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ABSTRACT: The chlorinated carba-closo-dodecaborate anion
HCB11Cl11

− is an exceptionally stable molecule and has
previously been reported to be substitutionally inert at the B−
Cl vertices. We present here the discovery of base induced
cycloaddition reactions between this carborane anion and
organic azides that leads to selective C and B functionalization
of the cluster. A single crystal X-ray diffraction study reveals
bond lengths in the heterocyclic portion of the ring that are
shortened, which suggests electronic delocalization. Molecular
orbital analysis of the ensuing heterocycles reveals that two of the bonding orbitals of these systems resemble two of the doubly
occupied π-MOs of a simple 5-membered Hückel-aromatic, even though they are entangled in the carborane skeleton. Nucleus
independent chemical shift analysis indicates that both the carborane cluster portion of the molecule and the carborane fused
heterocyclic region display aromatic character. Computational methods indicate that the reaction likely follows a stepwise
addition cyclization pathway.

■ INTRODUCTION
Since their preparation and structural elucidation in the 1960s,
icosahedral boron1 and carborane2 cluster compounds have
captivated the imagination of the scientific community. With
respect to the carboranes3 and from an organic chemistry point
of view, the hyper-coordinate carbon atoms seemingly defy the
octet rule (Figure 1). The core of these clusters, which cannot

be described by classical 2-center-2-electron bonding models,
feature a completely delocalized web of 26 skeletal electrons
involved in 3-center-2-electron bonding between tangential p-
type orbitals, as well as radial sp orbitals at the cluster vertices.
Such polyhedra are said to possess 3-D aromaticity,4 and
analogies are often made to classical 2-D aromatic systems, such

as benzene. Indeed, similar to benzene, icosahedral carborane
clusters display exceptional thermal stability, and the parent
hydride derivatives 1 and 2 undergo reactions akin to
electrophilic aromatic substitution at the B−H vertices.
A question that has long been asked is whether significant

conjugation (or possibly aromaticity) can exist between a 3-D
aromatic carborane and a fused 2-D π-ring system.5 While π-
donor−acceptor interactions are well documented for
exocluster substituents of icosahedral carboranes,3,6 extended
conjugation or aromaticity is a matter of debate, as exemplified
by the benzo-fused ortho-carborane 3.5 This molecule features
localized C−C double bonds and also displays a carborane C−
C bond length comparable to the parent carborane 2.
Of the icosahedral carboranes the carba-closo-dodecaborate

cluster HCB11H11
− 13b has historically received much less

attention than its neutral and isoelectronic cousin ortho-
carborane H2C2B10H10 2.

3a,7 However, in the past 20 years or
so there has been consistent growing interest in the use of this
molecule and its derivatives for a variety of applications.3b The
most familiar use of these molecules is as counter-anions for a
variety of reactive cationic species.8 The negative charge of
these clusters is delocalized throughout the 12 cage atoms,
resulting in a very weakly coordinating anion. This weak
coordinative ability can be enhanced by halogenation of the
cluster’s boron vertices. Halogenation of the cage bestows these
carborane anions with extraordinary inertness. As demonstrated
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Figure 1. Isoelectronic and 3-D aromatic parent icosahedral
carboranes HCB11H11

− 1, H2C2B10H10 2. Conjugation between the
delocalized carborane skeletal electrons of 3 and its cluster fused 2-D
π−system has been a matter of debate.
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by Reed and co-workers,9 polyhalogenated carborane anions
are sufficiently unreactive that they resist decomposition even
when paired with some of the most potent electron deficient
species. Other groups have capitalized on these properties to
generate very useful catalytic processes for the transition-metal-
free activation and functionalization of persistent aliphatic
fluorocarbons8h,l and fluoroaromatics,8g respectively. The anion
of choice for most applications is the HCB11Cl11

− anion (4),
which is particularly renowned for its weak coordinative
abilities, ease of access,10 and it is arguably the least reactive
of the per-halogenated carba-closo-dodecaborates. Recently we
reported a novel application of the carba-closo-dodecaborate
anion core, namely, utilizing these species as super bulky,
negatively charged, and weakly coordinating ligand R-groups.11

Specifically, we demonstrated that a phosphine ligand bearing a
CB11Cl11

− R-group, afforded anionic and zwitterionic single
component gold catalysts that display the highest activity ever
reported for the hydroamination of alkynes with primary aryl
amines. This carborane ligand R-group is derived from the
parent HCB11Cl11

− anion via deprotonation of the mildly acidic
C−H vertex and subsequent reaction with an appropriate
electrophile (Figure 2).

In contrast to the reactive C−H site, which allows for facile
C-functionalization,3b,12 the cluster B−Cl vertices of 4 are
reported to be completely unreactive. In fact these B−Cl bonds
are “supposedly” inert toward nucleophilic substitution, potent
Brønsted bases, and oxidizing or reducing agents.13 The
inability to functionalize the B−Cl vertices of this cluster limits
the molecular complexity that one can achieve when designing
sophisticated building blocks for ligand design and other
applications.
Here we report the discovery of a base-induced “click-like”

cycloaddition reaction between the HCB11Cl11
− anion and

organic azides that leads to selective C and B functionalization
of the cluster. Further, evidence is presented that the ensuing
heterocycles, which resemble 1,2,3-triazoles but with cluster
fused C−B backbones, display aromatic characteristics.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. We reasoned that it

might be possible to induce B−Cl substitution on the
HCB11Cl11

− anion 4 by using the intramolecular advantage
coupled with the formation of a delocalized, or possibly
aromatic, system. Specifically, we envisioned the nucleophilic
addition of the lithio-carborane 5 to a 1,3-dipole, such as an
organic azide,14 to generate a high energy dianionic

intermediate 6 that might be able to attack one of the adjacent
boron atoms of the cluster (Figure 3). Because of the inherent

anionic charge of the CB11 cluster core, heterocycles 7 might
display enhanced exocluster delocalization, relative to neutral
systems based on ortho-carborane 2. Thus, carborane 4 was
lithiated with n-BuLi to generate 5, and subsequently treated
with a fluorobenzene solution of phenyl azide (N3Ph). As
indicated by 11B Nuclear Magnetic Resonance (NMR)
spectroscopy, no functionalization of the lithiated carborane 5
occurred at room temperature. However, upon heating the
reaction mixture at 120 °C for 16 h, a new compound (7a)
formed (Figure 3, entry 1). The 11B spectrum of 7a shows
seven distinct resonances, indicating disruption of the pseudo
C5v symmetry in the cluster framework, suggesting B-
substitution. Two-dimensional 11B-11B correlation NMR spec-
troscopy confirmed that all seven resonances were intercon-
nected in a single molecule. The natural abundance 15N NMR
spectra shows two resonances at 459 and 334 ppm, which are in
the range (250−500 ppm, referenced to NH3) expected for a 2-
D aromatic N-heterocycle.15 We postulate that the third 15N
resonance is not observable because of the presence of a B−N
linkage, which induces quadrupolar broadening of the signal.
High Resolution Mass Spectrometry confirmed the identity of
7a.
To explore the scope of the cycloaddition reaction, we next

tested several electronically and sterically differentiated azide
reaction partners. Aryl azides, featuring an electron donating
para-methoxy or electron withdrawing para-fluoro substituent
afforded the heterocycles 7b and 7c in excellent yields (Figure
3, entries 2 and 3). The reaction also tolerates sterically
demanding mono- and diortho substituted aryl azides to form
bulky heterocycles 7d and 7e, respectively (Figure 3, entries 4
and 5). Interestingly, when n-Butyl azide is used as an
electrophile no heterocycle is formed (Figure 3, entry 6);
instead clean C-alkylation occurs with liberation of LiN3,
affording the previously synthesized n-butylated carborane
anion.12a In contrast when adamantyl azide is used, an

Figure 2. C-vertex of the perchlorinated carba-closo-dodecaborate
anion (HCB11Cl11

−) 4 can be deprotonated and functionalized with
electrophiles. However, the B−Cl vertices are reportedly unreactive to
any form of functionalization.

Figure 3. Lithio-carborane 5 undergoes cycloaddition reactions with
organic azides that results in selective B−Cl functionalization, and
produces the anionic heterocycles 7 (unlabeled icosahedron vertices =
B−Cl).
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electrophile where backside attack is precluded, the heterocycle
7f forms after extended heating as indicated by HRMS and 11B
NMR (Figure 3, entry 8), but we have not yet devised a
method to isolate it from organic impurities (presumably
formed by thermal decomposition of N3Ad).
To investigate the molecular structure of these heterocycles a

single crystal X-ray diffraction study was carried out on 7a
(cesium salt metathesis provided crystals of high quality). In the
solid-state 7a acts as a ligand, binding the cesium cation in an
η2-fashion, via N1 and N2 (Supporting Information, Figure
S31). All 5 atoms of the heterocyclic portion of the molecule
are coplanar (sum of internal pentagon angles = 540°), and the
nitrogen bearing the phenyl group (N3) is perfectly sp2

hybridized (sum of angles = 360°), which suggests conjugation
with the two other nitrogen atoms (Figure 4). Indeed, the N1−

N2(1.2823 (15) Å) and N2−N3(1.3538 (15) Å) bond lengths
are significantly shorter than standard N−N single bonds
(1.450 Å).16 Although the exocluster bound carbon−nitrogen
distance (C1−N1 = 1.4460 (15) Å) is only slightly shorter than
one would typically expect for a C−N single bond (1.454−
1.485 Å),17 the analogous N−B bond (B1−N3 = 1.4878 (16)
Å) is short, which suggests multiple bond character (B−N
single and double bond lengths 1.580 and 1.400 Å,
respectively).18 Interestingly, the C−B portion of the pentagon
is dramatically shortened (C1−B1 = 1.6696 (18) Å) with
respect to the other C−B linkages in the cluster (average C−B
bond lengths = 1.7362 Å). Such a bond contraction is not
observed with related neutral and diene-like benzocarboranes.5a

Computational Study. To gain further insight into the
electronic structure of heterocycles 7 and probe the possibility
of extended delocalization between the 2-D π-system of the
heterocycle and the 3-D cluster framework, we performed
various quantum chemical calculations, using 7a as a model
compound. The validity of the computational protocol used
(B3PW91/6-31++G**) was confirmed by the insignificant
average absolute error in distances (<2%) and bond angles
(±0.2°), relative to the observed solid-state structure, allowing
an accurate prediction of various geometrical, bonding, and
electronic properties of 7a. Close inspection of the molecular
orbitals (MOs) of heterocycle 7a reveals significant mixing
between the carborane cage and the outer rings (5-member
heterocycle and phenyl), indicating a strong interplay between
the different systems. Of particular interest are three occupied
π-type MOs (orbitals 96, 121, and 124). Two of these MOs
(MOs 96 and 121, Figure 5(a)) contain areas of constructive

bonding that resemble two of the doubly occupied π MOs (π1
and π2, Figure 5b) of a simple 5-membered Hückel-aromatic.

However, these MOs differ in that the atomic p-π orbitals of
carbon and boron, which are used to complete the 5-membered
ring π-bonding combinations, are at the same time strongly
mixed with adjacent cluster orbitals to form extended
delocalized MOs. The third π-bonding type MO, orbital 124,
is delocalized over the entire molecule (Supporting Informa-
tion, Figure S32). The highest occupied molecular orbital
(HOMO) of the system has significant cluster orbital
contributions, whereas the lowest unoccupied molecular orbital
(LUMO) resides almost entirely outside of the 3-D framework
(Supporting Information, Figure S32). The ultraviolet−visible
spectrum displays a strong absorption band (λmax = 313.0 nm),
which corresponds to a HOMO−LUMO transition (π→π*
excitation) and is supportive of extended delocalization
between the cluster, heterocycle, and pendant benzene ring.
We next performed both an Atoms In Molecules (AIM)19

and a Nucleus Independent Chemical Shift (NICS)20 analysis.
The AIM analysis confirms the presence of a ring critical point
at the center of mass of the heterocycle and the carborane cage,
which is supportive of delocalization of the 2-D π-system of the
heterocycle, and the 3-D aromatic cluster respectively.21 Values
of magnetism based on Schleyer’s NICS method indicate that
the 5-membered heterocyclic portion of the molecule has
appreciable aromatic character (NICS(0) = −7.8, NICS(1) =
−8.8, and NICS(1)zz = −19.3 ppm respectively). For
comparison, benzene as the benchmark 2-D π-aromatic has a
NICS(1)zz value of −29.2 ppm. Likewise, NICS measurements
(NICS(0) = −27.8 ppm) taken at the center of the carborane
region of the molecule indicate 7a also retains its 3-D
aromaticity (HCB11Cl11

− NICS(0) = −30.8 ppm).
Calculated Reaction Pathway. Mechanistically, the

formation of heterocycles 7 can be rationalized by either a
stepwise addition cyclization pathway, as initially postulated, or
a concerted reaction between the azide and a carboryne-like
intermediate22 formed by the initial elimination of LiCl from
the lithiocarborane. The latter pathway is ruled out since
formation of such a C−B carboryne is kinetically nonaccessible
(ΔE⧧ = 53.8 kcal.mol−1) and thermodynamically unfavorable
by 52.5 kcal.mol−1 (Figure 6).

Figure 4. Solid-state structure of the anionic heterocycle 7a. Counter-
cation, solvent molecules, and hydrogen atoms omitted for clarity.
Thermal ellipsoids drawn at the 50% probability level. Color coding
(C-gray, N-blue, B-magenta, Cl-green).

Figure 5. Molecular Orbitals. Bonding MOs (a) 96 and 121 of 7a
resemble two doubly occupied MOs (π1 and π2) (b) of a simple 5-
membered ring aromatic. Chlorine orbital contributions omitted for
clarity (For complete MOs, see Supporting Information, Figure S32).
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Hence, this unusual reaction likely follows a stepwise
addition cyclization pathway (Figure 7). The C-nucleophilic

lithiated carborane 5 first associates with the phenyl azide to
form adduct 5a. The formation of the latter is exothermic by
only 1.8 kcal mol−1. Then electrophilic attack of the terminal N
atom (γ-nitrogen) of the weakly coordinated phenyl azide to
the nucleophilic carbon occurs, and leads to intermediate 5b via
a late transition state, TS-1. The C−Li bond length, in TS-1, is
substantially increased with respect to 5a (2.906 vs 2.048 Å).
This relative long distance is the result of the interaction
between the lithium atom and the two neighboring chlorides.
At the same time, the distance between the γ-nitrogen of the
azide and the carbon is significantly decreased by 2.33 Å, being
2.08 Å in TS-1 and 4.41 Å in 5a. In the vibrational mode
corresponding to the imaginary frequency of TS-1, the
dominant motions involve the stretching of Li atom toward

the carbon of the carborane, and the concomitant bending of
the N3 framework again toward the carbon of the carborane.
The transformation of 5a to 5b requires a relative low energy
barrier (18.6 kcal.mol−1) and is endoergic (9.7 kcal.mol−1). It
should be noted that TS-1 is indeed the true transition state
that connects intermediates 5a and 5b, as it is the result of the
IRC calculations. Moreover, based on natural population
analysis, NPA, in TS-1 the γ-nitrogen of the azide acquires
an almost zero natural charge, the β-nitrogen a positive natural
charge (0.116 |e|), and the α-nitrogen that is bonded to the
phenyl group has a strong negative charge of −0.50 |e|. This
shows an allylic-like character of the azide and is the result of its
coordination to the carborane. This allylic-like nature of the
azide is even more pronounced in the intermediate 5b (NPA’s
of α-, β-, and γ- nitrogen, −0.51, 0.05, and −0.31 |e|
respectively). (For complete NPA charges, see Supporting
Information, Figure S33)
The next step corresponds to the nucleophilic attack of α-

nitrogen to the typically inert B−Cl vertex of the cluster with
simultaneous elimination of lithium chloride (TS-2). The
activation barrier is needed for this process is 20.8 kcal.mol−1.
In the vibrational mode corresponding to the imaginary
frequency of TS-2, the dominant motions involve the stretching
of B−N(phenyl) bond, along with a simultaneous stretching of
the B−Cl bond (leading to bond dissociation). It is worth
noting that the forming N−B bond is 2.125 Å long, and the
corresponding B−Cl linkage is elongated by 0.16 Å with
respect to the intermediate 5b. In addition, NPA analysis clearly
shows the nature of the nucleophilic attack. Hence, in TS-2 the
α-nitrogen of the azide acquires a strong negative charge of
−0.49 |e| and the boron a positive one (0.20 |e|). More
interestingly, the relative high activation barrier of this step is
presumably due to the high accumulation of negative charges
on each atom of the CNNN framework increasing the
electrostatic repulsion between carborane and the phenyl-
azide (see Supporting Information, Figure S33); this step being
the rate-determining in the reaction. This is in line with the
experimental finding of a slow reaction, and the need for heat to
achieve the cycloaddition. However, the high stability of the
final product 7a (−35.3 kcal.mol−1), as well as the overall
exothermicity of the reaction (−27.4 kcal.mol−1), is the
thermodynamic driving force for this process.

■ CONCLUSION
The reactions outlined above demonstrate a viable strategy to
functionalize the typically inert B−Cl vertices of the
HCB11Cl11

− anion. Mechanistically, the reaction occurs via a
novel stepwise addition cyclization pathway, that features a
nucleophilic substitution reaction of a carborane B−Cl bond.
This methodology allows access to structurally and electroni-
cally complex molecular fragments that have potential use as
ligand building blocks, weakly coordinating anions, or
components of advanced materials. Further, evidence presented
in this study supports the notion that aromaticity can occur in
two separate but fused 3-dimensional and 2-dimensional
systems, such as an icosahedral carborane and a Hückel
aromatic.

■ EXPERIMENTAL SECTION
General Considerations. All manipulations were carried out using

standard Schlenk or glovebox technique (O2, H2O < 1 ppm) under a
dinitrogen or argon atmosphere. Solvents were dried on K or CaH2,
distilled under argon, and passed through basic alumina before use.

Figure 6. Calculated reaction pathway leading to C−B carboryne. For
clarity, most B−Cl linkages are not shown.

Figure 7. Calculated reaction pathway, leading to heterocycle 7a. For
clarity, most B−Cl linkages are not shown.
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Trimethyl ammonium undecachlorocarborane and organic azides were
prepared by literature methods.10,23 All other reagents were purchased
from commercial vendors and used without further purification. NMR
spectra were recorded at room temperature on Brüker Avance 600
MHz, Varian Inova 400 MHz, or Varian Inova 300 MHz
spectrometers. NMR chemical shifts are reported in parts per million
(ppm). 1H NMR and 13C NMR chemical shifts were referenced to the
NMR solvent peaks. 11B NMR chemical shifts were externally
referenced to BF3OEt2. Natural abundance

15N NMR chemical shifts
were externally referenced to NH3. The mass spectra were collected on
an Agilent LCTOF Multimode-ESI/APCI with direct injection. The
UV/vis spectra was obtained on a Varian Cary 50 UV/vis
spectrophotometer.
Quantum Chemical Calculations. All density functional theory

(DFT) calculations were carried out using the Gaussian09 program
suite.24 The entire gas-phase potential energy surface (PES) for the
mechanism was computed at the B3PW91 level of theory,25,26 while
the 6-31G++(d,p) basis set was used for all atoms. To study the
solvent effects, single point CPCM27 calculations were conducted
using fluorobenzene (dielectric constant, ε = 5.42) as solvent on the
gas-phase optimized geometries of B3PW91, using the larger 6-311+
+G(2d,2p) basis set for all atoms. All energies given in the text are
CPCM electronic energies. The nature of the species connected by a
given transition state structure was confirmed by intrinsic reaction
coordinate (IRC) calculations, while intrinsic reaction paths (IRPs)28

were traced from the various transition structures to make sure that no
further intermediates exist. Time-dependent density functional theory
(TD-DFT)29−31 calculations were performed on the equilibrium
ground state geometries employing the same density functional and
basis set used in geometry optimizations. The Davidson algorithm was
used, in which the error tolerance in the square of the excitation
energies and trial-vector orthonormality criterion were set to 10−8 and
10−10, respectively. Analysis of the electron distribution function was
made on the basis of QTAIM (quantum theory of atoms in
molecules),19 while the search and topological analysis of ring critical
points (RCPs) were done using Multiwfn program.32 Nucleus-
Independent Chemical Shifts (NICS) values were computed at the
same level of theory according to the procedure described by the
Schleyer group.33 The magnetic shielding tensor element was
calculated for a ghost atom located at the center of the heterocycle
ring (NICS(0)) and along the z-axis (NICS(1)zz).

34 It has been shown
that the latter is a more reliable descriptor of aromaticity of a given
system.35 Negative (diatropic) NICS values indicate aromaticity, while
positive (paratropic) values imply antiaromaticity. NMR shielding
tensors were computed by the gauge-including atomic orbital method
(GIAO),36−40 as implemented in the GAUSSIAN09 series of
programs using the same theoretical protocol used in geometry
optimizations. The natural bond orbital (NBO) population analysis
was performed using Weinhold’s methodology.41,42

Synthesis of Heterocycles 7. Li(THF)3[closo-PhN3-CB11Cl10] (7a).
HNMe3HCB11Cl11 (2.00 g, 3.44 mmol) was dissolved in tetrahy-
drofuran (THF, 100 mL) in a Schlenk flask. Subsequent addition of n-
butyllithium (2.89 mL, 7.22 mmol, 2.5 M in hexanes, over 15 min)
afforded a white precipitate of the dilithio species, and the mixture was
allowed to stir for 12 h. The suspension was then concentrated to 1.0
mL, then hexanes (200 mL) was added and the reaction stirred for 5
min. After allowing the precipitate to settle (15 min), the supernatant
was removed via cannula filtration and discarded. The white powder
was dried under high vacuum for 30 min and subsequently dissolved in
fluorobenzene (40 mL). The solution was transferred to a thick walled
high pressure Schlenk tube containing phenyl azide (879.4 mg, 7.383
mmol) and placed behind a blast shield where the reaction was heated
for 16 h at 120 °C. After cooling the darkened reaction mixture to
ambient temperature it was brought into a glovebox, and the
precipitate was collected on a sintered glass filter. The solid was
extracted with boiling fluorobenzene (3 × 100 mL) until only LiCl
remained on the filter. The combined fluorobenzene fractions were
concentrated to dryness, washed with hexane (3 × 20 mL), then
diethyl ether (3 × 10 mL), and the off-white powder was collected on
a clean sintered glass filter to afford pure 7a (2.7 g, 3.27 mmol, 95%

yield, mp 231 °C (dec.)). X-ray quality crystals of 7a(Cs+) were
grown, after cesium salt metathesis in H2O, and subsequent
dissolution of the precipitate in diethyl ether and layering with
hexanes. HRMS: (Multimode-ESI/APCI) [M]−m/z calc’d for
H5B11C7N3Cl10 603.8419, found: 603.8422. 1H NMR(CDCl3, 300
MHz): δ = 7.34 (m, 1H), 7.47(m, 2H), 7.68(m, 2H); Note: 1H NMR
analysis indicates the lithium countercation of 7a retains three
coordinated THF molecules.11B NMR (THF-d8, 192 MHz): δ =
−1.98, −8.98, −12.05, −12.65, −15.16, −15.88; 13C NMR (THF, 151
MHz): δ = 141.46, 130.38, 126.98, 119.25, 85.31 (Ccarborane);

15N
NMR (THF-d8, 61 MHz): δ = 458.67, 333.55. UV: λmax = 313.4 nm
(CH3CN).

Li(THF)3[closo-4-FC6H4N3-CB11Cl10] (7b). 7b was prepared in an
analogous manner as 7a. HRMS: (Multimode-ESI/APCI) [M]−m/z
calc’d for H4B11C7N3FCl10 621.8325, found: 621.8351. 1H NMR
(CDCl3, 300 MHz): δ = 7.14 (m, 2H), 7.64 (m, 2H), Note: 1H NMR
analysis indicates the lithium countercation retains three coordinated
THF molecules. 11B NMR (CDCl3, 96 MHz): δ = −5.38, −9.65,
−13.06, −16.78; 13C NMR (CDCl3, 101 MHz): δ = 161.53 (d, 1J(F,
C) = 278 Hz), 136.05, 120.96 (d, 3J(F, C) = 8.5 Hz), 116.94 (d, 2J(F,
C) = 23.0 Hz); Note: Ccarborane was not observed;

19F NMR (CDCl3,
282 MHz): δ = −114.9 (tt, 3J(H, F) = 8.4 Hz, 4J(H, F) = 4.5 Hz); off-
white powder with 94.6% yield.

Li(THF)3[closo-4-MeOC6H4N3-CB11Cl10] (7c). 7c was prepared in an
analogous manner as 7a. HRMS: (Multimode-ESI/APCI) [M]−m/z
calc’d for H7B11C8N3OCl10 633.8525, found: 635.8539. 1H NMR-
(CDCl3, 300 MHz): δ = 3.84 (s, 3H), 6.97 (d, J = 9 Hz, 2H), 7.58 (d, J
= 9 Hz, 2H), Note: 1H NMR analysis indicates the lithium
countercation retains three coordinated THF molecules. 11B NMR
(CDCl3, 96 MHz): δ = −5.42, −9.82, −13.07, −17.02; 13C NMR
(CDCl3, 101 MHz): δ = 158.05, 133.68, 119.75, 114.71, 84.31
(Ccarborane), 54.70; dark brown solid with 97.3% yield.

Li(THF)3[closo-2-MeC6H4N3-CB11Cl10] (7d). 7d was prepared in an
analogous manner as 7a. HRMS: (Multimode-ESI/APCI) [M]-m/z
calc’d for H7B11C8N3Cl10 617.8576, found: 617.8578. 1H NMR
(CDCl3, 300 MHz): δ = 2.480 (s, 3H), 7.32 (m, 3H), 7.67 (m, 1H)
Note: 1H NMR analysis indicates the lithium countercation retains
three coordinated THF molecules. 11B NMR (THF, 96 MHz): δ =
−6.59, −10.52, −13.43,-16.11, −17.37; 13C NMR (THF, 101 MHz): δ
= 141.78, 135.57, 130.53, 129.69, 127.64, 122.75, 87.09 (Ccarborane),
23.05; dark brown solid with 82.0% yield.

Li(THF)3[closo-MesitylN3-CB11Cl10] (7e). 7e was prepared in an
analogous manner as 7a. HRMS: (Multimode-ESI/APCI) [M]−m/z
calc’d for H11B11C10N3Cl10 645.8890, found: 645.8909. 1H NMR
(CDCl3, 300 MHz): δ = 2.30 (s, 3H), 2.47 (s, 6H), 6.94 (s, 2H),
Note: 1H NMR analysis indicates the lithium countercation retains
three coordinated THF molecules. 11B NMR (CDCl3, 96 MHz): δ =
−2.50, −5.09, −10.17, −13.09, −17.50; 13C NMR (CDCl3, 101
MHz): δ = 139.1, 135.5, 134.8, 131.1, 22.2, 20.8; Note: Ccarborane was
not observed. Dark brown oil with 84.2%yield

Li(THF)3[closo-AdamantylN3-CB11Cl10] (7f). 7f was prepared in an
analogous manner as 7a, except heating was continued for 1 week.
HRMS: (Multimode-ESI/APCI) [M]−m/z calc’d for H4B11C7N3FCl10
661.9193, found: 661.9204.
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