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Summary: The bridging methyl ligand present in the title
compound can migrate up to the cyclopentadienyl (Cp) site upon
reaction with CO to achieVe an oVerall exchange between the
methyl and hydrogen (Cp) positions. In the presence of different
metal-carbonyl complexes, easy dehydrogenation of the methyl
group takes place under photochemical conditions to giVe
methylidyne-bridged heterometallic clusters.

Methyl- and other alkyl-bridged complexes are species of
interest for several reasons, including the fact that they serve
as models both for intermediates in alkyl-transfer processes and
for adsorbates in several heterogeneously catalyzed reactions
such as the Fischer-Tropsch synthesis and also because they
are implied as catalysts or precursors of the homogeneous
catalysts used in the polymerization of olefins.1,2 Although a
large number of such binuclear complexes have been reported
so far, only some of them display metal-metal bonds, these
generally exhibiting an asymmetric coordination of the methyl
(or alkyl) bridge in which a C-H bond is involved in an
R-agostic interaction with one of the metal atoms, the ligand
then behaving formally as a three-electron donor (Chart 1). The
reactivity reported so far for the methyl bridges in the latter
complexes includes the oxidative addition of the agostic C-H
bond at trimetal centers,3 rearrangement of the ligand to a
terminal coordination mode,4 deprotonation,5 reductive elimina-
tion with other ligands,6 and insertion of CO.4b,c,7 Among all
the alkyl-bridged complexes described so far, however, only a

few of them display multiple intermetallic bonding,8 and their
reactivity has not been explored. In this context, our recent
preparation of the unsaturated methyl complex [Mo2Cp2(µ-η1:
η2-CH3)(µ-PCy2)(CO)2] (1;9 Cp ) η5-C5H5) gave us the op-
portunity to study the chemical behavior of an R-agostic methyl
ligand bridging a multiple metal-metal bond. In this paper we
report our preliminary results on the reactivity of compound 1,
which reveal several unusual features such as the facile
migration of the methyl ligand up to the coordinated cyclopen-
tadienyl groups and its easy dehydrogenation in the presence
of metal-carbonyl fragments, then providing a rational synthetic
route to novel heterometallic clusters having methylidyne
bridges (Scheme 1).

According to recent DFT calculations,9a the agostic interaction
in 1 is rather weak; therefore, the view of the methyl ligand as
a 3-electron donor to yield a 32-electron species is somewhat
exaggerated yet is a useful formalism to interpret its reactivity.
In any case, the presence of this weak agostic interaction along
with the multiple intermetallic bond makes this compound quite
reactive toward simple donors such as carbon monoxide,
isocyanides, and diphosphines at room temperature, to give a
variety of products, many of which involve the migration of
the methyl ligand. The most remarkable migratory behavior is
that observed in the reaction with CO, this giving as major
products the acetyl-bridged complex [Mo2Cp2{µ-η1:κ1-C(Me)O}-
(µ-PCy2)(CO)3] (2) and the hydrides [Mo2Cp(η5-C5H4Me)(µ-
H)(µ-PCy2)(CO)4] (3) and [Mo2Cp{η5-C5H4C(O)Me}(µ-H)(µ-
PCy2)(CO)4] (4), the last two complexes having methyl- and
acetyl-substituted cyclopentadienyl ligands, respectively. The
relative amounts of these products are dependent on the
experimental conditions, and separate experiments indicate that
toluene solutions of the acetyl complex 2 decompose progres-
sively at room temperature to give mainly the methylcyclopen-
tadienyl hydride complex 3, along with small amounts of 4 and
other products.
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The acetyl complex 2 is structurally related to its methoxy-
carbyne isomer [Mo2Cp2(µ-COMe)(µ-PCy2)(CO)3] recently
prepared by us10 but has a more complex structure in solution,
this involving cis/trans isomerism.11,12 The presence of the acyl
ligand is denoted by the appearance of a C-O stretching band
at 1583 cm-1 in the IR spectrum. On the other hand, the
spectroscopic data for the hydride complexes 313 and 414 clearly
establish that they have the same structure as the bis(cyclopen-
tadienyl) complex [Mo2Cp2(µ-H)(µ-PCy2)(CO)4],15 except for
the presence of a methyl and acetyl substituent, respectively,
in one of the Cp rings. The formation of compounds 3 and 4
requires a complex sequence of steps resulting in the exchange
of positions between a metal-bound methyl or acetyl ligand and
the H atom of a cyclopentadienyl ligand and is itself unprec-
edented. To our knowledge, the closest migratory transforma-
tions reported previously are the thermal decompositions above

373 K of the complexes [MCpR(CO)3] (M ) Mo, W, R ) Et,
Ph, CH2Ph) to give hexacarbonyl dimers of the type
[M2Cp2(CO)6] having one or two η5-C5H4R ligands.16 Further
studies to better understand these singular reactions, including
those of the benzyl analogue of 1,9a are now in progress.

Even when the removal of a ligand from a complex having
an R-agostic methyl bridge might force the oxidative addition
of the agostic C-H bond to yield a less unsaturated methylene
hydride derivative, this turned out to be a difficult process in
the case of 1. Indeed, a carbonyl ligand can be cleanly removed
from 1 upon irradiation with visible-UV light in toluene
solution, but this gives the extremely air-sensitive monocarbonyl
derivative [Mo2Cp2(µ-η1:η2-CH3)(µ-PCy2)(µ-CO)] (5), still
retaining the R-agostic interaction. The averaged 1H NMR
methyl resonance for this fluxional complex (δH -1.60 ppm,
JCH ) 116 Hz)17 is comparable to that observed for 1 (δH -0.77
ppm, JCH ) 124 Hz),9 but its C-H coupling is significantly
lower, thus suggesting a stronger C-H-Mo agostic interaction.
To better define the hapticity of this metal-methyl interaction,
we carried out a DFT calculation on 5, and this yielded a
minimized structure with a quite asymmetric R-agostic bridging
methyl group (Mo1-H ) 1.982 Å, Mo1-C ) 2.434 Å,
Mo2-C ) 2.195 Å; see Figure 1 and the Supporting Informa-
tion).18 This suggests that the agostic interaction in 5 is much
stronger than that in 1,9a thus effectively yielding a 30-electron
complex with a triple intermetallic bond (Mo-Mo ) 2.485 Å).
In agreement with this, an AIM analysis of the topology of the
electron density in 5 revealed the presence of a bond path (and
the corresponding bond critical point) connecting the Mo1 and
H (but not C) atoms (Figure 1 and the Supporting Information),
as previously observed for strong �-agostic interactions in
mononuclear complexes19 but not for the weak interaction in
1.9a We note that this is the first time that such a topology has
been reported for a bridging R-agostic alkyl ligand.

Having established the photochemical stability of the methyl
bridge in 1, we turned to study its photochemical reactions with
metal-carbonyl complexes of the type [M(CO)x] or [MCp-
(CO)y] (M ) Cr, Mo, W, Mn, Fe, Ru; x, y ) 3-6) to examine
the synthetic potential of 1 in the preparation of heterometallic
clusters. To our surprise, compound 1 underwent dehydroge-
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Scheme 1

Figure 1. DFT optimized structure of compound 5, with H atoms
(except those of the methyl group) and Cy rings (except the C1

atoms) removed for clarity, and the corresponding electron density
map in the Mo2C(methyl) plane, with nuclear positions (b), bond
critical points (2), and bond critical paths (s) indicated. Selected
bond lengths (Å): Mo1-Mo2 ) 2.485; Mo1-CO ) 2.181;
Mo2-CO ) 2.032; Mo1-CH3) 2.434; Mo2-CH3 ) 2.195;
Mo1-HCH2 ) 1.982; Mo1-P ) 2.408; Mo2-P ) 2.431.
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nation in many of these reactions to give methylidyne-bridged
clusters. For instance, the reaction of 1 and [Mo(CO)6] under
visible-UV irradiation gives the trimetallic cluster [Mo3Cp2(µ3-
CH)(µ-PCy2)(CO)7] (6) in high yield.20 The structure of 6 results
from the addition of a Mo(CO)5 fragment to the unsaturated
Mo2 center of 1, this being accompanied by dehydrogenation
of the methyl ligand and trans to cis isomerization of the original
Mo2(CO)2 moiety (Figure 2).21 The methylidyne ligand in this
electron-precise (48-electron) cluster (δC 244.7 ppm, JCH ) 162
Hz) exhibits a quite asymmetric coordination, it being strongly
bound to the MoCp centers (Mo-C ) ca. 2.06 Å) and more
weakly to the Mo(CO)5 fragment (Mo-C ) ca. 2.32 Å). We
note here that only one other methylidyne-bridged Mo3 cluster
appears to have been described previously.22 The most remark-
able reaction, however, occurs upon irradiation of toluene
solutions of 1 and [Fe2(CO)9], since this allows the incorporation
of two Fe(CO)3 moieties to the unsaturated Mo2 center and
dehydrogenation of the methyl ligand to give the methylidyne
cluster [Fe2Mo2Cp2(µ4-CH)(µ-PCy2)(CO)8] (7) in high yield.23

Unexpectedly, this 60-electron cluster does not display a
tetrahedral structure but a “butterfly” one with the CH ligand
(δC 243.8 ppm, JCH ) 143 Hz) bridging the four metal atoms
(Figure 3),24 and therefore the molecule must be considered as
unsaturated. In agreement with this, the intermetallic lengths
are 0.1-0.2 Å shorter than the corresponding single-bond

lengths of reference, this indicating a delocalization of such an
unsaturation. It is interesting to note that only a few similar
“butterfly” methylidyne clusters, [Fe4(µ-CH)(µ-H)(CO)12] and
[MFe3(µ-CH)(CO)x]n (M ) Cr, W, Mn, Rh; x ) 12, 13; n ) 0,
1-),25 have been reported previously. These, however, display
CH ligands involved in agostic C-H-M interactions, therefore
yielding electron-precise (62-electron) “butterfly” structures.
Methylidyne clusters are relatively scarce molecules related to
the surface species following methane activation by metal atoms
and surfaces, and to those involved in relevant heterogeneously
catalyzed industrial processes such as the Fischer-Tropsch
synthesis,26 and further work on the synthesis and chemical
behavior of these heterometallic methylidyne derivatives of 1
is currently in progress.

In summary, we have shown that the unsaturated R-agostic
methyl complex 1 displays reactivity patterns not observed in
related electron-precise binuclear complexes, such as an un-
precedented migratory behavior under mild conditions, yielding
an overall exchange between methyl and H(cyclopentadienyl)
positions, and easy dehydrogenation in the presence of
metal-carbonyl fragments, thus providing a new and rational
route to novel heterometallic clusters having methylidyne
bridges.
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Figure 2. ORTEP drawing (30% probability) of compound 6, with
H atoms (except that on C8) and cyclohexyl rings (except the C1

atoms) omitted for clarity. Selected bond lengths (Å) and angles
(deg): Mo1-Mo2 ) 2.9283(3), Mo1-Mo3 ) 3.1245(3), Mo2-Mo3
) 3.0938(3), Mo1-C8 ) 2.040(3), Mo2-C8 ) 2.053(3), Mo3-C8
) 2.316(3), Mo1-P1 ) 2.410(1), Mo2-P1 ) 2.425(1); C1-Mo1-
Mo2 ) 86.8(1), C2-Mo2-Mo1 ) 87.0(1).

Figure 3. ORTEP drawing (30% probability) of compound 7,
with H atoms (except that on C9) and cyclohexyl rings (except
the C1 atoms) omitted for clarity. Selected bond lengths (Å):
Mo1-Mo2 ) 2.835(1), Mo1-Fe1 ) 2.725(1), Mo1-Fe2 )
2.707(1), Mo2-Fe1 ) 2.770(1), Fe1-Fe2 ) 2.537(1), Mo1-C9
) 2.144(6), Mo2-C9 ) 2.113(6), Fe1-C9 ) 1.906(6), Fe2-C9
) 2.001(6), Mo1-P(1) ) 2.476(2), Mo2-P1 ) 2.392(1).
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