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Closo fi nido cage degradation of
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Abstract—1-(2-Nitrophenyl)-1,2-dicarba-closo-dodecaborane(12) shows C–H� � �O intramolecular hydrogen bonding in chloroform.
The reaction of isomeric 1-(nitrophenyl)-1,2-dicarba-closo-dodecaborane(12)s and of 1-(4-fluorophenyl)-1,2-dicarba-closo-dodeca-
borane(12) with wet DMSO causes the removal of 3-B or 6-B, leading cleanly to nido-carboranes. The rank order of rates of these
deboronations is consistent with developing negative charge in the rate-determining step.
� 2006 Elsevier Ltd. All rights reserved.
The icosahedral 1,2-dicarba-closo-dodecaborane(12) is
of current interest in medicinal chemistry as a water-,
air- and bio-stable multi-boron entity, which can be
attached to tumour-targetting systems.1,2 Such agents
are being designed to address a major issue in boron
neutron capture therapy (BNCT) of cancer, that of
delivery of sufficient boron (specifically 10B) selectively
to tumours, while keeping the concentration of 10B in
adjacent normal tissues low.3 When tumours containing
10B are irradiated with low-energy (‘thermal’) neutrons,
the boron captures the neutrons efficiently (neutron cap-
ture cross-section for 10B 3836 barns, cf. 0.0034 barns
for 12C). An (n,a) reaction ensues to give a 7Li nucleus
and an a-particle with sufficient kinetic energy to propel
the a-particle by one cell diameter in tissue. Thus the
DNA-damaging and cytotoxic effects of the therapy
are limited to the cells in which 10B had been located.
Carboranes have been linked to nitroimidazoles,4–6

porphyrins,7–9 antibodies10 and nucleosides,11 inter alia,
for tumour-targetting of the boron cluster.

This neutral cluster is notoriously insoluble in water.
Several tactics have been adopted to increase the solubil-
ity of candidate BNCT agents in biocompatible solvents.
These have variously included polyethers8 and polyols,12
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but the most usual approach to soluble BNCT agents is
to degrade the neutral closo-carborane cage to the corre-
sponding anionic nido-carborane (a C2B9 cluster).13,14

This deboronation has been achieved using several sets
of reagents and conditions. The most common is
hydroxide ion at elevated temperatures,15 but
amines14,16 and fluoride7,17,18 are also used. The dis-
advantage with these methods is that it is often neces-
sary to use harsh conditions to the potential detriment
of other functional groups.

In 1999, Schaeck and Kahl reported that closo-carbor-
anes 1 (Scheme 1), which carry strongly electron-with-
drawing carbonyl groups at C-1, are degraded in wet
DMSO to nido-carboranes 2.19 Since then, it has been
noted20 that di-(closo-carboranyl)sulfoxide 3 is similarly
deboronated to nido-derivative 4 and that 1-(2,4,5-tri-
azin-2-yl)-closo-carboranes 5 are converted into nido-
carboranes 6 in wet DMSO;21 in these examples, the
carborane is attached directly to a specialist electron-
withdrawing group (sulfoxide and a very electron-defi-
cient heterocycle, respectively). We now report that this
deboronation can be extended to simpler carboranes,
which carry substituted phenyl groups, and that the rate
of deboronation depends on the electron-withdrawing
character of the substituted phenyl.

1-Phenyl-closo-carborane 8 was synthesised in the usual
way from decaborane(14) and phenylethyne 7 in
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Scheme 1. Degradation of closo-carboranes 1, 3, 5 carrying strongly
electron-withdrawing groups to the corresponding nido-carboranes 2,
4, 6 in wet DMSO. R1 = H, OMe; R2 = Me, Ph. Reagent: wet DMSO.
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acetonitrile. Nitration of 8 in dichloromethane with
mixed concentrated nitric and sulfuric acids gave a
67% overall yield of a mixture of para-, meta- and
ortho-1-(nitrophenyl)-closo-carboranes 9a–c, respec-
tively, which was separable by careful silica gel chroma-
tography to afford the pure samples of the individual
isomers. The ratios of isolated yields of the mononitro-
phenylcarboranes formed (9a: 49%, 9b: 16%, 9c: 2%)
corresponded to those observed by GC by Hawthorne
et al.22 in their early studies.

The 1H NMR spectra of 9a–c in CDCl3 were mostly
unremarkable (Table 1). The signal for the carborane
2-H in 9c was at d 4.30, some 0.3 ppm moved downfield
from the corresponding signals in the spectra of 9a,b.
This may indicate some O� � �H–C hydrogen bonding
from the adjacent nitro group. Intermolecular hydrogen
bonding from the relatively acidic carborane C–H is
known but intramolecular hydrogen bonding has only
been described for 1-(2-pyridyl)-1,2-dicarba-closo-
Table 1. 1H NMR chemical shifts for C–H protons in 9a–c and 10a–c

Compound no. Solvent Ar–H (d)

9a CDCl3 7.59 (2H, d, J = 9.0 Hz), 8.11 (2H
9a (CD3)2SO 7.83 (2H, d, J = 9.0 Hz), 8.21 (2H
9b CDCl3 7.58 (1H, br t, J = 8.0 Hz), 7.85

ddd, J = 8.0, 2.0, 1.0 Hz), 8.32 (1
9b (CD3)2SO 7.72 (1H, dd, J = 9.0, 8.2 Hz), 8.

(1H, ddd, J = 8.0, 2.3, 1.2 Hz), 7
9c CDCl3 7.37 (1H, m), 7.54 (2H, m), 7.89
9c (CD3)2SO 7.66 (1H, dt, J = 2, 8 Hz), 7.70 (1

2 Hz), 7.83 (1H, dd, J = 8, 2 Hz)

10a (CD3)2SO 7.33 (2H, d, J = 9.0 Hz), 7.95 (2H
10b (CD3)2SO 7.38 (1H, br t, J = 8.0 Hz), 7.54

J = 8.0 Hz), 7.87 (1H, t, J = 2.0 H
10c (CD3)2SO 7.30 (1H, t, J = 8 Hz), 7.33 (1H,

(1H, d, J = 8 Hz)

a Nonfirst-order coupling system.
dodecaborane(12) and analogues.23,24 As expected,
when 9a–c were dissolved in (CD3)2SO and the spectra
recorded immediately, the signals for the Ar–H protons
moved downfield somewhat and those for the carborane
C–H protons moved to d 5.9–6.0, consistent with the
extensive H-bonding to the solvent.

However, after the sample of 9a in (CD3)2SO (contain-
ing ca. 4 mol equiv of water) was allowed to stand at
ambient temperature for 1 h the spectrum indicated
the formation of a single new species in the solution.
In this species, the signals for the aromatic protons
had moved upfield by 0.26 ppm for 3,5-H2 and by
0.50 ppm for 2,6-H2 (Table 1), indicating that the aro-
matic ring had become more electron-rich. The apparent
para-benzene substitution pattern was unchanged. Most
remarkably, the signal for the carborane C–H had
moved upfield by 3.52 ppm. These chemical shifts were
shown to be inconsistent with the formation of 1-(4-
aminophenyl)-closo-carborane by comparison with a
spectrum of an authentic sample25 in (CD3)2SO. The data
suggested the formation of an anionic carborane species.
The solution was allowed to stand for 3 d, after which
the 1H NMR spectrum showed that the conversion
was complete and essentially stoichiometric. Formation
of nido-carborane 10a was confirmed by the 11B NMR
spectrum (showing nine discrete 11B resonances from
the asymmetric nido-structure at d �35.9, �33.2,
�23.6, �20.2, �18.6, �17.1, �13.0, �10.6, �9.0 and
one for boric acid at d +19.8) and by the observation
of a molecular ion cluster (centred at m/z 254) in the
negative ion FAB MS, with 10B/11B isotope distribution
corresponding to a B9 species. Removal of one of the
borons linked to both carbons in the icosahedra of
9a–c was shown by the close similarity of the chemical
shifts of the signals in the 11B NMR spectra with those
reported for an analogous 4-fluorophenyl nido-
carborane18 (Scheme 2).

Similar treatment of isomers 9b,c with DMSO caused
complete conversion to the corresponding nido-carbor-
anes 10b,c, as confirmed by analogous sets of spectra.
Noting that cage degradation of the three isomers by
DMSO required different reaction times for completion,
Carborane 2-H (d)

, d, J = 9.0 Hz) 3.95
, d, J = 9.0 Hz) 5.93

(1H, ddd, J = 8.0, 2.0, 1.0 Hz), 8.26 (1H,
H, t, J = 2.0 Hz)

4.06

03 (1H, ddd, J = 8.2, 2.3, 1.2 Hz), 7.86
.87 (1H, t, J = 2.1 Hz)

6.00

(1H, m)a 4.30
H, dt, J = 2, 8 Hz), 7.78 (1H, dd, J = 8, 5.83

, d, J = 9.0 Hz) 2.41
(1H, br d, J = 8.0 Hz), 7.86 (1H, br d,

z)
2.48

d, J = 8 Hz), 7.43 (1H, t, J = 8 Hz), 7.60 2.45
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Scheme 2. Synthesis of 1-(nitrophenyl)-closo-carborane isomers 9a–c

and cage degradation of 9a–c and 1-(4-fluorophenyl)-closo-carborane
11 with wet DMSO to nido-carboranes 10a–c and 12, respectively. a: 4-
nitrophenyl; b: 3-nitrophenyl; c: 2-nitrophenyl. Reagents: (i) B10H14,
MeCN; (ii) HNO3, H2SO4; (iii) wet (CH3)2SO or (CD3)2SO.
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a kinetic study was carried out. The samples (5.0 mg) of
9a–c in (CD3)2SO (0.6 mL) containing H2O (ca. 4 mol
equiv) in 5 mm NMR tubes were kept in the spectrometer
at 20 �C. 1H spectra (400 MHz) were recorded every 4 h
for 9a,b and every 1 h for 9c. The progress of each reac-
tion was monitored by integrating the signals (Ar–H,
carborane C–H) for 9a–c and 10a–c. Figure 1 shows
the graphs of consumption of 9a–c with time. Each
curve fits well with pseudo-first order kinetics at short
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Figure 1. Upper: Graph showing rates of closo! nido carborane cage
degradation of nitrophenylcarboranes in wet (CD3)2SO at 20 �C. r,
9a; n, 9b; h, 9c. Lower: Graph showing rate of closo! nido

carborane cage degradation of fluorophenylcarborane 11 in wet
(CD3)2SO at ambient temperature.
time periods, as reported26 for deboronation of 1-
phenyl-closo-carborane with hydroxide, with slight devi-
ations as the reactions near completion. The rank order
of reaction rates (9c > 9a > 9b) is consistent with a
mechanism in which the negative charge is built up
strongly in the rate-determining step (Hammett
rpara = 0.78 and rmeta = 0.71 for nitro). The evolution
of a colourless gas (presumably H2)26 was noted during
the reactions. In each experiment, the chemical shift of
the residual water signal moved downfield as the reac-
tion progressed, indicating an increasing acidity in the
mixture owing to the formation of boric acid (H3BO3)
from the excised boron atom. A similar cage degrada-
tion of 1-(4-fluorophenyl)-closo-carborane 1118 was
much slower (as monitored by 1H and 19F NMR), only
reaching an 84% conversion to 1218 after 88 days (Ham-
mett rpara = 0.06 for fluoro). As expected, raising the
temperature increased the reaction rate, with the conver-
sion of 11 to 12 being essentially complete after 24 h at
100 �C.

In this Letter, we report a very mild and convenient
closo- to nido- transformation in C-(substituted phenyl)car-
boranes with wet DMSO. This extension of the reaction
into simpler carboranes points to the generality of this
method with potential applications in the synthesis of
nido-carboranes carrying a wide variety of sensitive sub-
stituents. Such nido-carboranes are of use in BNCT and
other applications as themselves but also for further
chemical reactions. For example, a boron atom can be
‘stitched in’ to the vacant icosahedral vertex of nido-car-
boranes with dichloroboranes (RBCl2),27 giving closo-
carboranes with substituents at carbon and at the adja-
cent boron; such icosahedra have a great potential in the
stereocontrolled display of reactive functional groups or
bioactive ligands.
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