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Density functional calculations have been performed to explore the sextet, quartet, and
doublet potential energy surfaces of methane dehydrogenation by gas-phase Os™ for under-
standing the reaction mechanism. The minimum energy reaction path is found to involve
the spin inversion three times in the different reaction steps. Totally, three spin states (sextet,
guartet, and doublet) are involved in the whole reaction. Specifically, the reaction is most
likely to proceed through the following steps: 0s* + CH4; — OsCH,* (61) — HOsSCHj; (*2) —
HOsH(CHy)" (23) — (H2)Os(CHy) " (*4) — Os(CH,)" (5) + H,. The overall reaction is calculated
to be exothermic by 4.2 kcal/mol, which is in good agreement with the available experimental
results. The first spin inversion, from the sextet state to the quartet state, makes the
activation of the first C—H bond energetically spontaneous. The second transition from the
guartet state to the doublet state facilitates the cleavage of the second C—H bond, lowering
the barrier from 25.9 kcal/mol to 16.1 kcal/mol. The third spin inversion occurs from the
doublet state to the quartet state in the reductive elimination step of H,, and this spin

inversion leads to a decrease in the barrier height from 41.0 to 30.4 kcal/mol.

1. Introduction

During the past decades the C—H and C—C bond
activations of small alkanes and olefins in the gas phase
by transition-metal ions have received a great deal of
attention both experimentally and theoretically for the
potential economic and environmental significance and
considerable fundamental interest.! As the simplest
hydride of carbon and the principal constituent of
natural gas, inert methane activation by bare transition-
metal cations M* has especially been at the focus of a
number of fundamental gas-phase ion organometallic
chemistries.1¢ir.2=7 On one hand, the activation of the
C—H bond in methane is a unique challenge among the
hydrocarbons due to its unusual strength (e.g., the C—H
bond energy in methane (105 kcal/mol) is about 5 kcal/
mol greater than that in ethane).” Thus, the activation
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of the C—H bond in methane has been the long-term
task for chemists.”~® On the other hand, the mechanistic
details of the activation process of the C—H and C—-C
bonds in the gas phase can be readily obtained, because
many complicated factors such as solvent, ligands,
surface, and aggregation effects occurring on surfaces
or in solutions are excluded.*

Early in 1979 Allison et al. already discovered that
atomic transition metal cations are capable of activating
C—H bonds. In the following years there were numer-
ous studies of the reactions of atomic transition-metal
ions (MT) with small alkanes in the gas phase exper-
imentallyl~311-1% and theoretically.46.16-30 In general,
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alkane dehydrogenation is a common reaction in the
gas-phase chemistry of bare transition-metal ions.1¢22
However, methane dehydrogenation is very unusual
because it is observed at high energies and the excited
electronic states of the metal ions are usually involved.
Reactions of all first- and second-row M* with methane
are endothermic,'d with the possible exception of Zr™,
which is the only one in the second-row that has been
so far found to react with methane exothermically.11b
The third-row Mt (M = Ta, W, Os, Ir, and Pt) will
spontaneously dehydrogenate methane to form the
cationic carbene complexes MCH,"™ at room tempera-
ture211-12 due to their metal—methylene bond strength
D°(M*t—CH,) = 111 kcal/mol.

Up to now, many theoretical investigations on the
mechanism of the reaction of M* with CH, and the
reverse reaction have been performed using different
levels of theory, and the detailed potential energy
surfaces (PESs) have been obtained for Sc+,20 Ti+,18b.21
V+,21 CI’+,21 Fe+,22afc C0+’19a,23,26727 Rh+,25727 Y+_pd+
(only for the initial C—H-insertion step of the reaction),>
Ta™,28 Irt272 and Pt".1630 To our knowledge, the
detailed potential energy surface for the dehydrogena-
tion of methane by naked Os™ has not been reported.

Of most interest to the reactions of methane and
transition-metal ions is the potential energy surface
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crossing.3!a In other words, these reactions may involve
a change in the spin states and thus occur in a non-
adiabatic way on two or more potential energy sur-
faces.3® Shaik et al. have proposed the two-state
reactivity (TSR) should be involved in reactions cata-
lyzed by organometallic systems, in contrast to common
organic reactions.®? A number of reactions in organic,
inorganic, and especially organometallic chemistry in
which two states of different multiplicities are involved
on the reaction pathway have been confirmed by ex-
perimental and computational studies.33-36

To gain systematic insight into the mechanism of the
reaction of third-row transition-metal ions with meth-
ane, we present here a theoretical study on the reaction

Os" 4+ CH, — OsCH," + H, (1)

To our knowledge, the only experimental report on this
reaction was given by Irikura and Beauchamp,20:12 who
investigated this reaction using Fourier transform ion
cyclotron resonance (FTICR) mass spectrometry. Since
the reaction was observed under thermochemical condi-
tions, it has to be exothermic or nearly thermoneutral.
Besides this, there are few experimental data available
for thermochemistry of the studied reaction.

The density functional method, specifically the hybrid
functional B3LYP,372 is used to investigate the detailed
potential energy surfaces of the title reaction in various
spin multiplicities since it is proven to be a reliable tool
for describing complicated electronic structures in open-
shell transition-metal chemistry. To better understand
the spin inversion processes involved in the reaction,
we determine the energies and structures of the crossing
points between two PESs of different spin multiplicities
in the reaction pathway. The effect of these crossing
points on the energy barriers of different reaction steps
is analyzed. We hope the results would deepen our
understanding of the mechanism of methane dehydro-
genation by gas-phase Os™.

2. Computational Details

Full optimization of geometries for all stationary points
involved in methane dehydrogenation by Os™ has been calcu-
lated using the spin-unrestricted density functional theory
(UDFT) method based on the hybrid of Becke's three-
parameter exchange functional®®¢ and the Lee, Yang, and Parr
correlation functional®™® (B3LYP37@). In all calculations, for
osmium a relativistic effective core potential (RECP)% is
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Scheme 1

H

H
N H H.
a) M'+CH,—> \M+”—CH3 — M'-—CH, —» >M*=CH2—*> ! M*=CH, — (HM* —CH,
\‘ (r H H/'

H .
b) M+ CH; > \M+__CH3 — M+:;=

employed for replacing the chemically inert 60 core electrons
([Kr] 4d° 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 LANL2DZ?®* double-¢ basis set plus
an f-type polarization function,*® (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.** The standard triple-{ 6-311G** basis set*? of Pople
and co-workers is used for carbon and hydrogen. Vibrational
analyses are carried out for all stationary points for a 2-fold
purpose. The first one is to check whether the optimized
geometry corresponds to a minimum or a transition state. The
second purpose is 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 coordinates (IRCs)*
are traced from a transition state toward both reactant and
product directions using the algorithm developed by Gonzalez
and Schlegel** in the mass-weighted internal coordinate
system. Each IRC is constructed from an accuracy of 0.1
amu¥2-bohr. All calculations have been performed using the
Gaussian 98 program.*®

It is well known that the spin/orbital interaction is signifi-
cant in the third-row transition metal or metal ion such as Os
and Os™. Since in our calculations spin/orbital effects are not
accounted for, we need to know how the neglect of these effects
will qualitatively influence the computed relative energies.
First, we perform calculations on the ground state and first
excited state of the osmium atom and the osmium ion and
compare the calculated term splittings with the J-averaged
excitation energies derived experimentally. We note that few
experimental data are available for Os* except the energy
levels of its ground term (6D, 5d%6s?), but for Os the energy
levels of both the ground term (°D, 5d%6s?) and the lowest
triplet term (°F, 5d76s?) were well assigned.*® For example, in
Os the J-averaged °D term is 2648.4 cm™! (or 7.6 kcal/mol)
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CH, —> (HM'—=CH,

above the experimental ground state °D,, and the J-averaged
SF term is 1435.4 cm™? (or 4.1 kcal/mol) higher in energy than
the lowest 3F, level. The J-averaged splitting of the 3F and °D
terms is 28.0 kcal/mol for Os. This value is in good agreement
with the calculated energy difference of 26.9 kcal/mol between
the quintet ground state and the lowest triplet state. Besides
this, the first ionization potential of Os is calculated to be 8.93
eV, being very close to the experimental value 8.7 eV.*” Second,
our calculations show that the bond dissociation energy
D([Os*]—CHy,), a very important quantity for a description of
the title reaction, is 112.4 kcal/mol. This value is comparable
to the experimental value of >109.9 + 1 kcal/mol?*!? and the
value of 113 + 3 kcal/mol suggested by Irikura and Goddard
on the basis of MR-CISD calculations.®? Therefore, the B3LYP
method with the selected basis set should be quite reliable in
computing the relative energies of the species involved in the
title reaction. On the other hand, although the spin/orbit
stabilization is significant in Os*, it may be quenched to a
larger extent in Os*-containing compounds because the elec-
tron distribution in a molecule is much more delocalized than
in Os™. Thus, we are confident that the neglect of spin/orbital
effects does not change the qualitative features of the reaction
mechanism captured by the present study.

3. Results and Discussions

The mechanism of the homologous kinds of reaction
1 was believed to involve the initial step which M*
inserts into one C—H bond of CH,4 and yields initially a
hydridomethyl complex, HMCH3*, followed by the ac-
tivation of a second C—H bond and then the reductive
elimination of H,. In detail, two different possible
mechanisms have been postulated (Scheme 1).

In pathway a, the activation of a second C—H bond
proceeds through the methylene dihydride complex
HMH(CH,)*, followed by the reductive elimination of
H, to form a molecular hydrogen complex, (H,)MCH,t,
while in pathway b, the molecular hydrogen complex is
directly obtained through a four-centered transition
state. Previous investigations!! have shown that those
M+ such as Ta™ having enough valence electrons usually
proceed through pathway a, whereas those M™, such as
Sct and Tit, that do not have enough valence electrons
often proceed through pathway b. The reaction of Os™
with methane belongs to the former case, which will be
confirmed in the present context.

Due to the possible spin crossovers involved in the
reaction pathways, the potential energy profiles for the
sextet, quartet, and doublet states are investigated. For
the sake of simplicity, each species is labeled with its
spin multiplicity as a superscript preceding the formula,
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176.
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Table 1. Calculated Relative Energies AEgc(without ZPVE), AEge (including ZPVE), and Relative Gibbs
Free Energies AG,gs (kcal/mol) of Stationary Points on the Potential Energy Surfaces of the Reaction Os™
+ CH4 — OsCH," + H; in the Sextet, Quartet, and Doublet States

sextet quartet doublet

SpeCieS AEelec AEre AGa9s AEelec AEre AG29s AEelec AEre AG29s
Os* + CHgy 0.02 0.0° 0.0¢ 20.5 20.5 20.8 51.0 51.0 51.6
1 —13.1 —-13.1 —9.0
TS1/2 26.7 22.4 27.0
2 —-2.3 —5.7 -1.1 —38.5 —41.2 —36.4 —24.6 —27.4 —22.0
TS2/3 41.5 34.7 39.6 —-9.6 —15.3 —10.0 —21.6 —25.1 —-19.3
3 27.1 21.3 26.2 —18.4 —23.6 —18.3 —42.4 —46.7 —41.1
TS3/4 29.4 22.8 27.9 —8.8 —15.6 —10.6 -1.2 —5.8 0.1
4 19.3 13.4 18.0 —15.2 —20.1 —-14.9 -17 —5.6 0.2
5+ H 31.7 22.9 30.5 3.5 —4.2 —5.5 10.3 25 1.7

a Absolute energy E = —131.120886 au. ® Absolute energy E = —131.076300 au. ¢ Absolute energy E = —131.112703 au.
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Figure 1. UBS3LYP potential energy surfaces of the
reaction Os™ + CH, — OsCH,* + H; in the sextet (a),
quartet (b), and doublet (c) states, respectively

while its spatial symmetry is omitted. The calculated
potential energy profiles for the sextet, quartet, and
doublet states are given in Figure 1, and the relative
energies obtained for all stationary points on three
potential energy profiles are collected in Table 1. The

optimized geometries for all stationary points on three
potential energy profiles are presented in Figure 2.

3.1. Sextet, Quartet, and Doublet Potential En-
ergy Profiles. First, the sextet reaction path is shown
in Figure la and Figure 2a. The reaction starts with
the formation of the electrostatic 73-methane complex
Os(CHy)™ (61), which is 13.1 kcal/mol below the entrance
channel 60s™ + CHj4. Then one C—H bond of methane
oxidatively adds to the metal to form the hydridomethyl
complex HMCH3™ (62), through the transition state
6TS1/2. This step is endoergic by 7.4 kcal/mol, with a
barrier of 35.5 kcal/mol. The third step is the activation
of the second C—H bond of methane through the
transition state °TS2/3 to generate the methylene di-
hydride complex HOsH(CH_)* (63), which is 27.0 kcal/
mol higher in energy than 2. Next, the two hydrides
bonded to the metal reductively eliminate to form the
methylene dihydrogen complex (H,)Os(CH>)™ (64), with
an activation barrier of only 1.5 kcal/mol. Finally, 64
would readily dissociate to produce the products OsCH,*
(65) and H,. To summarize, one can see that the
activation of the first C—H bond and of the second C—H
bond, with barriers of 35.5 and 40.4 kcal/mol, respec-
tively, are the rate-determining steps on the whole
sextet reaction path. The whole reaction on this path is
endothermic by 22.9 kcal/mol. For convenience in later
discussions, hereafter we use H; and H, to denote the
first and second hydrogens activated by Os™, respec-
tively.

Next let us turn to the quartet reaction path, as
depicted in Figure 1b and Figure 2b. Different from that
of the sextet path, the first step of the reaction on the
quartet path is the formation of the hydridomethyl
complex 42, which is a barrierless process. This result
suggests that the oxidative addition of the first C—H
bond by the excited state (*F) of Os™ is energetically
spontaneous. We have undertaken a number of at-
tempts to look for the corresponding encounter complex
in the quartet state, but failed to find one. After 42 is
formed, one can see that the reaction processes on the
guartet path are the same as those on the above-
described sextet path. It should be pointed out that
although numerous trials are taken to search for a
possible four-membered cyclic transition state that
connects 42 and “44 directly (Scheme 1b), no such
transition state is obtained. Clearly, the activation of
the second C—H bond through the transition state
4TS2/3 with a barrier of 25.9 kcal/mol is the slowest step
on the quartet reaction path.
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Figure 2. Optimized geometries for the stationary points of the reaction Os™ + CH; — OsCH," + H, in the sextet (a),
quartet (b), and doublet (c) states (bond lengths in angstroms and bond angles in degrees).
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Figure 3. UBS3LYP potential energy surfaces of the
reaction Os* + CH, — OsCH," + H, in the sextet, quartet,
and doublet states.

As shown in Figure 1c and Figure 2c, methane
dehydrogenation by Os™ on the doublet path is very
similar to that on the quartet one. The approach of
methane to the excited state (?H) of Os™ also leads
directly to the formation of the hydridomethyl complex
22 without a barrier. Different from that on the quartet
path, the oxidative addition of the second C—H bond to
form the methylene dihydride complex 23 is facile on
the doublet path, with a barrier of only 2.3 kcal/mol.
The rate-determining step on the doublet path is the
reductive elimination of H, from 23, which requires 41.0
kcal/mol.

As seen from Figure 3, despite that the ground state
of the reactants is 60Os* + CH,, the most stable hydri-
domethyl complex is on the quartet surface (“2), while
among the methylene dihydride complexes, the doublet

species 23 has the lowest energy. For the methylene
dihydrogen species and the final products, their relative
order in stability is the same, i.e., 4 > 24 > 64 and
45 > 25 > 65 Therefore, if methane dehydrogenation is
readily activated by the ground-state Os*, as observed
experimentally, there must be crossings between the
sextet and quartet, the quartet and doublet reaction
surfaces, caused by the spin—orbital coupling. In the
following, we will briefly discuss the geometries of all
species occurring on three potential energy profiles and
interpret the relative stabilities of those species with
different multiplicities using the electron configurations
of the metal ions and spin arguments.

3.2. Geometries and Stabilities of All Stationary
Points on Three Potential Energy Profiles. The
ground state of Os* is its sextet state (5d®6s?), which
lies 20.5 and 51.0 kcal/mol below the lowest quartet and
lowest doublet states, respectively. The lowest quartet
state of Os™ has a 5d76s° electron configuration with
two 5d orbitals doubly occupied, and the lowest doublet
state also has a 5d76s® configuration but three 5d
orbitals are doubly occupied. The difference in the
electron configurations of the ground-state and excited-
state Os™ can be used to qualitatively understand the
insertion reactivity of Os™ into the C—H bond of
methane. As is well known, oxidative addition of a C—H
bond to a third-row metal center can be achieved by
donation of the bonding o electrons (of the C—H bond)
into vacant 6s and 5d, orbitals of the metal and back-
donation of metal 5d electrons into the antibonding o*
orbital. According to this simple molecular orbital
picture, metal states with empty 6s and 5d, orbitals
tend to form a HMCHj3™ intermediate directly. On the
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other hand, metal states with an occupied 6s or 5d,
orbital usually form a loosely bound complex MCH,*
because the replusive interactions between the 6s or 5d,
electron and the bonding electrons of the C—H bond will
compete with the electrostatic attraction between the
metal cation and methane. In fact, this is the case we
obtained for the reaction of Os™ with methane. For the
ground state of Os™, our calculations lead to an encoun-
ter complex 61, which is 13.1 kcal/mol below the
entrance channel 60s* 4+ CHy,. This species has an 73-
H,H,H coordination mode, which is similar to those in
the reaction systems of Rh* or Ta™ with methane.2428
In contrast to the behavior of the ground-state Ost,
molecular orbital considerations would predict that the
excited-state Os™ (*F,5d76s°) and Os* (?H,5d"6s°) react
with methane to directly form the intermediate HOSCH3™*
with corresponding multiplicity. This prediction is
confirmed by our calculations. We have tried to find the
corresponding intermediates on the quartet and doublet
paths, but none of them are obtained.

The complex 6TS1/2 is the transition state of the
oxidative addition of the C—H; bond to the metal ion
on the sextet path. In 8TS1/2, the activated C—H; bond
is almost broken and the Os—Hj bond is nearly formed,
indicating that this transition state is a typical three-
centered “late” transition state. 6TS1/2 is 35.5 kcal/mol
above the encounter complex 61 and 22.4 kcal/mol above
the reactants 60s™ + CHa.

For the hydridomethyl intermediate 2, its ground
state is a quartet state (i.e., *2), which is 13.8 and 35.5
kcal/mol lower in energy than those of 22 and 62,
respectively. Geometrically, one can see that the Os—C
and Os—H; bond distances are 2.063 and 1.690 A in 62,
1.982 and 1.595 A in 42, and 1.975 and 1.589 A in 22.
These structural parameters show that the Os—C and
Os—H; bonds are quite strong in 42 and 22, but
relatively weak in 2. Natural bond orbital (NBO)
analyses*® suggest that in 42 and 22 two sd hybrid
orbitals of Os* are bonded to the orbitals of the methyl
and hydride ligands to form two covalent single bonds.
The covalent Os—C and Os—H bonds formed in 42 and
22 are strong because the sd hybridization of osmium
is effective due to the similarity in the size and energy
of its 6s and 5d orbitals, which makes the overlap
between the sd orbitals and the ligand orbitals fairly
effective. As a consequence, the insertion of Os™ into a
C—H bond of methane is more exothermic than that of
its first- and second-row homologues. In fact, this
insertion process was calculated to be endothermic for
Fe™ 22ab and Ru™.5 Furthermore, NBO calculations show
that the energy difference between 42 and 22 primarily
can be understood in terms of the electronic configura-
tions of the metal ion in both species. In both species,
one 6s and one 5d orbital are involved in the formation
of two covalent bonds; among the other four 5d orbitals
one is doubly occupied and the other three 5d orbitals
are all singly occupied. However, three unpaired elec-
trons have the same spin in %2, but one of them has to
flip over in 22 to ensure doublet multiplicity. Thus the
destabilization of 22 over 42 is mainly caused by the loss
of some quantum mechanical exchange effects. For 62,

(48) (a) Reed, A. E.; Weinstock, R. B.; Weinhold, F. J. Chem. Phys.
1985, 83, 735—746. (b) Reed, A. E.; Curtiss, L. A.; Weinhold, F. Chem.
Rev. 1988, 88, 899—926.
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its weaker thermodynamic stability can be attributed
to the weak Os—C bond because it is formed by a filled
sd orbital and the sp? orbital of the carbon.

Similarly, the stabilities of the methylene dihydride
species with different spin states can also be rational-
ized by their optimized geometries and NBO analyses.
As displayed in Figure 2, the Os—C and Os—H bond
lengths in 23 are 1.804 A and ~1.58 A, respectively, both
being shorter than those in 43 (1.811 and 1.645 A) and
in 63 (1.995 and 1.649 A). The results listed in Table 1
show that 23 is 23.2 and 68.0 kcal/mol lower in energy
than 43 and 63. Clearly, the relative order of the stability
of the methylene dihydride species, 23 > 43 > 63, is
reflected by the strength of the formed Os—C and Os—H
bonds. Again, it is instructive to give a concise and
qualitative description of the bonding mode in these
species. In 23, the metal uses one 6s orbital and three
5d orbitals to form two normal covalent bonds with two
hydrides and a double bond with the methylene moiety.
In addition, of the remaining two 5d orbitals, one is
doubly occupied and the other one is singly occupied.
Evidently, for the methylene dihydride Os(V) complex
this bonding mode is optimal for the ion Os™ only if the
spin multiplicity of the species is a doublet. In contrast
to the bonding mode in 23, the double-bond character
of the Os—C bond is reduced to some extent in 43, and
the Os—C bond becomes a single bond in 3. Thus the
weaker stability of 43 and 83 could be explained by the
strength of the Os—C bond in these compounds.

The species TS2/3 is the oxidative addition transition
state of the C—H; bond to the metal ion. From the
structures of each spin state, one can see that 6TS2/3
and 4TS2/3 are the three-centered “late” transition
states, while 2TS2/3 is a very “early” transition state.
Energetically, 2TS2/3 is 9.8 kcal/mol lower in energy
than 4TS2/3 and 59.8 kcal/mol below 6TS2/3. The
relatively small barrier on the doublet path can be
rationalized by the fact that the doublet state is not
optimal for the hydridomethyl intermediate, but optimal
for the methylene dihydride intermediate.

As for the methylene dihydrogen complex, we note
that in 64 and 24 there exists only a relatively weak
agostic interaction*® between the dihydrogen ligand and
the metal, as indicated by the calculated Os—(H,) bond
distances (about 2.03 A in 64 and 2.19 A in 24). For 44,
the interaction between the dihydrogen ligand and the
metal is stronger, which lengthens the H—H bond and
shortens the Os—(H;) bond. The structures of the
methylene Os(l11) products are very much like those of
the Os=CH, part in the corresponding methylene di-
hydrogen species. The bonding modes in the methylene
dihydrogen complexes, and the methylene Os(111) prod-
ucts with different multiplicities, are similar to those
in the hydridomethyl intermediates with corresponding
multiplicities, except that the orbital of the hydride
ligand in the hydridomethyl intermediate is now re-
placed with the carbon 2P, orbital of the methylene
moiety. Thus, the quartet state is optimal for OsCH,™,
in which a covalent double bond exists between Os and
CH,, as revealed from previous GVB calculations.52
More importantly, the relative stability order of the

(49) (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.; Simdes, J. A. M. Organometallics
1987, 6, 1188—1190.
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methylene dihydrogen intermediates and the methylene
Os(I11) products should be the same as that of the
hydridomethyl intermediates, as supported by the re-
sults shown in Figure 3.

It is also worthwhile to mention the structures of the
reductive elimination transition state TS3/4. The tran-
sition states of the sextet and quartet states are about
halfway between species 3 and 4, but the doublet
transition state is very “late”. Since the quartet state is
preferred for the methylene dihydrogen intermediate,
but less favorable for the methylene dihydride inter-
mediate, and the reverse is true for the species on the
doublet path, one can easily understand that the barrier
(7.9 kcal/mol) on the quartet path is considerably
smaller than that (41.0 kcal/mol) on the doublet path.

3.3. Spin Crossing and the Possible Overall
Reaction Path. In the above discussions, we can see
that the minimum energy PES is not one of three PESs
of a certain spin state. For example, for the sextet PES,
the reactants Os* + CH,4 have the lowest energy, but
the barrier of the first C—H activation (from 62 to 63) is
as high as 40.4 kcal/mol, and the overall reaction on the
sextet path has an endothermicity of 22.9 kcal/mol.
These results contradict the spontaneous dehydrogena-
tion of methane by Os™ observed experimentally. Thus,
the crossing of adiabatic surfaces of different spin is
involved in the processes of the title reaction. On the
other hand, it is well known by now that transition-
metal-mediated reactions very often occur on more than
one adiabatic potential energy surface. Some experi-
mental and theoretical evidence has been shown for the

systems that include 3d, 4d, and some 5d transition
metals.2021252628293535

As shown in Figure 3, the minimum energy reaction
path requires several possible spin crossings. First, the
reaction may start with the formation of the encounter
complex 61 on the sextet PES. Then, the sextet surface
should cross the quartet and doublet surfaces some-
where between 61 and 5TS1/2, since $TS1/2 is too high
in energy and the formation of the intermediate 2 on
the doublet and quartet PESs is exothermic. After 42 is
formed, the reaction may jump to the doublet PES
between 2 and TS2/3 since 4TS2/3 is 9.8 kcal/mol above
2TS2/3 and the intermediate 3 on the doublet PES is
thermodynamically much favored than the correspond-
ing quartet species. Further, the reaction may jump
back to the quartet PES in the reductive elimination
step of dihydrogen (between 3 and TS3/4) since the
barrier on the doublet path is as large as about 41.0
kcal/mol and the quartet product (*5) is 6.8 kcal/mol
more stable than the doublet product. To conclude, the
minimum energy pathway may proceed as %0s™ +
CH4 — OsCH4" (61) — HOsCHj3 (*2) — 2TS2/3 —
HOSH(CH,)* (33) — 4TS3/4 — (H)Os(CHy)* (*4) —
Os(CHy)* (#5) + H,. If the reaction starts on the sextet
PES and ends on the quartet PES, the overall reaction
would occur thermodynamically at room temperature,
and it would be exothermic by 4.2 kcal/mol, as listed in
Table 1. But if the reaction ends up with the doublet
product, the total reaction would be endothermic by 2.5
kcal/mol. Thus, our results support that the reaction
ends on the quartet PES. However, in either case the
calculated results can reasonably explain the experi-
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Figure 4. Sextet, quartet, and doublet potential energies

of the reactant complex as a function of the distance
between Os™ and the carbon atom of CH,.

mental observations. Further state-specific reactivity
measurements are required to compare with our results
here.

3.4. Crossing Points between the PESs of Dif-
ferent Multiplicities. To better understand the spin
inversion processes described above, it is instructive to
locate the crossing points between the sextet and
quartet PESs, and between the quartet and doublet
PESs, on the reaction pathway. Since the potential
energy of the reaction system (Os™ + CH,) has 12
internal degrees of freedom, it is prohibitive to give full
descriptions of the crossing seam between the two PESs,
which is a “line” of dimension 11. Although several
efficient algorithms®9-53 have been developed for the
location of surface crossings, the implementation of
these algorithms within the context of DFT is not
available in the Gaussian 98 program. Thus we choose
a simple approach suggested by Yoshizawa et al.3¢ for
approximately locating the crossing points of two PESs
of different multiplicities. The main idea of this ap-
proach is to perform a series of single-point computa-
tions of one spin state along the IRC of the other spin
state and vice versa. It should be mentioned that the
crossing points obtained in this way are approximations
to true minimum energy crossing points (MECPSs) as
determined from other approaches,>°~53 but the energies
of these crossing points provide upper bounds to those
of the corresponding MECPs.

At first, computed potential energy profiles of the
sextet, quartet, and doublet states, respectively, as a
function of the distance between Os* and CH,, are
depicted in Figure 4. For a given Os—C bond length,
all other geometrical degrees of freedom are optimized
for each spin state. As shown in Figure 4, as methane
approaches the metal, the energy of the complex de-
scends monotonically for each spin state. Since the
energies of the complex in the quartet and doublet states
are always above that in the sextet state, no crossing
points between the sextet and quartet (or doublet) PESs
occur before the formation of the sextet reactant com-
plex 61.

(50) Koga, N.; Morokuma, K. Chem. Phys. Lett. 1985, 119, 371—
374

(51) Yarkony, D. R. J. Phys. Chem. 1993, 97, 4407—4412.

(52) Bearpark, M. J.; Robb, M. A.; Schlegel, H. B. Chem. Phys. Lett.
1994, 223, 269—274.

(53) Harvey, J. N.; Aschi, M.; Schwarz, H.; Koch, W. Theor. Chem.
Acc. 1998, 99, 95—99.
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Let us turn to the crossing points between the sextet
and quartet (or doublet) surfaces in the region from the
encounter complex 1 to the hydridomethyl complex 2.

Figure 5 shows computed potential energy profiles of
the doublet, quartet, and sextet states along the sextet
IRC. The IRC is traced from 6TS1/2 (IRC = 0) toward
both reactant (IRC < 0) and product (IRC > 0) direc-
tions. Two crossing points, Sls—4 between the sextet and
quartet PESs and Sls-, between the sextet and doublet
surfaces, are located before 6TS1/2. Slg_4 is situated at
IRC = —4.05 with a relative energy of 5.1 kcal/mol with
respect to 61, and Sle—; lies at IRC = —2.75 with a
relative energy of 13.6 kcal/mol with respect to 61. The
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Figure 7. Potential energies from the methylene dihydrido
complex 3 to the product dihydrogen complex 4 along (a)
the quartet IRC and (b) the doublet IRC.

structures of Slg—4 and Slg—, are shown in Figure 8. As
seen from Figure 5, after passing point Slg_4, the
guartet PES can provide a low-energy reaction pathway
toward the hydridomethyl complex 2. In fact, as shown
in Figure 3, the formation of 2 on the quartet or doublet
surfaces is a barrierless process. Therefore, the reacting
system is most likely to change its spin multiplicity from
the sextet state to the quartet state in the oxidative
addition step of the first C—H bond.

Similarly, we show computed potential energy profiles
of the doublet and quartet states along the quartet IRC
(from 2 to 3) in Figure 6a and along the doublet IRC in
Figure 6b. In Figure 6a, one can see that a crossing point
Sll4— is located at IRC = 0.30 with an energy of 28.1
kcal/mol relative to that of 42. In Figure 6b, another
crossing point SI114—; is found at IRC = 0.25, the energy
being 16.6 kcal/mol higher than 42. The structures of
both crossing points are given in Figure 8. According to
Yoshizawa et al.,3%@ Slll4—; is the energy-minimum
crossing point, and Sll;—, is the energy-maximum
crossing point between the quartet and doublet surfaces
in the reaction pathway from 2 to 3. Therefore, there is
a crossing seam between Sll,—, and Slll4—. The react-
ing system should change its spin multiplicity from the
quartet state to the doublet state in this crossing region
and then move on the doublet potential energy surface
as the reaction goes on.
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Figure 8. Structures of the crossing points: (a) between sextet and quartet; (b) between sextet and doublet; (c) the energy-
maximum point between quartet and doublet before TS2/3; (d) the energy-minimum point between quartet and doublet
before TS2/3; (e) between quartet and doublet before TS3/4.

Figure 7 gives the potential energy profiles of the
doublet and quartet states from the methylene dihy-
drido intermediate 3 to the methylene dihydrogen
complex 4 along the quartet and doublet IRCs, respec-
tively. Along the quartet IRC no crossing point is found,
but along the doublet IRC we find a crossing point,
SIV4-2, which is at IRC = —3.02 (before 2TS3/4) with a
relative energy of 30.4 kcal/mol above 23. The structure
of this crossing point is also collected in Figure 8. From
the distance between the two hydrides (1.020 A) in
SIV4-5, one can see that SIV,4_, is closer to the meth-
ylene dihydorgen complex 44 than the transition state
4TS3/4. Energetically, SIV,4—; is only 3.8 kcal/mol above
44. Thus, the reaction may jump from the doublet PES
to the quartet PES near the crossing point SIV4_;
without passing the transition state 2TS3/4. As a
consequence, the barrier of the reductive elimination of
H, from 23 to 44 would decrease from 41.0 to 30.4 kcal/
mol. Although this step is still thermodynamically
unfavorable, it may happen because it is coupled to
other reaction steps that are strongly exothermic, such
as the oxidative addition of the first C—H bond (from
61 to 2).

4. Conclusions

Density functional calculations have been performed
to investigate the mechanism of methane dehydroge-

nation by gas-phase Os™. The sextet, quartet, and
doublet potential energy surfaces of the title reaction
have been explored. The following conclusions can be
draw from the present calculations.

a. The minimum energy reaction path is found not to
be one of three PESs of a certain spin state. Instead,
the minimum energy reaction path requires the crossing
of two adiabatic surfaces with different spin states in
the different reaction steps. Totally, three spin states
are involved in the whole reaction. This result is
different from that in methane dehydrogenation by
other transition-metal ions such as Fe™, in which two
spin states are usually involved. Specifically, the mini-
mum energy pathway can be described as 60s™ +
CH4 — OsCH4™ (61) — HOsCH3 (*2) — HOsH(CHy)™
(?3) — (H2)Os(CH2)™ (*4) — Os(CH2)* (*5) + Ha.

b. The reacting system should change its spin mul-
tiplicity three times in the whole reaction processes. The
first spin inversion, from the sextet state to the quartet
state, occurs near the crossing point Slg_4. After passing
this point, the reacting system moves on the quartet
PES toward the hydridomethyl complex 2. The second
crossing seam exists between Sll;—, and Slll4—», in the
region where the second C—H bond of methane is being
activated. An important consequence of this spin con-
version from the quartet state to the doublet state is
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that the barrier of the second C—H bond cleavage
decreases from 25.9 to 16.1 kcal/mol. The third spin
inversion occurs from the doublet state to the quartet
state near the crossing point SIV4—,, and then the
reaction would prefer to proceed on the quartet potential
energy surface until the end of the reaction. This spin
inversion leads to a decrease in the reductive elimina-
tion barrier height from 41.0 to 30.4 kcal/mol. Therefore,
the rate-limiting step in the whole reaction is the
reductive elimination of dihydrogen from the doublet
methylene dihydride species, with a barrier of about
30.4 kcal/mol.

c. If the reaction starts on the sextet PES and ends
on the quartet PES, the overall reaction is calculated

Zhang et al.

to be exothermic by 4.2 kcal/mol, which is in good
agreement with the available experimental results.
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