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Bimetallic cooperativity or synergism is central to the function
of some of today’s most important heterogeneous catalysts.1-4 For
example, the combination of rhenium or iridium with platinum pro-
vides a petroleum reforming catalyst that is superior to that of platin-
um alone.2 Adding ruthenium to palladium provides a superior cata-
lyst for hydrogenating benzene.3 Adding ruthenium to platinum pro-
vides a superior catalyst for the oxidation of methanol as used in
the direct methanol fuel cell.4 There are probably many different
mechanisms for producing bimetallic synergism, but there are very
few, if any, that are understood in detail. Herein we will provide a
demonstration of a bimetallic cooperativity in unprecedented detail
and clarity for the insertion of an alkyne into a metal-hydrogen
bond, a key molecular transformation that has implications in the
very important family of reactions known as catalytic hydrogena-
tions.5

The insertion of alkynes and alkenes into a metal-hydrogen bond
is one of the most basic steps in the process known as catalytic
hydrogenation through which alkynes are converted to alkenes and
alkenes are converted to alkanes.5 In its most common form, the
insertion of an alkyne into a metal-hydrogen bond involves first
the coordination of the alkyne (e.g., C2H2) to a metal-hydride
complex by using a low lying orbital that is available on the metal
atom, eq 1a.6 In most cases, the alkyne then “inserts” via a four-
center transition state into the metal-hydrogen bond to form an
alkenyl ligand, (e.g., C2H3) eq 1b.7

In the absence of a low lying orbital on the metal atom, the
reaction 1 does not proceed readily. For example, the saturated 18
electron complex HOs(CO)4SnPh3, 18 does not react with pheny-
lacetylene, PhC2H, even when solutions of the two compounds are
heated to reflux in toluene solvent (110°C) for 1 h.

However, in the presence of Pt(PBut
3)2, there is a rapid reaction

(minutes) between1 and PhC2H at room temperature to yield the
trimetallic complex PtOs(CO)4(SnPh3)(PBut

3)[µ-HC2(H)Ph],2, eq
2.9 The molecular structure of2 as determined crystallographically
is shown in Figure 1.10 Compound2 contains a Pt(PBut3) group
bonded to the osmium atom by the platinum atom, Pt(1)-Os(1))

2.7198(4) Å. A phenylalkenyl ligand, HC2(H)Ph, was formed that
bridges the Pt-Os bond. It isσ-bonded to the platinum atom and
π-bonded to the osmium atom. The HC2(H)Ph ligand was formed
by the insertion of the PhC2H into the Os-H bond with transfer of
the hydrogen atom to the phenyl-substituted carbon atom of the
alkyne. Note theE-stereochemistry of the alkenyl ligand which is
consistent with cis insertion of the alkyne via the classical four-
center transition state.6,7

To understand the nature of the promotional effect of the
platinum on this reaction, the reaction of1 with Pt(PBut3)2 was
investigated in the absence of added PhC2H. In this case, the new
compound PtOs(CO)4(SnPh3)(PBut

3)(µ-H), 3 was formed in 45%
yield.11 A diagram of the molecular structure of3 as determined
crystallographically is shown in Figure 2.12 Compound3 was
formed by the direct addition of a Pt(PBut

3) group to the Os-H
bond of1. The hydrido ligand H(1) has assumed a bridging position
between the osmium atom and the platinum atom and one CO ligand
from the Os(CO)4 group has been shifted into a bridging position
between the two metal atoms. Notably, the Os-H bond is 0.28(6)
Å longer and presumably weaker than the Os-H bond in 1.8

Compound3 formally contains an unusual heteropolar metal-metal
bond, Pt(1)-Os(1)) 2.7623(4) Å, formed by donation of a pair
of electrons from the 18 electron osmium atom in1 to the 12
electron platinum of the Pt(PBut

3) group. Most importantly, when
3 was treated with PhC2H, it was converted to2 in 28% yield.

To understand the electronic structure in3 and its possible role
in the reaction of3 with PhC2H to yield2, Fenske-Hall molecular
orbitals of3 were calculated.13 The lowest unoccupied molecular

Figure 1. An ORTEP diagram of the molecular structure of2 showing
30% probability thermal ellipsoids. Selected bond distances (in Å) are as
follows: (molecule1) Pt(1)-Os(1)) 2.7198(4), Pt(1)-C(1) ) 2.012(6),
Os(1)-C(1) ) 2.246(7), Os(1)-C(2) ) 2.364(6), Pt(1)-P(1) ) 2.3446-
(17), Os(1)-Sn(1) ) 2.6921(5). (molecule 2) Pt(2)-Os(2) ) 2.7177(4),
Pt(2)-C(3) ) 2.017(6), Os(2)-C(3) ) 2.243(7), Os(2)-C(4) ) 2.375(6),
Pt(2)-P(2) ) 2.3432(17), Os(2)-Sn(2)) 2.6840(5).
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orbital (LUMO) of 3 is shown in Figure 3. Most interestingly, a
major component of the LUMO is derived from an empty d-orbital
on the platinum atom, see Figure 3.

Inspection of the molecular structure of3 and its LUMO allows
us to understand not only how the Os-H bond is activated by the
platinum atom, but also how that Pt atom facilitates the addition
and insertion of the PhC2H into the OsH bond (see Scheme 1).

First of all, the interaction of the Pt atom with the hydrido ligand
weakens the Os-H bond relative to that in1. Second, the empty
d-orbital on the platinum atom in the LUMO of3 provides a readily
accessible bonding site for the complexation of the alkyne ligand
which then inserts into the Pt-H and Os-H bonds resulting in the
transfer of the hydrido ligand to the Ph-substituted carbon atom.
The HC2(H)Ph ligand then adopts theσ,π-bonding mode as
observed in2. The overall mechanism may involve more than one
multicenter transition state. Details regarding possible intermediates
are not available at this time.

Our studies have shown how the addition of the electronically
unsaturated metal-containing molecular fragment, Pt(PBut

3), pro-
motes an important reaction both by activating a selected bond (Os-
H) of one metal complex and then by facilitating the addition and
transformation of a selected reagent (PhC2H) at that bond. The two
metals working together are able to accomplish what the one metal

atom, osmium, could not do alone. The form of this platinum
promoted insertion reaction should be completely general. It should
also apply to other types of insertion reactions and quite possibly
other related metal-ligand fragments, such as Pd(PBut

3).14
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Figure 2. ORTEP diagram of the molecular structure of3 showing 40%
probability thermal ellipsoids. Selected bond distances (in Å) are as
follows: Pt(1)-Os(1)) 2.7628(3), Pt(1)-P(1)) 2.2808(14), Pt(1)-C(11)
) 1.982(6), Pt(1)-H(1) ) 1.92(6), Os(1)-C(11) ) 2.071(6), Os(1)-Sn-
(1) ) 2.7281(5), Os(1)-H(1) ) 1.95(6).

Figure 3. Lowest unoccupied molecular orbital (LUMO) of3.

Scheme 1
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