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Very recently Gross and Girolami1 described the “first report
of a transition metal methyl/hydride complex in which the
hydrogens of the alkyl and hydride are exchanging at a rate
sufficient to be dynamic on the NMR time scale.2 The results
suggest that an alkane complex LxM(CH4) is formed reversibly
from the methyl/hydride complex”.

In this communication I report density functional theory (DFT)
calculations on a model of the Os(IV) methyl/hydride studied by
Gross and Girolami. A bound methane complex is indeed found
which lies≈6 kcal/mol above the methyl/hydride. The theoretical
barrier height connecting the two is in good agreement with the
experimental kinetic data reported for hydrogen exchange. Once
formed, the methane complex can scramble the hydrogen bound
to the metal through a lower-lying transition state involvingη2-
H,H coordination to the metal. The larger barrier measured for
the reductive elimination of CH4 may be a measure of the stability
of the methyl/hydride.

The system studied by Gross and Girolami was the cationic
Os(IV) complex [Cp*Os(dmpm)(CH3)H+], where dmpm is bis-
(dimethylphosphino)methane and Cp* ) C5(CH3)5. In the present
work, I have studied a model complex in which the Cp* ligand is
replaced with Cp(C5H5). The calculations employed the hybrid
B3LYP3 DFT approximation,4 and a locally modified version6

of the Gaussian94 program7 capable of evaluating analytic second
derivatives of the energy in applications involving effective core
potentials. In addition to allowing computation of the zero-point
energy corrections, the analytic second derivative capabilities are
particularly helpful in locating transition states.

The zero-point corrected electronic energy of the various
stationary points found is depicted schematically in Figure 1.
Selected geometric parameters for these species are given in Table
1. The most stable point on the surface is the methyl/hydride (1).

It lies nearly 12 kcal/mol below the products of the reductive
elimination, CpOs(dmpm)+ + CH4. A stable methane complex
(3) lies only ≈6 kcal/mol above the methyl/hydride. It is most
fairly characterized asη1-H since the Os-H distance of 1.92 Å
is much shorter than the 2.70 Å Os-C distance. The Os-H-C
bond angle is 122°.

These two minima are connected through a transition state (2)
that most closely resembles the methyl/hydride (Table 1). The
frequency along the reaction coordinate at the transition state is
752i cm-1. The theoretical barrier height for the formation of the
methane complex from the methyl/hydride is∆E ) 9.2 kcal/mol
(Figure 1). This is in good agreement with the experimental
enthalpy of activation for hydrogen exchange,∆H ) 7.1 ( 0.9
kcal/mol. The theoretical entropies of activation for this step are
in qualitative agreement with those determined by Gross and
Girolami. Experiment finds∆S ) -6.5 ( 5 eu, theory∆S )
-0.5 eu. This difference is probably not especially significant,
particularly given the omission of solvent effects in the theoretical
treatment. It seems reasonable therefore to associate the experi-
mental barrier with the formation of the methane complex.

If the rate-limiting step for hydrogen scrambling is determined
by the [Os]H′(CH3) f [Os](CH3H′) conversion, then there must
exist a lower-lying path from the methane complex that exchanges
the hydrogen bound to the metal center with one of the hydrogens
of the methyl group. Such a path was found and is also shown in
Figure 1. The methane complex3 passes through a transition state
of η2-H′,H character4 to the analogous methane complex3′. The
barrier is quite low, only 2 kcal/mol according to the calculations.8
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Figure 1. Schematic of the B3LYP energy surface for the reductive
elimination of CH4 from [CpOs(dmpm)(CH3)H+]. The electronic energy
plus zero-point correction (kcal/mol), relative to the ion plus free methane,
is given above each structure. The methyl groups of the dmpm ligand
are depicted here as hydrogens to simplify the graphic; the energies
actually refer to the dmpm ligand.

Table 1. Selected Geometric Parameters(Å) for the Stationary
Points in Figure 1

ROs-H RH-C ROs-C

CpOs(dmpm)(CH3)H+ (1) 1.62 2.18 2.19
CpOs(dmpm)(CH3‚‚‚H)+ (2) 1.66 1.42 2.34
CpOs(dmpm)(CH3H)+ (3) 1.92 1.15 2.70
CpOs(dmpm)(CH2HH)+ (4) 2.27 1.11 2.69
CpOs(dmpm)+ + CH4 - 1.09 -
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A simple estimate of the kinetic isotope effect for the process
[Os]H′(CH3) f [Os](CH3H′) is provided by the difference in zero-
point energies at transition state2 when H′ is replaced by
deuterium. This estimate giveskH/kD ) 1.6. Experimental
verification of this ratio would further support the assertion that
formation of the methane complex is the bottleneck in the
hydrogen exchange.

Might the substitution of Cp for Cp* in the model complex
alter these conclusions? An estimate9 finds it to be of little
consequence (∼1 kcal/mol) as far as the relative stabilities of the
methyl/hydride, the methane adduct, and the barriers pictured in
Figure 1 are concerned. The Cp* does, however, reduce the
binding energies of these species relative to the asymptote by
∼3 kcal/mol.

Gross and Girolami also reported a free energy of activation
for reductive elimination of methane from the methyl/hydride of
∆G ) 13.5 kcal/mol at-100 °C. No barrier is anticipated (nor
was one found in the calculations) for the elimination of CH4

from the methane complex. The 13.5 kcal/mol may simply be a
measure of the stability of the methyl/hydride.10 The energy
calculated for the methyl/hydride is not incompatible with this
conclusion, but remember it is not a free energy, and the entropic
contribution would tend to decrease its stability by roughly 6 kcal/
mol at this temperature.

If the surface in Figure 1 is read right to left, it describes the
activation of methane by the cationic Os(II) complex [Cp*Os-
(dmpm)+]. Low-temperature C-H activation by the isoelectronic
Ir(III) cation, [Cp*Ir(PMe3)(CH3)+], was reported earlier by
Arndtsen and Bergman.11 In this case, theσ-bond metathesis

can be followed. Theoretical calculations by Strout et al.12 and
Su and Chu13 found that this reaction also proceeds via intermedi-
ate methane and alkyl/hydride complexes. As opposed to the Os-
(II) complex, in the Ir(III) case the methyl/hydride is calculated
to be bound only slightly relative to free methane,13 if at all.12

The barrier for formation of the methyl/hydride from the methane
complex is also significantly larger (≈12 kcal/mol vs 4 kcal/mol).
The qualitative aspects of the surfaces are similar, however.
Evidence seems to be accumulating for an analogous energy
landscape in the activation of alkanes by Pt(II) complexes.14
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