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Density functional theory (DFT) calculations were performed to investigate the quintet, triplet, and
singlet potential energy surfaces associated with the C-H activation of methane by laser-ablated
molybdenum (Mo) atoms recently observed experimentally by Andrews and co-workers. The present
computational study aims to better understand the nature of the reaction mechanisms for C-H activation
by Mo atoms. The processes for activation of methane by the excited Mo atoms appear to produce
CH;—MoH, CH,=MoH,, and CH=MoH; complexes. The crossing seams between the potential energy
surfaces and possible spin inversion processes for the direct conversion of methane to a high oxidation
state transition metal complex that contains a carbon-metal double or triple bond are examined using the
intrinsic reaction coordinate (IRC) approach. The minimum energy reaction pathway is found to involve
spin inversion three times in different reaction steps. In total, three spin states (quintet, triplet, and singlet)
are involved in going from the entrance channel to the exit channel: Mo + CH; — CH;—MoH (°1) —
CH,=MoH, (32) — CH=MoHj; (13). The first crossing seam exists prior to TS;_;, a three-centered
transition state for the H-transfer of complex 1 to form a double carbon-metal bond complex 2. This
crossing seam is a key aspect in the reaction pathway because the molecular system should change its
spin multiplicity from the quintet state to the triplet state near this crossing region, which leads to a
significant decrease in the barrier height of TS;_, from 51.0 to 33.8 kcal mol ! at the B3LYP level of
theory. The second crossing seam between the quintet potential energy surface (PES) and the singlet
PES is found not to play a significant role because the triplet potential energy surface lies significantly
below the quintet and singlet potential energy surfaces. Accordingly, the molecular system would
preferentially move on the triplet potential energy surfaces before encountering the second seam. The
crossing seam between the triplet exit channel and the singlet exit channel can take place, in which
complex '3 containing a triple carbon-metal bond is formed via an H-transfer process. This crossing
seam will again lead to a spin inversion from the triplet to the singlet state, and this leads to a large
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decrease in the height of the reaction barrier from 40.8 to 17.2 kcal mol ™.

1. Introduction

The selective transformation of common inert C-H bonds of
alkanes such as methane to other functional groups by neutral
transition metals and their ions to give high oxidation state
transition metal complexes has been motivated by both interest
in the fundamental aspects of the chemistry and the potential
economic and environmental impact of this chemistry.' Thus,
there has been a great deal of experimental and theoretical work
done in this area, which has resulted in many examples in the
literature of C-H bond activation at transition metal centers.'™
In order to develop practical alkane conversion processes, the
process and factors controlling the activity and selectivity of
catalytic alkane activation needs to be better understood.
Methane is a useful starting point because it is the simplest
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hydride of carbon and the principal constituent of natural gas.
Thus, the activation of methane by a transition metal cation,
M™, or a neutral transition metal, M, has been the subject of a
number of studies.>"'! Tt is very important to understand the
nature of metal coordination of the high oxidation state transition

(5) (a) Armentrout, P. B.; Baer, T. J. Phys. Chem. 1996, 100, 12866.
(b) Freiser, B. S., Ed. Organometallic Ion Chemistry; Kluwer Academic
Publishers: Dordrecht, 1996. (c) Capron, L.; Mestdagh, H.; Rolando, C.
Coord. Chem. Rev. 1998, 178-180, 269. (d) Armentrout, P. B. In Topics
in Organometallic Chemistry; Brown, J. M., Hofmann, P., Eds.; Springer-
Verlag: Berlin, 1999; Vol. 4, pp 1-45. (e) Schwarz, H. Pure Appl. Chem.
2000, 72, 2319. (f) Fisher, K. J. Prog. Inorg. Chem. 2001, 50, 343. (g)
Armentrout, P. B. Annu. Rev. Phys. Chem. 2001, 52, 423.

(6) (a) Irikura, K. K.; Beauchamp, J. L. J. Am. Chem. Soc. 1991, 113,
2769.

(7) Schwarz, H. Angew. Chem., Int. Ed. Engl. 1991, 30, 820.

(8) (a) Hendrickx, M.; Ceulemans, M.; Gong, K.; Vanquickenborne, L.
J. Phys. Chem. A 1997, 101, 2465. (b) Yoshizawa, K.; Suzuki, A.; Yamabe,
T J. Am. Chem. Soc. 1999, 121, 5266. (c) Yoshizawa, K. J. Organomet.
Chem. 2001, 635, 100.

(9) Bloomberg, M. R. A.; Siegbahn, P. E. M.; Svensson, M. J. Phys.
Chem. 1994, 98, 2062.

(10) (a) Irikura, K. K.; Goddard, W. A. J. Am. Chem. Soc. 1994, 116,
8733. (b) Heinemann, C.; Hertwig, R. H.; Wesendrup, R.; Koch, W.;
Schwarz, H. J. Am. Chem. Soc. 1995, 117, 495.

(11) (a) Crabtree, R. H. Chem. Rev. 1985, 85, 245-269. (b) Crabtree,
R. H. Chem. Rev. 1995, 95, 9870.

[J 2008 American Chemical Society

Publication on Web 12/27/2007



182  Organometallics, Vol. 27, No. 2, 2008

metal complexes containing a carbon-metal double or triple bond
for the development of catalysts to accomplish alkane activation
reactions and to perform catalytic metathesis of alkenes, alkynes,
and cyclic compounds.'*™'® However, the activation of alkanes
(such as CHy) by naked neutral transition metals and their ions
involve several electronic states that may also have different
spins, and this complicates unraveling the C-H bond activation
process. This phenomenon of “multiple-state reactivity”” has been
recognized for inorganic, organometallic, and bioinorganic
reactions,'®~*! and much of the discussion of these systems has
remained qualitative because standard computational methods
did not allow for the easy location of critical points for these
processes. Therefore, the minimum energy crossing points
(MECPs) between states of different spin have been hard to
characterize until recently. Increased computational resources
and new algorithms now enable MECPs to be located for large,
realistic systems containing transition metals, and now compu-
tational studies are able to help provide important new insight
into the mechanism of reactions like the oxidation of C-H bonds
to metal centers.

Previous studies on the reactions between transition metal
atoms and methane have shown that inversion of the C-H bond
of methane is more facile for metal cations than for neutral metal
atoms. Thus, numerous transition metal ions have been em-
ployed to investigate the activation of small alkanes in the gas
phase. For example, the first- and the second-row M*™ (M =
Fe, Mn, and Zr) and the third-row M (M = Ta, W, Os, Ir, and
Pt)**? have all been studied experimentally and/or theoretically.
In contrast, there have been relatively few reports involving the
reaction of neutral transition metal M atoms with small alkanes
until recently. This can largely be attributed to the strong C-H
bond in the methane compared to many other hydrocarbons (e.g.,
the C-H bond energy in methane is about 105 kcal mol™").
Fortunately, recent experiments by Andrews and co-workers
using the laser-ablation matrix infrared method have shown that
the early transition metals in groups IV and VI react with methyl
halides and methane to produce the simplest methylidene
(CH,=MHX, X = H, F, Cl, and Br) and methylidyne
(CH=MH;X) complexes along with the metal methyl hydride
or halide (CH3-MX) complexes.”*> This work provides a
simple model system to study substituent effects on the C-H
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activation of methane and its derivatives. In 1992 Blomberg
and co-workers theoretically investigated the mechanisms for
reactions between methane and the neutral transition metal atoms
from yttrium to palladium. This study helped to explain why
the barrier for the C-H insertion reaction is the lowest in energy
for rthodium atoms (only for the initial C-H insertion step of
the reaction).**° To our knowledge, a detailed potential energy
surface for the activation of methane by neutral molybdenum
atoms has not been reported. In this article, we report a density
functional theory (DFT) study of the reactions of methane with
neutral molybdenum atoms. The potential energy surfaces and
crossing seams associated with the C-H activation of methane
by Mo atoms were examined, and important new insight into
the mechanism of the reactions was achieved. We found that
C-H activation of methane by Mo atoms involves “two- or
multiple-state reactivity” based on our DFT calculations and
the lowest energy pathway was determined to be Mo + CHy
— CH3;—MoH (°1) — CH,=MoH, (*2) — CH=MoHj; (*3). To
better understand the spin inversion processes involved in the
C-H bond activation reaction, we determined the energies and
structures of the crossing points between the two potential
energy surfaces (PESs) of different spin states in the reaction
pathway. The effect of the crossing points on the energy barriers
of the different reaction pathway steps is discussed, and we
compare our computational results to the experimental results
reported previously by Andrews and co-workers for the C-H
bond activation of methane by Mo atoms.?'

2. Computational Details

We optimized local minima on the potential energy hypersurfaces
corresponding to the reactant complex, the reaction intermediates,
the final complex, and other fragment species by employing the
B3LYP density functional theory method.*® The spin-unrestricted
version of this methodology was used for all of the calculations.
Vibrational analyses were systematically carried out in order to
ensure that all of the optimized geometries correspond to a local
minimum that has no imaginary frequency mode or to a saddle
point that has only one imaginary frequency mode. In all of the
calculations, the 6-311++G (3df, 3pd) basis set was used for the car-
bon and hydrogen atoms, and the sdd basis set was used for the Mo
atoms.*! Intrinsic reaction coordinates (IRCs) were traced from a
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transition state toward both the reactant and product directions using
an algorithm developed by Gonzalez and Schlegel in the mass-
weighted internal coordinate system.** Each IRC is constructed from
an accuracy of 0.1 amu'/?-bohr. All of the calculations were
performed using the Gaussian 98 Program.*?

3. Results and Discussions

The activation of methane by laser-ablated molybdenum
atoms to form CH;—MoH (°1), CH,=MoH,(*2), and CH=
MoHj3 (*3) complexes appears to have three H-transfers on the
reaction pathways. H;, H», and H3 are used in the rest of the
paper to denote these three hydrogen atoms in order to keep
the discussion more simple, and each species is labeled with
its spin multiplicity as a superscript preceding the formula
without its spatial symmetry. Initially, the Mo atom reaction
with methane apparently takes place with excited Mo atoms
formed in the laser ablation process or by the direct laser
irradiation employed during the laser ablation. The possible
starting material (we note that on the basis of the laser-ablation
matrix infrared method, the reaction could also possibly initiate
from an activated species such as triplet Mo + CHy and singlet
Mo + CHy in the reaction system, and the activation process
may also possibly involve a spin inversion during the first C-H
activation step), excited 50 (SMo + CH,), is calculated to be
lower in energy than the excited triplet reactant complex *0 Mo
+ CH,) and the singlet reactant complex '0 (‘Mo—CH,) by 20.3
and 52.8 kcal mol ™!, respectively. The Mo atom reaction with
methane to form the CH;—MoH (°1) intermediate via the first
H;-transfer requires some activation energy to start the C-H
activation process. Subsequently, the excited intermediate can
then be relaxed by the surrounding molecules in the matrix to
form the ground state CH;—MoH (°1) intermediate or perhaps
undergo the second Hy-transfer to form the methylidene complex
CH,=MoH, (°2) and then proceed further to CH,=MOoH,(*2).
Finally, the third Hs-transfer seems to take place from the excited
CH,=MoH, (32) complex to produce the CH=MoHj3 (33)
intermediate that then subsequently forms CH=MoH; (*3).

The potential energy profiles for the quintet, triplet, and singlet
states were determined to investigate the possible spin crossovers
involved in the reaction pathways. The calculated potential
energy profiles for the quintet, triplet, and singlet states and
the optimized geometries for all of the stationary points on the
three potential energy profiles are shown in Figure 1. The free
energy, the relative energy, and the relative energy including
the zero-point vibrational energy (ZPVE) for the reaction
pathways are collected in Table 1.

A. Overview of the Potential Energy Surfaces for the
Three Possible States. The calculated potential energy profiles
are shown in Figure 1, part a for the quintet, part b for the triplet,
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and part c for the singlet. As for the quintet surface, the reactants
(methane and the excited quintet Mo atom (Mo + CHy)), 50,
proceeds to form the hydridomethyl complex CH;—MoH (°1)
through the transition state 5TS¢.1. The first H;-transfer is
exothermic by 25.4 kcal mol™" and has a barrier of 10.3 kcal
mol . The next step is the second Hp-transfer of 51to generate
the methylidene dihydride complex CH,=MoH, (°2) via the
transition state STS;_,. This step has a reaction barrier of 51.0
kcal mol™'. Finally, the Ha-transfer leads to the possible
CH=MoH; (°3) methylidyne complex from the complex
CH,=MoH, (°2), via the transition state STS,_3. This step is
endoergic by 47.0 kcal mol ' and has a barrier of 51.0 kcal
mol~'. To summarize, the second H,-transfer and the third Hs-
transfer, with barriers of 51.0 kcal mol™!, are the rate-
determining steps on the pure quintet reaction pathway. The
overall reaction on this pathway is endoergic by 61.0 kcal mol
and is not very easy to take place for the Hy- and Hs-transfer
steps.

With respect to the triplet state pathway, the first step of the
reaction on the triplet PES starts with the reactants (triplet Mo
and methane (*Mo + CHy)), %0, which is 20.3 kcal mol™" in
energy above the reactants 30. The second step is the formation
of the hydridomethyl complex CH;—MoH (*1), via the transition
state 3TSp_;. This H;-transfer step is exothermic by 16.0 kcal
mol " and has a barrier of 7.1kcal mol~'. Next, the complex
CH;—MoH (*1) proceeds with the second Ha-transfer to produce
the triplet methylidene complex CH;=MoH, (*2), which is
exothermic by 14.1 kcal mol ' and has an activation barrier of
only 4.2 kcal mol L. Finally, the activation of the third C-Hj
bond via the transition state *TS, 3 produces the methylidyne
complex CH=MoHj; (*3). This step is endoergic by 37.2 kcal
mol ' and has a barrier of 40.8 kcal mol~'. Analysis of the
triplet potential energy profile shows that the methylidene
complex CH,=MoH; is easy to be formed with a low barrier
of 4.2 kcal mol™'. However, the formation of the methylidyne
complex CH=MoH3 on the triplet PES is difficult due to its
high reaction barrier of 40.8 kcal mol™".

The singlet state pathway is shown in Figure 1c. As compared
with that of 0, the complex formed (‘Mo-CHy), '0, from
methane and the excited state 'Mo is higher in relative energy
by 52.8 kcal mol~'. Then the hydridomethyl complex '1 is
formed via a H;-transfer through the transition state ITSo_1, with
a reaction barrier of 0.6 kcal mol™'. Subsequently, the H, and
H; transfer reactions take place on the corresponding complexes
via transition states 'TSj, and 'TS,., respectively. The
oxidative addition of the second C-H; bond and the third C-H3
bond to form the methylidene complex '2 and the methylidyne
complex '3 are facile on the singlet pathway with barriers to
reaction of 4.0 and 0.4 kcal mol ™', respectively. These low
barriers are noticeably different from those for the corresponding
reactions that occur on the quintet and triplet state pathways.
The rate-determining step on the singlet state PES is the H;
transfer from methane to 'Mo.

As shown in Figure 2, we find that the excited state of
reactants Mo + CH, (°0) generates the most stable hydridom-
ethyl complex CH;—MoH (*1). The ground state of intermediate
1is located as >A’, which is in good agreement with the results
of Boomberg and co-workers,*® as well as the results of Andrew
and co-workers calculated with B3LYP density functional
theory, 6-311++G(3df,3pd).*! However, among the methylene
complexes, the triplet species *2 has the lowest energy. For the
methylidyne species examined, the relative order of stability is
observed to be '3 > 33 > 3. Therefore, if methane is readily
activated by the excited state *Mo, as observed experimentally,
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Figure 1. B3LYP potential energy surfaces and selected bond lengths in angstroms for the stationary points of the reaction Mo + CH,4 on

the quintet (a), triplet (b), and singlet (c) state surfaces, respectively.

Table 1. B3LYP/6-311++G (3df,3pd) :sdd Calculated AEec, AE e, and AGyos for Stationary Structures Located on the Quintet, Triplet, and
Singlet State PESs®

Quintet Triplet Singlet

SPeCieS AEelec AErel AGZQS AEelec AErel AG298 AEelec AErel AG298
0 (CH4 = Mo) 0” 0° 04 20.28 20.28 20.59 52.76 51.07¢ 57.69¢
TSo-1 10.32 6.90 12.32 27.39 23.96 29.45 53.37 49.51 56.33
1 —25.35 —28.76 —23.36 4.27 0.34 6.26 20.85 16.45 22.86
TS 25.66 18.52 24.20 8.44 1.86 7.95 24.85 17.46 24.31
2 14.07 7.38 12.87 —9.81 —16.26 —10.43 6.93 0.54¢ 7.43¢
TS>3 65.06 54.74 60.17 30.98 21.68 27.71 7.34 —0.11 6.85
3 61.03 51.64 57.04 27.47 18.82 24.66 —10.74 —17.14 —10.23

“ AEgec = relative energy (kcal mol ™), AE.; = relative energy with correction of the zero-point energy (kcal mol ™), and AGag = free energy in
the gas phase (kcal mol™"). ® Absolute energy E = —108.60272 au. ¢ Absolute energy E = —108.558159 au. ¢ Absolute energy E = —108.594779 au.
¢ A value that reflects the error in the harmonic approximation for the calculating the zero-point energy.**

there must be some surface crossings between the quintet and
triplet surfaces as well as the triplet and singlet reaction surfaces,
caused by the spin-orbital coupling to provide an overall reaction
pathway consistent with experimental observations.

B. Geometries and Stabilities of Stationary Points. The
lowest quintet state of Mo has a 4d°5s' electron configuration

with one 4d orbital that is doubly occupied. The lowest triplet
state of Mo has two 4d orbitals that are doubly occupied and
also has a 4d°5s' electron configuration. The lowest singlet state
of Mo has three 4d orbitals that are doubly occupied, and its
electron configuration is 4d®5s°. The difference between these
states of Mo can be used to quantitatively understand the
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Figure 2. B3LYP potential energy surfaces of the reaction Mo +
CH, — CHs—MoH (°1) — CH,=MoH, (32) — CH=MOoH;('3) on
the quintet, triplet, and singlet state surfaces.

insertion reactivity of Mo into the C-H bond of methane. As is
well-known, the oxidative addition of a C-H bond to a Mo center
is proceeded by donation of the bonding o electrons of the C-H
bond into the vacant 5s or 4d,, orbitals of Mo and back-donation
of the Mo 4d electrons into the antibonding o* orbital of the
C-H bond. The 5s electrons are the most diffuse electrons in
the metal, and therefore the lower the number of 5s electrons
in the configuration, the smaller the repulsion. This is consistent
with our present results for the reaction of Mo with methane.
For the lowest quintet state Mo and the triplet state Mo that
have the least empty 5s and 4d, orbitals, there is no corre-
sponding n*-complexes between Mo and methane found in the
above two states. In contrast to the behavior of the quintet and
triplet reaction between Mo and methane, molecular orbital
considerations predict that the excited state 'Mo approach to
methane forms a tight or strongly bound complex. Interestingly,
our calculated result also has a good agreement with the
molecular orbital prediction. For example, the complex ('0)
obtained from the DFT calculation at the theory of B3LYP is
shown in Figure 1. The distances between Mo and the two
hydrogen atoms are 1.875 and 1.963 A, respectively. Because
of the *-complexes between Mo and methane, the correspond-
ing C-H bonds show agostic character. The C-H bond lengths
are calculated to be 1.185 and 1.155 A, respectively, which are
significantly longer than the normal C-H bond length in
methane.

Along the quintet, triplet, and singlet state pathways of the
oxidative addition of the C-H; bond to the Mo metal, we have
located three transition states, namely, STSy_1, *TS¢_; and "TS¢_1,
respectively. STSy_; on the quintet state pathway and *TSg_; on
the triplet state pathway are three-centered transition states.
5TS¢1 is 17.1 keal mol™ ! lower in energy than 3TSo_1. However,
the '"TS¢_; on the singlet state pathway has a four-centered
coordination mode. 'TSy_; is 26.0 and 43.1 kcal mol " higher
in energy than *TSy_; and 5TSy_;, respectively.

Examination of the stabilities of the spin state species of the
hydridomethyl intermediate 1 shows that the ground state of
intermediate 1 is a quintet state (i.e., 51) that is 29.6 and 46.2
kcal mol ' lower in relative energy than those for *1 and '1,
respectively. The A’ ground state determined for the hydri-
domethyl intermediate 1 has a similar structure to the located
3A'; structure for the triplet hydridomethyl intermediate *1. The
energy difference between them is calculated to be 20.2 kcal
mol ', and this is in excellent agreement with the computational
results of Andrews and co-workers (20 kcal mol™!).3! NBO
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calculations show that the energy differences associated with
51,31, and 1 can be mostly understood in terms of the electronic
configurations associated with the metal in these three species.
Among them, one 5s and one 4d orbital are involved in the
formation of the two covalent bonds. The other four 4d orbitals
are all singly occupied in °1, and all of them have the same
spin. However, one and two of the unpaired electrons must flip
over in *1 and "1 to ensure the triplet and singlet multiplicity
of these species, respectively. Thus, the observed destabilization
of the *1 and '1 complexes relative to the 1 complex is likely
mainly caused by the loss of some quantum mechanical
exchange effects. Evidence can also be seen from the structures
of the different spin state species of the hydridomethyl
intermediate 1. Since there are no vacant 4d orbitals on the Mo
center of 1, the formed quintet hydridomethyl intermediate 1
has no C-H agostic interaction. However, in the triplet and
singlet hydridomethyl intermediates *1 and 1, the vacant 4d
orbital can interact with the C-H bond of the methyl moiety.
For example, one of the C-H bonds of the methyl has been
elongated to become 1.147 A in 1 and 1.152 A in 1,
respectively.

We have located three spin state species for the methylene
dihydride species 2, namely, the quintet 2, triplet *2, and singlet
2. The triplet 32, is the ground state (*A) for the methylene
dihydride species 2, which is calculated to be higher in energy
by 15.5 kcal mol™' than the ground state hydridomethyl
intermediate (°1). This is in good agreement with the compu-
tational energy difference of these two species by Cho and
Andrews.?' The calculated 2 and '2 species are 23.9 and 16.7
kcal mol ™! higher in energy, respectively, than the 32 species.
The stabilities of the methylene dihydride species 2 with
different spin states can also be rationalized by the optimized
geometries found for these species. Inspection of Figure 1
reveals that the Mo-C and Mo-H; bond distances are 2.06 and
1.73 A in 2. However, the Mo=C and Mo-H, bond distances
are 1.87 and 1.70 A in 32, respectively. These structural
parameters show that the Mo=C and Mo-H, bonds are quite
strong in *2 but relatively weak in *2. This leads to the 2 species
being 23.9 kcal mol ™' higher in energy than the *2 species.
The energy difference between the *2 and 2 species can also
be attributed to their different electronic configurations deter-
mined from the NBO calculations. In both species, one 5s and
three 4d orbitals are involved in the formation of four covalent
bonds, while the other two 4d orbitals in *2 are all singly
occupied and one of them has to flip over in '2 to ensure a
singlet multiplicity for the '2 species. The destabilization of
the 2 over *2 species is also likely mainly due to the loss of
quantum mechanical exchange effects. In the methylene dihy-
dride species 52 and 32, there is no vacant 4d orbital on the Mo
center. In contrast, the vacant 4d orbital on the Mo center of 12
can attract the o bond electrons of the C-H bond of the
methylene to form a C-H agostic bond. As shown in Figure Ic,
one of the C-H bonds of the methylene has been enlongated to
1.240 A in 2. This kind of agostic interaction may contribute
significantly to the third Hs-transfer step.

The second H,-transfer step of hydridomethyl complex
CH3;—MoH (1) to generate the methylidene dihydride complex
CH,=MoH; (2) needs to go though the transition state TS;_,.
We have located three transition states, namely, *TSy_, TS,
and TS on the quintet state, triplet state, and singlet state
pathways. Interestingly, the 5TS1_; and 3TS_; are three-centered
transition states, whereas TSy, is a four-centered transition
state caused by its singlet spin multiplicity. Analysis of these
structural parameters shows that 3TS1-2 and 'TS;_; are relatively
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early transition states (e.g., the C—H, bond lengths are 1.50
and 1.40 A, respectively) and thus have small barriers of 4.2
and 4.0 kcal mol™" on the triplet state and singlet state pathways,
respectively. TS, is a very late transition state (the C—H,
bond length is 2.28 A) with a high barrier to reaction of 51.0
kcal mol ™" on the quintet state pathway. The relative order of
the stability of the methylene complex species is *2 > 12 > 52,
The relatively small barrier on the triplet state pathway can be
rationalized by the fact that the triplet state is not optimal for
the hydridomethyl complex but appears optimal for the meth-
ylene dihydride complex.

The geometries of the methylidyne species show that the
C=Mo in '3 is 1.71 A. The bond lengths are shorter than those
in 53 (2.05 A) and in 33 (1.82 A). The relative order of the
strengths of the formed Mo-C clearly indicated that the rela-
tive order of stability of the methylidyne complex CH=MoHj3
(3) is '3 > 33 > 53, The calculations show that '3 is 71.8 and
38.2 kcal mol~! lower in the relative energy than 53 and 33,
respectively. Additionally, this calculated ground state meth-
ylidyne species '3 is 11.6 kcal mol ™' higher in relative energy
with ZPE correction than 1 and 0.9 kcal mol ' lower in relative
energy with ZPE correction than 2. These results are quite
consistent with the computational results by Cho and Andrews.*'
Again, it is instructive to give a concise and qualitative
description of the bonding mode in these species. In '3 the Mo
atom uses one 5s orbital and five 4d orbitals to form three
normal covalent bonds with the hydrides and one triple bond
with the carbon atom. The optimal bonding mode of the
methylidyne complex Mo(VI) is obviously the one with the
singlet spin multiplicity. In contrast to the bonding mode in '3,
the triple-bond character of the Mo-C bond is reduced to some
extent in 33, and the Mo-C bond has single bond character in
53. Thus, the weaker stability of °3 and *3 can probably be
explained by the strength of the Mo-C bond in these compounds.

The third Hs-transfer step of methylidene dihydride complex
CH,=MoH; (2) to generate the methylidyne complex CH=
MoH3 (3) needs to go though the transition state TS,-3. We
have located three transition states, namely, 5TS,3, >TS;,.3, and
ITS, 3 on the quintet state, triplet state, and singlet state
pathways. The TS,_3 saddle point is the oxidative addition
transition state for the C-Hz bond to the Mo center. STS,_3 and
3TS,_3 are all three-centered transition states with different spin
multiplicities. As shown in Figure lc, there is an agostic C-H
bond in 12 (C-H bond, 1.240 A). However, there are no agostic
C-H bonds in *2 and 52. Therefore, 'TS,_3 is an earlier transition
state than >TS,_3 and TS, 3 as compared with their correspond-
ing starting material, the methylidene dihydride complex
CH,=MoH, (2), and the 'TS,_3 is 57.7 and 23.6 kcal mol '
lower in energy than 5TS,_3 and >TS,_3. This is rationalized by
the fact that the singlet pathway is optimal for the methylidyne
complex 3.

C. Spin Crossing Processes and the Minimum Energy
Reaction Pathway. Figure 2 depicts the computed potential
energy diagrams for the activation of methane by the laser-
ablated Mo in the quintet, triplet, and singlet states. Examination
of Figure 2 shows that the different C-H bond processes display
completely different preferences for the reaction barriers on the
three energy surfaces. For example, the quintet potential energy
diagram lies below the triplet PES and the singlet PES. The
quintet PES provides a low-cost reaction pathway for the first
C-H; bond transfer. However, the triplet and singlet PESs
provide a relatively easy reaction pathway for the C-H, transfer
and C-Hj transfer processes, respectively. In the preceding
discussion, we can see that the minimum energy overall PES is
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not one of the three PESs of a certain spin state. Thus, the
crossing of adiabatic surfaces of different spins is likely involved
in the overall C-H bond activation by the Mo atom. We note
that transition metal mediated reactions very often occur on more
than one PES. This has attracted some experimental and
theoretical attempts in reaction systems that include 3d, 4d, and
some 5d transition metals.

On the basis of the analysis of Figure 2, several spin crossings
can be found to be possible along the optimal reaction pathway
of the activation of CHs by a molybdenum atom. First, the
reaction may start with the formation of the hydridomethyl
complex *1 on the quintet PES. Then, the quintet surface could
likely cross the triplet surface somewhere between 1 and TS;_
since TSy, is too high in energy and the formation of the
complex 2 is exothermic on the triplet PES instead of endoergic
on the quintet PES. After 32 is formed, the reaction may jump
to the singlet PES between 2 and TS,_3 since 3TS,3 is 23.6
kecal mol™! above 'TS,_3. Also, the complex 3 on the singlet
PES is thermodynamically more favored than the corresponding
triplet state species. To conclude, the minimum energy pathway
may proceed as Mo + CH4(°0) — CH;—MoH(°1) — *TS,, —
CH,=MoH, (32) — 'TS, 3 — CH=MoH; ('3), and we shall
explore this possibility in the next section.

D. IRC Analysis for the Reaction Pathway and Cros-
sing Points between the PESs of Different Spin Multi-
plicities. Here, we explore the PESs for the crossing seams and
the spin inversion processes for the C-H bond activation of
methane by a neutral Mo atom. The transition of spin multiplic-
ity may be expected to occur from the quintet state to the triplet
state in the region prior to TS;—,. Spin inversion is a nonadiabatic
process and requires an inspection for a crossing seam on the
different potential energy surfaces. The potential energy of the
system that consists of 6 atoms (Mo + CHy) has more than 10
internal degrees of freedom, and this makes it difficult to perform
a detailed inspection for a crossing seam without some
simplification. Therefore, we chose an approach suggested by
Yoshizawa® and Shuhua Li*® for approximately locating the
crossing points of two PESs with different multiplicities. The
main idea for this method is to perform a series of single-point
computations of one spin state along the IRC of the other spin
state and vice versa. Such an analysis will help locate energy-
minimum and -maximum crossing points.

We first tried to locate the crossing points between the quintet
and triplet (or singlet) surfaces in the region from complex 1 to
the transition state TS1_;.

The lines in Figure 3 represent the computed potential energy
profiles of the triplet and quintet states along the quintet IRC
(from transition state TS, to complex 1) in Figure 3a and along
the triplet state IRC in Figure 3b (from transition state TS, to
complex 1). The IRC is traced from 5TS1.5 or *TSy.; (IRC =
0) toward complex 1 (IRC < 0). In Figure 3a, one can see that
a crossing point is located at IRC = —1.2 with an energy of
21.5 kcal mol ' relative to that of *1. The bond distance of
C-Mo is about 2.04 A, and the distance of the forming Mo-H,
bond is about 1.70 A in SIs_3. According to the methodology
of Yoshizawa and Li and co-workers, this is the energy-
maximum crossing point. In Figure 3b, another crossing point
SII3_s is found at IRC = —0.5 with an energy about 4.5 kcal
mol " higher than *1. The bond distance of C-Mo is about 1.91
A, and the Mo-H, distance is 1.83 A. The quintet and the triplet

(45) (a) Yoshizawa, K.; Shiota, Y.; Yamabe, T. J. Chem. Phys. 1999,
111, 538. (b) Yoshizawa, K.; Kagawa, Y. J. Phys. Chem. A 2000, 104,
9347.

(46) Zhang, G.-B.; Li, S.-H. Organometallics 2003, 22, 3820.
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Figure 3. Potential energies along (a) the quintet from the methyl
hydride (1) to the transition state *TS;_, and (b) the triplet from
the methyl hydride (1) to transition state 3TS.

state potential energy surfaces can begin to touch at this point
because the IRC valley of the quintet state still lies below that
of the triplet state in this region of the reaction pathway. That
is, SII3_s is the energy-minimum crossing point between quin-
tet and triplet surfaces in the reaction pathway from complex 1
to TS;i-2.The structures of both crossing points are given in
Figure 5. Therefore, there is a crossing seam between SIs_3 and
SII3_s. The reacting system should change its spin multiplicities
from the quintet state to the triplet state in this crossing region
and then move on the triplet potential energy surface as the
reaction proceeds. In summary, there is one crossing seam that
is located between the quintet and the triplet state PESs, leading
to a significant decrease in the barrier height of TS;_, from 51.0
to 33.8 kcal mol ™' from complex 1 to complex 2 at the B3LYP
level of theory.

Similarly, Figure 4 shows the potential energy surfaces of
the triplet and singlet states from the methylene complex 2 to
the transition state TS,3 along the singlet and triplet IRCs,
respectively. Two crossing points, SIII;_3 and SIV3_;, between
singlet and triplet PESs are located before TS, 3. SIII;_3 is
situated at IRC = —0.6 with a relative energy of 5.3 kcal mol '
with respect to 2. At the point SIII;_3, the complex is very
similar to Cs structure, in which the bond distance of C-Mo is
1.75 A and Mo-H; bond distance is 1.77 A, this is an energy-
minimum crossing point. SIV3_; lies at IRC = —0.8 with a
relative energy of 39.0 kcal mol™' with respect to 2, which is
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Figure 4. Potential energies from methylidene (2) to the transition
state TS,_3 along (3): (a) the singlet and (b) the triplet states.
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Figure 5. Structures of the crossing points: (a) the energy-maximum
point between the quintet and triplet states before TS;_, (b) the
energy-minimum point between the quintet and triplet states before
TS1-2, (c) the energy-minimum point between the singlet and triplet
states before TS, 3, and (d) the energy-maximum point between
the singlet and triplet states beforeTS, 3.

an energy-maximum crossing point. The structures of both
crossing points are also presented in Figure 5, and it has a C-Mo
bond distance of 1.79 A and a Mo-H bond distance of 1.70 A.
As seen in Figure 4, after passing the points SIITj_3 or SIV3 4,
the singlet PES can provide a low-energy reaction pathway
toward the methylidyne complex 3. Therefore, the reacting
system is most likely to change its spin multiplicities from triplet
to singlet state between these two crossing points without
passing the transition state TS, 3. As a sequence, the barrier
of activation of the third C-Hs bond would decrease from 40.8
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to 17.2 kcal mol ", In addition, analysis of the quintet and the
singlet state potential energy profiles from complex 1 to TS,
shows that there is also a crossing seam from the energy-
minimum point to the energy-maximum point. However,
according to the approach of Yoshizawa,’' one can see that
before the crossing points of the quintet and the singlet potential
energy profiles occur, the molecular system would preferentially
move to the triplet PES from the quintet PES. Hence, this
crossing seam would not likely play a significant role in the
most probable reaction pathway from complex 1 to complex 2,
and therefore the corresponding energies and structures of this
crossing point is not considered here.

4. Conclusion

IRC analysis of the C-H activation of methane by a laser-
ablated Mo atom has been described. There are three main
crossing seams on the quintet, triplet, and singlet states along
the overall reaction pathway, and the reaction system would
likely change its spin multiplicity twice in going from the
entrance channel to the exit channel. The first spin inversion,
from the quintet state to the triplet state, occurs between the
crossing point SIs_3 and SII3_s, and after passing this point, the
reaction system moves on the triplet PES toward the methylene
complex 2. An important consequence of this spin conversion
is that the barrier of the second C-H, bond cleavage decreases
from 51.0 to 33.8 kcal mol™". Analysis of Figure 2 shows that
there is a crossing seam that exists between the methylene
complex 1 and the transition state TS;—, on the quintet and
singlet PESs. This crossing point will not be important in the
overall most probable reaction pathway because the triplet
potential energy surface between complex 1 and transition state
TSi-; lies substantially below the quintet and singlet potential
energy surface and accordingly the molecular system would
preferentially move on the triplet potential energy surface before
it could encounter this seam. The last likely spin conversion

Guo et al.

occurs from the triplet state to the singlet state near the crossing
point SITIy_3 and SIV3_;. Subsequently, the reaction would prefer
to proceed on the singlet potential energy surface until the
completion of the reaction. This spin conversion leads to a
decrease in the C-Hjz bond activation barrier height from 40.8
to 17.2 kcal mol . The minimum energy reaction path is found
not to be one of the three PESs associated with only one spin
state. Instead, the minimum energy reaction path requires the
crossing of two adiabatic surfaces with different spin states along
the different reaction steps. We found that three spin states are
involved in the overall most probable reaction pathway. The
minimum energy pathway can be described as "Mo + CH, (°0)
— 3TSy_; — CHs—MoH (°1) — 3TS,_, — CH,=MoH, (°2) —
'TS, 3 — CH=MoH; ('3).
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