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Abstract: The inversion of methane bound to first-row transition-metal ions fromt8€u® is systematically
investigated using the B3LYP method, a hybrid density-functional-theory method of Becke and Lee, Yang,
and Parr. The computed transition states for the methane inversion on*f@@Hy] complexes have &

structure in which one pair of €H bonds is about 1.2 A in length and the other pair is about 1.1 A. The
barrier height for the methane inversion is significantly decreased from 109 kcal/mol for free methane to
43—48 kcal/mol on the late transition-metal complexes’(E#,), Co™(CH,), Nit(CHg), and Cu(CHyg). Since

each activation energy involves the binding energy of the complex (16 kcal/mol on the average), the actual
barrier height should be lower by this quantity if measured from the dissociation limit. The inversion of methane
can therefore occur at the transition-metal active center of catalysts or enzymes under ambient conditions
through a thermally accessible transition state, and it would reasonably lead to inversion of stereochemistry at
a carbon atom in catalytic reactions of hydrocarbons. 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

hydrocarbon hydroxylations and other related reactions.

Introduction
In 1970, Hoffmann, Alder, and Wilcdx suggested the

transformation of tetrahedral to planar methane through a

symmetry-allowed process for either a twistingy (~ D, —
D4n) or a squashingTy — D2g — Dan) pathway. Their extended
HuckeP calculations told us thal; methane is more stable than
D4n methane with identical bond lengths of 1.10 A by 127 kcal/
mol. CNDC® and approximate ab initio Hartreé&ock (HF}
calculations yielded 187 and 249 kcal/mol, respectively, for the

level® 171 kcal/mol at the HF/6-31G* levéland 160 kcal/
mol at the MP2/6-31G* level? Crans and Snyd&r predicted
from MNDO and PRDD®3*GVB! calculations using a
multiconfigurational wave function that the open-shell singlet
state of'B,, symmetry should lie 2530 kcal/mol below the
closed-shellAq state.

Calculated normal-mode vibrational frequencies play an
essential role in the characterization of a molecular potential
energy hypersurface. Unfortunately, no vibrational analysis was

same quantity. The results of this investigation have stimulated cai€d out until recently for the supposBu transition state

experimental and further theoretical studies. The synthesis of
compounds containing a planar-tetracoordinate carbon (the so

called “anti van't Hoff/LeBel structure”) that are stable enough

to be isolated and characterized under ambient conditions has

continued to be a challenging targelore recent intensive
calculations, by Collins et af.afforded 240 kcal/mol at the
HF/STO-3G level of theory,168 kcal/mol at the HF/4-31G
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for the inversion of methane. In 1993 Gordon and Schthidt
demonstrated from detailed analyses of Hessians (matrix of
energy second derivatives) that thg, square planar structure

is not a true transition state for the inversion of methane. It
was found from detailed vibrational analyses that the closed-
shell A4 state with aDa, structure has three imaginary
vibrational modes of B, Az, and & symmetry, and the open-
shell 1By, state also has two imaginary modes of, Bnd Byg
symmetry. Since a true transition state, a saddle point on a
potential energy surface, should have only one imaginary mode
of vibration, these singlet states wiby, structures are not a
transition state.

The true inversion transition state was found to have a
distortedC; structure'® being quite different both geometrically
and energetically from the previously presumed square-planar
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along the reaction coordinate is complicated, as indicated in Figure 1. Geometries of th&q global minimum and th€s transition
Scheme 1. This transition state is 125.6, 117.9, and 117.0 kcal/state for the inversion of free methane. The bond distances are in

mol higher in energy than the global minimum of tfAg
structure at the MCSCF/TZ¥+G(d,p), SOCI/TZ\W+G(d,p),

and SOCI/TZ\W+G(d,p) with Davidson correction levels of
theory, respectively® Since this barrier height is larger than
the C-H bond dissociation energy of 104 kcal/mol, methane
is unlikely to undergo such interesting inversion under ambient
conditions. TheC;s transition state exhibits a rather strange
pyramidal structure that we cannot intuitively imagine; one pair
of C—H bonds is computed to be 1.316 A in length and the
other pair 1.131 A.

On the activation of the €H bonds of small alkanes, there
has been considerable experimetftaind theoretical work.

angstroms, and the bond angles (italic) are in degrees. The arrows in
the transition state indicate the transition vector.

inversion occurs on a methamecomplex. The purpose of our
work is to investigate whether the inversion of methane occurs
reasonably well at the transition-metal active center under
ambient conditions through a thermally accessible, low-lying
transition state. We will answer with a “yes” in respect of this
guestion. On the basis of the mechanism which is a concerted
process, we will give an alternative explanation for the inversion
of stereochemistry at a carbon atom observed in catalytic
reactions of hydrocarbons.

Alkane or methane complexes are proposed to be possibleResults and Discussion

intermediates involved in €H bond activation reactions. Since

the C-H bonds of methane can be weakened on transition-
metal complexes, we consider that the barrier height of the
methane inversion should be significantly decreased if the
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Inversion of Free Methane. We first reproduce the true
transition state as well as the reaction pathway for the inversion
of free methane with the B3LYP method of Bet¢kand Lee,
Yang, and Par¥) a hybrid (density-functional-theory/Hartree
Fock) method. The preparative computations are necessary for
us to have a better understanding of the interesting inversion
of methane at the transition-metal active center because the
transition-state structure and the reaction pathway are somewhat
complicated, as mentioned above. This also seems a good test
for the performance of this popular density-functional-theory
(DFT) method. A detailed description of our computations will
be given later in this paper. From B3LYP computations, it was
shown that the closed-shéh g state with a planaba, structure
also has three imaginary vibrational modes and thatAhstate
with a Cs structure has only one imaginary mode. T@Gg
transition state was computed to lie 21.4 kcal/mol below the
D4 methane. Let us briefly discuss the geometry change and
the reaction pathway of the inversion via tBemethane. Figure
1 shows optimized geometries for tfig global minimum and
the Cs transition state of methane, in which the imaginary mode
of vibration is indicated for the transition state. Since we found
only one imaginary mode of 1610i crhfor this Cs structure,
this corresponds to the true transition state for the inversion of
methane. The imaginary mode in the transition state indicates
nuclear motions along the preferred reaction pathway. One pair
of C—H bonds of theC; transition state is 1.227 A in length,
and the other pair is 1.117 A. The bond angle efE&H for
the long C-H pair is 43.5, and that for the short €H pair is
95.9. The activation barrier for this transition state was
computed with zero point vibrational energy corrections to be
109.4 kcal/mol. This barrier height is a little larger than the
energy that is required to break a-@ bond of methane (104
kcal/mol). These B3LYP DFT computational results are thus
in quantitative agreement with the earlier high-level, multicon-
figurational analyses of Gordon and Schniftt.

The energy profile and the geometrical change along the
intrinsic reaction coordinate (IR&)for the inversion of methane
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Figure 2. Energy profile and geometrical change along the intrinsic Scheme 3

reaction coordinate (IRC) for the inversion of free methane. Corrections ty

of zero point vibrational energy are not included in the IRC analysis. —— —

are shown in Figure 2. Note that the barrier height in this ()

. . . . . Empty acceptor
illustration is not exactly 109.4 kcal/mol since zero point orbitals
vibrational energy corrections are not included in the IRC

analysis. It is essential to understand the complicated movement
of H atoms that leads to the inversion of methane viaGhe

7
transition state. The present IRC profile is, of course, consistent t /// Filled donor orbitals
i

with the previous one propounded at a higher level of thédry. e e fefe
Thus, we are able to reasonably derive excellent descriptions N
of the inversion of methane from B3LYP DFT computations, Methane ML, complex

particularly in the molecular geometries, the reaction pathway,
and the activation energy of the transition state. The method of vView of its molecular orbitals. The molecular orbitals of methane
choice is therefore appropriate for the issue of this paper. from an extended HtkeP calculation are indicated in Scheme

Methane Inversion at Transition Metals. Having described 2. Itis essential for our discussion presented below to note that
the inversion of free methane, let us consider in this section the 3-fold degenerate HOMO is C-H bonding (in-phase) and
how differently the inversion of methane proceeds at the that the § LUMO is C—H antibonding (out-of-phase). The
transition-metal active center. As mentioned above, alkane HOMO—LUMO gap is about 20 eV, and therefore methane is

complexes are accepted intermediates proposed to be involved very hard hydrocarbon with unusually strong & bonds. In

in C—H bond activation reactions. The b|nd|ng of methane to view of these frontier Orbitals, the-€H bonds of methane can

Sd‘l FeF, CoJr, Rh+, and Irt has been theoretica”y studied by be weakened when the LUMO is partly filled or the HOMO is

Morokuma and collaboratof™P Recently, related methane partly unfilled as a result of electron transfer or orbital interaction

Comp|exes have been extensive|y investigated using modernWith other molecules, particularly with transition-metal com-

spectroscopic techniqués.Low-temperature photolysis of  plexes.

CH3CoH to give theo-complex, Co(CH), was reported by As indicated in Scheme 3, the-& bonds of methane are

Billups et al.2Y their FTIR matrix isolation spectroscopy in solid  activated on transition-metal complexes because of both the

argon demonstrated that the methane is significantly distorted electron transfer from the methaneHOMO to the unfilled

on the cobalt complex. It is therefore of general interest to d-block orbitals of complexD and the electron transfer from

consider whether the inversion of methane reasonably occursthe filled d-block orbitals to the methang tUMO ®. This

at the transition-metal active center of the complex. Our main schematic representation has been successfully used in describ-

purpose of this paper is to study whether the barrier height is ing the activation of methane and dihydrogen on both discrete

decreased from the value for free methane so that it could servetransition-metal complexes and transition-metal surfA6&3n

as a thermally accessible, low-lying transition state. the basis of this qualitative picture, we have discussed the
Before we present DFT computational results, it would be activation of methane and its conversion to methanol on the

useful to consider the activation of methane from a point of diiron active site of soluble methane monooxygenase (M&O).

We can expect that the formation of a metharreomplex

1152?72? T(krsvlﬂrk'u?éﬂg.%?‘é‘ié&ﬁ?ﬂaﬁ‘go} ﬁ?'ﬁhr;'s'cgﬁg‘m%%?gg should result in a small activation energy for the inversion of

8344. (c) Ranasinghe, Y. A.; MacMahon, T. J.; Freiser, B. ®hys. Chem methane because the-El bonds of methane are weakened as

1991, 95, 7721. (d) Van Zee, R. J.; Li, S.; Weltner, W., Jr.Am. Chem. a consequence of the orbital interactions. Our qualitative

Soc 1993 115 2976. (e) Carrol, J. J.; Weisshaar, J.JCAm. Chem. Soc it i i i i i
1003 115 800, (f) Burger. P.. Bergman, R. G. Am. Chem. Sd993 prediction is quite reasonable from a theoretical viewpoint.

115, 10462. (g) Schaller, C. P.; Bonanno, J. B.; Wolczanski, R im. Clearly, ab initio computations are necessary for quantitative
Chem. Soc1994 116, 4133. (h) Zhang, X.-X.; Wayland, B. Bl. Am.
Chem. Soc1994 116, 7897. (i) Billups, W. E.; Chang, S.-C.; Hauge, R. (22) (a) Yoshizawa, KJ. Biol. Inorg. Chem1998 3, 318. (b) Yoshizawa,

H.; Margrave, J. LJ. Am. Chem. Sod995 117, 1387. (j) van Koppen, P. K.; Hoffmann, R.Inorg. Chem1996 35, 2409. (c) Yoshizawa, K.; Yamabe,
A. M.; Kemper, P. R.; Bushnell, J. E.; Bowers, M. I.Am. Chem. Soc T.; Hoffmann, R.New J. Chem1997, 21, 151. (d) Yoshizawa, K.; Ohta,
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Table 1. Computed Barrier Heights (in kcal/mol) for the Inversion ~ Scheme 4

of Methane on the M(CH,4) Complexes, in Which M Is the

First-Row Transition-Metal lons. The Values Indicated Are AN T JH H
Measured from the M(CH,) Complexes, and Actual Barrier MO B ML G H T M Nt
Heights Should Be 16 kcal/mol Lower on the Average If Measured *~Hf‘/ \ /
from the Reactants. The Symmetry Labels Indicated Are for the H H H
Transition States n2-H,H n*HHH n'-H n%CH
complex low spin  high spin  complex low spin  high spin A

; . Table 3. Computed M-C Distances (in A) of the Reactant
if(CH“) 64.1 (lA,? 64.8¢ ,) N " , Complex M"(CH,4) and Energy Differences (in kcal/mol) between

i*(CH;) 58.8@A") 55.4(A") Fe"(CHy) 47.9¢A") 59.2 (A" the Hiah-Soi pine .

, , . , gh-Spin and Low-Spin States. A Plus Value in the Energy
VT(CHy)  64.6¢A) 651FA) Co'(CHy 46.0(A") 59.0(A) Difference,AE = E(HS) — E(LS), Means That the Low-Spin State
Crt(CHs) 52.3(¢A") 58.3F€A") Ni*(CH; 48.4@A") 55.9¢A") Is the Ground State :
Mn*(CH;) 53.2¢A") 65.5(A) Cut(CHs;) 47.9(A") 43.1¢A)

complex low spin high spin AE

Table 2. Computed Total Charges of Methane in the Reactants Sc'(CHs)  2.210 ¢° nearlyCs) 2.425 (% nearlyCs) —10.7
and the Transition States. Values in Parentheses Are for the Tit(CHs)  2.456 (in between?  2.278 ° nearlyCs)  —4.2
Transition States andr®)

: —— : — VH(CHy)  2.456 ¢ nearlyC,,) 2.472 @2, Cz) -18.4
complex lowspin  highspin complex lowspin  high spin Cr-(CHy) 2.354 @2 nearlyCy) 2.404 2, Ca,) —34.4
ScH(CHs) 0.13(0.27) 0.11(0.19) F¢CH.) 0.08(0.26) 0.07 (0.20) Mn*(CH,) 2.299 ¢° nearly G,) 2.768 ¢° nearlyCs) —13.4
Ti*(CHs) 0.11(0.21) 0.09 (0.20) C@CHs) 0.02(0.25) 0.07 (0.21) Fe'(CH)  2.373 (% Cy) 2.780 % Ca) 0.2
V+(CHs) 0.10 (0.20) 0.07 (0.20) N{CHs) 0.06 (0.18) 0.09 (0.24) Co"(CHy) 2223 (7% Cz) 2.633 (% nearlyCs,) 9.2
Crt(CHs) 0.10(0.25) 0.06 (0.20) CYCHs) 0.04(0.22) 0.07 (0.30) Ni*(CHs)  2.204 ¢% Cp,) 2.613 (>-C,H) 14.2
Mn*(CHs) 0.11(0.26) 0.05 (0.16) Cu"(CHs)  2.083 (7% Cz) 2.590 (% nearlyCs,)  60.3

discussion on the inversion of methane an@omplex through
a low-lying transition state.

We carried out systematic B3LYP computations on the
MT(CHg) o-complexes and the transition states for the inversion
of methane on the complexes, in which*Ms a first-row
transition-metal ion from Stcto Cut. Computed values of the We next look at optimized structures of the reactant (
activation energy for the inversion of methane on thg(@Hy,) product) and the transition state for the inversion of methane
o-complexes are listed in Table 1. As we expected, the activation on the M"(CH,) complexes. There are, in general, two kinds
energy is significantly decreased from 109 kcal/mol for free of preferred binding modes for methane, teH,H and#3-
methane to less than 50 kcal/mol in some of the spin states ofH,H,H modes indicated in Scheme 4. Although we do not show
the methane complexes. These values, of course, include zera dotted line between the carbon atom and the ibh, this
point vibrational energy corrections. Note that the low-spin states interaction is found from orbital interaction analyses to be more
of the late transition-metal ions and the high-spin state of the dominant than that between a hydrogen atom and thedvi
Cu" ion afford small values of less than 50 kcal/mol. Itis43 in the two binding modes. Thg-H and#,?-C,H modes indicated
48 kcal/mol on the FgCHg), Co"(CHs), Nit(CH,), and in Scheme 4 are rare. It is of general interest to systematically
Cu*(CH,) complexes. It seems to us that these activation investigate which binding mode is energetically preferred in such
energies would still require high temperatures for the inversion methane complexé$™P As mentioned above, most of the
of methane to be facile. It is our concern whether such low- methane complexes investigated tageH,H and #3-H,H,H
lying transition states are thermally accessible or not. Since eachmodes, as listed in Table 3. It is difficult to derive a reasonable
activation energy indicated in Table 1 involves the binding conclusion from the present computational results in respect to
energy of the M(CHg,) complex (16 kcal/mol on the average), preferred binding mode, but the low-spin states are likely to
the actual barrier height should be lower by this quantity if prefer they?-H,H mode and the high-spin states tjfeH,H,H
measured from the dissociation limit, i.e., the transition-metal mode. The doublet state of the*{CH,;) complex prefers an
ion and methane. Moreover, we think that the kinetic energy intermediate between thg-H,H and#3-H,H,H modes, and the
that the reactants initially possess can in part overcome thequartet state of the N{CH,4) complex prefers an?-C,H mode.
activation barrier. Thus, we think that the transition states should Computed values of energy differena®e = E(HS) — E(LS))
be thermally accessible. between the high-spin and low-spin states of th&(@H,)

Computed values of the total charge of methane are listed in complexes are also listed in Table 3. The high-spin states are
Table 2. The charge transfer in the'{CH,) complexes is not preferred in the early transition-metal complexes whereas the
so large, but this result is a clear indication of methane activation low-spin states are more stable in the late transition-metal
on theo-complexes. The activation energies seem to be small complexes.
when the amount of apparent charge transfer is small on the Let us next look in detail at the Fecomplex. Our B3LYP
o-complexes. In the early transition-metal ions, donation from computations demonstrate that the"#&H,) complex exhibits
the metal to the methane is unlikely to play a role and back- 72-H,H binding modes in both spin states, as shown in Figure
donation from the methane to the metal is dominant, and as a3. The H-C—H angle near the Feion was computed to be
result the total charge of methane is large. On the other hand,approximately 118in both spin states of the FECH,) complex.
in the late transition-metal ions, both donation from the metal This structure is significantly stabilized by both the donor and
and back-donation from the methane are operative, and thereforghe acceptor interactions in Scheme 3. The-Eedistance of
the total charge of methane is small, due to cancellation. As athe reactant (or product) complex is 2.373 A in the quartet state
consequence, the methane on thg(®H,) complexes becomes  and 2.780 A in the sextet state, being in line with a general
rather “soft” compared to free methane especially on the late feature of transition-metal complexes, namely, that the metal
transition-metal complexes, due to both the donor and the ligand distance in a high-spin state is longer than that in a low-

acceptor interactions indicated in Scheme 3. Clearly, the charge
transfers or the orbital interactions result in the small values of
methane inversion energy listed in Table 1. We therefore expect
that the inversion of methane and alkanes should reasonably
occur at the transition-metal active center af-aomplex.
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Figure 3. Optimized structures of ther-complex C) and the Figure 4. Energy profile and geometrical change along the intrinsic
transition state ) for the inversion of methane on the KEH,) reaction coordinate (IRC) for the inversion of methane on th&éE,)

complex. The bond distances are in angstroms, and the bond anglesomplex. Corrections of zero point vibrational energy are not included
(italic) are in degrees. The arrows in the transition states indicate the in the IRC analysis.
transition vector.

spin state. The electron transfer from the methane to the Fe 2
ion resulting from the formation of the F&C as well as the
Fe—H bonds plays a significant role in the activation of methane, i 4

as mentioned above. Sy \
4s +- 15a"
T A

Computed vibrational mode frequencies for free methane and
the Fe'(CH,) complex are listed in the Supporting Information.
Agreement with experimental results is excellent for the
vibrational frequencies, calculated wavenumbers of methane
being accurate within a range of +.3.6%. The conventional
Hartree-Fock method in general overestimates molecular
vibrational frequencies by typically 10%; this hybrid DFT
method is therefore very useful for vibrational analyses. The
3-fold (T») and 2-fold E) degenerate modes Ty methane split
into three and two bands, respectively, in the distor@g
structure §%H,H mode) of the F&CH,;) complex. Such
splitting is experimentally observable in the cobalt complex from
measurements of FTIR matrix isolation spectrosc8pirhe
main change in the vibrational modes of the" f&@&H,) complex
is a slight downshift in wavenumber, but each degenerate mode
of the complex exhibits a higher wavenumber than the value reaction intermediate in €H bond activation reactions, we

Energy (eV}
o0
1
1
g

Figure 5. A fragment molecular orbital (FMO) analysis of the
transition state for the inversion of methane on the(Eéls) complex.
The spin state indicated is sextet.

of the original degenerate mode. expect that the inversion of alkane should reasonably occur,
The computed transition states for the"Frmplex have a leading to loss of stereochemistry at a substrate carbon.

C; structure, in which one pair of€H bonds is 1.182 (1.187) Fragment Molecular Orbital Analysis. To find a good

A in length and the other pair is 1.107 (1.109) A in the quartet reason why the barrier height for the inversion of methane is

(sextet) state. The bond angle ofl8—H for the long C-H low on the low-spin states of the late transition-metal complexes

pair is 49.3 (48.6%), and that for the short €H pair is 97.9 M™(CHyg), we performed a fragment molecular orbital (FMO)
(96.7), in the quartet (sextet) state. Note that the-Eedistance analysis. Our method of choice is the extendéadhkélimethod?

is significantly decreased in the transition state compared to This approximate molecular orbital method should model
that in theo-complex. The imaginary frequency of 1610i ch general orbital energy trends and orbital interactions reasonably
for free methane is reasonably shifted down to 968 &in well. At the center of Figure 5, the molecular orbitals of Ge
the quartet state and 1066i ciin the sextet state. The transition state are constructed from the molecular orbitals of
downshift of frequency reasonably corresponds to the lowering the F& and the CH fragments. The 3-fold degenerag¢OMO

of barrier height for the transition state. IRC analyses confirmed of methane splits into one at12 eV and two at—16 eV,
that the transition state correctly leads to the equivalent according to the distortion of methane. The HOMGC-di2 eV
minimum in both the forward and reverse directions, as shown interacts with one of the 3d orbitals of theFi®n, leading to

in Figure 4. Thus, the transition state shown in Figure 3 is, in the in-phase combination atl4 eV (118) and the out-of-phase
fact, the true transition state for the inversion of methane at the counterpart at-12 eV (144), while the two orbitals of methane
Fe" active center. If such an alkane complex is formed as a at —16 eV have no interaction with the Féon. The in-phase
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Figure 6. Optimized structures of the-complex Cs) and the transition
state Cs) for the inversion of propane at the central carbon atom on
the Fe(C3Hg) complex of the quartet state. The bond distances are in
angstroms, and the bond angles (italic) are in degrees. The arrows in
the transition states indicate the transition vector.

one is doubly filled, and the out-of-phase one singly filled. The
154 orbital, which comes mainly from the 4s and 4p orbitals
of the Fe ion, lies 4 eV above the d-block orbitals around?2
ev.

The sextet and quartet states arise whether thedtbaal at
—8 eV is filled or not, respectively. The quartet transition state
lies 10 kcal/mol below the sextet transition state in the(Etl,)
complex. Although explicit electronelectron interactions are
not included in the extended ldkel method, we can gain some

J. Am. Chem. Soc., Vol. 121, No. 22,5999

Inversion of Stereochemistry at the Substrate Carbon.
Alkanes are in general considered to be among the most inert
substrates for selective chemical functionalization. The so-called
Fenton reactiott is a rare example of a successful hydroxylation
of hydrocarbons using the F&H,0, system as a catalyst. In
recent years there has been great interest in thid @ctivation
of small alkanes, particularly methane, in the hope of develop-
ing selective conversion of alkanes. Cytochrome Pa50d
soluble methane monooxygenase (MM®)which involve
iron—oxo species as active catalytic centers, are excellent
biological catalysts for such a purpose, although P450 cannot
hydroxylate methane. We should learn much from these
enzymatic systems for developing man-made catalytic systems
of high efficiency.

Accumulated studies have shown that P450- and MMO-
catalyzed carbon hydroxylation reactions proceed with loss of
stereochemistry. Stereochemical scrambling was first observed
by Groves et a¥” in the hydroxylation ofexotetradeuterated
norbornane by rabbit liver microsomes P450. Moreover, the
hydroxylation of ethylbenzene by P450 was reported to proceed
with 23—40% loss of stereochemist?y Also in hydroxylation
by soluble MMO, approximately 2040% inversion of stereo-
chemistry has been observed at labeled carbon atoms for alkane
substrated? The relatively high degree of inversion observed
can be ascribed to flipping of a substrate intermediate that has
a sufficiently long lifetime to undergo configurational inversion.

information about the preferred spin state from an empirical Itis thus generally believ_ed th_at loss of stereqchemistry requires:
criterion within the framework of this one-electron theory; a @ nonconcerted mechanism via a carbon radical as an intermedi-
low-spin state is expected in general to occur in the extended 3€ SPecies, because a carbon atom bearing an unpaired electron
Hiickel method if energy splitting between the two levels is S Planar. This radical mechanism is called "oxygen rebound
more than 1.5 eV® Therefore, the quartet transition state is Mechanism=

predicted to lie below the sextet transition state because the high- On the other hand, Newcomb and coIIabor%%rBave _
lying 154 orbital is vacant in the quartet state. By the same €cently proposed a “nonsynchronous concerted” mechanism
reasoning, the low-spin transition states of the™(@Hs) from measured, short radical lifetimes of less than 100 fs in
Ni*(CH,), and Ctt(CH,) complexes are more stable in energy both P450- and MMO-catalyzed hydrocarbon hydroxylations.
than the corresponding high-spin transition states. Thus, such al €y suggested that the widely believed hydroxylation mech-
one-electron picture is useful for the characterization of a @nism, a radical mechanism, is incomplete or incorrect. Their
transition state in considering what is energetically most stable Proposed mechanism includes a side-on approach of oxygen to

among the possible spin states.

Propane Inversion on the Fe&(C3Hg) Complex. It is
interesting to look at how the inversion of other alkanes takes
place in our stereoisomerization mechanism. Once H atoms of
methane are replaced by bulky groups, the inversion pathway
suggested by us will experience quite enhanced activation
barriers. We therefore examined the inversion at the central
carbon atom of propane on the€3Hg) complex. Figure 6

presents computed structures for the reactant complex and th%

transition state in the quartet state. Although we did not perform
an IRC analysis for the reaction pathway, the imaginary mode
of vibration (1070i cmt) suggests that this saddle point is truly
the transition state for the inversion of propane at the central
carbon atom. The activation energy was computed to be 61.0
kcal/mol at the B3LYP level of theory. This enhancement in
the activation energy is clearly due to the steric effect of the
methyl groups. However, as mentioned earlier, this activation
energy includes the binding energy of the"fésHg) complex
(36.8 kcal/mol), the large binding energy being due to the two
Fe—C bonds and the two FeH bonds. Therefore, the actual
barrier height should be 24.2 kcal/mol if measured from the
initial reactants Fe and propane. We think that this transition
state is also thermally accessible, as mentioned earlier in this

paper.
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proposals of Shteinman for MMO hydroxylati®nand of
Shestakov and Shilov for both P450 and MMO hydroxylati&ns.
Recently, Collman et & proposed the reversible formation of
an agostic complex between an alkane substrate and a high
valent iron—oxo species during the catalytic hydroxylation of
hydrocarbons by P450 models.

We think that the key to understanding the catalytic and
enzymatic hydrocarbon hydroxylations is in a simple gas-phase
reaction. In 1990 Sctider and Schwaf? demonstrated that
the bare Fe® complex, which is generated under ion cyclotron

Yoshizawa et al.

Scheme 6
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model of intermediate of soluble MMO, which has been
proposed to have an Ka-0O,) diamond coré? in a way very
similar to the gas-phase reaction indicated in Scheme 5.
Ancillary ligands are not present in Scheme 6, but in our actual
DFT computations four- and five-coordinate irons were assumed
for the diiron model complex according to the rep8rOur

new concerted mechanism may lead to rejection or reinterpreta-
tion of the widely believed oxygen rebound mechanism for

resonance conditions, converts methane to methanol in a highhydrocarbon hydroxylations by cytochrome P450 and soluble

yield. In recent papers, we have theoretically proposed a “two-
step concerted” mechanism for the methamethanol conver-
sion by the iror-oxo specie¥® and by a diiron model of soluble
MMO.22a37 An important point of our proposal for the reaction

MMO.

The concerted mechanism was also successfully applied to a
direct benzene hydroxylation by an irenxo specied® The
reader may think that this mechanism is likely to always afford

pathway is that methane is activated on a coordinatively retention of stereochemistry at the carbon center of the substrate
unsaturated ironoxo species leading to a methane complex hydrocarbon. However, the inversion of methane can occur on
and that two-step concerted migrations of hydrogen and methyl the reactant-complexes in Schemes 5 and 6. Since the initial

successfully convert methane to methanol at the transition-metalstep of our concerted mechanism is the binding of methane to
active center, as indicated in Scheme 5. The transition statesa coordinatively unsaturated transition-metal active center, the
TS1 and TS2 were confirmed from detailed analyses of intrinsic issue that we addressed in this paper should apply to the bare
reaction coordinate (IRC) to correctly connect the reaction MO* complexes and the diiron analogue. We therefore expect
pathway indicated. Our concerted mechanism is in good that the inversion of methane should occur on such transition-
agreement with the experimental results of Sderoand metal-oxide complexes through a low-lying transition state to

Schwarz3®2 the barrier height of TS1 determines the reaction lead to the observed inversion of stereochemistry. If so, our

efficiencies of MnO, FeO", and CoO and that of TS2
determines the methanol branching rafi#sMoreover, we
showed that the concerted H atom abstraction via the four-
centered TS1 is energetically more favorable than a direct H
atom abstraction via a transition state with a linearHC-OFe
array36e

Various forms of soluble MMO have diiron structures on the
active site®® We have applied the mechanism above to the
methane hydroxylation by soluble MMO, but we have received
a number of serious comments that the reactivity of the bare
FeO" complex is essentially different from that of the active
site of the diiron core of soluble MMO. However, as shown in
Scheme 6, we recently demonstrated from DFT computdiions
that the conversion of methane to methanol can occur on a diiron
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two-step concerted mechanism would successfully explain the
observed loss of stereochemistry that occurs in hydroxylations
by the metalloenzymes. Thus, the radical mechanism (oxygen
rebound mechanis®#) may not be the sole source of the
observed loss of stereochemistry in transition-metal-catalyzed
reactions of hydrocarbons. We think that inversion of stereo-
chemistry can reasonably occur in methaneomplexes that

we have proposed to be formed in the initial stages of the
reaction between the substrate hydrocarbon and—ioxo
species of various forms.

Conclusions

The inversion of methane has been an important subject in
theoretical chemistry since the original work of Hoffmann,
Alder, and Wilcox. The purpose of this work is to shed new
light on the potential meaning of this interesting subject. We
discussed the inversion of methane on thg{®H,) complexes,
in which M* is a first-row transition-metal ion from Scto
Cu™. The methods we used are the B3LYP DFT method and
the extended Hekel method. The transition states for the
inversion of methane in these methane complexes appear to have
an interestingCs structure in which one pair of €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 43-48 kcal/mol on the late transition-metal complexes

(39) Shu, L.; Nesheim, J. C.; Kauffmann, K.;" ek, E.; Lipscomb, J.
D.; Que, L., Jr.Sciencel997 275 515.

(40) Yoshizawa, K.; Shiota, Y.; Yamabe, J. Am. Chem. Sod 999
121, 147.



Inversion of Methane on Transition-Metal Complexes J. Am. Chem. Soc., Vol. 121, No. 22,5293

Fe"(CHj), Co™(CHg), Nit(CHjy), and Cu(CHy). These values  frequency. Zero point vibrational energy corrections were taken into
are much smaller than that for the inversion of free methane account in calculating the total energies of the reactanp(oduct)

(109 kcal/mol) and the energy required for-8 bond cleavage complexes and the transition states. The spin-unrestricted method was
of methane (104 kcal/mol). Therefore, such an inversion can @Pplied to the open-shell systems. Compuf#dvalues confirmed that
reasonably occur at the transition-metal active center of catalystsSPIN contamination included in calculations was very small, within 0.3%
and enzymes through a sufficiently low-lying transition state, Zzﬁgmrgg':i:ﬁg g: eS %gsg;frr‘n g:,ra;'?oné;ﬁ;‘;&%g%ﬂ%ft&:ﬁeyere
leading to the observed inversion of stereochemistry at a carbonyicyyre for the interesting transition state, we performed orbital
atom. We thus consider that a radical mechanism, the so-calledinieraction analyses based on the extendédkelumethod?, imple-
oxygen rebound mechanism, may not be the sole source of themented with YAeHMOP? The standard parameter set collected by
observed loss of stereochemistry in hydrocarbon hydroxylations AlvareZ® was used in the present work, as indicated in ref 49.

and other related reactions catalyzed by transition-metal com-
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