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INTRODUCTION

Metalloenzymes and their chemical analogues cata-
lyzing alkane oxidation with molecular oxygen have
recently attracted great interest [1–3]. Special attention
has been focused on monooxygenases, namely, cyto-
chrome P450 and methane monooxygenase (MMO),
which catalyze alkane oxidation according to the fol-
lowing equation:
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Cytochrome P450, which contains an iron porphyrin
complex, belongs to the class of heme monooxygena-
ses. MMO, whose active site contains a dinuclear iron
complex, is classified with nonheme monooxygenases.
The mechanisms of oxygen activation in the reaction
cycles of these enzymes (Figs. 1, 2) are somewhat dif-
ferent. However, the mechanisms of C–H bond hydrox-
ylation catalyzed by the heme and nonheme monooxy-
genases are very similar [4]. At present, the hidden-rad-
ical mechanism called the oxygen rebound mechanism
[5] is the most popular with researchers. According to
this mechanism, the intermediate formation of radicals
takes place, which then recombine (without escaping
into the bulk) to yield hydroxylation products. How-
ever, careful examination of experimental data con-
cerning alkane oxidation with the heme and nonheme
monooxygenases and with their chemical models dem-
onstrates that this mechanism has not passed quantita-
tive validation. A nonradical mechanism [6] was sug-

 

gested to account for these experimental data. Its basic
postulate is the intermediate formation of a complex
containing pentacoordinated carbon. This complex can
exist in two forms:
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The form F1 can be viewed as the product of oxygen
addition at the C–H bond. The form F2 is characterized
by a shorter distance between the hydrogen atoms and
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—Kinetic isotope effect data for the oxidation of deuterium-substituted methane molecules with
methane monooxygenase (MMO) are analyzed in the framework of a multistep nonradical mechanism. New
evidence is obtained in favor of the hypothesis of the intermediate formation of a complex containing pentaco-
ordinated carbon. A kinetic scheme whose first step involves two hydrogen molecules of the substrate being
oxidized is considered. For coincidence between the calculated and experimental distributions of the oxidation
products of partially deuterated methane, the formation of the intermediate complex containing pentacoordi-
nated carbon must be reversible and the rate of the back decomposition of this complex must be substantially
higher than the rate of its formation (
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). The experimental distribution of the products of deuterated
methane (
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) hydroxylation with MMO, which could not earlier be explained within
the widely accepted oxygen rebound mechanism, is quantitatively explained for the first time in terms of the
dynamics of a nonradical mechanism using parameters having a simple physical meaning and plausible values.
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 Catalytic cycle of cytochrome P450.
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can undergo isomerization due to the rotation of the
H

 

−

 

H fragment:

In terms of this mechanism, we analyzed experi-
mental product distribution data reported for the oxida-
tion of deuterated alkanes in which the H and D atoms
exchange their places during hydroxylation catalyzed
by cytochrome P450 and its chemical models [7]. Cal-
culations demonstrated that the unusual product distri-
bution is in good agreement with the two-step nonradi-
cal mechanism. The kinetic parameters calculated in
the framework of this mechanism provided, without
making implausible assumptions, a self-consistent
description of oxidation dynamics for all examples of
compounds with one C–H bond and one C–D bond at
the carbon atom being oxidized (the other two bonds
are with carbon atoms).

For methane hydroxylation, it is impossible to study
isomerization due to hydrogen atoms and their isotopes
changing their places because there can be no chiral
methane. Information concerning the enzymatic meth-
ane oxidation can be derived from hydroxylation prod-
uct distribution data for deuterated methane. In our ear-
lier works [8, 9], the nonradical mechanism involving
pentacoordinated carbon was used to analyze experi-
mental data obtained for the oxidation of deuterated
methane (
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) with the enzyme sys-
tem MMO [10]. According to the results of that exper-
iment [10], the kinetic isotope effect (KIE) calculated
for the conventional oxygen rebound mechanism from
product yield ratios taking into account the numbers of
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C–D and C–H bonds in the methane molecule increases
significantly as the number of deuterium atoms is
increased. An analysis demonstrated that the simple
schemes of the nonradical mechanism are consistent
with the nontrivial distribution of 

 

CH

 

4 – 

 

n

 

D

 

n

 

 oxidation
products, while the oxygen rebound mechanism cannot
account for this product distribution. However, in order
to reconcile the calculated and observed product distri-
butions for partially deuterated methane in the frame-
work of the nonradical kinetic schemes, it was neces-
sary to assign values having no obvious physical mean-
ing to the ratios of kinetic parameters. Here, we
eliminate this contradiction by further analysis of the
dynamics of the bacterial oxidation of methane via the
nonradical mechanism.

RESULTS AND DISCUSSION

Deuterated methane, 
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, is oxidized by soluble MMO from 
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 alcohols form, with a high rate
constant, from the products of oxidation of the C–D
bonds in methane (C

 

H

 

4 – 

 

n

 

D

 

n

 

 – 1

 

OD

 

 alcohols) via isotope
exchange with water molecules.

In the framework of the oxygen rebound mecha-
nism, which is accepted by many researchers, it is pos-
sible to calculate KIE values for this process from prod-
uct distribution data for the oxidation of partially deu-
terated methane (reaction (1)) taking into account the
numbers of C–D and C–H bonds in the methane mole-
cule:
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This calculation demonstrates that KIE increases with
an increasing number of deuterium atoms (

 

n

 

) and takes
the following values:
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The variation of KIE per C–H bond is in conflict
with the oxygen rebound mechanism, for which 
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n

 

 =
[

 

n

 

/(4 – 

 

n

 

)]

 

ρ

 

n

 

 = kH/kD, and its value is determined only
by the ratio between the homolysis rate constants of the
C–H and C–D bonds in the methane molecule. At the
same time, the simple kinetic scheme of the nonradical
mechanism of MMO-catalyzed methane oxidation,
whose first step involves two hydrogen atoms [8], pro-
vides an explanation for the unusual distribution of the

for ëç2D2 – ρ2 

= [ëçD2OH]/[ëH2DOH] = 9.30 ± 0.54,

2e–, 2H+, O2
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Fig. 2. Catalytic cycle of the hydroxylase component of
MMO: Hox is the initial form of the hydroxylase component
of MMO, Hperoxo is one of the intermediates spectroscopi-
cally detected in the hydroxylase cycle of MMO, and Q is
the reactive compound interacting with the substrate in the
hydroxylase cycle of MMO.
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oxidation products of partially deuterated methane. The
first step of this scheme is assumed to be the irreversible
formation of F2 by the reaction between a methane
molecule and the reactive intermediate Q of the cata-
lytic cycle of MMO. In the oxidation of partially deu-
terated methane, CH4 – nDn, the first step yields three
types of intermediates with formation rate constants of

, , and . We will designate these intermedi-
ates (HH), (HD), and (DD), according to the isotopic
composition of the methylene fragment. In the analysis
of the monooxygenase-catalyzed oxidation of chiral
molecules in the framework of the nonradical mecha-
nism, of great significance are the F2 isomerization
reactions, which provide a quantitative explanation for
experimental data. Since there can be no chiral methane
molecule, the intramolecular exchanges of the H and D
atoms, which are brought closer together in the methyl-
ene fragment of F2, are not considered; that is, it is
accepted that the (HD) and (DH) states of this alkane
are indistinguishable. The second step is the insertion
of an oxygen atom into the C–H or C–D bond. Based
on the kinetic scheme considered, we used quasi-
steady-state treatment to determine, for each given pair
of parameters ρ, the range of variation of the third
parameter [8]:

5.9 < ρ2 < 7.9 for ρ1 = 11.7 and ρ3 = 4.00, 

5.8 < ρ3 < 8 for ρ1 = 11.7 and ρ2 = 9.30, (3)

16.7 < ρ1 < 25.4 for ρ2 = 9.30 and ρ3 = 4.00. 

Clearly, the admissible range of calculated ρ values
(Eq. (3)) is at variance with the experimental distribu-
tion of methane oxidation products (Eq. (1)). There-
fore, although the simple scheme is in good agreement
with the dependence of KIE on the number of deute-
rium atoms in the methane molecule, it is in quantita-
tive disagreement with the experiment. In order to elim-
inate this disagreement, we made an attempt to aug-
ment the kinetic model by including the
interconversion reactions of intermediate complexes
with different methylene fragments. These reactions
break the hydrogen bonds between the isotopes that are
initially closer together and form new hydrogen bonds
by bringing other isotope atoms closer together. These
reactions may be accompanied by isomerization or
not—this makes no difference for methane. The intro-
duction of the reactions (DD)  (HD)  (HH)
into the kinetic scheme made it impossible to obtain an
analytical solution and thus made it necessary to per-
form numerical calculations. A numerical experiment
[9] demonstrated that the improved kinetic model of the
oxidation of deuterated methane is in agreement with
experimental data. However, as was noted in the Intro-
duction, in order to reconcile the calculated and
observed product distributions for partially deuterated
methane, it was necessary to assign values with no clear
physical meaning to ratios of kinetic parameters [8, 9].
As in the simple kinetic scheme, we assumed that the
first step is irreversible.

k1
HH k1

HD k1
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Let us now analyze the simple kinetic scheme under
the assumption that the first step is reversible (Fig. 3).
The reaction between the reactive species LFeO (inter-
mediate Q in the catalytic cycle of MMO) and the
hydrocarbon involves two hydrogen atoms simulta-
neously; that is, the first step is the formation of F2. In
the mechanistic model considered, F1 and F2 are kinet-
ically indistinguishable. However, the main state of the
intermediate complex, which determines the statistical
coefficients at the rate constants of the reaction steps, is
F2. Therefore, the following ratios of the formation
rates of the intermediate complexes (HH), (HD), and
(DD) can readily be obtained for partially deuterated
methane, 
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The reactions returning the compounds (HH), (HD),
and (DD) to their initial state LFeO + 
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The species F1 is implicitly involved in the kinetic

scheme and is responsible for the formation of products
from F2:
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The intermediate compound containing a methylene
fragment with an HD hydrogen bond can form both a
C–H bond oxidation product and a C–D bond oxidation
product:
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 Kinetic scheme of MMO-catalyzed methane oxida-
tion via the nonradical mechanism. 
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The isomerization reactions (HD)  (DH) are left
out of consideration because, as was noted above, there
can be no chiral methane. Furthermore, we will ignore
the interconversion reactions of intermediate com-
plexes with isotopically different methylene fragments:
(DD)  (HD)  (HH). Note that, for partially
deuterated camphor, ethylbenzene, and norbornane,
whose monooxygenase-catalyzed oxidation is accom-
panied by isomerization, these reactions are impossible
because the asymmetric carbon atom of these alkanes
has only two bonds with hydrogen isotopes; that is,
these alkanes allow only the (HD)  (DH) reaction.
As was noted above, the introduction of the reactions
(DD)  (HD)  (HH) into the kinetic scheme of
methane oxidation in the case of an irreversible first
step does not improve the situation significantly. An ill-
substantiated complication of the kinetic scheme would
lead only to the impossibility of obtaining an analytical
solution.

For the accepted kinetic scheme (Fig. 3), we obtain
the following expressions for the variation rates of the
concentrations of the intermediate compounds:

d[(HH)]/dt =  – [(HH)] – [(HH)], 

d[(HD)]/dt 

=  – [(HD)] – [(HD)] – [(HD)], (4)

d[(DD)]/dt =  – [(DD)] – [(DD)].

Since only the oxidation product ratios are known,
the ratios rather than the absolute values of rate con-
stants are essential for kinetic analysis. We will intro-
duce the following designations:

(5)

Now we can readily obtain an expression for the ratio
of the products of the oxidation of the CH and CD
bonds in the methane molecule:

ρ = {αβd[(HH)] + βd[(HD)]}/{β[(HD)] + [(DD)]}.

Solving the set of equations (4) in the quasi-steady-
state approximation for the intermediates under the
constraint

d[(HH)]/dt ≈ 0, d[(HD)]/dt ≈ 0, d[(DD)]/dt ≈ 0,

we obtain
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Next, we take into account the following expres-
sions for the formation rates of the intermediate com-
plexes:
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and, after simple rearrangements, we arrive at the fol-
lowing equations for the ratios of the oxidation prod-
ucts of partially deuterated methane:
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In view of expressions (1) for experimental 
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Eq. (6) takes the form of a set of three equations in three
variables:
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Solving this set of equations, we obtain 
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5,

 

 and 
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 = –0.5. According to definitions (5) and (7), 

 

g

 

can be only positive; therefore, the set of equations (8)
has no physically meaningful solution. Note, however,
that the ρ values (Eq. (1)) are experimental and their
admissible ranges are determined by the respective
experimental errors:

8.7 ≤ ρ1 ≤ 14.7,

8.76 ≤ ρ2 ≤ 9.84, (9)

3.67 ≤ ρ3 ≤ 4.33.

From expression (6), one can obtain

(10)

In the particular case of e = g, expressions (6) and
(10) lead to
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In view of the admissible ranges of ρ1 and ρ3 given
by Eq. (9), the range of ρ2 values in this case is ρ2 ≤ 8.

Since e and g cannot be negative, the admissible
range of d is

3.67 ≤ ρ3 ≤ d ≤ ρ1 ≤ 14.7. (11)

Taking d = ρ3 = 3.67, for ρ1 = 14.7 we obtain e = 0,
g = 3.0, and ρ2 = 6.42; for ρ1 = 8.7 we obtain e = 0, g =
1.37, and ρ2 = 4.93. Taking d = ρ1 = 14.7, for ρ3 = 3.67
we obtain e = 3.0, g = 0, and ρ2 = 8.40; for ρ3 = 4.33 we
obtain e = 2.39, g = 0, and ρ2 = 9.20. Clearly, the last set
of parameters is in best agreement with the experimen-
tal ρ data. Thus, the experimental data are consistent
with the constraint g < e. Since e is nonzero, it is perti-
nent to assume that g is also nonzero. For example, for

e = 2.1, g = 0.1, d = 13.3, (12)

the set of equations (6) yields ρ1 = 14.63, ρ2 = 8.94, and
ρ3 = 4.29. Within the experimental error, these values
coincide with corresponding experimental data.
Decreasing the parameter d or increasing the parameter
e or g results in a greater deviation of the ρ values from
the corresponding average experimental data.

The parameters e and g are derivatives of the param-
eters introduced by Eq. (5), which define the ratios of
the rate constants of the reactions steps. Of particular
significance is the parameter h, which defines the ratio
of the rates at which the intermediate complex is con-
verted into alcohols and back into the initial com-
pounds.

In the particular case of h = 1, for the e, g, and d val-
ues selected (Eq. (12)), which imply the methane oxi-
dation product distribution of ρ1 = 14.63, ρ2 = 8.94, and
ρ3 = 4.29, Eq. (7) reduces to the equations

(13)

The parameters a, b, c, f, α, and β by their physical
meaning cannot be smaller than unity. Moreover, since
f > 0, the admissible range of the parameter b is b > 3.4,
as follows from Eq. (13); that is, the formation rate con-
stant of the species (HD) must be well above that of the
species (DD).

In the case of h = 0.1 and the same e, g, and d
(Eq. (12)), we arrive at the equations

(14)

The parameter b will then be subject to a still more
stringent constraint: its admissible values will lie within
the interval b > 6.2.

For h = 10, we likewise obtain the equations

(15)

In this case, b ≥ 1 and no additional constraints are
imposed on this parameter.

f 4.2β b 3.4–( ),=

c 10α ab 0.3–( )/ b 3.4–( ).=

f 23β b 6.2–( ),=

c 10α ab 0.6–( )/ b 6.2–( ).=

f 2.3β b 0.6–( ),=

c 10α ab 0.06–( )/ b 0.6–( ).=

Thus, the values of ρ1 = 14.63, ρ2 = 8.94, and ρ3 =
4.29, which coincide with the corresponding experi-
mental data within the experimental error, allow an infi-
nite number of sets of rate constants of the elementary
steps (some examples are given in the table). Note that
the parameters a, b, c, f, α, and β are, by their physical
meaning, KIE values for reaction steps and must obey
certain laws. First of all, it is necessary to minimize the
set of these parameters considering that their large val-
ues (100 and above) seem to be unsubstantiated. Fur-

thermore, if /  = b ≠ 1, then a = /  is
apparently unequal to unity. Similar considerations are

valid for c = /  and f = / . Raising the
parameter b causes an increase in f and a decrease in c.
The a – b minimization condition sets a limit on the
decrease of c. It is clear from the table that the parame-
ters a, b, c, f, α, and β are minimized at large h values.
The parameter h, which is determined by the ratio
between the rate constants of intermediate complex
conversions into alcohols and into initial compounds

( / ), does not require minimization. For h = 10–
103, the forward reaction of the first step may have
some KIE (table, the 2nd and 3rd rows from bottom) or
be independent of the isotopic composition of the sub-
strate (see the last row in the table). Note that, for all h
values, the reverse reaction of the first step has a larger
KIE than the forward reaction. Since the analysis was
carried out using the quasi-steady-state approximation,
the formation rate of the intermediate complexes must
be substantially lower than their disappearance rate.
Hence, the equilibrium in the first step of methane
hydroxylation with MMO is shifted to the initial com-
pounds and the condition w1 < w2 � w–1 is satisfied.

Thus, we determined the kinetic parameters that
ensure that the calculated distribution of methane oxi-
dation products coincides with experimental data
within the experimental error. These parameters have a
clear physical meaning, and their values at sufficiently
high h values of 10–103 seem quite natural. For exam-
ple, as can be seen from the table, experimental data (1)
can readily be obtained at the following ratios of the
kinetic parameters:

(1) h = /  = 10, /  = 13.3, /  =

3.0, /  = 1.5, /  = 1.5, /  = 3.0,

/  = 28.0, /  = 16.5;

(2) h = /  = 103, /  = 13.3, /  =

4.0, /  = 2.0, /  = 1.0, /  = 1.0,

/  = 8.4, /  = 20.0;

(3) h = /  = 103, /  = 13.3, /  =

1.0, /  = 1.0, /  = 2.0, /  = 9.5,

/  = 20.0, /  = 20.0.
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For the calculated and experimental ρ data to coin-
cide in the framework of the mechanism suggested here,
it is necessary that the reaction between the active spe-
cies and the substrate be reversible and the rate of the
reverse reaction (w–1) be much higher than the rate of the
forward reaction (w1). Furthermore, for the condition h =

/  ≥ 10 to be satisfied, the rate of the conversion
of the intermediate complexes into the reaction products
must be much lower than the rate of the conversion of the
complexes into the initial compounds. The rate and KIE
are the highest for the reverse reaction (w–1) of the first
step of the kinetic scheme suggested.

The above results provide evidence in favor of the
hypothesis that the intermediate complex of the reac-
tion contains pentacoordinated carbon. This hypothesis
is particularly attractive because it accounts for the dis-
tribution of reaction products observed in the oxidation
of partially deuterated alkanes with natural monooxy-
genases (cytochrome P450 and MMO) and its chemical
models [10–15] in terms of a unified multistep nonrad-
ical mechanism. The analysis reported here indicates
that, in the oxidation of methane and, possibly, ethane
catalyzed by the enzyme system MMO, the formation
of F2 via the bimolecular reaction between the reactive
intermediate Q and the substrate is a reversible process.
As distinct from the first step in the catalytic cycle of
MMO (Fig. 2), the first step in the catalytic cycle of
cytochrome P450 (Fig. 1) is binding between the sub-
strate and the enzyme. In this case, the reactive interme-
diate results from redox transformations of the

k 1–
DD kDD

D

enzyme–substrate complex. Accordingly, in the reac-
tion catalyzed by cytochrome P450, the formation of
the intermediate complex is likely irreversible, particu-
larly for alkanes in which the C–H bond energy is much
higher than the C–H bond energy in the methane mole-
cule. The formation of the intermediate complex,
whose F2 form is responsible for the isomerization of
the alkane oxidation products, provides a quantitative
explanation for the data available on the distribution
reaction products for the oxidation of deuterium-substi-
tuted alkanes catalyzed by cytochrome P450 and its
chemical models [7]. In this system, hydroxylation is
accompanied by H and D exchanging their places, a
process not described quantitatively by the oxygen
rebound mechanism [11–14].

For example, in the enzymatic hydroxylation of
deuterated camphor with cytochrome P450cam, part of
the deuterium atoms pass from the exo position to the
endo position and vice versa [11]:
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13.3 1 3.5 1 1 1 0.4 334
3.5 1 1 3 1.2 334
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10 10 1 1 28 151
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20 1 1 1 317 14
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1 1 1 28 25 25
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This yields 5-exo-hydroxycamphor because the cam-
phor molecule is fixed in the active site of the enzyme
by a hydrogen bond and cannot rotate. Therefore,
isomerization in this case cannot be due to molecular
rotation and cannot be explained within the oxygen
rebound mechanism. The remarkable stereoselectivity
of camphor oxidation was given a plausible explanation
in terms of the intermediate formation of pentacoordi-
nated carbon [7]. As distinct from the first step of
MMO-catalyzed methane oxidation, the first step in
this reaction is the irreversible interaction of LFeO with
a C–H or C–D bond of camphor. This is dictated by the
spatial structure of the active site of the enzyme.

Another example is the hydroxylation of (R)- and
(S)-enantiomers of monodeuteroethylbenzene with a
donor of active oxygen (iodosobenzene) catalyzed by a
chiral iron porphyrin complex [14]. This process yields
all possible isomers of 1-phenylethanol. The main (R)-
or (S)-enantiomer hydroxylation product forms stereo-
selectively and is almost pure monodeuterophenyletha-
nol, while the minor product is only half deuterated.
This experimental finding was not explained in the
framework of the hidden-radical abstraction–recombi-
nation mechanism. At the same time, these data can be
accounted for in terms of the simple kinetic scheme of
the nonradical mechanism:

This scheme takes into account the fact that, in the for-
mation of an OD group, after the insertion of an O atom
into the C–D bond, the D atom is replaced with an H atom
via rapid hydrogen exchange with the solvent. The form
F2 is implicitly involved in this scheme and is responsible
for the isomerization of the intermediate complex.

The oxidation of chiral ethylbenzene is an example
in which the change of the hydroxylation rate constant
(in this case, due to the large KIE value) leads to the
almost complete retaining of the initial configuration
(for the C–H bond and, at the same time, to consider-
able isomerization (for the C–D bond) in one molecule
[7]. This example helps understand how the complete
retaining of the initial configuration or its inversion
(i.e., racemization) can take place in similar systems. If
the lifetime of the intermediate complex is short (i.e.,
an O atom is inserted rapidly into the C–H bond), no
isomerization will take place; if the isomerization rate
is comparable with the oxygen insertion rate, an appre-
ciable amount of isomerization products will form.
Note that the kinetic parameters calculated from exper-
imental data for (R)-deuteroethylbenzene using the

above scheme enables one to predict exactly the prod-
uct distribution observed for the (S)-isomer (and vice
versa) [7, 16]. This fact is a convincing argument in
favor of the mechanism involving the intermediate for-
mation of pentacoordinated carbon.

Along with the product distribution data for the oxi-
dation of partially deuterated alkanes with monooxyge-
nases and their chemical models, there are extensive
experimental KIE data derived by various methods
from the rates of these processes. Different authors
report different isotope effects derived from the ratio of
the hydroxylation rates of the individual substrates ëç4
and ëD4, namely, KIE = 5 [17] and KIE = 12 [18]. The
difference between the KIE values measured by this
method can readily be explained in terms of a multistep
mechanism in which the reaction rate is determined by
the slowest, rate-limiting step. Varying the reaction
conditions can change the rate-limiting step. For exam-
ple, it was demonstrated that the KIE in methane
hydroxylation catalyzed by pMMO from Methylococ-
cus capsulatus (M) increases dramatically with increas-
ing temperature [19]. This seems to be quite natural
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because the contributions from reaction steps to the
overall reaction rate are temperature-dependent.

In the series of works devoted to KIE in MMO-cat-
alyzed methane oxidation, an impressive result was
obtained in a study of the intermediate Q disappearance
rate in the catalytic cycle of MMO in the oxidation of
the individual substrates ëç4 and ëD4 [20]. It was
found that the thus-measured isotope effect is abnor-
mally strong and its value is kH/kD ~ 50–100. This result
also indicates that MMO-catalyzed methane oxidation
is a multistep process. It is likely that the rate-limiting
step of the disappearance of the intermediate Q, which
is characterized by a high KIE value, is other than the
rate-limiting step of the formation of the oxidation
products. The disappearance of Q is followed by slower
steps with a smaller KIE value, and it these steps that
determine the observed formation rate of the products.

The competition method of KIE determination is the
most informative. This method was used to derive KIE
from the ratio of product accumulation rates in the
MMO-catalyzed oxidation of a ëç4 + ëD4 mixture
[10], and the following value was obtained:

ρ4 = [ëç3OH]/[ëD3OH] = 19.3 ± 3.9. (16)

Thus, for methane oxidation in the presence of
MMO, KIE values measured by different methods dif-
fer significantly. As was noted above, the KIE value
derived from the formation or disappearance rate of a
chemical compound is governed by the rate-limiting
step of the process.

Consider the experimental data obtained for the oxi-
dation of a ëç4 + ëD4 mixture in the framework of the
nonradical mechanism involving the formation of penta-
coordinated carbon. The accepted kinetic scheme, whose
first step is reversible (Fig. 3), lead to the following
expressions for the disappearance rates of the substrates:

(17)

The rates of change of the concentrations of the inter-
mediate compounds appear as

(18)

By solving the set of equations (18) in the steady-state
approximation, so that the conditions

d[(HH)]/dt ≈ 0, d[(DD)]/dt ≈ 0

are satisfied, one readily obtains

Hence,

d CH4[ ]/dt– k1
HH CH4[ ] k 1–

HH HH( )[ ],–=

d CD4[ ]/dt– k1
DD CD4[ ] k 1–

DD DD( )[ ].–=

d HH( )[ ]/dt = k1
HH CH4[ ] k 1–

HH HH( )[ ]– kHH
H HH( )[ ],–

d DD( )[ ]/dt = k1
DD CD4[ ] k 1–

DD DD( )[ ]– kDD
D DD( )[ ].–

HH( )[ ] k1
HH CH4[ ]/ kDD

D chf αβd+( ){ },=

DD( )[ ] k1
DD CD4[ ]/ kDD

D h 1+( ){ }.=

(19)

In the accepted scheme, the slowest, rate-determining
step is the first step of the formation of the intermediate
complexes. Therefore, under steady-state conditions,
when the formation rate of the oxidation products is
constant, we have

d[ëç3OH]/dt = –d[CH4]/dt = const1,

(20)

= αadβb(1 + h)/(αβd + chf ) = dg/e.

For the kinetic parameters given by Eq. (12), which
ensure coincidence between the calculated and
observed product distributions for partially deuterated
methane (within the experimental error), Eq. (20)
yields ρ4 = 0.63. This value falls outside the range of
experimental KIE data for ëç4 + ëD4 oxidation:

15.4 ≤ ρ4 ≤ 23.2. (21)

Let us consider the ranges of d, g, and e in which con-
dition (21) is satisfied. According to expression (11), the
range of d is given by d < ρ1 ≤ 14.7. For the admissible
ρ4 range (expression (21)),

g ≥ 15.4e/d > e.

Therefore, condition (21) is satisfied for g > e. At the
same time, the above analysis demonstrates that the
observed distribution of oxidation products for partially
deuterated methane implies g < e.

Thus, in the framework of the simple kinetic scheme,
whose first step is reversible, there is no set of parame-
ters ensuring the simultaneous quantitative coincidence
of calculated data with experimental data (1) and (16).
The range of kinetic parameters satisfying the observed
distribution of the hydroxylation products of partially
deuterated methane (Eq. (1)) has no intersection with
the range of these parameters that lead to the KIE value
observed in the oxidation of the ëç4 + ëD4 mixture
(Eq. (16)).

In the case of intermediate complex formation being
irreversible, it is pertinent to assume that ρ4 is the KIE
value of the first, slowest step. The range of the rate
constants of the first step will then be limited only by
the stationarity condition (k1 � ki), and there will be no
conflict between data (1) and (16) [8, 9]. Imposing the
constraint w1 < w2 � w–1 causes the incompatibility
between the sets of parameters bringing the calculated
data into quantitative coincidence with experimental
data (1) and (16).

In order to eliminate this conflict, it was necessary
to further complicate the kinetic model of the mecha-
nism considered. We carried out a special-purpose
numerical kinetic simulation of the dynamics of meth-
ane hydroxylation in the presence of MMO. This simu-
lation, which enabled us to explain, in terms of the

d CH4[ ]/dt– k1
HH CH4[ ]/ 1 chf /αβd( )+{ },=

d CD4[ ]/dt– k1
DD CD4[ ]/ 1 h+( ).=

d[ëD3OH]/dt = –d[CD4]/dt = const2,

ρ4 = [ëç3OH]/[ëD3OH] = const1/const2 
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dynamics of a single nonradical mechanism, the exper-
imental data available on the oxidation of structurally
different alkanes with heme and nonheme monooxyge-
nases and their chemical models, will be reported in a
forthcoming publication [21].

CONCLUSIONS

Thus, the product distribution data for the oxidation
of deuterium-substituted methane molecules with
MMO have been analyzed in the framework of a multi-
step nonradical mechanism. A kinetic scheme is sug-
gested, whose first step involves two hydrogen atoms of
the substrate being oxidized. The experimental distri-
bution of the products of deuterated methane (CH3D,
CH2D2, and CHD3) hydroxylation with MMO (data (1)),
which cannot be explained within the widely accepted
oxygen rebound mechanism, can be quantitatively
accounted for in terms of the dynamics of a nonradical
mechanism using parameters having a simple physical
meaning and plausible values. For example, for h =

/  = 10, the simplest kinetic scheme examined
can readily be fitted to experimental data (1) by using

the following ratios of kinetic parameters: /  =

13.3, /  = 3.0, /  = 1.5, /  = 1.5,

/  = 3.0, /  = 28.0, and /  = 16.5.
Raising the parameter h will provide better opportuni-
ties to fit the kinetic parameters to detailed variants of
the mechanism of methane oxidation in the presence of
MMO.

For coincidence between calculated and experimen-
tal distributions of the oxidation products of partially
deuterated methane, the formation of the intermediate
complex containing pentacoordinated carbon must be
reversible and the rate of the back decomposition of this
complex must be well above the rate of its formation
(w–1 � w1). However, with these constraints, the sets of
kinetic parameters of the simple scheme that afford
quantitative fit between the calculated and observed
products distributions for the oxidation of partially deu-
terated methane are incompatible with the sets of
kinetic parameters that ensure fit between the calcu-
lated and observed KIE values for the competitive oxi-
dation of ëç4 and ëD4 with the same enzyme system.

Nevertheless, the simple scheme of the nonradical
mechanism for the first time provided a quantitative
explanation for the unusual distribution of the oxidation
products of partially deuterated methane. Furthermore,
an analytical solution was obtained for the kinetic prob-
lem, and it showed the line of further investigation of
the dynamics of MMO-catalyzed methane oxidation.
Complication of the simple kinetic model of the mech-
anism examined is required to eliminate the inconsis-
tency that emerges in the simultaneous analysis of the

experimental product distributions for the oxidation of
individual (partially deuterated) compounds and the
product formation rates for the competing oxidations of
the fully deuterated and nondeuterated substrates. This
makes it impossible to obtain an analytical solution and
makes it necessary to employ numerical methods.
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