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The icosahedral dodecahydro-closo-dodecaborate dianion,
[closo-B12H12]

2�, is the most prominent member of the hydri-
doborate cluster family. Its stability,[1] as rationalized in most
popular form by Wade�s rules, has frequently been com-
pared with that of planar “aromatic” compounds in hydro-
carbon chemistry. In contrast to such quintessential organic
systems, the [closo-B12X12]

2� clusters exhibit three-dimen-
sional electron delocalization,[2] and they normally lack two
well-established kinds of features that characterize the
chemistry of organic aromatic compounds: they are less
easily functionalized and they usually do not undergo facile
reversible electron transfer. However, recent studies to func-
tionalize and substitute [closo-B12H12]

2� have provided a va-
riety of closomers.[3] With respect to the parent anion,
[closo-B12H12]

2�, these closomers retain the icosahedral cage
but incorporate variable additional properties relating to the
geometrical and electronic structure, ionic charge, redox ca-

pability, paramagnetism, chromophoric features, or hydro-
phobicity. In terms of charge, the boron cage of most known
closomers is isoelectronic to that of [closo-B12H12]

2�. Howev-
er, some closomers can exist with less than the standard
number of cage-bonding electrons and are described as [hy-
pocloso-B12X12]

n (n=�1 for radical and n=0 for neutral
forms). Several protected radical anions such as [hypocloso-
B12Me12]C

� and [hypocloso-B12ACHTUNGTRENNUNG(OCH2Ph)12]C
� have been re-

ported in the literature up to date.[4,5] With one or two elec-
trons removed, the symmetry is lower than Ih with its quad-
ruply degenerate HOMO, resulting in a Jahn–Teller distor-
tion. The lower electron density in the boron cage may be
compensated by external donor substituents, involving p

back-donation and inductive and electronegativity effects.[4,5]

Of the known persubstituted 12-vertex boron radicals, the
stabilization of [hypocloso-B12Me12]C

� may be attributed to
steric crowding and the combined inductive effect, whereas
p back-donation from the oxygen nonbonding electron pairs
into the electron-deficient cage is the main reason for the
persistence of [hypocloso-B12(OR)12]C

� intermediates of
nanomolecular redox systems.[5c] Both of these air-stable
radical compounds are persubstituted with hydrophobic or-
ganic substituents and were obtained by the one-electron
oxidation of corresponding closomer dianions with oxidants
such as Fe3+ or Ce4+ . Neither inorganic derivatives nor al-
ternative methods of synthesis have been published to date.
All reported closomers resulting from functionalization re-
actions of [closo-B12H12]

2� were obtained in the �2 state.[3]

The perhydroxylation of [closo-B12H12]
2�, for example, has

been carried out in the oxidation with hydrogen peroxide,
H2O2 (30 %). At temperatures ranging from 105 8C up to
reflux, this reaction led only to Cs2ACHTUNGTRENNUNG[B12(OH)12]·2 H2O as the
reaction product[5] despite the oxidizing power of H2O2. Ef-
forts to obtain the perhydroxylated radical anion by one-
electron oxidation of [closo-B12(OH)12]

2� did not succeed.
In this work we describe how the use of hydrogen perox-

ide leads to the cesium salts of both the diamagnetic [closo-
B12(OH)12]

2� and the paramagnetic [hypocloso-B12(OH)12]C
�,
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thus producing a B12 cluster redox system with an unprece-
dented potential for functionalization at the OH groups.
Both the electron-transfer capacity and the possible func-
tionalization through OH would be of interest for areas
such as material science (spin-bearing oligoboranes) or med-
icine (boron neutron-capture therapy, BNCT).[6] The air-
stable, paramagnetic, sparingly water-soluble, solvent-free
radical compound Cs ACHTUNGTRENNUNG[B12(OH)12] can be synthesized directly
through perhydroxylation of Cs2ACHTUNGTRENNUNG[B12H12] with H2O2 (30 %)
at 65 8C for six days.[7] Further increase in reaction tempera-
ture over 100 8C leads to the formation of diamagnetic
Cs2[closo-B12(OH)12]·2 H2O, which has already been charac-
terized.[5] This preparation process effected not only the hy-
droxylation but also a one-electron oxidation of the boron
cage. Owing to its low solubility in water, the radical com-
pound is easily separated in high purity from the reaction
mixture. Complete hydroxylation of all B�H vertices of
[closo-B12H12]

2� was achieved although the radical prepara-
tion reaction was carried out at rather low temperatures.

The electrospray mass spectrum (ESI-MS, negative mode)
reveals the molecular ion peak of [hypocloso-B12(OH)12]C

� at
m/z : 336.1. The experimental and simulated mass spectra
are shown in the Supporting Information. The radical anion
exhibits an unresolved EPR signal at g= 2.0042 (2.5 mT
peak-to-peak distance) in the solid, which is close to the
free-electron value of 2.0023 and not much different from
the value of 2.0076 for [hypocloso-B12Me12]C

�.[9] The lack of
EPR spectral resolution reflects the large number of theo-
retical lines calculated for the interaction of one unpaired
electron with 12 1H and 12 11B nuclei and the presence of a
vast number of different isotopomers (11B: 80.2 %, I=3/2;
10B: 19.8 %, I=3). Considering only the all-(11B) combina-
tion one arrives at 481 lines (37 �13), the other, partially
more abundant 10B/11B combinations yield many more hy-
perfine lines. EPR measurements at higher frequencies (95,
190, and 285 GHz) showed no g factor anisotropy Dg=

g1�g3 for the solid radical at 5 K. At 285 GHz a very slight
signal asymmetry could be associated with a Dg value of ap-
proximately 0.01. The DFT calculated[10] isotropic g value is
2.0098 and there is a small calculated anisotropy Dg of
0.006. The electron spin density is mainly delocalized over
the slightly distorted B12 skeleton (see below and the Sup-
porting Information).

The UV/VIS spectrum of CsACHTUNGTRENNUNG[B12(OH)12] in acetonitrile
shows an absorption maximum at l=477 nm, which is in
agreement with the TDDFT calculated most-intense transi-
tion at 474 nm (B12 framework centered), arising from fully
occupied MOs to the singly occupied molecular orbital
(SOMO) characterized above. We calculated two more, less-
intense transitions at 463 and 457 nm (see the Supporting
Information). The corresponding energy-level diagram,
based on a slight B12 structural distortion from Ih symmetry
affecting the quadruply degenerate MO by the Jahn–Teller
effect, is also provided in the Supporting Information.

Single crystals of Cs ACHTUNGTRENNUNG[B12(OH)12] were obtained from water
and the crystal structure was determined from single-crystal
X-ray diffraction.[11] In the radical compound, the B�B bond

lengths fall in a small range from 179.1 to 180.3 pm, whereas
the B�O bond lengths range between 143.3 and 144.4 pm
(Figure 1). These bond lengths are only slightly different

from those of the [closo-B12(OH)12]
2� dianion (B�O: 143.3–

145.9 pm; B�B: 178–181 pm)[5] and from typical values for
B�B and B�O bond lengths (177 and 144 pm, respectively).
In contrast to the unusually short Cs+ ···Cs+ separation of
397 pm in Cs2ACHTUNGTRENNUNG[B12(OH)12]·2 H2O, there are no such interac-
tions in Cs ACHTUNGTRENNUNG[B12(OH)12] (Cs+ ···Cs+ separations are 704 pm).
The less-pronounced distortion of the anionic cluster in Cs-ACHTUNGTRENNUNG[B12(OH)12] as compared with Cs2 ACHTUNGTRENNUNG[B12(OH)12]·2 H2O may be
due to the diminished interactions between the cesium cat-
ions and the cluster through the oxygen atoms, and to the
absence of hydrogen bonds by involving water molecules.
Among [hypocloso-B12X12]C

� radicals (X: OH, Me, and
OCH2Ph), the lengthening of the B�B bonds and the short-
ening of the B�O bonds in [hypocloso-B12(OH)12]C

� is less
pronounced than those in [hypocloso-B12Me12]C

� (B�B:
178.5–180.5 pm; B�C: 159.8–145.9 pm)[9] and [hypocloso-
B12 ACHTUNGTRENNUNG(OCH2Ph)12]C

� (B�B: 176.8–184 pm; B�O: 139.8–
141.9 pm).[5c] In the crystal structure of Cs ACHTUNGTRENNUNG[B12(OH)12] with
its rock salt-type related arrangement, six Cs+ cations sur-
round each boron cage octahedrally and vice versa. The Cs�
O distances (340–360 pm) are longer than those of the dia-
magnetic compound (307–352 pm). The Cs+ cations in Cs-ACHTUNGTRENNUNG[B12(OH)12] exhibit coordination number of 12 (Figure 2),
whereas the coordination numbers of the Cs+ cations in Cs2-ACHTUNGTRENNUNG[B12(OH)12]·2 H2O is only 10.

Electrochemical studies of the interconversion
[B12(OH)12]

2�/C� were hampered by the poor solubility of Cs-ACHTUNGTRENNUNG[B12(OH)12]. The best, reproducible results were obtained by
using cyclic voltammetry with either a Pt electrode after ex-
tracting the solid into 0.2 m Bu4NPF6/CH3CN solution for
several hours at room temperature, or with a gold electrode
at 75 8C in 0.1 m KNO3/H2O. Under those conditions, anodic
oxidation of [closo-B12(OH)12]

2� was irreversible at slower
scan rates but increasingly reversible above 1 V s�1. Against
ferrocenium/ferrocene as the internal standard, the half-
wave potentials were determined as +0.45 V in CH3CN and

Figure 1. View of a [hypocloso-B12(OH)12]C
� radical anion in the crystal

structure of Cs ACHTUNGTRENNUNG[B12(OH)12].
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+0.75 V in water, reflecting the expected large difference
for a polyhydroxy species in aprotic versus aqueous systems.
Nevertheless, the twelvefold substitution of H in [closo-
B12H12]

2� by OH in [closo-B12(OH)12]
2� lowers the oxidation

potential through p back-donation sufficiently to allow for
the generation of the one-electron oxidized [hypocloso-
B12(OH)12]C

� as a stable radical anion and its isolation in the
form of the anhydrous cesium salt.

An important stabilizing factor in closo-boranes are the
highly diatropic electronic currents inside the cage, which
can be quantified by the negative value of the NICS (nu-
cleus independent chemical shift) index. These diatropic cur-
rents are interpreted as spherical aromaticity (3D). To
assess the change in 3D aromaticity, the NICS indices were
calculated for both members of the redox couple
[B12(OH)12]

2�/C�. The small difference between �28.96 ppm
(2� anion) and �28.24 ppm (1� radical anion) suggest mar-
ginal diminishing of the aromaticity on one-electron oxida-
tion.

In conclusion, a surprisingly straightforward reaction be-
tween Cs2 ACHTUNGTRENNUNG[B12H12] and H2O2 (30%) yields both diamagnetic
Cs2ACHTUNGTRENNUNG[B12(OH)12]·2 H2O and paramagnetic Cs ACHTUNGTRENNUNG[B12(OH)12] as
parts of a new structurally characterized oligoborane cluster
redox system with a stable radical state[4] and the potential
for functionalization at the OH groups.
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a=929.85(6), c= 1364.78(9) pm; c/a=1.468; Vm =205.136 cm3 mol�1;
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Nonius-k-CCD diffractometer; MoKa radiation (l=71.069 pm,
graphite monochromator); T=293 K; 2877 measured reflections;
338 independent reflections; numerical absorption correction
(HABITUS); Rint =0.112 (Rs =0.042). The crystal structure (Cs at
3a: 0, 0, 0; B1 at 18h: 0.0645(2), �x/a, 0.5999(2); B2 at 18h:
0.1038(2), �x/a, 0.4767(2); O1 at 18h: 0.12213(14), �x/a,
0.68087(15); O2 at 18h: 0.19145(13), �x/a, 0.46085(16)) was solved
by direct methods (SHELX-97) and was refined anisotropically with

least-squares methods against F2 with all data and 28 parameters to
R1 =0.056, wR2 =0.075, and GOF=1.056. The positions of the
oxygen-bound hydrogen atoms could not be determined at room
temperature. Further details of the crystal structure investigation
can be obtained from the Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: (+49)7247-808-
666; e-mail : mailto:crysdata@fiz-karlsruhe.de, http://www.fiz-karlsru-
he.de/request for deposited data.html) on quoting the depository
number CSD-420713 for CsACHTUNGTRENNUNG[B12(OH)12].
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