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INTRODUCTION
The mechanism of the oxidation of methane, the

least reactive saturated hydrocarbon, by the enzymatic
systems of methanotrophic bacteria has attracted much
attention in recent years [1–3]. The bacterial enzyme
methane monooxygenase (MMO) catalyzes methane
oxidation by dioxygen according to the following equa-
tion:

 

CH

 

4

 

 + O

 

2

 

 + 2e
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 + 2H

 

+

 

  CH

 

3

 

OH + H

 

2
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Although the soluble form of MMO can be obtained
from many sources, the enzymes from 

 

Methylosinus
trichosporum

 

 OB3b [4] and 

 

Methylococcus capsulatus

 

(Bath) [5] have been studied in greatest detail. Either
enzyme consists of three protein components: hydrox-
ylase (MMOH), reductase, and a regulatory subunit
termed the B-component. The methane hydroxylation
reaction occurs in the catalytic cycle of MMOH, whose

 

active site contains a dinuclear iron complex. The
MMOH catalytic cycle (Fig. 1) begins with a reduction
step in which the initial MMOH species, 

 

H

 

ox

 

, is con-
verted into its reduced form, 

 

H

 

red

 

. The interaction of the
reduced hydroxylase component with oxygen leads, in
several steps, to the formation of an intermediate
denoted 

 

H

 

peroxo

 

, which then rearranges into the interme-
diate Q. Based on Mössbauer spectroscopy data, this
latter intermediate is thought to have a diferryl or bis-

 

µ

 

-
oxo complex structure.

The intermediate Q reacts with the substrate to pro-
duce an alcohol. It was found that the kinetic isotope
effect (KIE) of this process, calculated as the ratio of
the rate constants of Q consumption in the bimolecular
reactions with 

 

ëç

 

4

 

 and 

 

ëD

 

4

 

, has an unusually high
value (

 

k

 

H

 

/

 

k

 

D

 

 = 50–100) [6]. The MMO enzyme system
can oxidize not only methane, but other hydrocarbons
as well [7]. Partial racemization of the reaction prod-
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Fig. 1.

 

 Catalytic cycle of the MMO hydroxylase component.
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ucts was observed in the course of the MMO-catalyzed
oxidation of chiral ethane 

 

H(3)H(2)H(1)CCH

 

3

 

 [8].
Based on these experimental facts, many researchers
[1, 9] currently hold to the hidden-radical mechanism
known as the oxygen rebound mechanism (ORM) of
the interaction between the intermediate Q and the sub-
strate [10]. However, careful examination of experi-
mental data showed that this hidden-radical mechanism
does not withstand quantitative verification [11, 12]. A
new, nonradical mechanism was suggested [13], whose
essential feature is the formation of an intermediate
complex between the substrate and the active site.

Experimental data on the oxidation of deuterated
methane (

 

CH

 

3

 

D, CH

 

2

 

D

 

2

 

, CHD

 

3

 

) by the MMO enzyme
system from 

 

Methylosinus trichosporum

 

 [17] were ana-
lyzed in the framework of a nonradical mechanism
involving pentacoordinated carbon [14–16]. According
to the results of these experiments [17], the KIE value
calculated from the reaction product ratios taking into
account the number of C–D and C–H bonds in the
methane molecule increases significantly with an
increasing number of deuterium atoms. The analysis
carried out in [16] showed that quantitative agreement
between experimental and calculated product distribu-
tion data for the MMO-catalyzed hydroxylation of deu-
terated methane (

 

CH

 

3

 

D, CH

 

2

 

D

 

2

 

, CHD

 

3

 

) can be
achieved using parameters with simple physical mean-
ings and realistic values only if the reaction yielding the
intermediate complex containing pentacoordinated car-
bon is reversible. Furthermore, it was shown that the
decomposition rate of this intermediate complex should
be much higher than its formation rate (

 

w

 

–1

 

 

 

�

 

 

 

w

 

1

 

).
However, it was found that these conditions lead to
incompatibility between the kinetic parameter sets
ensuring simultaneous quantitative agreement of the
calculated data with experimental product distribution
data for partially deuterated methane oxidation and
with experimental KIE values for the competitive oxi-
dation of 

 

ëç

 

4

 

 and 

 

ëD

 

4

 

 by the MMO enzyme system.
To resolve this contradiction, the kinetic model of the
mechanism under consideration should be further com-
plicated. The purpose of this study is to carry out
numerical simulation of the kinetics of methane oxida-
tion by the MMO enzyme system.

COMPUTATIONAL METHOD

Numerical calculations were carried out according
to an earlier developed technique [15]. Calculations for
methane oxidation kinetic schemes were carried out for
various model parameter ratios using a standard direct
kinetic problem solver adapted to our system. Since
only the ratios of oxidation products were known, the
ratios rather than the absolute values of the model
parameters were significant for their mathematical
description. Numerical solutions that agreed (within
the experimental error) with the experimental results
for the oxidation of isotope-substituted methane by the
MMO system were selected from the total solution set

obtained with different kinetic parameters. The set of
kinetic parameters corresponding to steady-state oxida-
tion kinetics was selected for each mechanistic model.
In all cases, correspondence to the steady-state kinetic
regime was confirmed by the reaction product ratios
being the same throughout the oxidation substrate con-
version range of 0.1 to 99.9%.

RESULTS AND DISCUSSION

Investigations of kinetic isotope effects in deuter-
ated methane hydroxylation provide important infor-
mation about the dynamics of the enzymatic oxidation
of methane. The simplest and most common method
used in this area is the study of the influence of isotope
substitutions in the substrate molecule on the rate of Q
consumption during hydroxylation by the MMO sys-
tem.

The oxidation of deuterated methane 

 

CH

 

4 – 

 

n

 

D

 

n

 

(CH

 

3

 

D, CH
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D
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3

 

)

 

 by soluble MMO from 

 

Methy-
losinus trichosporium

 

 [17] yields 

 

CH

 

3 – 

 

n

 

D

 

n

 

OH

 

 and

 

CH
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 – 1

 

OH

 

 alcohols in the following ratios:
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OH] = 11.7 

 

±

 

 3.0, 
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(1)

for ëçD

 

3

 

ρ

 

3

 

 = [ëD

 

3

 

OH]/[ëHD

 

2

 

OH] = 4.00 

 

±

 

 0.33. 

 

The 

 

CH

 

4 – 

 

n

 

D

 

n

 

 – 1

 

OH

 

 alcohols are produced with a large
rate constant via isotope exchange between

 

CH

 

4 

 

−

 

 

 

n

 

D

 

n

 

 

 

−

 

 1

 

OD

 

 alcohols (the products of C–D bond
oxidation) and water molecules.

The KIE calculated from the above product yield
ratios and corrected for the number of C–H and C–D
bonds in the methane molecule,

 

σ

 

n

 

 = {

 

n

 

/(4 – 

 

n

 

)}

 

ρ

 

n

 

 = ([CH

 

3 – 

 

n

 

D

 

n

 

OH]/[CH

 

4 – 

 

n

 

D

 

n

 

 – 1

 

OH]), 

 

increases as the number of deuterium atoms (

 

n

 

)
increases and takes the following values:

 

for ëç3D

for ëç2D2

(2)

for ëçD3

ρ2 CHD2OH[ ]/ CH2DOH[ ] 9.30 0.54,±= =

σ1 1/3( )ρ1=

=  1/3( ) CH2DOH[ ]/ CH3OH[ ] 3.9 1.0,±=

σ2 ρ2=

=  CHD2OH[ ]/ CH2DOH[ ] 9.30 0.54,±=

σ3 2ρ3=

=  3 CD3OH[ ]/ CHD2OH[ ] 12.0 1.0.±=
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For the oxidation of the ëç4 + ëD4 mixture under
the same conditions [17], the following KIE value was
obtained:

σ4 = ρ4 = [ëç3OH]/[ëD3OH] = 19.3 ± 3.9. (3)

The difference between the KIE values per C–H bond
is in conflict with the hidden-radical mechanism,
according to which KIE is determined solely by the
ratio of the rate constants of C–H and C–D bond
homolysis in the methane molecule; i.e., σn = [n/(4 –
n)]ρn = kH/kD. At the same time, the simple kinetic
scheme of the nonradical mechanism of MMO-cata-
lyzed methane oxidation via the intermediate formation
of a pentacoordinated carbon complex, whose first step
involves two hydrogen atoms [14], affords an explana-
tion for the unusual distribution of oxidation products
of partially deuterated methane (1). Two coexisting
forms are suggested for this intermediate complex. One
of them, F1, is produced by the addition of an oxygen
atom at the C–H bond:

The other form of the intermediate complex, F2, is
characterized by a shortened distance between hydro-
gen atoms:

The formation of the intermediate complex is followed
by the insertion of an oxygen atom into the C–H bond,
which leads to the formation of a hydroxylation product.

The first step in this kinetic scheme is assumed to be
the formation of F2. For simplicity, the intermediate
complex interconversion reactions will not be consid-
ered. An analysis showed [16] that, using parameters
with simple physical meanings and plausible values,
quantitative agreement between the experimental and
calculated hydroxylation product distributions can be
achieved only if a fast reaction returning the intermedi-
ate complexes into their initial states is introduced.
However, it was found [16] that no parameter set simul-
taneously bringing the calculated data into quantitative
agreement with experimental data (1) and (3) exists for
this simple mechanism. The region of the parameter
space consistent with the observed distribution of
hydroxylation products for partially deuterated meth-
ane (1) has no overlap with the region of parameters
consistent with the KIE value for the oxidation of
CH4−CD4 mixture (3).

To eliminate this contradiction, a more complex
kinetic model of this mechanism (model I) is analyzed
here. In this model, two hydrogen atoms participate
simultaneously in the interaction of the intermediate Q
(LFeO) with the hydrocarbon; i.e., the first step is the

H

FeO C

H

H

C

H

FeO

formation of F2. In the course of methane CH4 – nDn

oxidation, three types of intermediate species are

formed in this first step with the rate constants ,

, and . These are denoted (HH), (HD), and
(DD), according to the composition of their methylene
group:

The compounds (HH), (HD), and (DD) are converted
back into the initial species Q + CH4 – nDn with the rate

constants , , and . In this model, F2 is the
main state of the intermediate complex, which deter-
mines the statistical coefficients at the rate constants of
the reaction steps. Thus, the ratios of intermediate com-
plex production rates w1 can readily be obtained:

for CH3D (n = 1)

 :  =  : ,  = 0;

for CH2D2 (n = 2)

 :  :  =  : 4  : ;

for CHD3 (n = 3)

 = 0,  :  =  : ;

for ëç4 (n = 0) + ëD4 (n = 4)

 = 0,  :  =  : .

F1 is implicitly involved in the kinetic scheme and
is responsible for the formation of products from F2:

(HH)  CH3OH,

(DD)  CD3OH.

The intermediate compound containing a methylene
group with an HD hydrogen bond can yield both a C−H
bond oxidation product and a C–D bond oxidation
product:

(HD)  CH3 – nDnOH,

(HD)  CH4 – nDn – 1OH.
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The interconversions of F2 species with different
methylene groups occur via hydrogen bond replace-
ment:

(HH)  (HD),

(HD)  (HH),

(HH)  (DD),

(DD)  (HH),

(HD)  (DD),

(DD)  (HD).

The F2 isomerization reactions are responsible for the
racemization of the reaction products during the MMO-
catalyzed oxidation of chiral ethane
H(3)H(2)H(1)CCH3 [8]. These reactions are not
included in the kinetic scheme considered here for the
reason that chiral methane does not exist.

The CH2D2 oxidation kinetic scheme corresponding
to this two-step model of the reaction mechanism is
shown in Fig. 2. The kinetic schemes of CHD3 and
CH3D oxidation differ from the CH2D2 oxidation
scheme only in the values of the numerical coefficients
at the rate constants of some steps (Table 1).

Numerical calculations for the CH2D2, CHD3,
CH3D, and ëç4 + ëD4 oxidation kinetic schemes cor-
responding to this mechanistic model allowed us to find

α1

α2

α3

α4

α5

α6

kinetic parameter ratios ensuring the coincidence of the
calculated data both with the experimental product dis-
tributions for C–H and C–D bond oxidation in methane
(ρ1, ρ2, and ρ3 in (1)) and with the KIE value for the oxi-
dation of the ëç4–ëD4 mixture (ρ4 in (3)). Rate con-
stant values were set taking into account the steady-
state conditions:

(4)

For example, computations using the kinetic parameter
ratios

 :  :  = 1 : 1 : 1,

 :  :  = 1.06 : 1.03 : 1,

 :  :  :  = 25.00 : 21.00 : 3.40 : 1,

α1 : α2 : α3 : α4: α5: α6 = 100 : 80 : 65 : 6 : 2 : 1,

(k–1)min/  = /  = 102,

(αi)min/  = α6/  = 103
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Fig. 2. Kinetic scheme of CH2D2 oxidation corresponding to kinetic model I.
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under constraint (4) yield ρ1 = 12.1, ρ2 = 9.30, ρ3 =
3.90, and ρ4 = 19.3; for the kinetic parameters ratios

 :  :  = 1 : 1 : 1,

 :  :  = 1.06 : 1.03 : 1,

 :  :  :  = 25.00 : 15.00 : 3.50 : 1,

α2 : α1 : α4: α3 : α6 : α5 

= 15.50 : 15.00 : 7.00 : 6.00 : 4.00 : 1,

(k–1)min/  = /  = 102,

(αi)min/  = α5/  = 103,

ρ1 = 11.7, ρ2 = 9.30, ρ3 = 4.00, and ρ4 = 19.3.
Thus, good agreement between the calculated and

experimental data can be achieved using realistic values
of kinetic parameters. If KIE for hydrogen bond disso-
ciation in the methylene group of F2 is larger than KIE
for the formation of this bond, the rate constants α1
(HH  HD) and α6 (DD  HD) will be, respec-
tively, the largest and the smallest in the αi series. In
this case, it is natural to assume the following relation-
ship:

HH  HD > HD  HH > HH  DD > DD
 HH > HD  DD > DD  HD;

i.e., α1 > α2 > α3 > α4 > α5 > α6.
Conversely, if KIE for hydrogen bond dissociation

is smaller than KIE for its formation, the smallest rate
constant will be α5 (HD  DD), while α2 (HD 
HH) can be the largest. The following relationship will
then seem natural:

α2 > α1 > α4 > α3 > α6 > α5. 

Note that the above calculations are carried out for the
case in which the rate constant of the first reaction step
is independent of the isotope composition of the oxida-
tion substrate and the KIE of the reverse reaction is not
too large. Under these conditions, the KIE of the second
step of methane oxidation must be assigned a suffi-
ciently large value (>20) in order to obtain the experi-
mentally observed value ρ4 = 19.3.

Let us assume that the KIE of the first step of MMO-
catalyzed methane hydroxylation has a large value. For

example, let us set  :  :  = 50 : 7 : 1. In this
case, quantitative agreement between the calculated
and experimental data can be achieved using the fol-
lowing set of parameter ratios:

k1
HH k1

HD k1
DD

k 1–
HH k 1–

HD k 1–
DD

kHH
H kHD

H kHD
D kDD

D

kDD
D k 1–

DD kDD
D

kDD
D kDD

D

k1
HH k1

HD k1
DD

k 1–
H  : k 1–

HD : k 1–
DD 36.60 : 6.00 : 1,=

k 1–( )min/kDD
D k 1–

DD/kDD
D 10,= =

αi( )min/kDD
D α6/kDD

D 10,= =

α1 : α2 : α3 : α4 : α5 : α6 120 : 34 : 32 : 30 : 2 : 1,=

For the case (αi)min/  = α5/  = 10, it is also
possible to find parameter ratios that provide quantita-
tive agreement between the calculated and experimen-
tal results for the large KIE value of the first step

(  :  :  = 50 : 7 : 1). Thus, for α2 : α1 : α4 : α6 :
α3 : α5 = 15.00 : 14.00 : 12.00 : 3.00 : 1.20 : 1 and

 :  :  :  = 13.30 : 10.80 : 2.00 : 1, with
all other parameter ratios being the same, one obtains
ρ1 = 12.6, ρ2 = 9.20, ρ3 = 4.00, and ρ4 = 19.3. Increasing

the values of αi  to (αi)min/  = α5/  = 102, one
obtains ρ1 = 11.9, ρ2 = 9.30, ρ3 = 4.00, and ρ4 = 19.3 at
α2 : α1 : α4 : α6 : α3 : α5 = 10.00 : 9.00 : 6.00 : 5.00 :

2.50 : 1 and  :  :  :  = 13.30 : 8.80 :
2.00 : 1 without changing the other parameters. Com-
parison of the above parameter ratios shows that
increasing the (αi)min/(k–1)min ratio allows one to dimin-
ish the difference between the largest and the smallest
αi values.

kHH
H  : kHD

H  : kHD
D  : kDD

D 13.30 : 11.80 : 1.35 : 1=

ρ1 11.9 ρ2, 9.20 ρ3, 4.20 ρ4, 19.3= = = =( ).

kDD
D kDD

D

k1
HH k1

HD k1
DD

kHH
H kHD

H kHD
D kDD

D

kDD
D kDD

D

kHH
H kHD

H kHD
D kDD

D

Table 1.  Numerical coefficients for the rate constants of the
elementary steps of methane isotopomer oxidation according
to kinetic model I

Rate constants
of elementary steps CH3D CH2D2 CHD3

1 1 0

1 4 1

0 1 1

1 1 0

1 1 1

0 1 1

1 1 0

1 1 1

1 1 1

0 1 1

α1 1 1 0
α2 1 1 0
α3 0 1 0
α4 0 1 0
α5 0 1 1
α6 0 1 1

k1
HH

k1
HD

k1
DD

k–1
HH

k–1
HD

k–1
DD

kHH
H

kHD
H

kHD
D

kDD
D
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Special consideration should be given to the param-

eter h = / , which defines the reaction rate ratio
for the conversion of the intermediate complexes into
alcohols and the initial reagents. In the case of h = 1, the
following parameter sets reproduce the experimental
product distribution and the KIE of methane oxidation:

or (the other parameter ratios are the same as above)

Changing the (αi)min/(k–1)min ratio again makes it
possible to vary the difference between the largest and
the smallest αi values. For instance, at the invariable
parameter ratios

(k–1)min/  = /  = 1,

 :  :  = 50.00 : 7.00 : 1,

 :  :  = 55.60 : 7.35 : 1,

k 1–
DD kDD

D

k 1–( )min/kDD
D k 1–

DD/kDD
D 1,= =

k1
HH : k1

HD : k1
DD 50.00 : 7.00 : 1,=

k 1–
HH : k 1–

HD : k 1–
DD 55.60 : 7.35 : 1,=

kHH
H  : kHD

H  : kHD
D  : kDD

D 13.30 : 11.50 : 1.28 : 1,=

αi( )min/kDD
D α6/kDD

D 1,= =

α1 : α2 : α3 : α4 : α5 : α6 200 : 40 : 32 : 30 : 2 : 1=

ρ1 11.9 ρ2, 9.30 ρ3, 3.90 ρ4, 19.3= = = =( );

αi( )min/kDD
D α5/kDD

D 1,= =

α2 : α1 : α4 : α6 : α3 : α5 = 100 : 90 : 60 : 30 : 20 : 1,

kHH
H  : kHD

H  : kHD
D  : kDD

D 13.30 : 9.00 : 2.10 : 1=

ρ1 12.6 ρ2, 9.20 ρ3, 4.10 ρ4, 19.3= = = =( ).

kDD
D k 1–

DD kDD
D

k1
HH k1

HD k1
DD

k 1–
HH k 1–

HD k 1–
DD

agreement between the calculated and experimental
product distributions and KIE values for methane oxi-
dation is achieved in the following cases:

for (αi)min/  = α6/  = 1, with the parameter ratios

α1 : α2 : α3 : α4 : α5 : α6 = 180 : 40 : 32 : 30 : 1.5 : 1,

 :  :  :  = 13.30 : 11.50 : 1.31 : 1

(ρ1 = 11.9, ρ2 = 9.20, ρ3 = 4.10, ρ4 = 19.3);

for (αi)min/  = α6/  = 0.1, with the parameter
ratios

α1 : α2 : α3 : α4 : α5 : α6 = 500 : 50 : 32 : 30 : 2 : 1,

 :  :  :  = 13.30 : 11.00 : 1.25 : 1

(ρ1 = 12.8, ρ2 = 9.30, ρ3 = 4.10, ρ4 = 19.3);

for (αi)min/  = α6/  = 10, with the parameter
ratios

α1 : α2 : α3 : α4 : α5 : α6 = 111 : 37 : 32 : 30 : 1.5 : 1,

 :  :  :  = 13.30 : 11.50 : 1.35 : 1

(ρ1 = 11.9, ρ2 = 9.20, ρ3 = 4.00, ρ4 = 19.3).

For h = 103, it is also possible to find parameter sets
reproducing the specified product distribution and KIE
of methane oxidation. For example,

(k–1)min/  = /  = 103,

(αi)min/  = α5/  = 104,

 :  :  = 50.00 : 7.00 : 1,

 :  :  = 34.50 : 5.80 : 1,

 :  :  :  = 13.30 : 10.00 : 2.10 : 1,

α2 : α1 : α4 : α6 : α3 : α5 = 15 : 15 : 6 : 3 : 2 : 1

(ρ1 = 11.1, ρ2 = 9.30, ρ3 = 4.10, ρ4 = 19.3).

Note that, in all cases, the ratios of αi are minimized
if (αi)min � (k–1)min.

Calculations of the kinetic schemes of methane iso-
topomer oxidation, whose results are presented above,
do not take into account the statistical coefficients at the
rate constants of the interconversions of the intermedi-
ate complexes F2 with different methylene groups (HH,
HD, and DD). It should be noted that different mecha-
nisms and, correspondingly, different coefficient values
are possible for these interconversion reactions. By set-
ting these coefficients in accordance with the selected
mechanism, appropriate kinetic parameter ratios can
easily be found. Table 2 shows statistical coefficients
for the rate constants αi for one of the possible mecha-
nisms (kinetic model II), in which the dissociation of
the hydrogen bonds in the methylene groups does not
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k1
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HD k1
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k 1–
HH k 1–

HD k 1–
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kHH
H kHD

H kHD
D kDD

D

Table 2.  Numerical coefficients for the rate constants of the
interconversions of the intermediate complexes F2 contain-
ing pentacoordinated carbon according to kinetic model II

Interconversion
rate constants CH3D CH2D2 CHD3

α1 3 4 0
α2 3 1 0
α3 0 1 0
α4 0 1 0
α5 0 1 3
α6 0 1 3
α7 3 1 0
α8 3 4 3
α9 0 1 3
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involve free hydrogen atoms and is followed by the for-
mation of new F2 species according to the isotope com-
position of the oxidation substrate. In this case, statis-
tics requires that the possibility of the formation of a
hydrogen bond with the same isotope composition after
its dissociation should be taken into account. To do this,
the rate constants α7 (HH  HH), α8 (HD  HD),
and α9 (DD  DD) are introduced. Numerical calcu-
lations for the CH2D2, CHD3, CH3D, and ëç4 + ëD4
oxidation kinetic schemes corresponding to this choice
of reaction mechanism allow one to find parameter
ratios ensuring agreement between the calculated and
experimental product distribution and KIE data. For
example, under the quasi-steady-state conditions

(5)

for the parameter ratios

 :  :  = 50.00 : 7.00 : 1,

 :  :  = 55.60 : 7.35 : 1,

 :  :  :  = 13.30 : 11.40 : 1.17 : 1,

α7 : α1 : α2 : α3 : α8 : α4 : α5 : α6 : α9

= 400 : 270 : 40.00 : 32.00 : 30.00 : 30.00 : 2.40 : 1.35 : 1,

(k–1)min/  = /  = 1,

(αi)min/  = α5/  = 1,

one obtains

ρ1 = 11.7, ρ2 = 9.30, ρ3 = 4.00, ρ4 = 19.3.

Likewise, one can easily find kinetic parameter sets
corresponding to the other F2 interconversion variants.

Thus, the kinetic schemes of methane oxidation cor-
responding to the mechanism involving the reversible
formation of the FeO---CH4 complex were analyzed

k1
HH k1

HD k1
DD, ,

� kHH
H kHD
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D kDD
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kHH
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D

kDD
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DD kDD
D

kDD
D kDD

D

using numerical methods. In the case where there is one
C–H and one C–D bond at the carbon atom being oxi-
dized (the other two bonds are with C atoms), the
kinetic schemes considered here can be reduced to the
simple kinetic scheme suggested earlier, which is in
excellent agreement with the experimental data avail-
able on the hydroxylation of hydrocarbons with this
structure by cytochrome P450 [11]. Thus, experimental
data on the monooxygenase oxidation of alkanes by
different enzyme systems can be explained in the
framework of the same nonradical mechanism.

In a more recent study [18], a different modification
of the two-step nonradical mechanism was put forth
based on numerical computations using density func-
tional theory (DFT). This mechanism postulates the
formation of an intermediate complex between meth-
ane and an active site of MMO via the interaction of
carbon and iron atoms: OFe---CH4. These calculations
demonstrated that the formation of the intermediate
complex Fe+---CH4 both in the low-spin and high-spin
states involves two hydrogen atoms, yielding η2-H,H-
type bonds [18]:

The second step of this mechanism is the migration
of a hydrogen atom and a methyl group, which yields a
product containing methanol as a ligand. The coordina-
tion of the alkane to an electrophilic site in the first step
should lead to the weakening of the C–H bonds—a fea-
ture making this mechanism very attractive. However,
this mechanism provides no explanation for the isomer-
ization of partially deuterated alkanes in the course of
enzymatic oxidation by cytochrome P450.

As we pointed out earlier [14], the nonradical mech-
anism of alkane oxidation by monooxygenases is quite
complicated and is possibly a superposition of two non-
radical mechanisms. The following kinetic scheme can
be suggested as a possible variant of this mechanism. In

H
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H H
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C CLFeO

H HHH
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+ LFe

H

H

LOFe

LFeO + C

H

H

k–2

k'–2

k '2k–1k1

ki

kH

Fig. 3. Multistep nonradical mechanism of the monooxygenase-catalyzed oxidation of alkanes.
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the first step, the alkane molecule interacts with the
iron-containing electrophilic site (Fig. 3). The second
step is the formation of an intermediate complex con-
taining a pentacoordinated carbon atom. The assump-
tion about the formation of this complex is supported
by the partial racemization of enzymatic oxidation
products observed experimentally for chiral molecules
of monodeuteroethylbenzene êhCHDCH3 [19] and
ethane H(3)H(2)H(1)CCH3 [8]. Furthermore, the
hypothesis about the formation of such an intermediate
complex is in quantitative agreement with experimental
product distribution data for the hydroxylation of deu-
terated camphor stereoisomers in a natural system [20].
As we pointed out above, these data cannot be
explained in the framework of the radical oxygen
rebound mechanism, which is widely accepted for
alkane oxidation by monooxygenases.

In the light of the above arguments, let us analyze
model III of the nonradical multistep mechanism of
MMO-catalyzed methane oxidation. Let us assume that
the first step of the interaction between the intermediate
Q (LFeO) and the CH4 − nDn molecule, which involves
two hydrogen atoms, reversibly yields the complex

LOFe---CH4 – nDn (with the forward rate constants ,

,  and the reverse rate constants , , and

, respectively). The next step, in which the complex
LFeO---CH4 – nDn is formed, also involves two hydro-
gen atoms; i.e., the complexes F2 appear with rate con-

stants , , and . It is assumed that the rate
constant of the reverse reaction LFeO---CH4 – nDn 
LOFe---CH4 – nDn ( ) is negligible compared to the
decomposition rate constant of the intermediate com-
plex containing pentacoordinated carbon. In this case,
the complex LFeO---CH4 – nDn can either return into the
initial state (Q + CH4 – nDn) with the rate constant k–2

( , , and , depending on the isotope compo-
sition) or form the oxidation product CH3 – nDnOH with

the corresponding rate constant ( , , , ).
As in model I for the two-step mechanism analyzed
above, we assume that the F2 complexes with different
isotope compositions of methylene groups can be con-
verted into each other with the rate constants α1, α2, α3,
α4, α5, and α6.

The kinetic scheme of CH2D2 oxidation correspond-
ing to model III of the multistep mechanism is shown in
Fig. 4. The kinetic schemes of CHD3 and CH3D oxida-
tion differ from the CH2D2 oxidation scheme only in
numerical coefficients at the rate constants of certain
reaction steps.

Numerical calculations for the CH2D2, CHD3,
CH3D, and ëç4 + ëD4 oxidation kinetic schemes cor-
responding to this kinetic model (for the latter case, the
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D

kinetic scheme is shown in Fig. 5) under the quasi-
steady-state conditions

(6)

allowed us to find a set of kinetic parameter ratios pro-
viding good agreement between calculated and experi-
mental data on product distribution in the oxidation of
C–H and C–D bonds and on the KIE of ëç4–ëD4 mix-
ture oxidation. For example, ignoring the specific
mechanism of F2 interconversions, one obtains ρ1 =
11.9, ρ2 = 9.30, ρ3 = 4.00, and ρ4 = 19.3 using the fol-
lowing kinetic parameter ratios:

 :  :  = 50.00 : 7.00 : 1,

 :  :  = 4.00 : 2.00 : 1,

 :  :  = 1 : 1 : 1,

 :  :  = 2.10 : 1.45 : 1,

 :  :  :  = 7.00 : 6.00 : 1.25 : 1,

α2 : α1 : α4: α6 : α3 : α5 = 11.00 : 9.00 : 7.00 : 5.00 : 2.00 : 1,

(k–1)min/  = /  = 1,

(k–2)min/  = /  = 1,

(αi)min/  = α5/  = 10.

In this case, as in the two-step mechanism, the larg-
est KIE value was chosen for the first reaction step for
the reason that the kinetic scheme suggested is just one
of the possible variants of the nonradical mechanism,
which can actually involve a larger number of steps.
Depending on the particular mechanism considered,
the largest KIE value may be assigned to a reaction step
other than the first.

The above results of numerical calculations demon-
strate that the kinetic schemes support many sets of
kinetic parameters ensuring good agreement between
the calculated data and experimental data (2) and (3)
provided that the interconversion rate of the F2 com-
plexes with different methylene groups is sufficiently
high.

Once again, it should be emphasized that the three-
step scheme considered here is only one of the many
possible variants of the nonradical mechanism of
alkane oxidation by monooxygenases. The main result
of this study is the explanation of many experimental
results obtained in various studies in the framework of
a unified mechanism based on the hypothesis of syn-
chronous insertion of an oxygen atom into the C–H
bond, with an important new feature: an intermediate
complex between active oxygen and the hydrocarbon
molecule is formed prior to insertion. The crucial role
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in the formation of this complex is played by the oxy-
gen atom, while the metal atom serves as its ligand. The
substrate structure in this complex with active oxygen
is highly distorted and contains pentacoordinated car-
bon. Two hydrogen atoms (or a hydrogen atom and a
deuterium atom) in this complex can relatively easily
exchange their places, which leads to the racemization
of the oxidation products. The particular mechanism of
the formation of this complex will be investigated in
future work by quantum mechanical means. For this
reason, the main focus of the present study was on a
simpler, two-step mechanism. The numerical calcula-
tions for the above three-step mechanism only indicate
that it is possible to complicate the nonradical mecha-
nism without giving rise to new contradictions with
experimental data.

An earlier analysis [16] showed that quantitative
agreement between experimental and calculated prod-
uct distribution data for the MMO-catalyzed hydroxy-
lation of partially deuterated methane (CH3D, CH2D2,
CHD3) can be achieved using kinetic parameters with
simple physical meanings and realistic values only if
the reverse reaction converting the intermediate com-
plexes into the initial reactants is introduced. Note the
following important feature of methane oxidation cata-
lyzed by MMO: the decomposition rate of the interme-
diate complex containing pentacoordinated carbon is
significantly higher than the rate of its formation. If this
complex is formed in several steps, its decomposition
into the initial reactants may either proceed via the
complete reverse sequence of these steps or bypass the
formation of some intermediates, possibly consisting of
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Fig. 4. Kinetic scheme of CH2D2 oxidation corresponding to kinetic model III.
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a single step. The particular variant of this mechanism
will be determined by the detailed balancing principle,
specifically, the densities of states, their energy differ-
ences, and whether or not the transitions between cer-
tain states are spin-forbidden. The experimental data on
the oxidation of chiral ethane H(3)H(2)H(1)ëëç3 by
MMO [8] are in quantitative agreement with the non-
radical mechanism suggested here, regardless of
whether the formation of the intermediate complex
with pentacoordinated carbon is irreversible [15] or not.

Thus, the unusual experimental data obtained in ear-
lier studies on the oxidation of different alkanes by the
MMO enzyme system are explained for the first time in
the framework of a unified multistep nonradical mech-
anism. Further investigation of alkane monooxygen-
ation dynamics requires quantum mechanical calcula-
tions taking into account the results of this study.
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