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The dehydrogenation reaction mechanisms of methane catalyzed by a ligated transition metal MH+ (M )
Ru, Rh, and Pd) have been investigated theoretically. Activation of methane by MH+ complexes is proposed
to proceed in a one-step manner via one transition state: MH+ + CH4 f MH+CH4 f [TS] f (MCH3

+)H2

fMCH3
+ + H2. Both high-spin and low-spin potential energy surfaces are characterized in detail. Our

calculations indicate that the ground-states species have low electron spin and a dominant 4dn configuration
for RuH+, RhH+, and PdH+, and the whole reaction proceeds on the ground-states potential energy surfaces
with a spin-allowed manner. The MH+ (M ) Ru, Rh, and Pd) complexes are expected from the general
energy profiles of the reaction pathways to efficiently convert methane to metal methyl, thus RuH+, RhH+,
and PdH+ are likely to be excellent mediators for the activity of methane. In the reactions of MH+ with
methane, the H2 elimination from the dihydrogen complex is quite facile without barriers. The exothermicities
of the reactions are close for Ru, Rh, and Pd: 11.1, 1.2, and 5.2 kcal/mol, respectively.

I. Introduction

The activation of C-H and C-C bonds of alkanes by gas-
phase atomic transition metal ions has been studied intensely
over the past decade because of its immense scientific and
industrial importance.1-5 In particular, the cleavage of the C-H
bond in methane is an industrial process of great interest because
it is the first step in converting natural gas into a transportable
liquid feedstock. A number of experimental and theoretical
studies of atomic transition metal ions with small alkanes have
provided a wealth of insight concerning the intrinsic interactions
of metal ions with bonds composed of carbon and hydrogen
atoms.6-15 The studies demonstrate that methane can be
spontaneously activated by the third-row transition metal ions
Os+, Ir+, Pt+, etc., yielding the metallic carbene cations and
H2. Second-row transition metal cations are found to be much
less reactive toward methane than their third row counterparts,
and activation of methane is rarely observed. Equilibrium and
DFT studies performed on first-row transition metal ions (Cr,
V, Fe, Co, and Ni) showed that methane molecules sequentially
cluster to the ionic metal centers leaving the C-H bonds intact.16

An alternative approach to probe the activation of the C-H
bond in methane is to start with ligated transition metal ions.17,18

The immediate effects of the ligands are to alter the electronic
structure of the metal center through selective tuning of the
electronic states. The addition of a single ligand to the metal
center can dramatically alter the reactivity.19-23 For example,
Mn+ is the least reactive 3d transition metal cation toward
alkanes, whereas [MnO]+ is the most reactive one.24,25 An
extraordinary ligand effect has been also reported for diatomic
[MH]+ ions (M ) Fe, Co, and Ni); whereas the naked metal
ions M+ do not bring about thermal C-H bond cleavage, [NiH]+

activates methane at temperatures as low as 80 K, [CoH]+ reacts
at room temperature, and for [FeH]+ temperatures above 600
K are required for the H/CH3 ligand exchange, which is
exothermic for all three metal hydrides.26

Very recently, an experimental and theoretical investigation
of methane dehydrogenation by PdH+ in the gas phase has been
reported by Schlangen and Schwarz.27 The results have shown
that the PdH+ can effectively activate the C-H bond in methane.
There is no experimental and theoretical study about the second-
row transition metal ions ligated by hydrogen so far as we know,
though this kind of reactions is very significant. In this paper,
we have systematically carried out a theoretical investigation
at the DFT level of the activation of the C-H bond in methane
by MH+ for M ) Ru, Rh, and Pd, which are expected to provide
some helpful information to experimentalists who are interested
in this area. Our study intends to resolve the four following
problems: (i) What are the mechanistic details of methane
catalyzed by ligated transition metal MH+ (M ) Ru, Rh, and
Pd)? (ii) How do the ligands affect the reactions: (iii) as
compared with their first-row congeners, whether they have the
same reactive character; (iv) as compared with M+ (M ) Ru,
Rh, and Pd), whether MH+ (M ) Ru, Rh, and Pd) can better
activate C-H bond in methane.

II. Method of Calculation

The detailed quantum chemical studies on the mechanism of
the methane catalyzed by ligated transition metal MH+ (M )
Ru, Rh, and Pd) are reported in this paper. The stationary
structures of the potential energy surfaces were fully optimized
at the B3LYP level of theory.28-30 Analytical frequency calcula-
tions at the same level of theory were performed in order to
confirm the optimized structures to either a minimum or a first-
order saddle point as well as to obtain the zero-point energy
correction. Furthermore, intrinsic reaction coordinate (IRC)
calculations31 were performed to confirm that the optimized
transition states correctly connect the relevant reactants and
products. Geometry optimization for all of the reactants,
intermediates, transition states, and products as well as the
frequency calculations were carried out with the 6-31+G** basis
set for the carbon, hydrogen atoms of the reactions investi-
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gated.32 Also, the relativistic core potentials (RECP)33 of
Stuttgart were used for Ru, Rh, and Pd atom, and the 4d and 5s
in Ru, Rh, and Pd are treated explicitly by a (8s7p6d) Gaussian
basis set contracted to [6s5p3d].34,35 All calculations used the
RECP in which 4s, 4p, 4d, and 5s electrons were explicitly
treated as “valence” electrons with the remaining electrons
replaced by the RECP. Thus, 16, 17, and 18 valence electrons
RECP were used for the Ru, Rh, and Pd centers, respectively.
All of calculations were performed with the Gaussian 98
program.36

III. Results and Discussion

The concerted reaction pathway for activation of methane
by MH+ (M ) Ru, Rh, and Pd) complexes via one transition
state of direct dehydrogenation has been studied, as indicated
in Scheme 1. To better understand of the reaction, the electronic
structures of the reactants (MH+) and products (MCH3

+) have
been analyzed and the features of transition states (TS) have
been discussed. Also some comparisons with the similar
reactions have been performed for achieving more reasonable
information.

A. Electronic Structures of the MH+ and MCH3
+ (M )

Ru, Rh, and Pd). Let us begin by looking at the general
electronic features of the MH+ complexes and the reliability of
the energetics computed with a combination of the B3LYP
method and the basis sets mentioned above. Schilling et al. have
predicted the bonding characters of the MH+ and MCH3

+

complexes from generalized valence bond calculations.37 The
metal-hydrogen bond is significantly dependent on the character
of d orbitals. In the first transition row the 4s orbital is much
larger than 3d, making the 4s more available for the bond to H.
In the second row, the 5s and 4d orbitals are more similar in
size, leading to much larger d character in the bond orbitals.

For RuH+, the ground electronic state is 3ΣO-, which is
mainly derived from the 4d7 (4F) state of atomic Ru+. The 1s
orbital of H and dz2 orbital of Ru+ form σ covalent bond, and
each of the dxy and dx2-y2 orbitals of Ru+ has one unpaired
electron. For RhH+, the best d8 (3F) configuration has singly
occupied dz2 and dδ orbitals leading to 2∆ states. For Pd+ with
a d9 configuration a singly occupied dz2 orbital combined with
a 1s orbital of H leads to a 1Σ+ state for PdH+. The quartet
state of RuH+ and triplet state of PdH+ are expected to be much
higher in energy due to the large dn to s1dn-1 promotion energies.
As there is no loss of exchange energy in forming the PdH+

bond, the bond dissociation energies (BDE) is relatively strong.
The computed bond lengths and BDE of the ground states and
excite states for the MH+ complexes are shown in Table 1, the
BDE of PdH+ is 49.1 kcal/mol, whereas RuH+ and RhH+ are
36.8 and 44.3 kcal/mol respectively, which are qualitatively
consistent with the experimental values. (the experimental value
of the BDE of RuH+, RhH+, and PdH+ are 41, 42, and 45 kcal/
mol, respectively).38

For the electronic features of the MCH3
+ complexes, the bond

between a transition metal and the methyl radical can be
visualized as spin pairing of an electron in a metal σ orbital (a
hybrid containing s, dz2, and pz character) with the unpaired
electron of CH3 (in a carbon hybrid orbital containing s and pz

character). The interaction of the metal nonbonding electrons
in the metal methyls is found to be very similar to that of the
metal hydride ions, so we consider the electric state is
corresponding to the ground state of MH+.

B. Multicenter Transition State (MCTS). Structures of the
MCTSs that were determined by DFT calculations are displayed
in Figure 1 for Ru, Rh, and Pd systems (the detailed information
of reactants, intermediates, and products were displayed in
Supporting Information). The transition vectors leading to the
C-H bond cleavage and the corresponding imaginary frequen-
cies are shown as well. A four-membered ring, composed of
the MH+ reactant and a C-H pair from methane, exists for
both the low-spin and high-spin M+HHCH3 transition states.
One of the hydrogen atoms from methane shifts to the metal
via the four-membered MCTSs, giving rise to the MCH3

+(H2)
molecular complex. The NBO valence electron populations of
the low-spin and high-spin MCTSs are calculated to be
4d7.235s0.11/4d6.735s0.34, 4d8.145s0.32/4d7.715s0.39, and 4d9.275s0.15/
4d8.865s0.38 for M ) Ru, Rh, and Pd, respectively. The low-spin
transition states, which have less 5s electronic density on the
metal centers, have more compact structures than their high-
spin analogues. For the low-spin Ru+HHCH3 MCTSs shown
in Figure 1a, the activated C-H bond is elongated to 1.52 Å
compared to a calculated C-H distance of 1.09 Å in an isolated
methane molecule. The H-H distance is 1.05 Å, which is 0.27
Å longer than the normal H-H bond. The Rh and Pd MCTS
structures as shown in parts b and c of Figure 1 are comparable
to that of the Ru structure.

C. Reactivity of MH+ (M ) Ru, Rh, and Pd) toward
Methane. Figure 2 presents the relative energy profiles of
reactions of MH+ with methane. Corresponding thermodynamic
values of selected species in reaction are shown in Table 2.
Both high-spin and low-spin potential energy surfaces have been
characterized in detail. The computations indicate that the
stationary points of high-spin states are higher in energy than
those of the low-spin states, and the whole reaction proceeds
on the ground-states potential energy surfaces with a spin-
conserving manner, so we mostly discuss the ground states route
of low-spin. As shown in Figure 2 and Table 2, the first step of
the reaction is the formation of precursor complex, HM+-CH4,
which the computed binding energies for RuH+CH4 (a1),
RhH+CH4 (b1), and PdH+CH4 (c1) are 21.8, 22.2, and 19.7 kcal/
mol, respectively. Thus, the methane is strongly bound in these
complexes. Next, this encounter complexes HM+-CH4 proceed
via a properly characterized, σ-metathesis-like transition struc-
ture [M(H)(H)(CH3)]+ from which the stable intermediates
(MCH3

+)H2 are formed. Corresponding barriers are 7.2, 8.2,
and 10.6 kcal/mol, respectively. We note in particular the
features of the transition structure [M(H)(H)(CH3)]+ in which
the migrating hydrogen atom H2 interacts with three centers
simultaneously, that is, the carbon, ruthenium, and hydrogen

SCHEME 1 TABLE 1: Computed Bond Distances, Vibrational
Frequencies, and BDEs for the MH+ Complexes and the
Experimental Data

species state r(M-H) (Å)
vibrational

frequency (cm-1) BDEa

RuH+ 3 1.518 2154.0 36.8(41)
5 1.640 1767.0 23.0

RhH+ 2 1.501 2266.0 44.3(42)
4 1.558 2049.0 25.9

PdH+ 1 1.474 2315.0 49.1(45)
3 1.580 1805.0 29.6

a The BDE in parentheses are the experimental values.
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H1 atoms. As required for an s-metathesis process, the atoms
H1, H2, M, and C are coplanar (shown in scheme 1). Ultimately,
the elimination of dihydrogen in the intermediates (RuCH3

+)H2

(a3), (RhCH3
+)H2 (b3), and (PdCH3

+)H2 (c3) require energies
of 11.4, 21.2, and 13.8 kcal/mol, respectively, yielding metal
methyl ions RuCH3

+ (A), RhCH3
+ (B), and PdCH3

+ (C). The
overall hydrogenation reactions catalyzed by the cationic MH+

have free energies of reaction ∆G° of -11.0, -1.2, and -5.2
kcal/mol.

The thing worthy to say is that the MCTS is related to the
most important electronic process, which is responsible for the
C-H bond dissociation of methane. The calculated activation
energies ∆E‡ relative to the dissociation limit for RuH+, RhH+,
and PdH+ are -14.6, -14.0, and -9.1 kcal/mol, respectively.
We expect from the negative values that methane should be
effectively activated by RuH+, RhH+, and PdH+. Speaking of
the three complexes, the reaction activities gradually weaken
from RuH+ to PdH+ with the values of ∆E‡ gradually increasing.

D. Comparison to MH+ (M ) Fe, Co, and Ni) and M+

(M ) Ru, Rh, Pd). The thermal reactions of MH+ (M ) Ru,
Rh, Pd) and their first-row congeners with methane have many
features in common; however, fundamental differences exist
with regard to the details of the potential energy surfaces and
thus to the actual reaction mechanisms. As already shown by
Zhang and Bowers,27 the Fe-, Co-, and Ni-mediated H/CH3

ligand exchange constitutes a textbook example for the operation
of “two-state reactivity”39,40 because crossings between the high-
spin and low-spin potential energy surfaces take place at both
the entrance and the exit channels of reaction. Thereby, a
pathway is opened up that bypasses an energetically rather
unfavorable transition structure associated with a spin-conserv-
ing σ-metathesis process on the high-spin ground-state surface.
In distinct contrast, the MH+/CH4 (M ) Ru, Rh, Pd) couple

can be fully explained without invoking a multistate pattern;
instead, the whole reaction proceeds on the ground-states
potential-energy surface in a spin-conserving manner. Spin
inversion occurs in the reaction of MH+ (M ) Fe, Co, and Ni)
and methane, so they can not be totally transformed into
products of the ground states because of the transition prob-
abilities; the reaction of MH+ (M ) Ru, Rh, and Pd) and
methane does not exist electronic transition phenomenon,
therefore the experimental yield is expected to relatively higher.

Another difference is energy barrier. The reaction energy
barriers are measured to be 11.7, 1.9, and <0 kcal/mol relative
to the separated reactants for Fe, Co, and Ni, respectively,27

and the transition states are all located below the entrance
channel for Ru, Rh, and Pd. It is possible that the energy barriers
differences in the reactions processes may be related to bonding
differences for the first-row vs second-row transition metal ions,
and these differences can be obtained from an examination of
the bond strengths and bonding atom orbitals used for the
transition metal ion reactions. For the first-row metal hydrides,
the ground states of the diatomic metal hydrides FeH+, CoH+,
and NiH+ indicate that the bonding in these molecules involves
a metal orbital which is 85-90% s-like in character.41 The bond
dissociation energies for the first-row transition metals increase
with decreasing promotion energy from the ground state to a
state with an electronic configuration which is s1-n, indicating
a bond that involves a metal 4s orbital.42 Because the first bond
utilizes what is primarily a 4s orbital, formation of a second
bond to Fe+, Co+, and Ni+ involves primarily a metal 3d
orbital.41 The second bond is thus inherently weaker than the
first due to the smaller size and poorer overlap of the 3d orbital
relative to the 4s orbital. The description of the bonding to the
second-row metal ions, however, is quite different. When
bonding a hydrogen atom to the ground states of Ru+, Rh+,

Figure 1. Structures of MHHCH3
+ (M ) Ru, Rh, and Pd) transition states species. Bond lengths are for the low-spin and high-spin species in

angstroms. Arrows indicate the transition vectors. Imaginary frequencies of the vectors are shown at right.
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and Pd+, which are all derived from dn configurations, the metal
orbital involved is predominantly d-like in character37 because

of the more similar size of the 5s and 4d orbitals in the second-
row transition series. Thus, the second bond to Ru+-H and
Rh-H+ might be expected to have the same inherent bond
energy as the first bond. Furthermore, because less exchange
energy is lost in forming the second bond to a d orbital, the
second bond might actually be stronger than the first.43 However,
as indicated in Table 1, the first bond energy tends to be
somewhat greater for the first-row metal ions than for the second
(BDE: FeH+, 53; CoH+, 48; NiH+, 39 kcal/mol).44 Therefore,
the sum of the first and second bond energies may be
comparable for the metal ions of both rows. Note, however,
that the orbitals used in forming these bonds are quite different
for the metal ions of the two rows, and this may be responsible
for the differences.

The methane activation by cations naked transition metal
atoms has been studied previously.45 The results demonstrate
that no insertion minima are obtained for ruthenium and
palladium in the geometry optimization procedure. For rhodium,
the ground-state in the insertion product region is a triplet state,
corresponding to a covalently bound d7s1 configuration and
originating from the 5F excited atomic state. (The quintet state
of the rhodium atom forms two covalent bonds to the doublet
hydrogen and the doublet methyl group, yielding a triplet state
of the final product.) The Rh+ + CH4f RhCH2

+ + H2 reaction
path also has previously been studied theoretically by
Blomberg,46 using B3LYP calculations with double-� plus
polarization basis set, indicating that there is no barrier in excess
of the endothermicity of the H2 elimination reaction. However
for RuH+, RhH+, and PdH+, our theoretical studies predict that
the reactions could occur efficiently by direct dehydrogenation
mechanisms. The s electrons will be involved in the bonding
between the metal and the hydrogen ligand and will therefore
be removed from the part of the space where the methane
molecule is approaching. This will lead to a decrease of the
repulsion. As shown in Figure 3, in the four-centered transition
states, there is one molecular orbital that is more critical than
any of the others. This molecule orbital is a linear combination
of a metal dxy orbital, a hydride 1s orbital, and the sp3-hybridized
orbitals on methyl. This linear combination makes the bond of

Figure 2. Reaction coordinate diagrams for the complexation and C-H
bond activation reactions MH+ + CH4 f MCH3

+ + H2. (a) M ) Ru,
(b) M ) Rh, (c) M ) Pd.

TABLE 2: Calculated Thermodynamic Values (kcal/mol) at 298.15 K of the Reaction of MH+ with CH4 in Ground Electronic
States

species ∆E° ∆H° ∆G° species ∆E° ∆H° ∆G°
3a + CH4 0.0 0.0 0.0 1c + CH4 0.0 0.0 0.0
3a1 -21.8 -22.6 -15.7 1c1 -19.7 -20.7 -13.3
3TSa2 -14.6 -15.9 -7.8 1TSc2 -9.1 -10.3 -2.6
3a3 -22.5 -23.3 -16.1 1c3 -19.0 -19.9 -13.3
3A + H2 -11.1 -10.7 -11.0 1C + H2 -5.2 -4.9 -5.2
2b + CH4 0.0 0.0 0.0
2b1 -22.2 -23.1 -16.2
2TSb2 -14.0 -15.2 -7.4
2b3 -20.0 -20.9 -13.7
2B + H2 -1.2 -1.5 -1.2

Figure 3. Molecular orbitals of the Ru+HHCH3 MCTS.

1810 J. Phys. Chem. A, Vol. 113, No. 9, 2009 Geng et al.



carbon-hydrogen broken and the bonds of metal-carbon,
metal-hydrogen, and hydrogen-hydrogen formed. In the
MCTS, the hydrogen ligand will simply remove some of the
repulsive electrons on the metal and make the reactions barriers
smaller.

As mentioned in the introduction, the reaction of methane
dehydrogenation by PdH+ has been reported by Schlangen and
Schwarz.27 The energy profile obtained by us is consistent both
reactive mechanism and intercepted minima and transition state.
A very big discrepancy concerns the value of the gap between
the ground singlet and triplet excited states reported by Schwarz
(>320 kJ/mol), which we calculated to be 81.5 kJ/mol. In order
to get more accurate results, we calculated the spilt energy at
the level of MP2 (98.3 kJ/mol) and CCSD (90.4 kJ/mol) with
the above-mentioned basis set (ECP+6-31+G**). But the value
(>320 kJ/mol) still could not be obtained. Therefore, Schlangen
and Schwarz were likely to overestimate split energy of the
PdH+ largely.

IV. Conclusions

Theoretical calculations for the mechanism of methane
catalyzed by ligated transition metal MH+ (M ) Ru, Rh, and
Pd) have been carried out at the DFT (B3LYP) level, and some
comparisons with their first-row congeners and their cations
reaction with methane have been performed. The results
illustrate that the activation of methane by MH+ complexes is
a concerted reaction via one transition states, which can
competitively form metal methyl and hydrogen. Both high-spin
and low-spin potential energy surfaces have been characterized
in detail. The stationary points of high-spin states are higher in
energy than that of the low-spin states, and the whole reaction
proceeds on the ground-states potential energy surfaces with a
spin-allowed manner. The activation energy barriers of reactions
are located energetically below the entrance and exit channels,
thus these complexes are good mediators for the activity of
methane. The exothermicities of the reactions are close for Ru,
Rh, and Pd at 11.1, 1.2, and 5.2 kcal/mol, respectively.

Acknowledgment. This research has been supported by the
Natural Science Foundation of Gansu province (Grant No.
1071ORJZA114) and the Natural Science Foundation of Gansu
province education office (Grant No.10801-10). These grants
are gratefully acknowledged.

Supporting Information Available: Selected output from
DFT calculations showing the Cartesian coordinates, sum of
electronic and zero-point energies (au), and vibrational zero-
point energies (au) for the reactants, transition states, and
products reported in the manuscript are included here. The
relativistic core potentials RECP in combination with their
optimized basis set were used for Ru, Rh, and Pd in the present
studies. The 6-31+G** basis set was used for C and H atoms.
This material is available free of charge via the Internet at http://
pubs.acs.org.

References and Notes

(1) Shilov, A. E.; Shul’pin, G. B. Chem. ReV. 1997, 97, 2879.
(2) Hall, C.; Perutz, R. N. Chem. ReV. 1996, 96, 3125.
(3) Arndsten, B. A.; Bergman, R. G.; Mobley, T. A.; Peterson, T. H.

Acc. Chem. Res. 1995, 28, 154.
(4) Eller, K.; Schwarz, H. Chem. ReV. 1991, 91, 1121.
(5) Crabtree, R. H. Chem. ReV. 1985, 85, 245.
(6) (a) Reichert, E. L.; Thurau, G.; Weisshaar, J. C. J. Chem. Phys.

2002, 117, 653. (b) Reichert, E. L.; Weisshaar, J. C. J. Phys. Chem. A
2002, 106, 5563. (c) Yi, S. S.; Reichert, E. L.; Holthausen, M. C.; Koch,

W.; Weisshaar, J C. Chem.-Eur. J. 2000, 6, 2232. (d) Porembski, M.;
Weisshaar, J. C. J. Phys. Chem. A 2001, 105, 4851.
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(22) (a) Fiedler, A.; SchrÖder, D.; Shaik, S.; Schwarz, H. J. Am. Chem.
Soc. 1994, 116, 10734. (b) Ryan, M. F.; Fiedler, A.; SchrÖder, D.; Schwarz,
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