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Abstract

Mixed l-phosphido or l-thiolato l-halo-dimolybdenum(III) compounds [Mo2Cp2(l-SMe)2(l-X)(l-Y)] (X = PPh2, Y = Cl (1);
X = SCH3, Y = Br (3), I(4)) have been studied. Syntheses and X-ray structures of the new bromo and iodo analogues of [Mo2Cp2(l-
SMe)3(l-Cl)] (2) are reported. While preparing 3 a side-product 5 was obtained and structurally characterised as the Mo5 system
[{Mo2Cp2Br(l-O)(l-SMe)2}2(l-MoO4)], containing a {MoIV–MoIV–O–(MoVIO2)–O–MoIV–MoIV} unit. The influence of the bridging
groups on the structures and electrochemical behaviour of the complexes [Mo2Cp2(l-SMe)2(l-X)(l-Y)] 1–4 has been investigated. In
MeCN–[NBu4][PF6] the first oxidation of [Mo2Cp2(l-SMe)2(l-PPh2)(l-Cl)] (1) is quasi-reversible, contrasting with the essentially irre-
versible first oxidation of the thiolate analogue [Mo2Cp2(l-SMe)3(l-Cl)] (2) under similar conditions. The effects of lowering the temper-
ature or increasing the scan rate on the oxidation of 1 were examined: the initial quasi-reversible oxidation at first became irreversible but
at still higher scan rates or lower temperatures the oxidation was again quasi-reversible. This suggests that the oxidation of 1 in MeCN
is followed by reversible coordination of acetonitrile to afford the species [Mo2Cp2(l-SMe)2(l-PPh2)(Cl)(MeCN)]+ (7+). Cyclic
voltammetry of [Mo2Cp2(l-SMe)3(l-Y)](Y = Br (3) or I (4)) showed two quasi-reversible diffusion-controlled oxidation steps in
CH2Cl2–[NBu4][PF6] or thf–[NBu4][PF6]. In acetonitrile, the fast loss of the halide ligands results in the formation of [Mo2Cp2(l-
SMe)3-(MeCN)2]

+ species.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

If the potential of dinuclear organometallic systems as
catalysts for molecular activation is ever to be fully devel-
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oped, it is essential to understand and predict how different
ligands control the activity of these systems [1]. For exam-
ple, choosing a ligand with different electronic or steric
properties may induce discrimination between substrates
and alter the activity and selectivity of substrate-binding
sites. Finding the parameters which favour coordination
and activation of a given substrate is a difficult task
because reactions often depend on a delicate balance
between the electronic and steric properties of the metallic
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framework and the substrate. These considerations led us
previously to study (a) the influence of C5R5 rings
(R = H, Me) on the electrochemistry and reactivity of
{Mo2-(C5R5)2(l-SR)2} systems [2] and (b) the effect of ter-
minal L ligands (RNC, CO, RCN) on nucleophilic and
electrophilic additions to complex cations of general type
[Mo2Cp2(l-SMe)3L2]

+ [3]. Subsequently, the formation of
the l-phosphido compound [Mo2Cp2(l-SMe)2(l-PPh2)(l-
Cl)] (1) when [Mo2Cp2(l-SMe)3(l-Cl)] (2) is treated with
HPPh2 [4] allowed us to investigate the effect of varying a
single l-X bridging group in bis-cyclopentadienyl deriva-
tives [Mo2Cp2(l-SMe)2(l-X)(l-Cl)] (X = PPh2, SCH3).
We concluded that the activity of these complexes depends
essentially on the lability of the l-chloro group [5]. In this
context we have shown by single-crystal X-ray analysis of 1
that the PPh2 group is trans to chloride; this implies that
the conversion of 2 to 1 exclusively involves replacement
of the thiolate bridge trans to l-Cl [6]. In addition, investi-
gation of the reactions of 1 and 2 with borohydride
revealed that the different activity of the two compounds
could be rationalised in term of the differing trans-effect
of l-PPh2 and l-SMe groups (Scheme 1) [6].

We now attempt to confirm these conclusions by show-
ing from the electrochemical behaviour of [Mo2Cp2(l-
SMe)2(l-PPh2)(l-Cl)] (1) that the lability of the l-chloro
bridge depends on the nature of the trans bridging group.
To extend the scope of this work we have synthesised
[Mo2Cp2(l-SMe)3(l-X)] (X = Br (3), I (4)), the bromo
and iodo analogues of 2, in order to compare their electro-
chemical behaviour and structural characteristics with
those of 1 and 2. The X-ray structure of a novel Mo5 sys-
tem [{Mo2Cp2Br(l-O)(l-SMe)2}2(l-MoO4)] (5), formed as
a by-product in the synthesis of 3, is also reported.

2. Results and discussion

2.1. Syntheses of [Mo2Cp2(l-SMe)3(l-Y)] (Y = Br (3), I
(4))

Red solutions of [Mo2Cp2(l-SMe)3(MeCN)2]BF4 (6) [5]
in dichloromethane were treated with 1.2 equivalents of
NaBH4

(thf)- NaCl
Mo Mo

S

Cl

X

S
CpCp

Me

Me

Scheme
[Bu4N]Br or [Bu4N]I at room temperature in the presence
of zinc dust to give green solutions of complexes 3 or 4

(Scheme 2). 1H NMR spectra in CDCl3 showed that 3

and 4 were each formed as a mixture of two isomers (3a/
3b ratio: 70/30; 4a/4b ratio: 85/15) which displayed the sets
of resonances typical of a symmetrical {Mo2Cp2(l-SMe)3}
core. The observed isomerism, which is common in
tris(thiolato)-bridged complexes [1], probably arises from
different orientations (syn/anti) of the S-methyl groups.
Addition of 1 equivalent of HBF4–Et2O to solutions of 3
or 4 in CH2Cl2 resulted in one-electron oxidation of these
complexes. The purple, paramagnetic derivatives [Mo2-
Cp2(l-SMe)3(l-Y)]BF4 (Y = Br (3+), I (4+)) were isolated
by precipitation with diethylether and characterised by
elemental analysis.

2.2. The crystal structures of [Mo2Cp2(l-SMe)3(l-Y)]
(Y = Br (3), I (4))

Single crystals of 3 and 4 were obtained from Et2O solu-
tion. The resulting molecular structures are compared with
those of 1 and 2 [6] in Table 1. In the asymmetric unit of 3
there are three independent but structurally equivalent
molecules (A, B and C). Since the bridging groups of B
and C are disordered our discussion will focus on the
ordered molecule A which is shown in Fig. 1. The structure
of 4 involves two independent, structurally equivalent mol-
ecules, A and B, both of which are disordered. The major
sites of each (occupancies 80% and 94%) display essentially
identical bond lengths and angles (Table 1). Molecule A is
shown in Fig. 2.

The molecules 1–4 belong to a well-established group in
which the Mo–Mo bond of a linear Cp–MoIII–MoIII–Cp
moiety is supported by four bridging ligands. As is usual
in this group of compounds, the bridges in 1–4 are all
nearly symmetrical. In 3 (and also in 1 and 2 [6]) the
SMe groups cis to the l-Y bridge are syn, with the methyl
groups adjacent to Y; in 4 the alternative anti arrangement
of these methyl groups is found. The Mo–Mo bond
lengths in Table 1 are nearly constant and evidently are
insensitive to the nature of the bridging groups. Mo–Br
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Scheme 2.

Table 1
Selected bond lengths (Å) and angles (�) for the [Mo2Cp2(l-SMe)2(l-X)(l-Y)] complexes 1 (X = PPh2) [6], 2 (X = SMe) [6], 3 (X= SMe) and 4 (X = SMe)a

1 (Y = Cl; E = P) 2 (Y = Cl; E = S3) 3 (Y = Br; E = S3)b 4 (Y = I; E = S3)c

A B

Mo1–Mo2 2.627(1) 2.601(1) 2.609(1) 2.629(1) 2.629(1)
Mo1–Y1 2.548(3) 2.481(3) 2.644(1) 2.829(1) 2.829(1)
Mo2–Y1 2.524(3) 2.486(3) 2.632(1) 2.827(1) 2.831(1)
Mo1–Sa 2.454(3) 2.452(3) 2.504(2) 2.437(2) 2.465(2)
Mo2–Sa 2.475(3) 2.458(3) 2.487(2) 2.450(2) 2.461(2)
Mo1–Sb 2.454(3) 2.465(3) 2.444(2) 2.476(2) 2.464(2)
Mo2–Sb 2.471(3) 2.476(3) 2.448(2) 2.506(2) 2.476(2)
Mo1–E 2.398(3) 2.449(3) 2.447(3) 2.442(2) 2.429(2)
Mo2–E 2.394(3) 2.455(3) 2.446(2) 2.433(2) 2.441(2)

Mo1–Y1–Mo2 62.4(1) 63.2(1) 59.3(1) 55.4(1) 55.4(1)
Mo1–Sa–Mo2 64.4(1) 64.0(1) 63.0(1) 65.1(1) 64.5(1)
Mo1–Sb–Mo2 64.5(1) 63.5(1) 64.5(1) 63.7(1) 64.3(1)
Mo1–E–Mo2 66.5(1) 64.1(1) 64.5(1) 65.3(1) 65.4(1)

a Relative to Mo1 or Mo2 Sa and Sb are mutually trans as are Y and E.
b Values are exclusively for the ordered molecule A.
c Sites A and B have respective occupancies of 0.799(1) and 0.944(1).
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and Mo–I lengths in 3 and 4 compare well with those
found in other dimolybdenum(III) compounds [7a,7b,7c,
7d]. The mean Mo–Y distances in 2–4 of 2.48, 2.64 and
2.83 Å for Y = Cl, Br and I follow nearly exactly the trend
of the respective Pauling covalent radii – 0.99, 1.14 and
1.33 Å [7e]. In 2–4 there is no evidence that changing Y
influences the trans Mo–S bond length; however, the mean
Mo–S (trans to Y) distance of 2.443(3) Å is marginally less
than the mean Mo–S (trans to S) distance of 2.467(5) but
this conclusion must be regarded as tentative in view of
the variability of Mo–S distances in these systems. In con-
trast, the trans lengthening effect of PPh2 compared with
SMe on Mo–Cl bonds is clearly evident when the mean
Mo–Cl distance in 1 (2.53 Å) is compared with that in 2

(2.48 Å).
2.3. X-ray structure of [{Mo2Cp2Br(l-O)(l-SMe)2}2(l-
MoO4)] (5)

During attempts to get single crystals of 3 CH2Cl2–Et2O
solutions afforded, after about one month, two types of
crystal which had the same colour but different habits. Nee-
dle-shaped crystals were found to consist of the l-bromo
compound (3). X-ray analysis of a plate-shaped crystal
revealed the unexpected structure of a mixed-valence
Mo(IV)–Mo(VI) species 5 (Fig. 3). The molecular structure
of 5 has exact C2 symmetry and consists of two identical
{Mo2Cp2Br(l-SMe)2(l-O)} units linked by a fMoO2�

4 g
group (Chart 1).

The close analogy between the structural characteris-
tics of the triply-bridged {Mo2Cp2Br(l-SMe)2(l-O)} core
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Table 2
Comparison of selected bond lengths (Å) and angles (�) for 5 with those in
½Mo2Br2Cp

�
2ðl-SMeÞðl-BrÞðl-OÞ� (A) [8] and in the {MoII–O–MoVIO2–

O–MoII} containing system (B) [{Mo(g3-C3H4Me)(Phen)(CO)2}2(l-
MoO4)] [10b]

5 A B

Mo1–Mo2 2.728(1) 2.755(1)
Mo1–Br1 2.574(1) 2.559(2)

2.552(2)
Mo1–S1 2.457(1) 2.457(3)
Mo1–S2 2.432(1)
Mo2–S1 2.479(1) 2.474(3)
Mo2–S2 2.443(1)
Mo1–O1 1.944(2) 1.914(7)
Mo2–O1 1.927(2) 1.907(6)
Mo3–O3 1.723(2) 1.731(3), 1.739(3)
Mo3–O2 1.810(2) 1.795(3), 1.797(3)
Mo2–O2 1.994(2) 2.107(3), 2.070(4)

Mo1–O1–Mo2 89.6(1) 92.3(3)
Mo1–S1–Mo2 67.1(1) 68.0(1)
Mo1–S2–Mo2 68.1(1)
Mo3–O2–Mo2 166.1(1) 156.8(2), 156.8 (2)
Br1–Mo1–Mo2 96.3(1) 100.7(1)

99.8 (1)

C. Le Roy et al. / Journal of Organometallic Chemistry 691 (2006) 898–906 901
of 5 and that of ½Mo2Cp
�
2Br2ðl-SMeÞðl-BrÞðl-OÞ�

ðCp� ¼ C5Me5Þ [8] is evident from Table 2. Each metal
centre in these complexes attains a four-legged piano
stool coordination. A terminal ligand forms one of the
legs and the remaining three are supplied by ligands
which symmetrically bridge a rather long Mo–Mo bond
(cf. 2.728(1) Å in 5 with 2.60–2.63 in 1–4). Though nor-
mal electron counting rules require the presence of a
Mo–Mo double bond in 5, it is known [8,9] that a single
frontier orbital is mainly responsible for the Mo–Mo
bonding in such complexes. Because of this the presence
of long Mo–Mo bonds in 5 and ½Mo2Cp

�
2Br2-
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ðl-SMeÞðl-BrÞðl-OÞ� is not surprising – see [8,9] for fur-
ther discussion of this point. Metal–ligand distances in 5

are unexceptional.
The distinctive structural feature of the molecule is the

{MoIV–O–MoVIO2–O–MoIV} unit. There are relatively
few reports of complexes in which an MoO2�

4 unit is the
only bridge between two molybdenum fragments [10].
The bridging MoO2�

4 group in 5 has regular tetrahedral
coordination at Mo3, with O–Mo3–O angles of 107.9(2)–
111.9(1)�. The Mo3–O bonds to bridging O are longer than
the terminal Mo–O bonds (cf. 1.810(2) and 1.723(2) Å). As
can be seen from Table 2 these results agree with those for
[{Mo(g3-C3H4Me)(Phen)(CO)2}2(l-MoO4)] [10b]. Similar
distances are found in related compounds [10] but the
Mo3–O2–Mo2 angle of 166.1(1)� in 5 seems unusually
large (see Table 2).

Yields of 5 cannot be determined, its formation from 3

is surprising since it requires the cleavage of several
metal–ligand bonds (Mo–Cp, Mo–SMe, Mo–Br) in the
presence of water or dioxygen and recombination of the
resulting bimetallic and monometallic fragments. The
mechanism of the reaction is not known and it has not
yet been possible to specify the experimental conditions
required for the reproducible conversion of 3 into 5.
For this reason further analytical and spectroscopic data
for 5 are not available. A recent discussion of the factors
which favour formation of oxo-stabilised complexes of
molybdenum in high oxidation states [11] has emphasised
the wide variety of polynuclear cyclopentadienyl oxo-
molybdenum species which may exist. The similarities
we have noted between 5 and ½Mo2Cp

�
2Br2ðl-SMeÞ-

ðl-BrÞðl-OÞ� ðCp� ¼ C5Me5Þ [8] suggest that reaction of
the latter with MoO2�

4 might lead to species analogous
to 5. This and similar reactions appear worth further
investigation.
Table 3
Redox potentials of the complexes measured by cyclic voltammetry (vitreous

Complex Solvent

[Mo2Cp2(l-SMe)2(l-PPh2)(l-Cl)] (1) thf
CH2Cl2
MeCN (RT)
MeCN (�45 �C

[Mo2Cp2(l-SMe)2(l-PPh2)(MeCN)2]
+ (60) MeCN

[Mo2Cp2(l-SMe)2(l-PPh2)(Cl)(MeCN)]+ (7+) MeCN

[Mo2Cp2(l-SMe)3(l-Cl)] (2) MeCN (�45 �C

[Mo2Cp2(l-SMe)3(l-Br)] (3) thf
CH2Cl2
MeCN (0 �C)

[Mo2Cp2(l-SMe)3(l-I)] (4) thf
CH2Cl2
MeCN (0 �C)

a Potentials are in volts relative to the Fc+/Fc couple; irr: irreversible.
b CE process.
2.4. Electrochemical studies

2.4.1. Electrochemical behaviour of [Mo2Cp2(l-SMe)2-

(l-PPh2)(l-Cl)] (1)
The cyclic voltammetry (CV) of [Mo2Cp2(l-SMe)2(l-

PPh2)(l-Cl)] (1) in CH2Cl2–[NBu4][PF6] showed that the
complex underwent two oxidation processes. From the
usual diagnostic criteria (ip/v

1/2 = f(v), icp=i
a
p close to 1 for

0.02 V s�1
6 v 6 1 V s�1) [12,13] both oxidations are

assigned as quasi-reversible (DEp > 60 mV), diffusion-con-
trolled one-electron steps with Eox1

1=2 ¼ �0:29 V and
Eox2
1=2 ¼ 0:47 V (Table 3). 1 also underwent two oxidation

steps (as well as an irreversible reduction) in thf–
[NBu4][PF6], but only the first one is reversible with
Eox1
1=2 ¼ �0:29 V. Controlled-potential electrolysis of 1 at

0 V (Pt anode, CH2Cl2–[NBu4][PF6] and thf–[NBu4][PF6])
produced 1+ quantitatively [14] after the transfer of ca
0.9 F mol�1 1.

In MeCN–[NBu4][PF6], the first oxidation of 1 appeared
as a quasi-reversible system with Eox

1=2 ¼ �0:34 V (Table 3,
Fig. 4(a)), which contrasts with the essentially irreversible
first oxidation of 2 under similar conditions (v 6 0.4 V s�1,
[5]; see Fig. 6(a) in supplementary material). However, a
small irreversible reduction peak was also observed around
�0.6 V for 1. In addition, it should be noted that another
species was detected by its reversible oxidation at Eox

1=2 ¼
�0:11 V and that it has been formulated as [Mo2Cp2(l-
SMe)2(l-PPh2)(MeCN)2]

+ (6 0). Its formation may arise
from a slow chloride loss from [Mo2Cp2(l-SMe)2-
(l-PPh2)(l-Cl)] (1), like the similar loss shown by the
tris(l-thiolato) series [5]. This product could not be isolated
because of the lability of the MeCN ligands but its formu-
lation is supported by the observation that its reversible
oxidation replaced the redox processes of 1 when K[PF6]
or HBF4 was added to the solution.
carbon electrode, v = 0.2 V s�1)a

Ered
p Eox1

1=2 Eox2
1=2

�0.29 0.46 (irr)
�0.29 0.47
�0.34b

) �0.30

�0.11

�0.6

) �0.44 0.32

�0.38 0.31
�0.42 0.42
�0.42 0.33

�0.45 0.26
�0.44 0.42
�0.40 0.32



Fig. 4. Cyclic voltammetry of [Mo2Cp2(l-SMe)2(l-PPh2)(l-Cl)] (1) (ca.
1 mM) at (a) 15 �C, (b) �11 �C, and (c) �45 �C (MeCN–[NBu4][PF6],
vitreous carbon electrode, scan rate v = 0.2 V s�1).
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The CV of 1 was examined at different scan rates and
different temperatures in MeCN in order to determine the
reason for the differing behaviour of 1 and 2. Whereas
the oxidation of 1 was quasi-reversible for 0.02 V s�1

6 v 6

0.2 V s�1 (room temperature), it became markedly irrevers-
ible for scan rates in the range 3–5 V s�1. Under these con-
- 1e

+ 1e

7, 8

C
Me

CpCp Mo Mo
S

X

ClN

S

Me

Me

+ 1

- MeCN

(step
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(ste

Mo Mo
S
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2 (X = SMe)

Scheme
ditions the major product detected on the return scan was
characterised by an irreversible reduction around �0.6 V.
Increasing the scan rate up to 20–30 V s�1 led to further
modifications of the CV: the oxidation became quasi-
reversible again (Eox1

1=2 ¼ �0:29 V, Table 3). The large
peak-to-peak separation measured under these conditions
(DEp = 151 mV for v = 30 V s�1 while DEp = 70 mV for
v = 0.02 V s�1) can be assigned, at least partly, to uncom-
pensated solution resistance.

Similar effects on the reversibility of the oxidation of 1
were obtained by lowering the temperature. For a common
scan rate of 0.2 V s�1, the oxidation which is quasi-revers-
ible at room temperature (Fig. 4(a)) became irreversible
around �10 �C (Fig. 4(b)). At still lower temperature
(�45 �C), a quasi-reversible couple was again observed
(Fig. 4(c)).

Taken together, these observations demonstrate that the
electrochemical oxidation of 1 in MeCN is followed by a
reversible chemical reaction. By analogy with the processes
reported for [Mo2Cp2(l-SMe)3(l-Cl)] [5], this was assigned
to the coordination of a solvent molecule to 1+ affording
[Mo2Cp2(l-SMe)2(l-PPh2)(Cl)(MeCN)]+ (7+) (Scheme 3)
which is detected by its irreversible reduction around
�0.6 V.We suggest that the follow-up chemical step is made
irreversible by increasing the scan rate to 3–5 V s�1 or
decreasing the temperature to ca �10 �C through suppres-
sion of the backward reaction (solvent loss, step c in Scheme
3). The forward reaction (solvent binding: step b in Scheme
3) is substantially but not completely suppressed at higher
scan rates (v > 20 V s�1 at room temperature) or lower tem-
peratures (T = �45 �C for v = 0.2 V s�1) (Fig. 4(c)). Under
these conditions the major electrochemical process detected
- MeCN + MeCN

7+, 8+

C
Me

+

CpCp Mo Mo
S

X

ClN

S

Me

Me

e

 a)

(step c)

p d)
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by CV corresponds to the reversible one-electron oxidation
of 1 (Fig. 4(c); Scheme 3, step a). The reduction of 7+

remains completely irreversible under any conditions of
scan rate or temperature used in this study, showing that
loss of MeCN (step e) from 7 (undetected) cannot be
suppressed.

Controlled-potential oxidation of 1 in MeCN–
[NBu4][PF6] at room temperature (E = �0.2 V, Pt anode)
was complete after the transfer of 0.9 F mol�1 1. The tem-
perature-dependence of the CV of the oxidised solution is
shown in Fig. 5(a)–(c). The quasi-reversible system with
Ered
1=2 ¼ �0:34 V (Fig. 5(a), 13 �C) arises from a CE mecha-

nism [12,13]; loss of MeCN from 7+ produced 1+ (Scheme
3, step c) which reduced at a potential less negative than 7+.
CVs in Fig. 5(b) and (c) demonstrate that the major prod-
uct in the solution at lower temperatures is 7+, as is shown
by the presence of the irreversible reduction around
�0.6 V, which regenerates the starting material (Scheme
3, steps d and e).

The CVs of 1 at ca �10 and � 45 �C (v = 0.2 V s�1) are
thus qualitatively similar to those of 2 at room temperature
(compare Figs. 4(b) and 6(a) in supplementary material),
and �10 �C (Figs. 4(c) and 6(b) in supplementary material)
respectively, suggesting that the difference in the electro-
chemistry of 1 and 2 arises principally from the magnitude
of the rate constants of the chemical steps b and c (Scheme
3). It should be noted that solvent binding to 2+ can be
completely suppressed (at �45 �C, Fig. 6(c)), whereas the
formation of some acetonitrile-chloro complex [Mo2Cp2-
(l-SMe)2(l-PPh2)(Cl)(MeCN)]+ (7+) was still observed at
Fig. 5. Cyclic voltammetry of [Mo2Cp2(l-SMe)2(l-PPh2)(l-Cl)] (1)
(0.7 mM) after controlled-potential oxidation at �0.2 V, at (a) 13 �C,
(b) �14 �C, and (c) �45 �C (MeCN–[NBu4][PF6], vitreous carbon
electrode, scan rate v = 0.2 V s�1).
the same temperature (Fig. 4(c)). This indicates that the rate
constant for step b (Scheme 3) is larger for 1+ than for 2+. It
is worth noting that the reduction of [Mo2Cp2(l-
SMe)3(Cl)(MeCN)]+ (8+) which occurs around �0.75 V
according to an EC mechanism at room temperature [4]
(Fig. 7(a) in supplementary material; steps d and e, Scheme
3,), is turned to a CE process upon warming the solution to
ca 50 �C, due to an increase in the rate constant of the for-
ward reaction (step c, Scheme 3), which shifts the equilib-
rium towards 2+.

2.4.2. Electrochemical behaviour of [Mo2Cp2 (l-SMe)3-

(l-Y)] (Y = Br (3) or I (4))
Cyclic voltammetry of [Mo2Cp2(l-SMe)3(l-Y)] (Y = Br

(3) or I (4)) has also been investigated in order to check the
influence of the halide ligand on the processes previously
reported [5]. Like 1 and 2, complexes 3 and 4 showed
two quasi-reversible (DEp > 60 mV), diffusion-controlled
oxidation steps in CH2Cl2–[NBu4][PF6] or thf–[NBu4][PF6]
(Table 3). In acetonitrile, loss of the halide ligand is faster
when Y = Br and I than when Y = Cl. Indeed, the first oxi-
dation of the starting material (Eox1

1=2 ¼ �0:42 V, Y = Br;
Eox1
1=2 ¼ �0:40 V, X = I) was rapidly replaced by that of 6.

Loss of the Y ligand, although it is slowed down at 0 �C,
impedes any study of the effect of the halide bridge on
the processes described in Scheme 3 for Y = Br and I.

3. Conclusions

The synthesis and characterisation of the derivatives
[Mo2Cp2(l-SMe)3(l-Y)] (Y = Br (3) or I (4)) has allowed
us to compare the structures and reactivities of the com-
plexes 1–4. Crystals of the new compound 5 were obtained
when recrystallising 3. Their X-ray analysis revealed an
unexpected mixed-valence Mo(IV)–Mo(VI) structure based
on two identical {Mo2Cp2Br(l-SMe)2(l-O)} units linked
by a fMoO2�

4 g group.
The electrochemical studies of the compounds [Mo2Cp2-

(l-SMe)2(l-PPh2)(l-Cl)] (1) and [Mo2Cp2(l-SMe)3(l-Y)]
(Y = Br (3) or I (4)) complement our earlier work on
deprotection of a coordination site in the chloro-bridged
bimetallic system [Mo2Cp2(l-SMe)3(l-Cl)] (2) [5]. The
present work shows that in acetonitrile the complexes 3

(Y = Br) and 4 (Y = I) lose readily the halide ligand, giv-
ing the bis-nitrile ionic species [Mo2Cp2(l-SMe)3-
(MeCN)2]

+. The new results in part relate to processes
in which ligands are gained or lost as the chloride bridge
in [Mo2Cp2(l-SMe)2(l-X)(l-Cl)] (X = SMe, PPh2) com-
plexes opens or closes; they establish that the kinetics of
such reactions depend on the nature of the bridging
ligand (SMe or PPh2) trans to the l-Cl group. Apart from
their effect on the ability of the complex to donate elec-
trons, the substitution of PPh2 for SMe at the apical
bridging position changes the magnitude of the rate con-
stants for binding or loss of the acetonitrile substrate
(with concomitant switch between bridging and terminal
roles for the the chloride ligand). Our results suggest that
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these rates constants are larger for the phosphido com-
pounds than for their thiolato analogues. The phosphido
complexes thus appear ‘‘hotter’’ than their tris(thiolato)-
bridged analogues and able to react under milder condi-
tions. This is consistent with other results we recently
reported [6].

4. Experimental

4.1. General

All reactions were performed under an atmosphere of
argon or dinitrogen using conventional Schlenk techniques.
Solvents were deoxygenated and dried by standard meth-
ods. Literature methods were used for the preparation of
[Mo2Cp2(l-SMe)2(l-PPh2)(l-Cl)] (1) [4] and [Mo2Cp2(l-
SMe)3(MeCN)2]BF4 (6) [6]. All other reagents were pur-
chased commercially. Chemical analyses were performed
by the Centre de Microanalyses du CNRS, Vernaison
(France). The NMR spectra (1H), in CDCl3 solutions, were
recorded at room temperature with a Bruker AC 300 or
AMX 400 spectrometers and were referenced to SiMe4.
The preparation and the purification of the supporting
electrolyte [NBu4][PF6], the electrochemical equipment
were as described previously [15]. All the potentials (text,
tables, figures) are quoted against the ferrocene–ferroce-
nium couple; ferrocene was added as an internal standard
at the end of the experiments. The mass spectra were mea-
sured with a LC–MS ThermoFinnigan spectrometer at the
‘‘Laboratoire de Biochimie’’, Faculté de Médecine (Brest,
France).

4.2. Synthesis of complexes [Mo2Cp2(l-SMe)3(l-Y)]
(Y = Br (3), I (4))

A solution of 6 (0.2 g, 0.32 mmol) in CH2Cl2 (10 mL) was
stirred for 20 min in the presence of a slight excess of
[Bu4N]Y (Y = Br (0.13 g, 0.38 mmol), I (0.14 g, 0.40 mmol))
and of an excess of zinc dust (0.21 g, 0.31 mmol). The solu-
tion was then filtered and the solvent evaporated. Com-
pounds [Mo2Cp2(l-SMe)3(l-Y)] were extracted with
diethylether (3 · 10 mL) and obtained, after the diethylether
was removed in vacuo from the pooled extracts, as green
powders (3: 0.129 g, 74% yield; 4: 0.083 g, 44%, yield). In
spite of several attempts, no reliable analyses are available
for 3 and 4, however both complexes have been character-
ised by X-ray analysis of their crystals. Electrospray mass
spectroscopy confirmed the structures of 3 and 4. The
observed isotope patterns of the molecular ion peaks at
m/z 543 and 590 are in good agreement with calculated iso-
tope distribution for 3 and 4, respectively. Moreover, good
analytical data were obtained for their cationic forms 3+ and
4+ (see next section).

IH NMR (CDCl3, RT, d): 3a (70%): 5.42 (s, 10H, C5H5),
1.63 (s, 3H, SCH3), 1.59 (s, 3H, SCH3), 1.52 (s, 3H, SCH3);
3b (30%): 5.41 (s, 10H, C5H5), 1.75 (s, 3H, SCH3), 1.70 (s,
3H, SCH3), 1.67 (s, 3H, SCH3); 4a (85%): 5.37 (s, 10H,
C5H5), 1.94 (s, 3H, S CH3), 1.57 (s, 3H, SCH3), 1.53 (s,
3H, SCH3); 4b (15%): 5.36 (s, 10H, C5H5), 2.07 (s, 3H,
SCH3), 2.01 (s, 3H, SCH3), 1.61 (s, 3H, SCH3).

ESI-MS (m/z): 3: 543 [M]+, 496 [M � (SCH3)]
+, 463

[M � Br]+. 4: 590 [M]+, 496 [M � 2(SCH3)]
+, 463

[M � I]+.

4.3. Synthesis of complexes [Mo2Cp2(l-SMe)3(l-Y)]BF4

(Y = Br (3+), I (4+))

In a typical procedure, 1 equivalent of HBF4–Et2O was
added to a green solution of [Mo2Cp2(l-SMe)3(l-Y)] (3:
0.1 g, 0.18 mmol; 4: 0.1 g, 0.17 mmol) in CH2Cl2 (10 mL)
The solution instantly turned purple. It was stirred for
10 m and the volume of the solvent was then reduced under
vacuum. Addition of diethyl ether (20 mL) precipitated
[Mo2Cp2(l-SMe)3(l-Y)](BF4) (Y = Br (3+), I (4+)) as pur-
ple solids (3+: 0.9 g, 79% yield; 4+: 0.95 g, 82% yield). 3+:
Anal Calc. for C13H19BBrF4Mo2S3: C, 24.8; H, 3.0; Br,
12.7. Found: C, 24.9; H, 3.1; Br, 12.2%. 4+: Anal Calc.
for C13H19BF4IMo2S3: C, 23.1; H, 2.8; I, 18.7. Found: C,
22.7; H, 2.9; I, 17.7%.

4.4. Structure analyses of 3–5

All measurements were made at 100 K on a Nonius
KappaCCD diffractometer with Mo Ka radiation,
k = 0.71073 Å. The structures were solved and refined by
standard procedures [16]. H atoms were positioned using
stereochemical considerations, the orientations of methyl
groups being initially obtained from difference maps, and
then rode on their parent carbon atoms.

3, C13H19BrMo2S3, monoclinic, space group P21/c,
a = 22.2786(3) Å, b = 8.0829(1) Å, c = 28.9381(5) Å, b =
104.818(1)�, V = 5037.7(1) Å3, Z = 12, T = 100 K, R(F) =
0.078 for 8571 observed reflections, wR(F2) = 0.201 for
all 14708 independent reflections with 1.5 < h (Mo
Ka) < 30.1�, |Dq| < 3.2 e� Å�3. There are three indepen-
dent molecules, A, B and C, in the asymmetric unit. The
SMe and Br bridging groups of molecules B and C are dis-
ordered. Disordered H-atoms were not included in the cal-
culations and Cp rings were regular pentagons of side
1.42 Å.

4, C13H19IMo2S3, triclinic, space group P�1, a =
9.4246(1) Å, b = 12.7566(2) Å, c = 14.5183(2) Å, a =
92.874(1), b = 101.325(1), c = 90.665(1)�, V = 1708.93(4)
Å3, Z = 4, T = 100 K, R(F) = 0.062 and wR(F2) = 0.156
for all 7698 independent reflections with 2.1 < h(Mo
Ka) < 27.6�, |Dq| < 3.25 e�Å�3. The crystals show non-
merohedral twinning refined using the HKLF 5 option in
SHELXL [16]. The major twin made up 0.740(3) of the spec-
imen. In addition, both independent molecules are disor-
dered, with major site occupancies of 0.799(1) and 0.944(1).

5, C24H32Br2Mo5O6S4 Æ 2CH2Cl2, monoclinic, space
group C2/c, a = 20.7726(3) Å, b = 9.1779(1) Å, c =
20.8043(2) Å, b = 96.390(1)�, V = 3941.67(8) Å3, Z = 4,
T = 100 K, R(F) = 0.045 and wR(F2) = 0.106 for all 8661
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independent reflections with 2.0 < h(Mo Ka) < 35.0�,
|Dq| < 3.4 e Å�3.
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