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DFT calculations were employed to investigate the methylene transfer reaction mechanism
in a model system related to the experimental Rh/PCP ligand system previously reported
by us. The computationally established mechanism is in accordance with the experimental
results. It was found to be a C-C reductive elimination/C-C oxidative addition sequence in
which the C-C reductive elimination is the rate-determining step. The C-C activation
reaction was found to take place by two different routes; both proceed through the initial
formation of the η2-arene complex 2. In one pathway, C-C activation takes place from an
agostic C-H complex intermediate, and in the other, it occurs from the η2-arene complex
directly. In both intermediates the C-C bond is predirected to the metal center. The
methylene transfer reaction outcome is governed by thermodynamic factors. However,
changing the thermodynamic factors might lead to the reverse methylene transfer reaction
becoming kinetically accessible. The reverse reaction is relevant to the design of a potential
catalytic methylene transfer system.

Introduction

Insertion of transition-metal complexes into C-C
bonds in solution is a field of great current interest,1-3

since it can lead to the development of new selective
and efficient processes for the utilization of hydrocar-

bons. Thus, insight into the activation mechanism of
strong C-C bonds and implementation of the mecha-
nistic information in the development of catalytic sys-
tems are highly desirable goals. It is recognized that
C-C bond activation is, in general, a less facile process
than C-H activation, both thermodynamically and
kinetically.4,5 Thus, significant progress has been made
in catalytic functionalization of hydrocarbons by C-H
activation,6 while only a few systems for the catalytic
activation of nonstrained C-C bonds by metal com-
plexes are known.1

We have demonstrated that it is possible to combine
selective C-C bond oxidative addition with the activa-
tion of other strong bonds to form methylene transfer
products.3c,e,7 This unique transfer of a methylene group
was shown to take place from the metal complex to
organic moieties, such as benzene, silanes, and disilanes7a

as well as to HCl3c,7b and H2.7c Recently we have
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demonstrated an intramolecular methylene transfer
reaction based on C-C activation, in which the trans-
ferred methylene moiety remains attached to the metal
center (Scheme 1).3e

In this process, initial oxidative addition of aryl
iodides to a PCP-CH2-RhI complex occurs to form the
aryl iodide Rh(III) compounds IIa-e, which upon mild
heating undergo C-C activation to form the benzyl
iodide complexes IIIa-e. This intramolecular process
enabled the characterization of several stages in the
methylene transfer reaction, which appeared to involve
an unprecedented sequence of sp2-sp3 C-C bond reduc-
tive elimination and sp2-sp3 C-C bond activation
reactions. We investigated the reaction kinetically and
obtained activation parameters, which suggested that
the C-C reductive elimination rather than the C-C
oxidative addition is the rate-determining step of the
sequence. However, only limited information about the
reaction mechanism could be obtained due to the rapid
C-C activation step, making the observation of inter-
mediates unfeasible. It is highly desirable to develop a
catalytic process in which a methylene unit will migrate
from one compound by C-C activation and will be
selectively incorporated into another compound. This
may be possible on the basis of PCP complex methylene
bridge transfer to various substrates (transfer “out”)
followed by its regeneration with another substrate
(transfer “in”). A hypothetical catalytic methylene trans-
fer cycle based on the PCP/Rh system is illustrated in
Scheme 2.

We have demonstrated that a reverse transfer reac-
tion can take place from our methylene transfer prod-
ucts IIIa-e (Scheme 1) by a succession of C-C reduc-
tive elimination and C-H activation.3e To develop
conditions for catalysis, the detailed mechanism of the
methylene transfer reaction should be elucidated. We
describe here a computational DFT study of the meth-
ylene transfer reaction in the (PCP-CH2)Rh(Ar)(X)
system that sheds light on this unique process, which

involves C-C activation and reductive elimination in a
single system.

Results
Density functional theory (DFT) using the Gaussi-

an98 program package8 was used to calculate the
structures and energies of the intermediates and transi-
tion states involved in the methylene transfer sequence.
The computational model for the experimental system
is the Rh(Ph)[CH2C6H3(CH2PH2)2](I) complex (1, Scheme
3). It has H instead of Ph substituents on the bis-
chelating phosphine ligand and no Me substituents in
the chelate aromatic ring.9 All the calculations were
performed at the mPW1k/SDB-cc-pVDZ//mPW1k/SDD
level of theory (for details see Computational Methods).

(7) (a) Gozin, M.; Aizenberg, M.; Liou, S.-Y.; Weisman, A.; Ben-
David, Y.; Milstein, D. Nature 1994, 370, 42. (b) van der Boom, M. E.;
Kraatz, H. B.; Ben-David, Y.; Milstein, D. Chem. Commun. 1996, 2167.
(c) Liou, S.-Y.; van der Boom, M. E.; Milstein, D. Chem. Commun. 1998,
687.

(8) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery Jr, J.
A.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Salvador, P.; Dannenberg, J. J.; Malick, D. K.; Rabuck,
A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.;
Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill,
P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez,
C.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian 98, Revision
A.11; Gaussian, Inc. Pittsburgh, PA, 2001.

Scheme 1

Scheme 2
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The results of the calculations are summarized in
Scheme 3. Relative energies for the optimized geom-
etries at the mPW1k/SDD level and for the single-point
calculations at the mPW1k/SDB-cc-pVDZ level are
described for Etot and G298 in the Supporting Informa-
tion.

The methylene transfer sequence starts with C-C
reductive elimination in complex 1. The barrier found
for the C-C reductive elimination step is rather high
(∆Gq ) 28.8 kcal/mol) and corresponds to the 23 kcal/
mol barrier found experimentally.3e We attribute the
discrepancy to the limitations of our computational
model.10 This process has the highest barrier of the
whole methylene transfer sequence, in good agreement
with our experimental results. The reductive elimina-
tion leads to the formation of complex 2, which is an
“open” chelate complex stabilized by an η2-arene coor-
dination to the Ph moiety. There are two competing
pathways that start from intermediate 2, both leading
to the C-C activated complex 5, and a pathway involv-
ing the formation of C-H activated complex 6. In the
first route complex 2 oxidatively adds the Cipso-CCH2

bond to give 5 with a barrier of 15.8 kcal/mol. In the
second route complex 2 is first converted to the η1-arene
complex 3 (with a lower barrier of ∆Gq ) 5.5 kcal/mol),
which is then transformed to the C-H agostic complex
4 with a low barrier of 6.2 kcal/mol. The C-H agostic
complex 4 is capable of both C-H and C-C activation.
The C-C activation results in the formation of the most
stable thermodynamic product, 5; however, the barrier
to form the C-H activated complex 6 is much lower (2.7
kcal/mol for C-H vs 12.7 kcal/ml for C-C activation).11

Nevertheless, as the back reaction barrier (for C-H
reductive elimination) is relatively low (∆Gq

C-H,RE )
10.0 kcal/mol), it is conceivable that reversible C-H
activation leading to the formation of 6 takes place,
while the C-C activation process leading to 5 is the
thermodynamically preferable reaction. No transition
state directly connecting 3 and 5 was found. Such a
direct transition state connecting between similar η1-
arene and C-C activation PCP complexes was found
computationally by Cao and Hall for the Ir-PCP
system.12 However, for the analogous Rh-PCP system,
no such transition state was found in the calculations
by Hall, but rather a stepwise mechanism similar to
that found in our study. In our previous study on C-C
and C-H oxidative mechanism in the Rh-PCP system3f

we have also found a local minimum corresponding to
an η1-arene intermediate; however, it was not directly
involved in the C-C bond activation, similarly to the
system reported here. It should be noted that although
an open 14e intermediate was located (7; Scheme 3),
no direct involvement of this high-energy intermediate
in the methylene transfer sequence was found. None-
theless, this unsaturated open intermediate might be
generated reversibly from complexes such as 2-4
(although no transition states were found for these
transformations).

An alternative mechanism for the C-C reductive
elimination/C-C activation sequence of the methylene
transfer process was also addressed. In this mechanism
an initial C-C cleavage step generates an intermediate
methylidene complex, which could then insert into the
Rh-Ar bond, resulting in the formation of 5 (Scheme
4). Calculation of the intermediate methylidene complex
8 (or its isomer with the methylidene moiety in a
position cis to the iodine ligand) resulted in a high-
energy compound, which is 60 kcal/mol (or 43 kcal/mol
for the cis-iodine isomer) higher than the thermody-
namic product 5. These complexes are higher in energy
than any of the intermediates and transition states
involved in the methylene transfer sequence depicted
in Scheme 3. Thus, complex 8 is not expected to be
formed under the experimental reaction conditions,
ruling out the possibility for the methylidene mecha-
nism in the methylene transfer reaction.

Our computational results are in good agreement with
our experimental findings. Thus, complex 5, which is
an analogue of the experimental thermodynamic prod-
ucts, complexes IIIa-e (see Scheme 1), is the thermo-
dynamically most stable product, in accordance with the
experimental observations. C-C reductive elimination
was found to be the rate-limiting step in both the
experimental and computational studies.

(9) Steric effects may have some influence on the mechanism of the
methylene transfer reaction. However, the Ph substituents are not
considered to be especially sterically demanding. They may impose
lower electron density on the metal than in the case of H substituents,
which might somewhat reduce the barriers involved in reductive
elimination processes and increase the barriers of C-C and C-H
activation. However, the difference is not expected to be significant
(see ref 12 for example) and will not change the overall mechanism.
Overall, good agreement with the experimental system was observed
(see in the text).

(10) This barrier is expected to decrease when Ph substituents are
introduced to the ligand system, as a result of a reduced electron
density on the Rh center (due to the electron-withdrawing nature of
the Ph substituents) that would favor reductive elimination.

(11) In addition, there are two C-H bonds available for C-H
activation vs only one C-C bond in the C-C activation, making the
C-H activation route even more favorable.

(12) Cao, Z. X.; Hall, M. B. Organometallics 2000, 19, 3338.

Scheme 3 Scheme 4
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DFT calculations have identified two feasible C-C
activation pathways resulting in the formation of 5: a
direct route proceeding through intermediate 2 with a
barrier of 15.8 kcal/mol and a route involving a revers-
ible C-H activation (through the η1-arene complex 3
and the η2

CH complex 4). This path, involving the
formation of the C-H agostic complex 4, has a lower
barrier for C-C activation (12.7 kcal/mol). However,
since both barriers for C-C activation (2 f 5, ∆Gq )
15.8 kcal/mol; 4 f 5, ∆Gq ) 12.7 kcal/mol) are relatively
low and comparable for both routes, it is conceivable
that both of them can take place. All productive path-
ways were found to proceed through complex 2, which
is a key intermediate in the methylene transfer reaction.
Complex 2 is a conceptually new precursor for C-C
oxidative addition. It directs the C-C bond to the metal
center through an η2

C-C-arene coordination rather than
through an η2

C-H one and is unique for the system
containing a benzyl C-C bond. It should be noted that
η2

C-C-arene complexes were suggested to be the initial
reactants in C-H σ-bond activation reactions.13

All pathways that can take place in the methylene
transfer sequence are described in Figure 1.

It should be noted that, on the basis of our DFT study,
C-C oxidative addition can take place in forward
reactions 2 f 5 (∆Gq ) 15.8) and 4 f 5 (∆Gq ) 12.7) or
the reverse reaction 2 f 1 (∆Gq ) 22.5 kcal/mol).
Nevertheless, although the C-C oxidative addition
reaction 2 f 1 is kinetically possible, since 5 (rather
than 1) is the thermodynamically most stable product
in the methylene transfer sequence (1 f f 5), it is the

only product that can be observed in agreement with
our experimental results.3e The barriers for C-C reduc-
tive elimination are higher than those for its microscopic
reverse reaction, C-C activation. They are similar for
the forward direction (∆Gq ) 28.8 kcal/mol for 1 f 2)
and for the reverse direction (∆Gq ) 25.6 kcal/mol for 5
f 4 or ∆Gq ) 32.1 kcal/mol for 5 f 2).

Each single barrier involved in both forward and
reverse processes is reachable for our system (Figure
1). However, the effective barrier for the reverse reaction
5f1 is the highest barrier of the pathway relative to
the lowest energy point, hence the effective free energy
for 5f1 is 38.8 kcal/mol. Thus, reverse methylene
transfer reaction will not take place unless 5 is less
thermodynamically stable than 1. This conclusion is
important for the design a catalytic system for the
methylene transfer reaction (vide infra).

Structures of the Complexes

The structures of all intermediates relevant to the
methylene transfer mechanism are illustrated in Figure
2.

Two structural isomers were found for complex 1
(Figure 2). One has a Ph ligand in a position trans to
the empty coordination site (1), and the other has an
iodine trans to the empty coordination site (1-iso).
Complex 1 is the analogue of the experimentally ob-
served complex IIa (Scheme 1)3e and is 17.4 kcal/mol
lower in energy than the complex 1-iso (probably due
to the trans effect of the Ph ligand being greater than
that of I). In comparison of the structure of 1 to the
analogous experimental X-ray structure of IIa, it can
be seen that the Rh-CCH2 bond distances are similar
in the two complexes (2.075 vs 2.069 Å in the X-ray
structure), as are the Rh-CCH2-Cipso bond angles (88.8
vs 90.2° in the X-ray structure). This similarity between
the calculated and the experimental structures implies
that our model system closely parallels the experimental
system.

(13) (a) Jones, W. D.; Feher, F. J. Acc. Chem. Res. 1989, 22, 91. (b)
Belt, S. T.; Duckett, S. B.; Helliwell, M.; Perutz, R. N. J. Chem. Soc.,
Chem. Commun. 1989, 928. (c) Belt, S. T.; Dong, L.; Duckett, S. B.;
Jones, W. D.; Partridge, M. G.; Perutz, R. N. J. Chem. Soc., Chem.
Commun. 1991, 266. (d) Chin, R. M.; Dong, L.; Duckett, S. B.;
Partridge, M. G.; Jones, W. D.; Perutz, R. N. J. Am. Chem. Soc. 1993,
115, 7685. (e) Johansson, L.; Tilset, M.; Labinger, J. A.; Bercaw, J. E.
J. Am. Chem. Soc. 2000, 122, 10846. (f) Reinartz, S.; White, P. S.;
Brookhart, M.; Templeton, J. L. J. Am. Chem. Soc. 2001, 123, 12724.

Figure 1. Relative free energies (∆G298) of the methylene transfer intermediates and transition states at the mPW1k/
SDD/mPW1k/SDB-cc-pVDZ level of theory.
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The η1-arene complex 3 has a relatively short Rh-
Cipso bond (2.3 Å) compared to that in complex 2 (2.9
Å), and it reveals a slight distortion in the chelate
aromatic ring which could be attributed to arenium
character. The Rh-Cipso bond in 3 (2.3 Å) is much longer
than that in 5 (2.0 Å), and dearomatization is not
significant, as indicated by the bond lengths and angles.
The Wiberg bond index obtained from a natural bond
order (NBO) calculation confirms that there is an
interaction between the Rh center and the Cipso atom;
thus, Rh-Cipso is a true bond (for Wiberg index values
see the Supporting Information). The Rh-Cipso bond
length and the slight dearomatization of the ring is
similar to that found by us for the cationic σ-arenium
species.14 The Rh-CCH2 distance in 3 is 3.0 Å therefore,

there is no C-C agostic type coordination to the Rh
center. Analogous η1-arene complexes were previously
found computationally by us3f as well as by Cao and
Hall12 in similar Rh and Ir/PCP systems. In our study
no direct C-C cleavage was found to take place from 3,
as in the case for Rh/PCP system in the calculations by
us3f and by Cao and Hall.12

No η2-arene coordination to the chelate aryl was
found. All attempts to find an η2-arene intermediate
converged to the η1-arene complex 3. However, in the
search for the analogous η1-arene complex of the exter-
nal aryl (rather than that of the chelate aryl), only the

(14) Vigalok, A.; Rybtchinski, B.; Shimon, L. J. W.; Ben-David, Y.;
Milstein, D. Organometallics 1999, 18, 895.

Figure 2. Structures of the intermediate complexes found for the methylene transfer reaction sequence.
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η2-complex 2 was found. It should be noted that η2-arene
coordination to the chelate aryl was computationally
found in bis-chelating PCN15 and PCO3g systems and
in the monochelating PC system.16 To the best of our
knowledge, complex 2 is a new computationally found
intermediate for C-C oxidative addition. It is an open
chelate stabilized by η2 coordination to the reductively
eliminated arene ring. The Rh-CH2 distance in 2 is 3.1
Å; therefore, it cannot be regarded as a π-benzyl complex
but rather as an η2 complex with Rh-Caryl distances
of 2.2 and 2.4 Å and corresponding bond orders. The
Rh- - -Cipso distance in 2 is relatively long (2.9 Å), and
no interaction is observed between the Rh and Cipso
atoms on the basis of the NBO calculation. In the C-H
agostic complex 4, however, the Rh- - -Cipso distance is
much shorter (2.5 Å), which may explain the lower
kinetic barrier for C-C oxidative addition proceeding
via 4. No C-C agostic interaction was found in 4. The
methylene C-H bond, which is coordinated to the metal,
is longer than the C-H bond which is not coordinated
to the metal (1.16 vs 1.09 Å, respectively); thus, this is
a true agostic C-H bond (indicated also by NBO
analysis).17 Similar C-H agostic PCP complexes were
previously found by us3f and by Cao and Hall12 to be
the intermediates for C-C activation.

Two structural isomers were found for complex 5
(Figure 2): one with the benzyl ligand trans to an empty
coordination site (5) and an isomer with the chelate ring
trans to an empty coordination site (5-iso). The energies
of these two structures differ by 1.5 kcal/mol, 5-iso being
more stable. This could result from the preference of
an sp2 carbon to be trans to an empty coordination site
rather than to an iodide, as the trans effect of an sp2

carbon is expected to be stronger than that of an sp3

carbon. We considered complex 5 for the mechanism
description, since it is more comparable to the X-ray
structure found for the analogous experimental complex
IIIc,3e and only transition states leading to 5 (but not
to 5-iso) were located in our calculations. Complexes 5
and 5-iso are the most stable complexes in the compu-
tational model system. The reason for complex 5 ther-
modynamic preference over complex 1 could be the
higher stability of five-membered rings chelate vs six-
membered rings.

The open chelate complex 7 is a higher energy
compound. It has a T-shaped geometry with the two
phosphine arms cis to each other and an iodine ligand
trans to one phosphine. This complex is not an inter-
mediate for C-C cleavage. It demonstrates distances
between the Rh center and the carbons relevant in C-C
activations (3.3 and 3.5 Å) that are longer than in other
intermediates.

The transition state geometries for C-C reductive
elimination TS(1-2) and C-C cleavage TS(2-5) are
very similar (Figure 2). The major differences between
them are the bond distances of the C-C bonds that are
being formed or activated.18 In TS(1-2) the forming
CAr-CCH2 bond is 1.8 Å, whereas in TS(2-5) the same

bond is 1.5 Å. In the same way, the activated CCH2-
Cipso bond in TS(2-5) is 1.8 Å, whereas the same bond
in TS(1-2) is 1.5 Å. The Rh-CCH2 distance is 2.3 Å for
both TS(1-2) and TS(2-5). This geometric similarity
between the two transition states reflects the similarity
of the bonds that are being activated and formed:
namely sp2-sp3 aryl-benzyl C-C bonds in both transi-
tion states. Significantly, the geometry for the C-C
cleavage transition state TS(4-5) is very different from
that of TS(2-5), reflecting the different geometry of the
intermediate from which the C-C activation step takes
place. This signifies the importance of predirection of
the C-C bond toward the metal center required for C-C
bond activation, rather than specific transition state
geometry.

Discussion
Calculations found two feasible routes for C-C acti-

vation in the studied model system. The first route,
involving formation of the η1-arene and C-H agostic
intermediates, was computationally suggested by Cao
and Hall for similar Rh systems.12 A similar mechanism
involving formation of a C-H agostic intermediate as
a precursor for C-C activation was also suggested by
us for several analogous systems.3f,g It should be noted
that while in Rh systems a C-H agostic complex similar
to 4 was found computationally, no such intermediate
was found for the analogous Ir/PCP system, in which
the C-C cleavage reaction was suggested to take place
directly from the η1-arene complex (similar to 3).12 No
direct transformation was found to take place from 2
to 4. Thus, the formation of an η1-arene complex
promotes the low-energy C-C cleavage path and it is
critical for C-H activation.

The second route for C-C cleavage found in our
calculations follows a C-C cleavage reaction taking
place from the “open” η2 complex 2. This direct route
was not found computationally before and thus is a
conceptually new path for a C-C oxidative addition
process in our systems. The alternative activation of a
C-C bond without precoordination of the metal to an
adjacent C-H bond raises the possibility for designing
a system with more favorable C-C vs C-H competing
aptitudes. We previously reported on a 14e intermediate
(which does not involve η2

C-C-arene coordination) that
was directly observed to undergo aryl-Me oxidative
addition at low temperature.3d

It should be noted that C-C oxidative addition, in
contrast to C-H oxidative addition, was not found to
take place from an agostic C-C intermediate; thus,
there is no direct coordination of the bond to be cleaved
to the metal as in the C-H activation reaction. How-
ever, predirection of the C-C bond toward the metal is
required. In our model system it is either η2 coordination
or a C-H agostic bond that is necessary for bringing
the C-C bond into close proximity to the metal, making
the C-C cleavage step possible by two different routes.
The importance of such predirection for the cleavage of
C-C bonds was recently demonstrated in the PCO
system both experimentally and theoretically.3g

To design a catalytic methylene transfer reaction, the
reverse C-C reductive elimination/C-C activation se-
quence 5 f f 1 should be considered. The effective
barrier for the process 5 f f 1 either through complex
4 (5 f 4 f 3 f 2 f 1) or directly through complex 2 (5

(15) Sundermann, A.; Uzan, O.; Martin, J. M. L. Organometallics
2001, 20, 1783.

(16) Rybtchinski, B.; Cohen, R.; Ben-David, Y.; Martin, J. M. L.;
Milstein, D. J. Am. Chem. Soc. 2003, 125, 11041.

(17) Hall, C.; Perutz, R. N. Chem. Rev. 1996, 96, 3125.
(18) This is best illustrated by following the imaginary frequencies

for the transition states in MOLDEN.
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f 2 f 1) is too high to allow this reverse reaction to
take place (38.8 kcal/mol), although each individual step
in the reverse reaction seems to be kinetically accessible,
especially when considering the longer path 5 f 4 f 3
f 2 f1. However, provided that the thermodynamics
are favorable, this pathway might be also kinetically
accessible. If the stability of 5 is lower than that of 1, it
will result in a lower effective barrier for the reverse
process.19 Thus, on the basis of our study, the revers-
ibility of the methylene transfer sequence might be
achievable, provided that a proper thermodynamic
design would result in a lower effective barrier for the
process. Efforts toward the catalytic methylene transfer
system based on our computational study are currently
underway in our laboratories.

Conclusions
The mechanism for the methylene transfer reaction

in the (H-PCP-CH2)Rh(Ph)(I) model system was in-
vestigated computationally. The calculations support
the experimental conclusion that the rate-determining
step in the methylene transfer sequence is the initial
C-C reductive elimination rather than the C-C activa-
tion step. Two routes were found for the C-C activation
process taking place after the formation of the η2 arene
complex 2, which is a key intermediate participating in
all pathways found for the reaction. One route, which
is lower in energy, proceeds through the η1 complex 3,
which is converted to the agostic C-H complex 4 that
is an intermediate for the C-C bond oxidative addition.
The other route is going directly from the “open” η2

CC-
arene complex 2 to the C-C activated complex 5. This
is a new computational result regarding the C-C
activation mechanism that emphasizes the importance
of predirection of the metal toward the C-C bond and
identifies a new directing mechanism. The reverse
sequence for C-C reductive elimination and C-C
activation, 5 f 1, was also considered. Changing the
thermodynamic propensities in the system might lead
to a change in the effective barrier of the reverse
process, resulting in a thermodynamically and kineti-
cally accessible reaction relevant to the design of a
catalytic methylene transfer system.

Computational Methods
All calculations were carried out using the Gaussian 98

program, revision A.11,8 running on a mini-farm of Pentium
IV Xeon 1.7/2.0 GHz PC’s running Red Hat Linux 7.2 in our
group and on the Faculty of Chemistry Linux PC Farm.

The mPW1k (modified Perdew-Wang 1-parameter for kinet-
ics) exchange-correlation functional of Truhlar and co-work-
ers20 was employed in conjunction with the SDD and SDB-cc-
pVDZ basis sets (see below). This functional is based on the
Perdew-Wang exchange functional21 with Adamo and Bar-
one’s modified enhancement factor22 and the Perdew-Wang
correlation functional.21 A larger percentage of Hartree-Fock
exchange has been introduced20 to circumvent the under-

estimated barrier heights typical of standard exchange-cor-
relation functionals. It has been shown20,23-25 that this func-
tional generally yields much more reliable reaction barrier
heights than B3LYP or other “conventional” exchange-correla-
tion functionals, especially when transition metals are in-
volved.25,27

The SDD basis set is the combination of the Huzinaga-
Dunning double-ú basis set on lighter elements with the
Stuttgart-Dresden basis set-relativistic effective core poten-
tial (RECP) combination26 on the transition metals. The SDB-
cc-pVDZ basis set combines the Dunning cc-pVDZ basis set27

on the main-group elements with the Stuttgart-Dresden basis
set-RECP combination28 on the transition metals, with an
f-type polarization exponent taken as the geometric average
of the two f exponents given in the Appendix to ref 28.

The energetics for our final reaction profiles obtained from
the mPW1k functional with SDD basis set were validated by
single-point energy calculations, using the SDD reference
geometries, with the extended SDB-cc-pVDZ basis set.

Geometry optimizations for minima were carried out using
the standard Schlegel algorithm29 in redundant internal
coordinates until in the neighborhood of the solution and then
were continued using analytical second derivatives.30 Optimi-
zations for transition states were carried out with an initial
guess for the transition state being generated from manual
manipulation of the geometry using MOLDEN.31 In cases
where this approach failed to converge, we used analytical
second derivatives at every step.

Zero-point and RRHO (rigid rotor-harmonic oscillator)
thermal corrections (to obtain ∆S and ∆G values at 298.15 K)
were obtained from the unscaled computed frequencies.

Where necessary, the Grid ) UltraFine combination, i.e., a
pruned (99 590) grid in the integration and gradient steps and
a pruned (50 194) grid in the CPKS (coupled perturbed Kohn-
Sham) steps, was used as recommended in ref 32.

For interpretative purposes, atomic partial charges and
Wiberg bond indices33 were obtained by means of a natural
population analysis (NPA)34 at the mPW1k/SDD level.
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