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Abstract: Dynamic aspects of alkane hydroxylation mediated by Compound I of cytochrome P450 are discussed
from classical trajectory calculations at the B3LYP level of density functional theory. The nuclei of the reacting
system are propagated from a transition state to a reactant or product direction according to classical dynamics
on a Born-Oppenheimer potential energy surface. Geometric and energetic changes in both low-spin doublet
and high-spin quartet states are followed along the ethane to ethanol reaction pathway, which is partitioned
into two chemical steps: the first is the H-atom abstraction from ethane by the iron-oxo species of Compound
I and the second is the rebound step in which the resultant iron-hydroxo complex and the ethyl radical
intermediate react to form the ethanol complex. Molecular vibrations of the C-H bond being dissociated and
the O-H bond being formed are significantly activated before and after the transition state, respectively, in
the H-atom abstraction. The principal reaction coordinate that can represent the first chemical step is the C-H
distance or the O-H distance while other geometric parameters remain almost unchanged. The rebound process
begins with the iron-hydroxo complex and the ethyl radical intermediate and ends with the formation of the
ethanol complex, the essential process in this reaction being the formation of the C-O bond. The H-O-
Fe-C dihedral angle corresponds to the principal reaction coordinate for the rebound step. When sufficient
kinetic energy is supplied to this rotational mode, the rebound process should efficiently take place. Trajectory
calculations suggest that about 200 fs is required for the rebound process under specific initial conditions, in
which a small amount of kinetic energy (0.1 kcal/mol) is supplied to the transition state exactly along the
reaction coordinate. An important issue about which normal mode of vibration is activated during the
hydroxylation reaction is investigated in detail from trajectory calculations. A large part of the kinetic energy
is distributed to the C-H and O-H stretching modes before and after the transition state for the H-atom
abstraction, respectively, and a small part of the kinetic energy is distributed to the Fe-O and Fe-S stretching
modes and some characteristic modes of the porphyrin ring. The porphyrin marker modes ofν3 andν4 that
explicitly involve Fe-N stretching motion are effectively enhanced in the hydroxylation reaction. These
vibrational modes of the porphyrin ring can play an important role in the energy transfer during the enzymatic
process.

Introduction

Cytochrome P450 enzymes catalyze the addition of molecular
oxygen to nonactivated hydrocarbons under physiological
conditions.1,2 The mechanism by which cytochrome P450 is able
to carry out the remarkably difficult hydroxylation of C-H
bonds in alkanes and other compounds has been a central issue
to be elucidated in biological inorganic chemistry. The active
electrophilic oxidant in P450 usually has been assumed to be
an oxo-ferryl (OdFeIV) porphyrinπ-cation radical. A consensus
view of the hydroxylation mechanism evolved over the past
two decades, primarily based on two mechanistic parameters,
stereochemistry and kinetic isotope effects. Observed large ki-
netic isotope effects (kH/kD > 10)3,4 and loss of stereochemistry4-6

in P450-catalyzed hydroxylation reactions prefer a nonconcerted
mechanism to a concerted “oxene” insertion mechanism, which
was proposed in an earlier study.7 In the nonconcerted mech-
anism, the iron-oxo species abstracts an H atom from substrate
to give an iron-hydroxo species and an alkyl radical intermedi-
ate, followed by rapid transfer of the iron-bound hydroxyl radical
to the alkyl radical. Thus, this so-called oxygen rebound
mechanism consists of abstraction and recombination processes.
Strong support for this mechanism has come from the functional
P450 model systems developed by Groves and co-workers.8,9

This mechanistic picture became questionable when ultrafast
“radical clock” substrates that have highly strained cyclic
structures were used to measure the time for the oxygen rebound
step. Newcomb, Hollenberg, and their co-workers found that
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measured radical lifetimes are too short (τ ) 80-200 fs) to
correspond to a real free radical intermediate10-12 and have no
correlation with independently clocked rearrangement lifetimes
of the free radicals. They suggested using a ultrafast radical
clock substrate that can distinguish between radical and car-
bocation intermediates that production of cationic intermediates
is a common feature of P450-catalyzed hydroxylation reactions.
They proposed that these species are most likely protonated
alcohols produced by insertion of OH+ in reactions of the iron-
hydroperoxo species formed in the natural course of P450
oxidation reactions. Coon et al. recently proposed that epoxi-
dation and hydroxylation reactions can be mediated by both
iron-hydroperoxo and iron-oxo species.13,14Thus, the mecha-
nistic picture of the hydroxylation reaction is more complicated
than previously thought.

Quantum chemical calculations at various levels of theory15-18

have shed new light on the structures and the catalytic functions
of Compound I intermediates of oxidative heme enzymes. With
density functional theory (DFT), Harris and Loew investigated
the proton-assisted pathway to formation of cytochrome P450
Compound I,19 and Siegbahn et al. studied the mechanisms of
O-O bond breaking and Compound I formation in heme
peroxidases.20 Shaik and collaborators investigated some im-
portant mechanistic aspects of P450-catalyzed hydroxylation
reactions and indicated the participation of “two-state reactivity”
in the C-H bond dissociation process and in the resultant iron-
hydroxo intermediate.21-23 They recently found, using a Com-
pound I model with SH- as the proximal ligand, that the
transition state for the rebound step lies 5 kcal/mol above the
iron-hydroxo species on the high-spin quartet potential energy
surface whereas there is no such transition state on the low-
spin doublet one.24,25 According to their proposal, the doublet
pathway cannot endow a radical intermediate with a significant
lifetime because it is barrier-free or very flat. In contrast, an
alkyl radical will be produced on the quartet pathway and will
face a rebound barrier, which can lead to a finite lifetime of
the radical intermediate.

Compound I is widely believed from experimental and
theoretical investigations to be best formulated as an oxo-ferryl
(OdFeIV) porphyrinπ-cation radical species.1,2 This picture was
reconsidered from experimental and theoretical investigations
particularly in thiolate-ligated heme enzymes. From experimen-

tal aspects, Meunier and co-workers proposed the existence of
a sulfur radical species as a route to reduce the OdFeV to
OdFeIV species in the stabilized form of Compound I of
P450.26,27Trautwein et al. discussed in detail different electronic
states of Compound I with the radical located in the a1u or a2u

π orbital of the porphyrin ring or in the lone-pair orbital of the
proximal ligand (chlorine, imidazole, and CH3S-).28,29 Green
indicated that the electronic structure of Compound I depended
dramatically upon the nature of the proximal ligand and
suggested that an alternative formulation of Compound I with
sulfur radical may be more appropriate rather than that with
porphyrinπ-cation radical.30-32 We suggested from the ioniza-
tion potentials of HS-, CH3S-, CysS-, and imidazole that the
thiolate ligands may release one electron to form a sulfur radical
species while the imidazole ligand is unlikely to be oxidized.33

Recently, Shaik et al. indicated that hydrogen bonding and
medium polarization effects should cause a dramatic shift of
the spin density, which is localized more heavily on the
porphyrin ring than the axial thiolate ligand.34

The kinetic isotope effect (kH/kD) is an important measure in
discussing how H-atom abstraction from substrate takes place
in catalysts and enzymes. The oxygen rebound mechanism is
supported by observed large kinetic isotope effects as well as
considerable loss of stereochemistry at a carbon atom of the
substrate.1,2 Jones et al. recently found that thekH/kD values of
P450-mediated H-atom abstraction from several substrates are
nicely correlated with those of H-atom abstraction by thetert-
butoxyl radical, providing evidence for a common H-atom
abstraction mechanism, but that thekH/kD values are rather small,
2-6.35 We calculated thekH/kD values for the H(D) atom
abstraction using C2H6, CH2DCH3, CD3CH3, and C2D6 as
substrates, demonstrating that not only the C-H(D) bond being
cleaved but also other molecular moieties play an important
role in determining the kinetic isotope effect.36 The kinetic
isotope effect is also more complicated than previously thought.

In previous work,37 we carried out trajectory calculations on
the methane to methanol conversion mediated by the bare FeO+

complex to increase our knowledge of the dynamic aspect of
alkane hydroxylation, demonstrating that both the H-atom
abstraction and the methyl migration, which corresponds to the
oxygen rebound step, should occur in a time scale of about 100
fs in a concerted manner. We compared the concerted mecha-

nism via a four-centered transition state C‚‚‚H‚‚‚O-Fe and the
radical mechanism via a linear transition state C‚‚‚H‚‚‚O-Fe
with respect to the rate-determining H-atom abstraction process.
We decided to run molecular dynamics simulations on alkane
hydroxylation mediated by P450 to derive the dynamic aspects
of this important enzymatic reaction. In this article, we discuss
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from trajectory calculations based on density functional theory
(DFT) the ethane to ethanol conversion mediated by a Com-
pound I model, with an emphasis on the elucidation of its
mechanistic aspects. The present work may be useful for a
deeper understanding of the recent radical clock studies on
alkane hydroxylation mediated by cytochrome P450.

Model System and Method of Calculation

Although both iron-oxo and iron-hydroperoxo species have been
recently proposed as oxidants in cytochrome P450 systems,13,14 we
assumed a porphyrin iron-oxo species as the final oxidant in our
theoretical study. Recently, the structure of the ferrous dioxygen ad-
duct of P450cam was determined with 0.91 Å wavelength X-rays;
irradiation with a 1.5 Å X-ray resulted in breakdown of the dioxygen
molecule to an intermediate that would be consistent with an oxo-
ferryl species.38 Accordingly we used a six-coordinate oxo-ferryl
species Fe4+O2-(C20N4H12)-1(SCH3)-1 as Compound I model and ethane
as substrate. Thus, the total charge of the model reacting system is
neutral. In a previous study, the ionization potentials of various thiolate
ligands and imidazole were calculated to better understand the
mechanism of the two-electron oxidation process for the formation of
Compound I; the order of ionization potential was imidazole. HS-

> CysS- ∼ CH3S-.39 Therefore CH3S- is appropriate as the proximal
ligand from the point of view of ionization potential. We considered
the low-spin doublet and the high-spin quartet states in analyzing the
reaction profile.

We used the spin-unrestricted version of the B3LYP method,40-43 a
hybrid Hartree-Fock/density-functional-theory (DFT) method. This
hybrid method consists of the Slater exchange, the Hartree-Fock
exchange, the exchange functional of Becke,40,41 the correlation
functional of Lee, Yang, and Parr (LYP),43 and the correlation functional
of Vosko, Wilk, and Nusair.44 It has been successfully applied to many
chemical reactions mediated by transition-metal complexes.45 Because
of the very heavy computational task for trajectory calculations, we
used the 3-21G basis set46-48 for H, C, N, O, S, and Fe and added
polarization functions49 to S although the 3-21G basis set is rather small
in the age of computational quantum chemistry. Optimized structures
with the 3-21G basis set were in quantitative agreement with those
obtained from higher level calculations36 with a combination of the
triple-ú valence and the D95 basis sets. Harmonic vibrational frequen-
cies were systematically computed to confirm that an optimized
geometry correctly corresponds to a local minimum that has only real
frequencies or a saddle point that has only one imaginary frequency.
The Gaussian 98 program50 was used for the DFT computations.

Newton’s equations of motion were numerically solved to determine
positions, velocities, and accelerations for each atom. We used the
velocity Verlet algorithm51,52for propagating the nuclei classically. We
took a time interval of 0.5 fs, which is short enough compared to 12 fs
for the period of C-H stretching vibration. The forces were calculated

with the B3LYP DFT method according to eq 1, whereEn is the

potential energy of the reacting system in thenth step. The trajectory
calculations on the ethane hydroxylation pathway were carried out by
solving the equations of motion; thus, in every time step, the wave
function was fully converged to the Born-Oppenheimer surface and
the first derivatives of the potential energy were calculated. This
computational work is very heavy at present.

To start a trajectory calculation, a small amount of kinetic energy
(0.1 kcal/mol) was supplied to a transition state moving toward reactant
or product along the imaginary mode of vibration. Thus, the reacting
system has excess kinetic energy in both reactant and product, whereas
it has almost no kinetic energy in the vicinity of the transition state.
We then analyzed how the kinetic energy of the reacting system is
distributed into vibrational modes along the reaction pathway. Changes
in the amplitudes of normal coordinates along the reaction pathway
were calculated. The time-dependent equation for the normal coordi-
nates53 in the trajectory analysis can be written as:

in which Qi is the ith normal coordinate,Xk is the kth Cartesian
coordinate,mk is the atomic mass corresponding toXk, Lki is the kth
component of theith normal mode of the equilibrium geometry, andN
is the number of atoms in the system.

Results and Discussion

This section on the results of ethane hydroxylation by a
Compound I model is divided into four subsections. We look
at computed structures of the reaction species and their
energetics to characterize the electronic features of this model
enzymatic reaction in the first subsection. The first half of the
reaction is the H-atom abstraction from ethane leading to an
iron-hydroxo intermediate and ethyl radical. The second half
is the rebound step; the resultant iron-hydroxo intermediate
and ethyl radical come into contact to form the product complex
that involves ethanol as a ligand. In the second and third
subsections, we present trajectory calculation results on the
H-atom abstraction process and the rebound process, respec-
tively. Finally, we turn our attention to how the kinetic energy
of the reacting system is distributed into normal modes of
vibration during the model enzymatic reaction.

Energetics for the Reaction Pathway.Before considering
trajectory calculations, let us look at the energy profiles along
the reaction pathway. Figure 1 demonstrates computed energy
diagrams and optimized geometries of various reaction species
for the hydroxylation of ethane by a Compound I model of P450
at the B3LYP/3-21G level of theory. The general profiles of
the energies and the geometries are very similar to those
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obtained in our previous study with a higher level of theory
(B3LYP/TZV+D95).36 The doublet and quartet potential energy
surfaces are close in the entire reaction pathway; for example,
the doublet state lies 3.2 kcal/mol below the quartet state in the
transition state for the H-atom abstraction (TS1). The optimized
structure of TS1 has an imaginary frequency mode; the values
in the doublet and quartet states are 834 and 1360 cm-1,
respectively. When we follow the low-lying doublet potential
energy surface, the C-H bond dissociation should require 19.3
kcal/mol. This value is rather high for an enzymatic reaction,
but it is in good agreement with the value for the H-atom
abstraction from methane by the bare FeO+ complex.54-57

Ethane as well as methane is less reactive than either benzylic
or more substituted aliphatic substrates and would require higher
activation energy than the substrates that P450 systems are able
to hydroxylate. The resultant complex that binds the “ethyl
radical” can exist as an intermediate on the potential energy
surface, as indicated in the energy diagram.

The second half of the hydroxylation reaction is the so-called
rebound step. In both spin states, we found the transition state
for the rebound step that connects the intermediate complex
and the product complex. The optimized structure of TS2 has
an imaginary frequency mode that corresponds to the vibra-
tional mode with respect to the C-O stretching as well as the
H-O-Fe-C dihedral angle; the values in the doublet and
quartet states are 187 and 196 cm-1, respectively. This chemical
step is commonly assumed in the oxygen rebound mechanism.
This result is in contrast to the recent finding that a radical inter-
mediate with a finite lifetime will be produced only in the quartet
pathway.24 The barrier height for the rebound process is about
5 kcal/mol measured from the iron-hydroxo complex, and in
view of the general profile of the energetics, the reaction inter-
mediate is energetically a very unstable intermediate in both
spin states. Its lifetime is expected to be very short. Our results
may be consistent with the model involving a radical intermedi-
ate in this respect. The product complex that has ethanol as a
ligand is very stable in energy. We consider that both doublet
and quartet spin states should be responsible for the hydroxy-
lation reaction with respect to the H-atom abstraction and the
rebound steps. This is one of the most important aspects in
alkane hydroxylation mediated by cytochrome P450 as well as
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Figure 1. Energy diagrams with optimized structures of the reaction species for the hydroxylation of ethane by a Compound I model in the spin
doublet and quartet states. Energy in units of kcal/mol and bond distance in units of Å. The values in parentheses are for the quartet state.
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by other iron-oxo complexes. This electronic feature is con-
sistent with the two-state reactivity paradigm proposed by Shaik
et al.58-60

Computed atomic charges and spin densities for the reaction
species are listed in Table 1. The Compound I model possesses
three unpaired electrons, two of which are localized parallelly
in the FeO group while the third electron, which determines its
spin state, is distributed on the thiolate ligand as well as on the
porphyrin ring. Calculated spin densities on the porphyrin ring
and the CH3S group are 0.2 and 0.8, respectively; thus, this
model can be viewed as a sulfur radical species. As mentioned
above, hydrogen bonding and polarization effects will change
Compound I from a thiolate radical species to a porphyrin cation
radical species.34 It is therefore interesting to look in detail at
how such environmental factors change the reactivity of
Compound I. However, we consider in first approximation that
the reactivity is not significantly changed because the change
in the spin density on the oxygen atom that dominates the
reactivity of metal-oxo species is small under different
environmental conditions.

Let us look at the reaction intermediate. Calculated total
charge (and the total spin density) on the generated “ethyl
radical” is 0.0 (-1.0) and+0.1 (+1.0) in the doublet and quartet
states, respectively, and therefore the C-H bond is homolyti-
cally cleaved and mechanisms involving carbocations and
carbanions may be ruled out. The binding energy for the
intermediate complex is about 2 kcal/mol in both spin states,24

and the energy required for the free radical is a little lower than
the barrier for the rebound step. This result may suggest that
the free radical can be generated before going down the potential
energy surface to the product complex via TS2. An interesting
point in the rebound process is the possibility of inversion of
stereochemistry. Experimental evidence for that was obtained
by Groves and co-workers,4 Sligar and co-workers,5 and White
and co-workers6 in various hydroxylation reactions mediated
by P450. We think that the configurational inversion of substrate
can occur in trajectory calculations if the reacting system has
sufficient kinetic energy.

Dynamics of the H-Atom Abstraction. We carried out
trajectory calculations of ethane hydroxylation mediated by a
Compound I model of P450 on the doublet and quartet potential

energy surfaces. The nuclei were propagated from a transition
state in a reactant or product direction according to classical
dynamics on a Born-Oppenheimer potential energy surface
without taking quantum effects such as zero point energy or
tunneling into account. Information from single trajectory
calculations is of course limited, but they are useful for
increasing our knowledge of the correct reaction pathway and
the dynamic aspect in this very important enzymatic reaction.
Although it is difficult at present to perform a statistical
treatment, due to limited computational power, we hope to be
able to calculate various thermodynamical properties from a
large number of trajectory runs in the near future.

Figure 2 shows computed potential energy profiles for the
H-atom abstraction from ethane via TS1, the transition state
for this chemical step. Here we defined the transition state as 0
fs in the time scale. First of all, we are able to confirm from
these trajectory calculations that TS1 correctly connects the
reactant complex and the intermediate complex; it is a true
transition state for the H-atom abstraction. The kinetic isotope
effects for the H-atom abstraction were calculated and analyzed
in a previous study, thekH/kD values for CH2DCH3, CD3CH3,
and C2D6 being 7, 11, and 13, respectively,36 at 300 K from
transition state theory. This result clearly demonstrates that not
only the C-H(D) bond being cleaved but also other molecular
moieties have significant effects on the kinetic isotope effect
values. ThekH/kD values become about one and half times larger
in the temperature range 200-500 K if we take quantum
tunneling effects into account according to Wigner’s correc-
tion.61 Since the mass of the hydrogen atom is small, quantum
mechanical effects should play an important role in this chemical
step.

Calculated snapshots about the H-atom abstraction step are
displayed in Figure 3. The mechanistic picture obtained from

(58) Shaik, S.; Danovich, D.; Fiedler, A.; Schro¨der, D.; Schwarz, H.HelV.
Chim. Acta1995, 78, 1393.

(59) Schro¨der, D.; Shaik, S.; Schwarz, H.Acc. Chem. Res. 2000, 33,
139.

(60) Plattner, D. A.Angew. Chem., Int. Ed. Engl.1999, 38, 82. (61) Wigner, E.J. Chem. Phys.1937, 5, 720.

Table 1. Calculated Mulliken Charges and Spin Densities for the
Fe and O Atoms and the CH3S and Porphyrin (Por) Moieties with
Spin Densities in Parentheses

Fe O CH3S Por

doublet state
Compound I 1.3 (1.4)-0.4 (0.6) 0.0 (-0.8) -0.9 (-0.2)
ethane complex 1.3 (1.5)-0.4 (0.6) 0.0 (-0.9) -0.9 (-0.2)
TS1 1.3 (1.9) -0.1 (-0.1) -0.2 (-0.1) -1.0 (-0.1)
intermediate 1.3 (2.0)-0.2 (0.1) -0.2 (0.0) -0.9 (-0.1)
TS2 1.3 (1.8) -0.2 (0.2) -0.2 (0.0) -0.9 (-0.2)
ethanol complex 1.3 (1.1)-0.1 (0.0) -0.3 (0.0) -1.2 (-0.1)
final complex 1.3 (1.1) -0.3 (-0.1) -1.0 (0.0)

quartet state
Compound I 1.3 (1.4)-0.4 (0.6) 0.0 (0.8) -0.9 (0.2)
ethane complex 1.3 (1.4)-0.4 (0.6) -1.0 (0.8) -0.8 (0.2)
TS1 1.3 (1.7) -0.1 (0.6) -0.2 (-0.2) -0.9 (0.3)
intermediate 1.3 (1.9)-0.2 (0.2) -0.2 (0.0) -0.9 (-0.1)
TS2 1.3 (2.1) -0.2 (0.1) -0.2 (0.1) -0.9 (-0.1)
ethanol complex 1.2 (2.7)-0.1 (0.0) -0.4 (0.3) -1.0 (0.0)
final complex 1.3 (2.7) -0.4 (0.3) -0.9 (0.0)

Figure 2. Energy profiles of the trajectory runs for the H-atom
abstraction from ethane by a Compound I model.
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the trajectory calculations is fully consistent with what we expect
from the general features of the first half of the oxygen rebound
mechanism. The principal reaction coordinate that can represent
this chemical step is the C-H distance or the O-H distance
while other geometrical parameters remain almost unchanged.
The transition state is predicted to have the C-H distance of
1.404 Å (1.359 Å) and the O-H distance of 1.143 Å (1.183 Å)
in the doublet state (in the quartet state). In the course of the
reaction, the O-H-C bond is kept collinear and there is no
direct interaction between the iron active center and the carbon

atom. This structure is reasonable for the transition state of
H-atom abstraction by Compound I of P450 because the iron
active center is coordinatively saturated. The geometric features
in this model enzymatic reaction are essentially identical with
those in the direct H-atom abstraction from methane by the bare
FeO+ complex56 and by diiron model complexes62-66 that mimic
the active species of soluble methane monooxygenase.

(62) Siegbahn, P. E. M.; Crabtree, R. H.J. Am. Chem. Soc.1997, 119,
3103.

(63) Siegbahn, P. E. M.Inorg. Chem.1999, 38, 2880.

Figure 3. Structural changes in the trajectory runs for the H-atom abstraction from ethane in the doublet state.
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Dynamics of the Rebound Step.In the second half of the
oxygen rebound mechanism, the iron-hydroxo complex and
the ethyl radical intermediate are bound to form the product
complex that involves ethanol as a ligand. This chemical step
is highly exothermic and should proceed at no cost of energy,
as shown in Figure 1, the driving force for this process being
the great energetic stability of the product complex. We carried
out trajectory calculations for the rebound step by supplying a
small amount of kinetic energy to the transition state toward
the forward or backward direction. Figure 4 demonstrates
computed potential energy profiles for the rebound step of the
iron-hydroxo complex and the ethyl radical intermediate via
TS2, the transition state for this process. We also defined the
transition state as 0 fs in the time scale. The reaction begins
with the iron-hydroxo complex and the ethyl radical intermedi-
ate and ends with the formation of the product complex, the
essential process in this reaction being the formation of the C-O
bond. Since the reacting system passes over the transition state
with a small velocity, the profile of the resultant potential energy
is flat in the vicinity of the transition state. There is a jump in
potential energy at 91 fs after the C-O bond formation is
completed. This intriguing phenomenon arises from intercon-
version between the kinetic energy that the reacting system gains
during the downhill process and the compressive energy of the
C-O bond newly formed. A very similar phenomenon is
observed in the methane to methanol conversion mediated by
the bare FeO+ complex.37 The C-O distance gradually de-
creases as the reaction proceeds while the Fe-S, Fe-O, and

O-H distances remain almost constant, except in the final stages
of the reaction, as shown in Figure 5. We see a sharp decrease
in the C-O distance and a less significant increase in the Fe-O
distance in the final stages of the trajectory run. The poten-
tial energy jump we see in Figure 4 occurs at this time. At the
same time the Fe-S distance slightly decreases; thus, the Fe-O
bond and the Fe-S bond work together in the hydroxylation
reaction.

Calculated snapshots in the rebound process are displayed
in Figure 6. We can see small structural changes in the
Fe-OH moiety and the C-O distance. Although the final
structure in the doublet state dynamics in Figure 4 is not reported
here, its structure is closer to the structure of snapshot11 than
to that of12. The H-O-Fe-C dihedral angle corresponds to
the principal reaction coordinate for this process; this quantity
goes up from 18° to 40° in the initial stage, goes down to nearly
0° at -74 fs, and again goes up to 90° in the transition state, as
shown in Figure 7. Of course, this dynamical feature will be
significantly changed if the trajectory calculation is started under
different initial conditions. When sufficient kinetic energy is
supplied to this rotational mode, this rebound process should
efficiently take place, leading to the product complex.

Although our trajectory calculations suggest that 200 fs is
likely to be a typical value for the time required for the rebound
process, we cannot jump to the conclusion that this result has
direct relevance to short radical lifetimes (τ ) 80-200 fs)
estimated from recent radical-clock experiments. We can say
that 200 fs is a value obtained under specific initial conditions,
in which a small amount of kinetic energy (0.1 kcal/mol) is
supplied to the transition state exactly along the reaction coor-
dinate. Clearly, a huge number of trajectory calculations started
under various initial conditions and statistical treatment are
necessary for further quantitative arguments. Recent advances
in computer technology will allow us to perform such high-
level statistical treatment from a number of trajectory runs within
a few years.

Energy Distribution to Vibrational Modes. We can learn
from trajectory calculations what vibrational modes are activated
in the hydroxylation reaction. Figure 8 shows changes in the
amplitudes of normal coordinates along the reaction pathway
to the H-atom abstraction via TS1 in the low-spin doublet state.
A large part of the energy is distributed to the C-H and O-H
stretching modes before and after the transition state, respec-
tively, and its remaining small part is distributed to the Fe-O
and Fe-S stretching modes. It is more interesting to look at
whether the kinetic energy is distributed to the well-known
marker bands of the porphyrin ring.67,68 Information from the
trajectory calculations can tell us how the extra kinetic energy

(64) Basch, H.; Mogi, K.; Musaev, D. G.; Morokuma, K.J. Am. Chem.
Soc.1999, 121, 7249.

(65) Yoshizawa, K.; Suzuki, A.; Shiota, Y.; Yamabe, Y.Bull. Chem.
Soc. Jpn.2000, 73, 815.

(66) Gherman, B. F.; Dunietz, B. D.; Whittington, D. A.; Lippard, S. J.;
Friesner, R. A.J. Am. Chem. Soc.2001, 123, 3836.

Figure 4. Energy profiles of the trajectory runs for the rebound process.

Figure 5. Changes in bond distances in the trajectory runs for the
rebound process in the doublet state.
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is transferred to the surrounding residues of the active site
through the porphyrin ring. Figure 8 demonstrates that theν3

mode is highly excited during the reaction and that theν4 mode

is also excited before TS1. Since theν3 and ν4 modes ex-
plicitly involve Fe-N stretching motion, as indicated in Chart
1, these vibrational modes of the porphyrin ring should play an
important role in the energy transfer during the hydroxylation
reaction.

Figure 9 presents changes in the amplitudes of normal
coordinates along the reaction pathway of the rebound process

(67) Li, X.-Y.; Czernuszewicz, R. S.; Kincaid, J. R.; Su, O.; Spiro, T.
G. J. Phys. Chem.1990, 94, 31.

(68) Li, X.-Y.; Czernuszewicz, R. S.; Kincaid, J. R.; Stein, P.; Spiro, T.
G. J. Phys. Chem.1990, 94, 47.

Figure 6. Structural changes in the trajectory runs for the rebound process in the doublet state.
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via TS2 in the low-spin doublet state. In this process the iron-
hydroxo complex and the ethyl radical intermediate come into
contact to form a C-O bond that leads to the ethanol complex.
The amplitude of each normal coordinate is small in the vicinity
of the transition state att ) 0 because the reacting system has
no kinetic energy there. After TS2, most of the kinetic energy
is distributed to the stretching mode of the C-O bond that is
newly formed in the rebound process, thus the amplitude of
this stretching mode is significant. The porphyrin marker modes
of ν3 andν4 that involve explicit Fe-N stretching motion are
also enhanced in the rebound process.

Concluding Remarks

We investigated dynamic aspects of alkane hydroxylation
mediated by Compound I of cytochrome P450 from classical
trajectory calculations at the B3LYP level of density functional
theory. We propagated the nuclei of the reacting system from
a transition state to a reactant or product direction on a Born-

Oppenheimer potential energy surface according to classical
dynamics with the velocity Verlet algorithm. Geometric and
energetic changes in both low-spin doublet and high-spin quartet
states are followed along the ethane to ethanol reaction pathway,
which is partitioned into two chemical steps: the first is the
H-atom abstraction from ethane by the iron-oxo active species
of Compound I and the second is the rebound step in which
the resultant iron-hydroxo complex and the ethyl radical
intermediate come into contact to lead to the ethanol complex.
In the H-atom abstraction, molecular vibrations of the C-H
bond being dissociated and the O-H bond being formed are
significantly activated before and after the first transition state,
respectively. The principal reaction coordinate that can represent
the first chemical step is the C-H distance or the O-H distance
while other geometric parameters remain almost unchanged. The
rebound process begins with the iron-hydroxo complex and
the ethyl radical intermediate and this process ends with the
formation of the ethanol complex, the essential process in this
reaction being the formation of the C-O bond. The H-O-
Fe-C dihedral angle corresponds to the principal reaction coor-
dinate for the rebound step. When sufficient kinetic energy is
supplied to this rotational mode, the rebound process should
efficiently take place to form the ethanol complex. Classical
trajectory calculations suggested that about 200 fs is required
for the rebound process under specific initial conditions, in
which a small amount of kinetic energy (0.1 kcal/mol) is sup-
plied exactly to the second transition state along the reaction
coordinate. We finally investigated an important issue regarding
what normal modes of vibration are activated during the
hydroxylation reaction in detail from trajectory calculations. A
large part of the kinetic energy is distributed to the C-H and
O-H stretching modes before and after the transition state for
the H-atom abstraction, respectively, and the remaining small
part of the kinetic energy is distributed to the Fe-O and Fe-S
stretching modes and some characteristic modes of the porphyrin

Figure 7. A change in the H-O-Fe-C dihedral angle in the rebound
process in the doublet state.

Figure 8. Changes in the amplitudes of normal coordinates in the trajectory runs for the H-atom abstraction from ethane in the doublet state.
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ring. The porphyrin marker modes ofν3 and ν4 that involve
Fe-N stretching motion are enhanced in the course of the
hydroxylation reaction mediated by Compound I of cytochrome
P450. These vibrational modes of the porphyrin ring would play
an important role in the energy transfer during the hydroxylation
reaction.
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