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Catalysis plays a critical role in the accomplishment of industrially significant chemical transformations, by
requiring less energy investment in underlying processes. Computational chemistry has had a pronounced impact on
the understanding of the role of catalysts at the atomic and molecular level, contributing to design of more efficient
catalysts. In this study, we compute thermochemical properties attending C-H bond activation of methane by
OsO™ and enabling subsequent dehydrogenation and dehydration reactions. It is found that the dehydrogenation
channel is thermodynamically more favorable. This study should contribute to the understanding of C-H bond
activation using homogeneous catalysis of partial oxidation of natural gas (methane) leading to formation of the

easily transported liquid fuel methanol.
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1. Introduction

Methane is the main constituent of natural gas. Nat-
ural gas is a valuable energy source and a potential
feedstock for the production of fuels and other useful
chemicals [1]. Unfortunately, transport of this highly
volatile and extremely flammable gas is inconvenient and
hazardous.

To make methane reactive at least one of its C—H bonds
must be activated. The key is to find an efficient way to
do this under ambient conditions. The use of transition
metal catalysts can help to minimize both the energy
demand and the environmental impact of the conver-
sion process. There has been considerable experimental
and theoretical interest on the catalytic functionalization
of C-H bonds of small hydrocarbons by organometal-
lic mechanisms involving particularly electron rich late
transition metal oxide cations [2-6]. Thus, in this study,
0sO™ mediated dehydrogenation of methane, a key early
step in the production of methanol, is investigated us-
ing computational quantum chemistry, to contribute to
the understanding of C—H bond activation using homo-
geneous catalysis.

2. Computational methods

We employed GAUSSIAN software [4] for structural
and energetic calculations. We optimized all the struc-
tures in the mechanism for OsO cation’s reaction with
methane described below (reactions (1)—(4)) with the
B3LYP functional and the 6-311G** basis for all the
atoms except Os for doublet and quartet spin states.
The LANL2DZ basis is used for the heavy metal atom.
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3. Reaction mechanism

The main reaction steps considered in this work for the
C-H bond activation resulting in the dehydrogenation of
methane by a gas-phase OsO™ are listed below

0sO™ 4+ CHy — O0s(CHy) ™, (1)
00s(CH,)* — [00s---H.- - (CH;) s —

OOsH(CH;3)*, (2)
OOsH(CH3)" — [00s---Hy - - - (CHy)*]* —

OO0s(Hy)(CHy) ™, (3)
OOs(Hy)(CHa)t — [Hy - -- OsO(CHy)*] —

OSO(CH2)+ + H2. (4)

4. Potential energy surface calculations

The reaction steps (1)—(4) are simulated using Gaus-
sian 09 software [7]. Multiplicities are assumed to be
doublet for all the species involved in reactions (1)
through (4) except for the species OsO™ and OsO(CHy)™
occurring in reaction steps (1) and (4), respectively.
These two species are assumed to go through spin flip
transitions and acquire quartet multiplicities. Os is a
heavy atom and the spin state is not well defined ow-
ing to extensive spin—orbit coupling, so we follow the
lower energy state regardless of spin to define the reac-
tion paths. Metal oxide cations react more efficiently
with methane in their high-spin states than in low-
spin states [3]. However, the complex generated in re-
action (1), OOs(CH4)™T, is more stable with the dou-
blet spin multiplicity. The complexation reaction (1)
is exothermic with H = —23.0 kcal mol~!. Thus, as
shown in Fig. 1 the complex can rearrange to form
OOsH(CH3)* cation 23, through the oxidative addi-
tion step (2) by passing through an extremely shal-
low transition state indicated by [OOs---H--- (CHjz)*|*
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and labelled as 2TS2/3. The reaction leading to
the OOsH(CHj3)* cation doublet 23 is endothermic
by 4.064 kcal mol~! relative to 22. This result dis-
agrees with the calculation presented by Zhang et al. [§]
who predict that reaction (2) should be exothermic by
—24.0 keal mol~!. The species 23 goes over a transition
state enthalpy barrier of 4.972 kcal mol~! to produce the
complex 24. However, the overall reaction (3) is exother-
mic by —5.960 kcal mol~!. In reaction step (4), a re-
ductive elimination, the species 24 is then assumed to
release Hy and the remaining cation flips its spin back
to quartet. The production of Hy gas from methane us-
ing OsO™ catalyst is exothermic with an overall enthalpy
change of —10.859 kcal mol~!.
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Fig. 1. PES for the dehydrogenation reaction (changes
in spin state are shown).

Although the PES of the dehydration channels and re-
action mechanism are not shown here, it is calculated
to compare with the dehydrogenation reaction process
(Fig. 1). The comparison clearly showed that the re-
action steps leading to Hy production is more favor-
able by 8.43 kcal/mol than the reactions leading to HoO
production.

5. Calculation of thermodynamic properties

We conducted calculations of thermodynamic param-
eters for the dehydrogenation process, for which experi-
mental information is available for comparison [9]:

10s0" + CHy +»* OsO(CHz) + Ha. (5)

In these calculations a method based on atomiza-
tion energies was used to obtain the AGtomation Of
enthalpy and AHformation [10].  This method requires
both theoretical and experimental values for the forma-
tion energies of the individual atoms in every species.
In applying this formula the heats of formation of
atomic carbon, hydrogen, oxygen, and osmium are taken
from the experiments (JANAF tables). The values
taken from the JANAF tables are: AH y9¢ 155 (C) =

171.21 keal mol ™", AH$ 595 15k (H) = 52.10 keal mol ™,
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AH? 995 15K (O) = 59.43 kcal mol 1, AHS 998 15K (Os) =
189.18 kcal mol~!. For a molecule of the general struc-
tural formula C,H,O.0s4, AHformation 1S defined by the
following expression:

AH}),298.15K (CaHpO:Os4) = [G'AH?,QQSJSK (©)
FOAH 595 151 (H) + cAHF 595 15K (O)
+dAH,?,298.15K(OS)] - [GH298'15 (C)
FOHZ9815 (H) 4 cH2815 (0) + dH?%15 (Os)

+ (CaHbOCOSd)] . (6)
The enthalpies for the atoms C, H, O, and Os and en-
thalpies for all the molecular species involved in the re-
action were calculated using Gaussian 09. The mathe-
matical expression used in the calculations of enthalpies
from Gaussian 09 is given below

H298.15 — Ee + ZPE+E398'15 _|_Et;2r98.15

+E398'15 +AP‘/, (7)
where F. represents the electronic energy, ZPFE is the
zero point vibrational energy contribution, F., F;, and
E, are the vibrational, the rotational, and translational
energies rescpectively. APV is set to be RT in the actual
calculation. An analogous equation defines the Gibbs
energies. Computed energies for the individual atoms
are listed in Table I. Calculated enthalpies and Gibbs
free energies of formation are listed in Tables IT and III.
The thermodynamic changes calculated by Eq. (6) are
listed in Table IV.

TABLE I
Total electronic energies.
B3LYP/6-311G(d,p)
Enthalpy Gibbs
[kcal/mol] [kcal/mol]
0] -17.9292 -17.9331
Os —21.4309 —21.436
H -313.927 -322.101
C —23762.6 —23773.2
TABLE II

The calculated formation of enthalpy and
the Gibbs energies for the reactants and
products for the quartet quantum state.

B3LYP/6-311G(d,p)

Enthalpy Gibbs
[kcal /mol] [kcal /mol]
0sO —576.307 -585.5194
CH4 —20.5361 -16.80493
H, 0.26106 0.2729353
OsCH, -611.667 -615.5766

The reaction enthalpy change seen in Table IV,
which is —14.5634 kcal mol™!, is very close to the
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TABLE III

The calculated formation of enthalpy and
the Gibbs free energies for the reactants
and products for the doublet quantum

state.
B3LYP/6-311G(d,p)
. Enthalpy Gibbs
Species [kcal /mol] kcal/mol
0OsO —477.86 —486.83
CHy4 —-20.54 -16.80
H, 0.26 0.27
OsCHa —608.12 —611.60
TABLE IV

The thermodynamical property changes in
the dehydrogenation reaction.

Enthalpy |  Gibbs free

change of reaction [kcal/mol]
doublet —-109.468 -107.69
quartet -14.5634 -12.9793

enthalpy change found for the reaction mechanism in
quartet quantum state of dehydrogenation, which is
—10.859 kcal mol~!, by the BSLYP method used to cal-
culate the PES.

6. Conclusion

The most important goal of this study was to in-
vestigate potential use of catalyst in order to acti-
vate methane. The proposed reaction paths found
to be thermodynamically reasonable. The methane
dehydrogenation by OsO™ is downhill in energy on both
quartet and doublet surfaces. The overall reaction con-
sidered in spin flip is exothermic by —10.859 kcal/mol.
For the reaction of OsOT with methane, the dehydro-
genation channel is found to be thermodynamically more
preferred.
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