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The mobility of alkylidene ligands and other C1 fragments
on cluster complexes or metal surfaces is important in a number
of catalytic processes such as the reductive oligomerization of
CO (Fischer-Tropsch chemistry).1 When present in a complex
containing more than one metal atom, alkylidene ligands exhibit
a marked preference for bridging (µ2) coordination modes and
are much less labile than CO ligands.2 There have, however,
been several reports of alkylidene migration in cluster com-
plexes.3 The intermediates involved in alkylidene migration are
generally so much higher in energy than ground-state structures
that they have not been observed directly, and thus the
mechanisms for migration are largely inferred from CO migra-
tion patterns and coordination modes. Recent theoretical4 and
experimental studies have been interpreted as favoring terminal
coordination modes for an alkylidene ligand in the intermediate
linking two bridging coordination, ground-state structures in
cluster complexes or on metal surfaces. Herein, we describe,
for the first time, the direct observation of the intermediate
involved in the migration of a methylidene ligand between two
M-M edges in a cluster complex.5 1H and 13C NMR data
suggest that the methylidene ligand in this species is best
formulated as bridging all three metals. To our knowledge, this
is also the first observation of a face bridging (µ3) carbene ligand
in a cluster complex involving d-transition metals.6

Recent work in our group has focused on the reactivity of a
family of 46e- trinuclear cluster complexes with the general
formula, Cp*M(CoCp)2(CO)2 (M ) Co, Rh, and Ir).7 In the
case of the RhCo2-containing precursor, reaction with diazo-
methane gives the carbene complex Cp*Rh(CpCo)2(µ-CO)2(µ-
CH2) (1).8 The crystal structure9 of 1 exhibits a triangular
arrangement of metal atoms with the carbene ligand bridging a
Rh-Co edge and the two carbonyl ligands bridging the
remaining Rh-Co and Co-Co edges. The carbene and
carbonyl ligands are all on one side of the M3 plane in a “crown”
arrangement. Spectroscopic data for1 in solution at room
temperature are consistent with this structure.9

The13C NMR signal for the carbene ligand, observed at 138.3
ppm, is split into a doublet due to coupling to the rhodium atom
(JRh-C ) 33 Hz). Two carbonyl signals at 262.7 and 250.0
ppm (JRh-C ) 50 Hz) are also observed, only one of which
exhibits coupling to rhodium. The proton NMR signals for the
methylene group are observed at 6.0 and 7.18 ppm. In contrast
to previous reports for methylene ligands in trinuclear clusters,
geminal coupling between the two methylene protons is very
small (2JHH ≈ 0.5 Hz). The two protons also exhibit different
couplings to rhodium; the upfield signal exhibits a two bond
coupling of 2.6 Hz, whereas the downfield signal exhibits only
a 0.5 Hz coupling to rhodium. When1 is left in solution at
room temperature overnight, a second set of signals appears in
the NMR spectrum which arises from the isomerization of the
carbene ligand to the Co-Co edge and concomitant movement
of the CO ligands to the Rh-Co edges (isomer2).9 At 330 K
the rate of interconversion between1 and2 is 1.8× 10-4 s-1

(∆Gq ) 104 kJ mol-1) with an equilibrium constant of 2.62 at
room temperature (∆G°(298)) -1.2 kJ mol-1).
NOESY spectra of a mixture of1 and2 at 300 K10 exhibit

strongnegatiVe NOE cross peaks between the two methylene
proton signals of each isomer. With increasing temperature,
the negative cross peak connecting the two methylene protons
of 1 becomes weaker and above 360 K, apositiVecross peak is
observed, consistent with a dominant chemical exchange process
between these two protons at this temperature (Figure 1A). The
cross peak connecting the two protons of2, however, remains
negative at all temperatures measured (Figure 1B). Quantitative
analysis of the cross-peak intensities as a function of mixing
time11 gave a rate constant for the exchange process in1 of
0.68 s-1 at 365 K corresponding to a free energy of activation
of 91 kJ mol-1.12 Further NOESY experiments at 355 K yielded
a positive cross peak between the two Cp ligand signals of1,
indicating that the process interchanging the identities of the
two methylene protons also interchanges the identities of two
Cp-Co edges. The data above lead to the conclusion that the
carbene ligand also moves between the two Rh-Co edges thus
interchanging the two enantiomers of1.
An additional noteworthy feature in high-temperature NOESY

spectra of1 is the observation of a cross peak connecting both
methylene protons to a very small signal at 8.45 ppm (Figure
1A). This signal exhibits coupling to rhodium (JRh-H ) 1.4
Hz) and belongs to a species3which also exhibits single signals
for the Cp and Cp* ligand protons (Cs symmetry).13 Crystalline
samples of1 dissolved at low temperature do not contain species
3 initially. Upon warming to 300 K the signals for3 are
observed to grow into the NMR spectra. At equilibrium, this
species occurs with a maximum abundance of∼1% relative to
1. On the basis of these data,3 is an intermediate in the
interconversion of the two enantiomers of1where the methylene
group moves directly from one Rh-Co edge to the other. To
our knowledge, complex3 is the first example of an observable
intermediate involved in carbene migration in a metal cluster
complex where the ground-state structures involveµ2-alkylidene
ligands.
A parameter which distinguishes between the different

coordination modes of an alkylidene ligand is the13C NMR
chemical shift. The normal chemical shift range for a terminal
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carbene ligand is 240 to 370 ppm, whereas bridging carbene
ligands give rise to signals between 100 and 210 ppm.2 A
terminal carbene ligand coordinated to the rhodium atom in3
should also exhibit a one-bond, C-Rh coupling constant about
twice as large as is observed for a bridging coordination mode.14

By using a sample of1with the carbene ligand enriched (99%)
in 13C, an inverse detected,1H{13C} correlation spectrum
(HMQC pulse sequence)15was obtained. In addition to the cross
peaks due to the major isomers1 and2, the spectrum exhibits
a cross peak connecting the proton resonance of the carbene
protons of3 with a 13C resonance at 145.3 ppm. Furthermore,
the carbon-rhodium coupling constant (1JRh-C) of 29 Hz is quite
similar to that observed for1. These NMR data are not
consistent with a terminal coordination mode for the carbene
ligand in3.16 The simultaneous equilibration of CpCo vertices

with exchange of the methylene protons is not consistent with
the carbene ligand remaining on any single edge M-M of the
complex. We therefore propose that3 contains a bridging
carbene ligand. A geometry consistent with the above data is
one in which the carbene assumes aµ3 coordination geometry
with the HCH plane parallel to the Co-Co edge. Although no
13C NMR shifts have been reported forµ3-carbene ligands, by
analogy with the trends observed forµ2- and µ3-carbonyl
ligands,14 the observed chemical shift for the carbene ligand in
3 is quite reasonable for aµ3-bridging coordination mode.
Migration of the carbene ligand from one Rh-Co edge to

the other also requires at least one CO ligand to move between
Rh-Co edges. Several pathways can accomplish the required
interchange. IR spectra of solutions of isomers1-3 exhibit an
extra band at 1655 cm-1 which is attributed to3. Such a CO
stretching frequency is consistent with a triply bridging carbonyl
ligand, presumably on the opposite side of metal plane from
the carbene ligand in3 as shown in Scheme 1.17 The carbonyl
ligand bridging the Co-Co edge in1 remains in place in3.18
Theµ3 coordination mode is well established for the carbyne

ligand and a few examples ofµ2 andµ3 coordination modes
for alkyl ligands are known in organometallic chemistry.19 It
appears that intermediates involvingµ3-alkylidene groups may
be involved in the dynamics and reactions of transition metal
cluster complexes and possibly on metal surfaces. The implica-
tions of these results with regard to carbene mobility and
catalysis are being studied. The properties of these complexes
and further examples of unusual bonding modes for carbene
ligands are under investigation.
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Figure 1. (A) Partial phase-sensitive NOESY spectrum (carbene
region) of a mixture of isomers1-3 in toluene-d8 and (B) normalized
cross-peak intensity vs mixing time for complexes1 (open symbols)
and2 (filled symbols).

Scheme 1
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