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Magnesium Reagents Featuring a 1,1′-Bis(o-carborane) Ligand
Platform
Jonathan C. Axtell,*[a] Kent O. Kirlikovali,[a] Rafal M. Dziedzic,[a] Milan Gembicky,[b]

Arnold L. Rheingold,[b] and Alexander M. Spokoyny*[a,c]

Abstract: The synthesis of two bis(carboranyl) (bc) magnesium
reagents is described. Treatment of 1,1′-bis(o-carborane) (H2-
bc) or 8,8′,9,9′,10,10′,12,12′-octamethyl-1,1′-bis(o-carborane)
(H2-Mebc) with Mg(nBu)2 in 1,2-dimethoxyethane (DME) af-
fords (bc)Mg(DME)2 (1a,b) as crystalline solids. The magnesium
compounds, which have been characterized by NMR spectro-
scopy and single-crystal X-ray crystallography in the case of 1a,
serve as competent Grignard-type reagents to generate bc-con-

Introduction
Commonly considered three-dimensional surrogates of benz-
ene,[1] the charge-neutral, icosahedral carboranes, have gained
attention as potentially useful building blocks in areas of re-
search ranging from catalysis to polymer chemistry.[2] The σ-
aromatic delocalization of bonding electron density imparts
high kinetic stability, distinguishing these polyhedral boranes
from commonly encountered tricoordinate boron-centered
species.[3] This feature, in conjunction with the non-uniform
electron distribution of the carborane molecule,[4] renders
carboranes attractive for a wide array of applications.

1,1′-Bis(o-carborane) (H2-bc) – a carborane-based biphenyl
analogue – has been used as a sterically encumbering and
weakly donating ligand for transition metals and main group
elements.[5] This progress has been highlighted by the founda-
tional works of Hawthorne's group[6] and some recent work
from Welch and co-workers.[7] In addition, Peryshkov and co-
workers have recently observed unique cage-opening reactivity
with dilithiated bis(o-carborane) in the presence of P-based
electrophiles.[8] The bis(o-carboranyl) fragment is typically in-
stalled by lithiation of the carbon vertices followed by salt me-
tathesis with transition metal or main group electrophiles. We
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taining species of tin from Me2SnCl2 (2a,b). The type of substi-
tution of the bis(o-carboranyl) ligand framework is found to
strongly affect the electronic character of the tin center, as
judged by 119Sn NMR spectroscopy. The disclosed compounds,
which are stable solids under an atmosphere of dry nitrogen
gas at room temperature, provide a new class of bc-transfer
reagents.

wondered, however, whether Grignard-like reagents could be
synthesized and whether they would behave as effective bc
transfer reagents (Scheme 1). In addition, the mitigated nucleo-
philicity of Grignard-type reagents with respect to alkyllithium
compounds might circumvent complications known to arise
from the deboronation of lithiocarboranes by other lithiated
carboranes in solution.[2e,9] Here we report the successful syn-
thesis of Mg-based bis(o-carboranyl) reagents and their utility
in bc-transfer reactions.

Scheme 1. Top: Previous work by Bickelhaupt detailing the multistep synthe-
ses of cyclic dialkylmagnesiates. Bottom: The present work provides access
to bis(o-carboranyl)magnesiates in a single step, which subsequently behave
as bc-transfer agents.

Results and Discussion

The acidity of the C–H vertices of icosahedral carboranes com-
pared to their B–H congeners is known and often used as a
means of functionalizing C-vertices of carboranes.[1] The acidity
of these C–H bonds have been measured to range from pKa

values of about 20–30 for unsubstituted ortho-, meta-, and
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para-carborane isomers.[10] We therefore wondered whether
this acidity could be leveraged to generate a Grignard-type rea-
gent from simple dialkylmagnesium precursors via protonolysis
of MgR2 by H2-bc. Several examples of tethered Grignard rea-
gents, developed predominantly by Bickelhaupt and co-workers
(Scheme 1), have been reported in the literature.[11] In addition,
Ramsden reported the use of a cyclic internal butene dianion
generated from the reduction of 1,3-butadiene with magne-
sium metal,[12] and Wreford and Whitney later reported the use
of this reagent in synthesizing transition metal butadiene/cyclo-
butene complexes.[13] Furthermore, while the use of mono-
dentate o-caboranylmagnesium halides has been reported,[14]

to the best of our knowledge 1,1′-bis(o-carboranyl)magnesium
or any such derivatives of this type have not been disclosed.

Treatment of H2-bc with Mg(nBu)2 in DME solvent resulted
in the precipitation of a pale yellow solid within 20 minutes
upon mixing at room temperature (Scheme 2). This solid prod-
uct was isolated by vacuum filtration and subjected to spectro-
scopic characterization. 1H NMR spectroscopic analysis of the
isolated solid dissolved in [D8]THF solvent revealed two sets of
inequivalent singlets assigned as the methyl (CH3) and methyl-
ene (CH2) groups of bound DME. By proton-coupled 11B NMR
spectroscopy, no singlet resonances were observed, suggesting
that the Mg center is bound through the carbon vertices of the
bc framework. A single-crystal X-ray diffraction study on crystals
of 1a grown from THF/n-pentane revealed a structure consist-
ent with the NMR spectroscopic data. Compound 1a co-crystal-
lizes with a C,C′-κ2-bound bc ligand as an equimolar mixture of
enantiomers with two THF molecules per molecule of 1a in the
unit cell (Figure 1).

Scheme 2. Synthetic scheme for (bc)Mg(DME)2 (R = H, 1a; Me, 1b).

Beyond the generally straightforward substitution at the
carbon vertices of carboranes, multiple avenues of substitution
chemistry at boron vertices have been disclosed. These meth-
ods, which include transition-metal-catalyzed cross-coupling
and electrophilic substitution,[15] enable site-selective substitu-
tion from simple precursors that provide derivatized carboranes
with tailored steric and electronic profiles. Taking advantage of
such functionalization avenues, we synthesized H2-Mebc from
H2-bc using Hawthorne's method[16] with the intent of evaluat-
ing the potential role of such B-vertex substitution on the be-
havior of Mg-based bis(o-carboranyl) transfer reagents.

The reaction of H2-Mebc with Mg(nBu)2 was conducted un-
der conditions similar to those used to synthesize 1a
(Scheme 1). Treatment of H2-Mebc with Mg(nBu)2 in THF af-
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Figure 1. Single-crystal X-ray structure of 1a. Two co-crystallized THF mol-
ecules and protons are omitted for clarity. Thermal ellipsoids are displayed
at 50 % probability. Selected distances [Å] and angles [°]: Mg1–C1 2.308,
Mg1–C4 2.278, Mg1–O1 2.185, Mg1–O2 2.152, Mg1–O3 2.166, Mg1–O4 2.131;
C1–Mg–C4 84.17, C1–C2–C3–C4 25.75.

fords a yellow solution. After approximately six hours, conver-
sion of H2-Mebc to a new species was determined by 11B NMR
spectroscopic analysis of the crude reaction mixture. Consistent
with 1a, the 11B NMR spectroscopic features of 1b likewise sug-
gest a κ2-C,C′-chelating mode of the bis(o-carboranyl) fragment
to the Mg center. As expected, 1b displays several resonances
from about 11.0–5.0 ppm, which appear as singlets in both the
11B and 11B{1H} NMR spectra and correspond to the boron at-
oms bearing the methyl substituents. In the 1H NMR spectrum,
the methyl groups attached to the cluster cage are observed as
three broad singlets from about 0.1 to –0.3 ppm in [D8]THF.
These chemical shifts are consistent with other o-caboranes
containing B-bound alkyl substituents reported in the litera-
ture.[15j–15l,16,17] In contrast to 1a, only one set of methyl and
methylene peaks are observed in [D8]THF solvent, and they cor-
respond to the bound DME ligands. According to 13C NMR spec-
troscopy, the carbon resonances corresponding to the cage-
bound methyl groups in 1b are severely broadened due to cou-
pling with quadrupolar 11B and 10B nuclei (S = 3/2, 80 % natural
abundance; S = 3, 20 % natural abundance, respectively) but
can be observed between about 0.5 and –3.0 ppm. Importantly,
we find that both 1a and 1b are stable solids at room tempera-
ture under a dry nitrogen atmosphere as well as in THF solu-
tion. The absence of observed intermolecular deboronation is
potentially advantageous in view of previous reports stating
that lithiated carboranes and 1,1′-bis(o-carborane) undergo in-
termolecularly induced deboronation.[2e,9]

The performance of 1a and 1b as bc-transfer reagents was
evaluated through treatment with Me2SnCl2 in THF at room
temperature, which resulted in the decoloration of the yellow
solutions of 1a and 1b. Shifts of the resonances in the 11B NMR
spectra, as well as the presence of 119Sn- and 117Sn-coupled
methyl protons (distinct from the Me2SnCl2 starting material) in
the 1H NMR spectra, suggest conversion to new products (see
Figure 2). Upon removal of the magnesium salt byproducts,
bis(o-carboranyl)tin compounds 2a and 2b were obtained in 80
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and 75 % yield, respectively. While some tin compounds con-
taining o-carborane substituents[18] and several main group
species containing chelating 1,1′-bis(o-carborane) ligands are
known,[7,19] to the best of our knowledge these are the first
examples of 1,1′-bis(o-carboranyl)stannyl species.

Figure 2. Synthesis of bis(o-carboranyl)tin species 2a and 2b. 1H NMR and
119Sn NMR spectra for 2a (2b not shown) in [D8]THF reveal diagnostic prod-
uct peaks corresponding to a 119Sn- and 117Sn-coupled methyl resonance
and a broad, shielded 119Sn resonance.

The electronic influence of the substituents (H vs. Me) ap-
pended to the bc scaffold[20] in 2a and 2b is most clearly de-
noted by the chemical shift differences of the tin atoms as well
as the methyl groups bound to tin by 119Sn NMR spectroscopy
(see the Supporting Information): a decrease in shielding of the
119Sn nucleus is observed in 2b relative to 2a as judged by the
respective 119Sn chemical shifts in [D8]THF [–9.20 ppm (2b) vs.
–21.22 ppm (2a)] (vide infra) at room temperature. This obser-

Figure 3. (A) Frontier molecular orbitals for 2a (R = H), 2b (R = Me), 3, and 4 [B3LYP-D3(BJ):TZ2P]. The HOMOs and LUMOs for 2a and 2b show major
contributions from the “SnMe2” fragment as well as from the Mebc substituent in the case of 2b. (B) The HOMO and LUMO levels for both 3 and 4 are
localized primarily on the biphenyl framework with minimal contribution from the “SnMe2” fragment.
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vation suggests that the methyl substituents on the Mebc cage
in 2b exert an apparent inductively electron-withdrawing (“–I”)
effect on the tin nucleus.

In an effort to further evaluate the role of the eight methyl
substituents of 2b on the overall molecular orbital description
relative to unfunctionalized 2a, density functional theory (DFT)
calculations were carried out. The geometries of 2a,b based on
the crystal structure of 1a were optimized at the PBE-D3(BJ):TZP
level, and single-point calculations were carried out at the
B3LYP-D3(BJ):TZ2P level of theory (Figure 3A, see the Support-
ing Information for details). The highest occupied molecular or-
bital (HOMO) for 2a was found to be largely localized along the
C–Sn bond paths. In addition, the B–H fragments of the bc
cage, which are antipodal (“trans”) to the tin-bound carbon
atoms, significantly contribute to the HOMO. The mutual elec-
tronic influence of antipodal atoms in polyhedral boranes has
been discussed in the literature.[21] The lowest unoccupied mo-
lecular orbital (LUMO) is concentrated largely on the Sn center.
Interestingly, the presence of methyl groups in the Mebc ligand
in 2b adjusts the molecular orbital picture relative to 2a to
involve more of the Mebc scaffold in the HOMO level, while
the LUMO remains localized on the “SnMe2” fragment. We at-
tribute the nature of the difference in localization of the HOMO
between 2a and 2b to reside in the stabilization of the C–Sn
bonds by the antipodal methyl substituents in 2b. Indeed, the
molecular orbital corresponding to the C–Sn bonds in 2b was
calculated to be the HOMO-1, approximately 12 kcal/mol lower
in energy than the corresponding orbital (HOMO) in 2a (see the
Supporting Information). Ultimately, this suggests that simple
substitution patterns may greatly affect the electronic land-
scape of atoms within the bc framework.[2e]

Given the well-recognized analogy of the carborane mol-
ecule as a three-dimensional analogue of benzene (vide supra),
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we chose to further evaluate the frontier molecular orbital pic-
ture of the bis(o-carboranyl) ligands in 2a and 2b in the context
of analogous biphenyl-containing tin compounds previously re-
ported by Piers and co-workers[22] (3 and 4, Figure 3B) by using
DFT. We therefore performed geometry optimizations and
single-point calculations on 3 and 4 at the B3LYP-D3(BJ):TZ2P
level of theory. In contrast to the frontier orbitals of both 2a
and 2b, which heavily involve the tin center and to a lesser
degree the bis(o-carboranyl) ligands, the “SnMe2” fragment is
found to remain largely absent from the HOMO and LUMO for
3 and 4; rather, the most significant contribution to these mo-
lecular orbitals originate from the biphenyl and perfluorobi-
phenyl ligands, respectively. The strongly electron-withdrawing
nature of the perfluorinated ligand in 4 prompted the question
of what the electronic influence of the bc and Mebc ligands in
2a and 2b, respectively, was, as compared to that of the bi-
phenyl analogues. We considered that the chemical shift of the
tin nucleus, as judged by a solution 119Sn NMR spectroscopic
experiment, might be an appropriate reporter of the relative
deshielding effect of the chelating ligand [bis(o-carboranyl) vs.
biphenyl]. Indeed, Piers and co-workers reported the 119Sn NMR
chemical shifts of 3 and 4 to be –34.1[22b] and 30.3 ppm[22a]

respectively, in C6D6 solvent, which suggests that the fluorin-
ated biphenyl ligand strongly deshields the 119Sn nucleus rela-
tive to the nonfluorinated analogue. Though compound 2a
could not be compared because it was insoluble in C6D6, we
find that 2b exhibits a 119Sn NMR chemical shift of 53.10 ppm
in C6D6, which implies that the octamethylated Mebc ligand of
2b exerts an even stronger electron-withdrawing influence than
a perfluorinated biphenyl ligand for this set of tin compounds.

Conclusions
We have introduced magnesium-based bis(o-carboranyl) trans-
fer reagents 1a,b, which are stable solids under an inert atmos-
phere that cleanly participate in salt metathesis with Me2SnCl2
to afford species of the type (bc)SnMe2 (2a,b). Complications
arising from the use of alkali metal bases to generate the
bis(carboranyl)metal compound, such as intermolecular cage
deboronation, are avoided with this approach, as evidenced by
the solution stability of 1a and 1b. The DFT studies presented
here show that the frontier orbitals are generally localized on
the Sn–Ccarborane and antipodal B–H bonds 2a,b, while in the
“all-organic” derivatives 3 and 4 the frontier orbitals are local-
ized across the biphenyl framework, suggesting potentially di-
vergent reactivity between these otherwise analogous sets of
compounds. Importantly, the electronic influence of methyl
substituents in 2b relative to 2a highlights the possibility of
employing functionalized bis(carboranyl) ligands to modulate
the ligand fields of chelated main group or transition metals
while holding the steric environment in the immediate vicinity
of the chelated atom constant. Given recent advances in the
development of methods toward selectively functionalizing
specific boron vertices of ortho- and meta-carborane,[15–17]

other functionalized derivatives of this bis(carboranyl) ligand
class may prove useful for clearly identifying and strategically
leveraging electronic effects when employed as supporting li-
gands.

Eur. J. Inorg. Chem. 2017, 4411–4416 www.eurjic.org © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4414

Experimental Section
General Considerations: All manipulations were carried out under
a glovebox atmosphere of dry N2 gas at room temperature (ca. 20–
23 °C) unless otherwise noted. Tetrahydrofuran (THF) and diethyl
ether (Et2O) were sparged with argon and passed through a double
column of alumina before use. 1,2-Dimethoxyethane was dried with
Na/benzophenone and vacuum-transferred to a receiving flask,
brought in the glovebox, and stored over 3Å molecular sieves. 1,4-
Dioxane was stored over molecular sieves.

Materials: Deuterated solvents were purchased from Cambridge
Isotope Laboratories and were stored over 3Å molecular sieves prior
to use. o-Carborane was purchased from Boron Specialties and was
purified prior to use in the following procedure: a round-bottomed
flask was charged with o-carborane (15 g, 10.4 mmol) and MeOH
(150 mL). Concentrated HCl (50 mL) was added slowly to the reac-
tion vessel, and the resulting mixture was heated to 50 °C and
stirred overnight. The solution was then cooled, H2O (200 mL) was
added, and the resulting white solid was isolated by vacuum filtra-
tion, washed with water, and air-dried. The solid was then dissolved
in CH2Cl2, dried with MgSO4, and filtered through Celite. The solu-
tion was dried in vacuo to afford a white powder. The powder was
then sublimed at 60 °C under dynamic vacuum. After sublimation
away from the yellow residue, the white sublimate was dissolved in
C2H4Cl2. Activated carbon/charcoal (ca. 3–5 g) was added, and the
mixture was stirred for 6 h at about 75 °C. The suspension was
then filtered, and the filtrate was concentrated under vacuum. The
resulting white solid was again sublimed at 60 °C to afford purified
o-carborane. Di-n-butylmagnesium [Mg(nBu)2], dimethyltin dichlor-
ide (Me2SnCl2), 1,2-dimethoxyethane (DME), anhydrous 1,4-dioxane,
Et2O, and THF were purchased from Sigma Aldrich. Celite was pur-
chased from Fisher Scientific. All other reagents were used as
received unless otherwise indicated. 1,1′-bis(o-carborane)[5f ] and
9,9′,10,10′,11,11′,12,12′-octamethyl-bis(o-carborane)[16] were syn-
thesized according to published procedures.

Synthetic Procedures

(bc)Mg(DME)2 (1a): A 20 mL vial was charged with 1,1′-bis(o-
carborane) (485 mg, 1.69 mmol) and DME (5 mL). Mg(nBu)2 (1.0 M

in heptane, 1.69 mL, 1.69 mmol) was added dropwise. A precipitate
gradually formed with a concomitant change in color to pale yellow.
The reaction was stirred for 6 h, after which the precipitate was
isolated on a frit and washed twice with DME and twice with Et2O.
Yield: 700 mg, 85 %. 1H NMR (500 MHz, [D8]THF): δ = 3.43–3.42
(overlapping singlets, 8 H, CH2), 3.26–3.25 (overlapping singlets, 12
H, CH3) ppm. 13C NMR (125 MHz): δ = 91.48, 80.23, 72.58, 72.56,
59.20, 59.16 ppm. 11B NMR (160 MHz): δ = –1.69 (d, 2 B), –3.44 (d,
2 B), –5.0 to –15.0 (m, 16B) ppm.

(Mebc)Mg(DME)2 (1b): A 20 mL vial was charged with 1,1′-bis(o-
carborane) (100 mg, 0.251 mmol) and DME (3 mL). Mg(nBu)2 (1.0 M

in heptane, 0.251 mL, 0.251 mmol) was added dropwise, and the
solution gradually turned yellow. After 18 h, the solution was dried
in vacuo, and Et2O (ca. 5 mL) was added to produce a white precipi-
tate. The solid was isolated on a frit and dried under vacuum to
afford 114 mg (76 %) of the product. 1H NMR (500 MHz, [D8]THF):
δ = 3.44 (s, 8 H, CH2), 3.28 (s, 12 H, CH3), 0.07 (br. s, 12 H, Me), –0.17
(s, 3 H, Me), –0.22 (s, 3 H, Me) ppm. 13C NMR (125 MHz): δ = 78.26,
72.68, 72.51, 59.00, 0.24 (br), –2.11 (br) ppm. 11B NMR (160 MHz):
δ = 10.20 (s, 2 B), 8.59 (2 B), 5.16 (4 B), 5.27 (m, 8 B), 8.61 (m, 4 B)
ppm.

(bc)SnMe2 (2a): Me2SnCl2 (45 mg, 0.204 mmol) was dissolved in
THF (1 mL) and dioxane (1 mL) in a 20 mL vial. To this solution was
added a slightly yellow solution of 1a (100 mg, 0.204 mmol) dis-
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solved in THF (ca. 2 mL). The resulting solution, which gradually
developed a precipitate after about 15 min, was stirred for 24 h.
The mixture was then filtered through Celite, and the pad was
washed with THF. The filtrate was dried in vacuo, and Et2O was
added to afford a white solid, which was isolated on a frit by filtra-
tion. Yield (71 mg, 80 %). 1H NMR (500 MHz, [D8]THF): δ = 3.2–1.5
(br. m, 20 H, BH), 0.86 (s, 6 H, CH3) ppm. 13C NMR (125 MHz): δ =
80.16, 79.07, 0.87 ppm. 11B NMR (160 MHz): δ = –0.26 (d, 2 B), –2.78
(2 B), –5.5 to –10.0 (m, 16B) ppm. 119Sn NMR (186 MHz): δ = –21.22
ppm.

(Mebc)SnMe2 (2b): Me2SnCl2 (46 mg, 2.08 mmol) was dissolved in
THF (1 mL) and dioxane (1 mL) in a 20 mL vial. To this solution was
added a slightly yellow solution of 1b (125 mg, 2.08 mmol) dis-
solved in THF (ca. 2 mL). The resulting solution, which gradually
developed a precipitate after about 15 min, was stirred for 45 min.
The mixture was then filtered through Celite, and the pad was
washed with THF. The filtrate was dried in vacuo. Pentane (2 mL)
was added to the resulting residue, and the mixture was again dried
under vacuum. This process was repeated two times. Upon the last
drying cycle, a white solid was obtained (85 mg, 75 %). 1H NMR
(500 MHz, C6D6): δ = 3.5–1.0 (m, 20 H, BH), 0.52 (br. s, 12 H, Me),
0.34 (br. s, 6 H, Me), 0.29 (br. s, 6 H, Me), 0.07 (s, 6 H, SnMe2) ppm.
13C NMR (125 MHz): δ = 72.51, 63.60, –0.24, –2.17, –6.11 ppm. 11B
NMR (160 MHz): δ = 9.98 (s, 4 B), 6.47 (s, 4 B), 3.08 (s, 8 B), –3.5 to
–17.0 (m, 12B) ppm. 119Sn NMR (186 MHz, C6D6): δ = 55.10 ppm.
119Sn NMR (186 MHz, [D8]THF): δ = –9.20 ppm.

CCDC 1551220 (for 1a) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre.
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