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The molecular and electronic structures and thermodynamic parameters of 1,2�, 1,7�, and
1,12�dicarba�closo�dodecaborane(12) molecules in the singlet ground state were calculated
by the Hartree—Fock, DFT, and MP2 (including B3LYP/6�311G(2d,2p) and
MP2/6�311+G(d,2p) methods). The energies and character of spatial localization of the fron�
tier MOs in o�, m�, p�carboranes(12) correlate with the changes in the configuration stabilities
and reactivities in the reactions of carboranes with electrophilic and nucleophilic agents and
bases. The electrostatic potential distributions in the molecules and the atomic charge distribu�
tion of hydrogen atoms correlate with the known chemical properties of carboranes(12). The
thermodynamic parameters of two isomerization reactions, o�C2B10H12  m�C2B10H12
and m�C2B10H12  p�C2B10H12, calculated for the temperature range 298—1000 K agree
with experimental data within the limits of measuring error. The values of the electron density
and the Laplacian of the electron density at the (3, –1) critical points of the B—H and
C—H bonds correlate with the reactivities of the title compounds.

Key words: carboranes(12), quantum chemical calculations, frontier MOs, topology of
total electron density, configuration stability, reactivity.

The electronic structures of closo�carboranes(12),
C2B10H12, and their derivatives has been studied by theo�
retical1—8 and experimental9 methods. In most cases the
results of calculations of the molecular structures and
relative stabilities of these compounds are compared with
the experimental data. Only a few attempts to relate the
electronic structure characteristics to the configuration
stability, regularities of the electrophilic and nucleo�
philic reactions, and the acidities of carboranes were re�
ported.10—12 Usually, the Mulliken charges on the cage
atoms are used as a criterion for assessment of the reactiv�
ity.10,12 However, this is not always true when studying
the title compounds.1 Analysis of the electron density
distribution function in the vicinity of reaction centers is
of paramount importance;12 however, the computational
cost of such calculations is very high. Advances made in
this field of chemistry of boranes and carboranes have
been documented in a review.8

In this work we carried out the HF, DFT,
and MP2 (including B3LYP/6�311G(2d,2p) and
MP2/6�311+G(d,2p)) quantum chemical calculations
and determined the thermodynamic characteristics of the
isomers of carboranes(12) for the temperature range
298—1000 K and established parameters of their ground�
state electronic structure, which correlate with the con�
figuration stability and with characteristic features of elec�

trophilic and nucleophilic reactions. These are the ener�
gies and the structures of the frontier MOs, the electro�
static potential, the atomic charges of hydrogens in the
molecules under study, and the characteristics of the total
electron density function at the (3, –1) critical points of
the B—H and C—H bonds.

Calculation Procedure

Quantum chemical calculations of the molecules of o�, m�,
and p�carboranes were carried out by the Hartree—Fock and
density functional (B3LYP) methods, at the second�order
Møller—Plesset level of perturbation theory (MP2), and by the
multiconfiguration CASSCF method with the 6�31G(d,p),
6�31G(d,2p), 6�31G(2d,2p), 6�31G(df,p), 6�311G(d,p),
6�311+G(d,p), 6�311G(2d,2p), and 6�311+G(d,2p) basis
sets using the GAUSSIAN�98 program complex.13 Full op�
timization procedure was conducted until a value of
0.000015 hartree Bohr–1 for the "Maximum Force" parameter,
0.000010 hartree Bohr–1 for the "RMS Force" parameter,
0.00006 a.u. for the "Maximum Displacement" parameter,
and 0.00004 a.u. for the "RMS Displacement" parameter.
The calculated interatomic distances in the title molecules dif�
fer from experimental values14 by 0.02—0.05 Å, the smallest
deviation being provided by the MP2 method. The thermo�
dynamic characteristics of carboranes(12) obtained from
B3LYP/6�311G(2d,2p) calculations for the temperature range



Dicarba�closo�dodecacarboranes(12) Russ.Chem.Bull., Int.Ed., Vol. 55, No. 12, December, 2006 2155

298—1000 K coincided with experimental data within the
limits of measuring error. The electronic characteristics
were obtained in different approximations. The results of the
B3LYP/6�311G(2d,2p) and MP2/6�311+G(d,2p) calculations
(see below) gave the best agreement with experimental data.
Each level of theory correctly describes the electronic param�
eters of carboranes(12), e.g., the dipole moment (µ) and the
first ionization potential (U ). For o�carborane, the experimen�
tal values of µ and U are respectively 4.31—4.53 D14 and
9.0—10.62 eV 15—17 (cf. theoretical values 4.22—4.51 D and
8.77 (B3LYP)—11.13 (MP2) eV, respectively). The energies of
the first excited states of the o�, m�, and p�carborane mol�
ecules were obtained from CASSCF/6�31G(d,p) calculations
with the active space including four electrons and seven MOs.
The topological parameters of the total electron density distri�
bution function according to Bader18 were determined by
the MP2/6�311+G(d,2p) method using the "AIM" parameter
(algorithm by J. Cioslowski) in the GAUSSIAN�98 program
complex.13

Results and Discussion

A characteristic feature of carboranes(12) (Fig. 1) is
the ability of their molecules to undergo cage rearrange�
ments in the order o� → m� → p�isomer at 700—1000 K.19

It was experimentally proved that o�isomer is completely
converted into m�isomer, while the m� and p�isomers are
equilibrated (free energy of the m� → p�carborane isomer�
ization is20 ~0.25 kcal mol–1 at 920—970 K).

Earlier,12 the thermodynamic parameters of the iso�
mers of carboranes(12) under standard conditions were
calculated in small basis sets (at most 6�31G(d,p)) with�
out inclusion of correlation corrections.

We calculated the thermodynamic parameters of
isomerization reactions of carboranes(12)

o�C2B10H12    m�C2B10H12, (1)

m�C2B10H12    p�C2B10H12 (2)

in the B3LYP/6�311G(2d,2p) approximation for the tem�
perature range 298—1000 K and a pressure of 1 atm.

Analysis of the results obtained (Fig. 2) showed that
reaction (1) is shifted to products in the temperature range
under study (–15.9 kcal mol–1 < ∆G < –15.4 kcal mol–1).
Reaction (2) is characterized by establishment of equilib�
rium between m� and p�carborane under the isomeriza�
tion conditions (800—1000 K, –0.35 kcal mol–1 < ∆G <
< 0.25 kcal mol–1). The content of p�carborane in the
equilibrium mixture is 55—47% in this temperature range
(calculated from the ∆G values). For T = 917 K, one has
∆G ≈ 0.0 kcal mol–1 and can expect equal concentrations
of the m� and p�carboranes in the equilibrium mixture.

Fig. 1. Molecular structures of 1,2�, 1,7� and 1,12�dicarba�
closo�dodecaboranes(12). Hydrogen atoms are not shown.

Fig. 2. Changes in enthalpies (∆H ) and Gibbs energies (∆G) of
reactions (1) (a) and (2) (b) plotted vs. temperature according to
B3LYP/6�311G(2d,2p) calculations.
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The total energies of m� and p�carboranes
(Table 1) obtained from DFT/6�311G(2d,2p) and
MP2/6�311+G(d,2p) calculations are also similar.

The results obtained provide a correct explanation for
the course of the rearrangements of the isomers of
carboranes(12). The ∆H° value for reaction (1) calculated
in this work, –16.0 kcal mol–1, coincides, within the
limits of measuring error, with the experimental ∆H° value
(–18.0±3.5 kcal mol–1) determined21 from the heats of
combustion of carboranes(12) (gas phase, normal condi�
tions). The thermodynamic parameters calculated in
this work are also in good agreement with the experi�
mental values determined from the position of equilib�
rium (2) (∆Gcalc = +0.1 kcal mol–1 at 950 K, ∆Gexp =
+0.25 kcal mol–1,20 cf. ∆Gcalc = –0.8 kcal mol–1 from
Ref. 12).

Earlier,22 it was reported that the second�order
Jahn—Teller effect can influence the configuration sta�
bility of carboranes. The HOMO—LUMO gaps of o�, m�,
p�carboranes(12) calculated in this work in all approxi�
mations including B3LYP/6�311G(2d,2p) and (to some
extent) MP2/6�311+G(d,2p) (see Table 1) correlate with
experimental data on the configuration stabilities of these
molecules. The HOMO—LUMO gap width increases on
going from o� to p�carborane and so do the stabilities of
the isomers. Therefore, the parameters ∆E of o�, m�, and
p�carboranes(12) can serve as an "orbital" criterion for
their configuration stabilities. Analysis of the energies of
the first excited singlet states and the ground singlet states
of the molecules of o�, m�, p�carboranes(12) obtained
from CASSCF/6�31G(d,p) calculations revealed a simi�
lar trend (see Table 1). Thus, changes in the energy differ�
ences between the ground and excited states of the mol�
ecules in question are in good agreement with the changes
in the width of the corresponding HOMO—LUMO gaps.

According to our data, parameters of the frontier MOs
can serve as a basis for analysis and prediction of trends of
changes in not only the configuration stabilities, but also
the reactivities of carboranes. A correct description of the
reactivities of different isomers of the carboranes in ques�
tion and pathways of electrophilic and nucleophilic reac�

tions can be made based on analysis of the spatial distri�
butions and energies of the frontier and nearest�energy
MOs in terms of Fukui´s frontier MO approach.

The HOMO energies obtained from DFT calculations
with inclusion of correlation corrections in all the basis
sets used (results of B3LYP/6�311G(2d,2p) computations
are listed as an example in Table 1) regularly decrease on
going from o� through m� to p�carborane(12), which is in
agreement with the decrease in the reactivities of these
isomers in electrophilic substitution reactions. Note that
the MP2/6�311+G(d,2p) approximation provides an in�
correct order of the HOMO energies of carboranes(12)
(see Table 1), namely, they increase on going from
o� through m� to p�carborane, although experiments
showed an increase in ionization potential of the isomers
of carboranes(12) in the same order (see Table 1) and
weakening of the electron�donor properties of carbo�
ranes(12).

Analysis of reaction pathways requires inclusion of the
spatial distribution of the frontier and nearest�energy MOs
(provided similar energies of these orbitals). Information
on localization of these MOs was obtained from corre�
sponding MO LCAO expansion coefficients and by ana�
lyzing the spatial distribution of the corresponding orbital
wave functions. In the o�carborane molecule, the HOMO
is mainly localized on the B(9) and B(12) atoms that are
the most distant from carbon atoms and to a lesser extent
on the B(8) and B(10) atoms, which makes these centers
the most nucleophilic in character (Fig. 3).

Table 1. Total energies (Etot/a.u.a), total energy differences (∆Etot/kcal mol–1), the HOMO (EHOMO/eV) and LUMO (ELUMO/eV)
energies, and the energy gaps (∆E/eV) obtained from B3LYP/6�311G(2d,2p) (I) and MP2/6�311+G(d,2p) (II) calculations, and
experimental ionization potentials (IP) of o�, m�, and p�carborane molecules

Parameter –Etot ∆Etot –EHOMO ELUMO ∆E IP ∆E´b

I II I II I II I II I II

o�C2B10H12 332.1766314 331.0274385 +19.13 +18.66 8.79 11.19 –0.49 +0.80 8.30 11.99 10.1315, 9.017 8.75
m�C2B10H13 332.2027971 331.0517885 +2.71 +3.38 8.82 11.06 –0.33 +0.95 8.50 12.01 10.1415, 10.117 8.88
p�C2B10H12 332.2071174 331.0571812 0.00 0.00 8.86 11.02 –0.28 +1.14 8.58 12.16 10.316, 10.624 8.97

a 1 a.u. = 627.5095 kcal mol–1.
b Energy difference between the first excited state and the ground state molecules; obtained from CASSCF(4,7,NRoot=2)/6�31G(d,p)
calculations.

Fig. 3. Spatial distributions of HOMO (a) and LUMO + 1 (b) in
o�carborane molecule from B3LYP/6�311G(2d,2p) calculations.

a b



Dicarba�closo�dodecacarboranes(12) Russ.Chem.Bull., Int.Ed., Vol. 55, No. 12, December, 2006 2157

A similar electron density distribution was also
obtained for the m�carborane HOMO. The B(9) and
B(10) atoms are the most distant from carbon atoms,
being also nucleophilic centers of this molecule. In the
p�carborane molecule, all boron atoms are equivalent and
each of them can act as the nucleophilic center.

All computational methods employed in this work pre�
dict that the LUMOs of the isomers of carboranes(12),
which are responsible for the electrophilic properties of
the molecules (in terms of the frontier MO theory), are
localized on the nearest environment of carbon atoms.
The electrophilic properties of carboranes(12) also mani�
fest themselves in that these compounds possess the acidic
properties, that is, o�, m�, p�carboranes are CH�acids
characterized by experimental pKa values of 23.3, 27.9,
and 30.0, respectively.23 The MOs governing the acidic
properties of carboranes and localized on hydrogen atoms
of C—H bonds are not necessary the LUMOs; rather, this
depends on the approximation employed. For instance,
B3LYP/6�311G(2d,2p) calculations of o�carborane mol�
ecule showed that the vacant orbital is the LUMO + 1
(see Fig. 3). The energies of the vacant MOs localized
on hydrogen atoms of the C—H bonds are –0.159
(LUMO + 1), +0.145 (LUMO + 3), and +0.166 eV
(LUMO + 2) for o�, m�, and p�carborane, respectively,
which is consistent with the experimental order of de�
creasing acidity. The energy of the LUMO, which is lo�
calized on boron atoms in the nearest environment of
carbon atoms, also shows a regular increase (see Table 1).
This is in agreement with the decrease in the reactivities
of these compounds in the reactions with nucleophilic
agents (e.g., cleavage of the carborane(12) cages under
the action of amines of alkali metal alcoholates).

Traditionally, the reactivity is assessed from the
Mulliken atomic charges. However, the atomic charges of
borons calculated in all the approximations used in this
work are inconsistent with the experimentally established
order of electrophilic substitution and nucleophilic addi�
tion in the carborane polyhedron (Table 2).

At the same time we found that the atomic charges
of hydrogens calculated by the HF and DFT (e.g.,
B3LYP/6�311G(2d,2p), see Table 3) methods correlate
with the order of electrophilic substitution and nucleo�
philic addition and characterize a decrease in the reactiv�
ity in the order o�, m�, p�carborane.

A decrease in the atomic charges of the hydrogens
participating in the C—H bonds in the order o�, m�,
p�carborane in all the approximations used, e.g.,
B3LYP/6�311G(2d,2p) (see Table 3) is in agreement with
the experimentally observed order of reduction of the
acidity of these compounds. Similarly to calculations of
the frontier MO parameters (MO energies and spatial
distribution of the wave functions), the exception are the
MP2/6�311+G(d,2p) calculated atomic charges of the
hydrogens involved in the C—H bonds (see Table 3).

Table 2. Mulliken atomic charges (q) for carborane cage atoms
and electrostatic potentials on atoms (ϕ) in o�, m�, and
p�carborane molecules

Atom B3LYP MP2
/6�311G(2d,2p) /6�311+G(d,2p)

q/e –ϕ/a.u.* q/e –ϕ/a.u.*

o�Carborane (C2v)

B(9) (B(12)) +0.0842 11.4635 +0.0747 11.4373
B(8) (B(10)) +0.0118 11.4591 +0.1097 11.4344
B(4) (B(5), B(7), +0.0605 11.4345 –0.1876 11.4072

B(11))
B(3) (B(6)) +0.0911 11.4100 –0.1734 11.3796
C(1) (C(2)) –0.1229 14.6632 –0.1193 14.6175

m�Carborane (C2v)

B(9) (B(10)) +0.0256 11.4600 +0.1109 11.4359
B(5) (B(12)) +0.1170 11.4398 –0.1824 11.4110
B(4) (B(6), B(8), +0.0440 11.4354 +0.0132 11.4083

B(11))
B(2) (B(3)) +0.1198 11.4107 –0.4566 11.3803
C(1) (C(7)) –0.1735 14.6910 +0.0204 14.6487

p�Carborane (D5d)

B +0.0571 11.4357 –0.0663 11.4088
C –0.1069 14.6959 –0.1675 14.6542

* 1 a.u. = 3.0277•10–9 C m–1.

Table 3. Mulliken atomic charges (q) for hydrogen atoms and
electrostatic potential on atoms (ϕ) in o�, m�, and p�carborane
molecules

Atom B3LYP MP2
/6�311G(2d,2p) /6�311+G(d,2p)

q/e –ϕ/a.u.* q/e –ϕ/a.u.*

o�Carborane

H(9) (H(12)) –0.0726 1.1658 +0.0552 1.1645
H(8) (H(10)) –0.0668 1.1591 +0.0529 1.1585
H(4) (H(5), –0.0405 1.1423 +0.0562 1.1399

H(7), H(11))
H(3) (H(6)) –0.0252 1.1270 +0.0604 1.1227
HC—H +0.0605 1.0345 +0.2024 1.0289

m�Carborane

H(9) (H(10)) –0.0661 1.1597 +0.0537 1.1593
H(5) (H(12)) –0.0516 1.1503 +0.0603 1.1473
H(4) (H(6), –0.0437 1.1435 +0.0546 1.1414

H(8), H(11))
H(2) (H(3)) –0.0266 1.1274 +0.0748 1.1228
HC—H +0.0550 1.0538 +0.1830 1.0504

p�Carborane

HB—H –0.0464 1.1438 +0.0609 1.1417
HC—H +0.0535 1.0611 +0.1880 1.0589

* 1 a.u. = 3.0277•10–9 C m–1.

The electrostatic potential (ϕ) on the boron (see
Table 2) and hydrogen atoms (see Table 3) in the isomers
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of the title molecules correlates with the reactivities
of these compounds and with the order of electrophilic
substitution and nucleophilic addition reactions. Both
B3LYP/6�311G(2d,2p) and MP2/6�311+G(d,2p) meth�
ods give a similar description of the potential ϕ for differ�
ent positions of reaction centers in a particular isomer
and in different isomers.

The ϕ values for the H atoms of the C—H bonds also
correlate with the changes in the acidic properties in the
order o�, m�, p�carborane.

Analysis of theoretical values of the electron density (ρ)
and the Laplacian of the electron density (∇2ρ) at critical
points of B—H and C—H bonds in the molecules un�
der study showed regular changes in these parameters
(Table 4).

One can also conclude that in all isomers these bonds
have a covalent character.18 The B—H bonds approach
the intermediate type of bonds.18 Table 4 shows that the ρ
and ∇2ρ values at the critical points of the H—B(9)
(H—B(12)) and H—B(8) (H—B(10)) bonds of o�carbo�
rane are almost equal to each other, whereas the same
parameters at the critical points of the H—B(9)
(H—B(10)) and H—B(5) (H—B(12)) bonds of m�carbo�
rane differ to a greater extent. This is in qualitative agree�
ment with experimental data on electrophilic substitution
reactions of carboranes(12), namely, the reactions of

m�carborane are much more selective than those of
o�carborane.19

Note that the ρ and ∇2ρ values at the (3, –1) critical
points of C—H bonds in the m� and p�carborane mol�
ecules are similar to the corresponding values for ethane
molecule (for o�carborane, they are similar to the ρ and
∇2ρ values for ethylene and acetylene molecules). Thus,
for both hydrocarbons and carboranes the ∇2ρ values
change in the same order, namely, they decrease on going
from a less to a more acidic compound.

A much smaller ∇2ρ value of the C—H bond com�
pared to that of the B—H bond is due to a larger value of
the "perpendicular contraction" of the electron density
for the C—H bonds compared to the B—H bonds
(Table 5). The parameters λ1—3 of the H—B(9) (H—B(12))
and H—B(8) (H—B(10)) bonds of o�carborane are nearly
equal. The λ1 parameters of the H—B(9) (H—B(10)) and
H—B(5) (H—B(12)) bonds in m�carborane differ to a
much greater extent.

The smaller ∇2ρ value for the C—H bond in
o�carborane molecule is due to smaller λ1—3 parameters
of this bond compared to the corresponding values in
m� and p�carborane molecules. This suggests that the elec�
tron density of the C—H bond in o�carborane is localized
in a more compact spatial domain about the bond line
compared to other isomers. Greater extent of compact�
ness and localization of the electron density in the C—H

Table 4. MP2/6�311+G(d,2p) calculated ρ and ∇2ρ values
at the (3, –1) critical points of B—H and C—H bonds in
o�, m�, and p�carborane molecules and (for comparison) of
C—H bonds in ethane, ethylene, and acetylene molecules

Bond ρ/e Å–3 –∇2ρ/e Å–5

o�Carborane (C2v)

H—B(9) (H—B(12)) 0.1790 0.1181
H—B(8) (H—B(10)) 0.1789 0.1146
H—B(4) (H—B(5), 0.1818 0.1383

H—B(7), H—B(11))
H—B(3) (H—B(6)) 0.1847 0.1640
H—C(1) (H—C(2)) 0.2983 1.1760

m�Carborane (C2v)

H—B(9) (H—B(10)) 0.1783 0.1856
H—B(5) (H—B(12)) 0.1804 0.1996
H—B(4) (H—B(6), 0.1806 0.2008

H—B(8), H—B(11))
H—B(2) (H—B(3)) 0.1829 0.2138
H—C(1) (H—C(7)) 0.2872 1.0670

p�Carborane (D5d)

H—B 0.1808 0.2012
H—C 0.2870 1.0650

Hydrocarbons

C—H (ethane) 0.2845 1.0690
C—H (ethylene) 0.2929 1.1471
C—H (acethylene) 0.3007 1.2402

Table 5. Eigenvalues of the Hessian obtained from
MP2/6�311+G(d,2p) calculations at the (3, –1) critical points
of B—H and C—H bonds for o�, m�, and p�carboranes and (for
comparison) of C—H bonds in ethane, ethylene, and acetylene
molecules: "perpendicular contraction" values (λ1, λ2) and
"parallel expansion" values (λ3) of the electron density

Compound Bond –λ1 –λ2 λ3

e Å–5

o�Carborane H—B(9) (H—B(12)) 0.3708 0.3693 0.6220
H—B(8) (H—B(10)) 0.3691 0.3677 0.6222
H—B(4) (H—B(5), 0.3888 0.3709 0.6214
H—B(7), H—B(11))
H—B(3) (H—B(6)) 0.3965 0.3895 0.6219
H—C(1) (H—C(2)) 0.8157 0.8001 0.4400

m�Carborane H—B(9) (H—B(10)) 0.3530 0.3529 0.5203
H—B(5) (H—B(12)) 0.3696 0.3541 0.5241
H—B(4) (H—B(6), 0.3696 0.3537 0.5225
H—B(8), H—B(11))
H—B(2) (H—B(3)) 0.3790 0.3581 0.5233
H—C(1) (H—C(7)) 0.7766 0.7762 0.4857

p�Carborane H—B 0.3691 0.3546 0.5225
H—C 0.7749 0.7749 0.4848

Ethane H—C 0.7120 0.7037 0.3463

Ethylene H—C 0.7678 0.7594 0.3801

Acetylene H—C 0.8435 0.8435 0.4470
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interatomic space in o�carborane molecule (and therefore
a decrease in the electron density on the corresponding
H atom) facilitate the approach of the base compared to
other isomers; this is probably responsible for the higher
acidity of o�carborane. Table 5 shows that the λ1—3 pa�
rameters of the C—H bond in o�carborane molecule are
similar to those of acetylene molecule characterized by
the highest acidity among the hydrocarbons considered
here. This can suggest that the acidities of carboranes and
hydrocarbon molecules are governed by some common
topological factors. For the m� and p�carboranes only the
"perpendicular contraction" of the electron density of the
C—H bond is similar to the corresponding value for
ethylene molecule, whereas the "parallel expansion" of
the electron density in carboranes is higher.

The distance from the C—H bond proton to the bond
critical point is on the average 0.37 Å for different isomers
(cf. 0.65 Å for B—H bonds). This corresponds to a strong
effect of carbon atoms on the electron density in the
region of the C—H bond, which is responsible for the acid
character of this bond. As to the B—H bond, attractors
have the opposite effect on the electron density; there�
fore, H atoms of these bonds are hydridic in character.
Positions of the critical point of the C—H bonds in the
molecules of carboranes(12) and in acetylene molecule
are similar (0.37 and 0.35 Å, respectively).

The B—H bonds in o� and m�carborane molecules are
the most distant from carbon atoms. They are character�
ized by maximum ∇2ρ values at the critical points; ac�
cording to Bader,18 this indicates the greatest diffusivity
of the electron density of these bonds. The Laplacian of
the electron density, ∇2ρ, at the critical points of the
B—H bonds in p�carborane molecule has a very low value,
which corresponds to low (compared to other carboranes)
diffusivity and high contraction of the electron density in
the interatomic space. This can provide an explanation
for low reactivity of p�carborane in electrophilic substitu�
tion reactions.

The smallest ∇2ρ values at the critical points of
the B—H bonds in positions 3, 6 and 2, 3 for o� and
m�carboranes, respectively, are indications of "compact'
electron density distribution for these bonds compared to
other positions. Probably, in this case the interaction of
nucleophilic species and boron atoms in the positions
mentioned above is facilitated.

Thus, we revealed correlations between changes in
the reactivities of o�, m�, and p�carboranes(12) and pa�
rameters of three basic levels of description of their elec�
tronic structure, based on analysis of the charge distribu�
tion of hydrogen atoms (not the cage atoms!) and the
electrostatic potential on the cage atoms and on hydro�
gen atoms, the energies and spatial distribution of the
frontier and nearest�energy MOs, and the topological
characteristics of the critical points of the B—H and
C—H bonds.

The results obtained may suggest that reactions of
carboranes(12) with electrophilic agents (E) involve the
B—H bonds rather than boron atoms (bonds within the
polyhedral cage) of the molecule. This seems to be a
reason for the observed correlation between the electronic
parameters of these bonds and the atomic charges of
hydrogens and reactivities. Here, the decisive role is prob�
ably played by the intermediate stage, where the electro�
philic agent is coordinated to H atoms with the formation
of a three�center two�electron bond B—H—E. Subse�
quent stages should involve a rearrangement of the
B—H—E fragment and formation of the B—E bond and
abstraction of a proton upon nucleophilic assistance by
the solvent or a nucleophile conjugated with the electro�
philic species.

Apparently, the reactions of carboranes(12) with bases
occur in a similar fashion from the standpoint of struc�
tural transformations. The base (N) reacts with the C—H
bond to form a three�center four�electron bond C—H—N
in the transition state. Proton transfer to the base and
solvation of the anionic center with the solvent molecule
or cation completes the process.

On the contrary, the reactions of carboranes(12) with
nucleophilic agents result in the addition and are fol�
lowed by cleavage of the polyhedron, involve the cage
bonds formed by the boron atoms if the nearest environ�
ment of carbon atoms. As a consequence, the polyhedral
cage is opened, being stabilized in subsequent stages in
the form of dicarba�nido�undecaborate(1–) anions.

Further quantum chemical reactivity studies of carbo�
ranes(12) will make it possible to obtain quantitative,
structural, and thermodynamic parameters of these re�
actions.
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