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Although the electrochemical reduction of 4,7-(OH)2-2,3-(CH3)2-2,3-C2B9H7 is a one-electron irreversible process, the
reduction of the bis(oxy) derivatives 4,7-(OR0)-2,3-(CH3)2-2,3-C2BsH7, R = 1,2-ethanediyl, 1,2-phenyldiyl, or 1,3-
dimethyl-1,3-propanediyl, consists of two one-electron wave reductions. The first electron reduction step is electrochemically
reversible and produces a stable radical anion, which can be detected by electron spin resonance spectroscopy. Cyclic
voltammetry and esr data indicate the addition of a second electron produces an unstable dianion species. A chemical
reaction is associated with the addition of the second electron, which may involve an intramolecular rearrangement of the
carborane dianion. The closo bis(oxy) derivatives, 4,7-(OR0)-2,3-(CH3)2-2,3-C2BsH7, are regenerated by oxidation of

the proposed dianion intermediates.

Introduction

The general reaction sequence involving the chemical re-
duction of a carborane followed by complexation with a
transition metal to produce a monometallocarborane has led
to the development of the polyhedral expansion reactions,?2
The polyhedral expansion reaction has been extended to the
metallocarboranes and is now an established procedure for
producing bimetallocarboranes.2b The latter reaction is
formally viewed as a M(IIT) — M(II) reduction followed by
an additional two-electron reduction to form an anionic
nido-metallocarborane species.2b The two-electron chemical
reduction of the carboranes and the metallocarboranes has
served as the basis for the polyhedral expansion reaction.

For the icosahedral carborane series, B1oC2H12, the re-
duction is accomplished by reaction with 2 equiv of an alkali
metal3-5 or by electrochemical methods.6.7 The electrochemical
reduction consists of a single two-electron irreversible process
assuming the icosahedral carborane has no polarographically
active substituents.?> This reduction yields the dodeca-
hydrodicarbadodecaborate(2~), CaBioH122-, which then
protonates to yield a stable tridecadicarba-nido-dodeca-
borate(1-), C2B1oH13-, ion. Molecular orbital studies indicate
retention of the cage structure for the dianion.8 The structure
of the C,C'-dimethyl-substituted nido-carborane anion has been
published.? Prior publications on the electrochemical re-

ductions of the carboranes have been concerned only with the
icosahedral series.

This paper presents both electrochemical and spectroscopic
data on the nature of the oxidation—reduction reactions of the
octadecahedral carborane 2,3-(CH3)2-2,3-C2B9H11 and its
B-oxy derivatives, The electrochemical behavior of the oc-
tadecahedral derivatives is distinctly different from that
described for the icosahedral carboranes.5’

Experimental Section

Physical Measurements. The polarograms were obtained with a
Heathbuilt Model EUA-19 dropping-mercury electrode. The
constant-potential electrolyses were performed using a Wenking
Electronic potentiostat, Model 68 FR 0.5, and a cell similar to the
design described by Headridge.!9 The cyclic voltammograms were
obtained with an instrument designed and built by Professor R. Reed!!
and by use of a cell described in the literature.!2 Esr spectra were
recorded on a Varian Associates Model E-12 spectrometer operating
on the X-band. Assignment of the splitting factor values were based
on simultaneous calibration using the nmr signal of water.

Reagents. Acetonitrile was Spectrograde and distilled from calcium
hydride prior to use. Monoglyme and tetrahydrofuran were distilled
from potassium—benzophenone prior to use. Tetrabutylammonium
perchlorate and tetraethylammonium bromide were obtained from
Eastman Kodak. The tetrabutylammonium perchlorate was dried
at 60° for 24 hr and the tetraethylammonium bromide was re-
crystallized from ethanol and dried prior to use.
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Table I. Reduction Behavior of Octadecahedral
B-Substituted Carboranes

Total
~Epjys electrons
V, vs. trans-
Carborane sce ferred®
2,3(CH,C), B, H, (I) 1.06 1.0
4-OH-2,3-(CH,C),B,H,; (I) 1.08 0.87
4,7-(0OH),-2,3-(CH,C),- 1.27 0.96
B, H, ({lD)
4,7-(0OCH,CH, 0)-2,3- 1.24 1.60
(CH,C),B,H, (IV) 1.43
4,7-(CH,CH(O)CH,CH(O)- 1.25 2.02
CH,)-2,3-(CH,C),B,H, (V) 1.64 2.02
4,7<(0C,H,0)-2,3-(CH,C),- 1.03 1.95
B,H, (VD 1.39

% Reduction of approximately 0.05 mmol of material at -=2.0 V
vs. sce reference in acetonitrile solutions containing 0.1 M/ TBAP.
Mercury pool cathode used in all cases. Integrated current in fara-
days per mole calculated by current integration using a strip-chart
recorder and a standard resistor.

The carborane derivatives 2,3-(CH3)2-2,3-C2B9oHo, 1,13 4-OH-
2,3-(CH3)2-2,3-C2BsHs, 11,14 4,7-(OH)2-2,3-(CH3)2-2,3-C2BoH7,
111,15 4,7-(0C2H40)-2,3-(CHa)2-2,3-C2BsH7, 1V,16 4,7-(CH3CH-
(O)CH2CH(O)CH3)-2,3-(CH3)2-2,3-C2BsH7, V,17 and 4,7-
(OCgH40)-2,3-(CH3)2-2,3-C2BoH7, VL5 were all prepared according
to literature methods.

The polarographic and cyclic voltammetric data were obtained at
room temperature on solutions 10-3 M in electroactive species, The
constant-potential electrolyses were also done at room temperature
on approximately 0.05 mmol of electroactive species. The solution
was subjected to exhaustive electrolysis at ~2.00 V vs. sce.

The esr samples were degassed and sealed in esr tubes of design
described in the literature.!® The radical anions were generated by
reaction of a solution of the carborane with a sodium mirror prior
to transfer to the esr tubes, The concentration of carborane necessary
and the reaction time for generating an adequate concentration of
the radical anion are as follows: 2,3-(CH3C)2BsHo, 0.1 M, 7 min;
4,7-(0CgH40)-2,3-(CH3C)2BsH7, 0.005 M, 1 min; 4,7-(CH3CH-
(O)CH2CH(O)CH3)-2,3-(CH3C)2BsH7, 0.05 M, 1 hr.

Results and Discussion

2,3-(CH3)2-2,3-C2B9Hy, 1, and its B-substituted derivatives
(see Table I) exhibit at least one polarographic reduction wave
in solutions of 0.1 A TBAP in either acetonitrile or mono-
glyme. For the series of compounds shown in Table I the closo
octadecahedral carborane I and the two B-hydroxy derivatives
4-(OH)-2,3-(CH3)2-2,3-C2BoHzg, 11, and 4,7-(OH)2-2,3-
(CH3)2-2,3-C2BoHy7, 111, exhibit a single one-electron, ir-
reversible reduction, whereas the remaining B-oxy derivatives
IV-VI each have two reduction waves separated by ap-
proximately 0.2-0.4 V. Compound I does exhibit a second
reduction wave, but at a much more negative potential. Figure
1 indicates the structure and numbering scheme for the B-
substituted derivatives. Half-wave potentials (Ep/2) of the first
reduction wave vary from -1.06 V for 2,3-(CH3)2-2,3-C2B9Hy
to —-1.27 V for 4,7-(OH)2-2,3-(CH3)2-2,3-C2BoH7 at 25° vs.
sce. Although the shift of the half-peak potentials in the series
1-VI is small, the trend indicates the B-oxy groups act as
electron donors to the cage making the reduction of the B-oxy
derivatives more difficult in comparison to the parent car-
borane, I. The wave height of the polarograms for I-VI
increased linearly with an increase in concentration of the
carborane sample. A plot of the limiting current vs. either
the concentration or the square root of the height of the
mercury column is linear with an intercept at the origin. These
data indicate the reduction of this carborane series is a
diffusion-controlled process and emphasize the lack of any
kinetic character in the limiting current.!8 There are no
noticeable prewaves or unusual drop oscillations at the foot
of the waves indicating the absence of any adsorption effects
for the mercury-dropping electrode. Serious adsorption effects
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Figure 1. Structure and numbering system for 4,7-{1,2-phenyldiyi-
bis(oxy)]-2,3-dimethyl-2,3-dicarba-closo-undecaborane(l11), VI.

occur with a platinum electrode indicating a lack of reversibility
based on heterogeneous electron-transfer rates at the platinum
electrode. However, the reversible behavior of IV-V1 indicated
by the cyclic voltammograms implies the reduced species are
stable and have chemical reversibility.

The evidence available strongly indicates the first reduction
wave for I-V1 involves a one-electron transfer to the carborane.

4,7-(OR0)-2,3-(CH,C),B, H, + ¢~
4,7-(OR0)-2,3-(CH,C), B, H,-~ @

Since the limiting current contains no kinetic character under
the experimental conditions cited, we preclude the possibility
of any reaction or change in the carborane species prior to the
charge-transfer step in eq 1. The initial product formed by
electrolysis must then be a radical anion,

The cyclic voltammetry and esr data (vide infra) indicate
the radical anions of the carboranes IV-V1 are stable and have
a prolonged lifetime. The B-hydroxy derivatives 11 and III
are, however, extremely unstable and short-lived. The only
identifiable product from the electrolysis of II and III is
arachno-1,3-(CH3C)2B7H11, which indicates the B(OH)
groups are easily extracted from the polyhedral surface. If
the B(O) unit is protected by a terminal alkyl or aryl group,
the radical anion produced is stable for a prolonged period of
time,

For I and IV-V] the presence of the radical anion is
confirmed by esr. Exposure of a solution of the carborane V1
in tetrahydrofuran to a sedium mirror results in a bright yellow
solution (see Experimental Section), which exhibits a strong
esr signal. The intensity of the signal is directly related to the
intensity of the color. The esr spectra of the carborane series
I and IV-VTI are all similar consisting of 10 broad lines (line
width 25 g) of relative intensity 1:3:6:10:12:12:10:6:3:1 centered
around the free electron splitting factor of g = 2.00. There
is no discernible hyperfine structure as shown in Figure 2 for
VI. The spectra were all recorded at room temperature in
tetrahydrofuran and were not affected by changes in con-
centration and temperature (—60 — +25°).

If the highly colored solutions are exposed to an excess of
the sodium mirror, the color fades, eventually becoming clear,
with a corresponding loss of the esr signal. This indicates the
second electron is added to the carborane unit and not to the
organic substituent and forms the esr-inactive dianion [4,-
7-(0CsH40)-2,3-(CH3C)2B9H7]2-. Hydrolysis of the dianion
intermediate has been shown previously to yield the nido-
7,9-(CH3)2-3,4-(0OCsH40)-7,9-C2BoHz(1-).14 The general
polyhedral opening of the octadecahedron and its B-substituted
derivatives has been discussed elsewhere.!4

The esr data are consistent with a system in which three
boron atoms are essentially equivalent. The splitting constants
are unchanged and indicate the free electron is coupled to three
boron atoms with 7 = 3/2. The smaller coupling to the 'H and
10B isotope can be used, in part, to explain the broadness of
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Figure 2, Derivative esr spectrum of the radical anion of 4,7-[1,2-
phenyldiylbis(oxy)}-2,3-dimethyl-2,3-dicarba-closoc-undecaborane-
(11), VI, at room temperature in tetrahydrofuran.

the individual lines. We suggest the odd electron is localized
over the face defined by atoms B(1), B(5), B(6), C(2), and
C(3). Simplified Huckel calculations, now in progress, support
this assignment.!® Hawthorne and Wiersema have also
demonstrated that for paramagnetic metallocarboranes the
planar C2B3 bonding face exhibits axial symmetry, in which
the atoms are essentially equivalent.20 Although the esr data
suggest the odd electron is localized in the octadecahedron,
the actual structure of the radical anion remains unassigned.
Efforts to assign the structure are being made through a
combination of Hiickel-type calculations and spectroscopic data
on the radical anion species. !9

Figure 3 shows the cyclic voltammogram for IT and VI. For
IT the reduction wave is clearly irreversible (Figure 3a) re-
gardless of the scan rate employed indicating the radical anion
formed undergoes a decomposition reaction. For VI the
stability of the radical anion increases dramatically. In Figure
3b the cyclic voltammogram contains a wave at A and E
corresponding to the reduction and oxidation peaks for the first
wave. The separation of the half-peak potentials for A and
E indicates the first wave is reversible. Controlled electrolysis
at —1.2 V for a finite length of time followed by completion
of the cyclic voltammogram shows no additional oxidation
peaks or change in the peak shape of A and E indicating the
radical anion is quite stable and that no chemical transfor-
mation is associated with the addition of the first electron.

The second reduction peak is indicated at point B. The
separation of half-peak potentials for B and C is consistent
with a reversible process, but the shape and peak height vary
with the scan rate indicating the process is not truly reversible.
Based on the esr data the second reduction process yields the
dianion [4,7-(0OCsH40)-2,3-(CH3C)2BoH7]2-, whose structure
has not been identified. As the scan rate shows a new oxidation
peak, D, appears, which is dependent on the existence of the
dianion species. If the cyclic voltammogram is “clipped” at
~1.50 V to exclude the production of B, the new peak at D
disappears. The dependency of D on the scan rate indicates
a chemical reaction is associated with the dianion species, B,
which results in the appearance of two oxidation peaks at D
and C. Regardless of the number of cycles completed the peak
intensity for A and E remains constant. This lack of change
in the entire voltammogram indicates the integrity of the
octadecahedral carborane is maintained and that the chemical
reaction at B does not involve degradation. Furthermore, the
oxidation of either D or C results only in the regeneration of
the closo octadecahedral carborane species. One explanation
consistent with these data involves the chemical transformation
of the closo-[4,7-(0Ce¢H40)-2,3-(CH3C)2BoH7]2- to a
nido-[3,4-(0CsH40)-7,9-(CH3C)2BsH7]2~.  Subsequent
oxidation of either the closo or nido dianion to the radical anion
produces the peaks at C and D, respectively. At sufficiently
fast scan rates the fraction of the dianion at B undergoing the
transformation to the nido dianion is very small and the peak
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Figure 3. (a) The cyclic voltammogram of 4-hydroxy-2,3-dimethyl-
2,3-dicarba-closo-undecaborane(l1), II, in acetonitrile (0.1 M
TEAB), scan rate 2 V/sec. (b) The cyclic voltammogram of 4,7-
[1,2-phenyldiylbis(oxy)]-2,3-dimethyl-2,3-dicarba-closo-undeca-
borane(11), VI, in acetonitrile (0.1 M TEAB), scan rate 2 V/sec.

at D virtually disappears. These data only suggest structural
changes are involved in the generation of the dianion species.
Confirmation of this process is being investigated through other
spectroscopic methods.
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