
Journal of Organometallic Chemistry 690 (2005) 4745–4754

www.elsevier.com/locate/jorganchem
(Tetramethylcyclobutadiene)cobalt complexes with monoanionic
carborane ligands [9-L-7,8-C2B9H10]

� (L = SMe2, NMe3 and py) q

Vladimir I. Meshcheryakov a, Peter S. Kitaev a, Konstantin A. Lyssenko a,
Zoya A. Starikova a, Pavel V. Petrovskii a, Zbyněk Janoušek b, Maddalena Corsini c,
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Abstract

nido-Carborane 9-NMe3-7,8-C2B9H11 (2c) was synthesized by CuSO4 oxidation of anion [7,8-C2B9H12]
� in the presence of

[Me3NH]+ in aqueous ammonia. Improved procedures for the preparation of nido-carboranes 9-SMe2-7,8-R2-7,8-C2B9H9 (2a:
R = H; 2b: R = Me) and 9-py-7,8-C2B9H11 (2d) were developed. nido-Carborane monoanions [9-L-7,8-R2-7,8-C2B9H8]

� (1a–1d),
generated by deprotonation of 2a–2d by NaH, react with Cb*Co(CO)2I or [Cb*Co(MeCN)3]

+ (Cb* = C4Me4) to give complexes
Cb*Co(g-9-L-7,8-R2-7,8-C2B9H8) (3a–3d). The structures of carborane 2d and complexes 3a and 3d were determined by X-ray dif-
fraction. Electrochemistry of the cobalt complexes was studied.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Cobaltacarboranes are the most studies of metalla-
carboranes [2]. Overwhelming majority of cobalta-
carboranes described are derivatives of carborane
dianions and, in particular, of the dicarbollide [7,8-
C2B9H11]

2� [3]. The latter is isolobal [4] with the Cp�

anion but has a different charge, resulting in significant
difference in the properties of dicarbollyl and cyclopen-
tadienyl derivatives. In order to obtain closer metalla-
carborane analogues of cyclopentadienyl complexes,
0022-328X/$ - see front matter � 2005 Elsevier B.V. All rights reserved.
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we used charge-compensated dicarbollide monoanions
[9-L-7,8-R2-7,8-C2B9H8]

� (1a–1d); a: L = SMe2, R = H
[5]; b: L = SMe2, R = Me; c: L = NMe3, R = H; d:
L = py, R = H [6]), which are not only isolobal with
Cp� but also have the same charge.

Many transition metal derivatives of charge-compen-
sated dicarbollide monoanions, mainly of 1a [7], have
been prepared earlier. However, only a few examples
of cobalt complexes with such ligands were described.
For instance, Plešek et al. [5a] have synthesized com-
pound (g-7,8-C2B9H11)Co(g-9-SMe2-7,8-C2B9H10) con-
taining both carborane mono- and dianions. Hawthorne
et al. [8] have prepared the bis(dicarbollyl) complex
[Co{g-9-(4-CO2Me-C5H4N)-7,8-C2B9H10}2]

+ with methyl-
nicotinate as a substituent.

Herein, we describe simple procedures for the prepa-
ration of the starting charge-compensated carboranes
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Scheme 1.
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9-L-7,8-R2-7,8-C2B9H9 (2a–2d) including two new
derivatives 2b and 2c. Synthesis and electrochemical
behaviour of the (tetramethylcyclobutadiene)cobalt
complexes Cb*Co(g-9-L-7,8-R2-7,8-C2B9H8) (3a–3d);
Cb* = C4Me4) as well as the structures of 2d, 3a and
3d are also reported.
Scheme 2.
2. Results and discussion

2.1. Synthesis of charge-compensated carboranes 2a–2d
and anionic ligands 1a–1d

For the preparation of the Me2S-substituted carbo-
rane 2a [9], Plešek et al. [5a] have developed a simple
method based on the reaction of the potassium salt of
anion [7,8-C2B9H12]

� with DMSO in aqueous H2SO4

at room temperature. However, sometimes this proce-
dure is not reproduced. This trouble can be avoided
by carrying out the reaction at elevated temperature
(80 �C) as it was proposed by Mingos et al. [5b]. Based
on this improvement, we prepared 2a in one-pot starting
from ortho-carborane. The potassium salt K[7,8-
C2B9H12], formed by decapitation of 1,2-C2B10H12 by
KOH in MeOH, was not isolated in pure form but used
as a mixture with an excess of KOH (after evaporation
of MeOH) for further reaction with DMSO/H2SO4.
The dimethylated analogue 2b was prepared similarly
from 1,2-Me2-1,2-C2B10H10.

The 9-NMe3-substituted carborane (2c) was earlier
unknown. The 10-NEt3-analogue 10-NEt3-7,8-C2B9H11

has been prepared by Hawthorne et al. [8] in a very
low yield (4%) by oxidation of anion [7,8-C2B9H12]

�

with FeCl3 in the presence of NEt3; the major product
was the ferracarborane [Fe(g-7,8-C2B9H11)2]

2� formed
as a result of deprotonation of [7,8-C2B9H12]

� by
NEt3 and subsequent coordination with the Fe2+ cation.
In order to avoid the formation of a metallacarborane,
we used CuSO4 as an oxidant in the reaction of [7,8-
C2B9H12]

� with NMe3 (generated from [Me3NH]+) in
aqueous ammonia (Scheme 1). Much lower p-coordinat-
ing ability of the Cu2+ cation compared with Fe2+ al-
lowed to prepare carborane 2c in a high yield (85–90%).

Using the reaction of [7,8-C2B9H12]
� with FeCl3 in

the presence of pyridine in refluxing benzene, Haw-
thorne et al. [6] have isolated (after recrystallization)
the pyridine-substituted carborane 2d as a bright yellow
solid. Carrying out this reaction in net pyridine with the
use of FeCl3 Æ 6H2O instead of anhydrous FeCl3
(Scheme 2), we noticed that the yellow colour of the
product is caused by an admixture of a minor product
which can be removed by column chromatography on
silica gel. Pure carborane 2d proved to be colourless in
the solid state and very pale yellow in solution. Based
on the 1H and 11B NMR data, the yellow minor product
was supposed to be the bis(pyridine)-substituted carbo-
rane 9,11-py2-nido-7,8-C2B9H9.

For further synthesis of cobaltacarboranes 3a–3d, we
used sodium derivatives of anions 1a–1d. Compounds
Na[1a] [5a] and Na[1d] [6] have been prepared earlier
by deprotonation of 2a and 2d with NaH in THF. We
used analogous reactions of 2b, 2c for the preparation
of Na[1b,c]. The NMe3-derivative 2c proved to be less
reactive than the other carboranes, apparently owing
to its lower acidity as a consequence of greater steric ef-
fect and donor ability of the NMe3 substituent com-
pared with SMe2 and py. Based on a single crystal
X-ray diffraction study, we have established that the so-
dium derivatives of anions 1a, 1c and 1d have a dimeric
structure in the solid state [10].

2.2. Synthesis of complexes 3a–3d

Cobaltacarboranes having the cyclobutadiene ring at
the metal atom were previously unknown. We prepared
the first examples of such compounds, complexes 3a–3d,
using reactions of anions 1a–1d with Cb*Co(CO)2I or
[Cb*Co(MeCN)3]

+ (Scheme 3) [11]. The reaction of
sodium derivatives of anions 1a, 1c, 1d with the
(carbonyl)iodide complex Cb*Co(CO)2I affords



Scheme 3.

Fig. 1. Structure of carborane 2d. Atoms are represented by 50%
thermal ellipsoids.

V.I. Meshcheryakov et al. / Journal of Organometallic Chemistry 690 (2005) 4745–4754 4747
cobaltacarboranes 3a, 3c, 3d in moderate yields after
refluxing for several hours in THF; the yields of 3a, 3d
were increased using thallium derivatives Tl[1a,d] [12]
due to the abstraction of the iodide anion by Tl+. The
reaction of Na[1a–d] with the more electrophilic acetoni-
trile complex [Cb*Co(MeCN)3]

+ (generated by heating
or visible light irradiation of the arene complex
[Cb*Co(C6H6)]

+ or [Cb*Co(C6H5Me)]+ in MeCN
[1,13]) readily proceeds at room temperature and gives
3a–3d in high yields.

Complexes 3a–3d are air-stable yellow-orange solids.
They can be considered as metallacarborane analogues
of cyclopentadienyl complexes Cb*Co(C5R5) [1,14]. In
accordance with this analogy, complexes of both types
are formed in identical conditions and exhibit very sim-
ilar electrochemical behaviour (vide infra).

The 1H NMR spectra of 3a–3d contain singlets of the
Cb* methyl groups, two broad singlets of cage CH or
CMe protons and signals of charge-compensating sub-
stituent L. In the 11B NMR spectra, there are eight or
nine signals; only one of them, assigned to the boron
atom bonded with substituent L, is not coupled with 1H.

2.3. Structures of nido-carborane 2d and complexes 3a
and 3d

The structures of nido-carborane 2d and complexes
3a and 3d determined by X-ray diffraction are shown
Fig. 2. Structures of complexes 3a (left) and 3d (right).
in Figs. 1 and 2. Selected bond lengths and angles are gi-
ven in Table 1; the table also quotes data for nido-carbo-
rane 2a [15]. Like in the works of Stone and Jelliss [16],
the atom numbering in the cobalt complexes and the
starting carboranes is similar, facilitating comparison
of their structures.

Comparison of bond lengths for 2a and 2d revealed
that although they are close, there are some distinct dif-
ferences in bond lengths in the open face. The l2-hydro-
gen atom is located above the B(10)–B(11) bond in an
asymmetrical manner. This bond is considerably longer
than the other B–B bonds owing to its loosening caused
by bonding of the B(10) and B(11) atoms with proton.
The C2B3-pentagonal edge is characterized by flattened
envelope conformation with the deviation of the C(7)
atom by 0.08 Å both in 2a and 2d.

The character and magnitude of the bond elongation/
shortening in the C2B3 face of the cobalt complexes 3a
and 3d in comparison with the nido-carboranes are sim-
ilar in both cases. The C2B3 edge becomes almost planar
in the complexes with maximum deviation of the B(10)
(3a) and B(11) (3d) atoms by 0.04 Å. The bonds B(9)–
N(1)/S(1) are practically the same in 2a, 2d and 3a, 3d.
The C(7)–C(8) bond in the pyridine derivatives 2d and
Atoms are represented by 50% thermal ellipsoids.



Table 1
Selected bond lengths (Å) for 2a,a 2d, 3a and 3d

2a 2d 3a 3d

Co(1)–C(7) 2.0274(8) 2.002(2)
Co(1)–C(8) 2.0312(7) 2.008(2)
Co(1)–B(9) 2.0635(8) 2.064(2)
Co(1)–B(10) 2.1178(8) 2.123(2)
Co(1)–B(11) 2.0747(8) 2.080(2)
Co(1)–C(9) 2.0027(7) 1.982(2)
Co(1)–C(10) 2.0057(8) 1.996(2)
Co(1)–C(11) 1.9824(8) 1.999(2)
Co(1)–C(12) 2.0017(7) 2.003(2)
C(7)–C(8) 1.528(4) 1.551(3) 1.628(1) 1.642(3)
C(7)–B(11) 1.618(5) 1.631(3) 1.704(1) 1.698(3)
C(8)–B(9) 1.576(4) 1.597(3) 1.692(1) 1.702(3)
B(9)–B(10) 1.774(4) 1.788(3) 1.773(1) 1.762(3)
B(10)–B(11) 1.847(5) 1.859(3) 1.793(1) 1.784(3)
B(9)–N(S)(1) 1.884(3) 1.546(2) 1.9017(8) 1.548(3)
B(10)–H(17) 1.17(3) 1.20(3)
B(11)–H(17) 1.35(3) 1.29(3)

a Ref. [15].

Table 2
Formal electrode potentials (V, vs. SCE) and peak-to-peak separations
(mV) for the chemically reversible oxidation exhibited by complexes
under study in CH2Cl2 solution

Complex E�0
ð0=þÞ DEp

a

3a +0.57 80
3b +0.57 75
3c +0.50 78
3d +0.54 91

a Measured at 0.05 V s�1.
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3d is considerably longer (by 0.024(3) and 0.014(3) Å,
respectively) than that in the SMe2-substituted ana-
logues 2a and 3a, thus indicating that the exchange of
pyridine for SMe2 group leads to some redistribution
of charge in the C2B3 open face.

The dihedral angle between the C4 and C2B3 planes
for 3a (6.8�) is greater than that for 3d (4.7�), apparently
owing to greater steric overcrowding caused by the
SMe2 substituent in comparison with pyridine. The mu-
tual disposition of the Cb* and C2B3 rings in 3a and 3d

is slightly different. In 3a, one of the cyclobutadiene car-
bon atoms is located above the C(8) atom, whereas in 3d

it is located above B(10).
Although the Co–B distances in 3a and 3d are practi-

cally the same, the Co(1)–C(7) and Co(1)–C(8) bonds in
3a are systematically longer than in 3d, resulting in elon-
gation of the Co� � �C2B3 distance in 3a (1.457 Å) com-
pared to 3d (1.445 Å). It suggests the stronger bonding
of the Co atom with the pyridine-substituted carborane
ligand 1a. Interestingly, the Co� � �C2B3 distance in 3a is
slightly shorter than the corresponding values for the
bis(carboranyl) complexes DD/LL-[Co(g-9-SMe2-7,8-
C2B9H10)2]

+ (1.482–1.492 Å; av. 1.487 Å) and meso-
[Co(g-9-SMe2-7,8-C2B9H10)2]

+ (1.485–1.494; 1.489 Å)
[17], which is apparently connected with greater back-
donation in the case of 3a due to donor effect of the
Cb* ligand.

The cyclobutadiene fragment is nearly square planar
with the sides ca. 1.456 (3a) and 1.452 (3d) Å, very close
to the value 1.453 Å observed for the acetylcyclopenta-
dienyl complex Cb*Co(g-C5H4COMe) (4). The carbon
atoms of the Cb* methyl groups in 3a and 3d are some-
what deviated from the ring planes in direction from the
cobalt atom; the deviations amount to 0.13–0.39 and
0.11–0.27 Å, respectively. These deviations are slightly
greater than those for 4 (0.08–0.17 Å). The cobalt atoms
are located over the centers of the Cb* rings; the
Co� � �Cb* distances in 3a (1.712 Å) and 3d (1.711 Å)
are considerably longer than the corresponding distance
in 4 (1.683 Å). Probably, it is connected with lower
back-donation due to the greater acceptor properties
of carborane ligands compared with cyclopentadienyl.

2.4. Electrochemistry and spectroelectrochemistry

In CH2Cl2 solution, complexes 3a–3d undergo an oxi-
dation process showing features of chemical reversibility
in the cyclic voltammetric time scale. In all cases, con-
trolled potential coulometry consumed one electron
per molecule and cyclic voltammetric tests on the result-
ing solutions afforded voltammetric profiles quite com-
plementary to the original ones, thus testifying for the
complete stability of all the corresponding monocations.
Analysis of the cyclic voltammetric responses with scan
rate varying from 0.02 to 2.00 V s�1 pointed out the
occurrence of a diffusion-controlled electron removal
(the current function ipav

�1/2 maintains substantially
constant with scan rate) possessing features of chemical
reversibility (as a matter of fact, in agreement with mac-
roelectrolysis tests, the current ratio ipc/ipa is constantly
equal to 1) and electrochemical quasireversibility (DEp

significantly departs from the theoretical value of
59 mV even at the lowest scan rates) [18]. The potential
values of such an anodic process, which is preliminarily
assigned as the Co(I)/Co(II) redox change, are compiled
in Table 2. A further, irreversible, multielectron oxida-
tion is present at notably higher potential values (from
+1.6 to +1.7 V, depending upon the different species),
which probably couples the Co(II)/Co(III) passage to li-
gand-centered electron transfers. It is noteworthy that
the presence or the absence of the electron-donating
methyl substituents on the 7,8-carbon atoms does not
affect the Co(I)/Co(II) oxidation (3a vs. 3b), whereas
the 9-boron substituents exert their inductive effects.
Interestingly, the first oxidation processes for 3a–3d pro-
ceed at the potentials very close to that of Cb*CoCp
(+0.51 V) [1], suggesting the similarity of donor–accep-
tor properties of ligands 1a–1d and Cp�.

The typical optical absorption accompanying the
progressive Co(I)/Co(II) oxidation is illustrated in
Fig. 3, which shows the spectroelectrochemical picture



Fig. 3. Spectral changes recorded at room temperature in an OTTLE cell upon progressive one-electron oxidation of complex 3c

(1.4 · 10�3 mol dm�3). CH2Cl2 solution containing [NBu4]PF6 (0.2 mol dm�3). Working potential, Ew = +0.5 V, vs. Ag-pseudoreference electrode.

Fig. 4. First derivative, X-band EPR spectrum of the electrogenerated
monocation [3d]+ in CH2Cl2 solution. T = 105 K.

V.I. Meshcheryakov et al. / Journal of Organometallic Chemistry 690 (2005) 4745–4754 4749
obtained for complex 3c in an OTTLE (optically trans-
parent thin-layer electrode) cell. As seen, the progressive
decrease of the band at 400 nm upon oxidation is
accompanied by the appearance of a new band at 535
nm, which is assigned to a d–d transition. The data per-
tinent to all the complexes are summarized in Table 3,
together with the colour changes recorded upon exhaus-
tive oxidation.

Fig. 4 shows the X-band EPR spectrum of the mon-
ocation [3d]+ in a frozen CH2Cl2 solution. The spectral
analysis is suitably performed assuming that the Co(II)
metal ion lies in the low spin S = 1/2 electronic state.
Under the assumption of an anisotropic electron spin
Hamiltonian, the lineshape appears resolved in widely
separated pseudo-axial absorptions. In fact, the high-
field spectral region exhibits two closely overlapped gi
signals, gm and gh [19], the pseudo-axial gi parameters
of which testify for the important metallic character
of the paramagnetic absorption (gl � gm P gh 6¼
gelectron = 2.0023). On the other hand, the broad line-
width in the gl low-field region is due to either the
noticeable magnetic coupling of the S = 1/2 unpaired
Table 3
Colour changes and quantitative spectrophotometric data accompa-
nying the exhaustive one-electron oxidation of complexes 3a–3d in
CH2Cl2 solution

Complex Colour kmax Complex Colour kmax

3a Yellow 390 [3a]+ Orange 530
3b Yellow 390 [3b]+ Red 540
3c Yellow 400 [3c]+ Red 535
3d Yellow-orange 380 [3d]+ Pink 540
electron with the metal nucleus or the concomitant
strong Co(II) spin orbit contribution to the actual para-
magnetic features (kCo < 0). Accordingly, the relevant
anisotropic Co hyperfine splittings (hpf) are not resolved
[I(59Co) = 7/2, natural abundance = 100%] and an
upper limit for such strong magnetic interaction is of
the order DHl = 320(8) G 6 7al(Co).

These features well account for a SOMO, which is
mainly constituted by the 3d7 Co(II) orbitals. Because
of the anisotropic DHi overlapping of the underlying
absorptions, there is no evidence for superhyperfine
(shpf) interactions of the unpaired electron with the
magnetically active 1H, 10B and 11B nuclei of the axial
ligands (DHi P ai).

Rising the temperature at the glassy-fluid transition
(T = 278 K), the anisotropic spectrum collapses in an
isotropic signal (giso = 2.296(8)), which maintains the
metallic character. At higher temperature (T = 300 K)



Table 4
X-band EPR parameters of the monocations under study in CH2Cl2 solution. T = 100 K

Complex gl gm gh dgl/h <g> al am ah Æaæ

[3a]+ 1.999 1.955 695/7 695/7
[3b]+ 2.967 2.002 1.961 1.006 2.310 6270/7 6140/7 6140/7 6137/7
[3c]+ 3.031 1.979 1.922 1.109 2.311 6320/7 6100/7 6100/7 6140/3
[3d]+ 2.990 1.996 1.960 1.030 2.315 6320/7 695/7 695/7 6138/7

Accuracy of gi = ±0.008. Accuracy of ai = ±8 G.
Ægæ = (gl + gm + gh)/3; Æaæ = (ah + am + ah)/3; ai(Co) 6 DHi/7 in Gauss.
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the spectrum drops out, indicating that the active fasten-
ing of the S = 1/2 electron spin relaxation rates en-
hances the effective linebroadening effect. The lack of
Co(II) hpf resolution in fluid solution is not surprising
in view of the large Co(II) spin–orbit coupling constant
(<0) and the expected structural anisotropies (being the
coordinating framework basically unsymmetrical even
in fast motion conditions), which fasten the relevant
electron spin relaxation rates [19,20]. Accordingly, no
resolution of the magnetically active 1H, 13C, 10B, 11B li-
gand nuclei is detectable, so that the upper limit for such
interactions can be evaluated as: aiso(

1H, 13C, 10B,
11B) 6 DHiso = 170(8)/7 G.

The most significant EPR features are summarized in
Table 4, together with those of the other monocations.
The good accordance between the Ægæ and giso parame-
ters indicates that the monocation [3d]+ basically main-
tains the coordination geometry under different
experimental conditions. In confirmation, rapidly
refreezing the fluid solution restores the original pseudo-
axial anisotropic spectrum.

Analysis of the magnetic parameters suggests that the
SOMOs of all the monocations are essentially 3d cen-
tered. It is also evident that the steric encumbrance of
the substituents present in the carborane ligand strongly
affects the magnetic features, as supported by the aniso-
tropic gi and dgl/h parameters [19,20]. In particular, [3c]+

exhibits the highest gl and dgl/h values, thus reflecting the
presence of the most significant structural distortions.
Such a finding is further confirmed by the lack of the rel-
evant fluid solution isotropic features. This last aspect
also holds for [3a]+ and [3b]+.
3. Conclusion

(Cyclobutadiene)cobaltacarboranes 3a–3d were pre-
pared by reactions of complexes Cb*Co(CO)2I and
[Cb*Co(MeCN)3]

+ with the corresponding anions, illus-
trating usefulness of this approach in metallacarborane
chemistry. Proximity of oxidation potentials of com-
plexes 3a–3d and Cb*CoCp suggests very similar do-
nor–acceptor ability of anions 1a–1d and Cp�.
4. Experimental

4.1. General

All reactions were carried out under argon. The isola-
tion of products was conducted in air unless otherwise
stated. The starting materials Cb*Co(CO)2I,
[Cb*Co(C6H6)]PF6 and [Cb*Co(C6H5Me)]PF6 were
prepared as described in the literature [1]. The 1H and
11B NMR spectra (d in ppm, J in Hz) were recorded
with a Bruker AMX 400 spectrometer operating at
400.13 and 128.38 MHz, respectively.

Materials and apparatus for electrochemistry and
joint EPR spectroscopy have been described elsewhere
[21]. Unless otherwise specified, potential values are re-
ferred to the saturated calomel electrode (SCE). Under
the present experimental conditions, the one-electron
oxidation of ferrocene occurs at E�0 ¼ þ0:39 V. The
UV–Vis spectroelectrochemical measurements were car-
ried out using a Perkin–Elmer Lambda 900 UV–Vis
spectrophotometer and an OTTLE cell [22] equipped
with a Pt-minigrid working electrode (32 wires/cm), Pt
minigrid auxiliary electrode, Ag wire pseudoreference
and CaF2 windows. The electrode potential was con-
trolled during electrolysis by an Amel potentiostat
2059 equipped with an Amel function generator 568.
Nitrogen-saturated solutions of the compounds under
study were used with [NBu4]PF6 (0.2 mol dm�3) as a
supporting electrolyte. Working potential has been kept
fixed at the peak potential of the process under study
and the spectra have been stepwise collected after each
2 min electrolysis.

4.2. Synthesis of 9-SMe2-7,8-C2B9H11 (2a)

Under stirring and cooling by cold water, o-carbo-
rane (14.4 g, 0.10 mmol) was slowly added to a solution
of KOH (15 g, 0.27 mmol) in 100–150 ml of MeOH
placed in a 0.5 L flask. Vigorous reaction takes place
spontaneously. The reaction mixture was stirred at
room temperature until hydrogen evolution was over
and was then refluxed for 4 h. The most of MeOH was
removed by distillation at atmospheric pressure, water
(150–170 ml) was added and the rest of the MeOH
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was removed by evaporation in vacuum to give an aque-
ous alkaline solution of K[C2B9H12]. DMSO (25 ml) was
added followed by dropwise addition of conc. H2SO4

(160 ml). The reaction mixture was heated at 80 �C for
1 h leading to the formation of the white oily layer,
which solidifies after cooling to room temperature.
The product was separated, washed subsequently with
water, diluted Na2CO3 solution and water, and recrys-
tallized from hot MeOH. After standing overnight at
0 �C, the crystalline product was filtered off, washed
with a small amount of Et2O and dried in vacuum. Yield
13.5 g (70%). M.p. 147–148 �C. 1H NMR (acetone-d6):
d = 2.86 (s, 3H, SMe2), 2.79 (br s, 1H, cage CH), 2.73
(s, 3H, SMe2), 2.15 (br s, 1H, cage CH), �3.27 (v br s,
1H, l-H). 11B NMR (acetone-d6): d = �3.53 (d, 142,
1B), �5.34 (s, BSMe2, 1B), �11.79 (d, 155, 1B),
�15.92 (d, 193, 1B), �17.64 (d, 182, 1B), �22.54 (d,
153, 1B), �25.71 (d, 144, 1B), �29.35 (d, 133, 1B),
�36.15 (d, 146, 1B).
4.3. Synthesis of 9-SMe2-7,8-Me2-7,8-C2B9H9 (2b)

Compound 2b was prepared starting from 1,2-Me2-
1,2-C2B10H10 similar to the previous procedure but
using ethanol instead of methanol. The crude product
was recrystallized from hot hexane. Yield 64%. 1H
NMR (CDCl3): d = 2.74 (s, 3H, SMe2), 2.57 (s, 3H,
SMe2), 1.57 (s, 3H, cage CMe), 1.50 (s, 3H, cage
CMe), �3.15 (v br s, 1H, l-H). 11B NMR (CDCl3):
d = �5.96 (s, 1B, BSMe2), �6.70 (d, 154, 1B), �7.87
(d, 155, 1B), �10.76 (d, 165, 1B), �15.37 (d, 141, 1B),
�19.22 (d, 153, 1B), �27.51 (d, 144, 1B), �30.94 (d,
135, 1B), �35.78 (d, 146, 1B). Anal. Calc. for
C6H21B9S: C, 32.38; H, 9.51; B, 43.71. Found: C,
32.12; H, 9.53; B, 43.67%.
4.4. Synthesis of 9-NMe3-7,8-C2B9H11 (2c)

o-Carborane (7.2 g, 0.05 mmol) was slowly added
under stirring and cooling by cold water to a solution
of KOH (7.5 g, 0.135 mmol) in MeOH (100–150 ml)
placed in 1 L flask. The reaction mixture was stirred
at room temperature until hydrogen evolution was
over and was then refluxed for 4 h. The most of
MeOH was removed by distillation at atmospheric
pressure, water was added (50–70 ml) and the rest of
the MeOH was removed in vacuum to give an aque-
ous alkaline solution of K[C2B9H12]. Several pieces
of dry ice were added to neutralize an excess of
KOH. A solution of [Me3NH]Cl (9.6 g, 0.1 mmol) in
H2O (50 ml), conc. aqueous NH3 solution (50 ml)
and CH2Cl2 (300 ml) were added. Then, a solution
of CuSO4 Æ 5H2O (60 g, 0.24 mmol) in H2O (250 ml)
was added dropwise under stirring within 1 h followed
by addition of conc. aqueous NH3 solution (100 ml) in
one portion. The reaction mixture was stirred for 48 h.
The organic layer was separated, washed with 1 M
solution of HCl and dried over Na2SO4. The solvent
was removed in vacuum to yield 2c (8.0 g, 85%) as
a white crystalline solid. The product is sufficiently
pure and can be used for subsequent syntheses with-
out purification. M.p. 258–260 �C. 1H NMR (CDCl3):
d = 3.06 (s, 9H, NMe3), 2.40 (br s, 1H, cage CH), 1.92
(br s, 1H, cage CH), �3.37 (v br s, 1H, l-H). 11B
NMR (CDCl3): d = 5.36 (s, BNMe3, 1B), �5.25 (d,
140, 1B), �16.52 (d, 135, 1B), �17.23 (d, 156, 1B),
�18.91 (d, 179, 1B), �24.47 (d, 151, 1B), �27.43 (d,
143, 1B), �32.25 (d, 134, 1B), �38.73 (d, 146, 1B).
Anal. Calc. for C5H20B9N: C, 31.36; H, 10.53; N,
7.31. Found: C, 31.92; H, 9.94; N, 7.59%. If neces-
sary, the product can be purified by recrystallization
from CH2Cl2/petroleum ether.
4.5. Synthesis of 9-py-7,8-C2B9H11 (2d)

A mixture of Cs[C2B9H12] (4 g, 15 mmol), FeCl3 Æ
6H2O (12 g, 44.4 mmol) and pyridine (120 ml) was re-
fluxed for 5 h. After cooling to room temperature,
CH2Cl2 (150–200 ml) and H2O (1 L) were added and
the mixture was vigorously shaken. The organic layer
was separated, washed several times with water and di-
luted HCl and dried with Na2SO4. After evaporation
of the solvent, the crude product was chromatographed
on silica gel column (3 · 40 cm). Elution by CH2Cl2
gives a slightly yellow band and subsequent elution by
acetone gives a yellow-orange band. The slightly yellow
band was evaporated to a small volume, heptane was
added and the most of CH2Cl2 was removed in vacuum.
White crystalline precipitate of 2d was filtered off,
washed with petroleum ether and dried in vacuum. Yield
1.93 g (61%). M.p. 160–162 �C. 1H NMR (acetone-d6):
d = 9.11 (d, 5.6, 2H, py), 8.50 (t, 7.6, 1H, py), 8.02 (t,
7.2, 2H, py), 3.04 (br s, 1H, cage CH), 2.07 (br s, 1H,
cage CH), �2.85 (v br s, 1H, –H). 11B NMR (acetone-
d6): d = 3.85 (s, B-py, 1B), �4.62 (d, 139, 1B), �15.94
(d, 149, 2B), �18.24 (d, 164, 1B), �21.04 (d, 151, 1B),
�26.18 (d, 142, 1B), �29.56 (d, 134, 1B), �36.59 (d,
144, 1B). Anal. Calc. for C7H16B9N: C, 39.75; H, 7.63;
N, 6.62. Found: C, 38.95; H, 7.55; N, 7.06%.

The yellow-orange band was evaporated to a small
volume and petroleum ether was added to precipitate
orange microcrystalline solid, which was identified as
9,11-py2-nido-7,8-C2B9H9. It decomposes in CH2Cl2
solution within 1 day. 1H NMR (acetone-d6): d = 8.94
(d, 5.6, 4H, py), 8.23 (t, 7.6, 2H, py), 7.82 (t, 7.2, 4H,
py), 1.94 (s, 2H, cage CH). 11B NMR (acetone-d6):
d = �5.00 (br, 3B, 2 + 1 coincidence), �16.85 (d, 134,
2B), �23.20 (d, 145, 2B), �26.82 (d, 154, 1B), �46.19
(d, 142, 1B).
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4.6. Preparation of solutions of Na[9-L-7,8-R2-7,8-

C2B9H8] (Na[1a–d]) in THF

4.6.1. Na[1a]
Carborane 2a (2470 mg, 12.7 mmol) was added to a

suspension of NaH (720 mg, 30 mmol) in 60 ml of
THF. The reaction mixture was refluxed under stirring
until hydrogen evolution was ceased (ca. 0.5 h). A col-
ourless solution of Na[1a] (ca. 0.22 M) obtained in this
way was stored under argon over an excess of NaH
and was taken off by a syringe. In order to determine
an exact concentration, an aliquot of the solution was ti-
trated by 0.1 M H2SO4.

4.6.2. Na[1b]
A colourless solution of Na[1b] in THF (ca. 0.12 M)

was prepared similarly to the previous procedure by
refluxing a mixture of NaH (200 mg, 8.33 mmol) and
2b (534 mg, 2.4 mmol) in 20 ml of THF for 6 h.

4.6.3. Na[1c]
A colourless solution of Na[1c] in THF (ca. 0.17 M)

was prepared similarly to Na[1a] by refluxing a mixture
of NaH (720 mg, 30 mmol) and 2c (1910 mg, 10 mmol)
in 60 ml of THF for 12 h.

4.6.4. Na[1d]
Carborane 2d (507 mg, 2.4 mmol) was added to a sus-

pension of NaH (200 mg, 8.33 mmol) in 60 ml of THF.
The reaction mixture was refluxed under stirring until
hydrogen evolution was ceased (ca. 1 h) to give a dark
red solution of Na[1d] (ca. 0.04 M). The low concentra-
tion is explained by much lower solubility of Na[1d]
compared to Na[1a–c].

4.7. Synthesis of Cb*Co(g-9-L-7,8-R2-7,8-C2B9H8)

(3a–3d)

4.7.1. Method A (using Cb*Co(CO)2I)

A solution of Na[1a,c,d] (0.22 mmol) in THF was
added under stirring to a solution of Cb*Co(CO)2I
(75 mg, 0.21 mmol) in 10 ml of THF. The reaction mix-
ture was refluxed for 12 h. The solvent was removed in
vacuum and the residue was chromatographed on silica
gel column using CH2Cl2/hexane (1:1) as an eluent. Yel-
low band was collected and the solvent was removed in
vacuum to give a yellow-orangemicrocrystalline product.

4.7.2. Method B (using [Cb*Co(MeCN)3]PF6)

A solution of [Cb*Co(C6H6)]PF6 (195 mg, 0.5 mmol)
or [Cb*Co(C6H5Me)]PF6 (202 mg, 0.5 mmol) in 10 ml
of MeCN was refluxed for 12 h or irradiated (400 W
mercury phosphor coated lamp, cooling by running
water) for 7 h to give an orange-red solution of
[Cb*Co(MeCN)3]PF6 [1]. A solution of Na[1a–d]
(0.5 mmol) in THF was added at 0 �C and the reaction
mixture was stirred overnight at room temperature.
The products were isolated as described in Method A.

Complex 3a. L = SMe2, R = H. Yields: 45% (Method
A), 86% (Method B). 1H NMR (CD2Cl2): d = 2.80 (br d,
1H, cage CH), 2.59 (s, 3H, SMe2), 2.39 (s, 3H, SMe2), 2.30
(br d, 1H, cageCH), 1.56 (s, 12H,Cb). 1HNMR(acetone-
d6): d = 3.04 (br d, 1H, cage CH), 2.63 (s, 3H, SMe2), 2.51
(s, 3H, SMe2), 2.35 (br d, 1H, cage CH), 1.59 (s, 12H, Cb).
11B NMR (CD2Cl2): d = �6.35 (d, 140, 1B), �9.21 (s,
BSMe2, 1B), �11.02 (d, 158, 1B), �13.96 (d, 144, 1B),
�17.61 (d, 150, 1B), �17.61 (d, 136, 1B), �24.82 (d, 126,
1B), �26.56 (d, 128, 1B), �28.13 (d, 118, 1B). 11B{1H}
NMR (acetone-d6): d = �4.51 (1B), �7.69 (1B), �9.48
(1B), �12.24 (1B), �15.95 (2B), �23.33 (1B), �24.89
(1B), �26.64 (1B). Anal. Calc. for C12H28B9CoS: C,
39.97; H, 7.83; B, 26.98; S 8.89. Found: C, 39.69; H,
7.99; B, 26.57; S, 8.50%.

Complex 3b. L = SMe2, R = Me. Yield 39% (Method
B). 1H NMR (acetone-d6): d = 2.90 (s, 3H, SMe2), 2.86
(s, 3H, SMe2), 2.68 (s, 3H, cage CMe), 2.57 (s, 3H, cage
CMe), 1.47 (s, 12H, Cb). 11B{1H} NMR (acetone-d6):
d = �3.73 (1B), �7.03 (2B), �15.01 (2B), �16.70 (1B),
�18.07 (2B), �19.73 (1B). Anal. Calc. for C14H32B9CoS:
C, 43.26; H, 8.30. Found: C, 43.41; H, 8.35%.

Complex 3c. L = NMe3, R = H. Yields: 36% (Meth-
od A), 72% (Method B). 1H NMR (acetone-d6):
d = 3.01 (s, 9H, NMe3), 2.07 (br s, 1H, cage CH), 1.50
(s, 12H, Cb), 1.23 (br s, 1H, cage CH). 11B{1H} NMR
(acetone-d6): d = 4.03 (1B), �5.10 (1B), �10.76 (1B),
�13.68 (1B), �15.77 (1B), �16.64 (1B), �24.61 (1B),
�27.15 (2B). Anal. Calc. for C13H31B9CoN: C, 43.66;
H, 8.74; N, 3.92. Found: C, 44.14; H, 8.96; N 3.77%.

Complex 3d. L = py, R = H.Yields: 50% (MethodA),
47% (Method B). 1H NMR (acetone-d6): d = 8.70 (t, 2H,
py), 8.32 (t, 1H, py), 7.93 (t, 2H, py), 3.48 (br s, 1H, cage
CH), 2.35 (br s, 1H, cage CH), 1.28 (s, 12H, Cb). 11B{1H}
NMR (acetone-d6): d = �0.29 (1B), �6.46 (1B), �11.02
(1B), �13.48 (2B), �15.90 (1B), �21.71 (1B), �26.18
(1B), �27.40 (1B). Anal. Calc. for C15H27B9CoN: C,
47.71; H, 7.21. Found: C, 48.20; H 7.25%.

4.8. X-ray crystallography

Crystals of carborane 2d suitable for X-ray diffrac-
tion study were grown up by slow diffusion in two-layer
system, solution of complex in CDCl3/petroleum ether,
placed in an NMR tube. Crystals of complexes 3a and
3d were obtained similarly using acetone-d6 instead of
CDCl3. X-ray diffraction experiments were carried out
with a Bruker SMART 1000 CCD area detector, using
graphite monochromated Mo Ka radiation
(l = 0.71073 Å, x-scans with a 0.3� step in x and 10 s
per frame exposure) at 110 K. Low temperature of the
crystals was maintained with a Cryostream (Oxford
Cryosystems) open-flow N2 gas cryostat. Reflection
intensities were integrated using SAINT software [23]



Table 5
Crystal data and structure refinement parameters for 2d, 3a and 3d

Compound 2d 3a 3d

Empirical formula C7H16B9N C12H28B9CoS C15H27B9CoN
Formula weight 211.50 360.64 377.61
Crystal colour, habit Pale yellow prism Red prism Red prism
Crystal size (mm) 0.41 · 0.31 · 0.15 0.43 · 0.32 · 0.30 0.38 · 0.35 · 0.29
Temperature (K) 120(2) 100(2) 120(2)
Crystal system Monoclinic Monoclinic Monoclinic
Space group P21/n P21/n P21/n
a (Å) 10.200(2) 11.619(1) 16.215(5)
b (Å) 8.5432(17) 13.622(1) 12.370(3)
c (Å) 14.605(3) 11.799(1) 9.528(3)
b (�) 104.90(3) 103.017(2) 91.678(6)
V (Å3) 1229.9(4) 1819.5(3) 1910.4(9)
Z (Z 0) 4(1) 2(1) 4(1)
F(000) 440 752 784
Dcalc (g cm

�3) 1.142 1.046 1.313
l (cm�1) 0.55 10.46 8.96
Tmin/Tmax 0.9648/0.9079 0.9252/0.8503 0.847/0.721
Scan type x x x
h Range (�) 3.57–29.00 2.22–30.00 1.29–30.00
Completeness of dataset (%) 99.0 99.0 99.2
Reflections measured 8989 46818 22257
Independent reflections 3224 [Rint = 0.0559] 5263 [0.0229] 5528 [0.0397]
Observed reflections [I > 2r (I)] 2254 5091 3967
Parameters 218 320 343
R1 (on F for obs. refls) 0.0634 0.0201 0.0457
wR2 (on F2 for all refls) 0.1509 0.0546 0.1097
GOF 0.999 1.060 1.089
Dqmax Dqmin (e Å�3) 0.354, �0.262 0.441, �0.181 0.691, �0.384
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and absorption correction was applied semi-empirically
using SADABS program [24]. The structures were solved
by direct method and refined by the full-matrix least-
squares against F2 in anisotropic approximation for
non-hydrogen atoms. All polyhedron hydrogen atoms
were located from the Fourier density synthesis and re-
fined in isotropic approximation. Crystal data and struc-
ture refinement parameters for 2d, 3a and 3d are given
in Table 5. All calculations were performed using the
SHELXTL software [25].
5. Supplementary material

The crystallographic data have been deposited with
the Cambridge Crystallographic Data Center, CCDC
255386 for 2d, CCDC 255387 for 3a and CCDC
255388 for 3d. Copies of this information may be ob-
tained free of charge from: The Director, CCDC, 12 Un-
ion Road, Cambridge, CB2 1EZ, UK (Fax: +44 1223
336033; e-mail: deposit@ccdc.cam.ac.uk or http://
www.ccdc.cam.ac.uk).
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