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Abstract 

While geometries of 12- and 13-vertex dicarbaborane (carborane) radicals with rare 2n+3 

skeletal electrons have been determined elsewhere, the geometries of the 11-vertex 

dicarbaborane monoanion radicals with 2n+3 SE are established here for the first time by 

computations in agreement with observed electrochemical and electron paramagnetic 

resonance spectroscopy (EPR) data. 

 

Introduction 

Carborane clusters are generally governed by the skeletal electron-counting rules with closed 

clusters containing 2n+2 skeletal electrons (SE) and open clusters containing 2n+4 SE.
[1,2]

 

Both 2n+2 SE and 2n+4 clusters, usually classed as closo and nido clusters respectively, are 
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prevalent in carborane chemistry whereas 2n+3 SE clusters remain relatively rare. The first 

2n+3 carborane radical was reported in 1965 via chemical reduction of 1-phenyl-ortho-

carborane (1-Ph-1,2-C2B10H11) by electron paramagnetic resonance spectroscopy (EPR) but 

this species is not considered stable partly due to the facile cleavage of the cluster carbon – 

hydrogen bond on reduction.
[3-6]

 Later, a more stable radical species was observed for the 

one-electron chemical reduction of 1,2-diphenyl-ortho-carborane, 1,2-Ph2-1,2-C2B10H10 1 

(Figure 1).
[4,7] 

Such one-electron reductions were not found for 12-vertex parent carboranes or 

for carborane derivatives without aryl group(s) attached to the cluster carbon(s).
[6,8]

 While 

carborane radicals with 2n+1 and 2n+5 SEs are also known,
[9]

 this investigation looks at 

carborane radicals with 2n+3 SE. 

 

Figure 1. Atom numbering of the 2n+2 12-vertex cluster and the two one-electron reductions 

for 1,2-diphenyl-ortho-carborane 1. 

 

Electrochemical measurements revealed that 1 gave the 12-vertex dicarbaborane 2n+3 radical 

monoanion and the 2n+4 dianion on sequential one-electron reductions.
[10]

 Cyclic 

voltammetry (CV) studies reported fully reversible reduction waves which show both species 

to be remarkably stable.
[11-17]

 In 2007, a combined spectroelectrochemical, EPR and 

computational study on this radical [1]
.-
 showed the 2n+3 geometry to contain a long cluster 

C – cluster C distance of 2.39 Å in contrast to the corresponding C-C distance of 1.76 Å in 

1.
[12]

 The geometry of the diamagnetic dianion [1]
2-

 was determined later by a combined 

NMR and computational study.
[18] 

 

There are now several 12-vertex 2n+3 dicarbaborane radicals known with different aryl and 

heteroaryl groups attached to the cluster carbon(s) with varying degrees of stability.
[6,19,20]

 

This is not surprising as the stable and commercially available 12-vertex dicarbaboranes 

(carboranes) are widely researched. The stability of the radical may be based on the 

difference (ΔE) in the potentials of the waves between the neutral carborane and the 
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monoanion radical and between the monoanion radical and the dianion in CV measurements. 

On this basis, the most stable 12-vertex 2n+3 radical reported so far is [2]
.-
 from reduction of 

the 1,2-diaryl-ortho-carborane 2 where the aryl group is the electron-withdrawing 4-

trifluoromethyltetrafluorophenyl unit (Figure 2).
[19] 

 

Figure 2. Two one-electron reductions for 1,2-bis(4′-trifluoromethyltetrafluorophenyl)-ortho-

carborane 2. 

 

A stable 2n+3 radical was isolated as a salt in 2007 by chemical reduction of a 13-vertex 

carborane derivative.
[21]

 The geometry of this salt was determined by X-ray crystallography 

and is slightly more open than the geometry corresponding to the 2n+2 13-vertex cluster. 

More 13-vertex 2n+3 dicarbaborane radicals were isolated recently and such clusters were 

examined computationally to determine why 13-vertex 2n+3 radicals are more stable than 12- 

and 14-vertex 2n+3 radicals.
[22]

  

 

A less well-known class of 2n+3 radicals from chemical and electrochemical reductions of 

11-vertex dicarbaboranes 3-6 was published in a 1975 study (Figure 3).
[23]

 The 2n+2 

compound, 2,3-(CH3)2-2,3-C2B9H9 3, gave an unstable 2n+3 radical [3]
.-
 on reduction but the 

three derivatives 4-6 with bridges attached to borons 4 and 7 resulted in stable 2n+3 radicals 

on reductions. The geometries of these 11-vertex radical monoanions had, perhaps 

surprisingly, not been determined using computations since. A computational investigation 

on these systems was mentioned in the article but this study had not appeared in the literature. 
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Figure 3. Atom numbering of the 11-vertex 2n+2 cluster and the 11-vertex compounds 3-6 

discussed in this study. 

 

Here we report our computational studies on carboranes 1-6 and their corresponding species 

on one- or two-electron reductions. The 12-vertex carboranes 1 and 2 are used as benchmarks 

for comparison between predicted and experimental CV and EPR data to test suitable model 

chemistries. These methods were then applied to 11-vertex carboranes 3-6 where we have 

successfully reproduced data in agreement with the observed cyclic voltammetry and electron 

paramagnetic resonance data available. The geometries of 2n+3 11-vertex radical 

monoanions are therefore established here for the first time. 

 

Results and Discussion 

12-vertex carboranes 

The cyclic voltammetry studies of the 12-vertex carboranes 1 and 2 along with their EPR 

spectra of their 2n+3 radicals shown pictorially in the literature
[12,19]

 gave us the opportunity 

to compare these experimental findings with predicted energy and EPR data on 1 and 2 from 

various model chemistries. Computations on 1,2-diphenyl-ortho-carborane 1 have been 

explored in several studies but only one study in 2015 calculated the Gibbs free energy 

differences of the 2n+3 monoanion radical [1]
.-
 relative to neutral 1 and dianion [1]

2-
 in the 

form of  ΔGsolv1 and ΔGsolv2 respectively.
[22] 

The reported model chemistry was B3LYP-

GD3BJ/6-311++G(d,p) with CPCM/UKAS solvation model using acetonitrile as solvent. 

This computational method gave a predicted value of ΔE = 400 meV for the energy 

difference between the two reduction waves in 1 which is slightly higher than the observed 

CV value of ΔE = 170 mV for 1. 

 

The familiar model chemistry B3LYP/6-31G(d) with SMD solvation model using acetonitrile 

as solvent gave a predicted value of ΔE = 180 meV which agrees well with observed ΔE = 

170 mV for 1 (Table 1). The less stable geometry of the dianion [1]
2-

 reported 
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elsewhere
[14,18,22]

 is used here as it is presumed to be formed initially on reduction of the 

monoanion radical [1]
.- 

(Figure 1). Further support for the accuracy of the B3LYP/6-

31G(d)/SMD(MeCN) solvation model is the good agreement between a calculated value of 

ΔE = 580 meV and the observed CV value of ΔE = 610 mV for 2. 
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Table 1. Comparison of relative stabilities for the radical monoanions based on differences in 

solvated Gibbs free energies (ΔGsolv1, ΔGsolv2 and ΔE) in acetonitrile and observed ΔE values 

from electrochemical measurements in acetonitrile. 

 ΔGsolv1
[a]

 

kcal mol
-1

 

ΔGsolv2
[b]

 

kcal mol
-1

 

Computed ΔE
[c]

 

meV 

Observed ΔE
[d]

 

mV 

1 -72.7 -68.6 180 170 

2 -92.4 -79.1 580 610
[e]

 

3 -73.7 -72.4   50 - 

4 -66.0 -57.6 360 190 

5 -65.0 -57.2 340 390 

6 -70.5 -62.3 360 360 

[a]
 Difference in solvated Gibbs free energies, ΔGsolv1 =ΔGmonoanion-ΔGneutral 

[b]
 Difference in solvated Gibbs free energies, ΔGsolv2 =ΔGdianion-ΔGmonoanion 

[c]
 Difference in computed energy, ΔE =ΔGsolv2-ΔGsolv1 

[d]
 Difference in energy between two reduction half-wave potentials, ΔE =Ered1-Ered2.  

[e]
 In tetrahydrofuran 

 

The calculated spin densities on 1 and 2 reveal that the unpaired radical is largely located at 

the two cluster carbon atoms (Table 2) with ca 53% contributions to the overall spin 

densities. These findings differ from the assumption that the unpaired electron is delocalized 

within the C2B10 cluster based on the SOMO of [1]
.-
  computed elsewhere.

[12,14] 
The next 

atoms with significant degrees of spin density in [1]
.-
  and [2]

.-
  are the boron atoms (B3, B6) 

which are next to both cluster carbon atoms but they contribute less than 12% of the overall 

spin densities. 
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Table 2. Calculated highest spin densities and isotropic Fermi contact couplings (Fcc) for 12-

vertex monoanion radicals [1]
.-
 and [2]

.-
 in tetrahydrofuran. 

 spin  

[1]
.-
 

spin  

[2]
.-
 

Fcc 

[1]
.-
 

Fcc 

[2]
.-
 

C1 0.276 0.257 38.45 35.48 

C2 0.276 0.257 38.45 35.48 

B3 0.062 0.062   7.07   6.66 

B6 0.062 0.062   7.07   6.66 

 

EPR calculations were also carried out on [1]
.-
  and [2]

.-
  using B3LYP/EPR-II with the SMD 

solvation model and tetrahydrofuran as solvent. The EPR spectra for both [1]
.-
  and [2]

.-
  were 

simulated (Figure 4) and are indeed similar to the observed EPR spectra depicted in the 

literature with experimental line widths of 25 G for [1]
.-
 and 28 G for [2]

.-
 in the solid state 

EPR spectra. The unpaired electron is mainly located at the cluster carbons with calculated 

Fermi coupling constants of 35.5-38.5 G and with minor occupancies at the boron atoms (B3, 

B6) attached to both cluster carbon atoms with calculated coupling constants of around 7 G 

(Table 2). 

 

Figure 4. Spin density plots and simulated EPR spectra for 2n+3 monoanion radicals, [1]
.-
 

and [2]
.-
. 
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Reported
[13,19]

 crystal structures of the neutral species, 1 and 2, can be compared with their 

optimized geometries using a simple best fit method where all corresponding cluster atoms in 

both geometries are fitted as close as possible. The averaged misfit values for 1 and 2 are 

found here at 0.0108 and 0.0408 Å with the worst fit values for the cluster carbon atoms at 

0.022 and 0.082 Å in 1 and 2 respectively.  

 

11-vertex carboranes 

For the 11-vertex carboranes discussed here, unfortunately the published
[24]

 crystal structure 

data for 3 could not be obtained and no crystal structures for 4-6 are known.
[25,26]

 The 

combined NMR-computational method has been shown elsewhere to be very useful in 

determining geometries of carboranes from observed 
11

B NMR data.
[27]

 Here, we confirm the 

ground state geometries for 3-6 shown in Figure 5 as agreement between observed
[26,28] 

and 

predicted 
11

B NMR data listed in Table 3 is excellent. While the geometry for compound 3 is 

expected based on the reported X-ray study
[24]

 for 3, the more open clusters for 4-6 contain 

long B1-B4 and B1-B7 distances between 2.298 and 2.365 Å. These more open geometries 

are reminiscent of the reported X-ray structure of 10-Br-4,7-(HO)2-2,3-C2B9H6 with B1-B4 

and B1-B7 distances of 2.35(2) and 2.36(3) Å.
[29]

  

 

Figure 5. Optimized geometries for 2n+2 neutral species 3-6. 
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Table 3. Comparison of observed and computed 
11

B NMR chemical shifts in ppm for 11-

vertex carboranes 3-6 in dichloromethane. 

  B4,7 B1 B8,9 B11 B5,6 B10 

3 obs
[28]

 -2.9 -11.0 -6.8 -10.5 -2.9 -10.5 

 calc -3.3 -12.2 -6.3 -10.9 -3.3 -10.9 

4 obs
[28]

 16.3 -1.8 -4.2 -11.6 -23.1 -23.1 

 calc 15.9 -1.3 -2.9 -11.9 -22.0 -22.6 

5 obs
[26]

 19.6 -0.5 -3.2 -11.8 -23.0 -26.2 

 calc 19.8 0.6 -1.5 -12.3 -21.6 -25.6 

6 obs
[28]

 14.5 -0.3 -4.7 -11.1 -21.5 -21.5 

 calc 14.1 0.8 -2.9 -10.9 -19.7 -21.0 

 

Compound 5 has many possible conformers with the methyl groups either cis or trans to each 

other and the facile flipping of the O-CHMeCH2CHMe-O bridge would take place in solution 

(Figure S1). If the cis-form is adopted it can exist as two distinct diastereoisomers with both 

methyl groups next to or away from the B1 atom. Modelling this particular carborane 

correctly is difficult as the conformer in 5 has not been established experimentally and 

accurate predictions are hampered by the likely facile bridge flipping processes present in 

solution. 

 

Calculated spin densities on the 2n+3 monoanion radicals [3-6]
.-
 reveal that the unpaired 

electron is largely located at the three cluster boron atoms situated on the open faces (Table 

4) with ca 58-75% contributions to the overall spin densities. EPR calculations were also 

carried out on these radicals using B3LYP/EPR-II with the SMD solvation model and 

tetrahydrofuran as solvent. The EPR spectra for the 11-vertex 2n+3 radicals [3-6]
.-
 were 

simulated (Figures 6 and S2) using the calculated Fermi coupling constants listed in Table 4. 

The simulated EPR spectrum pattern for [6]
.-
 with a line width of 22.2 G is remarkably 

similar to the observed EPR spectra depicted with the experimental line width of 22.5 G for 

[6]
.-
 in the literature.

[23] 
The observed EPR spectra for the three 11-vertex radicals [3-5]

.-
 were 

not shown pictorially but described to be similar to [6]
.-
 with 10 broad lines and line width of 

25 G in agreement with our simulated spectra (Figure S2).  
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Table 4. Calculated highest spin densities and isotropic Fermi contact couplings for 11-

vertex monoanion radicals [3-6]
.-
 in tetrahydrofuran. 

 spin 

[3]
.-
 

spin 

[4]
.-
 

spin 

[5]
.-
 

spin 

[6]
.-
 

Fcc 

[3]
.-
 

Fcc 

[4]
.-
 

Fcc 

[5]
.-
 

Fcc 

[6]
.-
 

B1 0.169 0.143 0.139 0.145 23.64 22.05 20.45 20.91 

B4 0.292 0.220 0.240 0.219 21.17 23.20 28.79 23.64 

B7 0.292 0.252 0.240 0.219 21.17 22.03 28.79 23.64 

         

 

Figure 6. Spin density plot and simulated EPR spectrum for the 11-vertex 2n+3 monoanion 

radical [6]
.-
. 

 

Some studies report the unusual formation of substituted 11-vertex nido-monoanions  from 

deboronation-substitution of 12-vertex closo-carboranes with alkoxides
[30,31]

 and 

fluorides.
[31,32] 

Flipping of the BH vertex has been proposed to explain these and other 11-

vertex nido-cluster rearrangements.
[33]

 The fluoride ion deboronations of 1,7-(diaryl)2-meta-

carboranes are examples of the vertex-flipping process as shown in Figure 7.
[32] 

This process 

may take place via the dianion intermediate where the proton on the open face is first 
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removed then the BH vertex of the boron atom linked to both cluster carbon atoms is flipped 

and finally the proton is returned to the open face.  

 

Figure 7. Deboronation-substitution of the 12-vertex 2n+2 carboranes 1,7-R2-1,7-C2B10H10 

(R = Ph, C6H4F-4′) by fluoride ion to give isomeric 11-vertex 2n+4 carborane monoanions. 

 

Here, the BH vertex flipping at the B1 position for 4-6 and their reduced species would give 

alternative geometries where the boron atoms on the open faces are not substituted. The 

alternative geometries of 4-6 were not located for the 2n+2 geometries but were found for the 

2n+3 monoanion and 2n+4 dianion geometries which are denoted [4A]
m-

, [5A]
m-

 and [6A]
m-

 

(m =1, 2). The vertex-flipping transition states for the anionic species [4TS]
m-

, [5TS]
m-

 and 

[6TS]
m-

 (m =1, 2) and the pathways of the vertex-flip processes were also determined. The 

relative energies for all these geometries are summarised in Table 5 and the six geometries 

for the reduced species of 4 are shown in Figure 8.  

The 2n+3 monoanion radical geometries [4-6]
.-
 described earlier are more stable than the 

alternative geometries [4A-6A]
.-
. The estimated vertex flip energy barriers are 12.7 to 14.3 

kcal mol
-1

 in these 2n+3 geometries. As the 2n+2 geometries 4-6 are structurally similar to 

the radical anions [4-6]
.-
, the alternative geometries of the radicals [4A-6A]

.-
 are unlikely to 

exist in solutions kinetically as well as thermodynamically on reduction. However, the 

alternative 2n+4 dianion geometries [4A-6A]
2-

 are more stable than the dianion geometries 

[4-6]
2-

 described earlier so these results support the observed vertex flip process taking place 

via the dianion intermediate in some deboronation-substitution reactions of 12-vertex closo-

carboranes with alkoxides and fluorides.
[30-32] 

The BH flipping energy barriers in these 2n+4 

dianions are substantial at 23.0 to 24.7 kcal mol
-1

 thus severe reaction conditions (e.g. reflux) 

would be required for the BH flip processes to occur in the dianions of 4-6. On this basis, 

alternative 2n+4 dianions [4A-6A]
2-

 would not be present in the room-temperature 

electrochemical measurements carried out on 4-6. 
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Table 5. Relative energies (in kcal mol
-1

) of 11-vertex geometries and vertex flip transition 

states. 

 [4]
m-

 [5]
m-

 [6]
m-

 [4TS]
m-

 [5TS]
m-

 [6TS]
m-

 [4A]
m-

 [5A]
m-

 [6A]
m-

 

m=1, 2n+3 0 0 0 12.7 14.3 13.9 4.2 8.7 5.7 

m=2, 2n+4 6.1 6.0 3.4 29.6 29.0 28.1 0 0 0 

 

 

Figure 8. Optimized and transition state geometries for reduced species of 4 with relative 

energies. For animations of the vertex-flip pathways of 4 see 

http://www.dur.ac.uk/m.a.fox/oliva.ppt 

 

Geometry similarities 

One suggestion for why 13-vertex 2n+3 radicals are stable was the similarity between the 

geometries of the neutral and radical monoanion species and a significant difference between 

the geometries of the radical monoanion and the dianion species.
[22]

 Here the misfit values  

from the best fit method of the cluster atoms between the geometries of neutral and radical 

species for compounds 1-6 were obtained and are listed in Table 6. A lower misfit value 

reflects a better agreement between geometries. The geometries of the neutral and monoanion 

radical species for 4-6 are more similar than those for 1-3. The misfit values between 

geometries of radical and dianion species are also included in the table for comparison. In all 

cases, the radical monoanion geometries are closer to the dianion geometries than to the 

neutral geometries. There is no correlation between the electrochemical data and the misfit 
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values so experimental or optimized geometries should not be used to predict whether the 

2n+3 radical monoanions are stable.  

 

Table 6. Misfit values from best fit of cluster atoms in angstroms (Å) between optimized 

geometries of neutral, monoanion and dianion species of 1-6 in acetonitrile. 

 Averaged  Largest   Averaged  Largest  

1 vs [1]
.-
 0.1697 0.323 (C1 or C2) [1]

.-
 vs [1]

2-
 0.0772 0.146 (B3 or B6) 

2 vs [2]
.-
 0.1563 0.293 (C1 or C2) [2]

.-
 vs [2]

2-
 0.0614 0.111 (B3 or B6) 

3 vs [3]
.-
 0.1692 0.439 (B1) [3]

.-
 vs [3]

2-
 0.0671 0.112 (B1) 

4 vs [4]
.-
 0.1034 0.214 (B1) [4]

.-
 vs [4]

2-
 0.0603 0.096 (B1) 

5 vs [5]
.-
 0.1063 0.210 (B1) [5]

.-
 vs [5]

2-
 0.0628 0.094 (B10) 

6 vs [6]
.-
 0.1041 0.236 (B1) [6]

.-
 vs [6]

2-
 0.0582 0.089 (B1) 

 

Computational Section 

All computations were carried out with the Gaussian 09 package.
[34]

 The model geometries 1-

6 and their reduced species were fully optimised with the hybrid-DFT B3LYP functional
[35]

 

with no symmetry constraints using the 6-31G(d) basis set
[36]

 for all atoms. The SMD solvent 

model
[37]

 was applied to calculations using dichloromethane (CH2Cl2), tetrahydrofuran (THF) 

or acetonitrile (MeCN) as solvent. Frequency calculations on these optimised geometries 

revealed no imaginary frequencies. The transition states were located using the QST3 method 

and confirmed by frequency calculations. The intrinsic reaction coordinate (irc) command 

was used to check the vertex-flip pathways and animations of these pathways for reduced 

species of 4 are found at http://www.dur.ac.uk/m.a.fox/oliva.ppt. The ofit command in the 

SHELXTL software package was used to obtain the misfit values between geometries.
[38]

 

Calculated 
11

B NMR chemical shifts obtained at GIAO
[39]

-B3LYP/6-31G(d)//B3LYP/6-

31G(d) with SMD(CH2Cl2) solvation model on the optimised geometries were referenced to 

BF3∙OEt2 for 
11

B: δ(
11

B) = 111.7 - σ(
11

B). Computed NMR values reported here were 

averaged where possible. 

The spin density figures were plotted at ±0.01 (e/bohr
3
)
1/2 with Gabedit.

[40]
 The model 

chemistry B3LYP/ EPR-II
[41]

 was used on UB3LYP/6-31G(d)
 
optimized geometries with 

SMD(THF) solvation model as EPR-II is considered to be more suitable for predicting EPR 
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parameters. EPR simulation spectra were generated with the IsotropicRadicals program in the 

Biomolecular EPR Spectroscopy software suite
[42]

 using the calculated isotropic Fermi 

coupling constants (FCC) and spin of 3/2 for 
11

B nuclei along with spin of 3 and FCC at 2 

Gauss to simulate 
10

B couplings assumed to be present. There are other properties that could 

be predicted for carborane radical anions such as absorption,
[12]

 infrared
[12]

 and paramagnetic 

NMR
[43]

 spectra but unfortunately such experimental data for radical anions of 3-6 have not 

been reported for comparison. 

 

Conclusions 

This study demonstrates that computational methods can correctly predict electrochemical 

and EPR data involving 11- and 12-vertex carboranes with 2n+3 skeletal electron counts. 

Each of the geometries of the four reported 11-vertex 2n+3 monoanion radicals contains a 

C2B3 open face. The 11-vertex 2n+3 geometries with tethered substituents at the open face 

are favored over alternative isomers where these tethered substituents are not at the open 

face. The unpaired electron in each 11-vertex 2n+3 monoanion radical is largely located over 

the three boron atoms on the open face. By contrast, the unpaired electron in the more 

common 12-vertex 2n+3 radical is at the cluster carbon atoms. The stability of the radical 

species 2n+3 does not appear to be strongly related to the differences between their 

geometries and their corresponding 2n+2 and 2n+4 geometries. The factors that make these 

species stable could be the high symmetries in the cluster geometries which are promoted by 

tethers in the case of 11- and 13- vertex carborane radical anions.  
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Table of Contents entry 

Very good agreements are found between observed and simulated electron paramagnetic 

resonance (EPR) spectra for 11- and 12-vertex dicarbaborane radical monoanions with 2n+3 

skeletal electrons (SE). The unpaired electron is located at the cluster borons for the 11-

vertex clusters but at the cluster carbons for the 12-vertex ones. 

 

Keywords: Carboranes; Skeletal electrons; Clusters; Cyclic voltammetry; Electron paramagnetic 

resonance  
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