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Nature of weak inter- and intramolecular interactions in crystals

5.* Interactions Na...H—B in a crystal of sodium salt of
charge-compensated nido-carborane [9-SMe,-7,8-C,BoH (] **
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The character of electron density distribution in the C,B; open face, the influence of the
SMe, group on the character of electron density distribution, and the nature of the so-
dium—anion interaction were studied based on the data of high-resolution X-ray diffraction
study of crystals of the sodium salt of charge-compensated nido-carborane [9-SMe,-7,8-
C,BgH (]~ and quantum-chemical calculations for the Na...H—B-bonded dimer, the isolated
[9-SMe,-7,8-C,BgH ¢]~ anion, and the [7,8-C,BgH]>~ dianion. The character of electron
density distribution in the C,B; open face is analogous to the electron distribution in the
cyclopentadienyl ligand. In nido-carborane, a substantial charge redistribution takes place
compared to that observed in the closo analogs. The topological analysis of the electron density
distribution function demonstrated that the cation—anion interactions are determined pre-
dominantly by Na...H—B contacts. The total energy of these contacts in the {[9-SMe,-7,8-
C,ByH ]Na(thf),}, dimer estimated from X-ray diffraction data is 11.74 kcal mol~!.
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Alkali metal salts with anionic 11-vertex nido-carbo-
ranes are widely used as starting compounds in the syn-
thesis of metallocarboranes.2—5 However, their structures
both in solution and in the solid state remained unknown
until very recently. In the last years, it has been demon-
strated that these salts exist predominantly as contact ion
pairs both in crystals®7 and in solution.8

The coordination mode of cations in anionic nido-car-
boranes depends substantially on the cation size. In lithium
salts with the charge-compensated [9-L-7,8-C,BqH o]~
anions (L = SMe, or NMe;) and the [7,8-C,BgH (]*~
dianions, m’-coordination at the C,B; open face of the
carborane is the main coordination mode, whereas so-
dium salts are characterized by exo-coordination at the
B(10)B(11)B(6) face.57

In the case of exo-coordination, the sodium—anion
interaction can be either analogous to interactions in
exo-nido Os, Ru, %10 and Rh 1! complexes with 3c—2e
metal... H—B bonds or occur through an interaction of
the sodium cation with the electron density localized at
the center of the triangular face and on the boron atoms.

* For Part 4, see Ref. 1.
** Dedicated to Corresponding Member of the Russian Acad-

emy of Sciences E. P. Serebryakov on the occasion of his
70th birthday.

Actually, the negative charge in carboranes is distributed
not only between the hydrogen atoms of the B—H bonds!2
but also over the surface of the triangular face.!3~15 From
the geometric standpoint (Na...B and Na...H distances),5
both types of interactions in sodium salts with the
[9-L-7,8-C,BgH y]~ anion are equally probable. In struc-
tural studies!®17 of small and medium-sized carborane
salts with alkali and alkaline-earth metal cations, it was
hypothesized that the cations interact predominantly with
boron atoms. In contrast, Na...H—B interactions have
been suggested to occur in the [{y-1,2-[0-C4Hy4-(CH>),]-
1,2-C,BoH 4}, Nay(thf)¢],, salt.”

To elucidate the character of interactions between al-
kali metal cations and 11-vertex nido-carborane anions
and estimate their energies, we carried out the topological
analysis of the electron density distribution p(r) in terms
of Bader's theory "Atoms in Molecules"!8 (AIM) based on
high-resolution X-ray diffraction data for the sodium salt
of nido-carborane [9-SMe,-7,8-C,BgH (]~ with compo-
sition {Na(thf),[9-SMe,-7,8-C,BgH (]}, (1) and quan-
tum-chemical calculations for the {Na(thf),[9-SMe,-7,8-
C,BgH (]}, dimer, which is a fragment of the crystal pack-
ing of salt 1.

Since the sodium ions are coordinated at the lateral
face, salt 1 is also of interest from the point of view of the
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electron density distribution p(r) in the C,B; face of
carborane, at which the transition metal atoms are coor-
dinated in closo complexes. It should be emphasized that
the [9-SMe,-7,8-C,BgH y]~ anion is not only isolobal to
the cyclopentadienyl anion but also has the same charge.1?
To estimate the influence of the SMe, group on the char-
acter of charge distribution in the open face, X-ray dif-
fraction study and quantum-chemical calculations for the
contact ion pair, which was found in the crystal of 1,
were supplemented with quantum-chemical calcula-
tions for the [9-SMe,-7,8-C,BgH y]~ anion (2) and the
[7,8-C,ByH (]?>~ dianion (3).

Results and Discussion

Molecular and crystal structure. X-ray diffraction study
of compound 1 demonstrated that, in the crystal, the
[9-SMe,-7,8-C,BgH (]~ anions are linked into cen-
trosymmetric dimers by sodium cations (Fig. 1). Each
sodium cation forms shortened contacts with hydrogen
and boron atoms (2.34—2.52 and 2.854(1)—3.089(1) A,
respectively) of both nido-carborane fragments. The short-
est Na...H contacts are observed for the H(10) and H(11)
atoms, the first atom being involved in contacts with both
sodium cations. The B—H...Na bond angles at the hydro-

gen atoms involved in interactions with the sodium ion
are in the range of 96—102°, i.e., deviate substantially
from linearity (which is preferable for H bonds). At the
same time, the distances from the sodium ion to the cen-
ter of the B(5)B(6)B(10) face (2.816(1) A) and the mid-
point of the B(10)—B(11) bond (2.763(1) A) are rather
short. In addition to the interactions with the anions, the
sodium cations form coordination bonds with two THF
molecules. This type of interactions between the sodium
cations and the nido-carborane anions occurs very often
and was observed also in salts of other charge-compen-
sated nido-carboranes [9-L-7,8-C,BoH o]~ (L = NMe;
or pyridine)® and is similar to that found in the crystal of
the [{n-1,2-[0-CsHy-(CH;),l-1,2-C,BgH 4} Nay(thf)e]
salt.”

Stability of the dimer found in the crystal of 1 was
additionally confirmed by the results of quantum-chemi-
cal calculations. As can be seen from Fig. 2 and Table 1,
the mutual arrangement of the cations and anions, except
for the tetrahydrofuran rings, as well as the shortest Na...H
and Na...B distances, in the crystal structure are virtually
the same as those in the isolated dimer. The B—B and
B—C bond lengths in the crystal differ from those in the
isolated dimer by no more than 0.01 A (on the average,
0.001 A). To the contrary, the differences in the bond

C(17A)

C(16A)

Fig. 1. Overall view of the dimer in the crystal of salt 1. The hydrogen atoms of the carborane cages, which are not involved in contacts

with sodium, are omitted.
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Fig. 2. Superposition of the structures of dimer 1 determined by
X-ray diffraction study and the PBE/TZ2p calculations. The
carbon atoms of the THF molecules are omitted.

lengths involving the S(1) atom are substantially larger
(0.02 A for B(9)—S(1) and 0.03 A for C—S). The ob-
served elongation may be associated with both the influ-
ence of the polarity of the medium on the formally donor-
acceptor B—S bond (see Ref. 20 and references cited
therein) and the fact that the C—E and B—E bond lengths
(E is a third-period element) calculated by density func-
tional theory are insufficiently accurate, which has been
observed earlier?! for the Si—C bonds.

An elongation of the B—S bond in the isolated mol-
ecule 1 compared to that observed in the crystal is sub-
stantially smaller than that generally observed in donor-
acceptor boron complexes.?? This fact suggests that the
B—S bond is either has a different (nondative) character
or is characterized by lower polarity compared to usual
donor-acceptor bonds involving the boron atom. Another
distinguishing feature of the B—S bond is that its length
is independent of the nature of the substituents in
nido-carborane. For example, the B(9)—S(1) bond length
insalt 1 (1.8816(9) A) is close to the corresponding bond
length in the neutral nido-carborane 9-SMe,-7,8-C,BgH
(1.884(2) A)23 and is only slightly smaller than the
B(9)—S(1) bond lengths in the closo-metallocarborane
complexes (1.900(2)—1.921(3) A).19:24

The main geometric parameters of the carborane frag-
ment in the contact ion pair are also close to the corre-
sponding characteristics in the isolated anion. Small dif-
ferences (0.009—0.014 A) are observed for the bonds,
which are involved to a greater or lesser extent in interac-
tions with the sodium cations. However, the B(10)—B(11)
bond, which is involved in interactions with the cations to
the most extent, remains unchanged. An analogous situa-
tion is observed for the B—H bonds. It can be seen that
the bond lengths for the hydrogen atoms, which form
shortened contacts with the Na™ cations, are systemati-
cally shorter in isolated anion 2. However, an analogous

Table 1. Main geometric parameters of the {[9-SMe,-7,8-
C,BgHo][Na(thf),Na}, dimer (1) in the crystal and in the iso-
lated state, of the [9-SMe,-7,8-C,BgH (]~ anion (2), and of the
[7,8-C,BoH (>~ dianion (3)

Bond d/A

1 2 3

X-ray PBE/TZ2p
diffraction

C(7)—C(8) 1.5346(9) 1.535 1.539 1.546
C(7)—B(11) 1.617(1) 1.625 1.635 1.628
B(10)—B(11) 1.737(1) 1.741 1.745 1.752
B(9)—B(10) 1.7157(9) 1.724 1.719 1.752
C(8)—B(9) 1.598(1) 1.609 1.606 1.628
C(7)—B(3) 1.721(1) 1.728 1.728 1.734
C(8)—B(3) 1.728(1) 1.733 1.732 1.734
C(7)—B(2) 1.724(1) 1.722 1.726 1.730
C(8)—B(4) 1.723(1) 1.726 1.731 1.730
B(4)—B(9) 1.782(1) 1.782 1.786 1.812
B(9)—B(5) 1.781(1) 1.777 1.783 1.807
B(10)—B(5) 1.792(1) 1.790 1.796 1.794
B(6)—B(10) 1.792(1) 1.790 1.792 1.794
B(6)—B(11) 1.799(1) 1.796 1.805 1.807
B(2)—B(11) 1.800(1) 1.795 1.804 1.812
B(2)—B(3) 1.767(1) 1.768 1.772 1.777
B(3)—B(4) 1.773(1) 1.774 1.776 1.777
B(4)—B(5) 1.784(1) 1.786 1.800 1.769
B(5)—B(6) 1.781(1) 1.780 1.778 1.792
B(6)—B(2) 1.758(1) 1.763 1.760 1.769
B(1)—B(6) 1.811(1) 1.804 1.824 1.820
B(1)—B(5) 1.795(1) 1.795 1.800 1.820
B(1)—B(4) 1.768(1) 1.771 1.767 1.779
B(1)—B(3) 1.762(1) 1.767 1.761 1.754
B(1)—B(2) 1.780(1) 1.782 1.788 1.779
S(1)—B(9) 1.8816(9) 1.898 1.906 —
S(1)—C(1) 1.791(1) 1.826 1.831 —
S(1)—C(2) 1.787(1) 1.828 1.830 —
Na(1)...0(1) 2.2737(7) 2.470 — —
Na(1)...0(2) 2.3377(7) 2.416 — —
Na(1)...B(5) 2.9611(9) 2.804 — —
Na(1)...B(6) 3.089(1) 2.942 — —

Na(1)...B(10)
Na(1)...B(10A)*

2.9477(9) 2.875 — —
2.9396(8) 3.014 — —

Na(1)..B(11A)?  2.8530(9) 2.903 — —
B(5)—H(5) 1.207 1207 1.203  1.211
B(6)—H(6) 1.210 1210 1.201  1.211
B(10)—H(10) 1.219 1219 1212 1.220
B(11)—H(11) 1.212 1212 1.207 1218
Na(1)...H(5) 2.526 2.473 — —
Na(1)...H(6) 2772 2.649 — —
Na(1)...H(10) 2.331 2.427 — —
Na(1)..H(10a)  2.540 2.578 — —
Na(l)..H(lla)  2.326 2.348 — —

2 The atoms labelled by A are related to the unlabelled atoms by
the symmetry operation 2 — x, 1 — y, z.

5The C—H and B—H bond lengths in the crystal are nor-
malized to the corresponding bond lengths obtained at the
PBE/TZ2p level of theory.
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shortening is observed also for the B(6)—H(6) bond,
which is not involved in an analogous contact
(H(6)...Na(1), 2.72 A). Therefore, analysis of the geo-
metric parameters does not give an unambiguous answer
to the question about the character of the cation—anion
interaction in salt 1.

In addition to the bond lengths in the carborane poly-
hedron, the arrangement of the SMe, group with respect
to the open face of the nido-carborane and the envelope
conformation of the open face with the B(10) atom devi-
ating from the plane through the other atoms also remain
virtually unchanged (see below).

The fact that the arrangement of the SMe, group rela-
tive to the open face of carborane remains constant sug-
gests that these fragments are involved in specific interac-
tion. Actually, the lone pair (Lp) of the sulfur atom of the
SMe, group is antiperiplanar to the B(9)—B(10) bond
in the crystal, in the isolated dimer, and in anion 2
(Lp—S(1)—B(9)—B(10) torsion angles are 163.8, 156,
and 162°, respectively). Presumably, charge transfer
from the sulfur Lp to the antibonding orbital of the
B(9)—B(10) bond takes place in nido-carborane [9-SMe,-
7,8-C,BgH y]~. An analogous arrangement of the SMe,
group relative to the C,B open face is retained in a series
of metallocarboranes. For example, the sulfur Lp of the
SMe, group in the 3-L-3,3-1,-4-SMe,-3,1,2-closo-
RhC,BgH;, complex (where L = CO) is antiperiplanar to
the B(9)—B(10) bond, whereas the sulfur Lp is anti-
periplanar to the B(9)—B(5) bond in the presence of a
bulkier substituent (L = PPhs).25 Therefore, charge trans-
fer from the Lp of the S(1) atom to the antibonding or-
bital of the B(9)—B(10) or B(9)—B(5)/B(9)—B(4) bonds
can occur depending on the steric volume of the substitu-
ent (see also Refs 19 and 24). The antiperiplanar arrange-
ment of the sulfur Lp with respect to the B—C bond was
found in none of metallocarboranes.

Presumably, it is the stereoelectronic interaction be-
tween the SMe, group and the nido-carborane cage that is
responsible for distortion of the open face, viz., for the
deviation of the B(10) atom from the plane. For example,
the deviations of the B(10) atom from the plane through
the C(7), C(8), B(9), and B(11) atoms in the crystal, the
isolate dimer, and anion 2 are virtually equal (A = 0.075,
0.072, and 0.079 A, respectively). However, quantum-
chemical calculations for dianion 3 demonstrated that the
envelope conformation of the open face is retained in
the absence of the SMe, group as well. Moreover, the
deviation of the B(10) atom in dianion 3 (A = 0.103 A) is
even larger than that in salt 1 and anion 2. It should be
emphasized that the distortion is observed only for the
open face, whereas, in structures 1—3, the pentagonal
B(2)B(3)B(4)B(5)B(6) face located parallel to this open
face is planar.

A comparison of structures 2 and 3 shows that the
main variations are observed for the bonds involving the

B(9) atom or the atoms directly bound to this atom. The
other bonds, including the C(7)—C(8), C(7)—B(11), and
B(10)—B(11) bonds of the open face, vary only by 0.007 A.
All bonds in dianion 3 are elongated, whereas the
B(4)—B(5) bond is shortened by 0.031 A.

Therefore, the effect of the SMe, group on the char-
acter of bond length distribution in both the C,B; open
face and the other portion of the polyhedron is predomi-
nantly local in character and, apparently, does not lead to
a substantial charge redistribution in the open face.

Electron density distribution. Analysis of the electron
density distribution in icosahedral closo-carboranes have
demonstrated!415 that considerable electron delocaliza-
tion over the surface of the polyhedron leads to a decrease
in the electron density at the edges and a consider-
able charge accumulation on the triangular faces. How-
ever, another character of electron density distribution is
observed in the nido-carborane anion [9-SMe,-7,8-
C,BgH y]~ of salt 1. As can be seen from the deformation
electron density (DED) section, there is a substantial
charge accumulation in all bonds of the C,B; open face
(Fig. 3, a); the DED maxima are 0.30—0.35 ¢ A=3. On
the contrary, the DED accumulation in the bonds of
the pentagonal B(2)B(3)B(4)B(5)B(6) face is less pro-
nounced (peak heights are smaller and are in the range of
0.10—0.20 ¢ A=3). The highest peak is observed in the
B(3)—B(4) bond, which is located below the C(7)—C(8)
bond, whereas the lowest peaks are localized in the
B(5)—B(6) and B(5)—B(4) bonds located below the
B(9) atom. A decrease in the peak height in the B(5)—B(6)
bond can be associated not only with the influence of the
SMe, group but also with the effect of the sodium cation.

Interestingly, the charge distribution in the open face
of the anion in 1 is virtually identical to that in the Cp
ligand of vanadocene V(n3-Cp),.26 There are only the
following differences in the DED distribution in the C,B;
face and in the Cp ligand: slight differences in the peak
heights in the B—B and C—C bonds and the shift of the
DED maxima in the B—C bonds toward the carbon atom.
The data on the character of electron density distribution
show that the open face of the nido-carborane is analo-
gous (isolobal) to the Cp ligand.

In the nido-carborane anion of 1, a substantial charge
redistribution takes place compared to that observed in
the closo analog, which is evidenced by analysis of
the DED maps in the planes of the triangular faces. Ear-
lier, it has been demonstrated!4-15 that the BBB faces in
closo-carboranes are characterized by the uniform DED
distribution in the center of the ring. However, as can be
seen from the DED sections, this character of electron
density distribution in the anion of 1 is retained only for
the low belt of the rings involving the B(1) atom (Fig. 4, a).
In all other rings, the DED maxima are localized pre-
dominantly in the bonds of the open C,B; face (see
Fig. 4, b, c).
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Fig. 3. Deformation electron density sections through the
C(7)C(8)B(9)B(10)B(11) (a) and B(2)B(3)B(4)B(5)B(6) (b)
planes in the crystal of 1. The maps are contoured at 0.05 ¢ A—3
intervals. The negative and zero contours are dashed.

As for charge transfer from the SMe, group to the
antibonding orbital of the B(9)—B(10) bond, analysis of
the DED maps allowed only the conclusion that the sul-

fur lone pair is actually parallel to the depletion region
located on the extension of the B(9)—B(10) bond line.
This is not contradictory to charge transfer, but does not
unambiguously support this phenomenon (Fig. 5).

The sections of deformation electron density, as well
as of other functions (Laplacian of the electron density,
the electron localization function), are least informative
in the Na...H interaction region. The DED section pass-
ing through the coplanar Na(1), O(1), H(5), and H(6)
atoms shows no electron accumulation in the region of
the assumed Na...H contact (Fig. 6). Moreover, unlike
the Lp of the O(1) atom of the THF molecule, the B—H
bond is not polarized.

To obtain additional information on the nature of the
sodium—unido-carborane anion interactions, we carried
out the topological analysis of the electron density distri-
bution.

The same characteristic sets of the critical points were
found for the nido-carborane anion in the crystal of 1, the
isolated dimer, and anion 2. As in the carboranes studied
earlier, 1415 the critical points (3,—1) (CP (3,—1)) corre-
sponding to chemical bonding in terms of the AIM
theory!8 are localized in all B—B, B—C, and C—C edges
of the polyhedron and also in the C—H, B—H, C—S, and
B—S bonds. In turn, CPs (3,+1) are localized on the
triangular faces and on the open face of the nido-carborane
cage, whereas CP (3,+3) is localized in the center of the
polyhedron.

The main topological characteristics of the B—B and
B—C bonds, except for the bonds of the open face, differ
only slightly from those found earlier in closo-carbo-
ranes.1415 The values of p(r) and V2p(r) for the B—B
bonds at CPs (3,—1) vary from 0.82 to 0.87 ¢ A=> and
from —2.97 to —2.43 ¢ A3, respectively. The correspond-
ing values for the B—C bonds are slightly larger, and they
also correspond to shared interatomic interactions. The
bonds of the C,B; open face of the nido-carborane are
characterized by systematically higher values of p(r) at

v )

-y -
@n_ L7 2o
WA

Fig. 4. Deformation electron density in the plane of the triangular faces in the crystal of 1. The maps are contoured at 0.05 ¢ A—3

intervals. The negative and zero contours are dashed.
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Fig. 5. Deformation electron density in the S(1)B(9)B(10) plane.
The maps are contoured at 0.1 e A=3 intervals. The negative and
zero contours are dashed.
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Fig. 6. Deformation electron density in the plane passing through
the Na(1l), O(1), H(5), and H(6) atoms (coplanar within
0.009 A). The maps are contoured at 0.1 ¢ A=3 intervals. The
negative and zero contours are dashed.

CPs (3,—1). For example, the values of p(r) and V2p(r) at
the CPs (3,—1) of the B(10)—B(9) and B(10)—B(11)
bonds vary from 0.94 to 0.96 ¢ A=3 and from —5.48 to
—5.38 e A=, respectively. For the C—B bonds, the values
of p(r) at the CPs (3,—1) (1.04—1.18 e A=3) are compa-
rable with the corresponding value for the C—C bond
(1.23 ¢ A=3) in 1-phenyl-o-carborane.13 Therefore, an
increase in p(r) at CPs (3,—1) for the bonds of the open
face cannot be accounted only for by shortening of the
bonds compared to those observed in the closo polyhedra
(see Table 1).

In turn, the topological characteristics of the
C(7)—C(8) bond in molecule 1 also differ substantially
from the analogous characteristics in closo-carborane,
which is manifested not only in a substantial increase in
p(r) (to 1.55 ¢ A=3) compared to that in 1-phenyl-
o-carborane (1.22 ¢ A=3) but also in a decrease in the
ellipticity (g) to 0.37 (0.98).15 Interestingly, the elliptic-
ity € for the C—C bond in molecule 1 is close to the corre-
sponding value for the C—C bonds (0.25) in 3d-metallo-
cenes.?’

A decrease in the ellipticity for the bonds of the open
face has a general character. In closo-o-carboranes, the
ellipticities € for the B—C and C—C bonds are generally
rather high (higher than 2),14:15 whereas the ellipticities
for the bonds of the open face are in the range of 0.7—0.9.

The B—S bond in the crystal of 1, unlike those in
donor-acceptor boron complexes,?? also corresponds to
shared interatomic interactions (p(r) = 0.95 ¢ A—3 and
V2 (r) = —7.59 ¢ A~9). Taking into account that the
ellipticity of this bond is rather high (0.10), it can be
concluded that charge transfer from the sulfur Lp of the
SMe, group to the antibonding orbital of the B(9)—B(10)
bond in nido-carborane 9-SMe,-7,8-C,BgH;,~ does take
place, resulting in a stable conformation relative to the
B(9)—S(1) bond.

Analysis of the contacts of the sodium cation demon-
strated that CPs (3,—1) are observed only between the
cation and the hydrogen atoms, as well as between the
cation and the oxygen atoms of the THF solvate mol-
ecules. Of all the Na...H contacts, only the Na(1)...H(5),
Na(1)...H(10), Na(1)...H(10A), and Na(1)...H(11a) in-
teractions in the crystal correspond to chemical bonding
(see Fig. 1, Table 1). Although p(r) at CPs (3,—1) of the
Na...H bonds are substantially lower (0.04—0.05 e A—3)
than the corresponding values for the Na...O contacts
(0.16—0.17 e A-3), both types of contacts correspond
to closed-shell interactions, which is evidenced by
the positive values of V2p(r) and the energy densi-
ties (0.67—1.15 e A=5 0.0024—0.0032 a.u. and
3.06—3.64 ¢ A3, 0.0050—0.0066 a.u. for the Na...H and
Na...O contacts, respectively).

The formation of Na...H contacts results in the clo-
sure of two independent five-membered Na(1)H(10)B(10)
B(5)H(5) and Na(1)H(10a)B(10A)B(11A)H(11A) rings
related by a center of symmetry and the closure of the cen-
trosymmetric four-membered Na(1)H(10)Na(1a)H(10a)
ring. For each ring, CP (3,+1) was found (see Fig. 1). In
the latter ring, the position of CP (3,+1) coincides with
the center of symmetry.

Taking into account the changes in the Na...H dis-
tances in the crystal and in the isolated dimer calculated
by the quantum-chemical method (see Table 1), the num-
ber of Na...H interactions could also be expected to
change. However, the topological analysis of p(r) based
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on the results of quantum-chemical calculations demon-
strated that the molecular graph observed in the crystal is
completely retained in the isolated dimer. Therefore, the
dimer of 1 is stable, which is determined not only by
shortened distances but also, primarily, by the nature of
interacting atoms.

In spite of the low values of p(r) at CPs (3,—1) of
Na...H interactions, their energies estimated from the cor-
relation between the potential energy density and the con-
tact energyl:27-28 vary from 1.76 to 1.18 kcal mol~!, and
the total energy per cation is 5.87 kcal mol~!. The highest
energy is observed for the shortest Na(l)...H(10) and
Na(1)...H(11a) contacts (see Table 1). The energy of these
contacts is close to that of weak C—H...O contacts?? and
is higher than the energies of the C—H...F contacts in the
crystal of 2-trifluoroacetyl-5-trifluoromethylpyrrole.28 For
comparison, the energy of Na...O interactions calculated
according to the same procedure is 7.7 kcal mol~!.

To estimate the contribution of the 3c—2e bonding to
Na...H interactions, we also found CPs (3,—1) for the
electron density functions for two types of model clusters
calculated without consideration of the hydrogen at-
oms (A) and the boron atoms (B) involved in contacts
with the sodium cation. The clusters A and B were calcu-
lated for each assumed interaction site (boron or hydro-
gen atom) with the exclusion of this atom from the calcu-
lations of the total electron density function. For the clus-
ters A, the critical point (3,—1) for the cation—anion
interaction disappeared in all cases, whereas CPs (3,—1)
for the clusters B were observed, but the electron densities
at these points decreased by a factor of more than 1.5.
Hence, it can be concluded that, although the interaction
between the sodium cation and the nido-carborane anion
[9-SMe,-7,8-C,BgH (]~ in the case of exo-coordination
is determined primarily by interactions with the hydrogen
atoms, the 3c—2e interaction with the B—H bond also
makes a contribution to the system under consideration.

The total energy of the Na...H interactions in the crys-
tal of 1 estimated from the X-ray diffraction data is
11.74 kcal mol~!, which is consistent with rather high
stability of the cation-anion pairs in solution, which has
been demonstrated by NMR spectroscopy.8

Experimental

The NMR spectra were recorded on a Bruker AMX-400
spectrometer (400 MHz).

Compound 1 was synthesized under argon with the use of an-
hydrous solvents. The 9-SMe,-7,8-C,BgH; compound (973 mg,
5 mmol) was added to a suspension of NaH (200 mg, 8.3 mmol)
in THF (20 mL) with stirring using a magnetic stirrer. The
reaction mixture was refluxed for 1 h, cooled to room tempera-
ture, and filtered. Then light petroleum (40 mL) was added. The
white precipitate that formed was filtered off, washed with light
petroleum, and dried in vacuo. The yield of compound 1 was

1.676 g (93%). '"H NMR (C¢Dy), 8: 3.66 (m, 16 H, CH,, thf);
2.24 and 2.13 (both br.s, 2 H each, CH,); 1.51 (m, 16 H,
CH,, thf); 1.30 and 1.29 (both s, 6 H each, SMe,); —2.30 (br.s,
2 H, B—H—Na). "B NMR (C¢Dy), & —3.73 (d, 2 B, J =
143 Hz); —7.52 (s, 2 B); —10.87 (d, 2 B, /= 154 Hz); —15.88 (d,
2 B,J=162 Hz); —17.85 (d, 2 B, J = 165 Hz); —23.03 (d, 2 B,
J =153 Hz); —25.51 (d, 2 B, J = 144 Hz); —29.27 (d, 2 B, J =
132 Hz); —35.65 (d, 2 B, /= 145 Hz).

Colorless crystals of compound 1 were grown by slow diffu-
sion of light petroleum into a solution of compound 1 in THF in
an NMR tube. At 110 K, crystals of 1 are monoclinic, space
group P2,/n, a=13.678(2) A, b =9.637(1) A, ¢ = 15.356(2) A,
B =96.023(6)°, V' =2013.0(5) A3, Z=4, d .= 1.190 g cm~3,
w(MoKo) = 1.85 cm™!, F(000) = 768. The intensities of
37155 reflections were measured at 110 K on a SMART
1000 CCD diffractometer (A(MoKa) = 0.71072 A, o scan-
ning mode, 26 < 100°), and 14353 independent reflections
(R = 0.0296) were used in the refinement. The X-ray data
were processed and merged using the SAINT Plus 3 and
SADABS3! program packages.

The structure was solved by direct methods with the use of
successive electron density maps. All hydrogen atoms were re-
vealed from difference electron density maps. The structure was
refined against F2,,, with anisotropic displacement parameters
for all nonhydrogen atoms and isotropic displacement param-
eters for hydrogen atoms.

The final R factors for 1 were as follows: R; = 0.0409 (calcu-
lated based on Fj, for 9230 reflections with 7 > 2¢(1)),
wR, = 0.0925 (calculated based on F2,, for all 14353 reflec-
tions), the number of parameters in the refinement was 354,
GOF = 1.043. The calculations were carried out using the
SHELXTL 5.10 program package.32

The experimental electron density distribution function was
determined in the analytical form by the multipole refinement
of X-ray diffraction data in terms of the Hansen—Coppens
model33 using the XD program package.34 In the multipole re-
finement, the coordinates, anisotropic displacement parameters,
and the multipole parameters up to the octupole level (/ = 3)
were refined for all nonhydrogen atoms against Fj,;;. The posi-
tions of the hydrogen atoms and their isotropic displacement
parameters remained fixed. Before the refinement, all C—H
distances were normalized to the ideal distance (1.08 A). The
B—H distances were calculated by the quantum-chemical
method (PBE/TZ2p). In the multipole refinement, the H atoms
were refined up to the dipole level (/ = 2) taking into account the
cylindrical symmetry. The correctness of the anisotropic atomic
displacement parameters was estimated using the Hirshfeld test,35
which was at most 10-10~* A2 for the bonds of the nido-car-
borane cage. The results of the multipole refinement
are characterized by the following parameters: R = 0.0318,
wR =0.0306, GOF = 1.104 for 8548 reflections with / > 3o(/).

The potential energy density v(r) was calculated from X-ray
diffraction data using an approximation in terms of the Tho-
mas—Fermi theory.36 According to this approach, the kinetic
energy density (g(r)) can be calculated from the equation

&(r) = 3/10(3n2)*3[p(1) 1> + (1/72)[Vp(r)*/p(r) + 1/6Vp(r)

combined with the local virial theorem® (2g(r) + v(r) =
1/4V2p(r)), which allows calculations of both the potential en-
ergy density and the local energy density 4.(r). The CPs (3,—1)
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were found and the corresponding topological characteristics of
p(r), including A.(r), g(r), and v(r), were calculated using the
WINXPRO 1.5.20 program.37

Quantum-chemical calculations for anion 2 and dianion 3
were performed using the GAUSSIAN-98 program3® with the
B3LYP functional and the 6-31+G** basis set. The geometry
optimization of Na...H—B-bonded dimer of 1 was carried out
using the PRIRODA program3® (PBE/TZ2P). The electron den-
sity function was determined from the results of B3LYP/6-
311G** calculations of the energy using the geometry evaluated
at the PBE/TZ2P level of theory. The topological analysis of the
calculated function p(r) was performed using the MORPHY 98
program.40
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