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Abstract: Density functional calculations were performed in response to the controversies regarding the
identity of the oxidant species in cytochrome P450. The calculations were used to gauge the relative C-H
hydroxylation reactivity of three potential oxidant species of the enzyme, the high-valent oxo-iron species
Compound I (Cpd I), the ferric hydroperoxide Compound 0 (Cpd 0), and the ferric-hydrogen peroxide complex
Fe(H2O2). The results for the hydroxylation of a radical probe substrate, 1, show the following trends: (a)
Cpd I is the most reactive species; in its presence the other two reagents will be silent. (b) In the absence
of Cpd I, substrate oxidation by Cpd 0 and Fe(H2O2) will take place via a stepwise mechanism that involves
initial O-O homolysis followed by H-abstraction from 1. (c) Cpd 0 will undergo mostly porphyrin hydroxylation
and only ∼15% of substrate oxidation producing mostly the rearranged alcohol, 3 (Scheme 2). (d) Fe(H2O2)
will generate mostly free hydrogen peroxide (uncoupling). A small fraction will perform substrate oxidation
and lead mostly to 3. Reactivity probes for these reagents are kinetic isotope effect (KIE) and the product
ratio of unrearranged to rearranged alcohols, [2/3]. Thus, for substrate oxidation by Cpd 0 or Fe(H2O2) KIE
will be small, ∼2, while Cpd I will have large KIE values. Typically both Cpd 0 and Fe(H2O2) will lead to a
[2/3] ratio < 1, while Cpd I will lead to ratios > 1. In addition, the product isotope effect (KIE2/KIE3 * 1) is
expected from the reactivity of Cpd I.

Introduction

The identity of the oxidant species of the enzymes cyto-
chromes P450 is still elusive.1,2 There is a consensus1,2 that the
primary oxidant is the high-valent oxo-ferryl species, so-called
Compound I (Cpd I),3 which is generated from the precursor
species ferric-hydroperoxide, so-called Compound 0 (Cpd 0),
in Scheme 1. Spectroscopic data of P450cam (CYP101) and the
thermophilic P450 enzyme (CYP119) treated with oxygen donor
reagents4 revealed a transient electronic-absorption signature
typical of Cpd I species of the analogous thiolate enzyme,
chloroperoxidase.5 Other attempts to characterize Cpd I by EPR
and Mössbauer spectroscopies led to the formation of the
reduced species of Cpd I (sometimes called Compound II, Cpd
II) and a protein radical.6

Cryogenic EPR/ENDOR spectroscopy of P450cam provided
indirect evidence that Cpd I is responsible for camphor
hydroxylation.7 Nevertheless, the last observable species in the
cycle was the ferric-hydroperoxide species, Cpd 0 in Scheme
1. Recent kinetic isotope effect (KIE) measurements with
P450cam and P4502E1, using substitutedN,N-dimethylaniline
N-oxide derivatives serving both as oxygen atom donors to
P450s and as oxidizableN,N-dimethylaniline substrates, led to
the same KIE values determined from the normal oxidation of
the N,N-dimethylaniline substrates by the NAD(P)H/NAD(P)-
reductase-O2 process of P450s.8 This equality of the two sets
of KIE data demonstrated that Cpd I is the most reasonable
oxidant in both systems.8 Other results show that the product
distribution and stereochemical scrambling for a few substrates
obtained during P450 oxidation are reproduced using synthetic
Cpd I species.9(1) Ortiz de Montellano, P. R., Ed.,Cytochrome P450: Structure, Mechanisms

and Biochemistry, 3rd ed.; Kluwer Academic/Plenum Press: New York,
2005.

(2) Denisov, I. G.; Makris, T. M.; Sligar, S. G.; Schlichting, I.Chem. ReV.
2005, 105, 2253-2278.

(3) Harris, D.Curr. Opin. Chem. Biol.2001, 5, 724-735.
(4) (a) Egawa, T.; Shimada, H.; Ishimura, Y.Biochem. Biophys. Res. Commun.

1994, 201, 1464-1469. (b) Kellner, D. G.; Hung, S.-C.; Weiss, K. E.;
Sligar, S. G.J. Biol. Chem.2002, 277, 9641-9644.
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318. (b) Egawa, T.; Proshlyakov, D. A.; Miki, H.; Makino, R.; Ogura, T.;
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FEBS Lett.2000, 479, 149-154. (b) Schunemann, V.; Lendzian, F.; Jung,
C.; Contzen, J.; Barra, A.-L.; Sligar, S. G.; Trautwein, A. X.J. Biol. Chem.
2004, 279, 10919-10930. (c) Schunemann, V.; Jung, C.; Terner, J.;
Trautwein, A. X.; Weiss, R.J. Inorg. Biochem.2002, 91, 586-596.

(7) Davydov, R.; Makris, T. M.; Kofman, V.; Werst, D. E.; Sligar, S. G.;
Hoffman, B. M.J. Am. Chem. Soc.2001, 123, 1403-1415.
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While the chase after Cpd I continues, indirect evidence exists
also for the oxidative activity of other species in the cycle.10

Most of the evidence has been focused on Cpd 0 (Scheme 1),
which is the last species seen in the catalytic cycle before the
oxidized substrate appears.7 Especially strong seems the evi-
dence obtained with the T252A mutants of P450cam. Thus, the
mutation of Thr252 to Ala is known to slow or suppress the
formation of Cpd I, insofar as the mutant T252A P450cam does
not hydroxylate camphor or does so with a very little yield.2,11

Since the mutant enzyme shows activity toward double bond
epoxidation of, e.g., camphene,10d this was taken as evidence
for the participation of Cpd 0 in epoxidation, even though recent
interpretation of the experiment could not rule out the involve-
ment of Cpd I also in this process.12 This situation has created
a tantalizing problem for both experiment and theory: How can
one account for the various reactivity patterns of P450?

Density functional calculations by two groups showed that
Cpd 0 is not a good electrophile toward ethylene epoxidation,13

and sulfur oxidation.14 Nevertheless, ferric-hydrogen peroxide
or alkyl peroxide complexes are known to react in heme and
nonheme systems.15 Furthermore, our own group16 showed
recently that Cpd 0 undergoes facile O-O bond homolysis and
generates a bound OH• radical, which then performs hydroxyl-
ation of the meso position of the porphyrin, in a manner
analogous to the reaction of heme-oxygenase (HO) enzymes.17

One may logically surmise that this bound radical can participate
also in substrate oxidation in competition with the autoxidation
of the porphyrin. Indeed, heme complexes of alkyl peroxides
and/or peracids have been amply diagnosed to undergo oxidative
reactivity following homolytic O-O cleavage in competition
with heterolytic cleavage that leads to Cpd I.18 These results
require a theoretical reassessment of the reactivity of Cpd 0 in
the oxidative chemistry of P450, via a homolytic cleavage
mechanism, which was recently proposed based on the theoreti-
cal investigation of this mechanism in HO.16 The homolytic
mechanism has also experimental precedence in peroxide
dependent hydroxylation by P450 isozymes.18a This is the first
focal point of the present paper.

Recently, the hydrogen peroxide complex, Fe(H2O2) in
Scheme 1, was also implicated as a possible oxidant, by itself
or as a variant of Cpd 0 involving acid catalysis.19 In fact, there
is ample evidence for the presence of free hydrogen peroxide
in P450 enzymes;2 H2O2 is considered to be anuncoupling
product arising from the protonation of the proximal oxygen
of Cpd 0, with simultaneous dissociation of the H2O2 molecule.2

While there is no experimental evidence for the existence of a
ferric-H2O2 complex, as such, in P450, the complex was
characterized by DFT calculations and it appears to be a genuine
minimum species.20 A recent Car-Parinello molecular dynamic
study confirmed that iron ions and hydrogen peroxide lead to
Fenton chemistry.21,22 Indeed, ferric complexes are generally
known to activate hydrogen peroxide,9,18a,cand the possibility
of oxidative reactivity via an O-O bond homolysis pathway,16

similar to Cpd 0, may also be viable for the Fe(H2O2) complex.
Thus, a more general goal of the paper is to gauge the oxidative
reactivity of the ferric-hydrogen peroxide complex of P450
compared with Cpd I and Cpd 0.

(10) (a) Vaz, A. D. N.; Pernecky, S. J.; Raner, G. M.; Coon, M. J.Proc. Natl.
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Scheme 1. Compound I (Cpd I), Compound 0 (Cpd 0), and Ferric-Hydrogen Peroxide (Fe(H2O2)) Species of P450 Enzymes
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Based on the above considerations it was deemed necessary
to use DFT calculations to assess the relative reactivity of the
three species of P450, in Scheme 1, with an aim of contributing
to the resolution of the identity of the P450 oxidant species.
The target reaction was chosen to be C-H hydroxylation of
the radical probe substrate in Scheme 2,trans-2-phenylmethyl-
cyclopropane,1, which gives rise to the alcohol products2 and
3; 2 is an unrearranged alcohol that conserves the same structure
as the parent substrate, while3 is a rearranged alcohol which is
formed as a minor product (up to 30%) of the oxidation.23 The
ratio [2/3] is commonly used to clock the lifetime of the radical
after hydrogen abstraction from1, by a hydrogen abstractor
reagent like Cpd I, and therefore the reactivity patterns of1
provide important mechanistic insight into the oxidation process.
There are also kinetic isotope effect (KIE) data for the P450
oxidation of 1, and these may serve as probes of the oxidant
species. As such, the key questions that we intend to answer in
the present contribution are the following: (a) Are Cpd 0 and/
or Fe(H2O2) competitive enough to react with the clock in the
presence of Cpd I24 and affect the mechanistic conclusions that
derive from the results? And if not, can Cpd 0 and/or Fe(H2O2)
be responsible for the sluggish reactivity in the absence of Cpd
I or when the latter is formed slowly as might be the case in
the T252A mutant? Kinetic isotope effect (KIE) values will be
calculated for these mechanisms as potential probes of the
reactivity of the three reagents.

Methods

Systems:The hydroxylation of1 with a Cpd I model was studied
by us recently,24 and it was found to involve two-state reactivity (TSR),25

nascent from the two low lying spin states of Cpd I; the doublet state
was found to lead to the unrearranged product,2, while the quartet
spin state was found to generate the rearranged alcohol product,3. To
be consistent,24 here too, we used model P450 complexes, in which
we replaced the cysteinate ligand by HS- and simplified the native
porphyrin to porphine. The effect of hydrogen bonding to the thiolate
ligand26 was estimated, as before,27 using two ammonia molecules,
which donate two NH- - -S bonds to sulfur (rN- - -S ) 2.66 Å).

Methods and Basis Sets:All calculations were carried out with
the hybrid B3LYP functional,28 using the double-ú LACVP basis set29

for geometry optimization and frequency calculations. As shown

previously,16 the O-O bond energy and cleavage barrier are sensitive
to polarization functions, and therefore subsequent single-point calcula-
tions were done with the larger basis set, LACV3P+*. Further
corrections to the energy included the zero-point energy correction
(ZPC), the effect of bulk polarity, which was calculated using a solvent
model with a dielectric constantε ) 5.7 and a probe radius of 2.72 Å,
and the effect of two NH- - -S bonds to sulfur (rN- - -S ) 2.66 Å).27

Transition states were located after an initial scan of the reaction
path along a given coordinate, while other degrees of freedom were
fully optimized. Energies were scanned along two reaction coordinates;
a scan along the O-H distance led to a concerted O-O homolysis
and hydrogen abstraction, while a scan along the O-O distance led to
the stepwise mechanisms whereby the bound OH radical is initially
formed and subsequently abstracts a hydrogen from the substrate. For
each scan, the topmost point was subjected to a transition state search,
and the optimized transition structure was subsequently verified by
frequency calculations.

KIEs were calculated as before24 using the semiclassical Eyring
equation with subsequent Wigner correction for tunneling. In the
mechanisms that involved hydrogen abstraction by the OH radical, the
potential energy was very flat. We therefore ran a transition state
location using the larger basis set LACVP** and recalculated the KIE
values. With an attempt to determine reliable KIE values for the
hydrogen abstraction steps with the Cpd 0 and Fe(H2O2) reagents, we
also studied the hydrogen abstraction reaction of1 with a free OH
radical using UB3LYP/6-31G and UB3LYP/6-31G**. However, in all
the cases, the barriers were very small and the KIE values using
harmonic frequencies were not reliable.

All geometry optimizations, single-point energy calculations, and
solvent and hydrogen bonding corrections were done with the JAGUAR
5.5 package.30 The frequency calculations and ZPE corrections were
performed with GAUSSIAN 98 and 03 packages.31

Results

The study generated a significant amount of data that are
summarized in the Supporting Information (SI). The key relevant
data are displayed in this section. Before going over the results,
we note that, for Cpd 0, the ground state is a doublet spin state,
and the quartet state lies significantly higher (10 kcal/mol or
more).13a As such, for Cpd 0 we calculated the profiles for the
doublet state only. By contrast, the Fe(H2O2) complex has a
low lying quartet state, and hence we calculated the energy
profiles of substrate oxidation for both the doublet and quartet
states. As it turned out (see later Figure 5), the quartet state
surface is too high to matter also for Fe(H2O2).

A. OO Bond Homolysis Behavior of Cpd 0 and Fe(H2O2).
The homolytic behavior of Cpd 0 of P450, communicated
before,16 is presented here in Figure 1a, while Figure 1b shows
the analogous behavior of the Fe(H2O2) complex. Inspection
of Figure 1a shows that the concerted mechanism possesses a
very high barrier.16,32A lower energy mechanism involves initial
O-O homolysis to forma bound OH radical16 that instantly
attacks themesoposition of the porphine in a HO-like manner.
Figure 1b shows the preferred homolysis mechanism nascent
from the Fe(H2O2) complex, and the similarity to the mechanism
of Cpd 0 is obvious. The question that follows is how would
the mechanism change in the presence of the substrate1, and
will it involve now substrate hydroxylation?

(23) Newcomb, M.; Toy P. H.Acc. Chem. Res.2000, 33, 449-455.
(24) Kumar, D.; de Visser, S. P.; Sharma, P. K.; Cohen, S.; Shaik, S.J. Am.

Chem. Soc.2004, 126, 1907-1920.
(25) (a) Shaik, S.; Filatov, M.; Schro¨der, D.; Schwarz, H.Chem.sEur. J.1998,

4, 193-199. (b) Shaik, S.; de Visser, S. P.; Schwarz, H.; Schro¨der, D.
Curr. Opin. Chem. Biol.2002, 6, 556-567. (c) Ogliaro, F.; Harris, N.;
Cohen. S.; Filatov, M.; de Visser, S. P.; Shaik, S.J. Am. Chem. Soc.2000,
122, 8997-8989. (d) Shaik, S.; Cohen. S.; de Visser, S. P.; Sharma, P. K.;
Kumar, D.; Kozuch, S.; Ogliaro, F.; Danovich, D.Eur. J. Inorg. Chem.
2004, 207-226.

(26) Poulos. T. L.J. Biol. Inorg. Chem.1996, 1, 356-359.
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122, 12892-12893.
(28) (a) Becke, A. D.J. Chem. Phys.1992, 96, 2155-2160. (b) Becke, A. D.

J. Chem. Phys.1992, 97, 9173-9177. (c) Becke, A. D.J. Chem. Phys.
1993, 98, 5648-5652. (d) Lee, C.; Yang, W.; Parr, R. G.Phys. ReV. B
1988, 37, 785-789.

(29) (a) Hay, J. P.; Wadt, W. R.J. Chem. Phys.1985, 82, 299-308. (b) Friesner,
R. A.; Murphy, R. B.; Beachy, M. D.; Ringlanda, M. N.; Pollard, W. T.;
Dunietz, B. D.; Cao, Y. X.J. Phys. Chem. A1999, 103, 1913-1928.

(30) Jaguar 5.5; Schrödinger, Inc.: Portland, OR, 2003.
(31) (a) Frisch, M. J. et al.Gaussian 98, revision A.07; Gaussian, Inc.:

Pittsburgh, PA, 1998. (b) Frisch, M. J. et al.Gaussian 03, revision B.05;
Gaussian, Inc.: Pittsburgh, PA, 2003.

(32) Kamachi, T.; Shestakov, A. F.; Yoshizawa, K.J. Am. Chem. Soc.2004,
126, 3672-3673.

Scheme 2. Probe Substrate, 1, and Its Two Oxidation Products
by P450
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B. Hydroxylation of 1 by Cpd 0. Figure 2 shows two
hydroxylation mechanisms of1 by Cpd 0: the upper profile is
a direct O-O cleavage and hydrogen-abstraction mechanism,
and the lower one is a stepwise mechanism. The structures of
the corresponding critical species are displayed in Figures 3
and 4.

The direct mechanism, in Figure 2, involves simultaneous
O-O cleavage and hydrogen abstraction (H-abstraction) from

the substrate1; all the structures of the corresponding species
are shown in Figure 3. The bond activation transition state,
2TSH,O-O, leads to the intermediate,2IU, composed of the radical
of 1, 1R•, a water molecule, and the oxo-iron anion complex
(Cpd II). Subsequently, the1R• species rebounds on the water
molecule via2TSreb,w; simultaneously the water was found to
transfer a hydrogen atom to Cpd II to give the ferric-hydroxo
complex and the free alcohol product2 (2PF). The barriers of

Figure 1. Energy (in kcal/mol) profiles formesohydroxylation of the porphine for (a) concerted and stepwise mechanisms by Cpd 0 (see ref 16) and (b)
the stepwise mechanism by Fe(H2O2). The porphine is represented by boldface bars flanking the iron.

Figure 2. Energy profiles (kcal/mol) showing the hydroxylation of1 by Cpd 0, via a direct H-abstraction mechanism (upper profile) and a stepwise one
following O-O bond homolysis (lower profile). ZPC means zero-point energy correction. The subscript U means “unrearranged”.
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these two steps are very large. An alternative and lower energy
rebound step involves rebound of1R• on Cpd II and formation
of the alkoxy-ferric complex of2 (2PAC). In any event, the direct
H-abstraction by Cpd 0 would have a very large barrier, at least
ca. 37 kcal/mol (a LACV3P+(d) datum, relative to2RC in
Figure 2).

The lower energy mechanism in Figure 2 is stepwise with
an initial homolytic O-O bond cleavage via2TSOO leading to
the 2COO intermediate that possesses a bound OH radical
coordinated to Cpd II. The OH radical then abstracts a hydrogen
atom from1, via 2TSH, to form the intermediate2I , which then
follows the same rebound mechanism via2TSreb,FeOto form the
alkoxy complex,2PAC; the corresponding structures are shown
in Figure 4. It is apparent that substrate oxidation via the
stepwise O-O homolysis mechanism/H-abstraction is energeti-
cally much lower than the one involving direct H-abstraction
by Cpd 0. The highest barrier (measured from2RC) to reach
2TSH is 25.1 kcal/mol at the B3LYP/LACV3P+(d) level; the
barrier for the H-abstraction itself is only 2.3 kcal/mol at the
same level or 1.8 kcal/mol at the B3LYP/LACVP level. Note
that the barrier to O-O homoylsis increases substantially for
the LACV3P+(d) basis set; this result is reported below also
for the reaction of the Fe(H2O2) complex. As noted before,16

this basis set dependence of the barrier reflects the strengthening
of the O-O bond upon inclusion of polarization functions on
the oxygen atoms.

C. Hydroxylation of 1 by Fe(H2O2). Since the Fe(H2O2)
complex was found to involve two closely lying spin states,
doublet and quartet, we studied the hydroxylation mechanisms
from these two states; Figure 5 traces the energy profiles for
the direct mechanisms, while the corresponding structures are
displayed in Figure 6. Figure 7 depicts the energy profile for
the stepwise O-O homolysis/H-abstraction mechanism, while
Figure 8 displays the corresponding structures of the critical
species.

Figure 5 shows the results for the direct H-abstraction
mechanism, whereby the O-O bond cleavage occurs in concert
with C-H bond activation, leading to the intermediates4,2IU,
which then give rise to the ferric-alcohol complexes of2, 2,4PU,
by rebound of the radical of1 on the iron-hydroxo complex,
via 2TSreb. The intermediates4,2IU can also rearrange via2TSrear,
to yield the rearranged radical complex intermediates,4,2IR,
which subsequently collapse in a barrier-free fashion to the ferric
complexes of the rearranged alcohol,2,4P. The rebound barriers
are seen to be larger than the rearrangement barriers. Further-
more, Figure 5 shows that the bond activation from the quartet
state is much higher than that of the doublet state, and hence
the higher spin state was not considered anymore. The corre-
sponding geometries of all the structures are displayed in Figure
6.

Figure 7 describes the stepwise, O-O homolysis/H-abstrac-
tion mechanism for the hydroxylation of1 by Fe(H2O2). As in

Figure 3. Critical structures for C-H hydroxylation of1 by Cpd 0 in the direct O-O cleavage/H-abstraction mechanism, described by the upper energy
profile in Figure 2.
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Figure 2, here too an initial2TSOO species leads to an
intermediate,2COO, which involves a bound OH radical, an iron-
hydroxo complex, and1. Subsequently, the bound OH radical
abstracts a hydrogen atom from1, via 2TSH, leading to the
intermediate2IU, which then rebounds to give the alcohol2,
either free, 2PF, by rebounding on the water molecule, or
complexed to the ferric porphine,2PAC, by rebounding on the
iron-hydroxo complex. Figure 8 depicts geometric features for
the key structures.

Comparison of Figure 7 to 5 reveals that, as in the case of
Cpd 0, here too the preferred C-H hydroxylation pathway will
be the stepwise O-O homolysis/H-abstraction. The highest
barrier (relative to 2RC) in this case is 21.0 kcal/mol
(LACV3P+(d) datum in Figure 7) and corresponds to the bond
homolysis step via2TSOO. The subsequent H-abstraction barrier
via 2TSH is negligible of the order of less than 0.1 kcal/mol.

D. Acid-Catalyzed Hydroxylation of 1 by Cpd 0. In an
attempt to probe the effect of acid catalysis on the reactivity of
Cpd 0, we used the cluster NH4

+(H2O)2 coordinated to Cpd 0.
As may be seen from Figure 9, optimization of the cluster led
to the spontaneous protonation of Cpd 0 to Fe(H2O2); apparently
the distal position of Cpd 0 is basic enough to abstract a proton
very fast.16,20 Thus, the oxidant here is Fe(H2O2) hydrogen-
bonded to a cluster of ammonia and two waters. As before,
here too, the stepwise O-O homolysis/H-abstraction mechanism

is the preferred mechanism. The barrier (from2RC) for O-O
homolysis is 21.7 kcal/mol, and the subsequent barrier is 1.4
kcal/mol; values which are very similar to the ones in Figure 7
for hydroxylation by bare Fe(H2O2). The rebound barrier from
2IU toward the ferric-alcohol product,2PAC, vanishes however
compared with Figure 7. Since there is not much that is new
about the structures for this mechanism, and since the cluster
NH3(H2O)2 may not be a realistic environment for P450, we
do not show the structures here and refer the interested readers
to the SI (Figures S.1-S.9).

E. Uncoupling Reactions of Cpd 0 and Fe(H2O2) and
Other Competing Processes.The abilities of either Cpd 0 and/
or Fe(H2O2) to oxidize the substrate depend, among other things,
on whether the barriers for C-H hydroxylation are smaller or
higher than the dissociation of these reagents to give OOH-

and H2O2, namely the uncoupling reactions, eqs 1 and 2.2

To gauge this competition we calculated the bond dissociation
energies (BDEs) for Cpd 0 and Fe(H2O2), and the results are
collected in Table 1. These BDEs should be compared to the
O-O homolysis barriers (relative to the free reactants), which
are also tabulated in Table 1 (values from Figures 7 and 2). It

Figure 4. Critical structures for C-H hydroxylation of1 by Cpd 0 in the stepwise O-O bond homolysis/H-abstraction mechanism, described by the upper
energy profile in Figure 2.

Cpd 0 (Por(HS)FeOOH-) f HOO- + Por(HS)Fe (1)

Por(HS)Fe(HOOH)f HOOH + Por(HS)Fe (2)
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Figure 5. C-H hydroxylation of1 by Fe(H2O2) via the direct O-O cleavage/H-abstraction mechanisms in the doublet and quartet states. Also shown are
the corresponding rearrangement mechanisms. The subscripts U and R correspond to “Unrearranged” and “Rearranged”, respectively.

Figure 6. Key geometric features of a few structures during the direct O-O cleavage/C-H hydroxylation of1 by Fe(H2O2) in the doublet and quartet states
described in Figure 5.
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is seen that for both oxidants the higher spin states, the quartet
and sextet states, have smaller BDEs than the low spin states.
In the case of Fe(H2O2) the barrier for oxidation from the quartet

state of Fe(H2O2) in Figure 5 is much higher than the
corresponding BDE, and therefore this state will not participate
in oxidation. However the BDE(Fe-H2O2) for the doublet state

Figure 7. C-H hydroxylation of1 by Fe(H2O2) via the stepwise O-O homolysis/H-abstraction mechanism.

Figure 8. Key geometric features of structures during C-H hydroxylation of1 by Fe(H2O2) via the stepwise O-O homolysis/H-abstraction mechanism
described in Figure 7.
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is higher than the values for the higher spin states. Furthermore,
the value of BDE(Fe-H2O2) is still smaller by ca. 2 than the
O-O homolysis barrier in Figure 7 (LACVP with ZPE),
suggesting that only a small fraction of the2Fe(H2O2) will be
able to participate in oxidation; the rest will lead to uncoupling
and release of H2O2. Using simply Boltzmann factors, this
fraction would be less than 1%, but since uncoupling (eq 2) is
reversible while the competing O-O homolysis (in Figure 7)
is not, the percentage of substrate oxidation may be higher.

For Cpd 0, however, the BDE(2Fe-OOH-) datum is large,
and while this value is reduced by half, when bulk polarity
correction is included, still the BDE(2Fe-OOH-) is larger than
the O-O homolysis barrier. Consequently, the2Cpd 0 species
will participate in principle in substrate oxidation preferentially
more than in uncoupling.

Table 2 displays the barriers leading to C-H hydroxylation
of 1 in the O-O homolysis/H-abstraction mechanisms of Cpd

0 and Fe(H2O2), in Figures 2 and 7. These data are compared
with the barrier for the hydroxylation of1 by the low-spin state
of Cpd I.24 The latter values differ slightly from the ones
obtained before24 since here we take all barriers from the
reaction complexes,2RC, which involve a weak interaction of
Cpd I with the substrate. The comparison of the barriers is done
at different levels, up to the highest one, LACV3P+*, with all
corrections: ZPC, polarity effects, and hydrogen bonding to
the thiolate ligand. As already argued, the LAVCP basis set
underestimates the O-O bond energies and homolysis barriers16

in the reactions of Cpd 0 and Fe(H2O2), while the LACV3P+*
basis set, which includes polarization functions, rectifies this
deficiency. Therefore, the discussion of the data in Table 2 is
limited to the highest level. It is apparent that at the highest
level the most reactive species is Cpd I, with a lower barrier
than those for Cpd 0 and Fe(H2O2), by 9.9 and 3.6 kcal/mol,
respectively. Thus, when Cpd I is present the reactivity of the
Cpd 0 would be negligible. The barrier for Fe(H2O2), compared
with that for Cpd I, indicates that the former species will exhibit
a small amount of substrate oxidation in the presence of Cpd I,
but the total yield of this process is expected to be smaller than
what is suggested by the relative barriers, since the Fe(H2O2)

Figure 9. Direct and stepwise mechanisms for C-H hydroxylation of1 by Cpd 0 and an acid cluster NH4
+(H2O)2. The letter A symbolizes ammonia and

two water molecules.

Table 1. Bond Dissociation Energy (BDE) Values and O-O
Homolysis Barriers for Cpd 0 and Fe(H2O2)a

BDE (BDE + ZPE)b

Fe(H2O2)
BDE (BDE + ZPE)b

Cpd 0
∆E*

O-O
b,d

Fe(H2O2)
∆E*

O-O
b,d

Cpd 0

doublet 12.1 (10.3)
10.1

74.8 (73.0); 38.8c

57.3
14.6 (11.7)
20.8

13.3 (11.9)
17.3

quartet 7.4 (6.0)
4.6

59.0 (57.6); 22.3c

42.2
not calcd not calcd

sextet 7.4 (6.0)
4.3

62.4 (60.9); 25.7c

43.6
not calcd not calcd

a Values in kcal/mol; all values here and elsewhere are rounded to the
first decimal.b The upper value corresponds to LACVP, and the lower one,
to LACV3P+(d). c This is an LACVP datum with correction due to bulk
polarity using a dielectric constant,ε ) 5.7. d The O-O homolysis barriers
are taken from Figures 2 and 7. These values are measured from the reactants
to offset the interactions of the oxidant with the substrate. This is particularly
strong for Cpd 0 in Figure 2.

Table 2. Energy Barriers (in kcal/mol) for C-H Hydroxylation of 1
by Cpd I, Cpd 0, and Fe(H2O2)

barrier Cpd Ia Cpd 0b Fe(H2O2)c

LACVP 19.4 22.9 18.7
LACVP+ZPC 15.2 18.3 14.9
LACV3P+(d) 17.0 25.1 21.0
LACVP+ZPC+2NH...S+ε)5.7 18.3 23.8 17.3
LACV3P+(d)+ZPC+2NH...S+ε)5.7 16.0 25.9 19.6

a From ref 24, but the barriers are calculated from2RC (instead of the
separate reagents in the original paper).b Relative to2RC, From Figure 2.
c Relative to2RC, From Figure 7.
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reagent will lead predominantly to uncoupling and generation
of free H2O2. In the absence of Cpd I, however, we should
consider Cpd 0 and Fe(H2O2) as viable albeit sluggish oxidants
compared with Cpd I.

Table 3 collects the barriers formesohydroxylation of the
porphine (Figure 1), which competes with substrate oxidation,
after the O-O bond has been homolyzed and the bound OH
radical was generated. In addition, we show here barriers for
rebound and rearrangement of the radical generated from1 (1R•).

For Cpd 0 (FeOOH), the barrier for H-abstraction is slightly
larger than the corresponding barrier formesohydroxylation
(entry 1a vs 2a). This means that even if Cpd 0 undergoes O-O
bond homolysis in preference to uncoupling (HOO- dissocia-
tion), the intermediate2COO in Figure 2 would undergo a slightly
faster attack on themesoposition of the porphyrin rather than
a H-abstraction from the substrate. Based on the LACVP datum,
a rough estimate is that 15% of the bound OH radical will
oxidize the substrate and the rest will carry porphyrin oxidation.

In the case of Fe(H2O2), the H-abstraction barriers are
significantly smaller than the barriers formesohydroxylation
(entries 1b and 2b). Therefore, most (>90%) of the bound OH
radical in2COO (Figure 7) will perform substrate oxidation. We
recall, however, that the Fe(H2O2) species participates only to
a small extent in substrate oxidation due to more efficient
uncoupling (loss of H2O2).

Table 3 shows also barriers for the rebound of the radical,
1R•, to form an alcohol and for rearrangement of the radical
(see Figure 6). It is seen that with both reagents in Table 3 the
rearrangement barriers are smaller than the rebound barriers.
Therefore, in both cases most of the oxidized substrate will be
the rearranged alcohol3 (Scheme 2).

Since the barriers for H-abstraction by the bound OH radical
are very small, 0.2-1.8 kcal/mol, we decided to investigate the
KIE behavior of a free OH radical with the substrate1. Table
4 collects the KIE values for the free OH and the other oxidants.
Inspection of the data in entry 1 shows that the KIE is highly
dependent on the basis set and can range between 5.0 and 1.8;
the large value corresponds to a barrier of 1.3 kcal/mol, and
the small value, to 0.1 kcal/mol. With these small barriers the
surface is extremely flat, and changes in the basis set or method
can induce a shift in the transition state and a corresponding
change in the KIE. In addition, such a flat surface is extremely
anharmonic, and the use of harmonic frequencies introduces
an error33 in the semiclassical (and Wigner corrected) KIE value.

Indeed, one can see that the KIE values for Cpd 0 and Fe(H2O2)
vary between 1.8 and 7.0, while in both cases the barrier for
H-abstraction is very small, less than 2 kcal/mol. Thus, these
values are not reliable, and instead we should gauge the KIE
against known experimental and high level ab initio theoretical
values. H-abstraction from methane by OH radical is a well-
known reaction with a barrier of ca. 7-8 kcal/mol,34a an
experimental KIE value of 7.1,35 and a theoretical value of
8.26.34b Butane is a more reactive substrate compared with
methane and having a weaker C-H bond and a smaller barrier
for H-abstraction; the corresponding KIE value was determined36

using gas phase flash photolysis as 3.8. For a substrate like
cyclohexane, with virtually the same C-H bond strength as that
in butane, a KIE datum ([C6H12/C6D12]) of ∼2 was estimated
for the O-O homolysis/C-H abstraction mechanism in the
peroxide dependent P450 hydroxylation of cyclohexane.18a

Based on these values, and since the C-H bond strength in1
is smaller than that in cyclohexane, the diagnostic KIE for the
reactions of the bound OH radical, generated from homolysis
of Cpd 0 or Fe(H2O2), with the rather reactive substrate1 is in
the range of 2 or even slightly less. The experimental KIE
values37 for C-H hydroxylation by Cpd I are much larger, and
the computed data for1 in Table 424 are 6.7 (8.35); these large
values mirror the larger H-abstraction barrier of Cpd I compared
with the barriers for reactions with OH radical.

Discussion

The data in Tables 1 and 2 define a clear reactivity scenario
of the three reagents, Cpd I, Cpd 0, and Fe(H2O2). As such,
two factors shape the competition; one is the relative barriers
for C-H activation, and the other is the competition between
O-O homolysis and uncoupling for Cpd 0 and Fe(H2O2).

Looking at the relative barriers for C-H activation of1, it is
clear that Cpd I is the most reactive species, much more so
than Cpd 0. The latter will not exhibit any reactivity in the
presence of Cpd I. The C-H activation barrier for the Fe(H2O2)
reagent is 3.6 kcal/mol higher than that for Cpd I, at the highest
computational level. This means that, for equimolar concentra-
tions of the two reagents, the amount of oxidation by Fe(H2O2)/
Cpd I would be 1/99%. The ratio will be even less in favor of
Fe(H2O2) if we recall that this reagent undergoes more than
90% uncoupling reaction and releases H2O2. We may therefore

(33) Hu, W.-P.; Truhlar, D. G.J. Am. Chem. Soc.1995, 117, 10726-10734.
(34) (a) Melissas, V. S.; Truhlar, D. G.J. Chem. Phys.1993, 99, 1013-1027.

(b) Melissas, V. S.; Truhlar, D. G.J. Chem. Phys.1993, 99, 3542-3552.
(35) Glereczak, T.; Talkudar, B. K.; Herndon, S. C.; Vaghjiani, G. L.;

Ravishankar, A. R.J. Phys. Chem. A1997, 101, 3125-3134.
(36) Paraskevopoulos, G.; Nip, W. S.Can. J. Chem.1980, 58, 2146-2149.
(37) (a) Groves, J. T.; McClusky, G. A.; White, R. E.; Coon, M. J.Biochem.

Biophys. Res. Commun.1978, 81, 154-160. (b) Sorokin, A.; Robert, A.;
Meunier, B.J. Am. Chem. Soc.1993, 115, 7293-7299.

Table 3. Barriers (in kcal/mol) for Competing Processes during
Oxidation of 1 by Cpd 0 and Fe(H2O2)

reaction type LACVP LACV3P+(d)

a - Cpd 0
1a- mesoattack (Figure 1a) 1.3 not calcd
2a- H-abstraction (Figure 2) 1.8 2.3
3a- rebound (Figure 2) 4.5 (0) 5.2 (0)
4a- rearrangementa 1.3 1.5

b - Fe(H2O2)
1b - mesoattack (Figure 1b) 6.5 6.5
2b - H-abstraction (Figure 7) 0.2 (1.3)b 0.04 (1.4)b

3b - rebound (Figure 7) 4.8 4.4
4b - rearrangement (Figure 5) 1.3 1.5

a The barrier for the free radical rearrangement is 0.8 kcal/mol,24 close
to the barriers in entry 4b. Therefore, identical barriers are used for entries
4a and 4b.b In parentheses are given the values corresponding to the acidic
network assisted mechanism (see Figure 9).

Table 4. KIE (1-CH3/1-CH2D) Values for H-Abstraction by
Different Oxidants

oxidanta
semiclassical,

LACVP (LACVP**)
Wigner corrected

LACVP (LACVP**)

1. free HO•b 4.97 (1.81) 6.00 (1.82)
2. Cpd 0c 7.0 (6.9) 10.3 (9.5)
3. Fe(H2O2)d 1.78 (1.73) 1.79 (1.73)
4. Cpd Ie 6.7 8.35

a For entries 2 and 3, the KIE is determined relative to2COO. b The barrier
is 1.3 (0.1) kcal/mol c The barrier for H-abstraction is 1.8 (1.4) kcal/mol
d The barrier for H-abstraction is 0.2 (0.1) kcal/mol.e The LACVP barrier
is 19.4 kcal/mol. From ref 24, refers to1-CH3/1-CH2D at T ) 298 K.
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conclude that, in the wild-type enzyme,C-H hydroxylation will
be dominated by Cpd I and will proceedVia the classical
“ rebound mechanism”,9 with two reactiVe states (TSR)24,25

leading to products; the other two reagents will be completely
silent.

In the absence of Cpd I, or when its formation is slowed as
in the proton-relay mutants of P450,2 we can anticipate some
oxidative reactivity of Cpd 0 and Fe(H2O2) in competition with
uncoupling. This reactivity will be sluggish due to the higher
barriers compared with Cpd I. Scheme 3 summarizes these
mechanisms based on the data in Tables 1-3. The mechanisms
revealed by the computations are analogous to experimentally
deduced ones.18a,c

The fractionation of the mechanisms in Scheme 3 is based
on simple Boltzmann factors. As a rule: (a) the relativeBDE
vs O-O homolysis barrier will determine the fraction of
uncoupling, (b) the relative H-abstraction barrier tomeso
hydroxylation barrier determines the partition of the OH radical
between substrate oxidation and autoxidation, and (c) the relative
barriers for rebound vs rearrangement determine the ratio2/3
of the unrearranged to rearranged alcohol products.

It is seen that Cpd 0 would proceed to oxidize the substrate
and will participate much less in uncoupling and generation of
HOO-. Substrate oxidation will occur via a stepwise mechanism
involving O-O homolysis followed by H-abstraction. The
bound OH radical due to O-O homolysis will be partitioned
between porphyrin oxidation and H-abstraction from1, in a 85/
15% ratio; in the case ofmesosubstituted porphyrins we may
anticipate nitrogen hydroxylation as observed by Groves and
Watanabe18c in peracid dependent oxidations of a model ferric-
porphyrin complex. The 15% production of the radical of1 (R•,
in Scheme 3) will produce mostly the rearranged product,3.

Unlike Cpd 0, Fe(H2O2) will participate mostly in uncoupling
and will produce free H2O2. A small fraction of the reagent
will be dedicated to the oxidation of1, showing negligible
porphyrin oxidation. The general outline of the substrate
oxidation mechanism is very similar to the experimentally
deduced one in peroxyphenylacetic acid dependent oxidation
by P450LM2,LM4. As in the case of oxidation by Cpd 0, above,

with Fe(H2O2), the substrate oxidation will form mostly the
rearranged alcohol product,3.

The percentage of substrate oxidation due to the Fe(H2O2)
complex is calculated in Scheme 3 using Boltzmann factors.
As we already noted this underestimates the actual participation
of Fe(H2O2) in substrate oxidation, since the uncoupling process
is reversible, whereas the O-O bond homolysis leads irrevers-
ibly to substrate oxidation. This will increase the fraction of
oxidation by Fe(H2O2), but we cannot determine to what extent.
Further increase in the amount of substrate oxidation by
Fe(H2O2) can be anticipated if it can undergo fast deprotonation
and be converted to Cpd 0 at the expense of uncoupling and
production of free H2O2.

The KIE and [2/3] ratio are good probes for distinguishing
between the reactivity of Cpd I and Cpd 0 or Fe(H2O2). Thus,
Cpd I will give rise to large KIE values (7 or so) and high [2/3]
ratio, while the other two reagents will give rise to small KIE
values (2 or so) and inverse [2/3] ratios. Another probe for the
reactivity of Cpd I is the previously predicted24,25d product
kinetic isotope effect on the ratio [2/3]. The predicted product
isotope effect arises from the fact that the processes which lead
to 2 and3 arise from the two spin states of Cpd I and possess
different KIE values;2 is generated mostly (or only) from the
reactivity of the low-spin state of Cpd I, while3 is generated
exclusively from the high-spin state.

Conclusions

The DFT study of C-H hydroxylation by the Cpd I, Cpd 0,
and Fe(H2O2) species of P450 (Scheme 1) reveals the following
trends:

The high-valent oxo-iron Cpd I species is the most reactive
among the three species. When Cpd I is present, the other two
reagents will be silent. Thus, C-H hydroxylation by the wild-
type enzyme will proceed via the classical “rebound mecha-
nism”,9 with two reactive states (TSR)24,25 of Cpd I leading to
products

In the absence of Cpd I, we may anticipate substrate oxidation
by Cpd 0 and Fe(H2O2) through a stepwise mechanism that
involves initial O-O bond homolysis followed by H-abstraction

Scheme 3. Oxidative Reactivity Scenario of Cpd 0 and Fe(H2O2) in C-H Hydroxylation of 1
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from the substrate. These reactions will be sluggish compared
with oxidation by Cpd I.

Cpd 0 is expected to undergo 85% of porphyrin hydroxylation
vis-à-vis only 15% of substrate oxidation. The substrate oxida-
tion will lead mostly to the rearranged alcohol,3 (Scheme 2).

Fe(H2O2) is expected to undergo mostly uncoupling and
produce free hydrogen peroxide. A small fraction of the reagent
will carry however substrate oxidation and lead mostly to the
rearranged alcohol,3.

The kinetic isotope effect (KIE) for substrate oxidation by
Cpd 0 or Fe(H2O2) will be small, ∼2,18a while that by Cpd I
will lead to a significant KIE.9,24,37Furthermore, the KIE values
for the generation of for2 and 3 via Cpd I will be different,
leading to a product isotope effect.24

Typically both Cpd 0 and Fe(H2O2) will lead to a very small
2/3 ratio of the products, while Cpd I will lead to high ratios.

One question remains and should be answered by experi-
ment: Is Cpd I really absent in the proton-relay mutants of
P450 (e.g., T252A)?2 If the answer to this question is positive,
then our study provides probes for the reactivity of Cpd 0 and
Fe(H2O2). As such, this detailed study can form a basis for
interplay between experiment and theory.
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