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Abstract: The cytochromes P450 are a versatile range of mono-oxygenase enzymes that catalyze a variety
of different chemical reactions, of which the key reactions include aliphatic hydroxylation and C=C double
bond epoxidation. To establish the fundamental factors that govern substrate epoxidation by these enzymes
we have done a systematic density functional theory study on substrate epoxidation by the active species
of P450 enzymes, namely the iron(IV)-oxo porphyrin cation radical oxidant or Compound I. We show here,
for the first time, that the rate constant of substrate epoxidation, and hence the activation energy, correlates
with the ionization potential of the substrate as well as with intrinsic electronic properties of the active
oxidant such as the polarizability volume. To explain these findings we present an electron-transfer model
for the reaction mechanism that explains the factors that determine the barrier heights and developed a
valence bond (VB) curve crossing mechanism to rationalize the observed trends. In addition, we have
found a correlation for substrate epoxidation reactions catalyzed by a range of heme and nonheme iron(1V)-
oxo oxidants with the strength of the O—H bond in the iron-hydroxo complex, i.e. BDEgy, which is supported
by the VB model. Finally, the fundamental factors that determine the regioselectivity change between
substrate hydroxylation and epoxidation are discussed. It is shown that the regioselectivity of aliphatic
hydroxylation versus double bond epoxidation is not influenced by the choice of the oxidant but is purely

substrate dependent.

Introduction

The cytochromes P450 (P450s) are important heme based
mono-oxygenases that take part in key biomolecular processes
in the body that include detoxification processes in the liver,
the biosynthesis of hormones, and metabolism of drugs.* The
P450s bind molecular oxygen on a heme center and transfer
one of its oxygen atoms to a substrate, while the second oxygen
atom originating from O; is reduced to a water molecule. A
versatile range of oxygen atom transfer reactions is catalyzed
by the P450s that consists of aliphatic and aromatic hydroxy-
lation, heteroatom oxidation, and double bond epoxidation.? For
instance, unsaturated fatty acids are epoxidized by bacterial as
well as human liver P450 enzymes.® Thus, the biosynthesis of
hormones in cockroaches involves the epoxidation of methyl
farnesoate, a reaction that is catalyzed by P450 15A1.* The
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fundamental factors that determine the mechanism and kinetics
of substrate epoxidation by P450 enzymes are currently
unknown. To gain insight into the factors that govern the
epoxidation process, we present a systematic study on double
bond epoxidation mechanisms by metal-oxo oxidants such as
those that appear in P450 enzymes for the first time and
investigate the intrinsic features of substrate and oxidant that
determine the reaction kinetics.

The active Site of P450 enzymesis aheme group that islinked
to the protein via a thiolate bridge of a cysteinate residue of the
protein. Figure 1 shows the active site of a well-studied P450
enzyme, namely P450.m.> P450 enzymes undergo a complicated
catalytic cycle that starts from the resting state where a water
molecule fills the sixth binding site of iron. Upon substrate
entrance into the binding pocket, this water molecule is
displaced; the heme is reduced and binds molecular oxygen.
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Figure 1. Active Site of P450, as taken from the 1DZ9 pdb file* with
residues labeled as in the pdb file.

Thereafter, a second reduction followed by two protonation steps
gives an iron(lV)-oxo heme cation radical species that is also
known as Compound | (Cpd I). This species reacts with
substrates via oxygen atom transfer to give oxygenated products.
Indirect evidence of Cpd | through kinetic isotope effects and
product distributions has implicated it to be the key oxidant
involved in mono-oxygenase reactions with substrates.® More
recent low pressure mass spectrometric studies’ on biomimetic
iron-porphyrins and computational modeling® have shown it to
be a very efficient oxidant of substrate hydroxylation and
epoxidation reactions.

Iron(1V)-oxo oxidants are the active species of mononuclear
heme as well as nonheme iron containing enzymes, and recently
spectroscopic evidence of the iron(lV)-oxo species of the
nonheme enzymes of taurine/a-ketoglutarate dioxygenase (TauD),
prolyl-4-hydroxylase, and o-ketogl utarate dependent hal ogenase
was found.® In addition, several biomimetic nonheme iron(1V)-
0x0 species were detected and characterized with a range of
spectroscopic techniques.’® These biomimetic oxidants have
been shown to react with substrates via aliphatic hydroxylation
as well as epoxidation reactions very efficiently. The key
features that influence the epoxidation mechanism and kinetics
are unknown as well as what determines the regioselectivity of
aliphatic hydroxylation versus epoxidation.
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Substrate epoxidation by P450 enzymes has been extensively
studied.™* For instance, paimitoleic acid and related monoun-
saturated fatty acids were found to be oxidized by P450 enzymes
to hydroxylated and epoxidized products'? These studies
implicated a common oxidant for the reaction products, presum-
ably an iron(IV)-oxo heme cation radical species such as Cpd
. P450.4, studies using cis-3-methyl styrene as a substrate gave
strong enantioselectivity with an 89:11 preference of the 1S2R
epoxide product over the 1R,2S form.®®* Molecular dynamics
docking cal culations predicted the substrate binding orientation
to be responsible for this product ratio. Several studies reported
epoxidation of non-natural substrates, such as propene, styrene,
and cyclohexene.™ Interestingly, the kinetics of styrene epoxi-
dation by two P450 isozymes, CYP119 and CYP102HD, was
found to be very similar,**® and so was the kinetics of aliphatic
hydroxylation of benzyl acohol by these isozymes. The
regioselectivity of substrate hydroxylation versus epoxidation
was investigated with two P450 isozymes and two of its mutants
using cyclohexene and cis- and trans-2-butene as substrates.™®
The results on cyclohexene gave a relatively constant alcohol
versus epoxide product ratio between 1.0 and 2.4, whereas with
the other substrates large differences in the product ratios were
observed.

Substrate epoxidation by biomimetic iron—porphyrin com-
plexes has been extensively studied over the past 30 years.*5
For instance, it was shown that the axial ligand trans to the
oxo group in biomimetic Cpd | complexes affects the oxidative
power of the active speciesthat correlated with the rate constant
of styrene epoxidation.'® More recent studies of Nam et al.*®
also showed an axial ligand effect for aliphatic hydroxylation
and phosphorylation reactions by nonheme iron(1V)-oxo species.
In the case of aiphatic hydroxylation reactions by metal-oxo
oxidants Mayer et al. showed that the rate constant of hydrogen
atom abstraction is related to the energy required to break the
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C—H bond, i.e. BDEcy, as defined by eq 1.2° This relationship
was later found for substrate hydroxylation by a range of
different iron- and manganese-oxo oxidants.**

SubH — Sub’ + H + BDEg, )

In contrast to this, no correlations are known that relate the
rate constant of substrate epoxidation by metal-oxo complexes
as a function of substrate and/or oxidant properties. To
understand the regioselectivity difference of substrate epoxida
tion versus hydroxylation, it is important to characterize the
fundamental factors that determine the rate constant and hence
the free energy of activation of substrate epoxidation and
hydroxylation by metal-oxo oxidants. That will enable one to
predict barrier heights and rate constants from empirical values.
Currently, very little is known on the factors that influence the
rate constant of substrate epoxidation and no systematic studies
have been reported yet. Therefore, in this work we present
models that link a range of substrate epoxidation reactions by
metal-oxo oxidants with intrinsic chemical and physical proper-
ties of the reactants. In principle, substrate epoxidation requires
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the conversion of a double bond of an olefin into a single bond
concomitant with the abstraction of an oxygen atom to bridge
thisbond. Aswill be seen in thiswork, the energy of the sz-bond
of the olefin is correlated to the ionization potential of the
substrate, which subsequently relates to the barrier height of
an epoxidation reaction. Using thermodynamic cycles and a
valence bond curve crossing diagram, we generalize substrate
epoxidation by iron(IV)-oxo oxidants and explain what the
electronic factors are that determine the reactivity patterns. Thus,
we explain the fundamental differences of substrate epoxidation
versus aliphatic hydroxylation based on the electronic properties
of the individual reactants, substrate, and oxidant. The studies
show what intrinsic electronic properties of the substrate
determine the regioselectivity of epoxidation over hydroxylation.

Methods

The calculations described in this work utilize density functional
theory (DFT) as implemented in the Jaguar 7.6 and Gaussian-03
program packages.?*?* All geometries were fully optimized
(without any constraints) in Jaguar followed by an analytica
frequency in Gaussian. Local minima had real frequencies only,
whereas transition state structures were characterized by a single
imaginary frequency that corresponds to the appropriate mode. All
calculations reported here were performed with the B3LY P hybrid
density functional method,®* since this method is capable of
reproducing free energies of activation of substrate epoxidation and
hydroxylation reactions by iron(1V)-oxo complexes within ~3 kcal
mol~* with respect to experiment.?® Recent studies of a series of
hydrogen abstraction reactions by P450 enzyme models showed?®%”
that thisis a systematic error and alinear correlation with the bond
dissociation energy of the C—H bond of the substrate was found
with a standard deviation of ~1 kcal mol~%. Furthermore, these
computational methods were shown to accurately reproduce
experimentally determined kinetic isotope effects,® electron para-
magnetic resonance parameters,>® and vibrational spectra®*° The
methods, therefore, should be suitable for calculations on trends in
substrate epoxidation mechanisms as well. Extensive test calcula-
tions with alternative density functional methods predicted trends
similar to those obtained with B3LY P.3*

Geometry optimizations and frequency calculations were per-
formed with adouble-¢ quality LACVP basis set on iron (including
an Effective Core Potential) coupled to 6-31G on the remaining
atoms, basis set B1.%% Subsequently, single-point calculations were
performed in Jaguar utilizing a triple-¢ quality LACV3P+ basis
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Wallingford, CT, 2004.
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Cohen, S,; Shaik, S. J. Am. Chem. Soc. 2004, 126, 1907-1920. (c) de
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Figure 2. Model oxidant [Cpd I(SH)] and epoxidation substrates studied
in this work.

set on iron (including Effective Core Potential) and 6-311+G* on
the remaining atoms, basis set B2. Energies reported in this work
were obtained with basis set B2 and corrected with zero-point
energies from basis set B1 unless otherwise noted. To test whether
the basis set affects the optimized geometries and/or energies, we
reoptimized the 1-butene epoxidation mechanism by “°Cpd I(SH)
using basis set B2 followed by an analytical frequency calculation
at thislevel. These studies gave only minor geometric and energetic
differences from those done with the smaller basis set; hence basis
set B1 was used for geometry optimizations and frequencies for
the remaining work, while single-point cal culations were done with
basis set B2.

The effect of the environment was investigated by single-point
calculations in Jaguar at UB3LYP/B2 with the self-consistent
reaction field model using a dielectric constant of ¢ = 5.7 and a
probe radius of 2.72 A. These studies did not affect the trends
presented in this work (Supporting Information Figure S7);
therefore, we will focus in the main text on the gas-phase results
only.

Cpd | of P450 was abbreviated as iron-protoporphyrin IX with
adistal oxo group and axial thiolate ligand, designated Cpd I(SH);>®
see Figure 2. In this work we studied the substrate epoxidation by
a model of Cpd | of P450 using a range of typical substrates.
Furthermore, a comparison is made with other heme and nonheme
iron(IV)-oxo oxidants. To distinguish the different iron(IV)-oxo
oxidants, we will give the axial ligand of the oxidant in parentheses
of Cpd|;i.e. Cpd I(SH) is designated as the iron(1V)-oxo porphyrin
cation radical species of aP450 model described by athiolate axial
ligand. Cpd 1(SH) appears in amost degenerate doublet and quartet
spin states, therefore, al calculations were done for both spin state
surfaces. We studied substrate epoxidation by Cpd 1(SH) with seven
olefins: ethene (1), propene (2), 1-butene (3), trans-2-butene (4),
1,3-cyclohexadiene (5), 1,4-cyclohexadiene (6), and styrene (7).
Although ethene epoxidation by Cpd 1(SH) was studied before,3*
we redid these cal culations using the methods described above. Data
for propene and styrene epoxidation by Cpd I(SH) were taken from
the literature.?523°

lonization energies of substrates (IEsy,) represent adiabatic
ionization energies and were calculated with the same procedures

(33) deVisser, S. P.; Shaik, S.; Sharma, P. K.; Kumar, D.; Thiel, W. J. Am.
Chem. Soc. 2003, 125, 15779-15788.

(34) deVisser, S. P.; Ogliaro, F.; Harris, N.; Shaik, S. J. Am. Chem. Soc.
2001, 123, 3037-3047.

mentioned above, namely geometry optimizations using basis set
B1, while energies are taken from single-point calculations with
basis set B2 corrected for ZPE with basis set B1. These calculated
values reproduce experimentally determined |E values excellently;
see Supporting Information.3®

Reorganization energies (RE) were calculated as before from
the difference in energy of the substrate in the transition state
geometry and its fully relaxed structure.?® The bond dissociation
energy of the O—H bond in the iron(1V)-hydroxo complex with
ligand L (BDEgy) was calculated from eq 2 using fully optimized
geometries at the BSLYP/B1 level of theory and energies from
B3LYP/B2//B3LYP/B1 including ZPE at basis set B1.

CpdI(L) + H — FeYOH(L) + BDE,, @)

In addition, we also tested trends of epoxidation reactions with
varying oxidants but with the same substrate (propene), namely
Cpd I(SH), Cpd I(OH), Cpd I(Cl), Cpd I(ImP), Cpd I(CcP), Cpd
I(TauD), and FeV=0O(TMCS)*; see Figure 3. Thefirst four of these
oxidants are iron(1V)-oxo porphyrin cation radical models with the
axial ligand of these systems written in parentheses. Cpd |(CcP)
and Cpd I(TauD) represent enzyme active site models of the
iron(1V)-oxo species of the enzymes cytochrome ¢ peroxidase (CcP)
and taurine/o-ketoglutarate dioxygenase (TauD). Data for propene
epoxidation by Cpd I(Cl), Cpd I(ImP), Cpd I(TauD), and
FeV=0O(TMCS)" were taken from the literature.>” Cpd I(ImP) is
an iron(1V)-oxo porphyrin cation radical oxidant with an imidazole
ligand whereby the atom bound to the meta is replaced by
phosphorus, whereas FeV=0O(TMCS)* represents a nonheme
iron(IV)-oxo complex with TMCS = 1-mercaptoethyl-4,8,11-
trimethyl-1,4,8,11-tetraaza cyclotetradecane as a pentadentate ligand.

To find out whether a thiolate axial ligand correctly mimics the
cysteinate ligand in P450 enzymes, we ran an extra set of
calculations where we calculated the BDEqy value for three different
models, namely using SH™, SCH;~, and a large model containing
apeptide chain of cysteinate connected to two glycine amino acids,
CysGlyGly~. In the latter structure the hydrogen bonding interac-
tions of amide protons to the sulfur atom of cysteinate [NH---S
interactions] in the enzyme are included that determine the electron-
donating ability of the axia ligand. BDEgy values of 88.9, 87.4,
and 88.95 kcal mol~* were obtained for Cpd 1(SH), Cpd 1(SCH5),
and Cpd I(CysGlyGly), respectively. Therefore, thiolate is afaithful
mimic of the active species of P450 enzymes. Further calculations
on the relative BDEqy values of Cpd I(OH) and Cpd [(OCHjy)
predicted values of 97.4 versus 99.5 kcal mol %, respectively, which
implies that these two axial ligand systems will show similar
reactivity patterns with the substrates discussed in this work.

Results and Discussion

Substrate Epoxidation by Cpd I(SH). The active species of
P450 enzymes is elusive but is expected to resemble that of
chloroperoxidase enzymes, which is well characterized spec-

(35) (a) deVisser, S. P.; Ogliaro, F.; Sharma, P. K.; Shaik, S. Angew. Chem.,,
Int. Ed. 2002, 41, 1947-1951. (b) de Visser, S. P.; Ogliaro, F.; Sharma,
P. K.; Shak, S. J. Am. Chem. Soc. 2002, 124, 11809-11826.

(36) (a) Lias, S. G. lonization energy evaluation. In NIST Chemistry
Webbook, NIST Standard Reference Database Number 69; Linstrom,
P. J, Mdlard, W. G., Eds; Nationa Institute of Standards and
Technology: Gaithersburg, MD. 20899 (http://webbook.nist.gov, 2009).
(b) Kimura, K.; Katsumata, S.; Achiba, Y.; Yamazaki, T.; Iwata, S.
Handbook of Hel photoelectron spectra of fundamental organic
molecules: ionization energies, ab initio assignments, and valence
electronic structure for 200 molecules; Japan Scientific Society Press:
Tokyo, 1981.

(37) () de Visser, S. P. J. Biol. Inorg. Chem. 2006, 11, 168-178. (b) de
Visser, S. P. J. Am. Chem. Soc. 2006, 128, 9813-9824. (c) de Visser,
S. P. J. Am. Chem. Soc. 2006, 128, 15809-15818. (d) de Visser, S. P.
J. Phys. Chem. B 2007, 111, 12299-12302. (€) de Visser, S. P. Angew.
Chem,, Int. Ed. 2006, 45, 1790-1793.
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(a) (b)

Cpd I(L) with
L=SH", CI", OH", ImP

Cpd I(CcP)

Figure 3. lron(lV)-oxo oxidants studied in the reaction with propene.

[ 'S
. v
L
- 2
z o -
-
..' *

(e) s (d)

Fe'Y=0(TMCS)* Cpd I{TauD)

Figure 4. High-lying occupied and low-lying virtual orbitals of Cpd I(SH).

troscopically and computationally.*® Substrate epoxidation by
Cpd | of P450 takes place via two-state-reactivity patterns on
competing doublet and quartet spin state surfaces™ with
electronic configuration d,e—2? 7*t 7*y} @t as shown in
Figure 4. These orbitals are dominated by the 3d metal
contributions, whereby the lowest one of those is the nonbonding
0xe_y2 orbital in the plane of the heme that is doubly occupied
in all structures discussed in this work. Higher in energy and
singly occupied is a pair of orthogonal 7*,, and *y, orbitals
for the antibonding combination of a 3d orbital on iron with a
2p orbital on the oxo group. The lowest two virtual orbitals
with metal contributions are the o*, orbital for the antibonding
interactions of the metal with the porphyrin nitrogen atoms and

(38) (a) Rutter, R.; Hager, L. P.; Dhonau, H.; Hendrich, M.; Vaentine,
M.; Debrunner, P. Biochemistry 1984, 23, 6809-6816. (b) Palcic,
M. M.; Rutter, R.; Araiso, T.; Hager, L. P.; Dunford, H. B. Biochem.
Biophys. Res. Commun. 1980, 94, 1123-1127. (c) Egawa, T.; Prosh-
lyakov, D. A.; Miki, H.; Makino, R.; Ogura, T.; Kitagawa, T.;
Ishimura, Y. J. Biol. Inorg. Chem. 2001, 6, 46-54. (d) Hosten, C. M.;
Sullivan, A. M.; Palaniappan, V.; Fitzgerald, M. M.; Terner, J. J. Bial.
Chem. 1994, 269, 13966-13978. (e) Kim, S. H.; Perera, R.; Hager,
L. P.; Dawson, J. H.; Hoffman, B. M. J. Am. Chem. Soc. 2006, 128,
5598-5599. (f) Stone, K. L.; Behan, R. K.; Green, M. T. Proc. Natl.
Acad. Sci. U.SA. 2006, 103, 12307-12310.

(39) Shaik, S.; de Visser, S. P.; Ogliaro, F.; Schwarz, H.; Schroder, D.
Curr. Opin. Chem. Biol. 2002, 6, 556-567.
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the o* 2 orbital for the antibonding interactions with the axial
and distal ligands. Also singly occupied is a porphyrin based
orbital that in D4, symmetry has the label a,, Since the
interaction between the two z* orbitals and the ay, orbital is
small, the doublet and quartet spin states are close in energy
and lead to reactivity patterns on the two spin state surfaces
with different reaction barriers.®

The other oxidants given in Figure 3 have similar sets of
valence orhitals, and all heme oxidants, apart from Cpd I(CcP),
have the same orbital occupation. Cpd I(CcP) has a singly
occupied s-orbital on the axial Trp residue rather than a
porphyrin radical. The nonheme iron(IV)-oxo oxidants,
FeV=0O(TMCS)* and Cpd I(TauD), were calculated in the
quintet spin state with d,e_ 2t %t 7%t 0* ! occupation.

A typical example of a reaction profile of substrate epoxi-
dation by Cpd I(SH) isgiven in Figure 5 for the epoxidation of
1-butene (3) by Cpd I(SH); al other epoxidation reactions
studied in this work gave similar reaction profiles; see Sup-
porting Information. The reaction starts from “2Cpd 1(SH),
whereby both states are within 0.1 kcal mol 2. The initial and
rate-determining step in the reaction mechanism is C—0O bond
formation to give aradical intermediate (1) viaatransition state
TSe. A subsequent ring-closure barrier (TS.) separates the
intermediate complexes from products (P). Generally, the ring-
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Figure 5. Reaction profile of 1-butene (3) epoxidation by “°Cpd I(SH) with energies in kcal mol™*. Also shown are optimized geometries of the critical
points along the reaction mechanism obtained at UB3LY P/B1 with distances in angstroms, angles in degrees, and the value of the imaginary frequency in
the transition state in wave numbers. Energies reported outside parentheses are obtained with basis set B2 on UB3LY P/B1 optimized geometries and contain
ZPE corrections with basis set B1. Inside parentheses are reported energies (including ZPE) calculated at UB3LY P/B2 after aUB3LY P/B2 geometry optimization

and frequency.

Table 1. Relative Energies of Critical Points along the Mechanism of Epoxidation of Substrates by Cpd I(SH) and Calculated Values of the
Reorganization Energy (RE) and lonization Energy (IE) of the Substrates®

Substrate ‘TS 4 TSe 2 REws IEsup
1 ethene 14.13 -5.95 14.29 —5.52 2.80 238.9
2 propene 13.13 —6.48 12.60 —6.27 2.93 219.7
3 1-butene 11.06 —8.86 13.52 —8.21 1.29 214.8
4 trans-2-butene 10.85 —6.80 10.03 b 2.96 203.7
5 1,3-cyclohexadiene 7.90 —19.29 9.42 b 291 181.4
6 1,4-cyclohexadiene 11.94 —3.96 13.12 b 5.15 194.5
7 styrene 8.95 —15.13 9.53 —14.70 325 187.7

aAll energies are in kcal mol~%, relative to isolated reactants and obtained with basis set B2 including ZPE with basis set B1. ® No low-spin

intermediate found; instead the reaction gives products directly.

closure barrier is small or negligible on the low-spin surface
and somewhat higher on the high-spin surface. This mecha-
nism shows similarities to aliphatic hydroxylation mechanisms
discussed before that gave a stepwise mechanism with an initial
and rate-determining hydrogen abstraction step.® Similar to the
epoxidation mechanism, in aliphatic hydroxylation reactions the
rebound step is either negligible or barrierless on the low-spin
surface, whereas it proceeds with a significantly higher barrier
on the high-spin surface.*® To ascertain that the optimized
geometries and relative energies are not influenced by the choice
of the basis set in the calculations, we repeated the geometry
optimizations for the complete reaction mechanism shown in
Figure 5 using the UB3LYP/B2 method followed by an
analytical frequency at this level. As follows, the energies of
the various steps in the reaction mechanism are generally within
0.2 kcal mol~? of those obtained at UB3LY P/B2//UB3LYP/B1
with ZPE included from the UB3LYP/B1 results. Moreover,

(40) (a) 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. (b) Siegbahn, P. E. M.; Borowski, T. Acc. Chem. Res. 2006,
39, 729-738.

the optimized geometries are very similar to those found with
the smaller basis set generally with deviations well below 0.010
A for distances and less than 1° for angles and dihedrals
(Supporting Information). It appears, therefore, that relative
energies obtained from geometry and frequency calculations at
UB3LYP/B1 are reliable and single-point energy calculations
at the UB3LYP/B2 level of theory give sufficiently accurate
results. Accordingly, we have used the latter method for the
remaining calculations described in this work.

Table 1 summarizes the relative energies of 4TSz and 42
for all substrate epoxidation reactions calculated with Cpd |(SH),
while optimized geometries of ?TSg are shown in Figure 6.
The lowest epoxidation barriers are obtained with 1,3-cyclo-
hexadiene and styrene, while the highest barriers are found for
ethene (1). The values of 42T S¢(1) are in good agreement with
those reported in the literature™ although calculated with slightly
different methods. In three cases we were unable to locate a
radical intermediate in the low-spin state (%), namely using
trans-2-butene, 1,3-cyclohexadiene, and 1,4-cyclohexadiene as
substrates, where the geometry optimization fell to the product
complexes instead. In all other cases an optimized geometry

J. AM. CHEM. SOC. m VOL. 132, NO. 22, 2010 7661
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Figure 6. Optimized transition state geometries, °T S, as obtained with Jaguar with B3LYP for substrates: ethene (1), propene (2), trans-2-butene (4),
1,3-cyclohexadiene (5), 1,4-cyclohexadiene (6), and styrene (7). Bond lengths are in angstroms, angles in degrees, and the imaginary frequency in the
transition state in wave numbers. Structures for 1-butene are displayed in Figure 5 above.

for a doublet spin intermediate was found, but these structures
are short-lived with negligible ring-closure barriers leading to
products. Therefore, the low-spin mechanism can be regarded
as concerted via °T S, although thisis not a symmetric transition
state since it contains significant radical character and unequal
C—0 distances.

Generally the quartet and doublet spin transition state
structures are close in energy, typically within 2 kcal mol™?,
which isnot surprising since the same electron transfer processes
take place, whereby an electron is transferred from the substrate
into the ay, orbital to give aradical intermediate with the metal
in oxidation state Fe(l1V) and a closed shell porphyrin macro-
cycle. Earlier epoxidation studies showed that in the gas phase
the barriers leading to intermediates with an iron(l11) coupled
to a porphyrin cation radical are higher in energy.*® Optimized
geometries of epoxidation barriers in Figure 6 show typical
features observed before. In most cases the transition state is
early with relatively long C—O distances of ~2 A and short
C—C bonds of 1.37—1.39 A. Attempts to correlate the geometric
features of the transition states with barrier height gave no clear
relationships (see Supporting Information Figures S1—S6).

In principle, the highest occupied molecular orbital of an
olefin is typically a s-orbital along a double bond; hence
ionizing an electron from this bond should correspond to the
strength of this double bond. To test whether the barrier heights
of substrate epoxidation by Cpd [(SH) are connected to the
ionization potential of the substrate, we cal culated epoxidation
mechanisms and substrate ionization potentials. In Figure 7, we
display the correlation between epoxidation barrier height in
the quartet spin state with substrate ionization energy (IE) for
the reactions with Cpd I(SH) as an oxidant. The correlation
between barrier height and substrate |E isfair with a correlation
coefficient R?2 = 0.80. In previous studies we showed that a
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Figure 7. Correlation of epoxidation barrier height with the | E of the substrate
without inclusion of the reorganization energy (a) or with inclusion of the RE
(b). Substrates studied are: ethene (1), propene (2), 1-butene (3), trans-2-butene
(4), 1.3-cyclohexadiene (5), 1,4-cyclohexadiene (6), and styrene (7).

better correlation can be achieved through inclusion of an RE
contribution.®® Indeed, a significant improvement is found



Factors Influencing Substrate Epoxidation

ARTICLES

@
a H, oy
2 r,_f”- CH, CH
CH; o
(E.II . Q.
it ZEE e
E SH SH

" C=C activation

Ring Closure

(b)

" C=C activation

Ring Closure

Figure 8. Valence bond curve crossing diagram of ethene epoxidation by Cpd | of P450 via I (Fe'") (a) or I(F€Y) (b).

(Figure 7b) and the correlation coefficient rises to R? = 0.97,
which proves that substrate epoxidation reactions are connected
to theionization potential of the substrates and that IE is agood
representation of the s7-bond strength of the olefin. To test the
effect of a loca environment on the barrier heights we
recalculated the energies in a dielectric constant of € = 5.7
(Figure S7); however, the displayed trend only shows minor
differences with the one reported in Figure 7a.

Origin of Correlation between Epoxidation Barrier and
lonization Energy (IE). The trends displayed in Figure 7 show
that the barrier of olefin epoxidation by Cpd I(SH) correlates
with the ionization energy of the substrate. Since, the highest
occupied molecular orbital (HOMO) in al substrates is a
sr-orbital representing the double bond of the olefin, thisimplies
that the energy of converting the double bond of the olefin into
a single bond determines the barrier height of epoxidation.
Recently, we explained substrate hydroxylation by heme and
nonheme iron(IV)-oxo oxidants with avalence bond (VB) curve
crossing diagram and thermodynamic cycles, and here we will
follow an analogous approach to describe substrate epoxida-
tion. 264

Figure 8 displaysthe VB curve crossing diagram for substrate
epoxidation by Cpd I(SH), where we use ethene as the olefin,
but for other substrates analogous diagrams can be drawn. The
relevant valence sr-electrons in Figure 8 are displayed with a
dot. The VB curve crossing diagram starts bottom left (in blue)
with the reactants that appear in a reactant wave function ..
Thus, Cpd I(SH) has orhital occupation dwe—y?? w1 7,7 T*
7* 7t a,t, which gives rise to a spin density of approximately
one on the iron, one on the oxygen atom, and one spread out
over the porphyrin and axial ligands; hence we depict one
unpaired electron next to the iron, one next to the oxo group,
and one on the porphyrin macrocycle. In addition there are two
electrons in the w-bond of the double bond of the substrate.
This wave function connects to an excited state in the product

(41) (a) Latifi, R.; Bagherzadeh, M.; de Visser, S. P. Chem—Eur. J. 2009,
15, 6651-6662. (b) de Visser, S. P. J. Am. Chem. Soc. 2010, 132,
1087-1097.

geometry (W,*). Inasimilar way, the product wave function is
represented by W, and has orbital occupation d,e—y2? 7% 2 71* |t
ap,? for 2Pg or 02—y m* b a* b o* 24 ap,? for “Pe. The product
wave function connects to an excited state wave function W *
in the geometry of the reactants. Thus, the point where the W,
and W, wave functions cross leads to an avoided crossing and
a transition state for the reaction. However, the reactant and
product wave function are crossed by a third wave function
curve that represents the intermediate complexes. In principle,
there are two possibilities of an intermediate complex, namely
one with the F&'"'(Por™)(SH)OCH,CH," configuration, desig-
nated 1(Fe'""), and the other with the Fe'V(Por)(SH)OCH,CH,"
configuration or I (FeV). Gas-phase DFT calculations usually
predict the Fe¢V complexes to be the lowest in energy,***° but
in enzymatic models often the F€"' complexes are lowest lying.*
Nevertheless, we show both VB diagrams in Figure 8, and the
calculated trends on the Fe'"' and Fe'V surfaces should be similar.
The crossing of the intermediate wave function, that is W,(I11)
or W,(1V), with the reactant wave function givesrisestoaC—0O
bond formation barrier (T Sg), whileits crossing with the product
wave function leads to the ring-closure transition state (T S.).
Thus, these VB curve crossing diagrams shown in Figure 8
explain why the reactions are stepwise viaaradica intermediate.
This quantitative model supports the reaction mechanisms
calculated for the structures shown in Table 1 and the landscape
depicted in Figure 5.

In VB theory the height of the avoided crossing can be
determined from the excitation energy values in the reactant
geometry;*® see Figure 9. Thus, the crossing of reactant and
intermediate wave functions W, and W, leads to an avoided
crossing and a transition state for C—0O bond formation in the
epoxidation reaction. The curve crossing takes place at AE;
above the energy of the reactants, but the barrier height TSe is
a factor B below this crossing point at an energy AE*. This
factor B represents the resonance energy of the molecule in the

(42) schoneboom, J. C.; Cohen, S.; Lin, H.; Shaik, S;; Thiel, W. J. Am.
Chem. Soc. 2004, 126, 4017-4034.

(43) (a) Shaik, S. S. J. Am. Chem. Soc. 1981, 103, 3692-3701. (b) Shaik,
S.; Shurki, A. Angew. Chem,, Int. Ed. 1999, 38, 586-625.
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Scheme 1. Thermodynamic Cycle for the Reaction of Cpd I(SH)
E with Olefin To Form a Radical Intermediate
Gy,
Har AH HC
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Figure 9. VB curve crossing diagram for the C—O bond formation step
in the epoxidation reaction.

Table 2. DFT and VB Calculated Epoxidation Barrier Heights®

substrate ‘TSe REns AEyet P AEgt
ethene 14.13 2.80 11.33 9.10
propene 13.13 2.93 10.21 9.07
1-butene 11.06 1.29 9.78 8.62
trans-2-butene 10.85 2.96 7.89 8.55
1,3-cyclohexadiene 7.90 291 5.00 5.50
1,4-cyclohexadiene 11.94 515 6.78 8.87
styrene 8.95 3.25 5.70 6.34

2 All values in keal mol ™. ® AEper = AE + ZPE(“TS:) — REgs.

transition state. The promotion gap (Gy) or excitation energy
from the reactant wave function to the intermediate wave
function in the reactants geometry is proportional to afraction
f of the curve crossing point via AE; = f Gy to give

AE* =G, — B ©)

As follows from Figures 8 and 9, the promotion gap Gy is
proportional to the energy to break the zz-bond of the olefin. Since
the |E of the olefins studied here is correlated with the expulsion
of an eectron from the double bond, this implies that the barrier
height T Se should correlate with | E aswell, asindeed shown above
in Figure 7. Therefore, the VB curve crossing diagram explains
the correlation of barrier height with IE. This makes substrate
epoxidation fundamentally different from aiphatic hydroxylation,
where the VB curve crossing diagram connected the barrier with
the strength of the C—H bond of the subgtrate.

To test whether the VB method described in Figure 9 can
predict epoxidation barrier heights from empirical data, we used
eq 3 above together with estimated values for Gy and B. The
promotion gap was estimated as twice the first excitation energy
of the substrate, which corresponds to a 7—s* excitation in
the double bond, i.e. is proportional to the dissociation energy
of the double bond, Dc—c. Excitation energies were calculated
using time-dependent DFT on the optimized reactant geometries
using basis set B2. The resonance energy (B) was taken as half
the energy of the C=C bond energy. Together with the RE
corrected barrier heights, f was calculated using the values for
Gy and B. The average value of f (fay = 0.299 4 0.008) together
with Gy and B gave the VB calculated barrier heights (AEys");
see Table 2. For comparison we also give the DFT calculated
barrier height (AEper?), which is the difference between *TSe
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and RE. In general, the agreement between AEp* and AEg*
is fair with a standard deviation of 1.4 kcal mol~%; hence the
VB estimated barriers reproduce DFT calculated barriers well
and predict the correct trends.

The VB diagram in Figure 9 predicts that the barrier height of
substrate epoxidation is connected to the | E of the substrate through
the reactant promotion gap (Gy,), whereas the promotion gap in
the radicd intermediate is proportiona to the energy required to
form the C—O bond (Gyy). To predict substrate epoxidation
barriers, we have investigated thermodynamic cyclesthat ultimately
correlate the C—O bond formation with barrier height. Thermo-
dynamically, the reaction between oxidant and olefin leading to
epoxide products is described in Scheme 1 and has reaction
enthalpy AH;. This enthal py can be split into several components,
such as the ionization energy of the substrate (1Esy,) and the
electron affinity of Cpd I(SH), EAcpa. As shown in eq 2, the
latter is connected to the value of BDEqy of F€'V(OH)(Por)(SH)
via the sum of EAcpa and AHqia (Or pKo).** In a similar way
the OH affinity of substrate (ethene) is the sum of the IE of
ethene and AHpase, Scheme 1. A final hydrogen atom transfer
(HAT) between HOCH,CH," and Fe/V(OH)(Por)(SH) followed
by ring closure then gives an iron(l11)—porphyrin complex with
bound water and epoxide products. Energetically, the overall
epoxidation reaction of olefins by metal-oxo complexes, there-
fore, is dependent on 1Egy,, BDEoy, AHpae(TCH,—CHY), and
the HAT energy. If this thermodynamic scheme is correct, then
both aiphatic hydroxylation and double bond epoxidation
reactions by metal-oxo oxidants are dependent on BDEoy. To
test this hypothesis, we calculated a series of propene epoxi-
dation reactions using a range of iron(IV)-oxo oxidants and
compared the epoxidation barrier heights with BDEgy, as
described in the next section.

Propene Epoxidation by Iron(lV)-Oxo Oxidants. So far, only
studies using one particular oxidant have been discussed;

(44) (@) Friedrich, L. E. J. Org. Chem. 1983, 48, 3851-3852. (b) Bordwell,
F. G.; Cheng, J-P. J. Am. Chem. Soc. 1991, 113, 1736-1743. (c)
Bordwell, F. G.; Cheng, J-P.; Ji, G.-Z.; Satish, A. V.; Zhang, X. J. Am.
Chem. Soc. 1991, 113, 9790-9795.
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Table 3. DFT Calculated Propene Epoxidation Barriers Using a (a) 20 -
Range of Iron(IV)-Oxo Oxidants and Calculated Values for the AE+ZPE 13 - F,
Electron Affinity of Cpd I(EAcpq 1) and BDEoy (keal mol)
16 1 $ = 10.76x +79.66
idant HSTS, EA BDE E e -
oxidan E Cod | OH 14 - ‘ A R2=10.90

A Cpd 1(SH) 13.13 70.6 88.9 2 | D

B Cpd 1(OH) 5.67 76.2 99.5

c Cpd 1(Cl) 12.72 79.3 87.5 10 1

D Cpd I(ImP) 1358 151.0 85.4 8 1

E Cpd 1(CcP) 15.78 147.8 835 6 -

F FeV=0(TMCS)* 17.90 124.6 84.1 § | ¢

G Cpd 1(TauD) 482 53.0 95.8

2 4
2All data in kcal mol™! obtained with basis set B2 and with ZPE 0 . . . . .
BDE(OH) (keal mol-")

however, to generalize the trends and to prove the thermody-
namic model shown in Scheme 1, we calculated a series of ) 14 - >
substrate epoxidation reactions using propene as a substrate and AE+7ZPE i

varying iron(lV)-oxo oxidants with heme as well as nonheme
ligand systems. In principle, the VB diagram shown above
predicts that the barrier height of substrate epoxidation by
iron(1V)-oxo oxidants should also correlate with the energy to
form the C—0O bond. In principle, however, the formation of a
C—0 bond between a substrate and an iron(IV)-oxo complex
should be proportional to the formation of an O—H bond in a
reaction of an iron(IV)-oxo species with a hydrogen atom, i.e.
BDEoy as predicted by the thermodynamic cycle in Scheme 1.
To test this hypothesis, we ran an extra set of calculations on
propene epoxidation by arange of different Cpd | models, using
the iron(1V)-oxo complexes shown in Figure 3 above. Propene
epoxidation data for Cpd I(Cl), Cpd I(ImP), Cpd I(TauD), and
FeV=0(TMCS)" were taken from the literature.> Subsequently,
we took the various Cpd | reactants and added a hydrogen atom
to give the iron-hydroxo complexes and calculated the bond
dissociation energy of the O—H bond (BDEgy) for the iron-
hydroxo complex using reaction 2. Calculated barrier heights,
BDEon, and EAcyq data are summarized in Table 3. These
oxidants have different BDEoy strengths with a range spread
of more than 16 kcal mol~1. The lowest epoxidation barriers
are obtained with Cpd I(TauD) and Cpd I(OH), which are also
the oxidants with the largest BDEgy values. Interestingly, no
correlation between electron affinity of the oxidant (EAcpa) and
barrier height is found.

Figure 10 shows propene epoxidation barriers as a function
of BDEoy for the seven oxidants shown in Figure 3. The
correlation is reasonable and improves to RZ2 = 0.92 when
corrections for the RE are applied. Therefore, in support of the
electron transfer mechanisms shown in Figure 8 and the
thermodynamic cycle in Scheme 1, we have established a
method to correlate the barrier height to the strength of the C—O
bond formed in an epoxidation reaction through the use of
BDEqy. Interestingly, aso aliphatic hydroxylation reactions
correlate with BDEgy, which means that the regioselectivity of
substrate epoxidation versus hydroxylation is not determined
by the oxidant but only by the electronic properties of the
substrate.

The trends observed in Table 2 and Figure 10 are in excellent
agreement with previous axial ligand studies of styrene epoxi-
dation by FeV=0O(TMP*")L, withL = F~, HOCH,, Cl~, OAC™,
CF50,S0~, and CIO,~ and with TMP = tetramesitylporphyrin.*®
Thus, calculations on F€V=0(Por™)L withL = F~, Cl~, OAc™,
and ClO,~ give BDEgy values of 93.7, 87.5, 89.5, and 83.2
kcal mol ™1, respectively. For the set of FeV=0O(TMP™")L with
L =F7, ClI7, and OAc™, Gross and co-workers measured rate
constants of styrene epoxidation of 706, 149, and 114 x 103

(keal mol-) 12 1
y=-0.5938x + 62.145

R*=0.92

o0
e

+B

Qe

80 85 90 95 100 105
BDE(OH) (kcal mol ")

Figure 10. Correlation of propene epoxidation barrier height with BDEgy
of Cpd | without inclusion of the RE (&) or with inclusion of the RE (b).
Oxidants studied are as follows: Cpd I(SH) (A), Cpd I(OH) (B), Cpd I(CI)
(C), Cpd I(ImP) (D), Cpd I(CcP) (E), F¢V=0O(TMCS)* (F), and Cpd
I(TauD) (G).

M~ mint at —78 °C, while FeV=0(TMP*™")CIO, was found
to be unreactive. The trends in BDEgy values are, therefore, in
good agreement with the styrene epoxidation rate constants of
the Gross group, where the highest rate constant was found for
FeV=0O(Por™)F and no reactivity with FeV=0O(Por*")ClO,.
Furthermore, F€V=0(TMP")Cl and F¢V=0(TMP*")OAc have
very similar BDEqy values and their rate constants of styrene
epoxidation are close. Consequently, experimental data support
the conclusions drawn from the DFT calculations excellently.

Correlation of Barrier Height with Polarizability. In the past
we showed that atomization enthal pies of analogous molecules
are linearly related with the difference in polarizability volume
(Aaiay) for atomization,*® whereby this polarizability difference
was defined as the polarizability of molecule M (oy) minusthe
sum of the atomic polarizabilities of its contents (Ctaoms), €7 4-

AO“AV =0y — Zaaloms (4)

To test whether the barrier height of substrate epoxidation
reactions follows a similar correlation with polarizability
volume, we took the polarizability trace from the Gaussian
frequency calculations and estimated the polarizability difference
for the process from reactants to transition state geometry. The
polarizability difference (Aoay) is calculated as the difference
in polarizability trace between that for the transition state (oirs)
with respect to that for isolated reactants, i.e. Cpd | and substrate
(Sub) as follows:

(45) de Visser, S. P. Phys. Chem. Chem. Phys. 1999, 1, 749-753.
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A plot of the polarizability difference against barrier height
of substrate epoxidation by Cpd I(SH) using the data from Table
1 is given in Figure 11. The correlation is reasonable and
implicates the polarizability volume change as indeed being
proportional to the energy change during the reaction. This
change is the largest for systems with small reaction barriers.
Therefore, the charge distribution in the transition state will
influence the polarizability volume, and the more dramatic the
change encountered is the lower the barrier heights will be.

Nature of the Ring-Closure Barrier. So far, this work was
focused only on the rate determining C—O bond formation step.
However, in two-state reactivity the ring-closure step cannot
be neglected. The reason for that is because in porphyrin ligated
iron complexes Cpd | appearsin close lying doublet and quartet
spin states, whereby the initial C—O bond activation is on close
lying spin state surfaces. However, as shown above in Figure
4, after the intermediate the doublet and quartet spin state
surfaces hifurcate due to differences in electron transfer mech-
anisms. As a consequence, the low-spin surface gives retention
of the stereochemistry, whereas on the high-spin surface the
intermediate has a finite lifetime and may give rearrangement
or side reactions.

The ring-closure barrier in all cases discussed in thiswork is
small and generally much lower in energy than the C—O bond
activation transition state. In addition, in several cases it was
shown that no radical intermediate exists and the reaction
collapses to products immediately. This has important conse-
guences, since the lifetime of the radical intermediate may, for
instance, lead to stereochemical scrambling and the formation
of eg. cis-epoxides from trans-olefins. In cases where no
intermediate was found, the reaction will retain its stereochem-
ical preference and no scrambling will occur. Figure 12 explains
the ring-closure processes on the quartet and doublet spin state
surfaces starting from the radical intermediates in the Fe(1V)
electronic configuration, i.e. with orbital occupation d,e_y? 7%t
7* 2t ap® gsut. Thus, on the low-spin surface there is a radical
on the terminal CH, group with a down-spin and an up-spin
unpaired electron on the oxo group. These two electrons will
pair up and form the C—O bond. Since these two electrons are
already aligned in the intermediate complex, it will cost very
little energy to close the bond, which is in agreement with the
calculated potential energy surfaces. The promotion gap in the
low-spin state is proportional to the IE of the substrate and
the electron affinity of Cpd I.

In the high-spin state the situation is dlightly different,
whereby an electron has to transfer from the oxo group into a
o* 2 orbital to create a product electronic configuration d,e—,2?
TG T 0* 2 ap 2. As a consequence, the promotion gap is
larger in the high-spin ring closure than it is for the low-spin,
and as a result also the ring-closure barrier is widened.
Therefore, the high-spin surface is expected to proceed via a
radical intermediate with a finite lifetime, while on the low-
spin surface its lifetime is ultrashort and lead to products
instantaneously. Consequently, the low-spin mechanism will
retain its stereochemical preference, whereas stereochemical
scrambling may occur on the high-spin surface, so that the two
spin state surfaces are expected to lead to different product
distributions. The epoxidation ring-closure mechanism follows
similar electron transfer mechanisms to the rebound mechanism
in aiphatic hydroxylation reactions, where aso the doublet spin
mechanism is barrierless or small, while the quartet spin rebound
encounters significantly higher rebound barriers.*°
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Figure 11. Correlation of epoxidation barrier height with polarizability
difference for substrate epoxidation by Cpd I(SH).

In experimental work often stereochemical scrambling occurs,
where cis-olefins give trans-epoxides, although the product ratios
of cis- and trans-epoxides appear to be dependent on the reaction
conditions and the nature of the oxidant.*® For instance,
experimental studies of cis-S-methylstyrene epoxidation using
biomimetic iron porphyrins, such as FeV=0(TMP")L with L
= F~, ClI7, or ClO4, found retention of the stereochemistry
when the experiment was performed at 0 °C or room temper-
ature (>96% cis-epoxide products), whereas at lower temper-
atures (—78 °C) the trans-epoxide products were dominant.*®
These studies support our general mechanism shown in Figures
5 and 12 that predict the intermediate complex to be in a shallow
minimum that is separated from products by a small ring-closure
barrier. At lower temperatures, the lifetime of the intermediate
complex will be longer during which an internal rotation within
the radical intermediate can take place that leads to stereochem-
ical scrambling and the conversion of cis-olefins into trans-
epoxides.

In addition, the studies of Gross et al.*® suggested that with
strong electron-withdrawing axial ligands the radical intermedi-
ate has the F€'V(Por)OCH,CHR conformation, whereas with
weaker axial ligands the F€'"(Por™)OCH,CHR conformation
is the lowest in energy. Indeed, in the case of propene
epoxidation by Cpd I(CcP) the lowest lying C—0O activation
barrier is of the Fe"-form, with the FeV state 1.1 kcal mol !
higher in energy.*” Previous studies showed the difference
between these two states to be close in energy for Cpd 1(SH),*®
and environmental perturbations, such as solvent, influence their
state ordering.

Other experimental studies showed that the nature of the olefin
determined the rate constants for a set of olefin epoxidation
studies by a biomimetic iron—porphyrin system.*® This observa-
tion isin agreement with our correlation shown above between
barrier height and ionization energy.

Differences and Comparisons between Substrate Epoxida-
tion and Hydroxylation by Iron(lV)-Oxo Oxidants. So what are
the fundamental differences between substrate epoxidation and
substrate hydroxylation? First, as shown above the rate constant,

(46) Collman, J. P.; Brauman, J. |.; Meunier, B.; Hayashi, T.; Kodadek,
T.; Raybuck, S. A. J. Am. Chem. Soc. 1985, 107, 2000-2005.

(47) deVisser, S. P. The axial ligand effect on substrate monoxygenation
by the oxo-iron active species of heme enzymes. How does cytochrome
¢ peroxidase compare to cytochrome P4507? In Inorganic Biochemistry:
Research Progress; Hughes, J. G., Robinson, A. J., Eds.; Nova Science
Publishers, Inc.: New York, 2008; Chapter 7, pp 197—224.

(48) Collman, J. P.; Kodadek, T.; Raybuck, S. A.; Brauman, J. |.; Papazian,
L. M. J. Am. Chem. Soc. 1985, 107, 4343-4345.
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Figure 12. VB curve crossing diagram for high-spin and low-spin ring-closure mechanisms starting from 42l (Fe'V).

and hence the free energy of activation, of an epoxidation
reaction correlates with the I1E of the substrate as well as with
the BDEgy value of the iron-hydroxo complex and the polar-
izability change for the reaction. By contrast, a substrate
hydroxylation has a rate-determining hydrogen atom abstraction
whereby the barrier is related to BDEqy and BDEg.2%?+%
Since, aliphatic hydroxylation and double bond epoxidation both
correlate with BDEgy, this implies that the regioselectivity of
aliphatic hydroxylation versus epoxidation is determined by the
difference in |IE of the substrate and the strength of the C—H
bond of the substrate but not by the intrinsic properties of the
oxidant. Propene epoxidation and aliphatic hydroxylation were
studied with DFT using all oxidants shown in Figure 3, which
enables us to calculate the ratio of epoxidation versus hydrogen
atom abstraction barriers for a selection of different oxidants.
Thus an average ratio of hydrogen atom abstraction over double
bond epoxidation of TS4/TSe = 1.17 £+ 0.17 was found, with
generaly a preference of substrate hydroxylation over double
bond epoxidation in the gas phase. Within the error of the
calculations this ratio supports our observation that the nature
of the oxidant does not affect the regioselectivity of substrate
hydroxylation over epoxidation. This hydroxy!ation/epoxidation
product ratio isin excellent agreement with that found by Vaz
et al.™® for cyclohexene epoxidation by P450 A2B4 and A2E1
isozymes. Moreover, the free energy of activation for styrene
epoxidation®™? by Cpd I(SH) calculated at 298 K is within 3
kcal mol~* of the experimentally determined value of Vaz et
al. More recent studies of the Newcomb group*® of styrene
epoxidation and benzyl acohol hydroxylation by CYP119 and
CYP102HD isozymes showed similar kinetics and thermody-
namics for each substrate, hence supporting our hypothesis that
the regiosalectivity of substrate hydroxylation versus epoxidation
is dependent on the substrate only.

It should be realized, however, that BDEcy is essentially the
sum of an electron and a proton transfer. Nevertheless, the
electron and proton transfers usually happen simultaneously so

that the BDEcy cannot be split into separate electron and proton
transfer mechanisms. Therefore, the regiosel ectivity of substrate
epoxidation versus hydroxylation is determined by the IE of
the substrate relative to the BDEqy value.

Conclusions

In this study we delineate the fundamental factors responsible
for substrate epoxidation by an iron(1V)-oxo heme and nonheme
systems through computational and VB methods. Substrate
epoxidation by the iron(1V)-oxo system depends on the IE of
the substrate and not on the oxidants. We show that the reactions
are stepwise via a radical intermediate. The rate -determining
step is the initial C—O bond formation transition state, which
isfound to correlate with the ionization energy of the substrate,
the BDEqy of the oxidant, and the polarizability change for the
reaction. These properties are explained with a VB curve
crossing diagram that identifies the electron transfer mechanisms
in the process. It is further shown that the regioselectivity of
substrate epoxidation versus hydroxylation is not dependent on
the choice of the oxidant, but the thermodynamics of the reaction
is.
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