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Highly selective reactions catalyzed by transition-metal com-
plexes have recently been attracting much attention because of
their usefulness in organic syntheses. Murai and co-workers have
found using the Ru complexes such as Ru(H)2(CO)(PPh3)3 as
catalysts that the CH bond at theortho position of aromatic
ketones selectively adds to the double bond of olefins (eq 1).1

Much experimental effort has been made to find how this
catalytic reaction takes place,2 and coordination of the carbonyl
oxygen of aromatic ketones to Ru is considered to be the origin
of high ortho selectivity; cleavage of theortho-CH bond closest
to the Ru atom takes place easily. However, the detailed
mechanism of this CH bond activation step as well as that of the
entire catalytic cycle is yet to be established. Accordingly, to shed
light theoretically on the origin of selectivity and the mechanism
of the entire catalytic cycle, we conducted theoretical calculations
of the model catalytic cycle of benzaldehyde and ethylene with
model active species, Ru(CO)(PH3)n (n ) 2 and 3). Experimental
facts have shown that in the case of H2Ru(CO)(PPh3)3 an active
species is formed by the hydrogenation of olefin.2 In hydrogena-
tion, six-coordinated H2M(olefin)L3 is generally accepted to be
an intermediate, and it would lead to ML3 + alkane. Thus, one
can reasonably assume that the active species is three-coordinated
Ru(CO)(PPh3)2. On the other hand, four-coordinated Ru(CO)-
(PPh3)3 recently observed in a photoelimination of H2 from H2-
Ru(CO)(PPh3)3 has been proposed to be a candidate of the active
species.3

In this paper we will report the results for the first step of the
catalytic cycle, activation of the CH bonds through oxidative
addition. We have found that, among various possible paths for
the oxidative addition of the CH bond to Ru(CO)(PH3)n, only

the reaction path in which the carbonyl oxygen coordinates to
the three-coordinated Ru complex isortho-selective. This path
goes through an unusual five-coordinated d6 intermediate3 with
an agostic interaction, the stability of which gives rise to low
activation barriers.

Geometry optimizations were carried out by the hybrid nonlocal
density functional B3LYP4 method.5 The basis functions used in
geometry optimizations were 6-31G6 for benzaldehyde, 3-21G7

for spectator ligands, PH3 and CO, and the Hay-Wadt valence
doubleú (5s5p4d)/[3s3p2d] for Ru with the relativistic effective
core potentials replacing the core electrons up to 3d (basis set
I).8 For these structures better energies were obtained using a
larger basis set II (6-31G(d,p)9 for benzaldehyde, 6-31G for PH3

and CO, and (5s5p4d1f)/[3s3p3d1f]10 for Ru), both at the B3LYP
and the fourth order Møller-Plesset perturbation without triple
substitutions (MP4SDQ) level. As shown in Figure 1, though at
the MP4SDQ level the aldehyde binding energy is larger and the
reaction is more exothermic, the results are qualitatively similar
to those obtained by the B3LYP method. Therefore in the
following discussion we refer only the B3LYP results with basis
set II and I for path a and b, respectively.

The stationary point structures and energy profile for the most
favorable path of CH bond oxidative addition and those for one
of the other paths as a comparison are shown in Figure 1, referred
as path a and b, respectively. Benzaldehyde can coordinate to
the three-coordinate active species1 at its aromatic ring, COπ
bond, or carbonyl oxygen. In path a the carbonyl oxygen
coordinates to the vacant coordination site of1 to give intermedi-
ate2 with the binding energy of 23.3 kcal/mol.

The CH bond oxidative addition starting from2 passes through
a metallacycle intermediate3, being as stable as2, and gives4.
While the oxygen coordination is kept during the reaction, the
ortho-CH bond attacks the Ru atom in the P-Ru-P plane to
bend the two phosphines back. The key structural parameters for
2, 3, and4 are shown in Scheme 1. The Ru-Cortho distance of
2.235 Å in 3 is close to 2.075 Å in4, indicating that the RuC
bond formation is almost completed in3. On the other hand, one
can find in3 a larger bond alternation for the C3C4C5C6 fragment
and the longer C1C2 and CO bonds than in2 and4. In 3 the RuO
bond of 2.107 Å is the shortest among2, 3, and4, suggesting
that it is the most covalent. These structural features can be
interpreted by the canonical form in Scheme 1. Although a part
of aromaticity is lost, the newly forming RuC bond and the
covalent RuO bond recover the stability.

The change in the bonding shows that, although the CH bond
has not been broken yet, the Ru atom is oxidized in the2 f 3
step to become divalent. Thus,3 is formally the five-coordinated
d6 complex with a single vacant coordination site, which forms
an agostic interaction with theortho-CH bond, stretched by 0.07
Å to 1.163 Å, suggesting its incipient activation.11 The reaction
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of the first step passes through the transition state,TS1, with a
small activation energy of 3.0 kcal/mol. In the second step,3 f
4, in which theorthohydrogen atom transfers to Ru, the oxidation
number of the Ru atom is unchanged, whereas the bond alternation
is reduced, indicating the recovery of the aromaticity. The
activation energy of the second step is also quite small, 1.8 kcal/
mol. The stability of3 shifts the potential energy profile down,
making the transition statesTS1andTS2comparable with2 and
3 in energy and leading to the small activation energies. In the

second step the agostic interaction also persists atTS2 and
contributes to the lower activation energy. This reaction mech-
anism is different from that for usual oxidative additions,12 which
adopts a one-step mechanism through a three-centered TS similar
to path b.

In path b the sameortho-CH bond adds to the Ru atom of1.
This reaction starts from intermediate5 in which the aromatic
C1C2 bond coordinates to the Ru atom, passes through the
conventional three-centered transition state,TS3, and requires a
much larger activation energy of 20.1 kcal/mol. The activation
energies for the corresponding reactions of themeta- andpara-
CH bonds with1 were calculated to be 18.0 and 17.8 kcal/mol,
respectively, both starting from the intermediates withπ coordina-
tion, similar to 5. If the four-coordinated Ru(CO)(PH3)3 is the
active species, the activation energies for the reaction ofortho-
and meta-CH bond were calculated to be 22.8 and 21.3 kcal/
mol, respectively. In these reaction paths,ortho-CH bond addition
is not more favorable thanmetaandparaadditions, different from
experimentalortho selectivity. Compared with these, path a
starting with the coordination of a carbonyl oxygen and resulting
in theortho-CH bond with the small activation energies accounts
for the experimental selectivity, indicating that the active species
is three-coordinated1. In path a, the CH bond cleavage is an
intramolecular process and thus entropically favorable. Note that
the possibility of the path through an intermediate, in addition to
the usual oxidative addition path, has also been suggested by
Murai et al.2 although the preferable path has not been concluded.

In summary, the present calculations have shown that the
addition of theortho-CH bond of benzaldehyde to the Ru complex
passes through the metallacycle intermediate3, a feature quite
different from usual oxidative additions, and that the very small
activation energy is ascribed to the stability of this intermediate.
Such an intermediate should exist as a key intermediate in the
addition of a CH bond of aromatic ketones to olefins catalyzed
by Ru complexes. Similar intermediates are expected to play a
role in reactions of conjugated carbonyl compounds such as CH
bond activation of alkyl methacrylate, CH2dC(CH3)COOR, with
H2Ru(PPh3)4;13our preliminary calculations show that the reaction

of acrolein with Ru(CO)(PH3)2 passes through CH2CHdCHO-

Ru(CO)(PH3)2.14 Our calculations for the entire catalytic cycle
show that the rate-determining step is not this CH bond cleavage
(because of its small activation energy) but is the last step of
C-C bond formation. These results will be published elsewhere
together with the details of the CH bond cleavage.
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Figure 1. B3LYP-optimized structures and their relative energies at
various levels (kcal/mol) of paths for oxidative addition ofortho-CH bond
of benzaldehyde to three-coordinatedtrans-Ru(CO)(PH3)2. The side and
top views are shown for each structure. Path a is the most favorable one,
and path b is an example of the others which require much higher
activation energies.

Scheme 1
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