig. 1A)10–15.

Parallel to these advances in molecular boron chemistry, the field
of cluster chemistrywasmaking its own revolutionary progresswith the
development of carborane chemistry16–23. Carboranes—polyhedral
molecular clusters composed of boron and carbon atoms—represent a
unique class of compounds that combine the electron-delocalized
characteristics of aromatic systems with the three-dimensional geo-
metry and exceptional stability of inorganic clusters16. Their robust
structures, tunable electronic properties, and versatile reactivity pro-
files have found applications across an astonishing range of disciplines,
from materials science24 to medicine25,26. What makes carboranes par-
ticularly intriguing for fundamental boron chemistry is their ability to
stabilize unusual electronic configurations27–35. The three-dimensional
aromaticity of these clusters, combinedwith their electron-withdrawing
character, creates electronic environments that are fundamentally dif-
ferent from those in conventional organic frameworks.

Recent work has demonstrated that carboranes can support both
exceptionally strong Lewis acids and remarkably stable Lewis bases32,34.
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This dual nature suggested to us that carboranesmight hold the key to
solving one of boron chemistry’s most persistent challenges: the
creation of a nucleophilic boron center devoid of heteroatoms and π
ligands.Our investigationwas driven by a fundamental question: could
the unique electronic and steric environment of a carborane cluster
stabilize a nucleophilic boron center without relying on traditional
heteroatom or Lewis base stabilization? Such an achievement would
not only expand the boundaries of known boron chemistry but also
provide new insights into the nature of chemical bonding in electron-
delocalized systems. The implications would extend far beyond aca-
demic interest, potentially enabling new classes of reagents for syn-
thetic chemistry, modular building blocks for materials science, and
alternative reaction pathways in catalysis.

In this work, we report the realization of this long-sought goal:
the synthesis, isolation, and comprehensive characterization of an
unsupported nucleophilic boron-centered carboranyl magnesium
compound (Fig. 1B). This species demonstrates that three-
dimensional aromatic clusters can stabilize reactive centers in ways
that differ from the reported examples. Through a combination of
single-crystal X-ray crystallography, spectroscopic analysis, reactiv-
ity studies, and DFT calculations, we have established the unique
electronic structure of this compound and its capacity to act as a
nucleophilic boron reagent.

Results and discussion
Synthesis of B(4)-centered o-carboranyl magnesium (1)
We adopted the metathesis strategy to synthesize boron-centered
carboranyl magnesium 1 as illustrated in Fig. 2A. Treatment of (BDI)
MgnBu (3; BDI =HC(C(Me)N-2,6-iPr2C6H3)2)

8,36 with one equivalent of
1,2-dimethyl-4-Bpin-o-carborane (2) in n-hexane at room temperature
gave, after adding one equivalent of 4-dimethylaminopyridine
(DMAP), the boryl magnesium 1 in 81% isolated yield. The 11B chemi-
cal shift of the B-Mg in 1 was observed at 1.9 ppm as a broad
singlet, which was downfield shifted than that of magnesium boryl
compound III (δ = –5.4 ppm)8, but was upfield shifted in comparison
with those of reported N-heterocyclic boryl magnesium complexes
(δ = 36.7–38.7 ppm)7,37,38. Compound 1was stable for several months in
the solid state when stored in an Ar atmosphere at ambient tempera-
ture, but decomposed when its C6D6 solution was heated to 90 °C.

Structure of the boryl magnesium 1
In the single crystal structure of 1, the icosahedral geometry of o-
carborane moiety remains, featuring a B(4)–Mg bond (Fig. 2B). The
bond length of B(4)–Mg is 2.325(3) Å, which is longer than the sum of
covalent radii of B and Mg atoms (2.24Å)39, and lies within the range
observed in the reported nitrogen7,37,38 or oxygen8 stabilized cyclic
boryl magnesium species (2.28–2.37 Å). TheMg atom adopts a slightly
distorted tetrahedral geometry, very similar to thatobserved in III. The
distances between B(4) and adjacent B/C atoms of the carboranyl cage
in 1 are slightly longer than those observed in 4-Bpin-o-carborane,
respectively40.

Density functional theory (DFT) calculations were carried out to
understand the electronic properties of boryl magnesium 1. The
optimized structure fits well with the crystal structure of 1. The highest
occupiedmolecular orbital (HOMO) of 1 is predominantly localized on
the σ bond between B(4) and Mg (Fig. 2C). This finding contrasts with
those reported for N/O-heterocyclic boryl anions8,41, where the HOMO
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is partially delocalized across the N/O-heterocyclic ring, albeit with
varying extents of delocalization. Additionally, the HOMO of 1 differs
from those observed in boron cluster anions, such as B6H6

2−, in which
the HOMO lies across eight faces of the octahedron42. The localized
nature of theHOMOof 1 suggests a propensity for charge aggregation.
Naturalpopulation analysis (NPA) reveals that theB(4) atom in 1 carries
a significant negative charge of –0.503, which is much more negative
than those of the reported boryl anions, including the isolated boryl
lithium I (+0.072)4 and Bpinmagnesium III (+0.318)8. The value is even
more negative than the most negative NPA charge of the lithioborane
LiBH₂ (–0.37), which was previously reported by Schleyer using high-
level ab initio calculations43. TheNPAchargeofMg(1) is +1.465,which is
similar to that of III (+1.553)44. The significant charge difference
between B(4) and Mg results in a highly polarized B(4)–Mg bond,
stabilizing 1. The surrounding 2e–3c bonding interactions at B(4) and
the bulky icosahedral geometry further enhance both the thermo-
dynamic and kinetic stability of 116.

Nucleophilicity of 1
The nucleophilicity of 1 was examined with various electrophiles
(Fig. 3). Firstly, the reaction of 1 with D2O was carried out, leading to
the isolation of B(4)-deuterated o-carborane 4 in 44% yield. Then,
electrophiles ranging from groups 14–17 were evaluated. Treatment of
1 with perfluorobenzene gave the corresponding pentafluorophenyl
substituted o-carborane 5 in 44% isolated yield. Its structure was con-
firmedby single-crystalX-ray analyses. Suchan SNAr reactionwithC6F6
is very similar to those observed for I45 and VIII46 shown in Fig. 1A. 1
reacted with Ph3GeCl at room temperature, producing a carboranyl
germanium 6 in 81% isolated yield. The structural characterization of 6
was validated through single-crystal X-ray analyses. Interaction of 1
with Ph2PCl at room temperature afforded a carboranylphosphine 7 in

88% isolated yield. Its structure is shown in Fig. 3. Heating amixture of
1 and S8 in toluene at 70 °C generated 1,2-dimethyl-4-SH-o-carborane
(8) in 52% yield. Reaction of 1 with PhSeCl gave the corresponding
carboranyl selenium 9 in 52% isolated yield. Treatment of 1 with ele-
mental iodine afforded a carboranyl iodide 10 in 72% isolated yield.
Compound 1 was a very good transmetallation reagent for the synth-
esis of M-B bonded complexes. Reactions of 1 with IPrMCl (IPr = 1,3-
bis(2,6-diisopropylphenyl)imidazol-2-ylidene, M =Cu, Ag, Au) pro-
duced the corresponding o-carboranyl Cu/Ag/Au complexes (11–13),
which were fully characterized bymultinuclear NMR and single crystal
X-ray analyses. This result indicates that 1may serve as a useful reagent
for the construction of B–M (M= transition metals) bonded com-
plexes. It is noteworthy that several transition metal complexes bear-
ing a B–M bond were isolated as key intermediates from cage B–H
metalation22,47–55. The aforementioned nucleophilic reactions illu-
strated that 1 exhibited diverse reactivity behaviors comparable to
those of carbanions, implying the potential application of this boryl
magnesium of carborane as a powerful synthon for the functionaliza-
tion of o-carborane.

In summary, we have developed a synthetic route to boron-
centered carboranylmagnesium 1, structurally characterizedby single-
crystalX-ray analysis. This compound features a highlypolarizedB–Mg
bond, with the boron center (B(4)) bearing a notable NPA charge of
–0.503. Unlike traditional boryl anions, which rely on heterocyclic
frameworks or π-ligands for stabilization, this species derives its sta-
bility solely from the carboranyl cage. Demonstrating exceptional
nucleophilicity, it reacts efficiently with diverse electrophiles, offering
a versatile new tool for boryl compound synthesis. We expect this
methodology to not only enable access to a wider range of boron-
centered cluster anions but also to expand the utility of boron com-
pounds in synthetic chemistry.
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Methods
Procedure for the synthesis of compound 1
To a hexane solution of (BDI)MgnBu (3) prepared in situ, was added
dropwise a hexane solution of compound 2 (298 mg, 1.0mmol, 1.0
equiv.). After stirring the solution at room temperature for 1 h,
nBu2Mg (0.6mL, 0.6mmol, 1.0M in heptane, 0.6 equiv.) was added
to the above solution in three portions within 7 h with stirring. The
mixture was filtered, and the filter cake was washed with hexane
(5 mL × 2). To the above solution was added 4-DMAP(122mg,
1.0mmol, 1.0 equiv.). The resulting mixture was stirred at room
temperature for 1 h. The precipitate was filtered off, washed with
hexane (5 mL × 2), and dried in a vacuum, generating 1 as a pale
yellow powder (596mg, 81%). Recrystallization from toluene/hex-
ane (V/V = 1:3) at −30 °C over a period of 10 days resulted in 1 as
colorless crystals suitable for X-ray diffraction analysis.

Procedure for the synthesis of compound 4
To a toluene solution (10.0mL) of 1 (499mg, 0.68mmol, 1.0 equiv.)
was added dropwise D2O (41mg, 2.0mmol, 3.0 equiv.). The resulting
mixture was stirred at ambient temperature for 1 h, and then the
mixture was filtered with silica gel. The filtrate was concentrated and
purified by sublimation (100 °C, 1.5mbar) to afford 4 as a white crys-
talline solid (52mg, 44%).

Procedure for the synthesis of compound 5
To a toluene solution (3mL) of 1 (200mg, 0.27mmol, 1.0 equiv.) was
added dropwise C6F6 (76mg, 0.41mmol, 1.5 equiv.). The resulting
mixture was stirred at 70 °C for 24h. After removal of the solvent, the
residue was purified by column chromatography on silica with hexane
as eluent to give 5 as a white solid (40mg, 44%). Recrystallization from
CH2Cl2/hexane (V/V = 1:5) at room temperature gave 5 as colorless
crystals suitable for X-ray diffraction analysis.

Procedure for the synthesis of compound 6
Ph3GeCl (46mg, 0.14mmol, 1.0 equiv.) was added to a toluene
solution (2mL) of 1 (100mg, 0.14mmol, 1.0 equiv.), and the
resulting solution was stirred at 60 °C for 24 h. The mixture was
filtered, and the filtrate was concentrated to dryness. The residue
was purified by column chromatography on silica using hexane as
eluent to give 6 as a white solid (54mg, 81%). Slow evaporation of a
CH₂Cl₂/hexane (V/V = 1:3) solution at room temperature over a
period of 5 days yielded 6 as colorless crystals suitable for X-ray
diffraction analysis.

Procedure for the synthesis of compound 7
To a toluene solution (7mL) of 1 (200mg, 0.27mmol, 1.0 equiv.) was
added Ph2PCl (73mg, 0.33mmol, 1.2 equiv.), and the resultingmixture
was stirred at ambient temperature for 24h. After addition of hexane
(7mL), the mixture was filtered and washed with a mixture of toluene
and hexane (6mL, Vtoluene:Vhexane = 1:1). After removal of the solvent,
the residue was purified by column chromatography on silica using
hexane as eluent to afford 7 as a white solid (85mg, 88%). Slow eva-
poration of a hexane solution of 7 produced colorless crystals suitable
for X-ray diffraction analysis.

Procedure for the synthesis of compound 8
To a toluene solution (2mL) of 1 (150mg, 0.2mmol, 1.0 equiv.) was
added S8 (6.5mg, 0.2mmol, 0.13 equiv.). After stirring at 70 °C for 3 h,
the mixture was quenched with a dilute HCl solution (1.0M, 5.0mL).
The organic layer was separated, and the aqueous solution was
extracted with Et2O (5mL× 2). The organic portions were combined,
dried over Na2SO4, and filtered. After removal of the solvent, the
residue was sublimated (150 °C, 1.4mbar) to give 8 as a white crystal-
line solid (21mg, 52%).

Procedure for the synthesis of compound 9
PhSeCl (26mg, 0.14mmol, 1.0 equiv.) was added to a toluene solution
(3mL) of 1 (100mg, 0.14mmol, 1.0 equiv.), and themixturewas stirred
at ambient temperature for 48 h. The resulting mixture was filtered.
After removal of the solvent, the residue was purified by column
chromatography on silica using hexane as eluent to afford 9 as a white
solid (24mg, 52%).

Procedure for the synthesis of compound 10
To a toluene solution (5mL) of 1 (219mg, 0.3mmol, 1.0 equiv.) was
added I2 (107mg, 0.42mmol, 1.4 equiv.). The mixture was stirred at
ambient temperature for 1 h. After removal of the solvent and addition
of hexane (20mL), the resulting solution was filtered and concentrated
to dryness. The residue was purified by column chromatography on
silica usinghexane as eluent toprovide 10 as a colorlessoil (64mg, 72%).

Procedure for the synthesis of compound 11
To a toluene solution (4mL) of IPrCuCl (122mg, 0.25mmol, 1.0 equiv.)
was added dropwise a toluene solution (4mL) of 1 (185mg, 0.25mmol,
1.0 equiv.). The resulting mixture was stirred at ambient temperature
for 3 h, followed by filtration. Slow evaporation of the solvent gave 11
as a light yellow crystalline solid (81mg, 52%).

Procedure for the synthesis of compound 12
To a toluene solution (3mL) of IPrAgCl (109mg, 0.2mmol, 1.0 equiv.)
was added dropwise a toluene solution (5mL) of 1 (150mg, 0.2mmol,
1.0 equiv.). After the mixture was stirred at ambient temperature for
24 h, the resulting solution was filtered. Slow evaporation of the sol-
vent gave 12 as a light grey crystalline solid (110mg, 82%).

Procedure for the synthesis of compound 13
To a toluene solution (1mL) of IPrAuCl (62mg, 0.1mmol, 1.0 equiv.)
was added dropwise a toluene solution (2mL) of 1 (74mg, 0.1mmol,
1.0 equiv.). After the mixture was stirred at ambient temperature for
4 days, the resulting solution was filtered. Slow evaporation of the
solvent gave 13 as a light grey crystalline solid (60mg, 79%).

Data availability
All data generated in this study are provided in the Supplementary
Information/Source Data file. Crystallographic data for the structures
reported in this paper have been deposited at the Cambridge Crys-
tallographic Data Centre, under deposition numbers CCDC 2433873
(1), 2433878 (5), 2433874 (6), 2433877 (7), 2433876 (11), 2433872 (12),
and 2433875 (13). Copies of the data can be obtained free of charge via
https://www.ccdc.cam.ac.uk/structures/. All data are available from
the corresponding authorupon request. Sourcedata areprovidedwith
this paper.
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