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Abstract

The configurational inversion of both free methane and methane bound to first-row transition-metal ions is discussed using the
density functional theory (DFT) calculations at the B3LYP level of theory. Computed transition states for the inversion of
methane on the M+ (CH,) complexes have C; structures in which one pair of C—H bonds is about 1.2 A in length and the other
pair is about 1.1 A, where M is Sc, Ti, V, Cr, Mn, Fe, Co, Ni, and Cu. The barrier height for the methane inversion decreases
significantly from 109.4 kcal mol ~! for free methane to 17-23 kcal mol —! for the late transition-metal complexes, Fe*(CH,),
Co*(CH,), Ni*(CH,), and Cu*(CH,). The computational results suggest that the inversion can occur under ambient conditions
through a thermally accessible transition state, and it may lead to an inversion of stereochemistry at a carbon atom of substrate
if an alkane-complex is formed as a reaction intermediate in C—H bond activation reactions. We propose that a radical mechanism
based on a planar carbon species may not be the sole source of the observed loss of stereochemistry in transition-metal catalyzed

alkane hydroxylation reactions and other related reactions. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The synthesis of compounds containing a planar-te-
tracoordinate carbon, the so-called ‘anti van’t Hoff/
LeBel structure’, that are stable enough to be isolated
and characterized under ambient conditions has contin-
ued to be a challenging target [1]. In 1970, Hoffmann et
al. suggested the transformation of tetrahedral to pla-
nar methane through a symmetry-allowed process for
either a twisting (7,—» D, — D,,) or a squashing (7,—
D,,— D,,) pathway [2]. The fragment molecular orbital
(FMO) diagram in Chart 1 leads to the molecular
orbitals (MOs) of a tetrahedral AH, molecule. This
simple diagram shows that the a, and t, orbitals of the
H, fragment combine in-phase (out-of-phase) with the
S, Px» P,» and p. atomic orbitals of A to form the MOs
la, and 1t, (2a, and 2t,), respectively [3]. Eight-electron
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AH, molecules such as methane, silane, and germane
are very stable in their tetrahedral structures, owing to
the low-lying threefold degenerate 1t, HOMO that has
an A-H bonding character. The sequence of the unoc-
cupied MOs 2a, and 2t, can be changed, depending on
the molecule and methodology used, but this is not an
important point in discussing the stability of these
molecules.

Chart 2 shows how the MOs of the square-planar H,
fragment correlate with the s, p,, p,, and p. atomic
orbitals of A to form the MOs of a D,, square-planar
AH, molecule. The three bonding la,, and le, orbitals
are low-lying in energy, and the subsequent a,, and by,
orbitals are essentially nonbonding in the D, structure
[4]. Extended Hiickel calculations predicted that 7,
methane is more stable than the D,, square-planar
methane by 127 kcal mol~' [3]. CNDO and approxi-
mate ab initio Hartree—Fock (HF) calculations yielded
187 and 249 kcal mol~!, respectively, for the same
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quantity [3,5]. Extensive ab initio calculations by
Schleyer and collaborators [6] gave 240 kcal mol—! at
the HF/STO-3G level, 168 kcal mol ~! at the HF/4-31G
level, 171 kcal mol —! at the HF/6-31G* level, and 160
kcal mol —! at the MP2/6-31G* level of theory.
However, Gordon and Schmidt [7] demonstrated
from detailed analyses of Hessians (matrix of energy
second derivatives) [8] that the D,, planar structure is
not a true transition state for the inversion of methane.
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This was an important discovery in computational
quantum chemistry. The 'A, state with a D, structure
has four imaginary vibrational modes of B,,, A,,, and
degenerate E, symmetry. As a true transition state, a
saddle point on a potential energy surface should have
only one imaginary mode of vibration, the D,, planar
structure is not a transition state for the inversion of
methane. The true inversion transition state was found
to have a distorted C, structure, which is quite different
both geometrically and energetically from the D,, tran-
sition state presumed earlier. This C; transition state is
117.0-125.6 kcalmol~' higher in energy than the
global minimum of the 7, structure at the MCSCF/
TZV + + G(d,p), SOCI/TZV + + G(d,p), and SOCI/
TZV + + G(d,p) with Davidson correction levels of
theory. Detailed theoretical analyses on the inversion of
methane were also reported by Schleyer et al. [9]. As
the barrier height is larger than the C—H bond dissocia-
tion energy of 104 kcal mol —', methane is unlikely to
undergo such interesting inversion under ambient
conditions.

There has been a great interest in the C—H activation
of small alkanes particularly methane, with the devel-
opment of selective conversion of natural gas to liquid
fuels in mind. Cytochrome P450 [10] and soluble meth-
ane monooxygenase (MMO) [11], which involve iron-
0oXxo species as active catalytic centers, are excellent
biological catalysts for selective alkane oxidation, al-
though P450 is unable to activate methane. Accumu-
lated studies have shown that P450- and
MMO-catalyzed hydroxylation reactions proceed with
loss of stereochemistry at a carbon atom of the sub-
strate. Stereochemical scrambling was first observed by
Groves et al. [12] in the hydroxylation of exo-te-
tradeuterated norbornane by rabbit liver microsomes
P450. Moreover, the hydroxylation of ethylbenzene by
P450 was reported to proceed with 23-40% loss of
stereochemistry [13]. In addition, in hydroxylation reac-
tions by soluble MMO, ca. 20—40% inversion of stereo-
chemistry has been observed at the labeled carbon
atoms [14]. The relatively high degree of inversion
observed could be ascribed to flipping of a substrate
intermediate that has a sufficiently long lifetime to
undergo configurational inversion. Therefore, it is gen-
erally believed that the loss of stereochemistry requires
a nonconcerted mechanism via a carbon radical as an
intermediate species because a carbon atom bearing an
unpaired electron is planar. This radical mechanism is
called the ‘oxygen rebound mechanism’ [10].

Siegbahn et al. [15], Yoshizawa and coworkers [16],
Morokuma et al. [17], and Friesner et al. [18] have
investigated, from quantum chemical calculations, the
mechanism of methane hydroxylation mediated by sol-
uble MMO. The issue of whether a methane molecule
prefers to form a complex with the metal active site or
it prefers to interact directly with the oxo ligand is a
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crucial point in the hydroxylation mechanism. We think
that the key to understanding the methane hydroxyla-
tion mechanism is a simple gas-phase reaction.
Schroder and Schwarz [19] demonstrated that the bare
FeO* complex, generated under ion cyclotron reso-
nance conditions, successfully converts methane to
methanol in high yield. From the detailed density func-
tional theory (DFT) calculations we have proposed a
‘two-step concerted” mechanism for the methane-
methanol conversion by the iron-oxo species [20]; in
this mechanism, neither the radical nor the ionic inter-
mediate is formed, as indicated in Scheme 1. An impor-
tant point of our proposal is that methane is activated
on a coordinatively unsaturated iron-oxo species to
form a methane complex and that the two-step con-
certed processes lead to the methane—methanol conver-
sion at the transition-metal active center.

We have applied the mechanism indicated above to
methane hydroxylation by soluble MMO. As shown in
Scheme 2, we demonstrated from the DFT [16] and
extended Hiickel [21] computations that the methane—
methanol conversion can occur through the formation
of a methane complex on the diiron active site of
intermediate Q of soluble MMO, which has been pro-
posed to have a Fe,(u-O,) diamond core [22], in a way
similar to the gas-phase reaction indicated in Scheme 1.
Ancillary ligands are not present in Scheme 2; but in
our actual DFT computations four- and five-coordinate

irons were assumed for the diiron model complex,
according to the report by Que et al. [22]. Our discus-
sion may be restricted to nonheme enzymes, the metal
active sites of which are relatively flexible and coordina-
tively unsaturated in some cases, and may not be
extended to heme enzymes that involve a rigid six-coor-
dinate iron site. From DFT computations Shaik and
coworkers have suggested that interactions of the sub-
strate with the oxo ligand play a crucial role in alkane
hydroxylation by cytochrome P450 [23].

We are interested in the inversion of methane to
rationalize the ‘two-step concerted’” mechanism in
MMO-mediated hydroxylation reactions that proceed
with 20-40% inversion of stereochemistry [14]. As the
C-H bonds of methane are weakened on transition-
metal complexes, we consider that the barrier height of
the methane inversion should be significantly decreased.
The purpose of our work is to investigate whether or
not the inversion of methane can occur at transition-
metal active centers under ambient conditions through
a thermally accessible, low-lying transition state. If the
mechanism postulated by us is viable, then a radical
mechanism based on a planar carbon species may not
be the sole source of the observed loss of stereochem-
istry in transition-metal catalyzed alkane hydroxylation
reactions and other related reactions. We discuss the
potential meaning of this interesting reaction. This pa-
per is a short review of our recent work [16,20,24].
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Fig. 1. Geometries of the T, global minimum and the C; transition
state for the inversion of free methane. The bond lengths are in A,
and the bond angles (italic) are in degrees. The arrows in the
transition state indicate the transition vector.

2. Method of calculation

We used the hybrid (DFT/HF) method of Becke [25]
and Lee, Yang, and Parr (LYP) [26], the so-called
B3LYP method, which consists of the Slater exchange,
the HF exchange, the exchange functional of Becke, the
correlation functional of LYP, and the correlation
functional of Vosko et al. [27]. In general, this hybrid
method has provided, excellent descriptions of many
reaction profiles, particularly in molecular geometries,
heats of reaction, and activation energies of transition
states [28]. For the first-row transition metals we used
the (14s9p5d) primitive set of Wachters [29] supple-
mented with one polarization f-function (o =0.60 for
Sc, 0.69 for Ti, 0.78 for V, 0.87 for Cr, 0.96 for Mn,
1.05 for Fe, 1.17 for Co, 1.29 for Ni, and 1.44 for Cu)
[30] resulting in a (611111111 |51111|311]1)
[9s5p3d1f] contraction, and for the H and C atoms we
used the 6-311G** basis set of Pople and coworkers
[31]. Vibrational frequencies were computed to ensure
that on a potential energy surface all optimized ge-
ometries correspond to a local minimum that has no
imaginary frequency or a saddle point that has only one
imaginary frequency. Zero-point vibrational energy
corrections were taken into account in calculating the
total energies of the reactant (= product) complexes
and the transition states. The spin-unrestricted method
was applied to the open-shell systems. These DFT
computations were performed using the GAUSSIAN 94
program package [32]. To draw a better picture for the
interesting transition state, we carried out the orbital
interaction analyses based on the extended Hiickel
method [33], implemented with YAeHMOP [34].

103
3. Results and discussion
3.1. Inversion of free methane

First let us look at the inversion of methane, which
was calculated and analyzed with high-level ab initio
methods [7,9]. We successfully reproduced the true
transition state as well as the reaction pathway for the
inversion of free methane with the B3LYP DFT
method and the 6-311G** basis set [24a]. It was shown
that the closed-shell 'A, state with a planar D, struc-
ture has three imaginary vibrational modes and that the
A" state with a C, structure has only one imaginary
mode, the C, transition state lying 21.4 kcal mol !
below the D,, methane. Fig. 1 shows optimized ge-
ometries for the 7, global minimum and the C, transi-
tion state of methane, in which the imaginary mode of
vibration is indicated for the transition state. As this C,
structure has only one imaginary mode of 1610i cm ~!,
it is the true transition state for the configurational
inversion of methane. One pair of C-H bonds of the C,
transition state is 1.227 A in length and the other pair
is 1.117 A. The bond angle of H-C-H for the long C-H
pair is 43.5° and that for the short C-H pair is 95.9°.
This structure can be regarded as a complex between
the singlet methylene and H, [9]. The activation barrier
for this transition state was computed to be 109.4
kcal mol —! with zero-point vibrational energy correc-
tions. This barrier height is a little larger than the
energy required to break a C—H bond of methane (104
kcal mol —!). Thus, these B3LYP DFT computational
results are in good agreement with the earlier high-level,
multiconfigurational analyses by Gordon and Schmidt
[7] and Schleyer et al. [9].

It was confirmed from an intrinsic reaction coordi-
nate [35] analysis that this transition state connects the
equivalent 7, global minimum correctly in both the
forward and reverse directions [24a]. Scheme 3 shows
the complicated geometrical change that leads to the
inversion of methane via the C, transition state. Thus,
we are able to derive reasonably excellent descriptions
of the inversion of methane from B3LYP DFT compu-
tations, particularly in the molecular geometries, the
reaction pathway, and the activation energy of the
transition state. The method chosen is therefore appro-
priate for the topic addressed in this paper.
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Scheme 3.
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Fig. 2. Imaginary B,,, A,,, and degenerate E, vibrational modes of
D,;, methane at the B3LYP/6-311G** level of theory.

As established in previous studies [7,9], the D, struc-
ture of methane has four imaginary vibrational modes
of B,,, A,,, and degenerate E, symmetry, which sug-
gests that there are stationary structures of lower en-
ergy in addition to the global minimum 7, structure.
The imaginary modes and the wave numbers from our
B3LYP calculations are shown in Fig. 2. The methane
B,, mode of 4838i cm~' corresponds to the D,,— T,
transformation; the A,, mode of 894i cm ' corre-
sponds to the D,, - C,, transformation; and the degen-
erate E, mode of 6651 cm~! corresponds to the
D,,— C,, transformation. It is therefore interesting to
look at the Walsh diagrams as well as the total energy
changes with respect to the 7,— D,,, D,,— C,, and
D,,— C,, geometrical changes of methane.

Fig. 3 presents the Walsh diagrams computed at the
HF level with the 6-311G** basis set. The solid lines
indicate one-electron energies in units of electron volts,
and the dotted lines indicate the relative total energies
in units of kilocalories per mole. The energies of the
one-electron orbitals and the total energies measured
from the 7, ground state are indicated on the left and
right, respectively. The first Walsh diagram shows that
methane strongly resists the D,, deformation. In the
course of this transformation, two members of the 1t,
HOMO are slightly stabilized in energy leading to the
le, orbital; but the third member is destabilized signifi-
cantly leading to the nonbonding a,, orbital, which is
the principal reason that the D,, form is energetically
unstable compared with the 7, form because all bond-
ing between the p orbital of the carbon atom and the s
orbitals of the hydrogen atoms is lost by this geometri-
cal change [2]. During the same deformation, one mem-
ber of the 2t, orbital set is stabilized to form the b,
orbital in the D, structure. This is the other nonbond-
ing orbital in planar methane. Consequently, the
HOMO(a,,)-LUMO(b,,) gap for the D, structure of
methane is decreases significantly.

Having described the Walsh diagrams along the 7,—
D,, reaction coordinate, we next follow one-electron
orbitals along the other two reaction coordinates. Let
us look at the D,,— C,, change. The total energy of
methane decreases on the D,,— C,, pyramidalization
by about 20 kcal mol~!, as indicated by the dotted
lines in Fig. 3. Thus, methane prefers this C,, deforma-
tion. The MOs of square-pyramidal methane are shown
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transformations of methane at the HF level of theory.
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in Chart 3. The a,, HOMO of D,, methane is stabilized
in energy through relaxation to the pyramidal structure
and the resulting 2a, HOMO of C,, methane acquires
considerable s hybridization and H-H in-phase interac-
tions [6b]. This electronic process is therefore symmetry
allowed for methane and the total energy of methane
decreases along this reaction coordinate. In remarkable
contrast to methane, the total energies of silane and
germane increase considerably on the D,,— C,, pyra-
midalization [24b]. There is a crossing between the
HOMO and the LUMO in each case, and therefore the
D,,— C,, pyramidalization is a symmetry-forbidden
electronic process for silane and germane. Therefore,
this geometrical transformation requires high activation
energy in silane and germane.

The Walsh diagram along the D,,— C,, reaction
coordinate of methane shows that the a,, level of D,,
methane remains almost unchanged in energy, but one
member of the le, set and the la,, orbital decreases
slightly along this reaction coordinate, and the total
energy decreases slightly accordingly, as indicated by
the dotted line. Thus, methane also prefers the C,,
deformation. Here we can derive, from these Walsh
diagram analyses, an important conclusion with respect
to the transition-state structure for the configurational
inversion of methane. As the C,, and the C,, deforma-
tions are symmetry allowed for methane, in remarkable
contrast to silane and germane, the interesting C, tran-
sition state for the methane inversion is a consequence
of a significant mixture of both C,, and C,, structures
with the square-planar D,, structure [24b].

3.2. Methane inversion on the M*(CH,) complexes

Having described the inversion of free methane, let
us next consider how differently the inversion of meth-
ane proceeds at transition-metal active centers [24a].
Alkane-complexes are accepted intermediates proposed
to be involved in C-H bond activation reactions. The

binding of methane to Sc*, Fet, Co*, Rh*, and Ir*
has been theoretically studied by Morokuma and
coworkers [36]. Recently, related methane-complexes
have been extensively investigated using modern spec-
troscopic techniques [37]. Billups et al. reported low-
temperature photolysis of CH;CoH to give the
Co(CH,) complex [37i]; their FTIR matrix isolation
spectroscopy in solid argon demonstrated that methane
is distorted significantly on this o-complex. It is there-
fore of general interest to consider whether or not the
inversion of methane occurs at the transition-metal
active center of the complex. Our main purpose of this
short review is to look at whether or not the barrier
height for the methane inversion is decreased from the
value for free methane (109.4 kcal mol ') so that it
could serve as a thermally accessible, low-lying transi-
tion state.

Before we present the DFT computational results, it
is useful to consider the activation of methane from a
point of view of its MOs. The MOs of methane are
indicated in Chart 1. It is essential for our discussion to
note that the occupied orbitals are C—-H bonding (in-
phase) and that the unoccupied orbitals are C—H anti-
bonding (out-of-phase). The HOMO-LUMO gap is
about 20 eV at the extended Hiickel level of theory, and
therefore methane is a very hard hydrocarbon with
strong C-H bonds. In view of these frontier orbitals,
the C—H bonds of methane can be weakened when the
LUMO or the HOMO is partly filled and partly unfi-
lled, respectively, because of electron transfer or orbital
interaction with other molecules, particularly with tran-
sition-metal complexes. The C—H bonds of methane are
activated on transition-metal complexes because of
both the electron transfer from the methane t, HOMO
to the unfilled d-block orbitals of the complex and the
electron transfer from the filled d-block orbitals to the
unoccupied orbitals of methane. On the basis of such
an orbital interaction picture, we have discussed the
activation of methane and its conversion to methanol
on the diiron active site of soluble methane monooxy-
genase (MMO) [21]. We can expect that the formation
of methane o-complex should result in small activation
energy for the inversion of methane because the C-H
bonds of methane are weakened owing to orbital
interactions.

We carried out systematic B3LYP computations on
the M*(CH,) o-complexes and the transition states for
the inversion of methane on the complexes, in which
M is the first-row transition-metal ions from Sc* to
Cut [24a]. Computed values of the activation energies
(AE, and AE,) for the inversion of methane on the
M*(CH,) complexes are listed in Table 1, where AE, is
the value measured from the methane complex and AE,
is the value relative to the dissociation limit. As ex-
pected, the activation energy (AE,) decreases signifi-
cantly from 109.4 kcal mol ~! for free methane to less
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Table 1

Computed barrier heights (in kcal mol~!) for the inversion of meth-
ane on the M*(CH,) complexes, in which M™* is the first-row
transition-metal ions

AE,
AE,

Complex Low spin High spin
AE,
Sct(CHy) 64.1 (A" 64.8 (CA")
Ti*(CH,) 58.8 (PA") 55.4 (*A)
V+(CH,) 64.6 (A" 65.1 CA)
Cr*(CH,) 52.3 (*A)) 58.3 (°A)
Mn*(CH,) 53.2 (°A) 65.5 ("A)
Fe*(CH,) 47.9 (*A") 59.2 (°A)
Co"(CH,) 46.0 (CA") 59.0 (°A")
Ni*+(CH,) 48.4 (A 55.9 (*A)
Cu™(CHy) 479 ('A) 43.1 CA))
AE,
Sct(CH,) 41.3 ('A) 51.3 CA”)
Ti+(CH,) 46.7 (CA") 43.4 (*A)
V+(CH,) 49.2 (A 43.6 (°A)
Cr+(CH,) 29.3 (*A") 41.8 (A
Mn+(CH,) 41.5 (°A) 59.9 (A"
Fe*(CH,) 23.4 (*A") 53.3 (SA)
Co*(CH,) 20.7 A" 51.2 CA)
Ni+(CH,) 23.3 CA") 45.0 (*A)
Cu™(CH,) 16.8 ('A") 35.0 CA)

The symmetry labels indicated are for the transition states.

than 50 kcalmol~' in the low-spin states of some
methane complexes. These values, of course, include
zero-point vibrational energy corrections. Note that the
low-spin states of the late transition-metal ions and the
high-spin state of the Cu™ ion give values less than 50
kcal mol —!. It is 43—48 kcal mol ! on the Fe*(CH,),
Co*(CH,), Ni*(CH,), and Cu*(CH,) complexes.
These activation energies would still require high tem-
peratures for the inversion of methane to be facile. Are
such low-lying transition states thermally accessible or
not? As each activation energy (AE,) indicated in Table
1 involves the binding energy of the M*(CH,) complex
(16 kcalmol~! on the average), the actual barrier
height should be decreased by this quantity if measured
from the dissociation limit. The internal energy of the
reacting system is increased during the formation of the

H H
N WH - \
+M. CN +M, L—H
.\\H/ H ‘::‘:H“‘\/
H
n2-H,H n3-H,H,H

methane complex, and it can be used for the inversion
of methane. Considering the adiabatic process, AFE, is a
substantial activation barrier to be considered. There-
fore, the activation barrier for the inversion of methane
is 17-23 kcal mol~' on the late transition-metal com-
plexes, Fe*(CH,), Co*(CH,), Nit(CH,), and Cu™*-
(CH,). From the computed AE, values it is predictable
that the configuration of methane should be effectively
inverted especially on the low-spin potential energy
surfaces for Fet, Co™, Ni*, and Cu™. Thus, the
transition states should be thermally accessible.

We next look at optimized structures of the reactant
( = product) and the transition state for the inversion of
methane on the M*(CH,) complexes. There are, in
general, two kinds of preferred binding modes for
methane, the n?>-H,H and n3-H,H,H modes indicated in
Chart 4. Although we do not show a dotted line
between the carbon atom and the M* ion, this interac-
tion from orbital interaction analyses is found to be
important in the interaction between a hydrogen atom
and the M ™ ion in the two binding modes. The n!-H
and n*-C,H modes are rare. Most of the methane-com-
plexes investigated take n>-H,H and n*-H,H,H modes,
the low-spin states most likely prefer the n>-H,H mode
and the high-spin states the m3-H,H,H mode.

Our B3LYP computations demonstrate that the Fe™
(CH,) complex exhibits n>-H,H binding modes in both
spin states, as shown in Fig. 4. The H-C—H angle near
the Fe* ion was computed to be ca. 116° in both spin
states of the Fe*(CH,) complex. This structure is stabi-
lized significantly by both the donor and the acceptor
interactions. The Fe-C distance of the reactant (or
product) complex is 2.373 A in the quartet state and
2.780 A in the sextet state, being in line with a general
feature of transition-metal complexes, e.g. the metal—
ligand distance in a high-spin state is longer than in a
low-spin state. The computed transition states for the
Fe* complex have a C, structure, in which one pair of
C-H bonds is 1.182 (1.187) A in length and the other
pair is 1.107 (1.109) A in the quartet (sextet) state. The
bond angle of H-C-H for the long C-H pair is 49.3°
(48.6°), and for the short C-H pair is 97.9° (96.7°), in
the quartet (sextet) state. The Fe—C distance decreases
significantly in the transition state compared with that
in the o-complex, showing that the interaction between
Fe™ and CH, is significant in this electronic process.
The imaginary frequency of 1610i cm ~! for free meth-
ane is shifted reasonably down to 968i cm~! in the

SaH .-H
+M---eeeee H—c” +Meeeee N C“““H
| ; H
H H
n'-H n?-CH

Chart 4.
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Fig. 4. Optimized structures of the o complex (C,,) and the transition
state (C,) for the inversion of methane on the Fe*(CH,) complex.
The bond lengths are in A, and the bond angles (italic) are in degrees.
The arrows in the transition states indicate the transition vector.

quartet state and 10661 cm ~! in the sextet state. This
downshift of frequency corresponds to the lowering of
the barrier height for the methane inversion. IRC
analyses confirmed that the transition state correctly
leads to the equivalent minimum in both the forward
and reverse directions. Thus, the transition state shown
in Fig. 4 is, in fact, the true transition state for the
inversion of methane at the Fe™ active center. If such
an alkane-complex is formed as a reaction intermediate

in C-H bond activation reactions, we expect that the
inversion of the substrate at a carbon atom should
occur reasonably, leading to stereochemical scrambling.

3.3. Orbital interaction analysis

To find a good reason why the barrier height for the
inversion of methane is low on the low-spin states of
the late transition-metal complexes M*(CH,), we car-
ried out a FMO analysis with the extended Hiickel
method. At the center of Fig. 5, the MOs of the C,
transition state are constructed from the MOs of the
Fe* and the CH, fragments. The threefold degenerate
t, HOMO of methane splits into one at — 12 ¢V and
two at — 16 eV, according to the distortion of methane.
The HOMO at — 12 eV interacts with one of the 3d
orbitals of the Fe* ion, leading to the in-phase combi-
nation at — 14 eV (11a’) and the out-of-phase counter-
part at —12 eV (14a’), while the two orbitals of
methane at — 16 eV do not interact with the Fe* ion.
The in-phase one is doubly filled and the out-of-phase
one singly filled. The 15a’ orbital, which comes mainly
from the 4s and 4p orbitals of the Fe* ion, lies 4 eV
above the d-block orbitals around — 12 eV.

The sextet and the quartet states arise whether the
15a" orbital at —8 eV is filled or not, respectively.
From B3LYP calculations, the quartet transition state
lies 10 kcal mol —! below the sextet transition state in
the Fet(CH,) complex. Although explicit electron—
electron interactions are not included in the extended
Hiickel method, we can gain useful information about
the preferred spin state from an empirical criterion
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e _—— '
T6a”, 5
-4 F
4p -
—_———f B2
— -6 AN
> N
L . >
> g =157 5
> ! .
Q 45+
w10+
124 3d JRCE . S,
o A o o e
-14- T1ar "
16 #L___.'_‘. 1a" 11a'
=10 B ————— o] '
10a 3a
Fe* FeCH/* CH4 (Cs)
e e

Fig. 5. A FMO analysis of the transition state for the inversion of methane on the Fe™(CH,) complex. The spin state indicated is sextet.
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within the framework of this one-electron theory. In
general, a low-spin state is expected to occur in the
extended Hiickel method if energy splitting between the
two levels is more than 1.5 eV [38]. Therefore, the
low-spin quartet transition state is predicted to lie
below the high-spin sextet transition state because the
high-lying 15a’ orbital is vacant in the quartet state. By
the same reasoning, the low-spin transition states of the
Co*(CH,), Ni*(CH,), and Cu*(CH,) complexes are
more stable in energy than the corresponding high-spin
transition states.

4. Conclusions

The inversion of methane has been an important
subject in theoretical chemistry ever since the original
work of Hoffmann, Alder, and Wilcox. We give an-
other dimension to the potential meaning of this simple
reaction. The DFT computations suggested that the
inversion of methane could actually occur on the M+
(CH,) complexes, in which M~ is the first-row transi-
tion-metal ions from Sc* to Cu*. The transition states
for the inversion of methane in these methane-com-
plexes appear to have an interesting C, structure in
which one pair of C-H bonds is about 1.2 A in length
and the other pair is about 1.1 A. The activation barrier
for the inversion of methane was computed to be 17-23
kcal mol ~! on the late transition-metal complexes, Fe™
(CH,), Co*(CH,), Ni*(CH,), and Cu*(CH,) at the
B3LYP level of DFT. As these values are much smaller
than those for the inversion of free methane (109
kcalmol~!) and the energy required for C-H bond
cleavage of methane (104 kcal mol~'), the methane
inversion can occur reasonably at the transition-metal
active center of catalysts and enzymes through a suffi-
ciently low-lying transition state if such a methane
complex is formed during reactions. We consider that a
radical mechanism may not be the sole source of the
observed loss of stereochemistry in hydrocarbon hy-
droxylation reactions and the other related reactions
catalyzed by transition-metal complexes and
metalloenzymes.
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