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The sextet, quartet, and doublet potential energy surfaces (PESs) of the reactions of
methane with gas-phase OsOn

+ (n)1-4) have been explored via density functional
calculations to investigate the mechanisms of these reactions. For the reactions of OsOn

+ (n
) 1-2) with methane, the minimum energy reaction paths are found to involve two spin
inversions in the entrance and exit channels. Specifically, they are most likely to proceed
through the following steps: 4OsO+ + CH4 f 2OOsCH4

+ f 2OOs(H)CH3
+ f 2OOsH(H)-

(CH2)+ f 4OOs(CH2)+ + H2; and 4OsO2
+ + CH4 f 2O(O)OsCH4

+ f 2O(O)Os(H)CH3
+ f 2O-

(HO)Os(CH3)+ f 2O(HO)Os(H)(CH2)+ f 2OOs(H2O)(CH2)+ f 4OOs(CH2)+ + H2O, respectively.
Along the minimum energy pathway the exothermicity of the overall reaction would be 17.3
kcal/mol for OsO+ + CH4 f OOs(CH2)+ + H2, and 24.0 kcal/mol for OsO2

+ + CH4 f OOs-
(CH2)+ + H2O. For the reaction of OsO3

+ with methane, it is found to be kinetically
unfavorable at room temperature because the intermediate generated by the activation of
the first C-H bond has a significantly positive Gibbs free energy relative to the reactants.
For OsO4

+, our calculations suggest that it can readily react with methane on the doublet
PES by a direct hydrogen atom abstraction process, and the whole reaction is exothermic
by 31.8 kcal/mol. These results agree with the experimental observation that OsOn

+ (n )
1-2, 4) can readily activate methane but OsO3

+ cannot.

1. Introduction

The C-H bond activation and transformation of
methane has attracted considerable attention in recent
years because of its scientific and potential economic
significance.1-9 Conversion of methane to more practical
chemicals is one of the long-term goals of chemists due
to the decreasing resources of crude oil and shifting to

the utilization of coal and natural gas, with methane
as the main component.1a,7,8

Transition-metal oxides are common catalysts in
oxidation processes. Practical conversion processes of
hydrocarbons usually occur in condensed phase, in
which reaction processes are complicated by the ir-
regular structure of the active sites and other processes
such as adsorption and diffusion. However, the intrinsic
mechanistic details of the C-H bond activation can be
readily obtained in the gas phase, which is free of many
complicated factors such as solvent, surface inhomoge-
neity, and aggregation effects occurring on surfaces or

* To whom correspondence should be addressed. E-mail: shuhua@
netra.nju.edu.cn. Fax: +86-25-83686467.
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in solutions.1-6,10 The effects of composition, stoichiom-
etry, size, charge state, and degree of coordinative
saturation, which are among the most important factors
affecting catalytic properties, can be explored by em-
ploying gas-phase techniques. In recent years, the
activation of small hydrocarbons such as methane by
various transition-metal ions, transition-metal oxide
ions, and transition-metal oxide cluster ions in the gas
phase has received a great deal of attention both
experimentally1-3,11-19a and theoretically.4-6,16-30

The product channels for first-, second-, and third-
row analogues of cationic osmium oxides reacting with
methane exhibit diversity. For example, FeO+, the first-
row congener of OsO+, reacts with methane to give the
products FeOH+ + •CH3, Fe+ + CH3OH, and FeCH2

+ +
H2O, with the product-branching ratio [%] of 57/41/2,
but OsO+ can only dehydrogenate methane. PtO+ reacts
with methane at the collisional limit to yield Pt(CH2)+

and H2O as predominant products, whereas its first-
row congener NiO+ gives rise to Ni+ and methanol
only.1a,b

Up to now, many theoretical investigations on the
mechanisms of the reactions of bare metal and mono-
meric metal oxide ions (MO+) with CH4 have been
reported. The detailed PESs have been obtained for
ScO+,30a TiO+,30a VO+,30a CrO+,30a MnO+,30a,c,31 FeO+ 30

and FeO2+,30d CoO+,30a,c NiO+,30a CuO+,30a PtO+16b with
CH4 to produce methanol or methyl. To our knowledge,
there have been few theoretical studies on the activation
of methane by second- and third-row transition-metal
oxide ions and metal oxide cluster ions. Specifically,
dehydrogenation or dehydration of methane by osmium
oxide cations has not been theoretically explored.

On the other hand, numerous experimental studies
on effects of ligands and oxidation states or charges of
a transition metal on the gas-phase reactivity have been
performed.1b,32 For example, previous work has shown
that the oxo ligand increases the reactivity for some
diatomic transition-metal oxide ions, such as CrO+,
MnO+, FeO+, and OsO+, but for the early transition
metals, Sc, Ti, and V, the oxidation of the metal
suppresses the reactivity relative to the bare metal ions.
The overall reactivity of these MO+ species is inversely
correlated with their stability.32j Irikura and Beau-
champ found that the number of oxo ligands has a
striking effect on the chemistry of osmium oxide cluster
ions. In particular, oxo ligands affect not only the
reactivity but also the reaction pathways, which are
presented as follows (where Φ denotes the reaction
efficiency).12

We have investigated the mechanism of reaction 1,
and detailed PESs in various multiplicities have been
obtained theoretically.33 To gain an insight into the
effects of oxo ligands and oxidation states of the osmium
center on the reactivities, we present here theoretical
studies on the mechanisms of the reactions 2-5.

In recent years the density functional method, specif-
ically the hybrid density functional B3LYP,34 is proved
to be a reliable tool for describing complicated electronic
structures in open-shell transition-metal chemistry. We
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Os+ + CH498
Φ ) 0.3

Os(CH2)
+ + H2 (1)

OsO+ + CH498
Φ ) 0.6

OOs(CH2)
+ + H2 (2)

OsO2
+ + CH498

Φ ) 0.5
OOs(CH2)

+ + H2O (3)

OsO3
+ + CH4 98

×
(4)

OsO4
+ + CH498

Φ ) 0.7
OsO3(OH)+ + •CH3 (5)
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use the B3LYP method to investigate the detailed PESs
of the reactions 2-5 in various spin multiplicities.

2. Computational Details

The spin-unrestricted density functional theory (UDFT)
method based on the hybrid of Becke’s three-parameter
exchange functional34b,c and the Lee, Yang, and Parr correla-
tion functional34d (B3LYP) has been used to carry out full
optimization of geometries and energy calculations for all
stationary points involved in the reactions. In all calculations,
for osmium a relativistic effective core potential (RECP)35 is
employed for replacing the chemically inert 60 core electrons
([Kr] 4d10 4f14), and the 5s and 5p orbitals are treated explicitly
along with the 5d, 6s, and 6p valence orbitals. The basis set
for osmium is a modified LANL2DZ36 double-ú basis set plus
an f-type polarization function,37 (341/341/41/1), where the two
outermost 6p functions of the standard LANL2DZ have been
replaced by a (41) split of the optimized 6p function from Couty
and Hall.38 The standard triple-ú 6-311G** basis set39 of Pople
and co-workers is used for carbon, hydrogen, and oxygen.
Frequency calculations are performed for all stationary points
to check whether the optimized geometry corresponds to a
minimum or a transition state and to obtain the zero-point
vibrational energies (ZPVE) and Gibbs free energies. The total
energies of all species are obtained by taking unscaled zero-
point energy corrections into account. Intrinsic reaction coor-
dinates (IRCs)40 are traced from a transition state toward both
reactant and product directions using the algorithm developed
by Gonzalez and Schlegel41 in the mass-weighted internal

coordinate system to verify whether the reactant and the
product are really connected by the transition state. All
calculations have been performed using Gaussian 98 pro-
gram.42

In our recent paper we have carefully calibrated the ac-
curacy of the selected method in describing [Os, C, H4]+

species.33 Our results indicated that without the inclusion of
the spin/orbit effect the selected method still gives a good
description on the reaction Os+ + CH4. For species [Os, On, C,
H4]+ involved in the present work, it is also important to have
some information on the accuracy of the selected method. The
ionization potential of OsO4 is calculated to be 13.02 eV, which
is very close to the experimental value 12.97 ( 0.12 eV from
the mass spectrometric study.43 Previous theoretical work44

also showed that for the OsO4 molecule the B3LYP results
could give satisfactory descriptions on the geometry and
vibrational frequencies, being in good agreement with CCSD-
(T) results and experimental data. Later in this paper we will
take the dehydration of methane by OsO+ as an example to
further calibrate the selected method by comparison with the
UCCSD(T) method. Our results showed that the potential
energy profiles described by UB3LYP and UCCSD(T) are fairly
close to each other. Therefore, the B3LYP method with the
selected basis set should be reliable in computing the relative
energies of the species involved in the title reactions. The
neglect of spin-orbit effects should not change the qualitative
features of the reaction mechanisms captured by the present
study.

3. Results and Discussions

First of all, we calculate the changes of Gibbs free
energies (∆G298) for the reactions of oxo osmium cations
with methane proceeding along various product chan-
nels. Since those reaction channels with large positive
∆G298 values will be thermodynamically unfavorable,
they are excluded in the following discussions. Instead,
we will focus on those reaction channels with small or
negative ∆G298 values.

Since the spin crossing is often involved in the
transition-metal-containing reactions,45 the potential
energy profiles for the sextet, quartet, and doublet states
are investigated. For the sake of convenience, each
species is labeled with its spin multiplicity as a super-
script preceding the formula, while its spatial symmetry
is omitted in the present context.

In addition, for the sake of conciseness, the relative
energies of all species and the optimized geometries for
those species in higher potential energy profiles are
given in the Supporting Information.
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3.1. Reaction of OsO+ with Methane. According
to calculations, dehydrogenation and dehydration chan-
nels are the thermodynamically possible processes for
the reaction of OsO+ with CH4. For both reaction
channels, the calculated potential energy profiles for the
sextet, quartet, and doublet states are given in Figure
1, and the optimized geometries for all stationary points
in the quartet and doublet states are presented in
Figure 2. Since the dehydrogenation process was ob-
served experimentally, we will discuss this channel first.

3.1.1. OsO+ + CH4 f OOs(CH2)+ + H2. From Figure
1a, the PESs in the sextet and quartet states for
methane dehydrogenation by OsO+ are very similar to
each other, except that the sextet surface is higher in
energy and the initial reactants in the sextet state are
almost isoenergetic to those in the quartet state. One
can see that methane dehydrogenation by OsO+ is uphill
in energy on the sextet surface, and the whole reaction
on this path is endothermic by 24.7 kcal/mol. Thus, the
reaction proceeding on the sextet surface is very unfa-
vorable in energy. We will focus the discussions on the
lower quartet and doublet surfaces.

As depicted in Figure 1a and Figure 2a, on the quartet
reaction path, the initial step is the formation of the
η2-methane complex, OOs(CH4)+ (42), which is bound
by 27.3 kcal/mol below the entrance channel 4OOs+ +
CH4, followed by the oxidative addition of one C-H bond
of methane to the metal to form the complex OOs(H)-

CH3
+ (43) via the transition state 4TS2/3. This step has

a very small barrier and is exothermic by 18.8 kcal/mol.
The next step is the activation of the second C-H bond
of methane through the transition state 4TS3/4 to
generate the methylene dihydride complex (H)2(O)Os-
(CH2)+ (44), which is 29.1 kcal/mol higher in energy than
43 with a barrier of 41.2 kcal/mol. Then, the two
hydrides bonded to the metal reductively eliminate to
form the methylene dihydrogen complex (H2)(O)Os-
(CH2)+ (45), with a low activation barrier of 5.6 kcal/
mol. Finally, 45 would readily dissociate to produce the
products OOsCH2

+ (46) and H2. One can see that the
whole reaction on this path is exothermic by 17.3 kcal/
mol on the quartet surface. The activation of the second
C-H bond through the transition state 4TS3/4 with a
barrier of 41.2 kcal/mol is the slowest step on the
quartet reaction path. Since the Gibbs free energy of
4TS3/4 is even 2.8 kcal/mol higher than that of the
quartet reactants 4OsO+ + CH4, this step does not occur
easily at the room temperature. For convenience in later
discussions, hereafter we use H1 and H2 to denote the
first and second hydrogens of methane activated by
OsO+, respectively.

As shown in Figure 1a and Figure 2b, methane
dehydrogenation by OsO+ on the earlier part of the
doublet path is very similar to that on the quartet one.
Especially, the barrier of the first C-H activation step
is very small for both doublet and quartet states.
However, the evident differences between the latter
parts of two paths exist. First, different from that on
the quartet path, the oxidative addition of the second
C-H bond to form the methylene dihydride oxo complex
24 is facile on the doublet path with a low barrier of
only 6.7 kcal/mol. Second, the last step on the doublet
path is the direct elimination of H2 from 24 without the
formation of the methylene dihydrogen oxo complex,
(H2)(O)Os(CH2)+. Numerous attempts to look for the
doublet dihydrogen oxo complex failed. We also have
performed constrained geometry optimizations by fixing
the H-H distance at various values. The results showed
that the energy ascends monotonically as the H-H
distance decreases from 2.109Å in 24 to 0.740 Å in a
free H2. The rate-determining step on the doublet path
is the elimination of H2 from 24, which requires 39.2
kcal/mol. Although this step is highly endothermic, it
can couple with the preceding steps, which have a total
exothermicity of 55.9 kcal/mol. The overall reaction on
the doublet path is exothermic by 16.7 kcal/mol.

We can qualitatively understand the relative stability
of some intermediates in different spin multiplicities.
In 23 and 43, the formal oxidation state of Os in each
species is +5, and the bonding modes can be described
as follows: in 23, the Os+ center provides four sd hybrid
orbitals and four electrons to form normal covalent
bonds Os-H, Os-C, and OsdO. For the other three
electrons in two 5d orbitals, one orbital is doubly
occupied and the other is singly occupied. Thus the
bonding mode is optimal only if 3 is in the doublet state.
If 3 is in the quartet state, there must be only two
electrons in two 5d orbitals and consequently five
electrons in the former three bonds, leading to a weak
three-electron bond. As a consequence, 23 is more stable
than 43. Furthermore, in comparison with the formation
of two typical covalent Os-H and Os-C bonds in species

Figure 1. UB3LYP potential energy profiles of the reac-
tions (a) OsO+ + CH4 f OOsCH2

+ + H2 and (b) OsO+ +
CH4 f OsCH2

+ + H2O in the sextet, quartet, and doublet
states, respectively. The early part of the pathway b is the
same as that of the pathway a. For all species, the energies
(ET) are the sum of electronic energies and zero-point
vibrational energies.
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23 and 43, only one typical covalent Os-H bond can be
formed in 63 to meet the requirement of the sextet state.
Thus, 63 has the highest energy in three spin states.
Similarly, for species 4, 24 has the optimal bonding mode
due to the requirement of both the spin state and the
formal oxidation state of Os; therefore it has the lowest
energy in three species with different spin states.

To summarize, the reaction on the sextet path is
unlikely to take place because of its strong endother-
micity. Instead, the reaction on the quartet and doublet
paths is thermodynamically possible, due to the exo-
thermicity, 17.3 and 16.7 kcal/mol, respectively. How-
ever, since the rate-limiting step from 43 to 44 does not
easily occur on the quartet surface, in the intermediate
stages the reaction occurs more probably on the doublet
surface than on the quartet surface.

As seen from Figures 1a and 2, the ground state of
the reactants, 4OsO+ + CH4, is just 0.5 kcal/mol lower
than the sextet species and lies 8.7 kcal/mol below the
doublet species. The ground state of the final products
is 46 + CH4, which lies 0.6 and 42.5 kcal/mol below the
corresponding doublet and sextet species, respectively.
However, the intermediates and transition states (ex-
cept the reactants and the products) are more stable
on the doublet surface. If methane can be dehydroge-
nated readily by the ground-state OsO+, as observed
experimentally, there must be crossings between the

doublet and quartet surfaces, caused by the spin-orbit
coupling. From Figure 1a, the surface crossings may
occur twice. The first one occurs between the doublet
and quartet (or sextet) surfaces near the entrance
channel, and the second crossing occurs near the exit
channel. Since the energy difference between 46 and 26
is very small, the product 6 may exist in both spin
states.

3.1.2. OsO+ + CH4 f Os(CH2)+ + H2O. For this
reaction channel, its PESs in three spin states are
shown in Figure 1b. Most of the stationary points on
the sextet surface are much higher in energy than those
on quartet and doublet surfaces, except that the sextet
initial reactant is isoenergetic to the corresponding
quartet species and lower in energy than the corre-
sponding doublet species. Hence, we will give a brief
discussion on the quartet and doublet reaction path-
ways.

As seen from Figure 1b, the PESs of the dehydration
reaction diverge from those of the dehydrogenation
reaction after the intermediate 3 is formed. Along the
dehydration direction, the subsequent step is the migra-
tion of the hydride from Os to the oxo ligand to yield
the hydroxyl complex Os(OH)(CH3)+ (7) via TS3/7. Next,
the second C-H bond of methane oxidatively adds to
the metal to form the intermediate Os(H)(OH)(CH2)+

(8). Then a reductive elimination step with H2 shifting

Figure 2. Optimized geometries for the stationary points of the reactions OsO+ + CH4 f OOsCH2
+ + H2 and OsO+ +

CH4 f OsCH2
+ + H2O in the quartet (a) and doublet (b) states.
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from Os to the newly formed hydroxyl ligand occurs,
forming a water-coordinated complex Os(H2O)(CH2)+

(9). Finally, 9 releases the water to give the final
products Os(CH2)+ (10) + H2O.

The results show that the steps of the first and second
C-H oxidative addition in both quartet and doublet
states have low barriers, but two reductive elimination
steps and the step involving the loss of the water ligand
have relatively high barriers. Since the ground states
of the initial reactant OsO+, the final product Os(CH2)+,
and intermediates 7 and 9 are in the quartet state, other
species have the lowest energies on the doublet surface.
There must be crossings between the quartet and
doublet surfaces, caused by the spin-orbit coupling.
After taking the spin crossings into account, it is
expected that the barriers of two reductive elimination
steps could be reduced to some extent. Thermodynami-
cally, the entire reaction for the dehydration of methane
by OsO+ is exothermic by about 9.0 kcal/mol and thus
may occur.

Comparing the dehydration and dehydrogenation
reaction channels, one can see that the final products
of the dehydration reaction are 8.3 kcal/mol higher in
energy than those of the dehydrogenation reaction
described above. Thus the dehydrogenation channel is
thermodynamically more favorable. On the other hand,
since the hydride transfer step from 3 to 7 along the
dehydration path has a much higher barrier than the
second C-H oxidative addition step on the dehydroge-
nation path, the dehydrogenation channel is also pre-
ferred kinetically. Under the conditions that both
reaction channels are thermodynamically accessible,
what really distinguishes these two pathways is the
kinetic difference. Thus the dehydrogenation channel
is favored, which is in agreement with the experimental
result that H2 not H2O was observed in the final
products.

To conclude, the reaction of OsO+ with methane will
prefer to proceed through the dehydrogenation channel.
If the reaction goes on the minimum energy path, two
possible spin crossings are involved in the process. First,
the reaction may start on the quartet surface. Then, the
quartet surface should cross the doublet surface some-
where before the formation of the encounter complex
22. After 24 is formed, the reaction may jump back to
the quartet surface in the exit channel. The minimum
energy pathway may be described as 4OsO+ + CH4 f
OOsCH4

+ (22) f OOs(H)(CH3)+ (23) f OOs(H)2(CH2)+

(24) f OOs(CH2)+ (46) + H2. If the reaction starts on
the quartet PES and ends on the quartet PES, the
overall reaction would be exothermic by 17.3 kcal/mol.
If the reaction ends up with the doublet product (almost
isoenergetic to the quartet product), the total reaction
would be exothermic by 16.7 kcal/mol. Thus, no matter
what spin state the final product OOs(CH2)+ is in, our
results can rationalize the experimental fact that meth-
ane can be dehydrogenated by OsO+.

As seen from Figure 1b, the quartet and doublet PESs
along the dehydration channel are quite close to each
other. To check whether the B3LYP method reasonably
describes the shape of the quartet and doublet PESs,
we carried out single-point UCCSD(T) calculations for
all species on both PESs at the UB3LYP optimized
geometries with the same basis set. The calculated

relative energies by the two methods are collected in
Table 1. From Table 1, one can see first that the relative
energies on the same PES calculated by two methods
are close to each other. For example, the barriers of the
various steps on the quartet surface obtained by UB3LYP
and UCCSD(T) methods are 0.9 and 1.6 (42 f 43), 29.2
and 29.0 (43 f 47), 9.7 and 3.5 (47 f 48), 32.7 and 34.9
(48 f 49), and 48.9 and 44.3 kcal/mol (49 f 410),
respectively. Second, the differences between the dou-
blet-quartet energy gaps calculated by the two methods
are no more than 5.5 kcal/mol. Thus, the energies of the
PESs with different spin states captured by the selected
method is fairly in accord with that calculated by the
UCCSD(T) method. This result provides us further
confidence that the selected method with the selected
basis set is reasonably accurate for describing the
studied reaction systems.

3.2. Reaction of OsO2
+ with Methane. Similar to

the reaction of OsO+ with methane, there are three
thermodynamically possible reaction channels for OsO2

+

with methane. One is the dehydration process, which
was observed experimentally, and the others are the
dehydrogenation channel and the generation of the
methyl radical, which were not found.

The calculated potential energy profiles of the dehy-
dration reaction and the dehydrogenation channel are
given in Figure 3. The optimized geometries for all
stationary points on the quartet and doublet potential
energy profiles are presented in Figure 4.

3.2.1. OsO2
+ + CH4 f OOs(CH2)+ + H2O. As shown

in Figure 3a, the sextet PES locates much above the
other two surfaces, but the doublet and quartet surfaces
may intercross at the entrance and exit channels. For
the intermediate species, their doublet states are sig-
nificantly lower in energy than the corresponding
quartet states. Since the transition state 4TS13/14 is
isoenergetic to the ground-state reactants (4OsO2

+ and
CH4), and the change of Gibbs free energy from the
reactants to 4TS13/14 is 8.4 kcal/mol, the reaction may
not proceed on the quartet surface. Thus we will mainly
focus on the doublet pathway in the following discus-
sions.

The reaction starts on the quartet surface. The ground
state of the reactant OsO2

+ is a quartet state (411),
which lies 15.2 and 29.3 kcal/mol below the correspond-

Table 1. Relative Energies ∆EElec (kcal/mol) of
Stationary Points Calculated with UB3LYP and

UCCSD(T) Methods on the Potential Energy
Surfaces of the Reaction OsO+ + CH4 f OsCH2

+ +
H2O in the Quartet and Doublet Statesa

species quartet doublet ∆EDQ
b

OsO+ + CH4 0.0c (0.0d) 8.7 (12.1) 8.7 (12.1)
2 -27.3 (-25.2) -27.3 (-19.7) 0.0 (5.5)
TS2/3 -26.4 (-23.6) -27.2 (-21.4) -0.8 (2.2)
3 -44.4 (-41.1) -50.3 (-45.1) -5.9 (-4.0)
TS3/7 -15.2 (-12.1) -8.5 (-0.8) 6.7 (11.3)
7 -52.7 (-45.9) -50.4 (-44.9) 2.3 (1.0)
TS7/8 -43.0 (-42.4) -49.4 (-45.3) -6.4 (-2.9)
8 -45.8 (-45.4) -63.0 (-58.1) -17.2 (-12.7)
TS8/9 -13.1 (-10.5) -26.0 (-23.8) -12.9 (-13.3)
9 -55.7 (-55.8) -44.1 (-42.8) 11.6 (13.0)
OsCH2

+ + H2O -6.8 (-11.5) 0.0 (-1.1) 6.8 (10.4)
a Single point UCCSD(T) calculations are performed at UB3LYP

optimized geometries, and the results are given in parentheses.
b ∆EDQ ) ∆Eelec(doublet) - ∆Eelec(quartet). c Absolute energy E )
-206.372369 au. d Absolute energy E ) -205.649208 au.
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ing doublet and sextet species, respectively. The first
step of the reaction is the formation of an electrostatic
encounter complex (CH4)OsO2

+ (212). 212 is 24.4 and
64.1 kcal/mol lower in energy than the corresponding
quartet and sextet species, respectively. This result
suggests a possible spin inversion in the entrance
channel. 212 has an η2-C,H coordination mode, in which
one of four C-H bonds is lengthened from 1.091 Å in
free methane calculated at the same level to 1.197 Å,
and the distance between Os and the closed hydrogen
atom is 1.845 Å. The very strong R-agostic interaction46

between Os and methane makes the formation of 212
strongly exothermic by 55.5 kcal/mol relative to the
reactants 411 + CH4; thus the formation of 212 is very
facile with no barrier. From 212 to 213, the first C-H
bond of methane oxidatively adds to Os through the
transition state 2TS12/13 with a low barrier of 1.3 kcal/
mol. 2TS12/13 is a typical three-centered “late” transi-
tion state. The exothermicity of this step is 13.6 kcal/
mol. In 213, the calculated bond lengths suggest that
the bonds Os-H1 and Os-C are typical covalent single
bonds. The next step is the migration of H1 from Os to

the nearby oxygen to yield the hydroxyl complex OOs-
(OH)(CH3)+ (214) via 2TS13/14. This step is exothermic
by 15.9 kcal/mol with a barrier of 29.1 kcal/mol. From
214, the reaction may go further along two directions.
One direction is toward the elimination of the methyl
ligand to give 115′ + •CH3, which is endothermic by 79.5
kcal/mol. Following another direction, the second C-H
bond of methane oxidatively adds to the metal to form
the intermediate OOs(H)(OH)(CH2)+ (215). Then a
reductive elimination step with H2 shifting from Os to
the newly formed hydroxyl ligand occurs, forming a
water-coordinated complex OOs(H2O)(CH2)+ (216). The
step from 214 to 215 goes over a barrier (2TS14/15) of
18.2 kcal/mol, and it is endothermic by 4.7 kcal/mol. The
barrier (via 2TS15/16) and the endothermicity for the
subsequent step are 33.8 and 3.4 kcal/mol, respectively.
Numerous trials to look for a four-membered transition
state from 214 to 216, in which a hydrogen atom in the
methyl ligand migrates to the oxygen of the hydroxyl
ligand, failed. Finally, 216 releases the water to give the
final products OOs(CH2)+ (6) + H2O. Since the ground
state of 6 is its quartet state, the reaction may jump
back from the doublet surface to the quartet one near
the exit channel. If this happens, the final step requires
52.2 kcal/mol, and the entire reaction for dehydration
of methane by OsO2

+ is exothermic by about 24.0 kcal/

(46) (a) Brookhart, M.; Green, M. L. H. J. Organomet. Chem. 1983,
250, 395-408. (b) Eisenstein, O.; Jean, Y. J. Am. Chem. Soc. 1985,
107, 1177-1186. (c) Calhorda, M. J.; Simões, J. A. M. Organometallics
1987, 6, 1188-1190.

Figure 3. UB3LYP potential energy profiles of the reactions (a) OsO2
+ + CH4 f OOsCH2

+ + H2O in the sextet, quartet,
and doublet states, and (b) OsO2

+ + CH4 f OOs(O)CH2
+ + H2 in the quartet and doublet states. The early part of the

pathway b is the same as that of the pathway a. For all species, the energies (ET) are the sum of electronic energies and
zero-point vibrational energies.
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mol. However, since the energy difference between 46
and 26 is only 0.7 kcal/mol, the final products may exist
in two spin states.

3.2.2. OsO2
+ + CH4 f OOs(O)CH2

+ + H2. For this
pathway, since the sextet PES is much higher in energy
than the quartet and doublet ones, we only provide the
quartet and doublet PESs in Figure 3b and the opti-
mized geometries of the corresponding species in Figure
4, respectively.

As seen from Figure 3b, the PESs of the dehydroge-
nation pathway diverge from those of the dehydration
pathway after the intermediate 13 is formed, and the
doublet surface is significantly lower in energy than the
quartet surface except that the ground state of the
initial reactant 11 is a quartet state. We will focus on

the discussion on this PES. Along the dehydrogenation
pathway, the subsequent step is the oxidative addition
of the C-H2 bond of methane to the metal via 2TS13/
17 to form the dihydride intermediate (O)2Os(H)2CH2

+

(217). The transition state 2TS13/17 is very late, and
this step has a barrier of 35.8 kcal/mol and is endot-
hermic by 36.1 kcal/mol. Next, two hydrides reductively
eliminate readily to yield the dihydrogen complex
(O)2Os(H2)CH2

+ (218) via 2TS17/18. From Figure 4, one
can see that in 218 the H1-H2 distance (0.767Å) is close
to that in free H2, and two hydrogens are 2.513 and
2.354 Å from the metal, respectively, indicating that 218
is a typical dihydrogen complex. Finally, the elimination
of H2 can occur readily to produce the final products Os-
(O)2CH2

+ (219) and H2O. In contrast, on the quartet

Figure 4. Optimized geometries for the stationary points of the reactions OsO2
+ + CH4 f OOsCH2

+ + H2O and OsO2
+

+ CH4 f OOs(O)CH2
+ + H2 in the quartet (a) and doublet (b) states.
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PES, the dihydrogen complex 418 is formed directly from
413 via 4TS13/18 by the oxidative addition of the C-H2
bond to Os without the formation of the dihydride
intermediate.

As shown in Figure 3, for the dehydrogenation of
methane by OsO2

+, the ground state of the initial
reactant OsO2

+ is a quartet state, and all the subse-
quent stationary points have the lowest energy in the
doublet state. Thus, the quartet and doublet PESs may
intercross somewhere before the intermediate 12. The
reaction starts from the quartet state and then may
proceed on the doublet pathway; the overall reaction
would be exothermic by 36.9 kcal/mol. The rate-limiting
step is the oxidative addition of the C-H2 bond (from
213 to 217 through 2TS13/17) with a barrier of 35.8 kcal/
mol.

Now we compare the dehydration channel with the
dehydrogenation channel. Along the dehydration direc-
tion, the reaction is exothermic by about 24.0 kcal/mol,
and the rate-determining steps are the two hydride
transfer steps and the loss of the water ligand from 216.
While along the dehydrogenation direction, the reaction
has the exothermicity of 36.9 kcal/mol, and the rate-
limiting step is the activation of the second C-H bond
of methane. Thus, the dehydrogenation channel is
thermodynamically favorable. However, since along the
dehydration direction the barrier of the first hydride
transfer step (from 13 to 14) is 6.8 kcal/mol lower in
energy than that of the second C-H activation (from
13 to 17) on the dehydrogenation pathway, the dehy-
dration channel is kinetically preferred and should
account for the experimental observation. Indeed, the
reaction of methane with OsO2

+ was found experimen-
tally to occur along the dehydration pathway.

To summarize the above discussions, the reaction of
methane by OsO2

+ prefers to go through the dehydra-
tion channel (the reaction channel with the formation
of methyl radical is much higher in energy than the
dehydration and dehydrogenation channels). If the
reaction involves the spin inversion at the entrance and
exit channels, the minimum energy reaction path is 4-
OsO2

+ + CH4 f 2O(O)OsCH4
+ (212) f 2O(O)Os(H)CH3

+

(213) f 2O(HO)Os(CH3)+ (214) f 2O(HO)Os(H)(CH2)+

(215) f 2OOs(H2O)(CH2)+ (216) f 4OOs(CH2)+ (46) +
H2O.

3.3. Reaction of OsO3
+ with Methane. Thermody-

namically, the reaction of OsO3
+ with methane also has

two possible reaction channels, i.e., the dehydration
process and the process generating methyl radicals, but
the dehydrogenation process producing Os(O)3(CH2)+

(25) and H2 is calculated to have a free energy change
of +7.0 kcal/mol at room temperature and thus is
thermodynamically very unfavorable. Next we will
discuss the former two possible reaction channels. Since
the sextet and quartet surfaces are much higher in
energy than the doublet surface, only the doublet
potential energy profile is displayed in Figure 5. The
optimized geometries for all species are shown in Figure
6.

As shown in Figures 5 and 6, the first step of the
reaction, the formation of the electrostatic complex 221,
is exothermic by 17.9 kcal/mol relative to the doublet
reactants OsO3

+ (220) + CH4. The next step is the
oxidative addition of the first C-H bond of methane to

Os to yield 222 via the transition state 2TS21/22. The
Os-H1 and Os-C distances of 1.652 and 2.335 Å in
2TS21/22, respectively, are very close to the correspond-
ing distances in 222, showing that 2TS21/22 is a very
“late” transition state. This step involves a barrier of
17.5 kcal/mol and is endothermic by 17.4 kcal/mol. As
shown in Figure 6, the Os-C distance in 222 is 2.382
Å, indicating a weak interaction between the methyl
group and the metal center. Considering that the
maximum formal oxidation state of Os is +8, it is
understandable that the Os-C bond in 222 is not a
typical covalent bond, otherwise the oxidation state of
Os would be +9 in 222. Our calculations show that the
loss of the methyl group from 222 to generate the species
Os(O)3(H)+ is endothermic by 23.5 kcal/mol. To make
the reaction go along the dehydration direction, the next
step must be the migration of the hydride ligand to one
oxo ligand (from 22 to 23) to lower the formal oxidation
state of Os from +8 in 222 to +7 in 223. As shown in
Figure 6, the transition state in this step, 2TS22/23, is
very “early”, leading to a small activation energy of 2.4
kcal/mol. The structure of 223 clearly shows that the
Os-C bond is a typical covalent single bond, being much
stronger than that in 222. As a consequence, the step
from 222 to 223 is strongly exothermic by 61.1 kcal/mol.
From 223, the reaction may go further toward two
different channels. The first one is the loss of the methyl
group to give the product 124′. This step requires 59.9
kcal/mol. The second pathway is the migration of one
hydrogen atom of the methyl ligand to the oxygen atom
of the hydroxyl ligand via the four-centered transition
state 2TS23/24, yielding the complex 224, in which a
water molecule is coordinated to the metal. The calcu-
lated barrier of this step is 43.8 kcal/mol. The final step
is the release of H2O from 224 to generate the final
products 2OOs(O)CH2

+ (219) + H2O, which requires 33.8
kcal/mol.

To conclude, for the reaction of OsO3
+ with methane,

the channel with the formation of the methyl radical
and 124′ is exothermic by 1.73 kcal/mol, and the
dehydration channel is exothermic by 21.2 kcal/mol.
However, since the species 2TS21/22 and 222 are nearly
isoenergetic to the initial reactants 2OsO3

+ + CH4, and
their Gibbs free energies are about 8.0 kcal/mol above
that of the reactants, the reactions along both pathways
are kinetically unfavorable at room temperature. This
result is in accord with the experimental observation

Figure 5. UB3LYP potential energy profile of the reaction
of OsO3

+ with CH4 in the doublet state. For all species,
the energies (ET) are the sum of electronic energies and
zero-point vibrational energies.
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that OsO3
+ is unreactive to methane under the experi-

mental conditions.
3.4. Reaction of OsO4

+ with Methane. Before we
discuss the reaction of OsO4

+ with methane, let us take
a look at the geometry and electronic structure of OsO4

+.
Our calculations suggest that the global minimum of
OsO4

+ is 226. As shown in Figure 7, 226 is of nearly Td
symmetry. The four Os-O bonds have the same length,
but there are two kinds of O-Os-O angles (108.5° and
111.4°). Since the formal oxidation state of Os is at most
+8, the Os-O bond in 226 cannot be a typical double
bond, otherwise Os would be formally +9 in 226. This
prediction is confirmed by the calculated Os-O bond
lengths in 226, which are significantly longer than those
in the series OsOn

+ (n ) 1-3). Thus, 226 may be
considered as an oxygen-centered cation radical. In
addition, we also located another low-energy minimum
of OsO4

+, 227. This species is only 4.2 kcal/mol higher
in energy than 226 and can be described as a dioxygen
complex, Os(O)2(O2)+, as seen from its structure (in
Figure 7). For these two species, their quartet and sextet

states were found to be much higher in energy; thus
we will only discuss the reactivity of 226 and 227 toward
methane.

For the reaction of 226 with methane, since Os already
reaches its highest oxidation state in 226, the direct
hydrogen atom abstraction process to produce methyl
radicals is the most probable reaction channel. Indeed,
this channel was observed experimentally. With 226 as
the reactant, the calculated potential energy profile is
shown in Figure 8. For the reactant 227, since the
oxidation state of Os is formally +5, the direct hydrogen
atom abstraction process and the oxidative addition
process of methane are two possible channels. We also
investigated the potential energy profiles of these two
pathways for the reaction of 227 with methane, and the
results are briefly discussed in the following text. For
both reactants, the optimized geometries of the station-
ary points are collected in Figure 7.

As shown in Figure 8, the first step of the reaction is
the formation of the hydrogen atom abstraction inter-
mediate, 228. This is a barrierless process and is

Figure 6. Optimized geometries for the stationary points of the reaction OsO3
+ with methane in the doublet state.
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strongly exothermic by 49.7 kcal/mol. In 228, one can
see that one of the C-H bonds of methane is almost
broken, and the newly formed O-H bond is almost
complete. The next step is the elimination of the methyl
group from 228 to give the final products 129 + •CH3,
which requires 17.9 kcal/mol. Although we made many
trials to look for the transition states for the hydrogen
abstraction process of methane by 226 and for the loss
of the methyl radical from 228, no transition states were
found for these two processes. The whole reaction is
exothermic by 31.8 kcal/mol. Therefore, the hydrogen
atom abstraction process of methane by 226 should be

thermodynamically and kinetically accessible at room
temperature, which agrees with the experimental ob-
servation.

In addition, we would like to mention briefly the
reactivity of 227 toward methane. First, along the
hydrogen atom abstraction channel, the intermediate
230 was located, which is 1.9 kcal/mol below the
reactants 227 + CH4. Then the leaving of the methyl
group to generate 131 requires 16.1 kcal/mol. Since the
Gibbs free energy change from the reactants to the
products is +14.3 kcal/mol, this hydrogen atom abstrac-
tion process cannot take place at room temperature.

Figure 7. Optimized geometries for the stationary points of the reaction OsO4
+ + CH4 f Os(O)3(OH)+ + •CH3 in the

doublet state.
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Second, one may wonder if methane can be readily
activated by 227 via an oxidative addition step. Along
this direction, the initial step would be the formation
of the encounter complex 232. However, due to the fact
that this association step has a Gibbs free energy change
of 4.3 kcal/mol, this process is not likely to occur at room
temperature either.

To conclude, OsO4
+ can react with methane readily

through a direct hydrogen atom abstraction process. The
whole reaction occurs on the doublet PES and is
exothermic by 31.8 kcal/mol.

4. Conclusions

Systematic studies have been carried out to investi-
gate the reactivity and mechanisms of gas-phase oxo
osmium cations OsOn

+ (n ) 1-4) with methane via
density functional calculations. The sextet, quartet, and
doublet potential energy surfaces for each reaction have
been explored in detail. The potential energy surfaces
of OsOn

+ (n ) 1, 2) with methane are somewhat similar
to each other, but they are significantly different from
those of the reactions of OsO3

+ and OsO4
+ with meth-

ane. Specifically, the following conclusions can be drawn
from the present calculations.

(a) For the reaction of OsO+ with methane, the
dehydrogenation channel is found to be thermodynami-

cally and kinetically preferred. For OsO2
+, our calcula-

tions show that the dehydration channel is kinetically
preferred, despite the fact that the dehydrogenation
channel is thermodynamically more favorable. In these
two reactions, the minimum energy reaction path
involves the crossings between the quartet and doublet
surfaces at entrance and exit channels, respectively.

(b) The formal oxidation state of the Os center is a
useful quantity for us to qualitatively understand the
C-H activation of methane by OsOn

+ (n ) 1-4). To
facilitate the activation of the first C-H bond of
methane through an oxidative addition step, the formal
oxidation state of the Os center is required to be no more
than +6, since two covalent Os-C and Os-H bonds can
then be formed in the oxidative addition intermediate
(note that the maximum formal oxidation state of Os is
+8). Thus, the first C-H bond of methane can be readily
activated by OsO+ and OsO2

+, in which the oxidation
state of Os is +3, and +5, respectively. But, this is not
the case for OsO3

+ and OsO4
+. In OsO3

+, the oxidation
state of Os is already +7. So only a typical Os-H bond
is formed in the oxidative addition intermediate Os(O)3-
(H)(CH3)+, which has a relatively high energy. This
accounts for the experimental observation that OsO3

+

is unreactive to methane under the experimental condi-
tion. But for OsO4

+, since the Os center is in its highest
oxidation state, its reaction with methane must go
through a direct hydrogen atom abstraction process,
instead of the oxidative addition channel. The above
simple analysis is supported by our detailed calcula-
tions.
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Figure 8. UB3LYP potential energy profile of the reaction
OsO4

+ + CH4 f Os(O)3(OH)+ + •CH3 in the doublet state.
For all species, the energies (ET) are the sum of electronic
energies and zero-point vibrational energies.
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