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ABSTRACT
A nonradical mechanism for methane hydroxylation by the bare
FeO+ complex, Fe-ZSM-5 zeolite, and soluble methane monooxy-
genase is proposed from quantum chemical calculations. This
mechanism is applicable when a metal-oxo species is coordinatively
unsaturated. Direct interaction between methane and a metal
active center can form a weakly bound methane complex in the
initial stages of this reaction. Subsequent C-H bond cleavage to
form an intermediate with an HO-Fe-CH3 moiety in a nonradical
manner and recombination of the resultant OH and CH3 ligands
take place at a metal active center to form a final methanol
complex. Thus, this is a nonradical, two-step reaction. The fact that
methyl radical is 10-20 kcal/mol less stable than secondary and
tertiary carbon radicals and benzyl radicals leads us to propose
this mechanism.

Introduction
The selective oxidation of alkanes1-5 has attracted in-
creased attention in recent years because of its scientific
interest and industrial importance. The direct conversion
of methane to methanol is catalyzed by soluble methane
monooxygenase (sMMO)6 under physiological conditions
(eq 1), the bare FeO+ complex7 in the gas phase, and Fe-
ZSM-5 zeolite.8 The latter two reactions are very similar
in that nitrous oxide is used as an oxidant while sMMO
uses molecular oxygen. Iron-oxo species are involved in
these difficult chemical processes. To develop a man-
made catalytic system to realize this fascinating reaction,
it is important to reveal the mechanism of the direct
process by these catalytic systems.

Quantum chemical calculations play a key role in
understanding the mechanism of C-H activation, which
is an essential, initial process in alkane oxidation, but not
well understood because of its extremely rapid reaction
rate. Figure 1 shows computed C-H bond energies of
alkanes from density functional theory (DFT) calculations.
The C-H bond energies at the primary (1°), secondary
(2°), and tertiary (3°) carbon atoms of alkanes are ap- proximately 97, 94, and 90 kcal/mol while those at the

benzylic positions are less than 85 kcal/mol. Only methane
has a C-H bond energy of over 100 kcal/mol among
alkanes. The C-H bond energies have a good correlation
with computed HOMO-LUMO energy gaps. The fragment
molecular orbital (FMO) diagram in Figure 2 tells us how
the MOs of tetrahedral CH4 are formed.9 The a1 and t2
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CH4 + 1/2 O2 f CH3OH (∆H0 ) -30.7 kcal/mol) (1)

FIGURE 1. CsH bond energies vs. HOMO-LUMO gaps of small
alkanes at the B3LYP/6-311++G** level of density functional theory.

FIGURE 2. Fragment molecular orbital analysis of methane.
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orbitals of the cubic H4 fragment combine in-phase (out-
of-phase) with the s, px, py, and pz atomic orbitals of the
central carbon atom to form MOs 1a1 and 1t2 (2a1 and
2t2), respectively. The eight-electron CH4 molecule is very
stable in the tetrahedral structure, due to the occupation
of the low-lying 1a1 and 3-fold degenerate 1t2 MOs. The
1t2 HOMO and 2a1 LUMO have remarkable bonding and
antibonding natures with respect to the C-H bonds,
respectively, its HOMO-LUMO gap being 10.6 eV at the
B3LYP level of DFT. Thus, methane is a very hard
molecule, and its C-H activation is difficult.

Alkane hydroxylation is believed to occur by a mech-
anism involving H-atom abstraction from alkane (R-H)
followed by rapid transfer of a metal-bound hydroxyl
radical to an intermediate alkyl radical (R•).10 We have
considered whether such a radical mechanism is ap-
plicable to methane hydroxylation because methyl radical
is 10-20 kcal/mol less stable than secondary and tertiary
carbon radicals and benzyl radicals, as seen in Figure 1.
This is an important fact that leads us to propose a
nonradical mechanism, in which methyl radical is trapped
at the iron site. The focus and scope of this manuscript is
to look at how the iron active species play a role in the
direct conversion of methane to methanol. We now
summarize fundamental aspects of methane hydroxyla-
tion by FeO+, Fe-ZSM-5 zeolite, and sMMO, emphasizing
our mechanistic studies based on quantum chemical
calculations.

Methane Hydroxylation by FeO+. Gas-phase reactions
between the transition-metal-oxide ions (MO+s) and
hydrocarbons are of particular interest since they can be
viewed as model reactions for various oxidation reactions
by catalytic and enzymatic systems. Methane hydroxyla-
tion by MO+s in the gas phase under ion-cyclotron-
resonance conditions has been investigated by Schwarz
and co-workers3,7 and Armentrout and co-workers.11 There
are two possible reaction pathways for methane hydroxyl-
ation, as indicated in Scheme 1.12

Direct or indirect observations have been made to
support the intermediacy of alkane complexes in C-H
activation,13 but their direct observation requires ultrafast
spectroscopic techniques at low temperature. The initially
formed methane complex FeO+(CH4), which takes an η2-
CH4 coordination, is transformed into intermediates 1
(HO-Fe+-CH3) and 2 (H-Fe+-OCH3) by an H-atom
abstraction and methyl shift, respectively. The reaction
pathway via 1 is energetically more favorable than the
other one via 2.12a This result is fully consistent with the
prediction of Schwarz and co-workers7 that 1 plays a

central role in the gas-phase reaction between FeO+ and
methane. Intermediate 1 is then transformed into the
methanol complex as a result of the recombination of the
OH and CH3 ligands at the metal center.

We show in Figure 3 computed potential energy
diagrams in the sextet and quartet states along the
reaction pathway.12b The initial methane complex is
significantly deformed from the Td-type structure, the
H-C-H angle of the coordination side being deformed
from 109.5° to 120°. The interactions between the HOMO
of the coordinated methane (C-H bonding) and the
unfilled orbitals of FeO+ and between the LUMO of the
methane (C-H antibonding) and the filled orbitals of
FeO+ play an essential role in the formation of this
complex. One of the hydrogen atoms in the coordinated
methane shifts to the oxygen atom via a four-centered
transition state (TS1), giving rise to intermediate 1. In the
second half of the reaction, a recombination occurs to
form a C-O bond via a three-centered transition state
(TS2), leading to the methanol complex, Fe+(CH3OH). This
process occurs at a coordinatively unsaturated metal
active center, so no radical species is involved in the
present mechanism.

We see in Figure 3 two important crossing points
between the sextet and quartet potential energy surfaces
near the methane complex and the methanol complex.
Intrinsic reaction coordinate (IRC) analyses showed that
the reaction pathway should involve three crossing seams
between the two potential energy surfaces.14 The first
crossing seam is located near TS1, and the second and
third ones are located in the vicinity of the intermediate
and the exit channel, respectively. The spin-forbidden
transition in the initial stages of the reaction leads to a
significant decrease in the barrier height of TS1. To
evaluate the spin-forbidden transition in the reaction
pathway, we calculated the spin-orbit coupling (SOC)
matrix elements along the IRC of the reaction.15 The
strength of SOC between the sextet and the low-lying
quartet states is 133.6 cm-1 in the methane complex FeO+-
(CH4), 21.4 cm-1 in the intermediate HO-Fe+-CH3, and
0.3 cm-1 in the methanol complex Fe+(CH3OH). As a result
of the spin inversion in the vicinity of TS1, the H-atom
abstraction step lies slightly below the dissociation limit
in the ground sextet state, as shown in Figure 3. Thus,

Scheme 1

FIGURE 3. Energy diagrams for the reaction FeO+ + CH4 f +
CH3OH in the sextet and quartet states at the B3LYP/6-311G** level
of theory. Relative energies are in kcal/mol.
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this reaction occurs in the gas phase under adiabatic
conditions. This is a good example of the two-state-
reactivity mechanism proposed by Shaik and co-workers.16

Reactivity of Early and Late MO+ Complexes. Late
transition-metal oxides mediate alkane hydroxylation
more effectively than early transition-metal oxides in
general. In this section let us consider how late MO+s
perform C-H activation by looking at their simple mo-
lecular orbitals. Computed M-O bond dissociation ener-
gies, spin densities on the metal and oxygen atoms, and
overall heats of reaction for methane hydroxylation listed
in Table 1 are in line with the general tendency of the
oxidation ability of transition-metal oxides.17 With an
increase in the number of d-electrons, computed bond
dissociation energies and overall heats of reaction signifi-
cantly decrease. Note that the heats of reaction are
negative in the late MO+ complexes, so this reaction is
energetically preferred after CrO+.

The molecular orbitals of MO+ in Scheme 2 can be
partitioned into bonding (2σ and 1π), nonbonding (1σ and
1δ), and antibonding (2π and 3σ) block orbitals. The ScO+,
FeO+, and CuO+ complexes can be formally viewed as d0,
d,5 and d8 complexes, respectively. In the ground state of
ScO+, four pairs of electrons occupy the nonbonding 1σ
orbital and the three bonding orbitals to form a strong
triple bond just like dinitrogen.18 The electronic features
of TiO+ and VO+ are similar to that of ScO+ because the
partially filled nonbonding 1δ set has no direct effect on
the metal-oxygen bonds while the three bonding orbitals
are fully occupied. These early MO+ complexes have a very
strong triple bond, and accordingly the reactivity of these
complexes toward alkanes is low. Since in the high-spin
ground states of FeO+, CoO+, and NiO+ all the bonding

orbitals are doubly occupied and each 2π orbital is singly
occupied, they may resemble triplet dioxygen in the
electronic configurations.18 In contrast to the early MO+

complexes, the FeO+, CoO+, NiO+, and CuO+ complexes
have low-spin states that are energetically close to the
high-spin ground states.

The nonradical mechanism is in good agreement with
the reactivity of MnO+, FeO+, CoO+, and NiO+ and their
methanol branching ratios.3a For example, MnO+ has a
high reaction efficiency of 40% to methane, but unfortu-
nately the methanol-branching ratio is low (<1%). On the
other hand, the reaction efficiency of CoO+ is low (0.5%),
but its methanol-branching ratio is 100%. In the reaction
between FeO+ and methane, the reaction efficiency is 20%
and the methanol-branching ratio is 41%. NiO+ has a high
reaction efficiency of 20% and a high methanol-branching
ratio of 100%. The selectivity of the reaction by these MO+

complexes can be explained by the heights of TS1 for the
H-atom abstraction and TS2 for the recombination.12b,17

One can expect from Figure 1 that the activation energy
from OMn+(CH4) to HO-Mn+-CH3 via TS1 should be
small, but that from HO-Mn+-CH3 to Mn+ (CH3OH) via
TS2 should be large. In contrast, the activation energy
from CoO+(CH4) to HO-Co+-CH3 should be large, but
that from HO-Co+-CH3 to Co+(CH3OH) should be small.
Moreover, the activation energy from NiO+(CH4) to HO-
Ni+-CH3 should be small, and that from HO-Ni+-CH3

to Ni+(CH3OH) should be small. In fact, our DFT results
are fully consistent with this qualitative consideration. 17

Methane hydroxylation over Fe-ZSM-5 Zeolite. Zeo-
lites that act as micro- or mesoporous hosts for metal
oxides mediate lots of catalytic reactions.19 ZSM-5 zeolite
exhibits an extremely high catalytic selectivity for the
oxidation of benzene to phenol. Panov and collaborators20

have suggested that the high reactivity of ZSM-5 zeolite
should be ascribed to impurity iron, which is added with
starting ingredients at the step of zeolite synthesis. A
surface oxygen species called R-oxygen, which is generated
on Fe-ZSM-5 zeolite under N2O decomposition, is pro-
posed to be responsible for the formation of phenol from
benzene. The conversion of methane to methanol also
takes place over Fe-ZSM-5 zeolite using N2O as a source
of oxygen in 80% yield.8b,c

The most difficult problem in considering the mech-
anism is that no information is obtained about the
structure of the active species on Fe-ZSM-5 zeolite. Taking
the general features of zeolite into account, we set up a
working hypothesis that R-oxygen has relevance to an
iron-oxo species supported at the AlO4 surface site of
ZSM-5 zeolite.21 The activation energy for the decomposi-
tion of N2O at this site was computed to be 2.4 kcal/mol
with a cluster model and its formation 63.5 kcal/mol
exothermic at the B3LYP level of theory.21a We thus expect
the decomposition of N2O to occur at the active site of
Fe-ZSM-5 zeolite under experimental conditions. The
decomposition of N2O at the hydrated and dehydrated
mononuclear iron sites is recently reevaluated by detailed
DFT calculations.22

Table 1. Computed Bond Dissociation Energies
(BDE), Atomic Spin Densities for the MO+ Complexes,
and Overall Heats of Reaction (∆E) for MO+ + CH4 f

M+ + CH3OH at the B3LYP/6-311G** Level of DFT

atomic spin density

MO+ state BDE (kcal/mol) M O ∆E (kcal/mol)

ScO2+ 1Σ+ 156.1 0.00 0.00 73.5
TiO+ 2∆ 155.1 1.14 -0.14 72.4
VO+ 3Σ- 137.2 2.33 -0.33 54.5
CrO+ 4Σ- 81.3 3.65 -0.65 -1.3
MnO+ 5Σ+ 56.4 4.75 -0.75 -26.2
FeO+ 6Σ+ 75.2 3.86 1.14 -12.6

4∆ 69.4 3.62 -0.63 -
CoO+ 5∆ 73.3 2.68 1.32 -25.6

3Π 49.9 2.61 -0.61 -
NiO+ 4Σ- 69.3 1.53 1.47 -26.5

2Σ- 57.9 -0.23 1.23 -
CuO+ 3Π 37.6 0.47 1.47 -50.0

1Σ+ 0.00 0.00 -

Scheme 2
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Our mechanistic proposals for methane hydroxylation
over Fe-ZSM-5 zeolite are summarized in Scheme 3. The
mechanism is essentially identical to that of the gas-phase
reaction by FeO+.21b The first step of this reaction is the
formation of a methane complex at the coordinatively
unsaturated iron site. The Fe ion is closer to one pair of
H atoms of the bound methane; this initially formed
species is also an η2-CH4 complex. Then one of the H
atoms of the methane molecule is abstracted via TS1,
leading to a reaction intermediate that involves resultant
OH and CH3 ligands. The second half of the reaction starts
from the intermediate, which is then converted into a
methanol complex via TS2, in which an Fe-C bond
cleavage and a C-O bond formation occur simulta-
neously.

The methanol complex and the final complex from
which methanol is released involve an FeI species, which
should be reoxidized back to FeIII upon decomposition of
N2O. However, Since FeI is a rather unstable oxidation
state for iron in general,21b Panov and co-workers8c

proposed a diiron model that reasonably allows the two-
electron oxidation and reduction between FeIIIFeIII and
FeIIFeII. Although we can extend our mechanism to a
diiron complex, the formation of the unfavorable FeI

species is avoidable on the mononuclear model by
considering the decomposition of nitrous oxide on an
intermediate, as shown in Scheme 3, when the concentra-
tion of N2O is sufficiently high.23

Once methanol is produced, further oxidation reactions
of methanol into formaldehyde, formic acid, and carbon
dioxide can take place more easily than the oxidation from
methane to methanol. In the overoxidation processes,
there are lots of reaction branches that are comparable
in energy. Although many complicated reactions are
involved in the metal-mediated combustion, the elemen-
tary processes are C-H and O-H cleavage reactions by
oxo and hydroxo ligands as well as OH group migrations.
As summarized in Figure 4, we proposed possible reaction
pathways for the overoxidation processes of methanol to
carbon dioxide.24,25

Enzymatic Methane Hydroxylation. Methane mo-
nooxygenase (MMO) catalyzes the transformation of
methane and dioxygen into methanol and water at ambi-
ent pressure and temperature.6 MMO is the first enzyme
in the metabolic pathway of methanotrophic bacteria that

use methane as their sole source of carbon and energy.
The two iron atoms at the active site of MMO hydroxylase
(MMOH) have octahedral environments in the resting
state with the oxidation state of FeIIIFeIII (MMOHox).26

Upon reduction of the diironIII state, a carboxylate shift
of Glu243 occurs at the active center of the reduced diironII

enzyme to render the iron atoms unsaturated five-
coordinate (MMOHred). Then, dioxygen is bound to the
vacant coordination site of the diiron active center.
Calculations at various levels of theory demonstrated that
the end-on bridging mode into the diiron active site is
energetically more stable than the side-on bridging mode.27

The resultant peroxo intermediate (MMOHP) is subse-
quently converted to the high-valent FeIVFeIV intermediate
(MMOHQ), which has direct reactivity toward methane.
From a combined Mössbauer-EXAFS investigation, Que,
Lipscomb, and co-workers28 showed that the active site
of MMOHQ should involve a bis(µ-oxo)diironIV core, in
which the two iron atoms are antiferromagnetically
coupled.29 The EXAFS study suggested that the coordina-
tion number of the iron atoms should be no greater than
5.

One mechanism for the hydroxylation by MMOH is a
radical rebound mechanism, which is widely believed to
occur in the hydroxylation by cytochrome P450.10 How-
ever, Newcomb, Lippard, and co-workers30 demonstrated
from radical-clock experiments that a measured lifetime
of a putative radical species in the MMOH catalysis is

Scheme 3

FIGURE 4. Possible mechanisms for the oxidation of methanol to
carbon dioxide.
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shorter than ∼150 fs, which is inconsistent with the
formation of a discrete radical species. A short lifetime
for a radical species was also observed in the hydroxylation
of chiral ethane on MMOH.31 On the other hand, Lip-
scomb and co-workers32 proposed the formation of a
radical intermediate in the reaction of methylcubane with
MMOH. Despite accumulated experimental findings, the
mechanism of the C-H activation of methane in the
catalytic function of sMMO remains unclear.

Theoretical calculations gave useful information on the
veiled methane hydroxylation by MMOHQ.33-36 Scheme 4
summarizes methane hydroxylation mechanisms pro-
posed so far. As shown at the left of Scheme 4, we
proposed that methane should be hydroxylated in a
nonradical, two-step mechanism if one of the iron atoms
at the active site of MMOHQ is coordinatively unsaturated.
As discussed earlier in this manuscript, an intermediate
with an HO-Fe-CH3 moiety is involved in the hydroxyl-
ation reaction. There are other mechanistic proposals for
methane hydroxylation by MMOHQ. As shown at the
center (left) of Scheme 4, Siegbahn and Crabtree proposed
using a five-coordinate iron model with high-spin nonet
and undecet states that the methyl radical should recom-
bine with an iron center via a weak Fe-CH3 bond after
the H-atom abstraction.34a This mechanism is somewhat
similar to ours in that methyl radical is trapped during
the reaction. On the other hand, as shown at the center
(right), Siegbahn34c,e and Morokuma and co-workers35

proposed that a C-H bond of methane is cleaved in a
homolytic manner by six-coordinate diiron model com-
plexes in the high-spin states. After the dissociation of a
C-H bond of methane, the resultant methyl radical is
shifted to the formed OH group. These authors proposed
that MMOHQ-mediated hydroxylation should proceed
along the radical rebound mechanism. In contrast to the
radical mechanism, Friesner, Lippard, and co-workers36

proposed a nonsynchronous concerted mechanism, as
indicated at the right of Scheme 4. Since the C-H
activation and the rebound process depend on the
coordination sphere and spin state of diiron models
adopted, it is important to use an appropriate diiron
model of MMOHQ.

In the initial stages of our study on methane activation
by sMMO, we tried to look at the interaction between D2d-
or C3v-distorted methane and MMOHQ using extended
Hückel calculations33a,b along the lines that Shestakov and
Shilov suggested.37 The total energy diagrams for the
coordination of the Td methane and D2d-distorted meth-
ane to a coordinatively unsaturated iron active site are
shown in Figure 5. The interaction between D2d-distorted
methane and the active site is attractive in this binding
mode while that between the Td methane and the active
site is repulsive. A computed binding energy of a D2d

methane (with two H-C-H angles opened up to 150°) is
about 0.15 eV in this model (at L ) 2.4 Å), consistent with
a calculational result based on a different model with an
η3-binding mode. Methane is thus weakly bound at the
five-coordinate iron center of a model of MMOHQ both
in the η2-binding mode and in the η3-binding mode.

Our mechanistic proposals for methane hydroxylation
by MMOH are summarized in Figure 6. In contrast to the
others, we used the broken-symmetry DFT approach to
correctly describe the antiferromagnetic state of the bis-
(µ-oxo)diironIV complex and performed vibrational analy-
ses for the C-H bond cleavage process to characterize the
transition state. Since B3LYP calculations showed that the
coordinatively unsaturated bis(µ-oxo)diironIV model of
MMOHQ lies well below the dissociation limit toward
MMOHred + O2, such a species can be formed if the release
of a water molecule from one of the iron atoms is
stabilized in energy by the environmental amino acid
residues. The first step in this mechanism is the C-H bond
dissociation via TS1, and the second step is the recom-
bination of the resultant OH and CH3 ligands at the active
site via TS2. The structures of TS1 and TS2 are similar to
those by the bare FeO+ complex and the R-oxygen species
of Fe-ZSM-5 zeolite.

Scheme 4

FIGURE 5. Extended Hückel energy diagrams for the coordination
of Td- and D2d-type methanes to a five-coordinate diiron active site
of intermediate Q in η2-binding mode.
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Let us finally evaluate the nonradical mechanism from
the point of view of kinetic isotope effects (KIEs). Lip-
scomb and co-workers38 measured from product-distribu-
tion analyses after a single turnover KIEs of 4-19 at 277
K; for example, 19 ( 3.9 for 1:1 CH4: CD4, 12 ( 1 for
CD3H, 9 ( 0.5 for CD2H2, and 3.9 ( 1 for CDH3. Table 2
lists KIEs for the H-atom abstraction via TS1 computed
with transition state theory,33g where the values in paren-
theses include a tunneling correction. As expected, the
KIEs significantly decrease with temperature; at 277 K the
KIE for the H/D atom abstraction from CH4/CD2H2 is 9.7
after a tunneling correction. This value is in excellent
agreement with the value obtained from product distribu-
tion analyses at 277 K (9.3 ( 0.5) although this nonradical
mechanism is likely to give a small value for KIE.

Concluding Remarks
In this Account we point out that methane hydroxylation
can occur in a nonradical, stepwise manner with the bare
transition-metal-oxide ions, Fe-ZSM-5 zeolite, and sMMO.
The necessity precondition for this mechanism is that the
metal-oxo species are coordinatively unsaturated. Direct

interaction between methane and the metal active species
can form a weakly bound methane complex in the initial
stages of these reactions. About 30 years ago, Chatt stated
at a certain international conference, “Methane will be
the most popular ligand in coordination chemistry”.39 Our
proposal is a nice example for his statement. The subse-
quent C-H bond cleavage to form an intermediate with
an HO-Fe-CH3 moiety and the recombination of the
resultant OH and CH3 ligands take place in a nonradical
manner at a metal active site to form a final methanol
complex. In this mechanism the methyl radical formed
as a result of C-H activation is trapped at the iron site
and energetically stabilized. The final ligand coupling we
propose from DFT calculations is essentially identical to
the mechanism of Gif chemistry by Barton.40 We are now
interested in whether this nonradical mechanism can
work at the mononuclear and dinuclear copper sites of
particulate methane monooxygenase (pMMO).41
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