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The C-methylthio derivatives of cobalt bis(dicarbollide) were synthesized by reaction of anhydrous CoCl2
with nido-carborane [7-MeS-7,8-C2B9H11]

� and isolated as a mixture of rac-[1,10-(MeS)2-3,30-Co(1,2-
C2B9H10)2]

� and meso-[1,20-(MeS)2-3,30-Co(1,2-C2B9H10)2]
� isomers. The structures of both isomers

were studied using DFT quantum chemical calculations. The most preferable geometry of rotamers and

the stabilization energy of C-methylthio derivatives of cobalt bis(dicarbolide) were calculated. The

(BEDT-TTF)[1,10-(MeS)2-3,30-Co(1,2-C2B9H10)2] salt was prepared and its structure was determined by

single crystal X-ray diffraction. The cisoid conformation of the rac-[1,10-(MeS)2-3,30-Co(1,2-C2B9H10)2]
�

anion is stabilized by short intramolecular CH/S hydrogen and BH/S chalcogen bonds between the

dicarbollide ligands, that is in good agreement with the data of quantum chemical calculations.
Introduction

The synthesis of the rst carboranes in the early 1960s, followed
by the rapid development of their chemistry, resulted in the
creation of a number of new carborane-based materials with
unique properties.1–5 Among the various derivatives of carbor-
anes, special attention is paid to p-complexes of transition
metals with carborane ligands, called metallacarboranes. The
most known of them, cobalt bis(dicarbollide) [3,30-Co(1,2-
C2B9H11)2]

� attracts increasing interest from researchers
working in various elds from medical chemistry to6–11 mate-
rials science12–18 to due to its extraordinary high stability, low
toxicity19 and almost unlimited possibilities for chemical
modication.20,21

Recently, we suggested that cobalt bis(dicarbollide) can be
used as a structural element in the design of molecular
switches.22 Molecular switches are molecules or supramolecular
complexes that can exist in two or more stable forms that differ
in the mutual orientation of their components and can be
converted readily from one state to another by various external
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stimuli such as heat, light, chemicals, etc.23 Indeed, when
studying a series of isomeric B-methylthio derivatives of cobalt
bis(dicarbollide), we found that in the 8,80-isomer [8,80-(MeS)2-
3,30-Co(1,2-C2B9H10)2]

� stabilization of the transoid conforma-
tion is reached due to two pairs of intramolecular CHcarb/S
hydrogen bonds between the ligands, whereas in the 4,40-
isomer [4,40-(MeS)2-3,30-Co(1,2-C2B9H10)2]

� two pairs of the
CHcarb/S hydrogen bonds stabilize the gauche conformation.
In the case of the 4,70-isomer [4,70-(MeS)2-3,30-Co(1,2-
C2B9H10)2]

�, due to steric reasons the gauche conformation is
stabilized by only one pair of the CHcarb/S hydrogen bonds.24

The addition of an external metal of labile metallacomplex to
the 8,80-isomer leads to the breaking weak hydrogen bonds and
the appearance of stronger dative S/M bonds that accom-
panies by a change in conformation from transoid to cisoid
one.25 In this contribution we report the synthesis and study of
C-methylthio derivatives of cobalt bis(dicarbollide).
Results and discussion
Synthesis of C-substituted methylthio derivatives of cobalt
bis(dicarbollide)

To synthesize the C-methylthio derivatives of cobalt bis(di-
carbollide) we used reaction of anhydrous CoCl2 with 7-meth-
ylthio-nido-carborane [7-MeS-7,8-C2B9H11]

� (ref. 26) in 1,2-
dimethoxyethane in the presence of potassium tert-butoxide
(Scheme 1). The reaction results in a mixture of rac-[1,10-(MeS)2-
3,30-Co(1,2-C2B9H10)2]

� and meso-[1,20-(MeS)2-3,30-Co(1,2-
C2B9H10)2]

� isomers in 1 : 1 molar ratio; all attempts to separate
them by chromatographic methods have been unsuccessful.
RSC Adv., 2020, 10, 2887–2896 | 2887
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Scheme 1 Synthesis of C-substituted methylthio derivatives of cobalt bis(dicarbollide).
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The C-methylthio derivatives of paramagnetic iron bis(di-
carbollide) were prepared in a similar way (See ESI†). The
formation of an equimolar mixture of the rac- andmeso-isomers
in the reactions with asymmetrically substituted nido-carbor-
anes is quite expected and was observed earlier for [9-MeS-7,8-
C2B9H11]

� (isomers were separated),24 [7-EtS-7,8-C2B9H10]
� and

[7-EtS-8-R-7,8-C2B9H10]
� (R ¼ Me, Ph) (isomers were not sepa-

rated).27,28However, in some cases, e.g. in a similar reaction with
[9-MeO-7,8-C2B9H11]

� only one isomer is formed,29 that could
be explained by lower stability of second isomer under synthesis
and/or isolation conditions. It should be noted that all our
attempts to synthesize cobalt and iron bis(dicarbollide)
complexes based on 7,8-di(methylthio)-nido-carborane [7,8-
(MeS)2-7,8-C2B9H10]

� failed.
The 1H NMR spectrum of the reaction product contains

characteristic signals of the carborane CH groups at 4.33, 4.29
and 4.00 ppm with an integral intensity ratio of 1 : 1 : 2, as well
as two signals of the MeS groups at 2.40 (narrow) and 2.28
(wide) ppm with an integral intensity ratio of 3 : 3 (Fig. 1). The
appearance of three signals of the carborane CH groups
Fig. 1 1H NMR spectrum of (Bu4N)[1,10(20)-(MeS)2-3,30-Co(1,2-C2B9H10)2

2888 | RSC Adv., 2020, 10, 2887–2896
indicates a conned mutual rotation of dicarbollide ligands.
Moreover, it is reasonable to assume that one of the isomers has
two equivalent carborane CH groups, whereas in another one
these groups are nonequivalent. This nonequivalence can be
caused by the participation of the CH groups in the formation of
intramolecular CHcarb/S hydrogen bonds between the ligands
similar to found in the B-substitutedmethylthio derivatives.24 In
this case, in the rac-isomer [1,10-(MeS)2-3,30-Co(1,2-C2B9H10)2]

�

both CH groups can form intramolecular CHcarb/S hydrogen
bonds, while in the meso-isomer [1,20-(MeS)2-3,30-Co(1,2-
C2B9H10)2]

� only one CH group can participate in such bonding
for steric reasons. To verify this assumption, quantum chemical
calculations were performed.
Quantum-chemical calculations of [X,Y0-(MeS)2-3,30-Co(1,2-
C2B9H10)2]

� rotamers

Both for rac-[1,10-(MeS)2-3,30-Co(1,2-C2B9H10)2]
� and meso-[1,20-

(MeS)2-3,30-Co(1,2-C2B9H10)2]
� isomers ve rotamers were

identied as minima on the PES, totally 10 isomers (Fig. 2,
] in acetone-d6.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The rotational profile of rac-[1,10-(MeS)2-3,30-Co(1,2-
C2B9H10)2]

� and meso-[1,20-(MeS)2-3,30-Co(1,2-C2B9H10)2]
� isomers.

DG298 values are related to the global minimumof cisoid conformation
of the rac-isomer.
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Table S1†). Due to symmetry of 1,20-substituted cobalt bis(di-
carbollide) (meso-isomer), the two possible cisoid- and gauche-
rotamers are pairwise identical enantiomers. Therefore three
conformers (transoid-, gauche- and cisoid-) will be discussed for
meso-[1,20-(MeS)2-3,30-Co(1,2-C2B9H10)2]

� and ve (single trans-,
two gauche- and two cisoid-) for rac-[1,10-(MeS)2-3,30-Co(1,2-
C2B9H10)2]

� (Fig. 3) hereinaer.
Despite geometry optimizations were performed without

symmetry restrictions the all ve rotamers of rac-isomer are
close to the C2 symmetry, while only transoid-rotamer of the
meso- has a symmetry point group (Ci). For the rac-isomer, the
global minimum among all possible rotamers corresponds to
the cisoid1 conformation stabilized by two CH/S and two
BH/S interactions between the dicarbollide ligands (Fig. 3). It
is noteworthy that this global minimum corresponds exactly to
the rotamer that was found in the X-ray structure of the BEDT-
TTF salt (see below, Table S2†). The same conformation was
found earlier in the X-ray structure of {(Me2CO)2Na[rac-1,10-m-
{S(CH2CH2O)3CH2CH2S}-3,30-Co-(1,2-C2B9H10)2]}.30 The second
most preferred rotamer is a cisoid2-, which is 2.1 kcal mol�1

higher, while gauche1-, gauche2- and transoid-rotamers are 5.1,
3.6 and 4.1 kcal mol�1 higher, than the cisoid1-rotamer on the
DG298 scale. The cisoid2- and gauche2- rotamers features S/S
interaction and as the consequence the rotational barrier
between them requiring the movement of sulfur atoms close to
each other is the highest on the rotational PES. Additionally, the
cisoid2-rotamer is stabilized by two CH/S interactions, while
the gauche2-rotamer has two BH/S interactions. In a turn, the
transoid- and gauche2-rotamers possess four BH/S bond crit-
ical points (BCP's) each. Energy of these interactions with S
atom EBCP are in -(1.6–2.3) kcal mol�1 range with their sum
being 6.2–7.9 kcal mol�1.

The most favorable for the meso-[1,20-(MeS)2-3,30-Co(1,2-
C2B9H10)2]

� isomer gauche-rotamer is stabilized by three BH/S
and one CH/S interactions (EBCP are in �(1.4–2.3) kcal mol�1

range, with their sum being 7.5 kcal mol�1). The corresponding
This journal is © The Royal Society of Chemistry 2020
cisoid conformer is stabilized by one BH/S and one CH/S
interactions as well as by S/S interaction and is only
1.7 kcal mol�1 less preferable, than the gauche-rotamer. The
barrier between two equivalent cisoid-rotamers featuring S/S
interactions is highest on the rotational PES. It is worth noting
that namely the cisoid-rotamer was found earlier in the X-ray
structure of {(Me2CO)Na[meso-1,20-m-{S(CH2CH2O)3CH2CH2S}-
3,30-Co-(1,2-C2B9H10)2]}$2CHCl3, where mutual rotation of the
dicarbollide ligands is additionally restricted by the complexa-
tion of the sodium cation with the oligoethyleneglycol bridge
connecting both dicarbollide ligands.30 The transoid-rotamer
slightly is stabilized by four BH/S interactions but is the
least favorable (DG298 ¼ 3.6 kcal mol�1).

It should be noted that the CH groups in the cisoid-
conformation of the rac-isomer are equivalent, bonded to the
S(Me) group of the second dicarbollide ligand (r(CH/S)¼ 2.693
Å, EBCP ¼ 2.1 kcal mol�1), whereas the guache-conformation of
the meso-isomer has non-equivalent CH groups, one being
bonded with S atom (2.797 Å, EBCP ¼ 1.7 kcal mol�1), while
second in not connected by the bond path to any neighbor. This
rationalizes the 1H NMR spectrum where two resonances of CH
groups were observed.

The DFT analysis of PES of mutual rotation of the dicarbol-
lide ligands predicts free rotation at room temperature (the
second highest barrier is DG#¼ 15.6 and 13.0 kcal mol�1 for rac-
and meso-isomers, respectively). The highest rotational transi-
tion states on the PES are by 21.5 kcal mol�1 higher than the
lowest energy rotamer, but their passing is not required for
formation of every possible isomer. The second favorable
rotamer located 2.1 kcal mol�1 above the most favored one for
the rac-isomer and 1.7 kcal mol�1 for the meso-isomer, sug-
gesting their possible presence in solution at amounts <5%.
Therefore observation of only one – the most favorable rotamer
for each isomer is well rationalized by the DFT calculations.
Synthesis, structure and properties of (BEDT-TTF)[1,10-(MeS)2-
3,30-Co(1,2-C2B9H10)2]

In a systematic study of the tetrathiafulvalene salts of transition
metal bis(dicarbollides), we found that various substituents in
the dicarbollide ligands have a great inuence on their crystal
structure and electroconductive properties.13,31 In addition to
the stabilization of certain rotamers of bis(dicarbollide)
complexes due to intramolecular hydrogen bonding, exo-poly-
hedral substituents also can participate in intermolecular
bonding with other anions and the tetrathiafulvalene radical-
cations.32–36 This prompted us to synthesize similar compounds
with methylthio derivatives of cobalt bis(dicarbollide). It should
be noted that our initial attempt to obtain the BEDT-TTF salt
with the with [8,80-(MeS)2-3,30-Co(1,2-C2B9H10)2]

� anion was
unsuccessful due to the ease of oxidation of sulfur atoms,24

which, probably, can be explained by the strong electron-
donating effect of the cobaltacarborane cage bound via boron
atom. On the other hand, in the case of the MeS group attached
to the carbon atom, the electron-withdrawing nature of the
cobaltacarborane cage should result in an increase of the
oxidative stability of the substituent.37
RSC Adv., 2020, 10, 2887–2896 | 2889
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Fig. 3 Structures of rotamers for rac-[1,10-(MeS)2-3,30-Co(1,2-C2B9H10)2]
� (a – cisoid1, b – cisoid2, c – gauche1, d – gauche2, e – transoid) and

meso-[1,20-(MeS)2-3,30-Co(1,2-C2B9H10)2]
� (f – cisoid, g – gauche, h – transoid) isomers.
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Indeed, we were able to obtain single crystals of the salt of
the 1 : 1 radical-cation salt (BEDT-TTF)[1,10-(MeS)2-3,30-Co(1,2-
C2B9H10)2] electrochemically by anodic oxidation of BEDT-TTF
in the presence of (Me4N)[1,10(20)-(MeS)2-3,30-Co(1,2-C2B9H10)2]
in a mixture of 1,1,2-trichloroethane–acetonitrile (12 : 1) as
a solvent. It is noteworthy that the electrocrystallization leads to
selective isolation of only one isomer, namely the rac-isomer.
2890 | RSC Adv., 2020, 10, 2887–2896
The crystal structure is formed by the BEDT-TTF radical-cation
in a general position and enantiomeric anions [1,10-(MeS)2-3,30-
Co(1,2-C2B9H10)2]

� (A) and [2,20-(MeS)2-3,30-Co(1,2-C2B9H10)2]
�

(B) in special positions on a two-fold axis of the unit cell (Fig. 4).
The dicarbollide ligands in the anions are mutually rotated by
33.2 and 35.1�, for A and B respectively, adopting cisoid
conformation. The cisoid conformation is stabilized by short
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 BEDT-TTF radical-cations and [1,10-(MeS)2-3,30-Co(1,2-C2B9H10)2]
� (A) and [2,20-(MeS)2-3,30-Co(1,2-C2B9H10)2]

� (B) anions. Dashed lines
show intramolecular CH/S and BH/S contacts.
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intramolecular C(2)H/S(1) hydrogen (2.561 and 2.603 Å for A
and B, respectively) and B(7)H/S(1) chalcogen (2.843 and 2.837
Å for A and B, respectively) bonds, that is in good agreement
with the data of quantum chemical calculations. Similar CH/S
(2.513 and 2.579 Å) and BH/S (2.901 and 3.009 Å) bonds were
found earlier in X-ray structure of {(Me2CO)2Na[rac-1,10-m-
{S(CH2CH2O)3CH2CH2S}-3,30-Co-(1,2-C2B9H10)2]}, however in
that case mutual ligand rotation is additionally restricted by the
complexation of the sodium cation with the oligoethyleneglycol
bridge connecting both dicarbollide ligands.30 It should be
noted that the cobalt bis(dicarbollide) anions are characterized
by a rather distorted geometry: the C2B3 planes of the dicar-
bollide ligands form a dihedral angle of 170.8� for anion A and
170.5� for anion B.

The formation of chalcogen bonds is generally explained in
terms of the positive electrostatic potential present on the
outermost portion of the chalcogen's surface, so-called “s-
hole”. This “s-hole” can interact attractively with negative sites
of the same molecule or other molecules.38,39 The acceptors of
the chalcogen bond usually are atoms having an unshared
electron pair, p-systems or halide anions. To the best of our
knowledge, there are only a few examples of the formation of
chalcogen bonds with boron hydrides as acceptors and all them
This journal is © The Royal Society of Chemistry 2020
were found in the MeS derivatives of transition metal bis(di-
carbollide) complexes.24,40,41

In the crystal structure, the pairs of A and B enantiomers
alternate with the BEDT-TTF radical-cation dimers. In the
dimers, the radical-cations are bound by shortened S/S
Fig. 5 Crystal packing in the structure of (BEDT-TTF)[1,10-(MeS)2-3,30-
Co(1,2-C2B9H10)2] (hydrogen atoms are omitted for clarity).

RSC Adv., 2020, 10, 2887–2896 | 2891
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Fig. 6 Dimer formed by the BEDT-TTF radical-cations in the structure of (BEDT-TTF)[1,10-(MeS)2-3,30-Co(1,2-C2B9H10)2]. Dashed lines show
intermolecular S/S contacts.

Fig. 7 Temperature dependence of resistivity in polycrystalline sample
of (BEDT-TTF)[1,10-(MeS)2-3,30-Co(1,2-C2B9H10)2].
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intermolecular contacts in the range 3.378–3.380 Å (the sum of
the van der Waals radii S/S is 3.60 Å).42 Slightly shortened S/S
intermolecular contacts of the “side-by-side type” with a length
of 3.628 Å were found between the dimers, thus forming
a pseudo-layered architecture (Fig. 5). The intermolecular S(1)/
S(5) contacts with a length of 3.633 (1) Å (which insignicantly
exceed the sum of the van der Waals radii) were also found
between the cationic and anionic layers. In the dimer (Fig. 6)
formed by the BEDT-TTF donors, the distances between the
averaged donor planes drawn through all sulfur atoms are 3.55
Å; the dihedral angle formed by the donor planes in the dimer is
0� by symmetry conditions. The donor molecules are non-
planar and have a semi-chair conformation with the
maximum deviation of sulfur atoms from the molecule plane of
0.14 Å (S(4) and S(5) atoms) and the maximum deviation of
carbon atoms from this plane of 1.54 Å (C(12) atom).

The measurement of electric resistivity of polycrystalline
sample of (BEDT-TTF)[1,10-(MeS)2-3,30-Co(1,2-C2B9H10)2] (Fig. 7)
demonstrated that this salt is a semiconductor with the
2892 | RSC Adv., 2020, 10, 2887–2896
electrical conductivity at room temperature s293 � 6 � 10�7

ohm�1 cm�1 and an activation energy of about 0.43 eV. The low
electrical conductivity is due to both the stoichiometry of the
simple salt and the irregularity of the BEDT-TTF layers and the
strong dimerization of radical-cations in the stack.

Conclusions

The C-methylthio derivatives of cobalt bis(dicarbollide) as
mixture of rac-[1,10-(MeS)2-3,30-Co(1,2-C2B9H10)2]

� and meso-
[1,20-(MeS)2-3,30-Co(1,2-C2B9H10)2]

� isomers were synthesized
by reaction of anhydrous CoCl2 with nido-carborane [7-MeS-7,8-
C2B9H11]

� in the presence of potassium tert-butoxide. The
structures of both isomers were studied using DFT quantum
chemical calculations. For the rac-isomer, the optimized
geometry corresponds to cisoid-rotamer stabilized by two
intramolecular CHcarb/S(Me) hydrogen and two BH/S(Me)
chalcogen bonds between the dicarbollide ligands, whereas for
the meso-isomer the most preferable was found to be gauche-
rotamer that is stabilized by stabilized by one CHcarb/S(Me)
and three BH/S(Me) intramolecular bonds. It is noteworthy
that the stabilization energy of in the C-methylthio derivatives
of cobalt bis(dicarbolide) is signicantly less than in the B-
methylthio derivatives stabilized by exclusively CHcarb/S(Me)
intramolecular bonds. Nevertheless, it was found that the
geometry of the cisoid-rotamer is effectively realized in the X-ray
structure of the (BEDT-TTF)[1,10-(MeS)2-3,30-Co(1,2-C2B9H10)2]
salt which demonstrates semiconductor properties.

Experimental
Materials, instruments and general procedures

The cesium salt of 7-methylthio-nido-carborane was prepared
according to the literature procedure.26 Anhydrous CoCl2 was
prepared by dehydration of CoCl2$6H2O using the standard
procedure.43 Tetrahydrofuran and 1,2-dimethoxyethane were
dried by distillation over metallic sodium in the presence of
benzophenone.44 Other reagents were purchased from
commercial suppliers and used without further purication.
This journal is © The Royal Society of Chemistry 2020
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Thin-layer chromatograms (DC Kieselgel F254 silicagel on
aluminium plates, Merck) were visualized using 0.1% PdCl2 in
3 M HCl(aq). Acros Organics silica gel (0.060–0.200 mm) was
used for column chromatography. The 1H, 11B, and 13C NMR
spectra were collected using Bruker Avance-400 spectrometer.
The residual signal of the NMR solvent relative to tetrame-
thylsilane was taken as the internal reference for 1H NMR and
13C NMR spectra. 11B NMR spectrum was referenced using
a BF3$Et2O external standard. High-resolution mass spectrum
was obtained on a Bruker Daltonics microOTOF II mass
spectrometer.

Synthesis of (Bu4N)[1,10(20)-(MeS)2-3,30-Co(1,2-C2B9H10)2] and
(Me4N)[1,10(20)-(MeS)2-3,30-Co(1,2-C2B9H10)2]

The reaction was carried out under argon atmosphere. To
a solution of cesium salt of 7-methylthio-nido-carborane (0.60 g,
1.92 mmol) in dry 1,2-dimethoxyethane (50 ml), anhydrous
CoCl2 (2.49 g, 19.20 mmol) and potassium tert-butoxide (2.15 g,
19.20 mmol) were added. The mixture immediately warmed up
and acquired dark green color. The reaction was stirred for
15 min at room temperature and heated under reux for 30 h.
The reaction mixture was allowed to cool to ambient tempera-
ture and ltered, the ltrate was evaporated to dryness in vacuo.
The residue was treated with diethyl ether (50 ml) and water (50
ml). The organic layer was separated, washed with water (2� 30
ml), dried over Na2SO4 and evaporated in vacuo. The desired
product was obtained by the precipitation from water by water
solution of tetramethyl- or tetrabutylammonium bromide as
dark orange solid (65–80% yield). The spectral data for the tet-
rabutylammonium salt: 1H NMR (acetone-d6, ppm): 4.33 (1H, s,
CHcarb), 4.29 (1H, s, CHcarb), 4.00 (2H, s, CHcarb), 3.45 (8H,
Bu4N

+), 2.40 (3H, s, SCH3), 2.28 (3H, s, SCH3), 1.84 (8H, Bu4N
+),

1.45 (8H, Bu4N
+), 1.00 (8H, Bu4N

+), 2.7–0.8 (20H, m, BH). 13C
NMR (acetone-d6, ppm): 67.4 (CHcarb), 63.6 (CSCH3), 58.4
(Bu4N

+), 23.4 (Bu4N
+), 20.4 (CSCH3), 19.4 (Bu4N

+), 12.9 (Bu4N
+).

ESI HRMS for [C6H26B18CoS2]
�: calcd m/z 416.2613, obsd m/z

416.2603.

Synthesis of K[1,10-(20)-(MeS)2-3,30-Fe(1,2-C2B9H10)2]

To a solution of cesium salt of 7-methylthio-nido-carborane
(0.45 g, 1.44 mmol) in dry THF (30 ml), anhydrous FeCl2 (0.55 g,
4.30 mmol) and potassium tert-butoxide (0.81 g, 7.20 mmol)
were added and heated under reux for 2 days under argon
atmosphere. The reaction mixture was allowed to cool to room
temperature, evaporated to dryness in vacuo and treated with
diethyl ether (50 ml) and water (50 ml). The organic layer was
separated, evaporated to dryness in vacuo and treated with
toluene (4� 50 ml) and saturated aq. solution of K2CO3 (50 ml).
The organic fraction was combined and evaporated in vacuo to
obtain 0.15 g (47%) of red solid. 11B NMR (acetone-d6, ppm):
104.2, 29.4, 9.9, �4.2, �11.5, �31.8, �36.1, �384.2, �556.5.

Synthesis of (BEDT-TTF)[1,10-(MeS)2-3,30-Co(1,2-C2B9H10)2]

Crystals of the radical-cation salt (BEDT-TTF)[1,10-(MeS)2-3,30-
Co(1,2-C2B9H10)2] were obtained by anodic oxidation of BEDT-
TTF (2 � 10�3 M) in the presence of (Me4N)[1,10(20)-(MeS)2-
This journal is © The Royal Society of Chemistry 2020
3,30-Co(1,2-C2B9H10)2] (8 � 10�3 M) in 1,1,2-trilchloroethane–
acetonitrile (12 : 1) mixture as a solvent under argon atmo-
sphere in standard two-electrode H-cell with platinum elec-
trodes separated by glass frit under galvanostatic conditions.
The current applied was changed discretely on 0.05 mA per day
from 0.20 to 1.50 mA.

Single crystal X-ray diffraction study

X-ray diffraction study of (BEDT-TTF)[1,10-(MeS)2-3,30-Co(1,2-
C2B9H10)2] was carried out at 150 K with an Xcalibur, Eos
diffractometer. The structure was solved by direct method fol-
lowed by Fourier difference synthesis and rened by the full-
matrix least-squares method in anisotropic approximation for
all non-hydrogen atoms using SHELXL soware.45,46 An empir-
ical absorption correction of the experimental intensities was
applied.47 The hydrogen atoms were xed in positions of ideal
geometry.

Crystal and experimental data: C16H34B18CoS10, M ¼ 800.54,
monoclinic, C2/c, a ¼ 20.4048(6) Å, b ¼ 17.4839(6) Å, c ¼
18.8696(6) Å, b ¼ 93.682(2)�, V ¼ 830(3) Å3, Z ¼ 8, Dcalcd ¼
1.58 g cm�3, m¼ 1.150 mm�1, reections observed/independent
20 623/9776, 409 parameters rened, R ¼ 0.037 for 7827
reections with [F0 > 4s(F0)].

Atomic coordinates, bond lengths, bond angles, and thermal
parameters of the compound have been deposited at the Cam-
bridge Crystallographic Data Centre (CCDC) with a CCDC
reference number 1967240. Bond lengths and selected angles
are listed in Table S3.†

Electric resistivity measurements

The temperature dependence of electric resistivity of poly-
crystals of (BEDT-TTF)[1,10-(MeS)2-3,30-Co(1,2-C2B9H10)2] was
measured using two-contact-probe technique. The crystals were
glued on the module with 2 platinum thin wire of diameter 15
mkm using conducting graphite paint. The module was moun-
ted inside of stainless-steel thin-wall tube (diameter �11 mm),
and the tube was slowly inserted to the transport helium jar
with gradual cooling of the sample from 320 K to 265 K with
cooling rate of 50–60 K h�1.

Quantum-chemical calculations

The geometry optimizations were performed with the BP86 (ref.
48 and 49) functional with cc-pvdz basis set50–53 without any
symmetry restrictions using Gaussain09.54 The tight SCF
convergence criteria and ultrane grid were applied. All minima
on the PES were conrmed to have no negative values in their
diagonalized force constants matrix. The transition state
structures showed only one negative eigenvalue in their diago-
nalized force constant matrices, and their associated eigenvec-
tors were conrmed to correspond to the motion along the
reaction coordinate. The QTAIM analysis was performed using
the AIMALL program package55 based on the wave function
obtained by the BP86 calculations. The energies of non-covalent
intramolecular interactions were calculated using the correla-
tion between the binding energy (EBCP) and the value of the
potential energy density function VC(r) in the corresponding
RSC Adv., 2020, 10, 2887–2896 | 2893
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critical point (3, �1): EBCP ¼ 0.5VC(r).56,57 Such approach is
widely used for energetic analysis of intermolecular interactions
of different types.24,40,41,58–60
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C. Viñas, Metallacarboranes on the Road to Anticancer
Therapies: Cellular Uptake, DNA Interaction, and
Biological Evaluation of Cobaltabisdicarbollide [COSAN]�,
Chem.–Eur. J., 2018, 24, 17239–17254.

20 I. B. Sivaev and V. I. Bregadze, Chemistry of Cobalt
Bis(Dicarbollides). A Review, Collect. Czech. Chem.
Commun., 1999, 64, 783–805.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra08551c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 5

:1
7:

41
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
21 B. P. Dash, R. Satapathy, B. R. Swain, C. S. Mahanta,
B. B. Jena and N. S. Hosmane, Cobalt Bis(Dicarbollide)
Anion and Its Derivatives, J. Organomet. Chem., 2017, 849–
850, 170–194.

22 I. B. Sivaev, Ferrocene and Transition Metal
Bis(Dicarbollides) as Platform for Design of Rotatory
Molecular Switches, Molecules, 2017, 22, 2201.

23 B. L. Feringa and W. R. Browne, Molecular Switches, Wiley-
VCH, Weinheim, 2nd edn, 2011.

24 S. A. Anufriev, S. A. Erokhina, K. Y. Suponitsky,
I. A. Godovikov, O. A. Filippov, F. Fabrizi de Biani,
M. Corsini, A. O. Chizhov and I. B. Sivaev, Methylsulfanyl-
Stabilized Rotamers of Cobalt Bis(Dicarbollide), Eur. J.
Inorg. Chem., 2017, 4444–4451.

25 S. V. Timofeev, S. A. Anufriev, I. B. Sivaev and V. I. Bregadze,
Synthesis of Cobalt Bis(8-Methylthio-1,2-Dicarbollide)-
Pentacarbonyltungsten Complexes, Russ. Chem. Bull., 2018,
67, 570–572; S. A. Anufriev, S. V. Timofeev,
K. Y. Suponitskyand I. B. Sivaev, Complexation of 8,8’-
Bis(Methylsulfanyl) Bis(Dicarbollide) Cobalt with External
Metallacomplexes: NMR and X-Ray Study, manuscript in
preparation.

26 S. V. Timofeev, M. V. Zakharova, E. M. Mosolova,
I. A. Godovikov, I. V. Ananyev, I. B. Sivaev and
V. I. Bregadze, Tungsten Carbonyl s-Complexes of nido-
Carborane Thioethers, J. Organomet. Chem., 2012, 721–722,
92–96.
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Chameleonic Capacity of [3,30-Co(1,2-C2B9H11)2]

� in
Coordination. Generation of the Highly Uncommon
S(thioether)-Na Bond, Organometallics, 2003, 22, 3414–3423.

31 V. I. Bregadze, O. A. Dyachenko, O. N. Kazheva,
I. D. Kosenko, A. V. Kravchenko, I. B. Sivaev and
V. A. Starodub, Electroconducting Radical-Cation Salts
Based on Tetrathiafulvalene Derivatives and Transition
Metals Bis(Dicarbollides), Russ. J. Gen. Chem., 2019, 89,
971–987.

32 O. N. Kazheva, A. V. Kravchenko, G. G. Aleksandrov,
I. B. Sivaev, V. I. Bregadze, I. D. Kosenko, I. A. Lobanova,
L. I. Buravov, V. A. Starodub and O. A. Dyachenko,
Syntheses, Structures, and Electroconductivity of
Bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) and
Bis(methylenedithio)tetrathiafulvalene (BMDT-TTF) Salts
This journal is © The Royal Society of Chemistry 2020
with Cobalt 8,80-Dichloro-3,30-bis(1,2-dicarbollide), Russ.
Chem. Bull., 2014, 63, 1322–1329.

33 O. Kazheva, G. Alexandrov, A. Kravchenko, V. Starodub,
I. Lobanova, I. Sivaev, V. Bregadze, L. Buravov and
O. Dyachenko, First Molecular Conductors with 8,80-
Dibromo Cobalt Bis(dicarbollide) Anion, Solid State Sci.,
2008, 10, 1734–1739.

34 O. N. Kazheva, G. G. Alexandrov, A. V. Kravchenko,
V. A. Starodub, I. A. Lobanova, I. B. Sivaev, V. I. Bregadze,
L. V. Titov, L. I. Buravov and O. A. Dyachenko, Molecular
Conductors with 8,80-Diiodo Cobalt Bis(dicarbollide)
Anion, J. Organomet. Chem., 2009, 694, 2336–2342.

35 O. N. Kazheva, G. G. Aleksandrov, A. V. Kravchenko,
V. A. Starodub, G. G. Zhigareva, I. B. Sivaev, V. I. Bregadze,
L. I. Buravov, L. V. Titov and O. A. Dyachenko, Synthesis,
Structures, and Conductivities of Salts (BEDT-TTF)
[9,90(120)-I2-3,30-Co(1,2-C2B9H10)2] and (TTF)[9,90,12,120-I4-
3,30-Co(1,2-C2B9H9)2], Russ. Chem. Bull., 2010, 59, 1137–1144.

36 O. N. Kazheva, G. G. Alexandrov, A. V. Kravchenko,
I. D. Kosenko, I. A. Lobanova, I. B. Sivaev, O. A. Filippov,
E. S. Shubina, V. I. Bregadze, V. A. Starodub, L. V. Titov,
L. I. Buravov and O. A. Dyachenko, Molecular Conductors
with a 8-Hydroxy Cobalt Bis(dicarbollide) Anion, Inorg.
Chem., 2011, 50, 444–450.

37 M. Y. Stogniy, S. V. Timofeev, I. B. Sivaev and V. I. Bregadze,
Carborane-Based Thioethers and Complexes Thereof, in
Handbook of Boron Science with Applications in
Organometallics, Catalysis, Materials and Medicine, Vol. 1,
Boron in Organometallic Chemistry, ed. N. S. Hosmane and
R. Eagling, World Scientic, London, 2019, pp. 21–96.

38 K. T. Mahmudov, M. N. Kopylovich, M. F. C. G. da Silva and
A. J. L. Pombeiro, Chalcogen Bonding in Synthesis, Catalysis
and Design of Materials, Dalton Trans., 2017, 46, 10121–
10138.

39 P. Scilabra, G. Terraneo and G. Resnati, The Chalcogen Bond
in Crystalline Solids: A World Parallel to Halogen Bond, Acc.
Chem. Res., 2019, 52, 1313–1324.

40 S. A. Anufriev, S. A. Erokhina, K. Y. Suponitsky,
A. A. Anisimov, J. N. Laskova, I. A. Godovikov, F. Fabrizi de
Biani, M. Corsini, I. B. Sivaev and V. I. Bregadze, Synthesis
and Structure of Bis(Methylsulfanyl) Derivatives of Iron
Bis(Dicarbollide), J. Organomet. Chem., 2018, 865, 239–246.

41 S. A. Anufriev, K. Y. Suponitsky, O. A. Filippov and
I. B. Sivaev, Synthesis and Structure of Methylsulfanyl
Derivatives of Nickel Bis(Dicarbollide), Molecules, 2019, 24,
4449.

42 S. S. Batsanov, Van der Waals Radii of Elements, Inorg.
Mater., 2001, 37, 871–885.

43 Handbook of Preparative Inorganic Chemistry, ed. G. Brauer,
Academic Press, London, 1963.

44 W. L. F. Armarego and C. L. L. Chai, Purication of Laboratory
Chemicals, Butterworth-Heinemann, Burlington, 2009.

45 G. M. Sheldrick, A short history of SHELX, Acta Crystallogr.,
Sect. A: Found. Crystallogr., 2008, 64, 112–122.

46 G. M. Sheldrick, Crystal structure renement with SHELXL,
Acta Crystallogr., 2015, C71, 3–8.
RSC Adv., 2020, 10, 2887–2896 | 2895

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra08551c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 5

:1
7:

41
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
47 CrysAlis PRO, version 171.35.19, Agilent Technologies Ltd,
Yarnton, Oxfordshire, England, 2011.

48 J. P. Perdew, Density-Functional Approximation for the
Correlation-Energy of the Inhomogeneous Electron-Gas,
Phys. Rev. B: Condens. Matter Mater. Phys., 1986, 33, 8822–
8824.

49 A. D. Becke, Density-Functional Exchange-Energy
Approximation with Correct Asymptotic-Behavior, Phys.
Rev. A, 1988, 38, 3098–3100.

50 T. H. Dunning, Gaussian-Basis Sets for Use in Correlated
Molecular Calculations. 1. The Atoms Boron through Neon
and Hydrogen, J. Chem. Phys., 1989, 90, 1007–1023.

51 D. E. Woon and T. H. Dunning, Gaussian-Basis Sets for Use
in Correlated Molecular Calculations. 3. The Atoms
Aluminum through Argon, J. Chem. Phys., 1993, 98, 1358–
1371.

52 N. B. Balabanov and K. A. Peterson, Systematically
Convergent Basis Sets for Transition Metals. I. All-Electron
Correlation Consistent Basis Sets for the 3d Elements Sc-
Zn, J. Chem. Phys., 2005, 123, 064107.

53 N. B. Balabanov and K. A. Peterson, Basis Set Limit
Electronic Excitation Energies, Ionization Potentials, and
Electron Affinities for the 3d Transition Metal Atoms:
Coupled Cluster and Multireference Methods, J. Chem.
Phys., 2006, 125, 074110.

54 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato,
X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng,
J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr,
J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd,
E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi,
J. Normand, K. Raghavachari, A. Rendell, J. C. Burant,
2896 | RSC Adv., 2020, 10, 2887–2896
S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam,
M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo,
J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev,
A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski,
R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth,
P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels,
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