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Introduction

Boron cluster ligands provide structural and bonding possi-
bilities distinct from conventional organic ligands.[1] The best
known of the boron ligands is the dicarbollide dianion [7,8-
nido-C2B9H11]

2� (Dcb2�), although there are other known
smaller icosahedral ligands, such as the nido-[C2B4H6]

2�.
Much has been written about the analogy between the dicar-

bollide [7,8-nido-C2B9H11]
2� and the isoelectronic cyclopen-

tadienide ions [C5H5]
� (Cp�) and their metal complexes.[1e,2]

The Dcb2� ligand is formally equivalent to the Cp� ligand
and both are able to coordinate in a h5-bonding fashion. The
synthesis and properties of the first Dcb2� sandwich com-
plexes, analogous to metallocenes, were reported in 1965,
and for nido-[C2B4H6]

2� in 1976.[3] Dcb2� sandwich com-
plexes with first-row transition-metals such as FeII,[4]

CoIII,[4,5] NiIII,[4,6] NiIV,[4,6d,7] CuII,[8] CuIII,[8] CrIII[9] and CoII[10]

have been synthesised and fully characterised. In addition,
some nido-[C2B4H6]

2� sandwich metallacarboranes of iron,
cobalt and nickel have been also reported.[11] Molecular or-
bital (MO) calculations confirmed the analogy of metallo-
cenes and the metal–dicarbollide analogues.[12] However,
comparative redox properties of metallocenes and metal–
Dcb2� sandwich compounds have shown that the latter are
oxidised more easily.[13] This is why it is considered that the
Dcb2� ligand stabilises high formal oxidation states.[14] This
stabilisation may be related to the higher charge in Dcb2�

than that of Cp� . The charge difference may be surpassed
by introducing a charge-compensating group in Dcb2�. Al-
though charge-compensated [x-L-7,8-nido-C2B9H10]

� (x=7,
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9, 10; L=pyridine, THF, SR2, PPh3 and so on) monoanionic
ligands have been studied,[15] few transition-metal sandwich
complexes have been reported.[15d,16,17] To compare the prop-
erties of monoanionic derivatives of Dcb2� with metallocene
analogues, we have recently reported the preparation of
half-sandwich ruthenacarborane complexes with [10-SR2-
7,8-nido-C2B9H10]

� (R=Me, Et, (CH2)4, EtPh) similar to
[RuCl(Cp)(PR3)2],

[18] and have used them as catalytic pre-
cursors.[19,20] An electrochemical study of the complexes has
demonstrated a direct relationship between E8 for the RuIII/
RuII couple and their catalytic activity.[20] Modification of
the nature of the charge-compensating group results in E8
tuning in the complex. In addition, and unlike the Cp� ion,
the charge-compensated monoanionic carborane ligands are
capable of stabilizing RhI and RhIII complexes.[21]

Here we report the preparation of NiII, CoII, CoIII, RuII

and FeII sandwich complexes of [10-SMe2-7,8-nido-
C2B9H10]

� , along with their spectroscopic and electrochemi-
cal properties. Comparison between metallocenes and Dcb2�

sandwich complexes is discussed. Additionally, the energy
profile and energy rotation barriers have been theoretically
and experimentally calculated, and compared with data
from X-ray diffraction single-crystal analyses. We also dis-
cuss conformational habits based on 2+ and 5.

Results and Discussion

Syntheses and NMR studies : Reaction of NiCl2·6H2O with a
solution of K[10-SMe2-7,8-nido-C2B9H10] in ethanol[18] at
room temperature yielded a yellow suspension, from which
the paramagnetic complex commo-[3,3’-Ni(8-SMe2-1,2-
C2B9H10)2] (1) was isolated as an analytically pure solid in
66% yield (Scheme 1). In contrast to commo-[3,3’-Ni(1,2-
C2B9H11)2]

2�, which is air sensitive and readily oxidises to a
NiIII complex,[4] 1 is air- and moisture-stable in solution and
in the solid state. The elemental analysis for 1 is in agree-
ment with the proposed stoichiometry. The paramagnetic
nature of 1 is evidenced by the broad 11B{1H} NMR spec-
trum that extends from d=++140 to �120 ppm. Moreover,
no evidence of B�H coupling is observed in the 11B NMR
spectrum. The 1H NMR spectrum shows B�H and C�H
broad resonances from d=++85 to �170 ppm. The IR spec-
trum of 1 shows n(B�H) at 2518 cm�1. The UV-visible spec-

tral data of 1 in acetonitrile are given in Table 1, and consist
of five absorptions at 217, 257, 351, 495 and 745 nm.

The CoIII complex was similarly prepared by mixing K[10-
SMe2-7,8-nido-C2B9H10] and anhydrous CoCl2 in MeOH or
EtOH yielding the orange diamagnetic complex commo-
[3,3’-Co(8-SMe2-1,2-C2B9H10)2]Cl (2-Cl; Scheme 1). The [10-
SMe2-7,8-nido-C2B9H10]

� ligand behaves in a similar manner
to [7,8-nido-C2B9H11]

2�[4,5] in that it stabilizes a CoIII com-
plex. Formation of 2+ was associated with the precipitation
of a black residue of Co0, suggesting the formation of an ini-
tial CoII complex, which disproportionates to CoIII and
cobalt metal.[4] Complex 2-Cl was not isolated, but was char-
acterised in solution by 1H and 11B NMR spectroscopy. The
1H resonances at d=4.96 ppm, assigned to the Ccluster�H pro-
tons, and at d=2.84 ppm due to the SMe2 protons are worth
noting. The 11B{1H} NMR spectrum displays a ratio pattern
2:2:8:4:2 in the range d=++10 to �20 ppm (Table 2), similar
to that exhibited for the parent commo-[3,3’-Co(1,2-

C2B9H11)2]
� ion.[22] The lower field resonance is not split in

the 11B NMR spectrum, and is assigned to the substituted
B8 atom. From low-to-high field, the resonances were as-
signed by means of COSY measurements to B(8,8’), B-
(10,10’), B(4,4’,7,7’,9,9’,12,12’), B(5,5’,11,11’) and B(6,6’)
(Table 2). As expected, the presence of the positively charg-
ed SMe2 group bonded to the B8 atom leads to a shift in all
resonances, except that at d=�5.4 ppm, of approximately
3 ppm to lower field with respect to the corresponding ones
in commo-[3,3’-Co(1,2-C2B9H11)2].

[23] The UV-visible spectral
data for 2-Cl in acetonitrile are displayed in Table 1, and
consist of four absorptions at 215, 250, 300 and 464 nm. To
our knowledge, the only cationic cobaltacarborane sandwich
reported in the literature is the highly sensitive complex
commo-[3,3’-Co{4-(4’’-(C5H4N)CO2CH3)-1,2-C2B9H10}2]

+, syn-
thesised by Hawthorne and co-workers in low yield.[15d]Scheme 1. Formation of commo-[3,3’-M(8-SMe2-1,2-C2B9H10)2].

Table 1. UV-visible spectral data (nm) for complexes 1–5 in CH3CN.

l (e)

1 217[a] (11300), 257[a] (6700), 351 (12000), 495 (85), 745 (54)
2+ 215[a] (5900), 250[a] (6100), 300 (23700), 464 (280)
3 222 (17800), 265 (11400), 339 (9500), 442 (220)
4 198 (54000), 223 (37000), 336[a] (30), 362 (610), 481 (60)
5 221 (32200), 268[a] (8900), 383 (130), 520 (180)

[a] Shoulder.

Table 2. 11B{1H} NMR chemical shifts (ppm) for d6 complexes.

Boron atom [3,3-Co(1,2-C2B9H11)2] 2+ 4 5

B8,B8’ 6.5 9.7 2.0 0.8
B10,B10’ 1.4 4.3 �5.4 �9.6
B4,B7,B4’,B7’ �6.0 �5.4 �9.5 �12.0
B9,B12,B9’,B12’ �6.0 �5.4 �15.0 �14.9
B5,B11,B5’,B11’ �17.2 �13.8 �22.7 �23.1
B6,B6’ �22.7 �19.8 �24.7 �26.2
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With the 2+ available, we thought that we might be able
to produce the first salt fully based on cobaltabis(dicarbol-
lide) salt. With this in mind, complex 2-Cl was mixed with
commo-[3,3’-Co(1,2-C2B9H11)2]

� to give 2-[3,3’-Co(1,2-
C2B9H11)2] in 65% yield. The salt 2-[3,3’-Co(1,2-C2B9H11)2]
was fully characterised by elemental analysis, IR and NMR
spectroscopy. The 11B{1H} NMR spectrum consists of a
2:2:2:2:16:4:4:2:2 pattern from low-to-high field that is the
sum of the spectra of the two individual ions; this indicates
that no interaction between these two C2v symmetry moiet-
ies exists in solution at room temperature. The
1H{11B} NMR spectrum at room temperature can be inter-
preted in a similar way. The IR spectrum shows an intense
broad band centred at 2535 cm�1 assigned to the B�H
stretching vibrations.
The CoII sandwich complex commo-[3,3’-Co(8-SMe2-1,2-

C2B9H10)2] (3), the analogue to 1, was produced in a 92%
yield by reduction of 2-Cl with metallic Zn in MeOH/H2O.
Evidence for the production of 3 was given by the cyclic vol-
tammetry (CV) of 1 (vide infra), which shows that the redox
potential is significantly more positive than in the parent an-
alogue commo-[3,3-Ni(1,2-C2B9H11)2]

2�, with DE8ffi1 V. This
indicates that the reduced form of the redox couple is more
stable in 1 than in the parent analogue. We would expect
the same to be applicable to 2+ , thus generating a stable
complex 3. The paramagnetic nature of 3, a d7 complex, is
evidenced by the 11B NMR spectrum, which shows resonan-
ces in a wide range (d=++62.8 to �34.4 ppm) compared to
the diamagnetic 2+ (d=++9.6 to �22.2 ppm). In contrast to
1, however, some of the B�H couplings for 3 could be ob-
served in the 11B NMR spectrum. The 1H NMR spectrum is
also widened, extending from d=++26 to �60 ppm, and is
similar to the spectrum for commo-[3,3’-Co(1,2-
C2B9H11)2]

2�.[10] The electronic spectral data registered for
complex 3 in acetonitrile are presented in Table 1. Four ab-
sorptions are observed at 222, 265, 339, and 442 nm in a sim-
ilar range to those observed for its precursor 2+ .
The reaction of [RuCl2(dmso)4] with K[10-SMe2-7,8-nido-

C2B9H10] in EtOH under reflux leads to the d6 complex
commo-[3,3’-Ru(8-SMe2-1,2-C2B9H10)2] (4 ; Scheme 1). The
11B{1H} NMR spectrum exhibits six resonances in the region
d=++2.0 to �24.7 ppm, with area ratios 2:2:4:4:4:2. The res-
onance at lower field (d=2.0 ppm), not split in the
11B NMR spectrum, is assigned to the Me2S–B8 moiety. As-
signments were made with a two-dimensional (2D) 11B{1H}–
11B{1H} COSY experiment and correspond to B(8,8’), B-
(10,10’), B(4,4’,7,7’), B(9,9’,12,12’), B(5,5’,11,11’) and B(6,6’),
respectively (Table 2). The 1H{11B} NMR resonances for the
SMe2 and Ccluster�H protons are dependent on the metalTs
nature, and for 4 are observed at 2.47 and 3.59 ppm, respec-
tively. The n(B�H) absorption in the IR spectrum is found
at 2559 cm�1. The UV-visible spectral data for complex 4 are
given in Table 1; the absorptions registered in acetonitrile
are 198, 223, 336, 362, and 481 nm. In this spectrum, the two
bands at 198 and 362 nm were not observed previously in
complexes 1–3.

Even though complex commo-[3,3’-Fe(8-SMe2-1,2-
C2B9H10)2] (5) had been previously prepared from
FeCl2·4H2O by Plešek and co-workers,[24] we report an im-
proved synthesis by using [FeCl2(dppe)] as a source of iron
(Scheme 1). Reaction of K[10-SMe2-7,8-nido-C2B9H10] in
THF with [FeCl2(dppe)] in a 2:1 ratio leads to the formation
of 5 in 63% yield, higher than the 47% reported yield.[24]

Complex 5 exhibits a 11B{1H} NMR pattern 2:2:4:4:4:2 in a
similar range to complex 4, and the assignment of resonan-
ces is also the same (Table 2). In the 1H{11B} NMR spectrum
the Ccluster�H proton resonances that appear at d=3.52 and
2.50 ppm are assigned to the SMe2 protons. The UV-visible
spectrum for 4 in acetonitrile shows four absorptions at 221,
268, 383, and 520 nm (Table 1).

Computational studies and crystal structures
Theoretical studies : The room-temperature 11B NMR pat-
terns of complexes 1–5 may be compatible with rotamers
that have either C2h or C2v symmetry. The main difference
between these two symmetries lies in the disposition of the
cluster carbon atoms. If they are in an averaged cisoid dispo-
sition the molecule is C2v, but if they are in a transoid dispo-
sition the molecule is C2h. The calculation of the rotational
preferences of 1–5 were carried out by using the semiempiri-
cal ZINDO/1 computational method. The energy rotation
barriers and the relative stability of the most stable rotamers
can be determined from the energy profiles. Calculations
were carried out for idealised models of complexes 1–5, in
which the SMe2 group was substituted by SH2. Starting from
the eclipsed conformation (08), one moiety was rotated with
regard to the second at 18 intervals. The position of the SH2

group was allowed to relax by means of molecular mechan-
ics geometry optimisation before calculating the energy in
each conformation. We expect three possible rotamer
energy minima on inspection of the idealised rotamers,
which are indicated as A, B and C in Figure 1. Rotamer A,

Figure 1. Mutual configuration of the zwitterionic ligands in metal com-
plexes 1–5.
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which corresponds to a cisoid conformation, is the one with
the highest steric hindrance and the one that may be sub-
jected to the highest coulombic repulsion. All these forces
may be compensated by the more electronegative atoms
being in close proximity. In rotamer B, the clusters are mu-
tually rotated 1088, adopting a gauche conformation, and
would correspond to a balanced situation between steric
and electronic requirements. Finally, rotamer C, which cor-
responds to a transoid conformation (1808), would have the
minimum steric hindrance, although comparable to B, but
would not be so favourable electronically due to the trans
disposition of the most electronegative elements. Based on
this simple model, configuration B would be the most
stable, and the stability of A or C would provide informa-
tion on the relative importance of steric hindrance versus
electronic effects in these metallacarboranes.
The analysis of the calculated energy profiles for complex

1 (Figure 2), agrees with the discussion above and five dif-
ferent relative minima were found. As expected, the global

minimum corresponds to the gauche configuration repre-
sented by rotamer B (1168 and 2448). The other three rela-
tive minima are observed at 498 and 3118, rotation angles
that correspond to rotamer A, and at 1808, corresponding to
rotamer C. Rotamer A is comparable in energy to rotamer
C and is destabilised with regard to the gauche conforma-
tion. Calculations yield a theoretical rotational barrier be-
tween B and C of 4.5 kcalmol�1 (Table 3). This is low
enough to account for the symmetric appearance of the
11B NMR resonances that would correspond to an averaged
C2h symmetry.

This model is also valid for 2+ ; however for this complex
the electronic and steric effects are reversed. As seen in
Figure 3, five relative energy minima are observed, four are

quasi-degenerate corresponding to rotation angles at 458
(3158) and 1108 (2508), for rotamers A and B, respectively
(Figure 1), whereas rotamer C is less stable. Two rotational
barriers are detected with energy values of 6.8 and
11.5 kcalmol�1 (Table 3). This situation is in contrast to that
for 1, in which rotamer B is definitely more stable than C
and A, and in which the rotational barrier is only
4.5 kcalmol�1.
The analysis of the calculated energy profile for 3 is very

similar to that for 1. Five relative energy minima (at 468
(3148), 1158 (2458) and 1808) are observed, two of them (A,
C) being quasi-degenerate and with a rotation barrier near
5.8 kcalmol�1 (Table 3). The lowest energy minimum for 3
corresponds to a rotation angle near 1158 (2458), which
closely corresponds to the gauche conformation represented
by the rotamer B.
We found a slight variation in the energy profiles for com-

plex 4, with regard to the other neutral 1 or 3 sandwich
complexes. Seven relative energy minima corresponding to
rotation angles of 488 (3128), 938 (2678), 1168 (2448) and
1808 are observed. However, conformations between 938
and 1168 could be interpreted as belonging to a broad con-
formation minimum, with an almost negligible energy barri-
er (Figure 4). The first three minima (corresponding to A, D
and B) are comparable in energy, although B is the most
stable. The rotamer at 1808 corresponds to C (Figure 1). The
rotation barrier between A and B is almost negligible
(2.2 kcalmol�1), while the rotation barrier between B and C
is also small, although slightly higher (5.2 kcalmol�1)
(Table 3). This is the first example in which an energy mini-
mum at 938, corresponding to D in Figure 1, has been ob-
served for this type of sandwich complex.
Energy profiles for complex 5 are similar to those for

complexes 1 and 3 (Figure 2), showing five relative energy
minima. The lowest minima correspond to rotamer B at

Figure 2. Calculated energy profile for compound 1 by the ZINDO/1
method.

Table 3. Energy barriers (kcalmol�1) calculated by theoretical studies.

cisoid!gauche gauche!transoid

1 5.5 4.5
2+ 6.8 11.5
3 5.8 5.8
4 2.2 5.2
5 6.7 8.0

Figure 3. Calculated energy profile for complex 2+ by the ZINDO/1
method.
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1168 and 2448. The calculated rotation barrier between B
and C is 8.0 kcalmol�1 (Table 3).
In general, rotational energy barriers corresponding to

the ring rotation in classical organometallic sandwich com-
plexes are low (1–2 kcalmol�1).[25] Incorporation of substitu-
ents on the ring increases the value; in fact, measurements
carried out in mono- and 1,1’-disubstituted ferrocenes have
shown energy barriers between 0.9 and 5.0 kcalmol�1.[26] The
calculated energy barriers for complexes 1–5 have been
found to be between 2.2 and 11.5 kcalmol�1 (Table 3). These
values are higher than for the metallocenes, which may be
explained by the out-of-plane disposition of substituents in
the C2B3 coordinating face and the different electronegativi-
ty of their constituents, two carbon and three boron atoms,
with regard to the elementTs homogeneity in classical metal-
locenes (Figure 5).
To test the consistency of the above calculations, it has

been possible to experimentally deduce the rotational barri-
ers for complexes 2+ and 5 by dynamic NMR spectroscopy
(DNMR). Coalescence of the corresponding Ccluster�H reso-
nances is observed in the 1H NMR spectra for both com-
plexes. The Ccluster�H resonan-
ces split below the coalescence
temperature (Tc) into two equal
intensity resonances. Complex
2+ exhibits a Tc at 253�2 K, re-
sulting in a rotational barrier of
11.8�0.2 kcalmol�1. A rota-
tional barrier of 8.3�
0.2 kcalmol�1 has been ob-
tained for 5, from the Tc at
183�2 K. The calculated and
experimental data agree very
well: 11.5 versus 11.8�
0.2 kcalmol�1 for complex 2+ ,
and 8.0 versus 8.3�
0.2 kcalmol�1 for complex 5 ;
these results prove the reliabili-
ty of the ZINDO/1 method for
this purpose.

X-ray diffraction studies : Single-crystal X-ray diffraction
analyses of 1, 2-Cl·EtOH, 3 and 4 confirmed the expected
sandwich structures with the SMe2 charge-compensating
moieties connected to both B8 and B8’ atoms. The X-ray
diffraction crystallographic data for these complexes is pre-
sented in Table 4. The structures are presented in Figures 6–
9 and selected bond parameters are listed in Tables 5–7.
The air-stable paramagnetic d8 complex 1 crystallised

from acetonitrile, while complex 3 crystallised from a
CH2Cl2/hexane solvent mixture under N2 atmosphere. Both
complexes were isolated as good crystals suitable for X-ray
diffraction analysis (Figures 6 and 7, respectively). Com-
plexes 1 and 3 are isostructural assuming twofold symmetry
with the metal atoms lying at the symmetry axis. In complex
1, the Ni�C and Ni�B coordination bonds are longer than
the corresponding bonds in 3, therefore the M–C2B3 dis-
tance in 1 (1.6709(19) V) is longer than in 3 (1.5708(9) V)
(Table 5). The coordinating C2B3 belt in 3 is slightly opened
(0.065 V) relative to that of 1. Most of the remaining bond
parameters in 1 and 3 are the same within experimental
error, or differ only slightly. Mutual ring rotation angles are
very similar with values �112.28 and �112.88 for complexes
1 and 3, respectively. These are in good agreement with the
calculated value of 1158 and confirm the gauche conforma-
tion (Figure 1, B). The structure of d8 complex 1 is different
to other d8/d9 metallacarboranes (M=CuII, CuIII, AuIII, PdII,
AuII), which possess a distorted p-allyl structure.[27] The
same is assumed for the paramagnetic commo-[3,3’-Ni(1,2-

Figure 4. Calculated energy profile for compound 4 by the ZINDO/1
method.

Figure 5. Projection of [C5H5]
� and [10-SMe2-7,8-C2B9H9]

� on the plane.

Table 4. Crystallographic data and structural refinement details for compounds 1, 2-Cl·EtOH, 3, and 4.

1 2-Cl·EtOH 3 4

formula C8H32B18NiS2 C10H38B18CoClOS2 C8H32B18CoS2 C8H32B18RuS2
Mr 445.75 527.48 445.97 488.11
crystal system orthorhombic monoclinic orthorhombic orthorhombic
space group P21212 (no. 18) P21/n (no. 14) P21212 (no. 18) Pca21 (no. 29)
a [V] 10.937(4) 10.8062(2) 10.6787(2) 28.3728(3)
b [V] 13.207(3) 17.9282(4) 13.1730(3) 13.7834(2)
c [V] 8.024(2) 14.1982(4) 8.04210(10) 11.5771(2)
b [8] 90 93.8396(10) 90 90
V [V3] 1159.0(6) 2744.52(11) 1131.29(4) 4527.50(11)
Z 2 4 2 8
T [8C] 20 �100 �100 �100
l [V] 0.71073 0.71073 0.71073 0.71073
1 [g cm�3] 1.277 1.277 1.309 1.432
m [cm�1] 10.12 8.81 9.38 8.72
goodness-of-fit 1.064 1.027 1.072 1.027
R1[a] [I>2s(I)] 0.0402 0.0444 0.0292 0.0278
wR2[b] [I>2s(I)] 0.0974 0.0947 0.0672 0.0669
FlackTs parameter �0.01(3) – 0.023(17) 0.29(3)

[a] R1=� j jFo j� jFc j j /� jFo j . [b] wR2= {�[w(F2o�F2c)2]/�[w(F2o)2]}1/2.
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C2B9H11)2]
2� ion, the structure of which was indirectly deter-

mined, showing a “slipped” transoid disposition.[8b] There-
fore, 1 exhibits the first crystal structure of a NiII complex
sandwiched by two dicarbollide ligands; in addition the li-
gands adopt a gauche conformation. This conformation com-
plements others already found in bis(dicarbollide)–nickel
sandwich complexes. Previously the cisoid commo-[3,3’-
Ni(1,2-C2B9H10)2],

[7] transoid commo-[3,3’-Ni(1,2-
C2B9H10)2]

� ,[6c] or “slipped” transoid commo-[3,3’-Ni(1,2-
C2B9H10)2]

2�,[8b] were reported. However, complex 3 repre-
sents one of the few examples of structurally characterised
CoII sandwiches; until now only the d7 CoII complex [Cs2-
(dme)4][Co(1,2-C2B9H11)2], which has transoid geometry, has
been studied by X-ray analysis.[10]

The diamagnetic d6 CoIII complex 2-Cl·EtOH crystallised
from an EtOH/H2O solvent mixture as orange crystals suita-
ble for X-ray diffraction analysis (Figure 8). The structure of

2-Cl·EtOH consists of 2+ , chloride ions and ethanol mole-
cules, which fill the empty space in the lattice forming O�
H···Cl hydrogen bonds (the O···Cl distance is 3.085(3) V).
Complex 2+ is the first crystallographically characterised
cationic cobaltacarborane, which incorporates two dicarbol-
lide ligands. If the CoIII complex 2+ is compared with CoII

complex 3, we observe that the Co�C and Co�B linkages
are significantly shorter in 2+ and, consequently, the metal
atom is closer to the coordinating C2B3 belts in 2+

(1.4852(16) and 1.4823(16) V) than in complex 3. The C2B3
belt in 2+ is slightly opened (0.064 V) compared with that of
3 (see Table 6). The mutual cage configurations of upper
and lower belts in 2+ and 3 are quite different. The disposi-
tion of ligands in 3 is gauche (�112.88), but cisoid (�40.98)
in 2+ (see Figure 1, A). This disposition is also manifested in
the intramolecular S···S distances (5.7025(10) V for 3 and
3.0686(12) V for 2+). The S···S distance in complex 2+ is
0.53 V shorter than the sum of the van der Waals radii indi-

Figure 6. Drawing of compound 1 with 30% thermal displacement ellip-
soids. Superscripted a refers to equivalent position �x, �y, z.

Figure 7. Drawing of 3 with 30% thermal displacement ellipsoids. Super-
scripted a refers to equivalent position �x, �y, z.

Table 5. Selected bond lengths (V), angles (8) and torsion angles (8) for 1
and 3.[a]

1 3

M�C1 2.234(4) 2.1698(18)
M�C2 2.228(4) 2.092(2)
M�B8 2.194(5) 2.166(2)
S�B8 1.902(4) 1.908(2)
S�C13 1.785(4) 1.796(2)
S�C14 1.791(5) 1.795(2)
C1�C2 1.587(6) 1.592(3)

C1[a]-M-C1 176.1(2) 178.63(12)
C2[a]-M-C2 102.3(2) 101.89(11)
B8-M-B8[a] 141.5(2) 137.57(12)
S-B8-M 108.9(2) 112.20(12)

C13-S-B8-B4 25.8(4) 29.1(2)
C14-S-B8-B7 �79.9(4) �78.1(2)
B8-c-c[a]-B8[a] �112.2 �112.8

[a] Equivalent position �x, �y, z ; c refers to centre of pentagon
C1,C2,B4,B7,B8.

Figure 8. Drawing of complex 2+ with 30% thermal displacement ellip-
soids.
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cating a weak intramolecular interaction between the sul-
phur atoms.[28] The mutual rotation angle found in the solid
state for 2+ agrees well with the results of theoretical calcu-
lations and is close to the energy minimum angle at 458. A
cisoid conformation was also found in the analogous unsub-
stituted d6 commo-[3,3’-Co(1,2-C2B9H11)2]

� complex.[5b,29] It
is important to note that the cationic complex commo-[3,3’-
Co{4-(4’’-(C5H4N)CO2CH3)-1,2-C2B9H10}2]

+ has been previ-
ously described; however, no crystal structure was obtained
due to its instability, which was attributed to the net positive
charge.[15d]

The crystal structure of the d6 complex commo-[3,3’-Ru(8-
SMe2-1,2-C2B9H10)2] (4) corresponds to the first dicarbollide
sandwich of RuII. In the asymmetric unit, there are two
quasi-enantiomeric independent entities, 4a and 4b
(Figure 9), although there is no inversion centre or mirror
plane that relates the molecules. As can be seen from
Table 7, most of the corresponding bond parameters in the
two molecules are equal within experimental error, and
minor but significant differences are observed in some bond
and torsion angles. Values of �83.18 and 89.08 for mutual

rotation angles of the carborane ligands of 4a and 4b, re-
spectively, indicate a pseudo-gauche conformation for both
complexes (see D in Figure 1 and Figure 4). As far as we
are aware, this intermediate configuration has never been
observed in a nonbridged (thus, freely rotating) bis(dicar-
bollyl) sandwich complex,[30] for which cisoid, gauche and
transoid conformations have been previously defined and re-
ported.[24,27,29] Interestingly, the experimental value for 4b is
close to the calculated value for rotamer D. For 4a the mis-
match with D is higher, but is within the D/B region in
Figure 4.
The more stable rotamers obtained from the calculated

energy profiles match very well with the crystal structures
obtained by X-ray analysis. This suggests that only intramo-
lecular forces are relevant to determine the most stable con-
former. When two minima are in dispute, as is the case for
2+ , coulombic and ionic forces are probably responsible for
the adoption of the cisoid conformation.

Electrochemical studies : The results shown in the former
sections imply that [10-SMe2-7,8-nido-C2B9H10]

� tends to
produce complexes in which the metal is in a lower oxida-
tion-state than their analogues derived from [7,8-nido-
C2B9H12]

2�. The redox behaviour of the metal complexes of
[10-SMe2-7,8-nido-C2B9H10]

� should corroborate these ob-
servations.
Cyclic voltammetry measurements were conducted on 1,

3, 4 and 5, in acetonitrile by using [NBu4][PF6] as the sup-
porting electrolyte. The inspected range, between �2.5 and

Table 6. Selected bond lengths (V), angles (8) and torsion angles (8) for
2-Cl·EtOH.[a]

Co3�C1 2.050(3) S1�C13 1.785(3)
Co3�C2 2.053(3) S1�C14 1.795(3)
Co3�B8 2.119(4) S2�B8’ 1.916(4)
Co3�C1’ 2.050(3) S2�C15 1.794(3)
Co3�C2’ 2.049(3) S2�C16 1.786(3)
Co3�B8’ 2.118(3) C1�C2 1.612(4)
S1�B8 1.925(3)

C1’�C2’ 1.610(5) B8-Co3-B8’ 99.63(14)
C1-Co3-C1’ 132.02(12) S1-B8-Co3 115.72(18)
C2-Co3-C2’ 95.96(13) S2-B8’-Co3 115.00(18)

C13-S1-B8-B4 70.3(3) C16-S2-B8’-B7’ �35.6(3)
C14-S1-B8-B7 �32.3(3) B8-c-c’-B8’ �40.9
C15-S2-B8’-B4’ 68.9(3)

[a] c refers to centre of pentagon C1,C2,B4,B7,B8; c’ refers to centre of
C1’,C2’,B4’,B7’,B8’.

Figure 9. Drawing of 4a with 30% thermal displacement ellipsoids.

Table 7. Selected bond lengths (V), angles (8) and torsion angles (8) for
4.[a]

4a 4b

Ru3�C1 2.180(5) 2.181(5)
Ru3�C2 2.180(4) 2.171(5)
Ru3�B8 2.218(5) 2.234(5)
Ru3�C1’ 2.170(4) 2.178(4)
Ru3�C2’ 2.172(5) 2.172(4)
Ru3�B8’ 2.233(5) 2.216(5)
S1�B8 1.925(5) 1.915(5)
S1�C13 1.810(5) 1.808(5)
S1�C14 1.802(5) 1.792(4)
S2�B8’ 1.917(5) 1.920(5)
S2�C15 1.800(5) 1.798(5)
S2�C16 1.800(5) 1.799(5)
C1�C2 1.627(6) 1.611(6)
C1’�C2’ 1.641(7) 1.630(6)

C1-Ru3-C1’ 158.96(17) 96.23(19)
C2-Ru3-C2’ 95.04(18) 162.92(16)
B8-Ru3-B8’ 124.75(19) 126.91(19)
S1-B8-Ru3 116.2(3) 116.5(3)
S2-B8’-Ru3 116.4(3) 115.0(3)

C13-S1-B8-B4 109.4(4) �4.0(5)
C14-S1-B8-B7 8.8(4) �104.2(4)
C15-S2-B8’-B4’ 104.5(4) 0.3(4)
C16-S2-B8’-B7’ 3.7(5) �101.6(4)
B8-c-c’-B8’ �83.1 89.0

[a] c refers to centre of C1,C2,B4,B7,B8; c’ refers to centre of
C1’,C2’,B4’,B7’,B8’.
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+2.0 V with reference to the [Cp2Fe]
+/[Cp2Fe] couple, gave

rise to fully reversible diffusion-controlled processes. All CV
traces have shown similar DEp values as for the [Cp2Fe]

+/
[Cp2Fe] couple under the same working conditions. Hence,
each process was assumed to have one-electron stoichiome-
try, as determined indirectly by comparison of their CV
peak heights and DEp values.
The data in Table 8 shows that each electrochemical pro-

cess voltage for 1, 3, 4 and 5 is shifted by around +1 V to
more positive values when compared to the equivalent pro-

cess voltage in the parent bis(dicarbollide) analogues. This
considerable shift accounts for the air stability of the NiII

and FeII complexes, as well as the easy preparation of the
CoII complex. Moreover, the E1/2 values are anodically shift-
ed (+0.12 to +0.79 V) with regard to their metallocene an-
alogues. Consequently it follows that the [10-SMe2-7,8-nido-
C2B9H10]

� ligand is more capable of stabilizing low oxidation
states than the dicarbollide or cyclopentadienyl systems. A
comparable phenomenon has been reported for other mono-
anionic heteroborane ligands, such as [MeC3B7H9]

� and
[CB9H10PMe]

� .[31]

A complementary insight was derived from the analysis of
the linear dependence of the standard potential values (Eo

j )
with the metal ionisation potentials (IPj). The equation

[32]

Eo
j (V versus Cp2Fe)�ai+0.11IPj is valid for sandwich com-

plexes, thus applies for [M(Cp)2] and commo-[3,3’M-(1,2-
C2B9H11)2] complexes, and expectedly for complexes derived
from [10-SMe2-7,8-nido-C2B9H10]

� . In the equation, ai is a
constant that is characteristic of each ligand (�3.18 for
[C5H5]

� and �3.68 for [7,8-nido-C2B9H11]
2�) and j=

1,2,….[4,13,33] The ai constant is related to the electronic stabi-
lizing effect of the p ligand, making it useful for comparison
purposes. As expected, the Eo

j against IPj plot for 1, 3, 4 and
5 revealed that the ligand [10-SMe2-7,8-nido-C2B9H10]

� also
displays a similar linear behaviour with a slope (ai) of �2.70,

hence ai([10-SMe2-7,8-nido-C2B9H10]
�)>ai([C5H5]

�)>ai([7,8-
nido-C2B9H11]

2�).
These results confirm that this charge-compensated ligand

is more capable of stabilising lower oxidation states in
metals, such as NiII, CoII, RuII and FeII, than Dcb2� ligand
and even Cp� ligand. This has been demonstrated with the
preparation of the above complexes.

Conclusion

The first paramagnetic NiII and CoII and diamagnetic RuII

and CoIII sandwich complexes, which contain the charge-
compensated [10-SMe2-7,8-nido-C2B9H10]

� ligand, have been
successfully prepared by the direct reaction of the carborane
anion with the appropriate metal source. The electrochemi-
cal data indicate that the incorporation of the positive SMe2
group into the cluster causes a decrease of the electron-do-
nating capacity of this ligand compared to the Dcb2� and
Cp� ligands, which confirms the relatively easy stabilisation
of low-oxidation-state metal complexes. Semiempirical cal-
culations have revealed that all these sandwich complexes
are compatible with several rotamers in solution, with low
rotational barriers that do not hinder free relative move-
ment of the two ligands at room temperature. Energy rota-
tion barriers have been determined experimentally for two
complexes and are in agreement with the calculations. In ad-
dition, X-ray diffraction studies for complexes 1–4 are coin-
cident with ZINDO/1 calculations concerning the most
stable conformer: only one rotamer is found in the solid
state for 1–3 and two for the RuII complex 4. All neutral
complexes have revealed the unusual gauche or pseudo-
gauche conformation in the solid state, probably due to
steric and electronic factors. In contrast, the cationic com-
plex 2+ shows a cisoid conformation despite the presence of
the two sulfonium groups; this seems to arise from interac-
tions between both SMe2 groups.

Experimental Section

General considerations : We performed elemental analyses using a Carlo
Erba EA1108 microanalyser. IR spectra were recorded with KBr pellets
on a Shimadzu FTIR-8300 spectrophotometer. UV-visible spectroscopy
was carried out with a Cary 5E spectrophotometer using 0.1 cm cuvettes.
The concentration of the complexes was 1Z10�3 molL�1. 1H and
1H{11B} NMR (300.13 MHz), 13C{1H} NMR (75.47 MHz), 11B and
11B{1H} NMR (96.29 MHz) spectra were recorded at room temperature
on a Bruker ARX 300 instrument equipped with the appropriate decou-
pling accessories. All NMR measurements were performed in [D6]ace-
tone at 22 8C. Chemical shift data for 1H, 1H{11B} and 13C{1H} NMR spec-
tra are referenced to SiMe4, those for

11B{1H} and 11B NMR spectra are
referenced to external BF3·OEt2. Chemical shifts are reported in ppm,
followed by a description of the multiplet (for example, d=doublet), its
relative intensity, and observed coupling-constants (in Hz).

Unless otherwise noted, all manipulations were carried out under a dini-
trogen atmosphere by using standard vacuum-line techniques. Solvents
were purified by distillation from appropriate drying agents before use.
Deuterated solvents for NMR (Fluorochem) were freeze-pump-thawed
three times under N2 and were transferred to the NMR tube using stan-

Table 8. Data obtained from cyclic studies in acetonitrile. The [FeCp2]
+/

[FeCp2] couple was taken as the zero reference.

E1/2 [V]
MIV/MIII MIII/MII MII/MI Ref.
(IP4) (IP3) (IP2)

[3,3-Ni(C2B9H11)2] �0.17 �1.01 �2.52 [4,37]
[NiCp2] 0.39[b] �0.41 �2.27 [38]
[3,3-Ni(8-SMe2-C2B9H10)2] (1) 0.87 �0.04 �1.48 this work

[3,3-Co(C2B9H11)2]
� 1.16 �1.83 �2.71 [4,39]

[CoCp2] 2.73[a] �1.32[b] �2.33[b] [38]
[3,3-Co(8-SMe2-C2B9H10)2] (3) �0.77 �1.65 this work

[RuCp2] 0.46[c] [33]
[3,3-Ru(8-SMe2-C2B9H10)2] (4) 0.62 this work

[3,3’-Fe(C2B9H11)2]
2� �0.84 [4,37]

[FeCp2] 0
[3,3-Fe(8-SMe2-C2B9H10)2] (5) 0.12 this work

[a] In liquid SO2. [b] In THF. [c] 0.1m [NBu4][B(C6F5)4] as supporting
electrolyte in THF.
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dard vacuum-line techniques. The carborane 10-SMe2-7,8-nido-C2B9H10

was prepared following the literature procedure[34] and [RuCl2(dmso)4]
was prepared according to the literature.[35] All other chemicals were pur-
chased from Fluka or Aldrich, and were used as-received.

Synthesis of commo-[3,3’-Ni(8-SMe2-1,2-C2B9H10)2] (1): A solution of
NiCl2·6H2O (162 mg, 0.682 mmol) in EtOH (2 mL) was added dropwise
to a Schlenk flask charged with a solution of 10-SMe2-7,8-nido-C2B9H11

(26.6 mg, 0.137 mmol) and K[tBuO] (24 mg, 0.204 mmol) in EtOH
(4 mL). The yellow suspension was stirred for 5 min, concentrated in
vacuo to 1 mL, and cooled to 0 8C. The resultant yellow solid was isolat-
ed by filtration, washed with cold EtOH (2Z2 mL), and dried in vacuo to
afford 20 mg (66%) of complex 1. Yellow crystals suitable for an X-ray
diffraction study were grown by slow evaporation of a solution of 1 in
acetonitrile at room temperature. 1H{11B} NMR: d=84.3, 24.4, 6.9,
�134.4, �156.7, �170.0 ppm; 11B{1H} NMR: d=139.2, 72.6, 71.5, �26.2,
�116.3 ppm; IR: ñ=2560, 2537, 2528 cm�1 (B–H); elemental analysis
calcd (%) for C8H32B18NiS2: C 21.6, H 7.2, S 14.4; found: C 21.7, H 7.3, S
13.6.

Synthesis of commo-[3,3’-Co(8-SMe2-1,2-C2B9H10)2]Cl ([2]-Cl): A solu-
tion of CoCl2 (57.0 mg, 0.439 mmol) in MeOH (4 mL) was added drop-
wise to a solution of 10-SMe2-7,8-nido-C2B9H11 (51.4 mg, 0.265 mmol)
and K[tBuO] (54.4 mg, 0.460 mmol) in MeOH (6 mL). Immediately, a
dark yellow solution was observed, from which a yellow solid precipitat-
ed. The precipitateTs colour changed to green on addition of water
(6.5 mL). The mixture was filtered and washed with MeOH/H2O (60:40,
15 mL). The remaining greenish solid was treated with a mixture of a
NaCl solution (5 mL, 3m), HCl (6 mL, 2.4m), and ethyl acetate (5 mL) to
afford a yellow solid and a red solution. The solid was completely dis-
solved in ethyl acetate (10 mL) and was transferred to a separating
funnel together with the red solution. After shaking and allowing the
layers to separate, the aqueous red layer was discarded and the organic
phase was smoothly heated under moderately reduced pressure for
5 min, causing the precipitation of an orange solid. This was collected
and dissolved in MeOH/H2O (60:40, 10 mL). Orange crystals of 2-Cl suit-
able for an X-ray diffraction study were grown by slow evaporation of
this solution at room temperature. 1H{11B} NMR: d=4.9 (br s, 4H; Cc-H),
2.84 ppm (s, 12H; S-CH3);

11B{1H} NMR: d=9.7 (2B), 4.3 (2B), �5.4
(8B), �13.8 (4B), �19.8 ppm (2B); 11B NMR: d=9.7 (2B), 4.3 (d, J-
(H,B)=135 Hz; 2B), �5.4 (8B), �13.8 (d, J(H,B)=157 Hz; 4B),
�19.8 ppm (2B).

Synthesis of commo-[3,3’-Co(8-SMe2-1,2-C2B9H10)2][3,3’-Co(1,2-
C2B9H11)2], (2-[3,3’-Co(1,2-C2B9H11)2]): A solution of [Cs{3,3’-Co(1,2-
C2B9H11)2}] (90.0 mg, 0.197 mmol) in MeOH/H2O (60:40, 10 mL) was
added to the solution containing complex 2-Cl in MeOH/H2O (60:40,
10 mL), prepared as described above starting from 10-SMe2-7,8-nido-
C2B9H11 (51.4 mg, 0.265 mmol). The resultant orange solid was filtered
and washed with MeOH/H2O (60:40, 10 mL) to afford 66 mg of 2-[3,3’-
Co(1,2-C2B9H11)2] (yield 65%).

1H{11B} NMR: d=4.96 (br s, 4H; Cc-H),
3.96 (br s, 4H; Cc-H), 2.84 ppm (s, 12H; S-CH3);

11B{11H} NMR: d=9.6
(2B), 7.1 (2B), 4.3 (2B), 1.9 (2B), �5.4 (16B), �13.7 (4B), �16.7 (4B),
�19.7 (2B), �22.2 ppm (2B); 11B NMR: d=9.6 (s, 2B), 7.1 (d, J(H,B)=
141 Hz; 2B), 4.3 (d, J(H,B)=142 Hz; 2B), 1.9 (d, J(H,B)=136 Hz; 2B),
�5.4 (16B), �13.7 (d, J(H,B)=167 Hz; 4B), �16.7 (d, J(H,B)=157 Hz;
4B), �19.7 (2B), �22.2 ppm (d, J(H,B)=173 Hz; 2B); IR: ñ=2589,
2557, 2535, 2501 cm�1 (B–H); elemental analysis calcd (%) for
C12H54B36Co2S2: C 18.7, H 7.0, S 8.3; found: C 19.0, H 6.97, S 7.2.

Synthesis of commo-[3,3’-Co(8-SMe2-1,2-C2B9H10)2] (3): The synthesis
procedure was the same as for 2-Cl, but using CoCl2 (418 mg, 3.22 mmol)
in MeOH (8 mL), and 10-SMe2-7,8-nido-C2B9H11 (125 mg, 0.644 mmol)
and K[tBuO] (152 mg, 1.287 mmol) in MeOH (10 mL). The workup was
followed up to get a solution of commo-[3,3’-Co(8-SMe2-1,2-C2B9H10)2]Cl
in MeOH/H2O (60:40; 100 mL). Activated metallic Zn (211 mg,
3.23 mmol) was added to the solution and the mixture was stirred over-
night and the colour of the solution faded. The solid was filtered, partial-
ly dissolved in CH2Cl2 and treated with an excess of hexane. The result-
ing greyish solid was collected by filtration, under N2, to afford 86 mg of
complex 3 (60%). Crystals of complex 3 suitable for X-ray diffraction
analysis were grown from a solution of 3 in CH2Cl2/hexane (1:1), under

an N2 atmosphere.
1H{11B} NMR: d=26.6, 3.43, 2.87, 2.10, 7.50, 7.80,

�37.55, �44.76, �59.43 ppm; 11B{1H} NMR: d=62.8 (4B), 51.2 (2B),
11.8 (2B), �30.6 (4B), �34.4 ppm (6B); 11B NMR: d=62.8 (4B), 51.2
(2B), 11.8 (d, J(H,B)=138 Hz; 2B), �30.6 (d, J(H,B)=143 Hz; 4B),
�34.4 ppm (d, J(H,B)=129 Hz; 6B); IR: ñ=2621, 2578, 2548, 2518 cm�1

(B–H); elemental analysis calcd (%) for C8H32B18CoS2: C 21.6, H 7.2, S
14.4; found: C 21.7, H 7.3, S 13.6.

Synthesis of commo-[3,3’-Ru(8-SMe2-1,2-C2B9H10)2] (4): [RuCl2(dmso)4]
(60 mg, 0.129 mmol) was added to a solution of 10-SMe2-7,8-nido-
C2B9H10 (25 mg, 0.129 mmol) and K[tBuO] (16 mg, 0.135 mmol) in EtOH
(5 mL). The mixture was refluxed overnight to give a brown solid. The
solid was filtered and dissolved in acetone. The resultant yellow solution
was concentrated in volume and treated with an excess of hexane. The
resulting yellow solid was collected by filtration to yield 22 mg of com-
plex 4 (70%). Crystals suitable for an X-ray diffraction study were grown
from a solution of 4 in acetone/CHCl3 2:1.

1H{11B} NMR: d=3.59 (br s,
4H; Cc-H), 2.47 ppm (s, 12H; SCH3);

11B{1H} NMR: d=1.9 (1B), �5.4
(1B), �9.5 (2B), �15.0 (2B), �22.7 (2B), �24.7 ppm (1B); 11B NMR:
d= 1.9 (s, 1B), �5.4 (d, J(H,B)=141 Hz; 1B), �9.5 (d, J(H,B)=145 Hz;
2B), �15.0 (d, J(H,B)=135 Hz; 2B), �22.7 (d, J(H,B)=159 Hz; 2B),
�24.7 ppm (d, J(H,B)=189 Hz; 1B); IR: ñ=2611, 2559, 2522, 2491 cm�1

(B–H); elemental analysis calcd (%) for C8H32B18RuS2: C 19.6, H 6.6, S
13.1; found: C 19.7, H 6.7, S 13.1.

Synthesis of commo-[3,3’-Fe(8-SMe2-1,2-C2B9H10)2] (5): [FeCl2(dppe)]
(80 mg, 0.152 mmol) was added to a solution of 10-SMe2-7,8-nido-
C2B9H10 (48.7 mg, 0.251 mmol) and BuLi (0.15 mL, 0.270 mmol) in THF
(2 mL) to give a violet solution. After refluxing for 30 min, the solvent
was evaporated and EtOH (5 mL) was added. The resultant violet pre-
cipitate was filtered and was washed with EtOH (5 mL). The solid was
dried in vacuo to yield 35 mg of compound 5 (63%).

Calculation details : All calculations were performed using the Hyper-
chem 5.0 package (Version 5.0, Hyperchem Inc.) installed on a PC-Penti-
um III 700 MHz personal computer. Calculations were performed on an
idealised model in which the SMe2 group was approximated by SH2

(S�H 1.42 V). The distances were set up as B�B=1.78 V, B�C=1.70 V,
C�C=1.60 V and B�H=C�H=1.12 V. After introduction of a metal,
the C2B3 coordinating faces were situated in a parallel and centred dispo-
sition. The metal is equidistant from the two carbon atoms and the B8
atom. The difference in ring separation between ferracarborane commo-
[3,3’Fe(8-SMe2-1,2-C2B9H10)2] (2.089 V) and the [Fe(Cp)2] (2.064 V) was
assumed to arise exclusively from the ligand exchange. The above sub-
traction (0.025 V) was added to the corresponding distances for each
metallocene. From the starting position, rotations of 18 were performed
(from a=08 to a=3608). At each point, a single-point calculation was
performed using the ZINDO/1 semiempirical method. Before the
ZINDO/1 calculations, the sulfonium group was allowed to relax by
means of molecular mechanics geometry optimisation. All energy values
correspond to free enthalpy referred to the lowest energy rotamer.

Electrochemical procedure : Cyclic voltammograms were recorded on a
EG & G PAR273 A potentiostat–galvanostat. Electrochemical measure-
ments were performed in a standard double-compartment three-elec-
trode cell. A 4 mm2 platinum plate and a platinum wire were used as
working and counter electrodes, respectively. For standard cyclic voltam-
metric measurements, a silver wire was utilised as a quasi-reference elec-
trode, and potentials were calibrated against the ferrocene from which
the E8([FeCp2]/[FeCp2]

+)=0.424 V versus the SCE. All measurements
were performed on a 1mm solution of complex in acetonitrile with tetra-
butylammonium hexafluorophosphate (0.2m) as supporting electrolyte.
Cyclic voltammograms were recorded with a scan-rate of 50 mVs�1.
E1/2=half potential, calculated as the average value between oxidation-
and reduction-wave potentials.

X-ray crystallography : Single-crystal data collection for complex 1 was
carried out on a CAD4 diffractometer at 20 8C, while data collection for
2-Cl·EtOH, 3 and 4 was performed at �100 8C on an Enraf Nonius
Kappa CCD diffractometer using graphite-monochromatised MoKa radia-
tion. A total of 1555, 4832, 2490, and 5931 unique reflections were col-
lected for 1, 2-Cl·EtOH, 3 and 4, respectively.
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The structures were solved by direct methods and refined on F2 by the
SHELXL97 program.[36] Non-hydrogen atoms were refined with aniso-
tropic thermal displacement parameters, but hydrogen atoms were treat-
ed as riding atoms using the SHELX97 default parameters. Complexes 1,
3 and 4 crystallise in non-centrosymmetric space groups and absolute
configurations were determined by refinement of FlackTs c parameter.

CCDC-234459 (1), CCDC-234460 (2-Cl·EtOH), CCDC-234461 (3) and
CCDC-234462 (4) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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