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A concerted mechanism is proposed for the conversion of methane to methanol on intermediate Q of soluble methane
monooxygenase (SMMO), the active species of which is considered to involve an Fe;(¢-O), diamond core. A hybrid
density functional theory (DFT) method is used. Methane is highly activated on the dinuclear iron complex through the
formation of the Q(CHs) complex, in which a four-coordinate iron plays a central role in the bonding interactions between
intermediate Q and methane. An H atom abstraction via a four-centered transition state and a methyl migration via a
three-centered transition state successively occur within the complex, leading to the formation of product methanol. The
reaction pathway for the methane hydroxylation on the diiron complex follows the mechanism for the gas-phase reaction
by the bare FeO* complex described in a previous paper (K. Yoshizawa, Y. Shiota, and T. Yamabe, Chem. Eur. J., 3, 1160
(1997)). Our mechanism for the methane hydroxylation by sSMMO is against a radical mechanism which has been widely
believed to play a role in hydrocarbon hydroxylations by cytochrome P450.

Activation of methane'™ has attracted increased atten-
tion in recent years because of its scientific and industrial
importance. In particular, methanol prepared from meth-
ane is of great interest as an important energy source in the
coming twenty-first century. A commercial process for the
production of methanol from natural gas which mainly con-
sists of methane involves two-step reactions, (1) and (2), via
the formation of synthesis gas, i.e., carbon monoxide and
dihydrogen.>® The Fischer~Tropsch reaction converts syn-
thesis gas into a mixture of long-chain alkanes and alcohols,
important fuels for internal-combustion engine and thermal
power generation.

CHa(g) + HoO(g) — CO(g) + 3Ha(g) )]
AH°® =49.3 kcal mol ™!

CO(g) +2H,(g) — CH30H(g) 2
AH® = —21.7 kcal'mol ™

Direct conversion of methane to methanol, indicated in
reaction (3), is an energetically favorable process compared
with the available commercial one, and thus it is of intense
current interest in pure and applied chemistry.

CHi(g) +1/20,(g) — CH30H() 3)
AH® = —30.7 kcal mol !

Methane monooxygenase (MMO),'? which exists in some

methanotrophs as an iron-containing soluble form and a cop-

# In memory of Professor Kenichi Fukui, a chemist who increased
our understanding of chemical reactions.

per-containing membrane form, catalyzes the direct meth-
ane hydroxylation efficiently under physiological conditions.
This enzyme greatly contributes to the preservation of the en-
vironment through limiting the release of methane into the
atmosphere, because this greenhouse gas is produced in enor-
mous quantities in the environment as the primary product of
anaerobic metabolism by methanogenic bacteria. Structural
analyses of various intermediates of soluble MMO (sMMO)
have been extensively performed. The key intermediate
Q of sMMO, the species responsible for direct reactivity
toward methane, has been proposed to involve a high-va-
lent dinuclear Fe(IV) complex.’” Que, Lipscomb, and their
collaborators'? have recently suggested from Mossbauer and
EXAFS analyses that the active site of intermediate Q should
involve an Fe,(u-0), “diamond” core. Although X-ray
structural analyses have not yet been successful for interme-
diate Q, the first coordination sphere around the two iron sites
has been proposed to consist of 4.5 O/N on the average.'?
The gas-phase C—H and C—C bond activation of small
hydrocarbons by various transition-metal-oxide ions and
bare metal cations have been extensively investigated in
Schwarz’s'® and Armentrout’s'® laboratories. Detailed anal-
yses of various gas-phase reactions of methane, higher al-
kanes, alkenes, benzene, and other compounds with the bare
MO* complexes have been carried out, in which M is a
first-row transition metals. The methane—methanol conver-
sion by FeO* is of great interest, since this process may be
viewed as a simple model for catalytic and enzymatic alkane
hydroxylation. On the basis of experimentally determined
isotope effects, Schroder and Schwarz!*® have suggested that
a reaction species, HO—Fe*—CHj, plays a central role in the
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reaction between FeO* and CHy. A similar reaction species,
HO-Co™CHjs, has been also suggested by Armentrout et
al.'¥ to play an important role in the gas-phase reaction of
methane with CoO*.

On methane and C—H bond activation, there has been
a large amount of theoretical work by Saillard and
Hoffmann,'”® Goddard et al.,'® Siegbahn, Blomberg, and
their collaborators,'” Ziegler et al.,'® Morokuma, Koga, and
their collaborators,'” Sakaki and Ieki,?® and Cundari.?® In
a recent paper,”? we have proposed two kinds of reaction
pathways for the gas-phase methane—methanol conversion
by FeO* on the basis of Fukui’s IRC (intrinsic reaction co-
ordinate)™ analysis coupled with density functional theory
(DFT) calculations. We have shown that the reaction path-
way via the hydroxy intermediate (HO-Fe*—CHj) is ener-
getically more favorable than the other one via the methoxy
intermediate (H-Fe*~OCH3). The favorable reaction path-
way we have proposed from detailed computational analyses
is indicated in Scheme 1

From extended Hiickel as well as DFT calculations,
we have proposed that the concerted mechanism in Scheme 1
should also play an important role in the enzymatic methane
hydroxylation by sMMO. An important difference between
the gas-phase and enzymatic reactions is the charge states
of the active iron species; the formal charge of the iron
active center in the enzymatic reaction is +4 while that in
the gas-phase reaction is +3. The C—H bonds of methane
are significantly weakened by the formation of the reactant
complex, Q(CHy), which is weakly bound through Fe—C as
well as Fe—H bonds. We have indicated that successively
occurring H atom abstraction and methyl migration at the
iron active center lead to the final product complex involving
methanol as a ligand. Our proposal®**—2 argues against
a widely accepted radical mechanism for hydrocarbon hy-
droxylations by cytochrome P450, i.e., the so-called oxygen-
rebound mechanism.””

Siegbahn and Crabtree® recently proposed from DFT cal-
culations that the conversion of methane to methanol on a
dinuclear model complex of intermediate Q of sMMO should
occur in a way similar to the oxygen-rebound mechanism for
alkane hydroxylations by cytochrome P450. The first step
of the proposed mechanism is a direct H atom abstraction
by a ferryl “oxygen” in the dinuclear complex. They have
proposed that a linear C-H—-O array should occur in the tran-
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sition state for H atom abstractions by iron-oxo species. The
mechanism of Siegbahn and Crabtree?® and ours??*—29 are
strikingly different in the early stages concerning H atom
abstraction from methane.

In this article, we propose from DFT computations that
the conversion of methane to methanol on intermediate Q of
sMMO should occur reasonably well on the basis of the con-
certed mechanism (indicated in Scheme 1) for the gas-phase
methane hydroxylation by MnO*, FeO*, and CoO*.>* In a
previous short paper,”® we discussed the first half of our con-
certed reaction pathway (an H atom abstraction from meth-
ane) on a diiron model complex of intermediate Q which
involves an Fe;(u-0), “diamond” core. One of the two iron
centers of the dinuclear model complex is responsible for this
important enzymatic reaction. We discuss here the entire re-
action pathway for the conversion of methane to methanol in
detail.

Diiron Models and Method of Calculation

Our theoretical models of intermediate Q of sMMO are indi-
cated in 1 and 2 (Chart 1). These models contain an Fe,(¢-0),
diamond core with a p-carboxylato bridge that is a common fea-
ture in the structures of diiron enzymes, following the suggestion
by Lipscomb, Que, and their collaborators.'? From their EXAFS
analyses, the first coordination sphere around the two iron sites of
Q has been proposed to consist of 4.5 O/N on the average, as men-
tioned. Thus, we set up the two diiron models as follows: 1 in
which the two irons are both five-coordinate and 2 in which the two
irons are five- and four-coordinate. We used aqua ligands to form
the four- and five-coordination environments of the iron centers in
these models. The formal charge of each iron is +4, that of the
oxo species —2, that of the carboxylato bridge —1, and the water
ligands neutral; as a consequence the total charge of each model
complex is +3.

The Gaussian 94 program package®® was used for hybrid
(Hartree—Fock/DFT) B3LYP calculations.”*> The B3LYP method
consists of the Slater exchange, the Hartree-Fock exchange, the
exchange functional of Becke,?" the correlation functional of Lee,

3+ 3+
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HO——pe_ o ,7e-——0H2 \\ o— /
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Yang, and Parr (LYP),*? and the correlation functional of Vosco,
Wilk, and Nusair.>® The contribution of each energy to the B3LYP
energy expression of Eq. 4 was fitted by Becke®'® empirically on
a reference set of molecules. We used the double-{ valence ba-
sis set (8s5p5d)/[3s3p2d]** with the ECP (effective core potential)
replacing core electrons up to 2p for the Fe atom, and the stan-
dard doublef basis sets® for the H, C, and O atoms. These basis
sets are referred to as Lan.2DZ following the basis set code of the
Gaussian 94 program. Excellent performance of the B3LYP method
combined with effective core potentials was recently reported for
iron-containing complexes.>®

EBBLYP=(1 ——d())E,S(later-I-aoEJ;F+axE§eCke+acEf;YP+(l —ac)EXWN(4)
ap=0.2, a; =0.72, a. =0.81

We optimized local minima corresponding to reactant complex,
reaction intermediate, and product complex and saddle points cor-
responding to transition states (T'Ss) using the B3LYP method. We
could not perform systematic vibrational analyses for the large di-
nuclear systems in spite of our best efforts because the Lanl.2DZ
basis set do not allow analytical evaluation of Hessians. However,
essential parts of the optimized geometries are quite similar to those
for the gas-phase methane hydroxylation by FeO* and thus we think
that the geometry optimizations were correctly performed.

The spin states of 1 and 2 were set to be singlet, following the
Méossbauer observation by Lipscomb and collaborators.'? Accord-
ingly, we used the spin-restricted version of the B3LYP method for
geometry optimizations to have a first insight concerning the reac-
tion pathway. Clearly, this restriction is theoretically not sufficient
since antiferromagnetic coupling between the two Fe(IV) species
(with S =2 or 1) is appropriate for the observed singlet state of inter-
mediate Q. However, we do not think that the essential geometrical
features of reaction species along the reaction pathway are spoiled
by this methodological shortcoming.*”

In order to have a better understanding of the reaction pathway,
further spin-unrestricted calculations were carried out to refine the
potential energy surface from spin-restricted calculations. We at-
tempted to obtain broken-symmetry singlet states in which the two
Fe(IV) species are antiferromagnetically coupled. However, it was
impossible to obtain such broken-symmetry solutions within the
framework of the present DFT method, in spite of our best efforts.
We therefore performed spin-unrestricted calculations in the nonet
states in which two quintet Fe(IV) species are ferromagnetically
coupled. Since Siegbahn and Crabtree? also adopted this spin
state for their DFT calculations at the same level of theory, the
contrast between the two reaction mechanisms will become clear.
The local environment at each iron center in the nonet state is es-
sentially the same as that in the antiferromagnetically coupled high-
spin Fe(IV) species, while in the nonet state they are ferromagnet-
ically coupled between the two irons. Since one iron center in the
dinuclear complex plays an essential role in the methane hydroxy-
lation in our reaction mechanism, we think that calculations under
the constraint of the nonet state would not lead to significant erro-
neous conclusions. Computed (S?) values before annihilation of
spin contamination lie in a range of 20.1 —20.4 and they are close
to 20.0 after annihilation, the exact value for a nonet state being
20, so that the spin contamination included in spin-unrestricted cal-
culations is negligibly small. In order to have a better insight into
this important enzymatic reaction, orbital interaction analyses were
performed using the extended Hiickel method,*® implemented with
the YAeMOP program package.*” This approximate molecular or-
bital method describes general orbital energy trends, major charge
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shifts, and orbital interactions reasonably well.

Energetics for the Methane Hydroxylation on a Diiron
Complex

The most important stage in our concerted mechanism s an
encounter of intermediate Q and substrate; one of the “iron”
active centers of intermediate Q and methane come into con-
tact to lead to the formation of the Q(CH,) complex. This is
strikingly different from a conventional radical mechanism
that assumes a linear C-H-O array in its transition state.. We
found from detailed DFT computations that methane can be
bound to a four-coordinate iron, but not to a five-coordinate
iron. Thus, model 2 that involves five- and four-coordinate
irons is more adequate for our concerted reaction mechanism
than model 1 that involves two five-coordinate irons. This
computational result may have a relevance to the proposed
structure of intermediate Q, in which the average coordina-
tion number around each iron center has been suggested from
EXAFS analyses to be 4.5.12 Methane is significantly acti-
vated through the complex formation; note that the methane
in this complex is five-coordinate if we take an Fe—C bond
into account.?*?

A potential energy diagram (from spin-restricted calcula-
tions) for the methane—methanol conversion on model 2 is
shown in Fig. 1. Essential parts for the optimized structures
of the reaction species on the potential energy surface are
also illustrated in this diagram, in which water ligands are
not present, but exist in actual DFT computations. The reac-
tion pathway is essentially identical to the one we indicated
in Scheme 1. At first sight, the potential energy surface
in Fig. 1 is downhill toward the product complex, so that
we expect the direct methane hydroxylation to occur quite
smoothly on this dinuclear complex.

Let us next look at the energetics of the reaction path-
way. The binding energy for the 2(CH4) complex was com-
puted to be 27.3 kcal mol~!, which is roughly consistent
with 22.8 and 22.2 kcalmol~! for the OFe*(CH,) complex
in the ground sextet state and the low-lying excited quartet
state, respectively.” Although the binding energy depends
on the total charge of the complexes, the bonding occurs
in similar manners in OFe**(CHy4), OFe*(CH,), and OFe-
(CH,).“> The bonding in the 2(CH4) complex is slightly
affected by a charge-induced dipole effect, but it is mainly
due to a direct consequence of the formation of Fe-C as
well as Fe—H bonds through important orbital interactions.
The methane C—H bonds are significantly activated on the
complex through the orbital interactions between the d-block
orbitals of the dinuclear complex and the HOMO of meth-
ane, as indicated by interaction () in the diagram of Saillard
and Hoffmann (Scheme 2).*Y The unoccupied nonbonding
d-block orbital originates from a coordinatively unsaturated
irom, i.e., the four-coordinate iron in the model complex 2.
Since the LUMO of methane is high-lying compared with
the d-block orbitals, interaction (D is more dominant than
interaction Q) in activating methane C—H bonds.?* In fact,
the calculated total charge of the methane in the reactant
complex, 2(CHy), is +0.47, due to the significant orbital in-
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teraction (1) as well as the charge-induced effect. After that
a concerted H atom abstraction occurs at one of the iron cen-
ters via the four-centered transition state (TS1) to lead to the
hydroxy intermediate, as shown in the illustration in Fig. 1.
The activation barrier was calculated to be 31.6 kcal mol ™!
from spin-restricted B3LYP calculations.

The hydroxy intermediate thus formed is then converted
into the product complex via the three-centered transition
state (TS2), as indicated in Fig. 1. The activation barrier for
TS2 was computed to be only 4.6 kcal mol and we therefore
expect that the methyl migration should occur quite easily
to lead to the product complex that includes methanol as a
ligand. Since this intermediate is extremely stable, nearly
90 kcal mol ™! is necessary to liberate the product methanol
from the dinuclear complex. This result would partly arise
from our model setting. The charge-induced complexation
in the product complex would not allow a fragmentation into
tricationic and neutral species; we think that it should prefer
a dissociation into dicationic and monocationic species. The
liberation of neutral methanol is thus overestimated in our
model with plus three charge, but we know that the funda-
mental reaction pathway is independent of the total charge
of the complexes.*? The overall reaction for the formation of
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A potential energy diagram (from restricted B3LYP/Lanl.2DZ calculations in the singlet state) for the conversion of methane

methanol was computed to be 24.2 kcal mol ~! exothermic.

A potential energy diagram refined by using the spin-unre-
stricted method is shown in Fig. 2. The general profile of this
diagram is probably better than that from spin-restricted cal-
culations shown in Fig. 1. The important energy barrier for
TS1 was calculated to be 18.1 kcal mol~! which is smaller
than 31.6 kcal mol~! value from spin-restricted calculations.
The activation energy for TS2 is 8.4 kcal mol~!, being com-
parable to the value of 4.6 kcalmol™! from spin-restricted
calculations. Nearly 65 kcalmol~! is necessary for the lib-
eration of the methanol from the product complex. Although
this value is significantly improved from 90 kcal mol~! (the
value obtained from spin-restricted calculations in Fig. 1),
it is still large. For the gas-phase reaction by FeO*, we
also obtained a high liberation energy of 58.6 kcal mol~! in
the sextet state.?” This value is roughly consistent with 65
kcal mol~—!; much energy is required for the liberation of the
methanol from the product complex.

Q+CH,

TS1

0
Reactant complex

-29.1

-37.5

Hydroxy intermediate -44.8

-109.7
Product complex

Fig. 2. A potential energy diagram (from unrestricted
B3LYP/Lanl.2DZ calculations in the nonet state) for the
conversion of methane to methanol on a model of interme-
diate Q of sSMMO.
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Mechanism for the Methane Hydroxylation on a Diiron
Complex

Having discussed the potential energy profiles, let us next
consider the reaction mechanism in detail by looking at the
structures of the reaction intermediates and the transition
states. Figure 3 illustrates structures of the reaction species
responsible for the intramolecular H atom abstraction on the
model complex of intermediate Q of SMMO); model complex
2, the initially formed 2(CHy) complex, TS1, and the hy-
droxy intermediate. These structures were optimized using
the spin-restricted B3LYP method.

In the diamond core of model complex 2, a couple of Fe—-O
is long and another couple is short, which is consistent with
the head-to-tail dimer of Fe(IV)=O units proposed for the
actual intermediate Q, as indicated in structure 3 (Chart 2).
The computed Fe---Fe distance is 2.78 A, being consistent
well with the X-ray structure of a model complex,*” but it
is rather long compared with 2.46 A estimated from EXAFS
analyses for the Fe---Fe distance of the actual intermediate
Q.2 We think 2.46 A is unusually short for an Fe,(1-0),
core with a carboxylato bridge. The structure of intermediate
Q is thus of fundamental interest and subject of an ongoing
controversy so that detailed X-ray structural analyses are
necessary for a better understanding of the methane hydroxy-
lation by sSMMO. Although we utilized model complex 2
for a possible structure of intermediate Q, please note that
our concerted mechanism needs an “unsaturated” iron-oxo
species as an active center that affords a coordination site to
methane. :

Intermediate Q

TS1
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Methane is activated on model complex 2 through the
formation of the reactant complex, 2(CHy), which involves
interesting five-coordinate methane. The significant orbital
interactions indicated in Scheme 2 result in the deformation
of the coordinating methane; the three H-C—H angles of the
methane moiety are decreased to 98.6, 99.3, and 99.7° (not
indicated in the illustration) from the equivalent H-C-H an-
gles of 109.5° in Ty-type free methane. The coordinating
methane in the 2(CHy4) complex exhibits a Cs,-type structure
that is expected for an 77°-binding mode 4 (Chart 3). Another
important binding mode 5, called 72, is also possible to occur
to our experience.”” From a theoretical viewpoint we have
proposed such methane-complexes in several conferences of
the Chemical Society of Japan and others, but most bioinor-
ganic chemists have been strongly against our proposal.

An H atom abstraction occurs in the 2(CH4) complex via
TS1, in which the optimized C—H and O-H bond distances

H
Fe ,,:C——H Fe"‘—‘;ci:
W H |
4 5
Chart 3.

Fig. 3. Optimized geometries of a model of Q (2), the reactant complex, TS1, and the hydroxy intermediate.
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are 1.404 and 1.337 A, respectively. These distances are
quite reasonable for the transition-state structure of a hydro-
gen abstraction. This four-centered structure is quite similar
to the corresponding transition-state structure in the gas-
phase methane hydroxylation by the FeO* complex.”>?” We
confirmed from high-level DFT calculations that the con-
certed reaction pathway for the H abstraction by the FeO*
complex is lower than a radical pathway.*” The structure of
TS1 is different from that of the transition state for the direct
H atom abstraction proposed by Siegbahn and Crabtree.”
The reader may think that our mechanism cannot explain an
observed kinetic isotope effect (KIE) of 4.2 for an H atom
abstraction by sMMO,*? but ours is consistent, because TS1
is responsible for the intramolecular H atom abstraction on
the methane-complex. We can expect a small KIE for such
an H atom abstraction or “migration”. The diamond core is
broken in TS1 since one of the optimized Fe—O distances is
long: 2.34 A.

The H atom abstraction leads to the formation of a re-
action intermediate; we call it hydroxy intermediate. This
intermediate corresponds to the important insertion species,
HO-Fe*-CHj3, in the gas-phase methane—methanol con-
version by FeO*. As mentioned above, Schroder and
Schwarz"® have suggested that this intermediate should play
acentral role in the reaction between FeO* and methane. The
generated hydroxy intermediate in Fig. 3 still includes a dia-
mond core although it consists of 0xo and hydroxo bridgings.
The two Fe—O distances in the hydroxo bridging are nearly
equal, in contrast to the oxo bridging in which one is 1.670
A and another is 1.838 A. The important initial step of our
proposed reaction pathway is over with the formation of the

TS2

Methane Hydroxylation by sMMO

important hydroxy intermediate.

The second half of the reaction begins by climbing over
TS2, the energy barrier of which is small compared with that
of TS1, as shown in Figs. 1 and 2. In Fig. 4 we show opti-
mized geometries for TS2, the product complex, and the final
complex from which methanol is already dissociated. TS2
which correctly connects the hydroxy intermediate and the
product complex exhibits a three-centered structure respon-
sible for an intramolecular methyl migration; the optimized
Fe—C and O-C distances are 2.264 and 2.252 A, respectively.
Note that this structure still retains the diamond core.

The diamond core is not present in the product complex
that involves methanol as a ligand; the oxygen atom of the
methanol moiety is strongly bound to one of the iron cen-
ters. Interestingly, the optimized Fe—O distance (1.818 A)
is short, due to the limit of singlet calculations and to the
charge-induced complexation, so that much energy is re-
quired for the liberation of the methanol from the product
complex, especially in the singlet state. However, spin-unre-
stricted calculations afford a better, reasonable value for the
liberation energy, as we saw in Fig. 2.

Orbital Interaction Analyses

We carried out a fragment molecular orbital (FMO) anal-
ysis based on the extended Hiickel method in order to have
a better understanding of the H atom abstraction, the most
important step for the conversion of methane to methanol.
Figure 5 illustrates an FMO analysis of TS1, in which the d-
block levels of the diiron complex are shown at the left, the
HOMO of the deformed methane (coming from one of the
threefold degenerate ;) at the right, and the orbitals recon-

Product complex

Fig. 4. Optimized geometries of TS2, the product complex, and the final complex from which methanol is dissociated.
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Fig. 5. Orbital interaction diagram for forming TS1, which connects the initial Q(CH,) complex and the hydroxy intermediate. The
structure of TS1 is partitioned into Q and methane fragments.

structed from the two fragments at the center. Since the for-
mal charge of the irons is +4, the lowest four d-block orbitals
of the diiron complex at the left is occupied by eight electrons
in the assumed singlet state. An important orbital interac-
tion is that of the HOMO of the methane (at —13.8 eV) with
one of the d-block orbitals of the diiron complex (at —11.8
eV) that points toward the coordinating methane. Since the
orbital interactions indicated are a little complicated, due
to contribution from other MOs, the methane HOMO splits
into three, as indicated; the first one (#23) is pushed down to
—15.2 eV, the second one (#33) is slightly destabilized, and
the third one (#42) is significantly pushed up to —10.0 eV.
The nonbonding d orbital at —11.8 eV at the left in Fig. 5
plays an important acceptor role in the interaction with the

HOMO of the methane, because the high-lying #42 orbital
resulting from the methane HOMO is clearly unfilled even
in the high-spin nonet state in which all the eight orbitals of
#34—#41 are singly occupied.

TS1 is responsible for a C—H bond cleavage and an O-H
bond creation; thus it may be more informative to take a look
at MOOP (molecular orbital overlap population)*® analyses
for the C-H and O-H bonds indicated in Fig. 6. These dia-
grams show graphically the contribution of various MOs to
the overlap population. We show the bonding and antibond-
ing interactions of the C-H and O—H bonds in the structure
of TS1, in which the C—H distance is 1.404 A and the O-H
distance 1.337 A. Bonding overlap populations are plotted to
the right and antibonding ones to the left. The horizontal dot-
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Fig. 6.  MOOP (molecular orbital overlap population) anal-
yses for the C—H and O-H bonds of TS1.

ted lines mark the HOMO, and the dashed lines running up
indicate integrations up to the indicated energy of all bonding
and antibonding contributions.

The #23, 33, and 42 orbitals are in-phase for the C~H bond
and out-of-phase for the O-H bond, as shown in Fig. 6. How-
ever, as the dashed integrations indicate, there is substantial
bonding for both the C—H and O-H bonds below the HOMO
level. The bonding nature of the O—H bond is ascribed to
other orbitals, as indicated at the left in Fig. 6.

Discussion

Several mechanisms have been proposed for MMO-
catalyzed hydroxylations; these invoke an intermediate
substrate radical,®*® an additional substrate carbocation
intermediate,”” and a concerted oxygen insertion*® into a
substrate carbon—iron bond. Our mechanism proposed above
differs from all of these mechanisms. One of the most impor-
tant experimental results supporting a widely-believed radi-
cal mechanism for hydroxylations by cytochrome P450?” as
well as sSMMO is kinetic isotope effect (KIE). Floss and
Lipscomb reported a small KIE of 4.2 for hydrogen ab-
straction for ethane hydroxylation by sMMO.* In contrast
to a concerted hydrocarbon hydroxylation mechanism (so-
called oxenoid mechanism) proposed for P450 indicated in
Scheme 3,2 our two-step concerted mechanism is not in-
consistent with the observed KIE because the proposed first
transition state (TS1), which we showed in Scheme 1 and
Fig. 3, is responsible for an H atom abstraction or migration

/

b
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- H v Ve
o} - o]

Scheme 3.

Methane Hydroxylation by sMMO

from the substrate to the ferryl “oxygen”. In such an H atom
migration we can reasonably expect an occurrence of KIE.

Another important experimental result that strongly sup-
ports aradical mechanism is the observed inversion of stereo-
chemistry at a labeled carbon. Floss and Lipscomb et al.*®
and Lippard et al.* reported for sMMO-catalyzed hydroxy-
lations that the product alcohol displayed 65—72% retention
of stereochemistry at a labeled carbon for ethane substrate
and 77% retention for butanes labeled at a primary carbon.
In a previous paper,*® we suggested that inversion at a car-
bon center through “D,; deformation” of the substrate in an
n?-binding mode in a reactant complex can reasonably ex-
plain the observed inversion of stereochemistry, as indicated
in Scheme 4. The activation barrier for such an inversion is
significantly decreased in a reactant complex, in which the
substrate is activated because of significant electron transfer
discussed above.?® Since the HOMOs of alkanes are usually
composed of C-H bonding orbitals, the coordinating alkane
becomes “soft” for inversion at a carbon center if such elec-
tron transfer occurs. We believe that “D,, deformation” in an
7*-binding mode would lead to inversion of stereochemistry.

Let us next consider recent experiments on the regiochem-
ical variations in reactions of methylcubane 6 (Chart 4) with
+-BuO’ radical, cytochrome P450, and sMMO.*® This study
is very important in considering reaction mechanisms of the
hydroxylations by these iron-based enzymes. A strong pref-
erence for cubyl hydrogen abstraction was observed in the
reaction of 6 with #~-BuO". Thus, in a pure radical reac-
tion of the zertiary cubyl hydrogen is preferred to the methyl
hydrogen abstraction.

The regioselectivity observed in enzymatic hydroxylations
of 6 considerably differs from that found in the alkoxyl rad-
ical abstraction. In the P450-catalyzed hydroxylations of 6,
the ratio of reactions at the cubyl positions to reaction at the
methyl position is approximately one. Moreover, sSMMO
hydroxylase yielded products corresponding only to oxida-
tion at the methyl position of 6. These results cannot be
reasonably explained by a simple radical mechanism that
assumes direct H atom abstraction through a linear C-H-O
array. Thus, the lack of reactivity at the cubyl C—H bonds
would argue against the widely-accepted oxygen rebound
mechanism, especially in the hydroxylations catalyzed by
sMMO. On the basis of measured short “radical” lifetimes
of ca. 100 fs and regiochemical variations in enzymatic hy-

s Ro HT Hy
SR Ry = e,
Fe"  Hyp Fe Ha ) FeR
a
n2-binding mode
Scheme 4.
CHs
i
6
Chart 4.
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droxylations, Lippard, Newcomb, and their collaborators>*"
suggested possible triangular transition states of OCH in
both the P450- and sMMO-catalyzed hydroxylations (like
in Scheme 3). They rule out conventional hydrogen abstrac-
tion that involves a linear array of C—H—O. This model
is slightly similar to that proposed by Shteinman®® and by
Shestakov and Shilov.” In their mechanism the carbon atom
of C3,-deformed hydrocarbons coordinates directly to the fer-
ryl “oxygen”. We agree with the proposed five-coordinate
carbon species; however, our theoretical analyses®—26)
show that the interaction of FeO---CHy is not attractive and
that it does not lead to C—H bond activation.

We have proposed a two-step concerted mechanism in-
cluding an initial reactant complex with an OFe—CH,4 bond,
as shown in the illustration of Fig. 3. The reactant complex
is not a transition state, but a local minimum on a potential
energy surface. We think that both the 7>- mode and the 7°-

- binding mode indicated in Scheme 4 should play a role in the
formation of the initial complex by which alkane C—H bonds
are significantly activated (weakened) through the important
orbital interactions, especially of type (D) in Scheme 2. On
the basis of our mechanism, we can reasonably explain the
lack of reactivity at the cubyl C—H bonds of methylcubane
6 in the hydroxylation by sMMO. The cubyl carbon cannot
coordinate to the ferryl “iron” active center of sMMO, due
to steric hindrance, but the methyl carbon is accessible to the
iron to form an initial reactant complex. As described above,
hydrogen and alkyl migrations successively occur at the fer-
ryl iron active center, leading to the conversion of alkane to
alcohol. We think that the extremely short radical lifetimes
estimated in sMMO-catalyzed hydroxylations®® may be as-
cribed to the concerted alkyl migration via TS2 in Scheme 1.
The time scale of such a migration is expected to be in the
order of 100 fs.

Summary and Conclusions

We propose a two-step concerted mechanism for the con-
version of methane to methanol by intermediate Q of sSMMO,
the key species that exhibits direct reactivity toward meth-
ane. Our DFT computations demonstrate that the reaction
pathway is essentially identical to that of the gas-phase meth-
ane hydroxylation by FeO*, which proceeds through two
kinds of transition states as indicated in Scheme 1. The
first step is an intramolecular H atom migration or abstrac-
tion in the initially formed Q(CH,4) complex which binds
methane on a four-coordinate iron as a ligand. The struc-
ture of the transition state (TS1) responsible for the H atom
abstraction exhibits a typical four-centered structure. The
important intermediate thus generated includes OH and CHj
groups directly coordinating to one of the iron centers of
the dinuclear model of intermediate Q. This intermediate is
converted into the product complex including methanol as a
ligand via the second transition state (T'S2) that is responsible
for an intramolecular methyl migration. In our experience,
the barrier heights for TS1 and TS2 significantly depend on
the charge states of complex and the number of d electrons
concerned with the reactions, and these two values determine
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Table 1. Extended Hiickel Parameters for Fe, O, C, and H
Atoms; H;; Orbital Energy, £ Slater Exponent
Orbital  H; (eV) & c1 & c2

Feds —-9.1 1.9
Fedp —5.32 1.9
Fe3d —12.6 535  0.5505 2.00 0.6260
02s —32.3 2.275
02p —14.8 2.275
C2s —214 1.625
C2p 114 1.625
His —13.6 1.3

the characteristics of the methane hydroxylation by iron-oxo
species.”*? Therefore the energetics of the potential energy
surfaces we presented in this paper can be improved from
higher-level computations, but we believe that the general
features of the reaction mechanism describe the important
enzymatic function of sMMO reasonably well. Our study
would also be useful for development of high-performance
catalytic systems that are able to directly convert methane to
methanol under mild conditions.

More than twenty years ago, Joseph Chatt stated at a cer-
tain international conference, “Methane will be the most
popular ligand in coordination chemistry”.>” Here is a nice
example for his statement.

Appendix

Extended Hiickel parameters used for iron, oxygen, carbon, and
hydrogen atoms appear in Table 1.
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