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Oxidative Perhydroxylation of [c[oso-B 12H 12 ]2- to the Stable Inorganic
Cluster Redox System [B 12(OH)12]2-1.-: Experiment and Theory**
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The icosahedral dodecahydro-closo-dodecaborate dianion,
[closo-B 12H 12F-, is the most prominent member of the hydridoborate cluster family. Its stability,[l] as rationalized in most
popular form by Wade's rules, has frequently been compared with that of planar "aromatic" compounds in hydrocarbon chemistry. In contrast to such quintessential organic
systems, the [closo-B 12 X 12F- clusters exhibit three-dimensional electron delocalization,f2J 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 functionalize and substitute [closo-B 12Hd 2- have provided a variety of closomersPl With respect to the parent anion,
[closo-B 12H 12 ]2-, these closomers retain the icosahedral cage
but incorporate variable additional properties relating to the
geometrical and electronic structure, ionic charge, redox ca-
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pability, paramagnetism, chromophoric features, or hydrophobicity. In terms of charge, the boron cage of most known
closomers is isoelectronic to that of [closo-B 12 HnJ2-. However, some closomers can exist with less than the standard
number of cage-bonding electrons and are described as [hypocloso-BI 2X 12l" (n = -1 for radical and n = 0 for neutral
forms). Several protected radical anions such as [hypoclosoB12Me12)'- and [hypocloso-B 12 (OCH 2Ph)12)'- have been reported in the literature up to date.[4.51 With one or two electrons removed, the symmetry is lower than I" with its quadruply degenerate HOMO, resulting in a Jahn-Teller distortion. The lower electron density in the boron cage may be
compensated by external donor substituents, involving re
back-donation and inductive and electronegativity effects.f4.51
Of the known persubstituted 12-vertex boron radicals, the
stabilization of [hypocloso-B12Me12)'- may be attributed to
steric crowding and the combined inductive effect, whereas
re back-donation from the oxygen nonbonding electron pairs
into the electron-deficient cage is the main reason for the
persistence of [hypocloso-B 12(OR) 12)'- intermediates of
nanomolecular redox systems. [5eJ Both of these air-stable
radical compounds are persubstituted with hydrophobic organic substituents and were obtained by the one-electron
oxidation of corresponding closomer dianions with oxidants
such as Fe 3 + or Ce 4+. Neither inorganic derivatives nor alternative methods of synthesis have been published to date.
All reported closomers resulting from functionalization reactions of [closo-B12Hd2- were obtained in the -2 statePl
The perhydroxylation of [closo-BI 2H 12F-, for example, has
been carried out in the oxidation with hydrogen peroxide,
H 20 2 (30 %). At temperatures ranging from lOS·C up to
reflux, this reaction led only to Cs 2[B I2 (OH)u].2H20 as the
reaction product[51 despite the oxidizing power of H20 2. Efforts to obtain the perhydroxylated radical anion by oneelectron oxidation of [closo-BdOH)12f- did not succeed.
In this work we describe how the use of hydrogen peroxide leads to the cesium salts of both the diamagnetic [closoB 12 (OH)12F- and the paramagnetic [hypocloso-BdOH)nJ'-,
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thus producing a BI2 cluster redox system with an unprecedented potential for functionalization at the OH groups.
Both the electron-transfer capacity and the possible functionalization through OH would be of interest for areas
such as material science (spin-bearing oligoboranes) or medicine (boron neutron-capture therapy, BNCT).f6] The airstable, paramagnetic, sparingly water-soluble, solvent-free
radical compound Cs[BdOH)I2] can be synthesized directly
through perhydroxylation of CS2[B12H12] with Hz02 (30%)
at 65·C for six daysP] Further increase in reaction temperature over 100·C leads to the formation of diamagnetic
Cs2[c!oso-B12(OH)121·2HzO, which has already been characterizedY] This preparation process effected not only the hydroxylation but also a one-electron oxidation of the boron
cage. Owing to its low solubility in water, the radical compound is easily separated in high purity from the reaction
mixture. Complete hydroxylation of all B-H vertices of
[c!oso-B12H12f- was achieved although the radical preparation reaction was carried out at rather low temperatures.
The electrospray mass spectrum (ESI-MS, negative mode)
reveals the molecular ion peak of [hypoc!oso-BdOH)12r- 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 [hypoc!oso-B12Me12r-.[9] The lack of
EPR spectral resolution reflects the large number of theoretical lines calculated for the interaction of one unpaired
electron with 121H and 12 llB nuclei and the presence of a
vast number of different isotopomers (llB: 80.2%,1=3/2;
lOB: 19.8%,1=3). Considering only the all-(llB) combination one arrives at 481 lines (37 x 13), the other, partially
more abundant IOB/llB combinations yield many more hyperfine lines. EPR measurements at higher frequencies (95,
190, and 285 GHz) showed no g factor anisotropy b.g=
gl-g3 for the solid radical at 5 K. At 285 GHz a very slight
signal asymmetry could be associated with a b.g value of approximately 0.01. The DFT calculated[lO] isotropic g value is
2.0098 and there is a small calculated anisotropy b.g of
0.006. The electron spin density is mainly delocalized over
the slightly distorted B12 skeleton (see below and the Supporting Information).
The UVNIS spectrum of CS[B 12 (OH)I2] in acetonitrile
shows an absorption maximum at A= 477 nm, which is in
agreement with the TDDFT calculated most-intense transition at 474 nm (B12 framework centered), arising from fully
occupied MOs to the singly occupied molecular orbital
(SOMO) characterized above. We calculated two more, lessintense transitions at 463 and 457 nm (see the Supporting
Information). The corresponding energy-level diagram,
based on a slight B12 structural distortion from I" symmetry
affecting the quadruply degenerate MO by the Jahn-Teller
effect, is also provided in the Supporting Information.
Single crystals of Cs[Bn(OH)121 were obtained from water
and the crystal structure was determined from single-crystal
X-ray diffraction.[ll] 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

Figure 1. View of a [hypoc!oso-B.,(OH)12r- radical anion in the crystal
structure of Cs[B12(OH),,].

from those of the [C!oso-B12(OH)n]2- dianion (B-O: 143.3145.9 pm; B-B: 178-181 pm)l5] 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 Cs 2[B 12 (OH)12].2H20, there are no such interactions in Cs[BdOH)12] (Cs+···Cs+ separations are 704 pm).
The less-pronounced distortion of the anionic cluster in Cs[Bn(OH)121 as compared with Cs2[BdOH)121·2H20 may be
due to the diminished interactions between the cesium cations and the cluster through the oxygen atoms, and to the
absence of hydrogen bonds by involving water molecules.
Among [hypoC!oso-B12X12r- radicals (X: OH, Me, and
OCH2Ph), the lengthening of the B-B bonds and the shortening of the B-O bonds in [hypoc!oso-B12(OH)12r- is less
pronounced than those in [hypoc!oso-B12Me12r- (B-B:
178.5-180.5 pm; B-C: 159.8-145.9 pm)l9] and [hypoc!osoB 12 (OCH 2Ph)n]'- (B-B: 176.8-184 pm; B-O: 139.8141.9 pm)Yc] In the crystal structure of Cs[B 12 (OH)nl with
its rock salt-type related arrangement, six Cs+ cations surround each boron cage octahedrally and vice versa. The Cso distances (340-360 pm) are longer than those of the diamagnetic compound (307-352 pm). The Cs+ cations in Cs[BdOH)121 exhibit coordination number of 12 (Figure 2),
whereas the coordination numbers of the Cs+ cations in Cs2[B 12 (OH)n].2H20 is only 10.
Electrochemical
studies
of
the
interconversion
[B I2 (OH)d 2-/.- were hampered by the poor solubility of Cs[B 12(OH)121. The best, reproducible results were obtained by
using cyclic voltammetry with either a Pt electrode after extracting the solid into 0.2M Bu 4NPF6/CH 3CN solution for
several hours at room temperature, or with a gold electrode
at 75·C in 0.1 M KNOiH 2 0. Under those conditions, anodic
oxidation of [c!oso-B12(OH)d 2- was irreversible at slower
scan rates but increasingly reversible above 1 VS-I. Against
ferrocenium/ferrocene as the internal standard, the halfwave potentials were determined as +0.45 V in CH 3CN and
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Figure 2. Coordination polyhedron of Cs+ in the crystal structure of
Cs[Bn(OH)d·

+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 [closoB12H 12 Y' by OH in [closo-BdOH)n]2- lowers the oxidation
potential through Jt back-donation sufficiently to allow for
the generation of the one-electron oxidized [hypoclosoB 12 (OH)u]'- 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 (nucleus independent chemical shift) index. These diatropic currents 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
[BdOH)d 2- ' .-. The small difference between -28.96 ppm
(2- anion) and -28.24 ppm (1- radicai anion) suggest marginal diminishing of the aromaticity on one-electron oxidation.
In conclusion, a surprisingly straightforward reaction between Cs2[B 12 Hd and H 20 2 (30 %) yields both diamagnetic
Cs2[BdOH)12]·2H20 and paramagnetic CS[B 12 (OH)12] as
parts of a new structurally characterized oligoborane cluster
redox system with a stable radical state[4j and the potential
for functionalization at the OH groups.
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