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a b s t r a c t

While typical organic azides have long been known to undergo 1e3 dipolar cycloadditions with strained
CeC multiple bonds, such chemistry has never been reported between organomimetic carboranyl azides
and alkenes. Here we show that the carborane o-PhCN3CB10H10 readily undergoes cycloaddition with
norbornene at ambient temperature to afford the corresponding triazole adduct with perfect exo-
selectivity. The structure of the ensuing heterocycle was unambiguously determined by multinuclear
NMR, correlation NMR, and single crystal X-ray diffraction experiments. This first example of such
reactivity demonstrates a method to easily introduce carborane clusters directly to scaffolds of interest,
without having an organic spacer between the azide functionality and cluster.

© 2019 Published by Elsevier Ltd.
1. Introduction

“Click” chemistry involves the 1e3 dipolar cycloaddition of an
azide with a CeC multiple bond to form 5-membered ring het-
erocycles [1e6]. Most commonly a Cu catalyst is utilized to initiate
such azide cycloadditions with alkynes. However, these reactions
can occur without a catalyst if the CeC multiple bond is strained, as
in cyclooctynes [3] and norbornenes [6,7]. Over the last several
decades, such “click” reactions have become an exceedingly pop-
ular strategy to introduce triazole fragments into complex mole-
cules for fine chemical [2] and materials synthesis [8,9].
Additionally, non-catalyzed “click” reactions with both strained
alkenes and alkynes yielding 1,2,3-triazoles have found utility in
bio-orthogonal chemistry as a method to assemble biomarkers in
intracellular environments [6,7]. Through similar methods to the
popular Staudinger ligation, click reactions that do not involve a
cytotoxic copper metal catalyst have proven an elegant solution to
the synthesis of fluorescent probes in biological media.

Carboranes [10e19] are an intriguing class of molecules that
have found applications across a wide variety of fields due to their
unique 3-D aromatic properties, steric profile, and chemical
inertness [18,19]. Among these compounds, the electronically
neutral 1,2-C2B10H12, or ortho-carborane, has found applications in
carborane-based ligand platforms [11] for catalysis and therapeu-
tics [15]. (3) The reactivity of these 3-D aromatic systems often
parallels that of 2-D phenyl substituents in terms of electrophilic
aromatic substitution. Interestingly, while “click” reactions have
been reported between azides/alkynes, featuring distant carborane
groups [20e22], only a single report by Xie et al. has thus far sur-
faced of “click” chemistry between electronically distinct carbor-
anyl azides and alkynes [23] (N atom of azides bound directly to the
cage). For this reason, we sought to investigate the reactivity of an
o-carboranyl azidewith a strained alkene, which if successful, could
allow for new synthetic routes to previously unknown carborane
appended heterocycles. Recently, related carborane fused hetero-
cycles have displayed interesting electronic properties [24e28].
2. Results

While the parent o-carboranyl azide N3-CCHB10H10 is volatile
and relatively unstable [29], C-substituted derivatives N3-
CCRB10H10 are less volatile and only extrude N2 at elevated tem-
peratures. Hence, we targeted the reaction between the readily
available phenyl substituted derivative 1 [33] and norbornene
(Scheme 1).

Reaction of 1 with norbornene was performed in deuterated
chloroform in which immediate formation of a single isomer of a
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Scheme 1. Reaction of 1 with norbornene to yield carboranyl azide adduct 2.

Fig. 2. Solid-state crystal structure of compound 2 displaying C (gray), B (orange), N
(blue), and H (white) atoms.

U.B. Chauhan et al. / Tetrahedron 75 (2019) 1323e13251324
new compound 2 was observed via multinuclear NMR (Scheme 1).
The 11B[1H] NMR spectra of the new compound 2 displays two
distinct resonances (�3.67 and �5.21 ppms) for the unique borons
antipodal to the carbon atoms of the cluster, as well as a group of
overlapping signals between �7.54 and �18.00 ppms for the
remaining 8 boron vertices in the cluster (Fig. S1). The 13C NMR of
the same compound reveals 12 unique resonances along with the
disappearance of the olefin signal associated with the norbornene
starting material (Fig. S2). A 13C DEPT 135 experiment confirmed
that there were three CH2 resonances in the norbornene ring sys-
tem (Fig. S3).

More compelling evidence for the predicted carboranyl adduct 2
can be gleaned from the 1H NMR, which reveals a desymmetriza-
tion of the norbornenemolecule through emergence of a number of
1H NMR resonances. Perhaps the most telling characteristic of
successful carboranyl triazoline formation is the difference in
chemical shifts between the alkene protons of the norbornene
starting material and those of the suspected heterocycle. Indeed,
the resulting 1H NMR displays two doublets, which emerge at 3.94
and 2.83 ppms, suggesting close proximity to the electronegative N
atoms (Fig. S4). Further analysis of the 1H NMR spectra corroborates
these suspicions as the bridgeheadmethylene protons He/Hf appear
as two doublets at 0.43 and 0.22 ppms (2J¼ 11 Hz), respectively. The
broad bump located from 2.0 to 4.0 ppm in the 1H NMR corre-
sponds to the carboranyl B-H vertices (Fig. S4). A COSY NMR
experiment corroborates the assignment of Ha-Hd, and confirms
protons Ha and Hb engage in a 3J coupling as evident by a cross peak
at 3.94, 2.83 ppm (Fig. S5). No spin-spin coupling was observed
between Ha/Hb and the adjacent methine protons, Hc/Hd (Fig. 1).
The COSYalso reveals Hc and Hd do not engage in 3J couplings to any
adjacent protons. Furthermore, the COSY confirms the diaster-
eotopic methylene protons, Hg-Hj, couple with each other as evi-
denced by a cross-peak at 0.71, 1.08 ppm (Fig. S5). The aromatic
region of the 1H NMR spectra displays three characteristic reso-
nances corresponding to the phenyl substituent of 1, which is
further corroborated by cross peaks in the aromatic region of the
COSY.

The structure of 2 was unambiguously determined by a single
crystal x-ray diffraction study to be the exo-isomer of the cyclo-
addition reaction (Fig. 2). The triazoline heterocycle is perfectly
planar as revealed by the sum of the internal bond angles totaling
540�. The N2eN3 bond length (1.2435(11) Å) is significantly shorter
Fig. 1. Proton assignment of carboranyl azide adduct 2.
than that of the N1 e N2 bond (1.4097(10) Å), indicating greater
multiple bond character between N2 and N3. Interestingly, the
C1eN1 bond appending the carborane to the heterocycle has a
noticeably shorter bond length of 1.4008(10) Å in comparison to the
CeN bonds present on the triazoline (C8 e N1¼1.4750 Å,
C3eN3¼1.4829 Å). In addition, the C1eN1 bond length of 2 is
shortened with respect to the starting azide (1.4282(13)) 1 [30].
Comparable Ce N bond lengths have been reported for 1-amino-2-
Ph-o-carborane (mean 1.392(3) Å) and suggest some degree of exo-
p-conjugation between the cluster and heterocycle [31]. A few o-
carboranyl amine derivatives reported by Xie et al. have also been
shown to possess a similar CeN bond distance [32]. This is com-
plemented by dramatic lengthening of the o-carborane CeC bond
on the same compound (mean 1.836 Å). Indeed, the short C1eN1
bond length observed in 2 is corroborated by the 2-Ph-o-carborane
moiety C1eC2 distance of 1.7735 Å, significantly longer than the
C1eC2 bond in azide 1 (1.725(5) Å) [33]. Overall, this suggests the
triazoline N1 acts as a p-donor when bonded directly to the 2-Ph-o-
carborane moiety, although less conjugation is observed compared
to o-carboranyl amine derivatives.

3. Conclusion

As demonstrated above carboranyl azides are viable reaction
partners for the “click” chemistry with strained CeC multiple
bonds. This discovery paves the way for the elaboration of this
methodology to different carboranyl azides and strained alkenes/
alkynes. Such a strategy should allow facile access to heterocycles
appended with o-carborane substituents, which are not easily ob-
tained any other way. These species will likely find applications as
pharmaceutical and functional material precursors. We are
currently exploring the viability of using other carboranyl azides,
such as those derived from closo-carborane anions.

4. Experimental

4.1. General considerations

Unless otherwise stated, all manipulations were carried out
using standard Schlenk or glovebox techniques (O2, H2O< 1 ppm)
under a dinitrogen or argon atmosphere. Solvents were dried over
K or CaH2, and distilled under argon before use. Reagents were
purchased from commercial vendors and used without further
purification. NMR spectra were recorded on Bruker Avance
300MHz or Varian Inova 300e500MHz spectrometers. Standard
Varian pulse sequence gCOSY was used for the COSY experiment.
NMR chemical shifts are reported in parts per million (ppm). 1H
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NMR and 13C NMR chemical shifts were referenced to residual non-
deutero solvent. 11B NMR chemical shifts were externally refer-
enced to BF3$OEt2. Infrared spectra were recorded on a Perkin
Elmer Spectrum One FT-IR Spectrometer.

4.1.1. Synthesis of carboranyl azide adduct, 2
1-N3-2-Ph-C2B10H10, 1, was prepared following a synthesis

published by Kennedy [33]. 1 (52.27mg, 0.20mmol), and Bicyclo
[2.2.1]hept-2-ene (18.83mg, 0.20mmol), were dissolved in
Chloroform-d (2.00mL, 24.9mmol) in a 20mL glass scintillation
vial and stirred at room temperature for 7 h. The solvent was
evaporated to obtain 69.10mg of product as a white solid and
recrystallized from slow evaporation of toluene (0.19mmol, 97.1%).
1H NMR (300MHz, CDCl3, 25 �C) d¼ 7.58 (d, 2H, CHaryl,
3J(HeH)¼ 7.8 Hz), 7.11 (t, 1H, CHaryl, 3J(HeH)¼ 7.5 Hz), 7.00 (dd, 2H,
CHaryl, 3J(HeH)¼ 7.7 Hz, 3J(HeH)¼ 8.7 Hz), 3.96 (d, 1H, CH,
3J(HeH)¼ 8.7 Hz), 2.10e3.57 (br, 10H, BH), 2.83 (d, 2H, CH,
3J(HeH)¼ 8.7 Hz), 2.31 (s, 1H, CH), 1.54 (s, 1H, CH), 1.08 (m, 2H,
CH2), 0.71 (m, 2H, CH2), 0.42 (d, 1H, CH, 2J(HeH)¼ 11Hz), 0.21 (d,
1H, CH, 2J(HeH)¼ 11 Hz) ppm. 13C NMR (126MHz, Toluene-d8)
d¼ 131.7, 130.9, 130.5, 128.6, 96.3, 90.5, 88.2, 62.7, 45.2, 42.4, 40.4,
36.4, 31.4, 25.5, 24.2 ppm. 11B NMR (160MHz, Toluene-d8)
d¼�3.7, �5.2, 10.1, �11.9 ppm. M.P.: 120e122 �C.
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