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Spin-Flip Reaction of Re + CH;—A Relativistic Density Functional Theory Investigation
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To explore the reaction mechanisms of methane dehydrogenation by gas-phase Re atom, the sextet, quartet,
and doublet potential energy surfaces have been performed using density functional theory (DFT) and zero-
order regular approximation relativistic corrections at the PW91/TZ2P level. The minimum energy reaction
path is found to proceed through the following steps: °Re + CH, — ReCH, (°1) — H;CReH (*2) — “TS2/3
— H,CReH, (*3) — 2TS3/4 — HCReHj; (>4). Also, the reaction path involves the spin inversion twice in the
different reaction steps. To better understand the spin inversion processes, the low energy crossing point is
determined with the help of the density functional fractional occupation number approach. The first spin
inversion, from the sextet state to the quartet state, makes the activation of the C—H bond energetically
spontaneous. The second transition from the quartet state to the doublet state facilitates the cleavage of the
second C—H bond, lowering the barrier from 186.1 to 24.2 kJ/mol. The overall reaction is calculated to be
exothermic by 149.8 kJ/mol, and the final products in three spin states are investigated by NBO analysis, to
compare the Re—C bonds and the C—H bonds.

1. Introduction

During the past decades, the C—H bond activation of small
alkanes in various cases by transition-metal (TM) atoms and
ions has been extensively studied both experimentally! and
theoretically? due to the potential economic and environmental
significance and considerable fundamental interest. Methane is
the simplest hydride of carbon and the alternative precursor in
organic synthesis. However, the activation of the C—H bond in
methane is a unique challenge among the hydrocarbons due to
its large bond energy® (the C—H bond energy in methane is
about 440 kJ/mol). The energy to activate a methane molecule
can be substantially reduced by catalysts, and among the
catalysts, the TM complexes have a higher potential than others.*

Comparing with the reaction between TM complexes and
methane, the reaction between the naked TM atoms and the
methane can provide a simpler model system to study substituent
effects on the C—H activation. Fortunately, it has already been
discovered by Andrews and co-workers that many atomic TM
atoms are capable of activating C—H bonds.>"® Many matrix
isolation infrared spectroscopic experiments have been carried
out for a series of TM atom (from group III to group VIII® and
a few actinide atoms, Th” and U®) + CHj systems. In all of
these works, there are always two issues as to how various TM
atoms can react with CH, and what the reaction mechanisms in
the catalytic processes are. These investigations showed that
there are very different reaction mechanisms between the late
TM atoms (from group VI to group VIII) and the early ones
(from group III to group V and actinide). The late TMs may
form HC=MH;, whereas the early ones may form H,C=MH,.

Some theoretical research has been published concerning the
reactions of TMs with a CH, molecule. However, most of this
research has been focused on the calculations of frequencies to
compare with the experimental results.’ So far, there are only a
few theoretical works that have been done regarding the detailed
reaction mechanisms.'® The difficulty of theoretical investigation
in reaction mechanism with heavier TMs is due to correlation
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effects and relativistic effects. For another difficulty, most of
the series of actions occur on several potential energy surfaces
(PESs) of different spin symmetries, comprising a variety of
cases, which still require formidable theoretical and computa-
tional efforts. Much of the discussion of “multiple-state reactiv-
ity”!! has remained qualitative because standard computational
methods did not allow for the easy location of crossing points
for these processes. Therefore, it is hard to characterize the
minimum energy crossing point (MECP) between two different
spin symmetric PESs. In this study, we have chosen a simple
multiple-state reaction to study how to locate the MECP.

To our knowledge, a recent experimental report of Re + CHy
was given by Andrews and co-workers,'> who formed the
trihydrido methylidyne complex HC=ReHj; in excess argon.
These workers also computed B3LYP energies, frequencies, and
structures to support their assignment to this lowest energy
product. In the reaction, the ground states of the reactant Re
atom and the final product are the sextet and doublet states,
respectively. So, the respective reaction steps are bound to
involve transitions between multielectronic states of different
spin multiplicities. In this kind of reaction, there is a difficult
question as to how to deal with the crossing point in different
states. In Born—Oppenheimer approximation processes, the spin
inversion occurs by nonadiabatic coupling over a 3N-7 dimen-
sional crossing seam of two PESs with different symmetries. It
should be satisfied by two conditions: One is to obey the
Franck—Condon principle, that is (e.g., 'A and *B two different
symmetries), E('A) = E(’B) at the same point; the other one is
that the crossing point should be the lowest point energetically
on the crossing seam. Aiming at this case, the common
procedure!%**13 is to simultaneously calculate the two energies
of different electronic positions and/or spin symmetries for a
given molecular structure and the two gradients. Then, these
output data are explicitly processed by an interfaced subroutine,
which approaches the MECPs step by step. In this study, we
will apply a technically simple approach!'* to determine a low
energy crossing point (LECP) on the crossing seam of the two
PESs of different symmetry, as a good approximation to the
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Figure 1. Schematic PES (energy of two states S1 and T1 of different
electronic symmetries vs reaction coordinate). (a and b) Transitions
with high Boltzmann and low nonadiabatic transition factors. (c)
Transition with low Boltzmann and high adiabatic transition factor.'*

MECP. LECP regions of two PESs of different spin or position
symmetry may easily be reached by thermal activation, and that
may outbalance a low nonadiabatic transition probability (see
Figure 1). The approximate density functional (DF) self-
consistent field (SCF) procedure with fractional orbital occupa-
tion numbers (FONs) is sufficient for most cases.

To gain systematic insight into the mechanism of the reaction
of third-row TM atoms with methane, we present here a
theoretical study on the reaction:

Re + CH, — H,CReH — H,CReH, — HCReH,

and we determine the energies and structures of the LECPs
between two PESs of different spin multiplicities in the reaction
pathway to better understand the spin inversion processes. The
effect of these crossing points on the energy barriers of different
reaction steps is analyzed. The carbon—metal triple bond of the
final product has been investigated due to its versatile chemistry
and catalytic activities.'

2. Computational Details

All calculations were performed using relativistic density
functional theory (DFT) program of the Amsterdam DF
(ADF2007) package initially develop by Baerends et al.'® In
this work, the DF used was based on the model, the
Vosko—Wilk—Nusair (VWN)'7 local spin density correlated
potential, and the gradient corrections of the exchange correla-
tion of Perdew and Wang (PW91).!® The frozen-core ap-
proximation was adopted for C (1s?) and Re (1s*—4d'%). The
core electrons were calculated by the accurate relativistic
Dirac—Slater method'® and then transferred unchanged into the
molecules. The valence orbitals of C, Re, and H used triplet-§
Slater type orbital (STO) with two additional d/f or p/d (for H)
polarization function STO basis set (TZ2P).?° The relativistic
corrections were carried out by the zero-order regular ap-
proximation, that is, the ZORA method.?! Equilibrium and
transition state structures were fully optimized. Harmonic
frequencies were calculated by numerical differentiation of the
energy gradients. The vibrational zero point energy (ZPE)
corrections were based on the corresponding frequency calculation.

To analyze reaction path characters, the minimum energy path
was followed in both directions (forward and backward) using
the intrinsic reaction coordinate (IRC)?* at the level of PW91/
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TABLE 1: Energy Differences” between Ground and
Excited Electronic States of Re

chosen Slater PW91 ZORA + PWOl1
state determinate (TZ2P) (TZ2P) expt
S 1(65)%(5d0) " (5d1)*(5d1,)% 0 0 0
D 1(68)'(5dg)*(5d11)*(5dr)? 66.9 123.0 99.2
4G 1(69)%(5d0)2(5d4) (5dwm)l 987 130.1 125.3

“ Relative energies in kJ/mol with respect to Re(°S).

TABLE 2: ZPE-Corrected Energies Relative to Re (°S) +
CH,4 (kJ/mol) of Various Compounds and Transition States

species sextet quartet doublet
Re + CHy 0 130.1 258.2
1 —4.2
PCP1 71.3 77.3
TS1/2 111.3
2 —36.4 —61.1 —04
TS2/3 123.8 —19.7 18.0
3 63.6 —94.1 —83.3
PCP2 =734 —73.4
TS3/4 225.5 92.0 —69.9
4 184.9 51.5 —149.8

TZ2P with ZORA relativistic corrections, on the transition state
located at the same theoretical level. An NBO analysis®® was
performed (PW91-DFT level, SDD,?* and 6-31 g*% basis sets
for the metal and the other atoms, respectively) using Gaussi-
an03%¢ for further elucidation.

3. Results and Discussion

The excited state energies relative to the ground state of the
Re atom are shown in Table 1. Table 2 presents the ZPE-
corrected energies of various compounds and transition states
in the doublet, quartet, and sextet state reaction paths relative
to Re (°S) + CH,. Table 3 presents the NBO and frequencies
analysis in the final products HCReHj in three spin states. The
PESs of the reaction Re + CH; — HCReH; in the doublet,
quartet, and sextet states are shown in Figure 2 provides the
structure parameters of the stationary points of the reaction in
three spin . Figure 3states.

3.1. Energy Splitting between Electronic States of Re
Atom. According to experimental atomic spectra®’” and spin—orbit
averaged values, the lowest excited sextet and quartet states of
the Re atom are 5d%s' (°D) and 5d°6s? (*G), which lie above
the sextet 5d°6s” (°S) ground state by 99.2 and 125.3 kJ/mol,
respectively. The calculated excitation energies of Re atom are
shown in Table 1. Because of the shortage of present-day DFT
for representing atomic degenerate densities, we used Baerends
method?® to evaluate the ground, first, and second excited states
of Re. The lowest energy of Re (°S) obtained for the occupa-
tion of the d orbital is (6s)*(5dy)'(5d+)*(5d1,). The lowest
energies of the °D and “G states obtained are (6s)'(5d)*(5d.)*-
(5d.4,)? and (6s)*(5dg)*(5d+1)'(5d.4,)?, respectively. There are s
— d and d — d electron promotions in the excitations of °D
and *G from S, respectively. As shown in Table 1, the
nonrelativistic calculations underestimate the excitation energies
of °D and *G from °S by 32.3 and 26.6 kJ/mol, respectively.
After relativistic corrections, the excitation energy of *G from
%S is only overestimated 4.8 kJ/mol as compared to experiments.
However, the relativistic calculations still overestimate the
excited energy of °D from °S by 23.8 kJ/mol. It is well-known
that relativistic effects stabilize the s electron and destabilize
the d electron. When one s electron is excited to the d orbital,
the relativistic effects play a very important role. Therefore,
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TABLE 3: NBO and Frequency Analysis of the Final Products HCReHj; in the Three States

property HC=OReH; (doublet) HC=ReH; (quartet) HC—ReHj; (sextet)
q(H)* 0.22 0.20 0.17
q(C)* —0.20 —0.33 —0.46
q(Re)” 0.36 0.46 0.56
q(H)* —0.07 x 2, —0.25 —0.12, —0.16, —0.04 —0.09 x 3
HY 15078 15080 15083
ct [core]2s 272p>9? [core]2s422p2 [core]2s!5!12p2 9
Re” [core]5d> 06577 [core]5d> 736578 [core]5d> 36570
H (x3) 18106 5 2 15124 112116, 1.04 15109
C—H character® 68.3% s,31.7% p 62.2% s, 37.8% p 61.0% s, 38.8% p
Freqc—p? 3195.9/(3102)¢ 3073.5 3096.1
EBOc¢-ge 2.80 1.90 0.93
Freqe—re? 1078.9/(1049)° 845.6 587.7

“ Natural charge. ” Natural electron configuration. ¢s and p character percent in the C—H bonds. ¢ Frequencies are in cm™'. ¢ The values in

brackets are the experimental results in ref 12.

Re+CH,

AE (kJ/mol)

-200,
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Figure 2. PESs of the reaction Re + CH, — HCReHj in the sextet,
quartet, and doublet states, respectively.

we think PW91/TZ2P with the ZORA correction is suitable to
reproduce the various electronic states of the Re atom. In this
study, we will use the ZORA-PW91 method at the TZ2P level
to describe the reactive mechanisms of the Re/CH, system.

3.2. Reaction Mechanism in the Doublet State Re (D) and
Quartet State Re (*G). The ground state of the Re atom is °S
(5d°6s%); however, the experimental observed ground state of
HCReHj is an electronic doublet state. As seen in Figures 2
and 3, similarly to Ct/W + CH,% and Os* + CH,'% reactions,
the mechanisms are possible for Re (D) + CH,, which can be
called insertion mechanisms. At the initial reaction step, M(M™)
inserts into one C—H bond of CH, and yields initially a
hydridomethyl complex, H;CMH, followed by the activation
of a second C—H bond. In this case, the Re attacks one of the
C—H bonds of CH,, and an intermediate H;CReH (%2) is
spontaneously formed without any barrier. In the intermediate,
the Re—H and Re—C bond distances are 1.64 and 2.01 A. The
stabilization energy of the intermediate 22 is 258.6 kJ/mol lower
than that of the reactants Re (°D) + CH,.

From the intermediate 22, the reaction proceeds to produce
the transition state “TS2/3 along with the activation of the second
C—H bond. The second C—H bond in 2TS2/3 slightly elongates
to 1.17 A, while the Re—C bond slightly shrinks by 0.07 A as
compared to that in 22. IRC calculations confirmed that the
transition state 2TS2/3 is connected to the intermediate H,CReH,
(?3) in the forward direction. The barrier height and exother-
micity of the 22 — 23 reaction step are 18.4 and 82.9 kJ/mol,
respectively. From 23, the reaction proceeds to produce HCReH;
(%4) via the transition state TS3/4 with 13.4 kJ/mol barrier and
releasing energy about 66.5 kJ/mol. To summarize, one can see

that the activation of the second C—H bond and of the third
C—H bond, with barriers of 18.4 and 13.4 kJ/mol, respectively,
are the rate-determining steps on the whole doublet reaction
path. The whole reaction on this path is exothermic by 408.0
kJ/mol.

Next, let us turn to the quartet reaction path. Similar to that
of the doublet path, the first step of the reaction on the quartet
path is the formation of the hydridomethyl intermediate H;CReH
(*2), which is a barrierless process. We have undertaken a
number of attempts to look for the corresponding complex in
these states but failed to find one. The reason may be explained
as follows: If the Re inserting into the C—H bond forming a
hydridomethyl complex crossing TS needs about 111.3 kJ/mol
as in ground state Re (°S), the excited Re (D) and Re (*G)
with higher potential may give enough energy to overcome their
activation energy of TS coming down to the intermediate
H;CReH. So, in this process, they were shown without any
barrier. The Re«++CH, complexes 1 are little more stable than
the reactants but higher than the followed intermediates 2, so
there is no stop in the process. After 2 is formed, one can see
that the reaction processes on the quartet path are the same
as those on the above-described doublet path.

The intermediate *2 has a quite high stabilization by 191.2
kJ/mol relative to the reactants Re (*G) + CH,. As shown in
Figure 3, the second C—H bond length in the transition state
#TS2/3 is 0.4 A longer than that in TS2/3. The Re—C and C—H
bond lengths in the final product HCReH; (*4) are 0.12 and
0.01 A longer than those in 24. From the geometry differences,
we can know that HCReHj; in doublet is more stable than that
in quartet. On the quartet reaction path, the activation of the
third C—H bond with barriers of 186.1 kJ/mol is much larger
than that of doublet. The whole reaction on quartet path is
exothermic by 78.6 kJ/mol.

3.3. Reaction Mechanism in the Sextet State Re (°S). The
ground state of the Re atom is its sextet state (5d°6s?), which
lies 130.1 and 258.2 kJ/mol below the lowest quartet and lowest
doublet states, respectively. Different from that of the quartet
and doublet paths, the first step of reaction on the sextet path is
the formation of the electrostatic complex (°1), which is 4.2
kJ/mol below the reactants Re (°S) + CH,. In the complex (1),
the Re—C bond length is 4.04 A. Then, the first C—H bond of
methane adds to the metal to form the intermediate H;CReH
(2), through the transition state °TS1/2. This step is exothermic
by 32.2 kJ/mol, with a barrier of 115.5 kJ/mol. In the transition
state STS1/2, the first C—H and Re—C bond lengths are 1.47
and 2.25 A, respectively. After 2 is formed, one can see that
the reaction processes on the sextet path are the same as those
on the above-described doublet and quartet paths. In the final
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Figure 3. Optimizedogeometries for the stationary points of the reaction Re + CH; — HCReHj3 in the (a) sextet, (b) quartet, and (c) doublet states
(bond lengths are in Angstroms, and bond angles are in degrees).

product HCReHj; (°4), the Re—C bond length is 0.2 and 0.32 A
longer than those in “4 and 24, respectively. On the sextet
pathway, the potential energy of the final product HCReH; (°4)
is 133.4 and 334.7 kJ/mol higher than those of “4 and °4,
respectively. The activations of the second C—H bond and the
third C—H bond, with very high barriers of 160.2 and 161.9
kJ/mol, respectively, are the slowest steps on the three reaction
paths.

3.4. Spin Crossing and the Possible Overall Reaction
Path. From the above discussion, we can see that the minimum
energy PES is not fixed on one of these three PESs. For example,
the sextet PES has the lowest energy in the reactants Re (°S) +
CH.,, but the barrier of the first C—H activation is as high as
115.5 kJ/mol, and the overall reaction on the sextet path has an
endothermicity of 184.9 kJ/mol. These results contradict the
spontaneous dehydrogenation of methane by Re observed
experimentally. Thus, the crossing of adiabatic surfaces of
different spin is involved in the processes of the reaction. On
the other hand, it is well-known that TM-mediated reactions
very often occur on more than one adiabatic PES. Some
experimental and theoretical evidence has been shown for the
systems that include 3d, 4d, and some 5d TMs.”

Li et al.
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As shown in Figure 2, the minimum energy reaction path
requires several possible spin crossings. First, the reaction may
start with the formation of the complex °1 on the sextet PES.
Then, the sextet surface should cross the quartet surface
somewhere between °1 and °TS1/2, and the reaction should
proceed on the quartet surface to form *2, “T'S2/3, and *3. After
43 is formed, the reaction may jump to the doublet PES between
3 and TS3/4 since “TS3/4 is 161.9 kJ/mol above 2TS3/4 and
the final product 24 on the doublet PES is thermodynamically
much favored than that on the quartet PES. So, the reaction
may jump to the doublet PES. It only needs 24.2 kJ/mol to pass
the transition state *T'S3/4 and form the final product 4. To
summarize, the minimum energy pathway may proceed as °Re
+ CH, — ReCH, (°1) — H;CReH (*2) — *TS2/3 — H,CReH,
(*3) — ?TS3/4 — HCReH; (4). If the reaction starts on the
sextet PES and ends on the doublet PES, the overall reaction
would be exothermic by 149.8 kJ/mol.

3.5. Crossing Points between the PESs of Different
Multiplicities. To better understand the spin inversion processes
described above, it is instructive to locate the LECP1 between
the sextet and the quartet PESs and the LECP2 between the
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Figure 4. ReCH, (°1) — H3CReH (*2) rearrangement. Top: Optimized
energy curves E along reaction coordinate Rc—;). Middle and bottom:
Ensemble energy E and orbital energies & of 17a(8)!™ and 21a(a)"
for mixed ensemble (1 — n)(*A) + n(°A), when varying the FON n
with optimized partial structure.

quartet and the doublet PESs on the reaction pathway. The
method has been described in ref 14 in detail.

From the study of the LECP1, there is the activation of the
C—H bond on the pathway, which proceeds to produce the
H;CReH (*2) via the crossing point 1 (see Figure 2). The C—H;,
bond length varies significantly from the initial to the final state.
Then, the C—H,, bond is chosen as a reaction coordinate, and
the other geometric parameters are optimized in each steps along
the C—H,;), changing to get a minimum potential path in the
3N-7 dimension. The scan of the bond length yields two energy
troughs, for the sextet and quartet states going up from the
minimum at 1.07 A, which is the value in the CH, geometry.
As seen from Figure 4, there is a “projected crossing point”
(PCP1) at Re—yy) = 1.300 A with E(°A) = E(*A). The two
electronic states have the same, comparatively low, energy at
PCP1 but less or more different partial structures except for
Rc-nay. We should note that at the PCP1 Franck—Condon
principle is not satisfied. Now, we use the DFT-FON procedure
to find the LECP1. Beside the R¢_p1), which is fixed, all other
geometric parameters are optimized along with the optimization
of fractional occupation number n on orbitals 17a(8)" and
21a(o)! ™" for the state ensemble. When 7 increases, the orbital
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Figure 5. *3 — *TS3/4 rearrangement. Top: Optimized energy curves
E along reaction coordinate ®y3)-ge—c. Middle and bottom: Ensemble
energy E and orbital energies ¢ of 18a(8)'™ and 20a(a)" for mixed
ensemble (1 — n)(?A) + n(*A), when varying the FON n with optimized
partial structures.

17a(B)" shifts down and 21a(a)! ™ goes up. At point n = 0.582,
the two orbitals become equal, and the DFT “aufbau principle”
is satisfied again (Figure 4). The LECPI is reached. Detailed
structures of LECP1 are shown in Figure 6. With this structure,
we can calculate the individual pure-state energies of °A and
4A. The energy difference of °A and *A is only 0.6 kJ/mol. At
this point, the Franck—Condon principle is satisfied. If checking
the electronic configurations of the LECP1 in the sextet and
quartet states, we can find that both of these two states satisfy
the “aufbau principle”, which should always be obeyed in
DFT.* If the electron occupies the 17a(8)! position, the 21a(c)°
is higher than the former orbital; if the electron occupies the
orbital 21a(a)' position, then the orbital 17a(8)° will be higher
than the former one. There is not always an empty orbital below
the occupied orbital. Normally, there is an empty orbital below
the occupied orbital in the excited state. So, this is the typical
multiconfiguration case in DFT here.

For the LECP2 between the quartet and the doublet states,
we investigated it using the ZH3ReC angle as the reaction
coordinate. The two electronic states “A and 2A have the same
energy at the PCP2 (£H3ReC = 31.3°). After the optimization
with the FON approach (see Figure 5), we get the structures of
the LECP2 (see Figure 6). The individual pure-state energies
of the LECP2 (£H3ReC = 31.3° n = 0.497) in quartet and
doublet states are —2720.3 and —2719.9 kJ/mol, respectively.
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LECP1 LECP2

Figure 6. Structural parameters of two LECPs (bond lengths are in
Angstroms, and bond angles are in degrees).

*HRe=CH, ‘HRe=CH, *HRe—CH,

Figure 7. Seven, six, and five highest molecular orbitals in doublet,
quartet, and sextet states are calculated, respectively. Molecular orbitals
from top to bottom are degenerate 7z, degenerate 77, degenerate R—Hs,
degenerate Re—Hj;, Re—Hj;, C—Re o, and H—C o, respectively.

There is only a 0.4 kJ/mol difference in energy between *A
and %A, which satisfies the Franck—Condon principle.

If we use a normal procedure® to treat such a system, for
example, at the LECP2, along the reaction path, we optimize
the *A state and with this structure single point calculate the
2A state energy. The two potential curves will cross each other;
at the crossing point, the energy is higher by about 60—70 kJ/
mol than our result. We optimize the 2A state and with this
structure single point calculate the *A state energy. There is no
crossing found anymore. So, with the DFT-FON procedure,
more reasonable reaction mechanisms can be achieved.

3.6. Structure and Bonding. The structures of the final
products in three states are collected in Figure 3. The doublet
HCReHj; structure is essentially the same as that reported by
Cho and Andrews at the B3LYP level of theory.'> The C—Re
bond lengths range from 1.713 (doublet) and 1.834 (quartet) to
2.027 A (sextet), and the C—Re bonds can be considered triple

Li et al.

bonds, double bonds, and single bonds, respectively. The
conclusion can be interpreted by the effective bond order (EBO),
which is estimated from the orbital occupancies and are listed
in Table 3. The EBO thus calculated for the doublet HCReHj3
triple bond is 2.80, which is higher than those for the quartet
(1.90) and the sextet (0.93) states. The several highest occupied
molecular orbitals for the final product in the three states are
shown in Figure 7. The two degenerate s orbitals that make up
part of the triple bond are highest in the doublet state. There is
only one or none degenerate 7 orbital in the quartet and sextet
states, respectively. These orbitals in the three states have similar
shapes. In addition, the frequencies of the Re—C bond are
1078.9, 845.6, and 587.7 cm ™! in the doublet, quartet, and sextet
states, respectively.

It is also significant that the final product HCReHj; in the
doublet state is polarized quite differently from those in the
quartet and sextet states. Natural charges for the atoms in order,
left to right, for these three states, respectively, are 0.22, —0.20,
0.36, —0.13 (x3) and 0.20, —0.33, 0.46, —0.11 (x3) and 0.17,
—0.46, 0.56, and —0.09 (x3). This polarization affects the C—H
bond and reduces the s character (68.3%) in the doublet state.
It is noteworthy that the C—H frequency of the final product in
the doublet state is about 120 and 100 cm™! higher than those
in the quartet and sextet states, respectively.

4. Conclusions

DF calculations have been performed to investigate the
mechanism of methane dehydrogenation by Re atom. The sextet,
quartet, and doublet PESs of the reaction have been explored.
We may draw the following conclusions from the present
calculations.

1. The minimum energy reaction path is found not to be on
one of the 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. The minimum energy pathway can be described as
°Re + CH, — ReCH, (°1) — H3;CReH (*2) — “TS2/3 —
H,CReH, (*3) — 2TS3/4 — HCReH; (%4).

2. The reacting system should change its spin multiplicity
two times in the whole reaction processes. The first spin
inversion, from the sextet state to the quartet state, occurs in
the LECP1, which makes the activation of the first C—H bond
energetically spontaneous. After passing this point, the reaction
path moves on the quartet PES toward the hydridomethyl
complex *3. The second crossing seam exists between *3 and
2TS3/4, in the region where the third C—H bond of methane is
being activated. This spin inversion leads to a decrease in the
reductive elimination barrier height from 186.1 to 24.2 kJ/mol.
The reaction starts on the sextet PES and ends on the doublet
PES, and the overall reaction is calculated to be exothermic by
149.8 kJ/mol.

3. The three final products in different states are investigated
by NBO and frequencies analysis. As might be expected, we
find the effective triple bond orders of the final products
HCReHj; in the doublet state. The EBO values are 2.80, 1.90,
and 0.93 of the Re—C bond in the doublet, quartet, and sextet
states, respectively, and the HCReHj; in the doublet state has
the shortest C—H bond because of the different polarization.
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