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Density Functional Theory investigations on the insertion mechanism of phenylacetylene into metal-hydride bonds in
bimetallic (Pt,0s) catalysts have been carried out. The results obtained have been also compared with the non-
reactive monometallic (Os-based) system, to elucidate the cooperative effects and to explain the observed absence of
reactivity. The identified reaction path involves phenylacetylene coordination followed by the insertion into the metal-
hydride bond, leading to the formation of the experimentally observed products. Both steps do not require large
energies compatible with the experimental conditions. The comparison with the reaction path for the monometallic
species gives some hints on the cooperative effects due to the presence of the second metal which is related to its
role in the CO release for creating a coordination site for phenylacetylene and not in the insertion energetics.
The calculations provide a detailed analysis of the reaction complexity and provide a rationale for the efficiency of

the process.

1. Introduction

The insertion of unsaturated hydrocarbons, and more
particularly of alkynes, into a metal-hydride bond is a
fundamental step in many homogeneous catalytic processes' >
including polymerization® (via the Cossee mechanism),*
hydrogenation,>® and hydrosililation reactions.”® A number
of studies have shown that the efficiency of certain metal-based
organic transformations can be improved by the participation
of a second metal species. Indeed, such bimetallic synergism is
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widely sought in both homogeneous and heterogeneous cat-
alytic systems.” "> Recently, Adams et al. reported a well-
defined alkyne insertion reaction, involving osmium and
ruthenium carbonyl hydride complexes, that appears to be
strongly promoted by the presence of palladium or platinum
phosphine groups (see Scheme 1).'®!” They isolated and
structurally characterized a bimetallic complex, PtOs(CO)4-
(SnPhs)(PBu'3)(u-H), 1, that appears to be an intermediate in
the reaction (Scheme 1).'® On the basis of some simple
molecular orbital calculations, these authors proposed a
mechanism that involves a direct interaction of the alkyne
molecule with the platinum atom prior to the transfer of the
hydrido ligand from the metal atoms to the alkyne. Such an
approach is also adaptable to well-defined cluster complexes.'®
The choice of these transition metals (Pt and Pd) has been
suggested by their tendency to accommodate electron config-
urations that have less than 18 electrons per metal. Indeed, an
empty orbital is needed so that the alkyne could interact with
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the catalyst. The results show that when phenylacetylene is
added, these bimetallic precatalysts activate the metal-hydride
bonds and insert the alkyne. Conversely, the one-metal parent
complexes (Ru or Os alone) are unable to achieve this
transformation, thus proving the essential cooperation of the
metallic centers.'”

Two challenges naturally arise from these experimental
observations: the identification of the mechanism at stake in
such transformations and the nature of the intermediates
along the reaction path. Both deal with the process optimiza-
tion and notably with the choice of the most-active metal
atoms. Even if this double aim can be tackled from an
experimental point of view, theory is a complementary and
powerful tool to give meaningful hints about this insertion
process.

Theoretical work on homogeneous bimetallic complexes
has only few predecessors: the study of Bonnington et al. on
platinum dimers," the very recent calculations of Fragala
and Marks on Zr—Zr polymerization catalysts” or those of
Cabeza et al.?! on the reaction of cyclohexadiene with a
hydride triruthenium complex. Besides, few other papers deal
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with bimetallic complexes as the simplest model for hetero-
geneous catalysts (see for instance reference 22 on platinum
cationic clusters).

In this paper a detailed computational study of the reac-
tions of monometallic, HOs(CO)4(SnPh;), and bimetallic
catalyst, compound 1, with phenylacetylene, PhC,H, are
presented. In particular, all the probable reaction paths have
been explored, through the energetic and structural charac-
terization of intermediates and transition states, using an
accurate computational protocol based on Density Func-
tional Theory (DFT). Furthermore, the cooperative effects
due to the presence of two metal atoms in the catalysts have
been evidenced by comparing the reaction profiles obtained
for the mono- and bimetallic species.

2. Computational Details

All calculations were carried out using the Gaussian
03 program® and the B3LYP functional (that includes
20% of Hartree—Fock exchange).”* A two-layer ONIOM
procedure® has been also used, in which the atoms of the first
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coordination sphere of the metals and the phenylacetylene
molecule are included in the high-level part, treated at the
already mentioned DFT level (see Figure 1), whereas the
“low” level of theory has been described at the Hartree—Fock
level. The 6-31G(d) basis set has been used for all non metallic
atoms (H, C, P) belonging to the high-level part,?® while Sn,
Pt, and Os have been described using the Stuttgart-Dresden
(SDD) valence basis sets in conjunction with the associated
relativistic small-core effective core-potentials (ECP).?” The
LANLI1 ECP and the associated minimal basis set have been
used for the low-theory level in the ONIOM approach.?®

All structures have been fully optimized, and the nature of
the stationary points (minima or first-order saddle-points)
has been checked by analytically computing the Hessian
matrix. Moreover, intrinsic reaction coordinate (IRC)
calculations® have been performed to verify that the pro-
ducts and the reactants were correctly connected.

To study the effect of medium effects on the reaction
energies, the solvent (dichloromethane, as in experiments'®!7)
was described as a homogeneous isotropic dielectric medium
using a polarizable continuum model, namely, the conductor-
like screening model (C-PCM).*® Enthalpies and Gibbs free
energies were obtained at 298 K at 1 atm from total energies,
including solvent, zero-point, and thermal corrections, using
standard statistical procedures.>! However, such approach
does not reflect the real entropic cost under catalytic condi-
tions, and the effects is particular relevant for the substrate
association and dissociation.*> Following a common approach
in theoretical catalysis, the solvation entropy has been esti-
mated as two/third of its gas-phase value.>>

All species have been calculated in their singlet spin-state
according to experimental data. To validate this hypothesis,
the energy difference between the optimized initial bimetallic
complex in the triplet and in the singlet spin-states has been
computed and found to be higher than 40 kcal/mol. Views of
molecular orbitals have been generated with the MOLEKEL
software.**

3. Results and Discussion

The actual synergic action of the two metals cannot be
understood and evaluated without examining the corre-
sponding monometallic complexes. It has been underlined
in reference 17 that no reaction was observed between
phenylacetylene and HOs(CO),SnPh;. This complex has
been, therefore, the starting point of the investigation. The
results obtained are then compared with those for the
bimetallic species. In this last case, two different reaction
mechanisms have been envisaged and characterized. In the
first pathway the two metal atoms remain bonded as the
acetylene adds to both metal atoms, while in the second
pathway the two metal atoms dissociate during the acetylene
addition and insertion into the metal-hydride bond. This
latter path, involving dissociation and successive association
of the two metallic moieties of the catalysts, is, in our opinion,
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Figure 1. Views of the optimized structures of 1%, (up), ﬂtm’eq (middle),
and TS*7o.q (down). In the ball and stick format are reported the atoms
treated with the high level approach in the ONIOM model. Color code:
carbon, gray; hydrogen, white; platinum and osmium, bright blue; tin,
turquoise blue; oxygen, red; and phosphorus, orange.

highly improbable and should correspond to a reaction under
entropic and diffusion control, which is not supported by
experiment. Its details are given, therefore, in the Supporting
Information for completeness. In a similar vein, in the
Supporting Information, the validation of the computational
protocolis also given, including solvent and model size effects
of the catalyst and basis set choice.

3.1. Monometallic Paths. The simplest mechanism for
the alkyne insertion catalyzed by a monometallic catalyst
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involves four steps (see Scheme 2). First, since the co-
ordination sphere of the octahedral complex precursor I
is saturated, a CO molecule has to be released giving II.
Then the phenylacetylene coordinates (III) and inserts
(IV). Finally, the recoordination of CO ends the process
by saturating the previously created 16-electron complex
(V). Two structural rearrangements are then possible: one
where the hydride is trans to the tin group and one where
it is in cis position. Then, an equatorial or an axial CO
could be lost. In Figure 2 is reported the lowest energy
path, corresponding to an axial CO leaving from the cis
isomer; other paths, higher in energy, are reported and
discussed in the Supporting Information.

The first step, which is entropy favored, requires only
13 kcal/mol while 9 kcal/mol are necessary for the second
step, phenylacetylene coordination. A large overall bar-
rier (37 kcal/mol) has to be overcome to obtain the final
product, characterized by a small stabilization (less than
4 kcal/mol). Notice that it has been assumed that the
elimination and the recoordination of CO occur without
transition states. The most chemically striking feature of
the monometallic reaction is that one CO molecule leaves
the coordination sphere of metal (II) but another CO is
necessary to have a product (V) more stable than the
reactive. While this CO-leaving step is under thermody-
namic control, the second one (CO coordination) is
driven by entropy and, furthermore, strongly depends
on the availability of CO in proximity of the under-
coordinated metal and, therefore, on the CO diffusion
in the reaction medium. In particular, the TAS term of
this last step is 10.3 kcal/mol, about one-half of the
corresponding free energy variation (23.6 kcal/mol,
see Figure 2). Such a process can be therefore considered
as a (very) rare event, and this fact can explain the
absence of reaction experimentally observed with HOs-
(CO)4SnPhs."”

Provided with these reference values the possible ben-
efits to this reaction from the presence of the Pt(PBu's)
group has been then assessed.

3.1. Bimetallic Paths: The Initial Complex. The reac-
tion cycle for the insertion of phenylacetylene into metal-
hydride bonds in bimetallic PtOsSn complexes is pre-
sented in Scheme 1. Starting from the initial complex 1,
the coordination of phenylacetylene leads to complex 2
and to the experimentally observed products 3 and 4.

Several conformations are already possible for the
initial complex 1, as shown in Figure 3. To better identify
all these structures, the following nomenclature will be
used: the “b” exponent (respectively “nb”) means that a
carbonyl group is (not) in a bridging position between Pt
and Os. The “eq” (equatorial) and “ax” (axial) subscripts
will refer to the position of the SnPhs group with respect
to the plane defined by Pt, Os, and H. In the bridging
equatorial cases, CO or H will indicate the substituent is
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trans to the tin group. The relative energies of these
species are also reported Figure 3. It immediately appears
that the complexes featuring a bridging carbonyl are the
most stable, since these conformations have a formal
saturation at both metal atoms. On the contrary, the
position of the tin group only slightly affects the energetic
order, the differences between axial and equatorial posi-
tions being lower than 4 kcal/mol. Even if, in accordance
with an intuitive reasoning based on the sterical hin-
drance of the SnPh; group, conformers with equatorial
substituent are slightly favored, their stabilization extent
is of the same magnitude of the expected error bar of our
computational protocol. For this reason, all the three
most stable conformations, namely, 1°,, lbeqco, lbeqH,
will be retained in the following. Moreover, dynamical
internal conversions from one conformation to another
may occur in solution. Indeed, the axial complex has been
fully characterized at the experimental level, but low-
temperature NMR experiments'’” have shown that these
interconversions exist.

3.2. Bimetallic Paths. The products resulting from the
phenylacetylene coordination are sketched in Figure 4.
The label 2a denotes products where the phenyl of the
phenylacetylene is closer to Os than to Pt, while 2b
indicates the opposite case. It is found that, whatever
the alkyne orientation, the phenylacetylene coordination
is endothermic, with a significant difference between the
two possible isomers (more than 5 kcal/mol). This energy
variation is due to the steric repulsion in 2b between the
phenyl of the phenylacetylene moiety and the tert-butyl
groups carried by the phosphorus atom. Indeed, the
shortest distance between these two fragments is about
2.5 A, while the smallest distance between the phenyl of
phenylacetylene and the phenyls carried by the tin atom in
2a is about 3.6 A.*> A proof of the preponderant role of
steric hindrance is the fact that the coordination is con-
versely found stabilizing when a small structural model is
considered in which the tert-butyl and phenyl groups on
phosphorus and on tin are substituted by methyl ones. In
this case, 2a and 2b are more than 6 kcal/mol stable than
the lowest initial complex.

It can also be noticed that the C,—Cg bond in phenyl-
acetylene is significantly shortened upon interaction with
the metal atom, having a length (1.34 A for instance in
2a.qu and 2beqn) close to that of a double bond. This
suggests that the word “coordination” is more convenient
than accurate since already the formation of 2a or 2b can
be viewed as close to an insertion process. Indeed, in the
most stable initial compound (1°,y), a carbonyl group is in

(35) The given values, 2.5 A, correspond to the distance between a carbon
of the phenylacetylene and one of the hydrogens of a zerz-butyl group, while
3.6 A refers to the distance between a carbon of the first-mentioned moiety
and one of the hydrogen atoms of the phenyl groups on the tin atom.
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a bridging position between Pt and Os. When phenylacet-
ylene comes into the metallic coordination sphere, this
CO no longer interacts with Os, but it is fully transferred
to the Pt atom. A consequence of this mixed situation
(between simple coordination and total insertion) is that
the distance between Pt and Os increases (from typically
29 Ain1to 3.0 A in 2a and 3.1 A in 2b). Another
difference between 2a and 2b is in the interaction of the
bridging-hydrogen atom with the metals, leading to
metal—hydrogen distances slightly different in the two
cases: Pt—H = 1.70 A and Os—H =1.87 A in 2a.qu, Pt—H
=1.67 A and Os—H = 1.97 A in 2b.qu. The electronic
density is, thus, generally less delocalized between the
metals in 2b, and that is also an explanation for the lower
stability of these species.

Various insertion products can then derive, depending
on which carbon, external C, or internal Cg, is bound to
one of the two metals, Pt or to Os. Furthermore, carbon
atoms are involved in o or «x bonds. These products will
be accordingly labeled om or mo, respectively if the

40+
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il \  Tom
S 20 LA —
..% e | em // v
AL A
0 /
k. / \on i
0 == c‘\\.T.}m "-, ﬁj\‘m
| o \ o
v
-10
Reaction coordinate

Figure 2. Gibbs free-energy profile for the phenylacetylene insertion
with the monometallic catalyst.
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interaction is o with Pt and &t with Os, or viceversa. Four
classes of products can be, therefore, considered: *ou,

Por, “mo, Pro, as shown in Figure 5 Of these, only

products belonging to the two first two have been
experimentally detected, namely, 07 or ﬂwreq (3 and
4 in Scheme 1). It is important to notice that the
computed structures of these products are in fair
agreement with the X-ray data of reference 17. For
instance, the PtOsC,Cyz angle is —36.1° in experi-
ments and —35.4° at the theoretlcal level for “omeq.
and the C,—Cp bond length in wteq is predicted to be
1.410 A and 1.405 A, respectively, in experiments and
theory.

Some trends can be drawn regarding the energies of the
insertion products. For instance, at a given conformation
of the tin group, the our products tend to be more stable
than the o ones: ®o,y is, for instance, 3.2 kcal/mol lower
in energy than MO ax. while the energy difference between,

MO eq and # O is only 1.3 kcal/mol Moreover species
w1th the carbon f involved in the ¢ bond to the metal
(as Pom or o) are more stable than the corresponsing
o species because of the reduced steric interaction be-
tween the phenyl of phenylacetylene and the SnPh;
moiety (see Figure 4).

More i m general, the three most stable products are of
o type ( O eqPhs ﬂwteq, and wrax) products, all being
significantly more stable than the reactants (between
—13.8 and —11.7 kcal/mol). This finding is in agreement
with the experimental evidence that no &o have been
observed. However, one wo spemes namely, ﬁmreq, is
practically isoenergetic with the #orm,, (—11.6 vs —11.7
kcal/mol) product. To better investigate the forma-
tion kinetics of all these products, all the transition
states leading to the discussed insertion products have
been characterized, and their energies are collected in
Figure 6. From these values it immediately appears that
ao products are kinetically favored, since TS%y Y, TS4y4,
and TS have an energy lower than 36 kcal/mol
where all TS,, are higher than 40 kcal/mol. It results,

Ph
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Figure 3. Sketches and relative Gibbs free-energies (kcal/mol) for the initial complexes 1.
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Figure 4. Sketches and relative Gibbs free-energies (kcal/mol) for the possible coordination complexes. The energy zero corresponds to the most stable

initial complex (1°,, see Figure 2) and phenylacetylene.

from these data, that the mo products are kinetically
favored.

It is interesting to notice that there are clear differences
between isomers: for instance, the Gibbs energy dif-
ference between TSzz* and 2a.qy is equal to 13.5 kcal/
mol, whereas the one between TS5 and 2beqn equals 8.6
kcal/mol. Similarly, these barriers are 19.5 kcal/mol
from 2a.qpy to TS%9PM and 13.7 keal/mol between 2beqpn
and TS;‘;;fth This feature can be easily explained from
the geometric data already reported. Indeed, the trans-
ferred hydrogen is closer to Pt in 2b than in 2a. As the
H-acceptor in 2b is also located near Pt, it follows that the
distance that the hydrogen atom must cover is smaller in
2b than in 2a, and, following the Hammett principle, the
corresponding activation barrier for this step is lower.
However, the overall activation energy AG®,. is the sum
of the coordination and insertion energies, and it is similar
§30 .2 and 30.6 kcal/mol) for the formation of *z@,, and

o4, thus suggesting that both products are likely to be
formed. Moreover, all of these processes are hardly
reversible since the barriers for the regeneration of the
metal-hydride complexes require more than about 40 or
50 kcal/mol.

It must be noted that terminal alkynes are known to be
susceptible to isomerization into V1ny11denes in the pre-
sence of transition metal complexes.*®*’ This poss1b111ty
has been also investigated, but no stable species were
identified.

In summary, the previous theoretical data well eluci-
date the multistep reaction allowing the formation of the
two experimentally observed oz products PtOs(CO)y-

(36) (a) Olivan, M.; Clot, E.; Eisenstein, O.; Cauton, K. G. Organome-
tallics 1998, 17, 3091. (b) Olivan, M.; Clot, E.; Eisenstein, O.; Cauton, K. G.
Organometallics 1998, 17, 897.

(37) Bustelo, E.; Carbd, J. I.; Lledds, A.; Mereiter, K.; Puerta, M. C.;
Valerga, P. J. Am. Chem. Soc. 2003, 125, 3311.

(SnPhs)(PBu';)[u-HCC(H)Ph] and PtOs(CO),(SnPh;)-
(PBu';)[u-C(Ph)CH,] (3 and 4 in Scheme 1).'” However,
this theoretical analysis suggests that also a mo pro-
duct could be observed. So, to explain such a discrepancy,
the mo—ox isomerization has been also investigated,
by considering four isomerization paths, namely,
O g ONeqy PO oL ON e, WO PO gy a0 A PO O
Their energies are collected in Figure 7. The first two reactions
are energetically accessible and consist in the transfer of the
phenylacetylene moiety from Pt to Os. The corresponding
transition states are characterized by the position of the
p-carbon (previously bound to Pt) in an equidistant position
between Pt and Os atoms. The associated activation barriers
are relatively low (16.7 and 10.4 kcal/mol) if compared with
the other TS energies of the reaction path. It must be noticed
that in this case, a valuable energetic difference exists between
both paths, TSﬂ being favored. A simple qualitative argu-
ment, based on sterlc hindrance, can account for this fact: in
TSeq. the CoH> moiety remains in the vicinity of Pt and Os,
whereas in TSgq the entire phenyacetylene moiety (except the
external carbon that is involved in the process) is outside of
the coordination sphere of the transition metals. Another
important point is that these barriers are smaller than the
ones for insertion, so that such transformations are likely to
occur once the zo products are formed.
The two other isomerization paths, “mfeq—ﬁwteq and
Oeq— "0, involve the exchange of the coordinated
carbon. Accordingly, these processes involve two simul-
taneous events: a hydrogen shift from the carbon to which
it was transferred to the other one and the transfer of the
phenylacetylene moiety from Pt and Os. This complex
transformation accounts for the calculated prohibitive
activation barriers (more than 40 kcal/mol, see Figure 7).
In conclusion, the reaction mechanism at the bimetallic
center, leading to the formation of the gz products, con-
sists in the phenylacetylene coordination, an endothermic
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Figure 5. Sketches and relative Gibbs free-energies (kcal/mol) for the insertion products. The energy zero corresponds to the most stable initial complex

(1°,, see Figure 2) and phenylacetylene.
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reaction requiring at least about 16 kcal/mol, followed
by the insertion into the metal-hydride bond, which is
characterized by a barrier of about 14 kcal/mol. Even-
tually, minor me products can then isomerize to the
corresponding o species following a path requiring
10 kcal/mol. The identified reaction path is, therefore,
characterized by non-prohibitive reaction free energies
and well supported by the agreement with the experi-
mental data.

3.3. Mono- vs Bimetallic Reaction Paths. To have a
direct comparison of the two mechanisms, the overall
energy profiles are reported in Figure 8. The most striking
feature concerns the differences in energy of the two rate
determining steps (30 and 37 kcal/mol for the bi and
mono metallic path, respectively) and the thermodynamic

Figure 6. Relative Gibbs free-energy (kcal/mol) for the transition states
for the insertion process. The energy zero corresponds to the most stable
initial complex (1, see Figure 2) and phenylacetylene.

stabilization of the products (V and *mo., —5 and
—9 kcal, respectively). Therefore, the addition of a second
transition metal already has a significant effect on the
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Figure 7. Gibbs free-energy profiles for 7o—o isomerizations. The energy zero corresponds to the most stable initial complex (1%, see Figure 2) and
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Figure 8. Plot of the Gibbs free-energy profile for the monometallic (green) and bimetallic (blue) reactions. Please note that the reaction coordinate is

not the same for the two paths.

overall energetic balance, leading to a more favorable
kinetics and thermodynamics of the reaction.

The obtained results, however, indicate that another
important beneficial effect of the second metal atom is in
the release of CO from the Os center, Pt being a rather
good CO acceptor. Indeed the CO and the following
phenylacetylene coordination require 13 and 23 kcal/
mol in the monometallic catalyst (I and III in
Figure 8), while the two concerted steps demand only 17
kcal/mol in the bimetallic species. More important CO
never leaves the metals coordination sphere, but is just
shifted from one metal to the other (from Os to Pt). This
is, of course, not possible in the monometallic center
where the CO leaves the coordination sphere of Os and
its recoordination, under entropic and diffusion control,
is needed to generate a thermodynamically stable product

(from IV to 'V, see Figure 8). In other words, the role of the
second metal is to significantly decrease the energy re-
quired for the CO release to create a vacant site at the
metallic center through its coordination to a close metallic
acceptor (Pt).

The second metal does not have a relevant effect on the
insertion process which, whatever the case, is not the most
energetically demanding step, requiring an activation of
about 15 kcal/mol. However, the Pt group is sterically
hindered and thus makes the phenylacetylene coordina-
tion more difficult. As the efficiency of the complex
depends both on the CO releasing and on the alkyne
coordination facilities, one can understand that the role
of the benefit of the second metal is not easy to under-
stand, a balance having to be found between these two
antagonist effects.
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4. Conclusions

In this paper, a detailed theoretical investigation is given of
the phenylacetylene insertion in metal-hydride bonds of a
bimetallic (Os, Pt) catalyst. The identified reaction path
consists in the phenylacetylene coordination followed by
the insertion into the metal-hydride bond, and it leads to
the formation of the experimentally observed products. Both
steps do not require large energies incompatible with the
experimental conditions. Higher energy products, minor
species not conforming to the experimental findings, could
easily isomerize to the experimental molecules. Furthermore,
some insights on the cooperative effects due to the presence of
the second metal (here Pt) have been given by a comparative
analysis with the reaction mechanism involving the mono-
metallic (Pt) catalyst. The obtained theoretical results suggest
that the second metal acts as acceptor in the CO release,

Inorganic Chemistry, Vol. 49, No. 21,2010 9883

required to create a vacant site at the metallic center for the
incoming phenylacetylene, leading to a significant decrease of
the reaction energies. At the same time the second metal does
not have a relevant effect on the insertion process which
always requires a low activation energy.
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