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On the “Rebound” Mechanism of Alkane
Hydroxylation by Cytochrome P450: Electronic
Structure of the Intermediate and the Electron
Transfer Character in the Rebound Step**

Michael Filatov, Nathan Harris, and Sason Shaik*

Alkane hydroxylation is a key process by which the heme
enzyme cytochrome P450 metabolizes xenobiotics.! The
consensus mechanism (Scheme 1), called the rebound mech-
anism,”?l proceeds by an initial hydrogen abstraction from
the alkane (RH) by the active ferryl-oxene species
(Port*Fe¥=0), to form a radical R* and a hydroxo-iron
complex as intermediates (step a). Subsequently the radical
rebounds on the hydroxy group and generates the ferric—
alcohol complex (step b). This mechanism is currently under
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Scheme 1. Schematic representation of the rebound mechanism, and of the
two electromeric forms (1a and 1b) of the hydroxo—iron intermediate.

debate due to recent mechanistic studies,®! using ultrafast
radical clocks to probe the presence of a free radical, that
suggest a concerted oxene-insertion mechanism. Neverthe-
less, quite a few investigations do report results which are
consistent with the rebound mechanism.>* As such, the
mechanism of a very important reaction in the vital system
remains not fully resolved.

A great deal of mechanistic research has traditionally
focused on whether the radical intermediate exists or not,
while very few studies have addressed the nature of the
hydroxo—iron species 1 (Scheme 1).F] It is important to
address the electronic structure of this intermediate, since this
has bearing on its reactivity in the rebound step, and hence on
an eventual resolution of the mechanistic dilemma as a whole.
The ferryl —hydroxo species may exist in two electromericl®
forms. In one (1a, Scheme 1) the iron appears as a Fe'! center
to provide a cation radical porphyrin, while the other (1b)
contains high-valent Fe!V with a neutral porphyrin.>7 The
spin state of the complex may be low (S=1), intermediate
(§=2), or high (S=3). In addition, due to available
alternative occupation modes of the d-orbital block, and of
the porphyrin’s orbitals (the a,, and a,, types!®l), there might
exist a few closely lying states with different state symmetries.
The present paper uses density functional and model solvent
calculations to resolve this complex state situation for the
hydroxo —iron species, and addresses due implications on the
rebound mechanism.

All calculation were performed by use of the JAGUAR 3.5
package.’) Benchmark calculations showed that the pure
density functional BP86['% and the hybrid (HF/DFT) func-
tional B3LYP levels!'”! give the same stability ordering for the
two electromers, and therefore the rest of the study was
performed with B3LYP. Based on previous experience with
the oxo iron porphyrin,®l reliable spin state ordering of
organometallic species can be obtained with moderate basis
sets, but geometry optimization is essential since different spin
situations may have very different bond lengths between iron
and the axial ligands. On iron we used the Los Alamos
effective core potential coupled with the double zeta LACVP
basis set,['!] while for the rest of the atoms we utilized the
6-31G basis set. The latter basis set was ascertained against a
calculation that used the more flexible LACV3P basis set(!!]
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2a: X=H, Y=H

2b: X =C2H3, Y=H

2c: X =CyHg, Y =CHs

2d: X=CoHs, Y =H,N—C—H

COH

symmetry (a’). A 1-°A’ state can be generated
from 1-*A” by switching the occupations of the d,,
and d,, orbitals. In addition, high-spin situations
(=2, 3), analogues of 1-*A” and 2-*A”, were
generated by excitations from the m and & d
orbitals to the d.. and d,, orbitals. The high-spin
situations were found to be higher in energy (A’
by 4.1 kcalmol~%, SA” by 7.9 kcalmol !, and A’ by
19 kcalmol!) relative to the lowest triplet state.
An alternative to 1-A” is the triplet state, where
the singly occupied porphyrin orbitall®! is a,-type
(a”). This state was tested too and found to be
16.3 kcalmol~! higher than 1-*A”. Since all these
states are significantly higher than the ones shown
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Scheme 2. Model species for the hydroxo —iron intermediate, and orbital diagrams for the

electromeric forms 1-*A"” and 2-3A” (see Table 1).

on iron and 6-311G(d) basis sets on C, N, and H, and which
gave the same state ordering for 2a (Scheme 2).

Scheme 2 shows the species used to model the hydroxo -
iron complex. These range from the simplest model (2a) to
more realistic ones that involve vinyl substituents at the j-
pyrrole positions (as in the native protoporphyrin IX), and a
cysteinato axial ligand (2d). Complete geometry optimization
of 2a showed negligible energetic effects in comparison with a
C,-constrained optimization, which was then adapted wher-
ever possible since it enables clear state assignment.

For all of the model systems we calculated the two
electromers 1-3A” and 2-3A”, where the first possesses an
Fe™ (d° configuration) with a porphyrin cation radical, and
the second an Fe!V (d* configuration) with a neutral porphyrin.
The d-orbital splitting is typical of six-coordination with a
“three-below-two” pattern. The lowest orbital in the group of
three is the 6-type orbital (d.._,.) and the higher two are m-
type orbitals (d,, and d,,) while the group of two involves the
o-antibonding d_: and d,, orbitals."”! In Scheme 2 the porphy-
rin orbital which is singly occupied in 1-3A” is labeled with its
symmetry in the free porphyrin (a,,), as well as in its actual C,

'H' 3y (a)

in Scheme 2, they are not discussed any further
here.

Table 1 shows relative energies and key struc-
tural parameters for the three triplet states of the
ferryl-hydroxo species. It is seen that the two
electromers 1-°A” and 2-3A” are very close in
energy to within +1 kcalmol™!, with a small
preference for one state or the other, depending
on substitutents, and in general agreement with a
recent theoretical analysis.l"¥] The small substitu-
ent effect on the relative energy of the two states is
in line with the size of the a’ (a,,) porphyrin orbital
coefficients, which are small at the a- and S-pyrrole positions.
On the other hand, the 1-°A’ state (with the d},d?, population)
is significantly higher in energy, as might be expected from
four-electron Pauli repulsion due to interaction of the sulfur
and/or oxygen lone pairs with the filled d,, orbital on iron. The
Fe—O and Fe—S axial bond lengths in the 1-*°A” Por**Fe''"OH
state are longer than in the 2-3A” PorFe!VOH state, a trend
which is again expected from the higher Pauli repulsion
between the lone pair electrons and the d,./d,, electrons in the
former state.

Mixing of the two 3A” states is symmetry-permitted.
However, since the a,, (a") porphyrin orbital and the d, (a”)
orbital are spatially separated and of different symmetry, the
state mixing is expected to be rather small, and we may regard
the two states as virtually pure ones rather than as resonance
structures. To assess the barrier between the two states, which
differ by single electron transfer from the iron to the
porphyrin, we calculated the vertical energy separation of
the two states. The vertical energy gap between 1-*A” and
2-3A" at the geometry of the former is 1.21 kcalmol~! for 2a,
1.10 kcalmol ! for 2b, and 3.48 kcalmol~' for 2¢. With such

Table 1. Bond lengths [A] and relative energies E,, [kcalmol~'] of the lowest states of the hydroxo—iron complex (see Scheme 2).

Species State 1-*A” (1-*A’), PortFe"OH! State 2-*A", Por Fe!VOHI

Fe—O Fe—S Fe—Nll E., Fe—O Fe—S Fe—N[! E.
2a 1.829 (1.869) 2.458 (2.529) 2.017 (2.012) 0.00 (+8.67) 1.816 2.361 2012 ~ 034
2b 1.828 (1.870) 2.460 (2.526) 2.018 (2.013) 0.00 (+9.03) 1.817 2362 2.013 077
2¢ 1.817 (=) 2540 (=) 2.015 (=) 0.00 (=) 1.824 2353 2014 +0.11
2d 1.810 (=) 2530 (=) 2.015 (=) 0.00 () 1.808 2336 2.009 +2.30
2ald 1.829 2.458 2.017 0.00 1.816 2.361 2.012 +13.9

[a] Upon removal of the C; constraints, the S—H and O—H bonds in the 2-A” structure assume a dihedral angle of 90° and the energy is lowered by
1.2 kcalmol~". Electromer 1-3A" is stabilized by 0.54 kcal mol~". [b] Average value. [c] Calculated with the SCRF solvation model. Note that the bond lengths

are the same as for 2a, but the relative energies are different.
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small vertical energy gaps, the two electromers are expected
to be fluxional with a very small barrier for interconversion.

Since the computed dipole moment of the 1-A”
(Por™FeOH) electromer (1.31 D) is larger than that of the
2-3A" (PorFe'VOH) electromer (1.17 D), and since the cation
radical situation in the former state will endow it as well with a
high polarizability, the state ordering will certainly change in
the electric field environment of the protein.['¥l To mimic an
environment with a dielectricon, we used the SCRF solvation
model (with water as solvent). While this is certainly a crude
model, it is nevertheless likely to reveal the expected trend in
the state ordering when the states are taken from an isolated
molecular situation to an environment with a finite dielectric
constant. As can be seen from the last entry in Table 1, the
dielectric environment stabilizes the 1-°A” (Por*Fe™OH)
electromer relative to the 2-*A” one, and makes it the ground
state of the ferryl—hydroxo species. This result is in accord
with experimental data by Groves et al.,’! who demonstrated
that the electrochemical oxidation of PorFe'OH derivatives
is porphyrin-centered, leading to Port'FeOH. In a con-
densed-phase environment we may also expect significant
barriers for the interconversion of the two electromers.
Analogous electromers (Por*Fe™OCH,CHPh vs. PorFe®
YOCH,CHPh) have been discussed recently in the epoxida-
tion of styrene by model iron porphyrin complexes.!'’)

The electronic structure of the hydroxo - ferryl complex has
bearing on the reactivity of the rebound step (Scheme 1).
Inspection of Scheme 2 shows that the hydroxo—iron inter-
mediate commences with a porphyrin hole in the a,, orbital.
In the alcohol product, PorFe™O(H)R, the porphyrin gains an
electron and its a,, orbital becomes doubly occupied.®l This
electron is lost from the alkyl radical, which acquires a
positive oxidation state upon R—O bond formation.[' Hence,
the radical coupling will be attended by an electron shift,
whereby the attacking alkyl group forms an R—O bond with
concomitant loss of an electron, which is shifted to fill the
porphyrin hole (in 1-2A"). In the rebound step the intermedi-
ate species can couple into either a doublet ground state or a
higher lying quartet state of the ferric—alcohol product
(Scheme 1).[% 7] The barrier may occur on one of these spin
surfaces, or on both; this is something which has to be
deciphered in a separate study.'”! Be this as it may, the
rebound barrier is expected to depend inter alia on the
oxidation potential of the alkyl group, and to increase as the
alkyl group is made a poorer electron donor. Such a trend may
provide a rationale for the observations that the hydroxyla-
tion of 1-alkyl-2-aryl-cyclopropane derivatives, which are
radical-clock precursors, exhibits decreasing skeletal rear-
rangement in the alcohol product as the putative radical
intermediate becomes a better electron donor.F!

A theoretical investigation of the entire rebound process in
the electric field of the protein will be required!! for a more
complete elucidation of the rebound mechanism. Neverthe-
less, with its obvious limitations, the present study provides
straightforward characterization of the electronic structure of
the putative intermediate in the mechanisms as well as of the
electron transfer attending the rebound step, and can thereby
form a basis for experimental investigation of the rebound
step. Substituted iron porphyrin derivatives,'! different axial
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ligands,[>! medium effect, and different radical probes can
provide a powerful mechanistic arsenal towards this goal.
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