
Theoretical Study of the Oxidative Addition of 16-Electron d4 [n]-Metallocenophane
Complexes with Methane

Ming-Der Su* ,† and San-Yan Chu*,‡

Department of Chemistry, National Tsing Hua UniVersity, Hsinchu 30043, Taiwan, ROC, and School of
Chemistry, Kaohsiung Medical UniVersity, Kaohsiung 80708, Taiwan, ROC

ReceiVed: August 23, 2000; In Final Form: NoVember 21, 2000

We have chosen eight [n]-metallocenophane complexes to investigate the oxidative additions with methane
using the B3LYP/LANL2DZ level of theory. Considering the effects from the geometry and the nature of the
metal center, the following conclusions emerge: the less bent 16-electron [n]-metallocenophane complex
with the transition metal center W should be a potential model for the oxidative addition of saturated C-H
bonds. Our model calculations suggest that a methaneσ-complex intermediate formed between the
[n]-metallocenophane and methane plays a major role in the oxidative additions. Moreover, we show that
both electronic and geometric effects play a significant role in determining the energy barriers.

I. Introduction

Theoretical and computational studies of the activation of
unreactive carbon-hydrogen bonds have attracted great attention
ever since the first demonstration of the intermolecular oxidative
addition of alkane C-H bonds to transition-metal centers.1 In
a continuing effort to explore the nature of the activation process
in the past two decades,2,3 the unsaturated transition-metal
fragments of different structural types have been the subjects
of numerous quantum chemical calculations, employing theo-
retical models ranging from, for example, semiempirical meth-
ods4 and various ab initio techniques5 to density functional
theory.6 The results of these calculations provide excellent,
qualitative accounts for a large range of experimentally observed
properties.7 In fact, we have gained a great deal of insight into
the complex nature of the electronic structures of these
complicated molecular systems, and qualitative explanations and
predictions are found to be very reliable.

Recently, there has been considerable commercial interest in
ansa-bridged metallocene complexes8,9 due to their use in the
catalysis of stereoregular olefin polymerization reactions.10 On
a more fundamental level, several groups have reported ansa-
bridged metallocene complexes which show interesting changes
in structure or reactivity compared to the corresponding un-
bridged metallocene complexes.11,12Green and co-workers have
investigated the influence of the ansa bridge on several group
6 metallocene complexes and have noted dramatic reactivity
differences in comparison to the unbridged analogues.8 For
example, photolysis of Cp2W(H)CH3 under matrix isolation
conditions has been found to generate tungstenocene (Cp2W),13

and Green and co-workers had reported that, upon thermolysis
in solution, Cp2W(H)CH3 generated a species capable of reacting
with aromatic C-H bonds.14-16 In contrast, the ansa-bridged
analogue W[(η5-C5H4)2CMe2]H2 is photochemically inert.15

By analogy to the well-known chemistry of photogenerated
tungstenocene,11,13an interesting chemistry for the ansa-bridged
tungstenocene can be anticipated. At first sight, it seems that
the relative reactivity of these 16-electron fragments can be

explained on the basis of conventional molecular orbital (MO)
theory.17 In a parallel sandwich Cp2W complex, the HOMO
(see details below) is sheltered between the two Cp rings. On
the contrary, when tungstenocene is preorganized into a bent
state by linking the two Cp rings with an ansa bridge, its HOMO
extends into space, apparently more appropriately oriented for
oxidative addition to C-H bonds. In other words, a bent
geometry may allow more facile oxidative additions to the C-H
bonds of an alkane than the parallel ring structure. Besides this,
according to Labella, Chernega, and Green’s work,12 it was
suggested that the driving force for elimination reaction in these
group 6 metallocene derivatives is the existence of the favored
parallel ring structure for the d4 configuration metallocene.
Similar experimental evidence and conclusions can also be found
in Green’s work.11 However, there is as far as we know no
experimental evidence that parallel ring metallocenes are more
reactive to oxidative addition than bent ones.

This paradox aroused our interest to investigate the potential
energy surfaces of such reactions using density functional theory
(DFT). A study of the important C-H activation reaction, eq
1, was thus undertaken:

The [n]-metallocenophanes studied are M(η5-C5H5)2, [1]-M(η5-
C5H4)2CH2, [2]-M(η5-C5H5)2C2H4, and [3]-M(η5-C5H5)2SC2H4,
where M) Mo and W, as shown in1. Also, the most relevant
geometrical parameter (θ) for these complexes is defined in1
(i.e., the cp-M-cp angle; cp) centroids of the Cp ring).
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[n]-metallocenophane+ H-CH3 f

[n]-metallocenophane(H)(CH3) (1)
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The reasons for choosing eq 1 as the model are the
following: (i) Many theoretical studies have been performed
on a C-H oxidative addition to Rh, Ir, Pd, and Pt organometallic
species.3-7 However, only a few have actually been carried out
on oxidative additions by other transition-metal complexes.
Especially little is known about how much the C-H oxidative
addition is influenced by Mo and W metals. (ii) To the best of
our knowledge, there are no systematic theoretical calculations
concerning geometrical effects on the 16-electron d4 [n]-
metallocenophane systems.18,19In the present work, we thus use
the number of bridging atoms to adjust the bending angleθ.
As will be shown later,θ decreases along the series, M(η5-
C5H5)2, [3]-M(η5-C5H5)2SC2H4, [2]-M(η5-C5H5)2C2H4, and
[1]-M(η5-C5H4)2CH2, as expected. Through this theoretical
study, we hope (a) to obtain a detailed understanding of the
C-H oxidative addition to 16-electron d4 [n]-metallocenophane
type complexes, (b) to investigate the influence of the ansa
bridge upon the geometries and energies of the intermediates,
as well as on the transition states, (c) to elucidate the differences
between Mo and W, and (d) to investigate those factors
controlling the activation barrier for oxidative reactions. It will
be shown that the reactivity of the 16-electron d4 [n]-metallo-
cenophane complex is correlated strongly to its singlet-triplet
splitting.

II. Electronic Structure of [ n]-Metallocenophane+ CH4

It is convenient to divide the reactants into d4 C2V Cp2M and
CH4 fragments and begin a discussion of the bonding by looking
briefly at the valence orbitals of the Cp2M and CH4 units. The
orbitals of the Cp2M fragment are known and have been studied
extensively by Hoffmann et al.17,20 and Ziegler et al.21 using
different approaches. Figure 1 shows a qualitative Walsh
diagram for changing the bending angleθ. The d4 Cp2M
fragment has three characteristic frontier orbitals, 1a1(dy2-z2),
1b2(dyz), and 2a1(dz2), which are primarily metal d orbitals. It
should be emphasized here that some metal dy2-z2 and s
characters from 1a1 mix into 2a1 so that the torus of dz2 becomes
hybridized away from the Cp ligands.

III. Geometries and Energetics of [n]-Metallocenophane
+ CH4

In this section the computational results for four regions on
the potential energy surfaces will be presented: 16-electron
[n]-metallocenophane plus free CH4 (Rea); a precursor complex
(PC); the transition state (TS); the oxidative addition product

(Pro) [n]-metallocenophane(H)(CH3). The fully optimized
geometries for those stationary points calculated at the B3LYP/
LANL2DZ level are given in Figures 2-5, respectively. Total
and relative energies are collected in Table 1.

(A) Reactant. A general outline of the valence MOs in the
bent metallocene has been given in section II. ReactantsMo-
Rea-Mo-[3]-ReaandW-Rea-W-[3]-Reahave been calculated
both as low-spin (singlet) and as high-spin (triplet) complexes.
As expected, no matter what multiplicity the bent metallocene
adopts, our computations suggest that the bending angleθ should
always decrease in the following order:Mo-[3]-Rea > Mo-
Rea > Mo-[2]-Rea > Mo-[1]-Rea andW-[3]-Rea > W-Rea
> W-[2]-Rea > W-[1]-Rea. Additionally, our DFT calculations
indicate that they all possess a triplet ground state. As one can
see in Figure 1, for a high-spin d4 complex, configuration (1a1)2-
(1b2)1(2a1)1, the Walsh diagram predicts that a parallel ring
structure is preferred, which has been confirmed by some
experimental observations.13 For instance, infrared and UV
matrix-isolation studies13b have shown Cp2W to have a parallel
sandwich structure with a3E2 ground state. On the basis of these
results, it is therefore expected that the singlet state of the d4

Cp2M system should be more bent than its triplet analogue. This
prediction agrees well with our B3LYP/LANL2DZ results for
all cases as shown in Figures 2-5. Our theoretical results for

Figure 1. Walsh diagram for bending back the Cp rings in the Cp2M
fragment.

Figure 2. B3LYP/LANL2DZ optimized geometries (in Å and deg)
of the reactants (singlet and triplet), precursor complex, transition state,
and product ofMo-[3] andMo cases. Values in parentheses are at the
triplet state. The heavy arrows indicate the main atomic motions in the
transition state eigenvector.
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singlet metallocene preferring the bent structure are also
consistent with those of Green and Jardine.15

Moreover, in a bent geometry at the singlet state, the HOMO
(1b2) is destabilized as the bending angleθ decreases and the
LUMO (2a1) increases in energy, resulting in an opening of a
HOMO-LUMO gap in the bent d4 Cp2M complex. In other
words, the energy gap between the HOMO and LUMO levels
for the d4 Cp2M singlet species is strongly dependent on the
bending angleθ as shown in Figure 1; i.e., the larger the bending
angleθ, the smaller (i.e., the more negative) the singlet-triplet
splitting (∆Est ) Etriplet - Esinglet) of the d4 Cp2M complex. Our

DFT results are in accord with this prediction. That is to say,
the magnitude of the singlet-triplet splitting of the bent
metallocene reactant follows the same trend as the bending angle
θ: Mo-[3]-Rea (-23.6 kcal/mol)< Mo-Rea(-23.1 kcal/mol)
< Mo-[2]-Rea (-9.15 kcal/mol)< Mo-[1]-Rea (-4.64 kcal/
mol) andW-[3]-Rea (-19.4 kcal/mol)< W-Rea (-18.9 kcal/
mol) < W-[2]-Rea (-7.76 kcal/mol)< W-[1]-Rea (-5.16 kcal/
mol). We shall use the above results to explain the origin of
barrier heights for their oxidative additions in a latter section.

Furthermore, since the B3LYP/LANL2DZ calculations sug-
gest that these [n]-metallocenophane reactants should adopt a

TABLE 1: Relative Energies for Singlet and Triplet [n]-Metallocenophane Fragments and for the Process [n]-Metallocenophane
+ H-CH3 f Precursor Complex f Transition State f Producta

systems θ (Cp-M-Cp) (deg) ∆Est
b (kcal/mol) reactant (kcal/mol) ∆Ecpx

c (kcal/mol) ∆Eact
d (kcal/mol) ∆Ee (kcal/mol)

Mo 151.2 -22.6 0 -2.55 +2.95 -9.65
Mo-[3] 153.2 -23.1 0 -1.86 +1.74 -9.58
Mo-[2] 139.2 -9.15 0 -3.48 +6.65 -6.66
Mo-[1] 125.8 -4.64 0 -4.52 +7.90 -5.11
W 154.9 -18.9 0 -4.70 -0.278 -23.7
W-[3] 161.7 -19.4 0 -7.57 -3.80 -26.4
W-[2] 140.7 -7.76 0 -1.61 +4.25 -22.4
W-[1] 126.9 -5.17 0 -1.28 +4.21 -22.1

a At the B3LYP/LANL2DZ level. b ∆Est ) Etriplet - Esinglet. A negative value means the triplet is the ground state.c The stabilization energy of
the precursor complex, relative to the corresponding reactants.d The activation energy of the transition state, relative to the corresponding reactants.
e The exothermicity of the product, relative to the corresponding reactants.

Figure 3. B3LYP/LANL2DZ optimized geometries (in Å and deg)
of the reactants (singlet and triplet), precursor complex, transition state,
and product ofMo-[1] andMo-[2] cases. Values in parentheses are at
the triplet state. The heavy arrows indicate the main atomic motions in
the transition state eigenvector.

Figure 4. B3LYP/LANL2DZ optimized geometries (in Å and deg)
of the reactants (singlet and triplet), precursor complex, transition state,
and product ofW-[3] andW cases. Values in parentheses are at the
triplet state. The heavy arrows indicate the main atomic motions in the
transition state eigenvector.
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triplet ground state, this implies that these complexes might
insert into the saturated C-H bond via a diradical-type
mechanism. Nevertheless, it is well established that whenever
a reactant contains a heavy atom center, which is not necessarily
directly involved in the reaction, a strong spin-orbit coupling
(SOC) may occur.22,23In other words, a triplet reactant, via the
agency of the heavy atom, can undergo a spin-inversion process
for transformation to the singlet reactant and then proceed along
the singlet reaction. In addition, our DFT results in Table 1
also suggested that those reactants with the triplet ground state
would have a small excitation energy to the first singlet state;
i.e., ∆Est ) -23 - -4.6 kcal/mol. Thus, due to the fact that
[n]-metallocenophane has a small singlet-triplet splitting∆Est

and a heavier transition metal involved, and the SOC is expected
to be substantial in those oxidative additions and would wash
out differentials based on singlet, triplet distinctions. For these
reasons, it could well be that the oxidative addition reactions
proceed on the singlet surface, even if the reactants start from
the triplet state. We shall therefore focus on the singlet surface
from now on.24

(B) Precursor Complex. The structures of precursor com-
plexes (Mo-[3]-PC, Mo-PC, Mo-[2]-PC, Mo-[1]-PC, W-[3]-
PC, W-PC, W-[2]-PC, and W-[1]-PC) optimized at the
B3LYP/LANL2DZ level are shown in Figures 3-6, respec-
tively.Alltheprecursorcomplexesdisplaysimilar[n]-metallocenophane·
··(CH4) bonding characteristics. The methane ligand is coordi-

nated to the metal center in anη3 fashion via two C-H σ bonds
with the H-C-H plane nearly orthogonal to the Cp-M-Cp
coordination plane. Calculated vibrational frequencies for the
precursor complexes reveal that these structures are true minima
on the potential energy surface. Moreover, as shown in Figures
2-5, the M-C distances to CH4 in these precursor complexes
range from 2.98 to 2.83 Å. Such large bond distances between
[n]-metallocenophane and methane are expected to be reflected
in small values for the complex stabilization energy. Indeed, it
was estimated that the energy of the precursor complex relative
to its corresponding reactants is 1.3-7.6 kcal/mol as shown in
Table 1. Hence, it seems that experimental detection of
intermediates formed in the gas-phase at room temperature is
challenging.

(C) Transition State.The optimized transition state structures
(Mo-TS, Mo-[3]-TS, Mo-[2]-TS, Mo-[1]-TS, W-TS, W-[3]-
TS, W-[2]-TS, andW-[1]-TS) together with arrows indicating
the main atom motion in the transition state eigenvector are
shown in Figures 2-5, respectively. All these transition state
structures show the same three-center pattern involving metal,
carbon, and hydrogen atoms. The transition state vectors
represented by the heavy arrows in the transition state structures
all are in accordance with the insertion process, primarily the
C-H bond stretching with a hydrogen migrating to the metal
center. It is noted that such characteristic three-center transition
states have been observed in oxidative additions of C-H bonds
to 16-electron CpML224 and CpML25 and to 14-electron ML326

and ML2
27 systems.

Furthermore, as seen in Table 1, the energies of bothW-TS
andW-[3]-TS transition states for methane insertion are below
those of their corresponding reactants. This indicates that the
rearrangement shown in2 can take place without the dissociation
of methane from the W(η5-C5H5)2 and [3]-W(η5-C5H5)2SC2H4

fragments. Consequently, the intermediateη3-complex we found
in this work may correspond to the methaneσ complex proposed
by Norton et al.28 and Bercaw et al.29 Moreover, as shown in

Figure 5. B3LYP/LANL2DZ optimized geometries (in Å and deg)
of the reactants (singlet and triplet), precursor complex, transition state,
and product ofW-[1] andW-[2] cases. Values in parentheses are at
the triplet state. The heavy arrows indicate the main atomic motions in
the transition state eigenvector.

Figure 6. Potential energy profile of the reaction of [n]-metallo-
cenophane with CH4. All of the energies were calculated at the B3LYP/
LANL2DZ level. See the text.
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Figure 4, our DFT calculations suggest that the W agostic
complex (W-PC andW-[3]-PC) should be a structure in which
methane is bound in an end-on fashion through two hydrogen
atoms, which is again in accordance with the mechanism
postulated by Norton et al.28 and Bercaw et al.29 For these
reasons, our theoretical results provide strong support for the
existence of alkane “σ-complex” intermediates, which intervene
in the saturated hydrocarbon oxidative addition process before
full C-H bond cleavage occurs. A similar theoretical calculation
of such exchange reactions is also reported by Green and
Jardine.15

(D) Product. The optimized product geometries (Mo-Pro,
Mo-[3]-Pro , Mo-[2]-Pro, Mo-[1]-Pro , W-Pro, W-[3]-Pro ,
W-[2]-Pro , andW-[1]-Pro ) are also collected in Figures 2-5,
respectively. With examination of these product conformations,
it is obvious that the methane fragment (H···CH3) is poised in a
fashion consistent with the transition states. Thus, the reaction
trajectory for C-H insertion appears to be set in motion into
the final product.

IV. Discussion of the Potential Energy Surfaces

The potential energy profiles based on the data in Table 1
are summarized in Figure 6. Four intriguing results can be drawn
from this figure.

First, considering the geometrical effect, our theoretical
findings suggest that, for the same metal center, complexes
containing less bent sandwich structures are considerably more
reactive. Namely, this may lead to the lower activation energy
and the larger exothermicity for the oxidative addition of
H-CH3 to 16-electron [n]-metallocenophane complexes (left
to right in Figure 6). For instance, as demonstrated in Table 1,
the barrier height for H-CH3 activation increases in the
following order: M) Mo, Mo-[3]-TS (3.60 kcal/mol)< Mo-
TS (5.50 kcal/mol)< Mo-[2]-TS (10.1 kcal/mol)< Mo-[1]-
TS (12.4 kcal/mol); M ) W, W-[3]-TS (3.77 kcal/mol)<
W-TS (4.42 kcal/mol)< W-[1]-TS (4.49 kcal/mol)< W-[2]-
TS (5.86 kcal/mol). It should be noted that the activation barriers
for the W reactions are generally smaller than those for their
Mo analogues.

Second, as shown in Table 1, all the oxidative addition
reactions are thermodynamically exothermic. The order of
exothermicity follows a similar trend to the activation energy:
M ) Mo, Mo-Pro (-9.65 kcal/mol)< Mo-[3]-Pro (-9.58 kcal/
mol) < Mo-[2]-Pro (-6.66 kcal/mol)< Mo-[1]-Pro (-5.11
kcal/mol); M ) W, W-[3]-Pro (-26.4 kcal/mol)< W-Pro
(-23.7 kcal/mol)< W-[1]-Pro (-22.4 kcal/mol)< W-[2]-Pro
(-22.1 kcal/mol). Again, it is obvious to see that the W reactions
are much more exothermic than their Mo counterparts.

Third, consider the reverse process, that is, the reductive
elimination from the alkyl hydride for the [n]-metallocenophane
species (right to left in Figure 6). Our computational results
indicate that the driving force for reductive elimination in these
group 6 metallocene derivatives is the formation of the favored
parallel ring structure for the d4 configuration metallocene
product. For instance, the activation energy for CH4 elimination
increases in the following order:Mo-[3]-TS (11.3 kcal/mol)<
Mo-TS (12.6 kcal/mol)< Mo-[1]-TS (13.0 kcal/mol)< Mo-
[2]-TS (13.3 kcal/mol);W-[3]-TS (22.6 kcal/mol)< W-TS

(23.4 kcal/mol)< W-[2]-TS (23.6 kcal/mol)< W-[1]-TS (26.3
kcal/mol). Note that the barriers to reductive elimination for W
systems are apparently much higher in energy than those for
Mo analogues. Basically, these computational results are
qualitatively consistent with some experimental observations.10-15

For example, it was experimentally found that W(η5-C5H5)2-
MeH thermally eliminates methane at 60°, whereas W[(η5-
C5H4)2CMe2]MeH is thermally stable at 110°.10

Fourth, the DFT results show that the reductive elimination
of methane from [n]-metallocenophane may proceed through
the reversible formation of a methaneσ complex, in particular
for the [3]-W(η5-C5H5)2SC2H4 and Mo(η5-C5H5)2 species. Our
model calculations are in accordance with some experimental
findings.28,29For instance, Norton and co-workers had reported
that the reversible formation of aσ complex of methane as an
intermediate in the elimination process is the most plausible
explanation for the H/CH3 scrambling and for the inverse isotope
effect.28

V. Theoretical Model for the Reaction Barrier

In this section, an interesting model for interpreting the
reactivity of oxidative addition reactions is provided by the so-
called configuration mixing (CM) model, which is based on
Pross and Shaik’s work.30,31 According to the conclusions of
this model, the energy barriers governing processes as well as
the reaction enthalpies should be proportional to the energy gap
∆Est ()Etriplet - Esinglet) between the singlet and the triplet states
of 16-electron [n]-metallocenophane complex. In other words,
the smaller the∆Est of [n]-metallocenophane, the lower the
barrier height and the larger the exothermicity and, in turn, the
faster the oxidative addition reaction.

Bearing the above conclusion in mind, we shall explain the
origin of the observed trends as shown previously in the
following discussion:

(a) Why is the oxidatiVe addition reaction of[n]-metallo-
cenophane with parallel ring structure more facile than that of
bent sandwich complex?

The reason for this can be traced back to the singlet-triplet
gap (∆Est) of 16-electron [n]-metallocenophane. It was found
that a bent sandwich complex should result in a larger singlet-
triplet energy gap than a parallel ring one due to the MO analysis
as discussed earlier. From Figures 2-5, it is obvious that the
bending angleθ decreases in the orderMo-[3]-Rea > Mo-
Rea > Mo-[2]-Rea > Mo-[1]-Rea andW-[3]-Rea > W-Rea
> W-[2]-Rea > W-[1]-Rea. This strongly implies that the
singlet-triplet gap of the reactant becomes larger as one
proceeds along the series fromM-[3]-Rea to M-Rea to M-[2]-
Reato M-[1]-Rea (M ) Mo and W), which has been confirmed
by our DFT calculations as given in Table 1. Moreover, it is
readily seen that this result is in accordance with the trend in
activation energy and enthalpy (∆Eact, ∆H) for Mo insertion,
which are (3.60,-9.58), (5.50,-9.65), (10.1,-6.66), and (12.4,
-5.11) kcal/mol, and for W insertion, which are (3.77,-26.4),
(4.42, -23.7), (5.86,-22.4), and (5.49,-22.1) kcal/mol,
respectively. Consequently, our model calculations provide
strong evidence that the electronic factor resulting from the ansa-
bridged structure should play a decisive role in determining the
reactivity of [n]-metallocenophane.

(b) Why is the W reaction more faVorable than the Mo
reaction in the actiVation of the C-H bond?

The reason for this can also be simply understood in terms
of the singlet-triplet gap (∆Est) of 16-electron [n]-metallo-
cenophane. According to the experiments,33 the Mo atom has a
seventet d5s1 ground state with a high excitation energy of 31
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kcal/mol to the quintet d4s2 state. For the W atom, the ground
state is quintet d4s2 but with a relatively low excitation energy
of 8.4 kcal/mol to the seventet d5s1 state. This implies that W
would prefer to remain in a high-spin state, whereas Mo favors
a low-spin state. In fact, our B3LYP/LANL2DZ results in Table
1 indicates that, for the same geometrical structure,∆Est of the
W complex is generally smaller in energy than that of the Mo
complex. This would lead to the fact that the insertion into a
C-H bond should be more easier and more exothermic for the
W system than for its Mo counterpart. This is what we observed
in the 16-electron [n]-metallocenophane systems. Consequently,
our theoretical findings are in good agreement with the CM
model.

VI. Conclusion

As mentioned in the Introduction, in the traditional explana-
tion, the reactivity of the ansa-bridged metallocene complex is
attributed to its bent sandwich structure resulting in a hybridized
HOMO (see 1b2 in Figure 1) that points away from the two Cp
ligands and thus leads to a better overlap for the incoming
hydrocarbon molecule. That is to say, using this conventional
belief, one may predict that the oxidative addition reaction of
[n]-metallocenophane with bent structure should be more facile
than that of parallel ring sandwich complex. This is, however,
contrary to many experimental findings.10-16 Our study has
shown that this conventional belief is refuted by a simple
valence-bond model (i.e., the CM model), which help us
understand the electronic origin of an activation barrier for
addition of methane to 16-electron [n]-metallocenophane.

Despite the fact that the estimated magnitude of the barrier
and the predicted geometry of the transition state for such
reactions appear to be dependent on the computational level
applied, our qualitative predictions are in good agreement with
the computational results presented here as well as the experi-
mental observations. Despite its simplicity, our approach proves
to be rather effective and can provide chemists with important
insights into the factors controlling the activation of saturated
C-H bonds, thus allowing a better understanding of the nature
of such systems as well as a number of predictions to be made.
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Appendix: Computational Details

All geometries were fully optimized without imposing any
symmetry constraints, although in some instances the resulting
structure showed various elements of symmetry. Furthermore,
the transition states were characterized by normal-mode analysis
to identify them as real transition states (one imaginary
frequency) or second-order saddle points (two imaginary
frequencies). The DFT calculations used the Becke hybrid
functional (B3LYP)34 as implemented in the GAUSSIAN94
program.35

Effective core potentials (ECP) were used to represent the
28 innermost electrons of molybdenum (up to the 3d shell).36

Likewise, ECPs were used to represent the 60 innermost
electrons of tungsten (up to the 4f shell).37 For hydrogen, carbon,
and oxygen atoms the double-ú basis of Dunning-Huzinaga
was used.38 Moreover, the unrestricted B3LYP approach was
used in this work to describe the triplet states of reactants.

Hence, all the B3LYP calculations are denoted by B3LYP/
LANL2DZ.39
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