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A cobalt-rhodium mixed-metal carbonyl complex Co2Rh2(CO)12 effects efficient catalytic silylformy-
lation of an alkyne that adds silyl and formyl groups across the C-C triple bond. A bimetallic synergism
in this reaction was elucidated with density functional calculations. The catalytic cycle consists of oxidative
addition of hydrosilane, alkyne insertion, CO insertion, and reductive elimination. While major bond-
forming events take place only at the rhodium center, the cobalt also plays an important role; it fixes the
metal cluster on the organic substrate, keeps the hydride ligand temporarily on the metal center, and
suppresses hydrosilylation, which would otherwise be preferred over the silylformylation. The Rh and
Co atoms exchange electrons with each other, giving rise to a unique bimetallic reaction pathway that is
related to but different from the conventional pathways of hydroformylation and hydrosilylation.

Multimetallic homogeneous catalysis has received much
attention from chemists working on catalysis,1 since it offers
possibilities of unusual reactivities and/or selectivities that are
not attainable by monometallic systems. Multimetallic catalytic
systems include various types of metal-metal combinations,
that is, transition metal (TM)-main group metal (MM), MM-
MM, MM -rare earth (RE) metal, and TM-TM. Metals may
act as independent species or may be included in a single
reactive species. Of great interest from an organometallic
perspective are the catalytic systems involving metal-metal
bonds. Such systems involve simultaneous oxidation/reduction
of multiple metals in one elementary step and may serve as a
mechanistic bridge between homogeneous and heterogeneous
catalysis. The mechanism of multimetallic synergism therefore
has been among the central interests of ours as well as others.2-5

We previously reported on the mechanisms of several syntheti-
cally important organic transformations of homobimetallic and

homotrimetallic clusters with the aid of density functional
calculations.2,3 One typical example is the Pauson-Khand (PK)
reaction, a Co2(CO)8-catalyzed synthesis of cyclopentenone from
alkyne, alkene, and carbon monoxide.6,7 The cobalt cluster forms
a butterfly-like complex with an alkyne, and the dicobalt
framework is kept during the catalytic cycle. Our previous
theoretical study revealed the cooperation of the two cobalt
centers in this reaction:3a,8C-C bond-forming events take place
on one of the two cobalt atoms, and the other acts as an anchor
to the first, exerting electronic influences on the first through
the metal-metal bond.

Heteromultimetallic catalysis is even more interesting than
homometallic catalysis, since it can offer much more diverse
reactivities and mechanistic complexities. Although examples
of useful reactions initiated by addition of a multimetallic
catalyst exist,9 evidence for maintenance of the multimetallic
integrity and/or the role of the metal-metal bond in the catalyst
has seldom been observed. The example of bimetallic catalyst
reported by Ojima et al. in 1991 is an exceptional case,10 because
of the presence of several lines of indirect evidence that it
involves a multimetallic catalysis. They found that the cobalt-
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rhodium mixed-metal cluster Co2Rh2(CO)12 (I ) is an effective
catalyst for a silylformylation reaction of an alkyne at room
temperature (eq 1) and that the reactive species most likely
involves one Rh and one Co atom (vide infra). The same
synthetic transformation was independently discovered by
Matsuda,11 who instead used a Rh4(CO)12/NEt3 catalyst at much
higher temperature. Several metal complexes including carbonyl
clusters such asI , Rh4(CO)12,14,15and (CO)4CoRh(CNtBu)4, and
rhodium complexes such as Rh(acac)(CO)2,12 Rh2(pfb)4 (pfb
) perfluorobutylate),13 and [Rh(COD)]+BPh4

-,14 have been
found to catalyze the silylformylation reaction. Carbonyl clusters
such as Co2(CO)8 and Ru3(CO)12 showed no catalytic activity.15

The mixed-metal clusterI has several advantages over other
catalysts. First, it promotes the silylformylation reaction under
milder conditions (i.e., ambient temperature and CO pressure)
than other Rh catalytic systems (heat (40-100 °C) and/or
positive CO pressure (10-50 atm)).14,15,17,18It is notable that
the mononuclear Wilkinson complex RhCl(PPh3)3, which
catalyzes the hydrosilylation reaction, does not catalyze the
silylformylation reaction at all. The second advantage is the high
selectivity of the reaction. While the homonuclear cluster Rh4-
(CO)12 is as reactive asI , the latter shows high selectivity for

silylformylation/hydrosilylation as well as stereoselectivity of
the C-C double bond (cis-addition).14,15 While Matsuda et al.
proposed monometallic active species in their Rh4(CO)12/NEt3-
catalyzed silylformylation reaction,15b Ojima suggested on the
basis of experimental data (vide infra) that a Co-Rh bimetallic
species is essential for the unique reactivity/selectivity of his
own mixed-metal-catalyzed silylformylation.14 The mechanism
of the action of the Co and Rh atoms in the Ojima reaction is
the subject of the present study.

Regardless of the nuclearity of the catalytically active species,
Rh has been accepted as the critically important metal for the
silylformylation. On the basis of the kinship between the Rh-
catalyzed hydrosilylation and the hydroformylation reactions,
there have been suggested two mechanisms for the silylformy-
lation (Scheme 1, a and b).15b Both consist of the same
elementary steps but in a different sequence: oxidative addition
of a hydrosilane to the Rh atom (step i), alkyne insertion into
the Rh-Si bond (ii), carbonyl insertion into the Rh-vinyl bond
(iii), reductive elimination of an aldehyde (iv). In terms of the
Rh oxidation state, these two mechanisms are related to those
of the Rh-catalyzed hydrosilylation and the hydroformylation,
respectively.15,16In the former mechanism, alkyne insertion (ii)
and CO insertion (iii) take place at the RhIII oxidation state,
but, in the latter, at the RhI state.

How then can the Co atom take part in such catalytic cycles
and enhance the efficiency of the silylformylation reaction?
Several experimental results suggest involvement of bimetallic
catalytic species in the Co2Rh2(CO)12-catalyzed silylformylation.14b

First, the reaction of the tetranuclear clusterI with a hydrosilane
under CO atmosphere gives Co-Rh bimetallic complexes
(CO)3Co-Rh(CO)n(SiR3)2 IIIa (n ) 2) and IIIb (n ) 3)
(Scheme 2). A stoichiometric reaction ofIIIa and IIIb with
1-hexyne and carbon monoxide affords theZ-silylformylation
productII along with 5% of itsE-isomer. Second,I reacts with
1-hexyne under carbon monoxide to give a Co-Rh bimetallic
butterfly-type complex,IV (Scheme 3). The reaction ofIV with
the hydrosilane under carbon monoxide affords exclusively the
Z-silylformylation product, as in the actual catalytic reaction.
Thus, the bimetallic complexIV is likely to be a catalytic species
in the silylformylation reaction.

With the above background, we explored the reaction
mechanism of the Co-Rh cluster-catalyzed silylformylation
reaction by density functional calculations. On the basis of the
computational results, we propose a catalytic cycle where both
of the metal atoms are deeply involved in each elementary step.
While most of the organic transformations take place at the Rh
center, the Co atom also plays important roles: It assists binding
of the acetylene and the hydride to the coordination sphere of
the Rh atom and also acts as an electron reservoir during the
catalytic cycle. The second metal is therefore critical both for
efficient silylformylation and for the high stereoselectivity of
the reaction.

Computational Methods

All calculations were performed with Gaussian 98 and Gaussian
03 program packages.17 Density functional theory (DFT) was
employed using the B3LYP hybrid functional.18 Structures were
optimized with a basis set (denoted as 631LAN) consisting of the
LANL2DZ basis set including a double-ú valence basis set with
the Hay and Wadt effective core potential (ECP)19 for Co and Rh,
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and the 6-31G(d) basis set20 for C, H, O, and Si. The method and
the basis sets used here have been known to give reliable results
for the structures and reactivities of Co-Co or Rh-Rh dinuclear
complexes.3ab All structures were optimized without symmetry
assumption unless otherwise noted. Stationary points on the major
reaction pathway were adequately characterized by normal coor-
dinate analysis.21 The intrinsic reaction coordinate (IRC) analysis22

was carried out for the major reaction pathway to confirm that all
stationary points are smoothly connected with each other. While
essentially all structural and conformational possibilities of ligand
coordination, those in the final hydride transfer stage in particular,
have been considered, only the most facile pathway along the IRC
is described below. Higher-level single-point energy calculations
were performed for the B3LYP/631LAN-optimized structures using
larger basis sets denoted as 6311SDD, consisting of the Stuttgart
ECP23 for Co and Rh and the 6-311G(d,p) for the rest, and the
potential energies (E) that are shown in the energy diagrams and
discussed in the text are based on these single-point calculations

(B3LYP/6311SDD//B3LYP/631LAN).E, E + ZPE (zero-point
energy),H (enthalpy), andG (Gibbs free energy) calculated at the
B3LYP/631LAN level are given in the Supporting Information.
Natural population analysis was performed at the same level as
the one used for geometry optimization.24

Results and Discussion

On the basis of experimental results described above (Scheme
3), we employed a Co-Rh complex of CoRh(C2H2)(CO)5
stoichiometry as an initial complex for the present study. The
silylformylation pathways were explored by sequential introduc-
tion of Me3SiH and CO to this complex. Scheme 4 and Figure
1 show the summary of the reaction pathway and energetics of
the Co-Rh-catalyzed silylformylation proposed in this article.
The catalytic cycle starts from the butterfly-type complex1 (or
2) and involves the following steps: oxidative addition of Me3-
SiH (1 f 3 or 1 f 4), isomerization of the oxidative addition
product to a hydride-bridged complex5 (3 f 5 or 4 f 5),
acetylene insertion into the Rh-Si bond (5 f 6), CO insertion
into the Rh-vinyl bond (7 f 8), hydride migration from Co to
Rh (8 f 9), and reductive elimination (9 f 10). Exchange of
the product with another acetylene molecule completes the
catalytic cycle. The outline of this mechanism is similar to the
one originally proposed by Ojima et al. in 1991,14a but not to
the one suggested in 1998,14b which involves a bis-alkyne
complex as a key intermediate.25 Details of each step will be
described hereafter.

Starting Complex. First, we explored the structural pos-
sibilities of the butterfly complex CoRh(CO)5(C2H2). Among
several optimized structures, complexes1 and2 were found to
be more stable than others by as much as>10 kcal/mol at the
B3LYP/631LAN level (Figure 2, see Supporting Information
for other structures). While the Co and Rh atoms are directly
bonded in1, they are bridged by a carbonyl ligand in2. The
energy difference of1 and2 is calculated to be only 1.0 kcal/
mol, and interconversion between them takes place readily
through a transition stateTS1-2 (∆Eq ) 1.9 kcal/mol from1).
Although a CO semibridging structureIV was indicated for the
isolated complex with 1-hexyne on the basis of the IR absorption
of 1935 cm-1 (Scheme 3),14 such a structure could not be located
as an equilibrium structure but existed asTS1-2.26 In light of
the extremely flat potential surface along the IRC between1
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Scheme 1. Catalytic Cycles Proposed for Rh-Catalyzed Silylformylation Reaction

Scheme 2

Scheme 3
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(no CO bridge),TS1-2, and2 (CO fully bridged) (maximum
activation energy of 1.9 kcal/mol), we consider that this
inconsistency is rather insignificant and is likely due to the
deficiency of the theoretical model or due to the difference of
the chemical models including the difference of the gas versus
solution phases.

The structure of the butterfly moiety of the complex1 (and
2) gives us information on the interaction between the two
metals and the acetylene ligand (Figure 2). Acetylene is
positioned well so that its two orthogonalπ orbitals interact
with Co and Rh, respectively. Significant bending of the
acetylene ligand in1 (C2-C1-H bond angle) 145.0°, not
indicated in Figure 2) indicates strongπ-back-donation. The
much larger Co-C2-C1-H dihedral angle (157.5°) than the
Rh-C1-C2-H angle (125.0°) in 1 suggests that the metal-to-
acetylene back-donation occurs mainly from the Co atom.

Therefore, if acetylene is considered to have formed a metal-
lacycle,1 can be regarded mainly as a cobalta(II)cyclopropene.
Thus, it is reasonable to consider that the oxidative addition of
a hydrosilane takes place on the Rh atom.

Oxidative Addition of Hydrosilane. Since a number of
possible approaches of a hydrosilane molecule (Me3SiH) to the
Co-Rh complex complicated our study,27 we first examined
the product structures, that is, various possible isomers of the
Me3SiH oxidative addition product. As a result, among opti-
mized structures, the hydride-bridged complex5 was found to
be more stable than the other isomers by as much as ca. 10
kcal/mol at the B3LYP/631LAN level (Scheme 5, see also
Supporting Information). In addition, the study on the next step
(i.e., acetylene insertion into the Rh-Si bond) revealed that5
is a key intermediate connected to a low-energy TS (vide infra,
see Supporting Information). With these results in hand, we
carried out further calculations to find two pathways (1 f 3 f
5 (path a) and1 f 4 f 5 (path b)) connecting the initial(26) We also carried out geometry optimization of a complex with

1-hexyne and also obtained two local minima essentially the same as1 and
2 of much the same energy (energy difference< 1.0 kcal/mol) instead of
a semibridged stable structure.

(27) Sakaki, S.; Ujino, Y.; Sugimoto, M.Bull. Chem. Soc. Jpn.1996,
69, 3047-3057.

Figure 1. Potential energy diagram (in kcal/mol) of the silylformylation reaction calculated at the B3LYP/6311SDD//B3LYP/631LAN
level.

Scheme 4. Bimetallic Pathway of the Silylformylation Reaction
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complex 1 and the oxidative addition product5, which are
energetically comparable to each other (Scheme 5). Both
pathways are stepwise and involve intermediary oxidative
addition products (3 and4). No pathway that leads directly to
5 could be located.

In path a, after formation of a precursor complex,1a,28 Me3-
SiH approaches the Rh center through the space between the
two CO ligands on the Rh atom. In the transition stateTS1-3

(Figure 3a), the Si-H bond is significantly elongated (1.995
Å, 33% increase from parent Me3SiH (1.496 Å)), while the Rh-
Si (2.533 Å) and Rh-H distances (1.606 Å) are close to that
of the product3 (Rh-Si: 2.472 Å, Rh-H: 1.587 Å). Thus,
TS1-3 can be regarded as a very late transition state, and this
process requires 14.7 kcal/mol activation energy (from1 + Me3-
SiH) and is endothermic by 7.7 kcal/mol. In the next step, the
hydride on the Rh atom migrates to the Co atom viaTS3-5

(∆Eq ) 6.2 kcal/mol) to afford the hydride-bridged complex5,
which is more stable than3 by ca. 10 kcal/mol.

In path b, Me3SiH undergoes oxidative addition through
TS1-4, where the Si-H bond comes in across the Co-Rh bond.
Through this TS, the Rh-Si bond formation, the Co-H(- -Rh)

bond formation, and the Co-Rh bond cleavage take place in a
concerted manner.TS1-4 is also a late transition state, as judged
from the long Si-H distance (1.950 Å, 30% increase from Me3-
SiH). The activation energy (+16.5 kcal/mol) is slightly higher
than that of path a (14.7 kcal/mol). Rearrangement of4 takes
place with a moderate activation barrier (∆Eq ) 10.6 kcal/mol)
to give the complex5 through a Berry pseudorotation-type TS
(TS4-5).

(28) The energy of complex1a is slightly higher (2.7 kcal/mol) than
that of [1 + Me3SiH]. This is due to the change of the orientation of two
CO ligands on the Rh atom: While the CO ligands are coplanar with the
Rh-Co-acetylene moiety in1, they are out of the plane in1a. Without the
silane coordination, this orientation gives complex1c, which is less stable
than 1 by 14.5 kcal/mol (at the B3LYP/631LAN level). Thus,1a is less
stable than [1 + Me3SiH] but more stabilized compared with [1c + Me3-
SiH].

Figure 2. Structures of the initial complexes1 and 2 and the TS of interconversion between them (TS1-2) optimized at the B3LYP/
631LAN level. Numbers in parentheses refer to potential energies (kcal/mol, at the B3LYP/6311SDD//B3LYP/631LAN level) relative to
1. Numbers shown in the 3-D structures indicate distances (Å) and dihedral angles (italicized, deg).

Scheme 5. Two Pathways for Oxidative Addition of Me3SiH to 1 and Subsequent Isomerization to 5a

a Potential energies (kcal/mol, at the B3LYP/6311SDD//B3LYP/631LAN level) relative to [1 + Me3SiH] are shown in parentheses, and energy
changes are shown together with arrows.
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The formal oxidation state of the metal atoms of5 is of note.
Since the silyl and hydride ligands are covalently bonded to
the Rh and the Co atoms, respectively (Rh-H is a dative bond),
both metal atoms are in the+1 oxidation state; both metals
undergo one-electron oxidation throughout the conversion from
1 to 5; that is, the Rh atom possesses d-electrons capable of
back-donating to the acetylene. In fact, the bond lengths (Co-
C1: 2.136 Å, Rh-C1: 2.074 Å), the bond angle (∠C2-C1-H
) 141.2°), and the dihedral angles (∠Co-C2-C1-H ) 119.2°,
∠Rh-C1-C2-H ) 152.6°) of 5 suggest that the Rh atom is
dominant in the back-donation to the acetylene (Figure 3). Thus,
if acetylene is considered to have formed a metallacycle,5 must
be regarded as a Co(I)-coordinated rhodio(III)cyclopropene.
Note that the opposite situation was found in complex1 (vide
supra).

Acetylene Insertion.The RhI moiety of complex5 takes a
trigonal bipyramidal (TBP) structure, where the silyl and alkyne
ligands are at the axial and equatorial positions, respectively.
Such a coordination environment has been found in an olefin
insertion precursor in a Rh-catalyzed hydroformylation reaction,
that is, a TBP HRhI(C2H4)(CO)2(PR3) with an axial hydride and
an equatorial ethylene.29 Acetylene insertion into the Rh-Si
bond takes place via a four-centered TS (TS5-6, ∆Eq ) 18.2
kcal/mol) to give the square planar, vinylrhodium intermediate
6 with large exothermicity (-11.7 kcal/mol) (Scheme 6 and

Figure 4). The hydride bridge between the metals and the
coordination of the Co atom to the C-C multiple bond are
maintained throughout the process. The mechanism of this step
dictates the Rh and the Si groups to becis to each other and,
hence, the final silylformylation product to be exclusivelyZ.
The intermediate6 may also prematurely decompose to give a
cis-hydrosilylation side product. This has been observed ex-
perimentally (vide supra).30,31

CO Insertion. The 16-electron complex6 can accept one
CO ligand, forms7, and gains stabilization of 9.2 kcal/mol. The
complex7 undergoes CO insertion viaTS7-8 with a moderate
activation energy (20.0 kcal/mol) to afford the acylrhodium
intermediate8 (Scheme 4, Figure 5).32 On the other hand, direct
CO insertion of complex6 requires a higher activation energy
(22.9 kcal/mol) to give a highly coordinatively unsaturated (14-
electron) Rh complex. The step (7 to 8) is endothermic (+6.7
kcal/mol), but the reaction as a whole is irreversible because
the subsequent steps (hydride migration-reductive elimination
to the final product10) require much lower activation barriers
than the reverse reaction (Figure 1, vide infra).

In the theoretical study on the Rh-catalyzed hydroformylation
reaction, Morokuma et al. showed that CO insertion of a
pentacoordinated RhI complex takes place through a TBP TS
with an alkyl ligand in the equatorial plane and the carbonyl at
the axial site (Scheme 7).33b On the other hand, the Rh center
of TS7-8 takes an opposite geometry (vinyl at the axial site and
CO in the equatorial plane) because the Rh-vinyl bond is firmly
held through assistance by the Co-H moiety. The CO insertion
of 7 is less endothermic than the reaction illustrated in Scheme
7 (∆E ) ca. +10 kcal/mol). This is probably due to extra
stabilization of the Rh center by the semibridging CO ligand in
the product8 (Rh-C: 2.321 Å), which might compensate to
some extent the energy loss due to the coordinative unsaturation
upon going from7 (16-e complex) to8 (14-e complex).

Reductive Elimination. For the completion of the catalytic
cycle, reductive elimination of the hydride and the acyl groups
must take place from the complex8. Since the hydride and acyl
groups are bound to different metals, the pathway of reductive
elimination is an intriguing mechanistic subject.5 There are a
priori two mechanistic possibilities (Scheme 8), which are (a)
direct and concerted reductive elimination from8 and (b)
sequential hydride shift from Co to Rh and reductive elimination
at the Rh center. Since the first possibility is very intriguing,
we extensively explored the potential surface; however, all

(29) (a) Koga, N.; Jin, S. Q.; Morokuma, K.J. Am. Chem. Soc.1988,
110, 3417. (b) Matsubara, T.; Koga, N.; Ding, Y.; Musaev, D. G.;
Morokuma, K.Organometallics1997, 16, 1065-1078.

(30) The hydrosilylation reaction (in the absence of CO) with the same
or related catalysts gives atransadduct as a major product. A mechanism
involving a zwitterionic carbene complex as a channel to thetransadduct
has been proposed (ref 35). Although we examined the possibility for
rotation of the C1-C2 bond of the vinylrhodium intermediates6 and7, no
stationary points have been located so far. It would be reasonable that the
formation of thetrans adduct would be prevented by the coordination of
the C1-C2 double bond to the Co center.

(31) Ojima, I.; Clos, N.; Donovan, R. J.; Ingallina, P.Organometallics
1990, 9, 3127-3133.

(32) CO insertion from6 was also examined and was energetically
unfavorable.

Figure 3. Structures of transition states and intermediates involved
in the oxidative addition-isomerization processes (Scheme 5, at
the B3LYP/631LAN level). Numbers refer to interatomic distances
in Å.

Scheme 6. Acetylene Insertion into the Rh-Si Bonda

a Potential energies (kcal/mol, at the B3LYP/6311SDD//B3LYP/
631LAN level) relative to [1 + Me3SiH] are shown in parentheses,
and energy changes are shown together with arrows.
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attempts invariably led to a single pathway along the second
possibility. After all, this concerted/stepwise issue is experi-
mentally irrelevant in the context of the overall catalytic cycle
since the second pathway requires a very low barrier compared
with the preceding steps (Figure 1).

The hydride shift occurs viaTS8-9 with an activation energy
of 2.3 kcal/mol to give the acylrhodium hydride complex9
(Scheme 9, Figure 6). The intermediate9 is slightly (1.9 kcal/
mol) less stable than8. Upon hydride migration, the hydride
becomes no longer bridged between Co and Rh (Co-H: 1.683
to 2.648 Å, Rh-H: 1.757 to 1.593 Å), and the semibridging

carbonyl ligand dissociates from the Rh center (2.321 to 2.500
Å). The intermediate9 readily undergoes reductive elimination
via a three-centered TS (TS9-10, ∆Eq ) 4.4 kcal/mol) to give
the final product10. During the reductive elimination, the Co-
Rh bond is being regenerated (2.709 (9) f 2.641 (TS9-10) f
2.603 Å (10)). Replacement of the product, 3-trimethylsilyl-
propenal, by an acetylene molecule liberates the product and
regenerates the initial butterfly complex1. The ligand exchange
is a thermodynamically very favorable process; [1 + 3-tri-
methylsilylpropenal] is more stable than [10 + C2H2] by 23.3
kcal/mol.

Figure 7 summarizes the changes of interatomic distances
along the catalytic cycle. From the changes of the Co-Rh, Rh-
H, and Co-H distances, one can understand the correlation of

Figure 4. Structures of transition state and product of acetylene insertion (at the B3LYP/631LAN level). Numbers refer to interatomic
distances in Å.

Figure 5. Structures of the stationary points along the CO insertion pathway (B3LYP/631LAN). Numbers in the structures and in the
parentheses refer to interatomic distances and potential energies (B3LYP/6311SDD//B3LYP/631LAN), respectively.

Scheme 7. Pathways of CO Insertion of RhIEt(CO)L 3 (L )
CO or PH3)

Scheme 8. Schematic Illustration of Possible Pathways of
Reductive Elimination from the CoI-Hydride/Acyl-Rh I

Complex

Scheme 9. Stepwise Reductive Elimination Pathwaya

a Potential energies (kcal/mol, at the B3LYP/6311SDD//B3LYP/
631LAN level) relative to [1 + Me3SiH] are shown in parentheses,
and energy changes are shown together with arrows.
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the events including the Co-Rh bond cleavage/formation and
the hydride transfer from Rh to Co (and vice versa). The Rh-
C1 and Rh-C2 distances become shorter than the Co-C
distances upon formation of the complex5. As discussed above,
this reflects strong back-donation from Rh to the acetylene in
5. The C1-C2 unsaturated bond coordinates to the Co atom
throughout the reaction pathway. The Co atom is equally bonded
to the C1 and C2 atoms during the catalytic cycle except for the
period between the acetylene insertion and CO insertion steps
(Co-C2 is shorter than Co-C1). This is presumably because
theR-carbon atom (C2) of the vinylrhodium intermediate is more
Lewis basic than theâ-carbon atom (C1).

Figure 8 summarizes the natural population analysis along
the catalytic cycle. One can easily follow the charges on the
acetylene moiety and the Me3Si group. The acetylene moiety
is negatively charged from the beginning due to back-donation
and becomes much more negative at the acetylene insertion stage
(i.e., Rh-C bond formation). The Me3Si group first becomes
less positive upon the oxidative addition (i.e., Rh-Si bond

formation) and then becomes more positive at the acetylene
insertion stage (i.e., C-Si bond formation). The correlation
between the reaction pathway and the natural charges of the
two metals is less obvious. The charges remain within a very
narrow range (-0.01 to 0.08 for Co,-0.13 to 0.04 for Rh)
while the reaction involves formal oxidative addition/reductive
elimination steps. The CO ligands act as a buffer to moderate
the charge change of the metal atoms by donating or accepting
electrons to/from the metal centers, as judged from rather drastic
charge change of the CO ligands.

Regio- and Stereoselectivity of Silylformylation Reaction.
Since the carbon-silicon bond formation is the regioselectivity-
determining step of the silylformylation reaction, we examined
insertion of propyne into a Rh-Si bond employing a model
complex,5′ (Scheme 10). In agreement with the experimental
selectivity (see Introduction), the silicon delivery to the terminal
carbon atom viaTS5′-6′ (∆Eq ) 17.3 kcal/mol) is much more
favorable than to the methyl-substituted carbon atom viaTS5′-6′′
(∆Eq ) 28.8 kcal/mol).TS5′-6′′ suffers from steric repulsion
between the Me3Si group and the methyl substituent. The
activation energy of 17.3 kcal/mol forTS5′-6′ is essentially the
same as that of 18.2 kcal/mol forTS5-6 determined for
unsubstituted acetylene (Figure 4).

In summary, we have explored the bimetallic reaction
pathway of the Co/Rh mixed-metal-catalyzed silylformylation
of alkyne. The overall mechanism can be regarded as an
intriguing hybrid of the two proposed mechanisms (Scheme 1)
based on the hydrosilylation and the hydroformylation reactions
(Scheme 11): oxidative addition of Si-H to Rh0 (step i, see
also Scheme 1a), Rh-to-Co hydride migration and Co-Rh bond
cleavage (step i′), alkyne insertion into the RhI-Si bond (step
ii, see also Scheme 1b), carbonyl insertion into the RhI-C bond
(step iii, see also Scheme 1b), Co-to-Rh hydride migration and
Co-Rh bond formation (step iii′), and reductive elimination of
acylrhodium(II) hydride (step iv, see also Scheme 1a). The
dominant role of the Rh atom agrees with our experimental
knowledge that Rh, but not Co, has generally been useful for
this class of reaction.14-18 The most mechanistically intriguing
aspect is the dynamic behavior of the Co/Rh bimetallic structure
throughout the catalytic cycle. The metal-metal bond formation
and the hydride bridging serve as complementary ways for the
catalyst to maintain its bimetallic structure. While all of the

Figure 6. Structures of stationary points along reductive elimina-
tion. Numbers refer to interatomic distances in Å.

Figure 7. Changes of interatomic distances (Å) along the catalytic
cycle.

Figure 8. Natural population analysis of Co, Rh, acetylene, Me3-
Si, H (hydride), and CO along the catalytic cycle. COCo and CORh

indicate sums of charges of CO ligands bound to the Co and the
Rh atoms, respectively.
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bond-forming events take place at the Rh center, the Co center
also plays important roles to fix the substrate, keep the hydride,
and deliver it back to Rh prior to reductive elimination.

The bimetallic synergism delineated here reminds us of the
mechanisms of other bimetallic catalyses: The reversibility of
metal-metal bond formation (reinforcement) and cleavage
(weakening) is commonly found in catalysis of multinuclear

transition metal (TM) complexes, as previously demonstrated
in the PK reaction,3a the dirhodium-catalyzed C-H bond
insertion of diazo compounds,3b and the diruthenium-catalyzed
propargylic substitution.3c In the latter two cases, bridging
spectator ligands (carboxylate for Rh-Rh and thiolate for Ru-
Ru) maintain the bimetallic structure while the metal-metal
bond is cleaved. On the other hand, the hydride ligand, the
participant of the catalysis, plays this role in the present system.
While such systems of dinuclear TM complexes effectively
promote the unique synthetic transformations, the synergy of
the TM nucleophilicity and the main group metal (MM) Lewis
acidity gives rise to the driving force of a number of TM/MM
catalyses.33,34
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Scheme 10. Insertion of Propyne into the Rh-Si Bond of 5′

Scheme 11. Schematic Catalytic Cycle of Co/Rh Bimetallic
Silylformylation
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