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ABSTRACT: Cycdlic voltammetry of 31 icosahedral carborane anions 1-X-12-Y-
CB;;Me,, at a Pt electrode in liquid SO, revealed a completely reversible one-
electron oxidation even at low scan rates, except for the anions with Y = I, which
are oxidized irreversibly up to a scan rate of 5.0 V/s, and the anion with X =
COOH and Y = H, whose oxidation is irreversible at scan rates below 1.0 V/s.
Relative reversible oxidation potentials agree well with RI-B3LYP/TZVPP,COS-
MO and significantly less well with RI-BP86/TZVPP,COSMO or RI-HF/
TZVPP,COSMO calculated adiabatic electron detachment energies. Correlations
with HOMO energies of the anions are nearly as good, even though the oxidized
forms are subject to considerable Jahn—Teller distortion. Except for the anion with X = F and Y = Me, the oxidation potentials
vary linearly with substituent o, Hammett constants. The slopes (reaction constants) are ~0.31 and ~0.55 V for positions 1 and
12, respectively.

B INTRODUCTION electrolytes for unusual nonaqueous solvents such as silicone
oil® and for electrical batteries,” as solubilizers of cations in
organic solvents,'® for instance in solvent extraction of
radionuclides,"" etc. The radicals have been used as unusually
strong12 neutral oxidants soluble in organic solvents."?

Full reversibility of the oxidation—reduction process is an
important goal. It is unlikely that the as yet unobserved
oxidation of the parent CB;;H;,” could be reversible. The
easier'* oxidation of the analogous unsubstltuted anions

Unlike most weakly nucleophilic anions, those derived from the
three dimensionally aromatic' icosahedral CB;;H;,” anion
(Figure 1) offer the prospect of great stability for both
members of the redox pair, anion and radical, and this could
make them useful as redox shuttles in photovoltaic cells. Anions
derived from CB;;H,,” have also found other applications: as
counterions for highly reactive cations,’ including organo-

metalli.c cataly.sts4 and “na‘kec%” lithium. cations, capasb_ls of CBoH, ;"' ByoH, o2 16-18 1nd B,H,,2~ *° is not, because the
catalyzing radical polymerization of simple alkenes, as radical dimerizes to a hypercloso species with a deprotonated
(“naked”) boron vertex, and the parent CB;;H,,* will probably
1 do the same. However, there are promising indications that a
5 | suitable choice of sterically encumbering substituents will
2, (,: prevent such dimerization. The permethylated anion 1 and four
LA ___ .—'é others of the 15 possible symmetrically methylated anions, all
3 heavily substituted in the hemisphere antipodal to the carbon
vertex (positions 7—12, Figure 1), give reversible peaks in liquid
’ /\ / SO,, and it appears that substitution at these positions is
9“"8 e~ "-B"B’""HO important for preventing radical dimerization. The radical
\"’\ CB;Me;,* has been isolated and characterized by X-ray
diffraction,'® and certain radicals carrying F and CF,
| substituents also appear to be resistant to dimerization."”
12
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Table 1. Anodic Oxidation Potentials (E,/, or E,,, V vs Fc/Fc") of Cs[1-X-12-Y-(2-11)-Me,,CB,,] in Liquid SO, at 0.2 V/s

obsd B3LYP BP86 HF
no. X Y AEPa El/zb E1/2AE c E*I/ZAE d —E aHOMO e EI/ZAEf —E aHOMO g EI/ZAE h —E aHOMO i
1 CH, CH, 48 1.16 (1.16) 5.98 (1.16) 53§ (1.16) 8.26
2 H CH, 49 1.19 118 5.99 118 5.38 120 8.28
3y C,H; CH, 48 1.16
4 C,H, CH, 51 1.17
s OCH, CH, 48 1.20 119 6.00 112 525 1.29 8.31
6 C,H, CH, 47 116
7* CeHys CH, 53 120
8 B(OH), CH, 56 1.32 1.32 6.14 1.32 5.51 1.31 8.43
9 F CH, 51 1.34 1.34 6.16 133 5.53 1.39 8.47
10 Br CH, 54 131 1.35 6.18 1.34 5.57 1.39 8.50
11 I CH, 52 1.31 1.34 6.18 1.31 5.56 1.37 8.49
12 COOH CH, 55 1.32 1.34 6.16 1.34 5.63 1.36 8.45
13 COOCH, CH, 54 1.35 131 6.13 129 5.50 133 8.43
14 H H 56 126 123 6.08 124 5.45 125 8.32
15 CH, H 54 1.23 121 6.03 121 541 123 8.31
16 C,H; H 53 124
17 C,H, H 51 1.24
18 CeHys H 52 123
19 CH,CH(C,H;)C,H, H 54 122
20 COOH H 70 1.40 1.38 621 1.40 5.68 1.41 8.50
21 H F 58 1.34 1.31 6.12 127 547 1.34 8.43
22 CH, F 49 1.31 129 6.11 125 547 1.32 8.42
23 H Cl 61 1.39 1.39 6.19 1.36 5.56 1.45 8.51
24 H Br 57 1.42 1.41 6.24 1.37 5.59 1.49 8.55
25 H I irr (1.43) 1.40 1.40 6.12 1.32 5.45 1.51 8.58
26 CH, I irr (1.39) 1.38 1.38 6.11 1.30 547 1.49 8.57
27 C,Hg I irr (1.40)
28! C,H, I irr (1.41)
29 C,Hy I irr (1.38)
30 CeHis I irr (1.39)
31 COOCH, I irr (1.52) 1.49 1.48 6.19 1.39 5.55 1.64 8.72

“Peak separation potentials in mV. g, n = (Epa - EPC)/Z = AE,/2; irreversible oxidation potentials (in parentheses) are represented by E,.
“Calculated (RI-DFTB3LYP/TZVPP,COSMO) adiabatic electron detachment energy AE of the anion in solvent with respect to Fc/Fc*, relative to
the value observed for 1 (4.57 eV subtracted from the absolute value). “Redox potential derived from the best regression line for state energy
difference calculation: E,; /ZAE = 0.92AE + 0.11 (V). “Anion HOMO energy (RI-DFTB3LYP/TZVPP,COSMO). fCalculated (RI-DFTBP86/
TZVPP,COSMO) adiabatic electron detachment energy AE of the anion in solvent with respect to Fc/Fc", relative to the value observed for 1 (4.53
eV subtracted from the absolute value). £Anion HOMO energy (RI-DFTBP86/TZVPP,COSMO). hCalculated (RI-HF/ TZVPP,COSMO) adiabatic
electron detachment energy AE of the anion in solvent with respect to Fc/Fc”, relative to the value observed for 1 (4.04 eV subtracted from the
absolute value). ‘Anion HOMO energy (RI-HF/TZVPP,COSMO). /Cation: Ph,P*. “Cation: Me,NH". ‘Cation: Me,N".

Anions derived from CB;H;,” by introduction of sub-
stituents generally have very high oxidation potentials. The
parent does not give a clear cyclic voltammetric peak in
acetonitrile'® or in liquid SO,,*° and those carrying several —F
and —CF; substituents are not oxidized even with the strongest
known chemical oxidation agents, such as the salts of O," or
NiF;* (their calculated gas-phase electron detachment energies
are as high as 8 €V).">*! This behavior is reminiscent of other
“inoxidizable” anions such as BF,”, PF,", and AsFy~ and
contrasts with that of more common boron-based anions such
as BPh,”, Bj,H;,>", and B(CcF;), , known to undergo
irreversible oxidation at 0.56,>* 1.02,'* and 2.1 V* against the
ferrocene/ferrocenium (Fc/Fc*) standard, respectively. Even
the redox potential of the electron-rich dodecamethylated anion
1 relative to Fc/Fc', although much lower than that of the
parent CB;H;, ™, has been reported to be as high as 1.16 Vin
acetonitrile®* and 1.08 V in liquid SO,.*° Methyl substitution
alone thus allows the closo-monocarbadodecaborane anions to
span a respectable redox potential range of at least 1.5 V.
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Methyl is believed to act by hyperconjugative electron density
donation, as the local symmetry of the two highest doubly
degenerate occupied molecular orbitals of the anion, HOMO
and HOMO-1,%° is suitable for interaction with 7-symmetry
orbitals of substituents, likely making the redox potential
sensitive to the z-electron effect of substituents. Methyl is a net
electron withdrawer on boron in an absolute sense,
presumably due to its o-electron effect, but it clearly is a #
donor relative to the hydrogen substituent standard. The eftects
of multiple methyl substituents are additive, and each
inequivalent cage position has been characterized by an
increment characterizing its sensitivity to methyl substitution
(52, 68, 70, and 9 mV for positions 1, 2, 7, and 12,
respectively’®). For many of the intended applications the
redox potential needs to be adjustable to a particular value, and
given the availability of 12 substitution positions in CB;;H,~, it
is likely that with a wider variety of substituents fine-tuning of
the redox potential will be possible across a very wide range.
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We have embarked on a program of synthesis,**%*’

electrochemical,®® and quantum-chemical®® characterization of
a large number of substituted CB,;H;,” anions in the hope of
identifying those most suitable for photovoltaic and similar
applications in terms of both the stability of the oxidized and
reduced forms and the redox potential value. Presently, we
report results for 31 substituted derivatives, with focus on the
effect of substitution in the axial positions 1 and 12 (1-31,
Table 1). Most of the anions were known,>**” and two (23 and
24) were newly synthesized for the purpose. In order to
maximize the probability that the oxidation in liquid SO, will be
reversible, boron vertices 2—11 in 1-31 always carried methyl
substituents, while the substituents at positions 1 and 12 were
varied. This strategy paid off in that most choices of
substituents produced fully chemically reversible oxidation
behavior. A study of the effect of substituent variation in
positions 2—11 is also needed but will have to await further
synthetic advances.

In comparison with the initial investigation of methylated
CB,,H,,” anions,*® the present data provide a considerably
improved testing ground for an evaluation of the performance
of quantum theory for the prediction of electrochemical redox
potentials for anodic oxidation. The availability of reversible
potentials measured for 24 related anions with very similar sizes
and shapes (and therefore, also solvent cavities) is unusual.
Moreover, the degeneracy and near-degeneracy of up to four of
their highest occupied molecular orbitals (HOMOs), which
causes first- and second-order Jahn—Teller distortions in the
neutral radicals,”® poses a particular challenge to theory. We
note that there have been many prior successful reports that
account for observed electrochemical redox potentials of a
series of related substrates using quantum chemical meth-
*%2% and we cite several representative examples: transition-
metal ions,>*™>* small organic molecules,® anilines,*® nitro-
aromatics,”” organometallic complexes,*®~** methylated carbor-
ane anions,”’ organic radicals,*" diketones,* and carbamates.*?
We now compare the performance of two popular DFT
functionals and the Hartree—Fock method.

B RESULTS

The electrochemical oxidation of Cs salts of the carborane
anions was studied by cyclic voltammetry at a Pt electrode at
—65 °C in liquid SO,, which dissolves all the salts well and has
a wide potential window. Only the anions 3, 7, and 28 were
examined as PPh,", Me;NH", and Me,N™ salts, respectively. An
Ag wire was used as a quasi-reference electrode, and ferrocene
(Fc) served as an external reference. For all samples studied,
plots of the anodic peak current against concentration and
against the square root of the scan rate were linear, showing
that all electrochemical oxidation reactions are diffusion
controlled. Figure 2 presents the voltammograms at a 0.2 V/s
scan rate.

An external reference was necessary, since we noticed that in
several cases the presence of Fc in the carborane anion solution
affects the shape of the voltammogram and shifts the oxidation
potentials of both Fc and the carborane. It appears that Fc can
act as a homogeneous mediator. In the illustration provided in
Figure 3, in the presence of Fc the oxidation peak of the
carborane and its counter peak are shifted by several tens of
millivolts to lower potentials, the anodic current is doubled, and
the Fc peak is slightly affected as well. We now find that the
previously reported oxidation potentials of the methylated
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Figure 2. Cyclic voltammograms of (1.0 + 0.2) X 107 M salts of
carborane anions in liquid SO, at 0.2 V/s (0.1 M NBu,'PF,").
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Figure 3. Effect of Fc on the anodic cyclic voltammogram of 0.43 mM
16 in liquid SO,: (black) 16 alone; (green) Fc alone; (red) 16 and Fc
together.

o — . 1320
derivatives of the CB,;H,,” anion">

the simultaneous presence of Fc.

Each of the half-wave potentials E;;, (or anodic peak
potentials E,, for irreversible systems) and the separation of
peak potentials AE, collected in Table 1 is an average of three
independent measurements. Not surprisingly, anions differing
only in the choice of the alkyl group in position 1 have nearly
identical cyclic voltammograms. Almost all the carborane
anions exhibit fully chemically reversible one-electron oxidation
over the 0.08—5.0 V/s range of scan rates examined, with an
approximately 1:1 ratio of anodic and cathodic peak current
values. The peak separation AE, is independent of scan rate,
and its average value is 0.05 V, similar to that observed for the
Fc/Fc" couple under the same experimental conditions. The
minimal shift of potentials and negligible increase of AE, with
increasing scan rate from 80 to 5000 mV/s, along with a
cathodic to anodic peak current ratio close to unity, suggest
that the neutral radicals are stable in this medium (see Table S1
in the Supporting Information).

The exceptions are the anions 20 (X = COOH, Y = H),
which is oxidized reversibly only at scan rates above 1.0 V/s,

were slightly affected by
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and 25—-31 (Y = I), whose oxidation is irreversible even at a
scan rate of 5.0 V/s, and for which no cathodic counter-peak
was observed even in the presence of Fc.

Table 1 also gives calculated reversible oxidation potentials
obtained both from the potential energy difference of the anion
and the radical at the separately optimized geometry of each
(E, /ZAE) and from the HOMO energy and Koopmans’ theorem
(E.qomo)- The results were obtained using density functional
theory with two common functionals, RI-DFTB3LYP/
TZVPP,COSMO and RI-DFTBP86/TZVPP,COSMO, and
using Hartree—Fock theory (RI-HF/TZVPP,COSMO). No
attempt was made to evaluate frequencies and reaction entropy
terms. Absolute calibration was obtained by assuming that the
result for 1 is exact. Any other anion could have been used as a
reference, but 1 has been studied the most. Calculations were
not performed for anions whose position 1 carries an alkyl
different from methyl, since the nature of the alkyl group made
no difference in the observed electrochemistry.

Figures 4—6 show the plots of the reversible redox potentials
against the state energy differences computed with the RI-

15

31

Ein (V)

y 2 | + + + + + +
13 1.4
B3LYP E, ;%% (eV)

Figure 4. Black bars: measured (y, +10 mV) vs RI-B3LYP/
TZVPP,COSMO state energy difference computed (x) reversible
oxidation potentials. Linear regression line: for all reversible data
points (y = 0.92x + 0.11, ©* = 0.92, 6 = 0.022 V). Purple circles:
reversible oxidation potentials predicted from the regression line.

B3LYP/TZVPP,COSMO, RI-BP86/TZVPP,COSMO, and RI-
HE/TZVPP,COSMO methods, respectively.

Correlations based on Koopmans® theorem, in which the
redox potentials of the anion are plotted against the HOMO
energies of the anion at its optimized geometry, using the RI-
B3LYP/TZVPP,COSMO, RI-BP86/TZVPP,COSMO, and RI-
HE/TZVPP,COSMO methods, are shown in Figures 7-9,
respectively. The calculated geometries of the carborane cage in
the anions are all close to 5-fold symmetric and very similar to
each other. For example, the B—B distances in the proximate
B(2)—B(6) pentagon in all the anions are equal to 1.80 + 0.01
A. In contrast, the equilibrium geometries of each radical are
quite strongly distorted from S-fold symmetry and the B—B
distance within the B(2)—B(6) pentagon is 1.82 + 0.07 A.
Within one molecule, the shortest and the longest distances
within this pentagon typically differ by 0.1 A. The details of the
distortion vary from radical to radical.
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Figure S. Black bars: measured (y, +£10 mV) vs RI-BP86/
TZVPP,COSMO state energy difference computed (x) reversible
oxidation potentials. Linear regression line: for all reversible data
points (y = 0.87x + 0.19, * = 0.84, ¢ = 0.032).
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Figure 6. Black bars: measured (y, +10 mV) vs RI-HF/
TZVPP,COSMO state energy difference computed (x) reversible
oxidation potentials. Linear regression line: for all reversible data
points (y = 0.78x + 0.27, * = 0.84, ¢ = 0.032).

The measured half-wave potentials E,,, (or anodic oxidation
potentials Epa) correlated with the Hammett o, substituent
constants (linear free energy relationship, LFERS: E»(R) —
Ei»(H) = po,(R) (V).** Here, either the substituent X in
position 1 or the substituent Y in position 12 is held constant
and the other is varied, E, ,(H) is the reference value for R =
H, and GP(R) is the Hammett para constant for substituent R
(Figure 10). Attempted correlations with other types of
substituent constants were poorer. The reaction constants p
and correlation coefficients 7* are collected in Table 2.

B DISCUSSION

The redox potentials of the four methylated anions that were
studied previously (1, 2, 14, and 15)132024 agree well with the
reported values. The very minor differences that are observed
can be attributed to the previous use of ferrocene internal

dx.doi.org/10.1021/ic2026939 | Inorg. Chem. 2012, 51, 5128—5137
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Figure 7. Black bars: measured reversible oxidation potentials (y, +10
mV) vs RI-B3LYP/TZVPP,COSMO HOMO energy (x) of the anions
at their optimized geometries. Linear regression line: for all reversible
data points (y = 0.88x — 4.10, * = 0.89, ¢ = 0.026).
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Figure 8. Black bars: measured reversible oxidation potentials (y, +10
mV) vs RI-BP86/TZVPP,COSMO HOMO energy (x) of the anions
at their optimized geometries. Linear regression line: for all reversible
data points (y = 0.58x — 1.88, r* = 0.71, 6 = 0.043).

standard and perhaps in part also to the higher temperature
used. Since the present data are both more accurate and more
numerous than those available previously, they are better suited
for an evaluation of substituent effects.

Electrochemical Reversibility. The reversible nature of
the electrochemical oxidation of the carborane anions was
anticipated from results of previous work,'>**** since they are
all sterically encumbered in the antipodal hemisphere,
hindering the dimerization of the radical oxidation product. It
is likely that many if not all of the reversibly formed neutral
radicals could actually be isolated, similarly as CB;;Me,,*,"* and
could be useful as potent neutral oxidants with only weakly
nucleophilic reduced forms.*®

A striking exception is provided by the oxidation of the 12-
iodo anions 25—31, which shows no sign of reversibility. At the
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Figure 9. Black bars: measured reversible oxidation potentials (y, +10
mV) vs RI-HF/TZVPP,COSMO HOMO energy (x) of the anions at
their optimized geometries. Linear regression line: for all reversible
data points (y = 0.79x — 5.35, * = 0.87, ¢ = 0.028).
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Figure 10. Anodic oxidation potentials E/, or E,, in liquid SO, vs
Hammett substituent constant o, for varying substituents at X, with Y
= Me (pink 4), H (blue¥) and I (magenta M) and for varying
substituents at Y, with X = Me (red A) and H (green @). Slopes:
(pink @) p = 028, * = 0.95; (blueV¥) p = 0.34, r* = 0.98; (magenta
W) p =021, = 098; (red A) p = 0.54, r* = 0.98; (green @) p =
0.55, * = 0.98.

moment, we can only speculate why this is so. Since the
CB;;Me|," radical is capable of acting as a methyl radical
donor®"” in a facile process that leaves behind the neutral
borenium ylide CB,;Me,, it is possible that the relatively weak

Table 2. Comparison of the p Values for Different
Homologous Series

anion
X Y oxidn p I
varied H rev 0.34 0.98
varied Me rev 0.28 0.95
H varied rev 0.55 0.98
Me varied rev 0.54 0.98
varied I irr 0.21 0.98
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Scheme 1. Proposed Origin of Irreversibility in the Oxidation of 12-Iodo Anions 25—-31
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Scheme 2. Proposed Origin of Irreversibility in the Oxidation of the Carboxy Anion 20

e

B—I bond in the 12-iodo radicals formed from 25-31
dissociates in a similar fashion by transfer of an iodine atom
to the SO, solvent to yield highly reactive ylides with a naked
vertex in position 12 (Scheme 1), which would then react with
one of the nucleophiles present. The cause of the irreversibility
is currently under investigation.

The only other anion whose cyclic voltammograms show
unmistakable signs of limited reversibility under slow scan
conditions is the carboxylic acid 20 (X = COOH, Y = H). In
contrast, those of the closely related acid 12 (X = COOH, Y =
Me) appear entirely reversible. The oxidized form of 20 clearly
has a shorter lifetime due to some destructive process that
competes with its back-reduction to the anion. Below we
suggest a possible explanation of this surprising difference, but a
true resolution of the puzzle can only come from further
experiments.

Since the oxidation potential of 20 fits well the Hammett,
DFT, and HF correlations and no other oxidation process
appears at lower potentials, the primary electrochemical process
apparently does not involve an oxidation of the conjugate base,
the dianion 1--OCO-12-H-CB; Me,,". It is however possible
that in the oxidized radical the acidity of the carboxylic group is
increased sufficiently for its proton to dissociate, producing the
radical anion 1-"OCO-12-H-CB;Me,,* with unpaired spin
density delocalized primarily on the carborane cage, as in other
presently studied radicals. Another structure, probably not
much higher in energy, is 1-°OCO-12-H-CB;;Me;,”, with
unpaired spin localized primarily on the carboxy group. This
structure differs by an electron transfer from the COO~
substituent to the cage. The two structures could be isomers
or resonance structures contributing to the description of the
electronic structure of a single species. Like most carboxy
radicals, this radical anion would be expected to decarboxylate
readily and irreversibly (Scheme 2), and we suggest that this
could be the cause of electrochemical irreversibility in the
oxidation of 20.

If this explanation is correct, the full reversibility observed
with the acid 12 is due to a slower decarboxylation of its radical
anion. The 12-methyl substituent would be expected not only
to reduce the acidity of the oxidized form of 12 but also to
make the transfer of an electron from the COO™ substituent to
the cage more difficult (cf. the 80 mV difference in the
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oxidation potentials of 12 and 20). If the transition state for
decarboxylation has increased localization of unpaired spin on
the carboxyl group as expected, the activation energy will be
increased. Further investigations are under way in an attempt to
pinpoint the origin of the irreversible behavior.

Hammett Treatment of Substituent Effects. The
traditional treatment of substituent effects is through Hammett
correlation with a series of substituent constants, such as the
original 6, or 6, constants of substituents located on a benzene
ring in positions para or meta, respectively, to a functional
group. In our case, the carborane cage can be viewed as a
somewhat unusual functional group that can be attached to a
substituent through several distinct positions, and it is not a
priori obvious that any of the known series of Hammett
constants will correlate with the observed effect of the
substituent on the carborane redox potential. If they did, the
slopes of the regression lines would provide information on the
relative sensitivity of the various attachment positions to
substituent effects.

Somewhat unexpectedly, the present data, limited to
attachment positions 1 and 12, actually correlate very well
with the substituent o, constants (Figure 10, Table 2), with the
single exception of the 1-fluoro anion 9, which is ~0.1 V harder
to oxidize than expected. Interestingly, also the 12-fluoro-
substituted anions are slightly harder to oxidize than expected.
The slopes p of Hammett plots demonstrate that the sensitivity
of the anodic oxidation potential of the anions to substituent
effects is roughly twice as large in position 12 (slope ~0.55 V)
than in position 1 (~0.31 V). Correlations with other series of
substituent constants are distinctly poorer.

The 0, constants reflect some mixture of ¢ (inductive) and 7
(conjugative) effects of the substituent. The relative importance
of these two substituent effects appears to be the same when it
comes to affecting the redox potential of the CB,; cage or the
acidity of a carboxyl in the para position on a benzene ring.
Only the electron-withdrawing inductive effect of fluorine on
the carborane cage seems to be underestimated relative to its
electron-donating conjugative effect, especially when it is
located on carbon. The poor correlations with o, and ¢*
constants imply that neither the inductive effect nor the
conjugative effect alone provides a good description of
substituent action.

dx.doi.org/10.1021/ic2026939 | Inorg. Chem. 2012, 51, 5128—5137
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Methyl Increments. The expectation from the more
limited previous work®® was that the additive increment for
the 1-Me substituent is 52 mV and, for the 12-Me substituent,
only 9 mV toward easier oxidation. Both values were small as
anticipated, but their relative magnitudes appeared counter-
intuitive.”® The present much more extensive data set shows
that the increments based on the reversible potentials alone are
30 mV in position 1 and 68 mV in position 12, and we consider
these values reliable. When irreversible redox potentials are
included in the evaluation, the increments change only by a few
millivolts.

Theoretical Treatment of Substituent Effects. Although
the Hammett correlations are instructive, it is interesting to ask
whether the observed relative substituent effects on the redox
potential can be deduced from first principles. As seen in
Figures 4—9, both Hartree—Fock and density functional theory
methods achieve this with a standard deviation between 22 and
43 mV when solvent effects are included in the treatment. This
is a meaningful accomplishment, considering that the total
observed range of values is about 0.25 V (Table 1).

The calculation of potential energy differences between the
reduced and oxidized states at the optimized geometry of each
is superior to the application of Koopmans' theorem at the
equilibrium geometry of the anion, but the difference is
surprisingly small. The largest difference between calculated
and experimental values is 40, 80, and 90 mV at the B3LYP,
BP86, and HF levels, respectively. The best results were
obtained with the B3LYP functional, where the slope of the
regression line is almost unity (0.92) and the standard deviation
0 is 22 mV. With the BP86 functional, the slope is a little lower
(0.87) and o a little higher (32 mV), and in the Hartree—Fock
approximation, the slope is only 0.78 and ¢ = 32 mV. The HF
approximation thus underestimates the absolute magnitude of
the substituent effects by about 20%. However, it can be used
to predict the redox potentials empirically with nearly the same
accuracy as the two DFT procedures.

The evaluation of the state energy difference requires two
geometry optimizations, with that for the radical being quite
difficult. Its results can be compared with those of a simple
calculation of HOMO energies at the optimized anion
geometry, combined with the use of Koopmans’ theorem.
While the more complex method produces better results, the
improvement is small in the best case of the B3LYP method.
Here, Koopmans’ theorem yields a regression line slope of 0.88
and ¢ = 26 mV with a maximum deviation of 50 mV. In the
case of the BP86 functional the use of Koopmans’ theorem is
clearly inferior, as the slope is only 0.58, with 6 = 43 mV and a
maximum deviation of 140 mV. The combination of the HF
method with the Koopmans approximation yields results of
intermediate quality, with a slope of 0.79 and ¢ = 28 mV.
Considering the large geometry differences between the anion
and radical forms, it is remarkable that the Koopmans” method
works as well as it does. For practical purposes, such as a search
for anion structures with an optimal redox potential, the
combination of a B3LYP calculation with Koopmans theorem
promises to be the most cost efficient.

Understanding the Substituent Effects. In addition to
providing an opportunity to predict numerical values for the
relative effects of substituents on redox potential, quantum
chemical methods often also provide an opportunity for
achieving their simple intuitive understanding. In the present
case, we have not been able to attain this goal. The simplest
interpretation of substituent effects on redox potentials is based
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on a consideration of the Hamiltonian matrix elements
(resonance integrals) for the interaction of substituent orbitals
with the HOMO of the substrate at the optimized geometry of
the anion and use of first-order perturbation theory. In the
present case, these elements are negligible, since the HOMO
(4e,) has three intersecting nodal planes at both positions of
substitution, 1 and 12.2° However, the substituent effects cover
a range of 0.25 V, and the calculated HOMO energies change
almost as much.

We suggested previously that much of the action of
substituents in positions 1 and 12 on the HOMO probably
occurs in the strongly distorted neutral radical through their
effect on the lower lying HOMO-1 (Se,) with large amplitudes
on the tangential p orbitals in these positions, especially on
B(12). In the parent B;,H,*” structure, the four HOMO and
HOMO-1 orbitals are actually degenerate. As a result of the
structural distortion, the SOMO of the radical is best described
as a mixture of these four orbitals and no longer has nodes
going exactly through positions 1 and 12. Unlike the HOMO,
the HOMO-1 is expected to respond sensitively to substitution
in positions 1 and, particularly, 12. The doubled sensitivity of
the redox potential to the substituent effect in position 12
relative to 1 and doubled increment for the methyl substituent
support this notion. This description is in qualitative agreement
with the amplitudes of the HOMO-1 in these positions in the
parent anion CB,,H,,” '**° if it is indeed true that substituents
act through the second-order Jahn—Teller mixing of HOMO
and HOMO-1 at the distorted radical geometry.

Given the new results reported here, we no longer believe
that the substituent effects on the redox potentials can be
simply understood in terms of their effect on the energies of
Jahn—Teller distorted radicals. At least in the B3LYP
calculation, the slope of the regression line that correlates the
observed redox potentials with HOMO energies calculated at
the anion geometry alone (Figure 7) is not significantly
different from that of the line that correlates them with state
energy differences, evaluated at anion and radical geometries
(Figure 4). Although some fraction of the substituent effect is
likely due to Jahn—Teller distortion of the radicals, both to first
order due to the degeneracy of the HOMO in the anions and
probably also to second order, due to the proximity of their
HOMO and HOMO-1, it cannot be decisive.

The present results show that the bulk of substituent effects
on the redox potential in positions 1 and 12 is present even at
the undistorted anion geometry. We conclude that a simple
first-order analysis of the substituent effect on the HOMO
energy is not useful. Apparently, one would have to go at least
to second order and consider the effect that the interaction of
substituent 7 and ¢ orbitals with the MOs of the carborane cage
has on all of the cage MOs and on the electron distribution in
the molecule, which then affects the energies of all the MOs,
including the HOMO. As a result, it is understandable why the
Hammett analysis leads to the conclusion that both the 7 and
the o effects of the substituents are important. Perhaps a
complex higher order analysis could be cast in simple intuitive
terms by taking a suitable point of view, but this task remains
for the future.

Finally, we note that the DFT and HF descriptions of the
radical at distorted geometries are not likely to be very good,
because at the symmetric geometry of the anion the radical has
an almost exactly degenerate ground state and requires a
description based on two reference functions, and that probably
remains true to some diminished degree even at nearby

13,20

dx.doi.org/10.1021/ic2026939 | Inorg. Chem. 2012, 51, 5128—5137



Inorganic Chemistry

distorted geometries. Since a two-reference geometry opti-
mization for systems of this complexity is beyond our current
computational capabilities, we refrain from a detailed discussion
of the distorted radical geometries and merely note that the
presently calculated distortions vary widely from radical to
radical. Unfortunately, the reported"” single-crystal structure of
radical 1 is disordered and does not permit a detailed
comparison with the calculated equilibrium structures.

B SUMMARY

On a platinum electrode in liquid SO,, icosahedral closo-
monocarbadodecaborane anions other than those carrying an
iodine substituent in position 12 or, to a lesser degree, a
carboxy substituent in position 1 exhibit an electrochemically
reversible one-electron oxidation behavior even at low scan
rates. Mechanistic explanations for the origin of the
irreversibility observed in the exceptional cases have been
proposed, but further experimentation is necessary to verify
them.

The effect of substituents in positions 1 and 12 on the ease of
oxidation is larger than might have been expected from the
presence of three nodes in the HOMO of the parent Ci,-
symmetric anionic CB;; cluster in these positions. The redox
potentials vary linearly with the substituent o, Hammett
constants, except in the case of 1-fluoro substitution. The
observed slopes (reaction constants p) show that the
susceptibility of position 12 to substituent effects on electro-
chemical oxidation is double that of position 1. For the methyl
group, the corresponding increments are 30 mV in position 1
and 68 mV in position 12. It appears that the substituents in
positions 1 and especially 12 act by directly influencing the
HOMO-1 of the carborane cluster by their 7 effect and other
MOs of the cluster by their ¢ effect, and these then transmit the
effects to all MOs, including the HOMO, thus affecting the
redox potential.

B EXPERIMENTAL SECTION

Materials. The carborane salts were prepared and purified by
published procedures,'**%*?” except for those of the anions 23 and
24, whose synthesis is described below. All synthetic manipulations
were carried out under an inert atmosphere. THF was dried and
distilled from LiAlH,. Liquid ammonia (99%) was purchased from
Messer Technogas. [Me;NH][CB,;H,,] was purchased from Katchem
Ltd. (Elisky Krasnohorské 6, Prague 1, 110 00, Czech Republic).
Tetra-n-butylammonium hexafluorophosphate obtained from Fluka
AG (>98%) was recrystallized twice from ethanol and dried in a
vacuum desiccator over P,O;. Anhydrous SO, gas (99.98%) obtained
from Linde Technoplyn, Prague, Czech Republic, was condensed at
—65 °C with an ethanol/dry ice bath and purified by stirring
magnetically for 30 min in a dried flask with highly activated alumina.

Synthesis. All synthetic procedures used Schlenk inert-atmosphere
techniques, and the reaction mixtures were worked up in air. Methyl
triflate (Matrix) and sulfolane (Aldrich) were used as purchased.
Cs[12-Br-CB;H,;] and Cs[12-CI-CB;H,;] were synthesized from
[NMe;H][CB,H,,] using literature procedures,*® but we found it
necessary to monitor the reactions by ''B NMR spectroscopy to avoid
overhalogenation on boron in positions 7—11. NMR was measured
with Bruker Avance-III 300 NMR and Varian Inova 500 NMR
spectrometers. Peak assignments are based on "B COSY, 'H-''B
HETCOR, and continuous wave 13C{“B} NMR measurements. 'H
chemical shifts were measured relative to residual protons from
acetonitrile-ds. ''B chemical shifts were measured relative to BF;-OFt,.
Mass spectra were recorded with an electrospray triple quadrupole/
time-of-flight mass spectrometer (ESI-qTOF-MS) from Applied
Biosystems, PE SCIEX/AB/AP/QSTAR Pulsar Hybrid LC/MS/MS.
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Elemental analysis was performed by Columbia Analytical Services,
Inc.

Cesium 12-Chloro-(2—11)-decamethylcarba-closo-dodeca-
borate, Cs[1-H-12-CI-CB;;Me;,] (23). A reaction of dried (100
°C, 0.01 Torr, S h) Cs[12-CI-CB,,H,,] (1.0 g, 3.22 mmol), CaH, (3 g,
71.26 mmol), sulfolane (20 mL) and MeOTf (S g, 30.47 mmol) was
performed and worked up in the way described below for the Cs salt of
24. The Cs salt of 23 is a white solid (1.17 g, 81% yield). 'H{!'B}
NMR (499.8 MHz, CD;CN): 6 —0.32 (s, 15SH, B(2—6)-CH;), —0.13
(s, 15H, B(7—11)-CH;), 1.22 (s, 1H, CH). 'H{**C}{"'B} gHMQC: §
—5.00 (s, B(7—11)-CH,), —3.45 (s, B(2—6)-CH,), —58.53 (s, CH).
UB{'H} NMR (96.2 MHz, CD;CN): § —1.23 (s, 1B, B(12)), —9.46
(s, 5B, B(7—11)), —12.82 (s, SB, B(2—6)). IR (KBr pellet): 2962,
2930, 2896, 2829, 1436, 1307, 1262, 1177, 1099, 1021 cm™'. ESI
MS(—): m/z 317, expected isotope distribution. HR ESI MS(—): m/z
317.3217, caled 317.3226. Anal. Calcd for CsB;,C; H;,Br: C, 29.32;
H, 6.93. Found: C, 29.31; H, 7.00.

Cesium 12-Bromo-(2—11)-decamethylcarba-closo-dodeca-
borate, Cs[1-H-12-Br-CB;;Me;,] (24). Dried (100 °C, 0.01 Torr,
S h) Cs[12-Br-CB,;H,;] (1.0 g, 2.82 mmol) and CaH, (3 g 7126
mmol) were placed in a two-neck Schlenk round-bottom flask
equipped with a stir bar and a septum. The flask was connected to a
vacuum line and was evacuated. It was then filled with argon, and
sulfolane (20 mL) was syringed in through the septum. The mixture
was stirred for 10 min before MeOTf (S g, 30.47 mmol) was syringed
in through the septum. The solution was stirred for 24 h at room
temperature and was subsequently heated to 60 °C for 72 h. After this
time, ''B NMR and MS/ESI(—) showed complete conversion to
product in an aliquot. The flask was allowed to reach room
temperature and was opened to air, and dry CH,Cl, (200 mL) was
added. The solution was filtered through a coarse frit funnel, and the
CaH, residue was carefully quenched with isopropyl alcohol and water.
Isopropyl alcohol (10 mL) and then water (S0 mL) were also added to
the filtrate. Finally, excess NH,OH (50 mL) was added and the
solution was stirred for 1 h. Afterward, all volatiles but sulfolane were
removed under reduced pressure. Water (100 mL) was added to the
sulfolane solution, and a white precipitate formed. CsCl (0.8 g, 4.75
mmol) was added, the solution was filtered, and the white solid was
washed with water and dried at 170 °C/0.01 Torr to remove all
sulfolane. Recrystallization, first from boiling water and then from
benzene, gave analytically pure product as a white solid (1.23 g, 88%
yield). "TH{"'B} NMR (499.8 MHz, CD;CN): § —0.29 (s, 15H, B(2—
6)-CH,), —0.12 (s, 15H, B(7—11)-CHj,), 1.21 (s, 1H, CH). 'H{**C}-
{1'B} gHMQC: § —3.97 (s, B(7—11)-CH,), —3.26 (s, B(2—6)-CH,),
—59.84 (s, CH). 'B{'"H} NMR (96.2 MHz, CD,CN): 6 —1.16 (s, 1B,
B(12)), —9.42 (s, 5B, B(7—11)), —12.53 (s, 5B, B(2—6)). IR (KBr
pellet): 3019, 2938, 1325, 1221, 1059 cm™. ESI MS(-): m/z 362,
expected isotope distribution. HR ESI MS(—): m/z 362.2706, calcd
362.270S. Anal. Caled for CsB;,C,;H;,Br: C, 26.69; H, 6.31. Found:
C, 2648; H, 6.02.

Electrochemistry. All electrochemical measurements were per-
formed with an AUTOLAB potentiostat (PGSTAT30) controlled by
GPES software. The supporting electrolyte was 0.1 M NBu,"PF,".
Experiments were carried out in a single-compartment glass cell using
a Pt-disk (1.0 mm diameter) working electrode, a Pt-plate counter
electrode, and an Ag rod as quasi-reference electrode as described in
the literature.*” The volume of the five-neck conical shaped
electrochemical cell, similar to that used previously,"**° was ~10
mL. The cell with the carborane salt, NBu,"PF,~, and a magnetic
stirrer was placed on the vacuum line and heated carefully with a hot
air blower for 20 min. Purified SO, was distilled into a measuring cell
to prepare a sub-millimolar solution (4—5 mL). All cyclic voltammetric
measurements were performed at about —65 °C (checked
continuously with a thermometer) and at different scan rates from
0.08 to 5.0 V/s. Ferrocene (Fc) was used as an external reference.
After the completion of each electrochemical measurement on a
carborane, 0.2—0.3 mM Fc was measured in a separate experiment
under the same conditions for accurate calibration. Attempts to use Fc
as an internal reference were abandoned when it became apparent that
it acts as a catalyst or mediator and distorts the results for the
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carborane. The reproducibility of potential measurements was +10
mV. Anodic (Ipa) and cathodic (IPC) peak currents and their ratios at
0.2 V/s are given in the Supporting Information (Table S1).

Calculations. The oxidation potential calculations were performed
at the DFT level using the B3LYP*® and the Becke-Perdew BP86°">
functionals and at the Hartree—Fock level with Turbomole 6.1
software.® All the calculations were performed using the def2-
TZVPP** basis set and the RI approximation.”>~%” The geometries of
the anions and the neutral radicals were fully optimized at the same
level of theory. The solvent effect has been included with the
continuum conductor-like screening (COSMO) model.*** The value
used for the dielectric constant of liquid SO, at —65 °C was 23.7.%
The resulting B3LYP-optimized geometries and energies of the
radicals and anions (Table S2) are given in the Supporting
Information. For comparison with the observed redox potentials, a
constant was added to all calculated potentials. Its values was chosen
so as to obtain a perfect fit for the observed redox potential of 1
relative to the Fc/Fc* standard in SO,.

B ASSOCIATED CONTENT
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Tables S1 (measured heights of anodic and cathodic peaks) and
S2 (DFT computed optimized geometries and energies for
anions and radicals) and Figure S1 (vertex numbering in the
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the Internet at http://pubs.acs.org.
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