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Abstract: Heme oxo-iron complexes
are powerful oxygenation catalysts of
environmentally benign hydroxylation
processes. We have performed density
functional theoretic calculations on a
model system, that is, an oxo-iron—por-
phyrin (Por) complex [(Fe=O)Cl(Por)],
and studied its reactivity toward a real-
istic substrate, namely, ethylbenzene.
The calculations showed that the domi-
nant reaction process in the gas phase
is benzyl hydroxylation leading to 1-
phenylethanol, with an energetic barri-
er of 9.1 kcalmol™, while the compet-
ing para-phenyl hydroxylation has a
barrier 3.0 kcalmol™' higher in energy.
This benzyl hydroxylation barrier is the

phyrin complexes. Due to electronic
differences between the intermediates
in the phenyl and benzyl hydroxylation
processes, the phenyl hydroxylation
process is considerably stabilised over
the benzyl hydroxylation mechanism in
environments with a large dielectric
constant. In addition, we calculated ki-
netic isotope effects of the substitution
of one or more hydrogen atoms of eth-
ylbenzene by deuterium atoms and
studied its effect on the reaction barri-
ers. Thus, in a medium with a large di-
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electric constant, a regioselectivity
change occurs between [Hjj]ethylben-
zene and [Djylethylbenzene whereby
the deuterated species gives phenol
products whereas the hydrogenated
species gives mainly 1-phenylethanol
products. This remarkable metabolic
switching was analysed and found to
occur due to 1) differences in strength
between a C—H versus a C—D bond
and 2) stabilisation of cationic inter-
mediates in a medium with a large di-
electric constant. We have compared
our calculations with experimental
work on synthetic oxo-iron—porphyrin
catalysts as well as with enzyme-reac-
tivity studies.

lowest C—H hydroxylation barrier we

. i isotope effects
have obtained so far for oxo-iron—por-

Introduction

Cytochrome P450 enzymes are some of the strongest oxy-
genation catalysts in nature and are able to hydroxylate C—
H bonds as well as epoxidise C=C double bonds.''”! As
such, this class of enzymes is versatile and involved in many
biochemical processes ranging from the detoxification of
xenobiotics and the biosynthesis of hormones to the metab-
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olism of drugs. The most commonly studied P450 enzyme is
P450.,.,, a bacteriological enzyme that hydroxylates camphor
regiospecifically at the C5-position.™ The active species of
the enzyme (known as Compound I, Cpd I) remains elusive
and as a result there are ongoing discussions regarding the
oxidative power of Cpd I and the existence of possible alter-
native oxidants.""!1 Cpd I contains a central oxo-iron group
embedded in a heme and is bound to the peptide backbone
via a thiolate linkage of a cysteinate side chain. It has been
suggested that the precursor of Cpd I in the catalytic cycle,
that is, the hydroperoxo-iron complex, may be a possible
second oxidant.'” Theoretical modelling of the catalytic
properties of the oxo—iron versus the hydroperoxo—iron spe-
cies, however, indicated that the hydroperoxo—iron species is
a sluggish oxidant."”! Recent studies by Nam et al.' on the
oxo-iron versus the hydroperoxo—iron species of a nonheme
complex confirmed that the hydroperoxo-iron complex is
indeed a sluggish oxidant unable to compete with the oxo—
iron species.
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One of the most fascinating reaction processes of enzymes
is metabolic switching, which leads to a regioselectivity
change after some or all of the hydrogen atoms of the sub-
strate have been replaced by deuterium atoms.>!°! For in-
stance, Atkins and Sligar" showed that 5,6-exo0,exo-norcam-
phor-5,6-[D,] was hydroxylated by P450.,, at the C3-posi-
tion, whereas the nondeuterated compound was hydroxylat-
ed at the C5-position. Studies on rat liver cytochrome P450
with toluene produced, in addition to benzyl hydroxylation,
significant amounts of o-, m-, and p-cresol as side prod-
ucts.'!" A subsequent stepwise increase of the deuterium
content in toluene led to an increase of the cresol products
although the ratios between the different cresols stayed the
same. Complete metabolic switching from benzyl hydroxyla-
tion to cresol formation occurred with [D;]toluene, but fur-
ther substitution of the ring hydrogen atoms by deuterium
atoms had little effect.

Although a complete regioselectivity reversal with ethyl-
benzene as a substrate was not observed with rabbit liver
microsomal P450;,;,, a significant change in the individual
product distributions was obtained with deuterated sub-
strates.'® !l In particular, without deuterium substitution the
reaction with ethylbenzene produced 1-phenylethanol in
>99% yield, whereas with [D,]ethylbenzene the obtained
yields of 2-phenylethanol (1.1%) and p-ethylphenol (1.9 %)
were increased markedly. In addition, the absolute rate con-
stants for these side reactions increased. It was found that
enzymatic activation of [D,]ethylbenzene generally gives hy-
drogen abstraction rather than deuterium abstraction to
form [D,]-1-phenylethanol, that is, hydroxylation of [D;]-
(R)-phenylethane produced [D;]-(S)-phenylethanol, and
[D,]-(S)-phenylethane gave [D,]-(R)-phenylethane.'*!*! The
hydroxylation of ethylbenzene by P450,,,, gave a small pref-
erence for formation of the (§)-1-phenylethanol product,
which implied that the reaction proceeded in a pro-S fashion
possibly due to more favourable interactions of the pro-§
form with the environment of the active site of the enzyme.
The product ratios of the (R)- and (S)-1-phenylethanol were
48 %:52 % and only traces of 2-phenylethanol and ethylphe-
nols were obtained.

Studies using a synthetic chiral binaphthyl iron—porphyrin
catalyst for ethylbenzene hydroxylation resulted in stereose-
lective product formation, whereby [D;]-(R)-phenylethane
gave [D,]-(S)-phenylethanol and [D,]-(S)-phenylethane gave
[D,]-(R)-phenylethanol.” Moreover, the studies predicted a
kinetic isotope effect (ky/kp) of 8.7 for [Dyy]ethylbenzene
when using this catalyst. Recent studies by Nam et al.?!! on
the axial-ligand effect of oxo-iron—porphyrin catalysts on
the hydroxylation of substrates showed remarkable regiose-
lectivity differences between different catalysts. Thus, the
meso-tetrakis(pentafluorophenyl)porphyrin  (TPFPP)-oxo—
iron catalyst with a chloride axial ligand [(Fe™=0)Cl-
(TPFPP)*] reacted with ethylbenzene to form 1-phenyl-
ethanol analogous to the P450 studies described above,!'®!)
but the catalyst with a CH;CN or CF;SOj; axial ligand react-
ed with ethylbenzene to form ethylbenzoquinone.?'! More-
over, replacement of ethylbenzene by its fully deuterated
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structure produced ethylbenzoquinone rather than 1-phenyl-
ethanol (Scheme 1), so that a complete regioselectivity re-
versal had occurred upon deuteration of the substrate.

+[Hy,|EB H
O HO
| | 1-phenylethanol

I O
Cl \—> C,D.
+[Dy]EB o
(¢]

ethylbenzoquinone

Scheme 1. The products obtained from the reaction of [(Fe'Y=0)Cl-
(TPFPP)*] with [H,j]ethylbenzene ([H,(JEB) and [Dj,]ethylbenzene
([DyJEB).2Y

Oxo-iron—porphyrin catalysts with chloride as the axial
ligand have been used extensively, especially as epoxidising
agents.”” In particular, in order to compare the synthetic
oxo-iron—porphyrin systems with biological systems in en-
zymes, such as P450, the effect of the axial ligand on the
nature of the oxygenation process was studied and it was
found that the oxygenation reactions are influenced by the
axial ligand due to electron-withdrawing or electron-donat-
ing properties.’®

To find the reasons behind this intriguing regioselectivity
reversal upon deuteration of an ethylbenzene substrate, we
decided to model this reaction by using density functional
theory (DFT) methods. Thus, we studied competing hydrox-
ylation mechanisms of ethylbenzene by an oxo-iron—por-
phyrin catalyst with chloride as the axial ligand [(Fe=0O)ClI-
(Por)] with reaction barriers leading to p-ethylphenol (prod-
uct P,) and 1-phenylethanol (product Pg), as shown in
Scheme 2. Nam et al. showed that ring hydroxylation to

_ HO PR
H
2 HII
ethylbenzene

Scheme 2. Ethylbenzene hydroxylation leading to products P, and Py as
studied in this work.

form phenol is the precursor of ethylbenzoquinone.”!! Cur-
rently, the reasons behind the regioselectivity change upon
deuteration of a substrate remain unknown and no previous
theoretical studies into this phenomena have been per-
formed. Therefore, we deemed it timely to undertake a
study into the effects that may influence the regioselectivity
of hydroxylation by an oxo—iron—-porphyrin catalyst. We per-
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formed DFT calculations using a realistic substrate, that is,
ethylbenzene, which is commonly used in experiments, and
studied the reaction mechanisms leading to benzyl hydroxyl-
ation and phenol products. We describe the effects that in-
fluence the reaction barriers and make predictions of the re-
activity patterns under various conditions.

Computational Methods

All calculations were performed by using commonly used proce-
dures,*>! which will be briefly summarised here. Our model contained
an oxo-iron—porphyrin catalyst with chloride as an axial ligand [(Fe=
O)Cl(Por)] and the substrate used was ethylbenzene, so the total stoichi-
ometry of the system was CyH,,CIFeN,O and the overall charge was
neutral. Because the [(Fe=O)CI(Por)] system appears in close-lying quar-
tet (high spin, HS) and doublet (low spin, LS) spin states, the oxidant
will experience two-state reactivity patterns with reaction mechanisms on
both spin surfaces.” The spin multiplicity in the structures is identified
by the superscript 4 or 2 next to the label of the structure.

We used the unrestricted hybrid density functional method UB3LYP in
combination with an LACVP basis set on iron, while the remaining
atoms were described with a 6-31G basis set.’"?! All structures described
here are the result of a full optimisation (without constraints) in
Jaguar 5.5% followed by an analytical frequency calculation in Gaussi-
an 03.% All transition states were characterised with one imaginary fre-
quency corresponding to the correct mode, whereas the local minima had
real frequencies only. To test the effect of the basis set on the relative en-
ergies we performed single-point calculations in Jaguar using the triple-¢
quality basis set LACV3P+* on iron and the 6-311+G* basis set on the
rest of the atoms.”!

The effect of a dielectric constant on the relative energies was calculated
by using the self-consistent reaction field (SCRF) procedure as imple-
mented in Jaguar with a variety of dielectric constants (&) mimicking
chlorobenzene (e=5.7, rp,=2.72 A), 1,2-dichloroethane (¢=10.65, rp=
2.51 A) and water (¢=80.37, r,=1.40 A), with r, being the probe radius
of the solvent.”””!

The kinetic isotope effect (KIE) for the replacement of one or more hy-
drogen atoms by deuterium atoms in the substrate was calculated by
using the semiclassical Eyring (E) equation [Eq. (1)] using the free ener-
gies of activation (AG™) of the deuterium-substituted and reference sys-
tems as taken from the Gaussian frequency calculations.!!

KIEg = ky/kp = exp{(AG"p~AG™y)/RT} ¢9)

In this equation, R is the gas constant and T the temperature (298.15 K).
The effect of tunnelling using the Wigner (W) correction on the KIE
values was further calculated by multiplying KIEg by the tunnelling ratio
(Qw/Op) as shown in Equations (2) and (3):

o

KIE, = KIE; x 5
t

1 (>
Q1=1+ﬂ(ﬁ) 3)

Here, k is the Boltzmann constant, 4 is the Planck constant and v is the
magnitude of the imaginary frequency in the transition state.

Results

Structure and electronic properties of [(Fe=0)Cl(Por)]: Let
us start by briefly summarising the electronic and structural
properties of the oxo-iron—-porphyrin catalyst with chloride
as the axial ligand, [(Fe=O)Cl(Por)], which analogously to
the P450 systems we will label CompoundI (CpdI).”!
Figure 1 shows the singly occupied orbitals as well as the op-
timised geometries of **[(Fe=0)Cl(Por)]. The high-lying oc-
cupied and low-lying virtual orbitals of oxo-iron species are
dominated by the 3d metal series that split into the typical
t,,—€, splitting of which the three t,, orbitals separate further
into a nonbonding § orbital in the plane of the porphyrin,
which is doubly occupied, and two antibonding mt* orbitals
(m*,., w*,,) for the Fe—O interaction.”” The remaining two
3d-type orbitals are the virtual o*,, orbital for the interac-
tions of the metal with the pyrrole nitrogen atoms and the
o*_ for the antibonding Cl-Fe—O interaction. The metal d
block is formally occupied with four electrons ((8)*(m*,,)'-
(m*,,)"), hence the iron is in oxidation state IV. In addition,
the system has a radical located on the porphyrin ring in a
partially filled orbital that in D, symmetry has a,, symmetry
and for simplicity we use that notation here as well. This or-
bital mixes with an axial-ligand orbital (s, ) similarly to thio-
late systems.>*? As the coupling between the singly occu-
pied m* orbitals and the a,, orbital is small, the electrons
can be ferromagnetically coupled into a quartet spin state or
antiferromagnetically coupled into an overall doublet spin
state with occupation (8)*(w*,.)'(7*,.)'(a,,)' (Figure 1).%
The energy difference between the two spin states is very
small (0.06 kcalmol™ in favour of the HS state), so that
Cpd I will experience a two-state reactivity pattern, whereby
the quartet and doublet spin states give competing reaction
mechanisms and reaction processes.’**?! Thus, Cpd I with a
chloride axial ligand has a similar pair of electronic ground
states to the analogous heme oxo—iron systems such as P450
and horseradish peroxidase (HRP), in which the same elec-
tronic states were low lying.”>*! Similarly to P450 and HRP,
also with chloride as the axial ligand, the ordering of the

* *
T A

—

\ l ) 4| (Fe=0)Cl(Por)] (2[(Fe=0)Cl(Por)])

1.661 (1.659)

2.424 (2.435)

FReN,av = 2.022 (2.022)

Figure 1. Singly occupied molecular orbitals (left) and optimised geometry of *[(Fe=0)Cl(Por)] (*[(Fe=O)CI(Por)]) with bond lengths in A (right).
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spin states varies under external perturbations such as a di-
electric constant.

Arene hydroxylation of ethylbenzene: The reaction mecha-
nism for arene hydroxylation of ethylbenzene is shown in
Scheme 3 and starts with an initial C-O bond-formation

C,H;
Ho
LS !
S ‘e - C,H;
0 D
2 o)
| | +EB Aca P,I |
—F‘e — CH, — —]|~‘e —
cl cl
1o
“20pd1 LS o e | 42pT

Cl

A

rad

Scheme 3. Reaction mechanism for arene hydroxylation as studied in this work. EB stands for ethylbenzene,

LS is the low spin and HS is the high spin.

step whereby an intermediate (**A) is created. This inter-
mediate is a radical in the quartet spin state but a cation in
the doublet spin state (vide infra). Subsequently, a proton
transfer from the ipso position to one of the nitrogen atoms
of the porphyrin ring takes place to create the proton-trans-
fer complexes (“*PT). From this point onward, the two spin-
state surfaces converge again
and produce the same structures
and intermediates, and the
proton is reshuttled either to
the oxygen atom to produce p-
ethylphenol (**P,) or to the C3
carbon atom to form 4-ethylcy-
clohexa-2,4-dienone (*’Pc). The
mechanism as described here
shows some similarities with cal-
culations on a smaller model
system using benzene as a sub-
strate, but, as will be discussed
below, there are some critical
differences. A direct hydrogen
transfer within the aromatic
group was ruled out because
previous studies showed this
process to be too energetically
demanding.*¥

Figure 2 shows the potential-
energy profile for arene hydrox-
ylation of ethylbenzene at the
para position leading to p-ethyl-
phenol (**P,) and 4-ethylcyclo- in A.
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hexa-2,4-dienone (**P¢), and the optimised geometries are
depicted in Figure 3. As can be seen from Figure 2, the rate-
determining step on both surfaces is the initial C—O bond-
formation step via **TS, with barriers of 16.9 (HS) and
12.1 kcalmol™" (LS). This unusual large separation between
the HS and LS surfaces is the result of the formation of a
radical intermediate ‘A, on
the high-spin surface, while a
cationic intermediate ZA_, is

CoHs created on the low-spin surface.
Thus, simultaneous to the C—O
— . .

bond formation is an electron
5 transfer from the substrate into
s H the a,, orbital, thereby creating
PA an intermediate (*A,,;) with or-
bital occupation (8)*(m*,,)-

C,H )
e (70%,.)" (22,)* (@) (@ being the
radical orbital on the benzene

> . . .
A H ring), and the iron retains the
0 IV oxidation state. On the other
12pc hand, in A, an electronic sit-

uation is created whereby the
iron is in oxidation state III
with a cationic substrate due to
a molecular orbital occupation
of (8)’(*..)(m*,.) " (2z) (¢pn)-
When using benzene as a substrate, a close-lying radical
state (*A,,q) was also found in the LS state with orbital occu-
pation (8)*(m*,.)'(7*%,.)"(a,,) (¢pn)".*! Attempts to optimise
%A ,,q here failed because the wave function converged to the
more stable cationic configuration (*A,). Therefore, we
conclude that with ethylbenzene as a substrate the cationic

1.490 (14641403 (1498

2473 (1.726),  [1.831 (1.898)
2.372 (2.336)
*Ara CA)
\ S 41.2 P
N\ - 42.6 P
s -51.6 2Py
TA57.59P,

Figure 2. Potential-energy profile for the arene activation of ethylbenzene (EB) by **Cpd I. All energies are in
kcalmol ™! relative to the isolated reactants and have been taken from LACV3P+* values with ZPE correc-
tions at the LACVP level of theory. The inset show the optimised geometries of *A,,q (*A.,) with bond lengths
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1.511)
1(1.416)

% 1.441 (1.445)
106.8 (109.8)

2.346 (2.343)

FFeN, average = 2.015 (2.016)
i435 (i256) cm™!

TEeN, average = 2.025

122 cm’!

%

1.410 (1.405)

1.538 (1.545)

%

1.536 (1.545)
519)

1.524 (1.518
1.408 (1.409')L

1.410 (1.412)_ 1.400 (1395 1.402 (1.396)
: ) 1.408 (1.415) :
1.370 (1.366) 0.979 (0.980) 1,397 (1.395)
1.395 (1.413)
1.075 (1.035) 2.771 (2.179)

2.370 (2.285)
TReN, average = 2.045(2.013)

Pa Py

4pT (2PT)

Figure 3. Optimised geometries of critical points along the phenyl hydroxylation pathway. Bond lengths are in
A, angles in degrees and imaginary frequencies of the transition-state structures in cm .

states are much lower lying than those with benzene as a
substrate and as a result the energy difference between *A,
and A, is much larger. Thus, whereas with benzene as a
substrate the processes leading to *A, and *A,,4 were found
to be competitive, when using ethylbenzene as a substrate
there is a clear preference of a pathway via A, over *A,.
The energy difference between
*TS, and TS, is 4.8 kcalmol !,
while “A,, and ’A, are
6.4 kcalmol ™' apart. By con-
trast, these energy differences
are only 2.5 and 1.7 kcalmol !,
respectively, for the reaction of
benzene with [(Fe=0)-
(Por)(SH)],*¥ which supports
our conclusion that with ethyl-
benzene as a substrate the cat-
ionic states are considerably
stabilised.

The conversion of the inter-
mediate A, into *PT is almost
barrierless due to identical orbi-

*TSp (*TSk)

1.402 (1.402)

1
(1

{1957 (i845) cm™!

1.524 Sl
=——1.402 (1.407)

#1391 (1.225)
1.276 (1.363)
1730 (1.713)

2344 (2.338)

IFeN, average = 2-016 (2.016)

‘A,q into ‘PT requires the
transfer of an electron from the
substrate into the metal 3d
system, that is, into the 0,* or-
bital, and hence a significant
barrier (*TS¢) is encountered.
Therefore, the cationic inter-
mediate *A,, will have a very
short lifetime and almost in-
stantaneously donate the
proton to the porphyrin ring to
form 2PT, while on the HS sur-
face the lifetime of the radical
will be longer.

The reaction mechanism bi-
furcates in *“’PT, because the
proton located on the nitrogen
atom of the porphyrin ring can
be reshuttled to the oxygen
atom to form p-ethylphenol
(*?P,) via an almost barrierless
process or to the C3 carbon
atom to produce 4-ethylcyclo-
hexa-2,4-dienone (**P¢). The
latter process encounters a sig-
nificant barrier (**TSp), but this
is well below the energy of **A,
therefore, it is entirely possible
that part of its energy is re-
tained and can be used to cross
the barrier and produce *’Pc
side products.

*TSp (*TSp)

1.545 (1.543)

LGRS
1.421 (1.441)
1.401 (1.328)
11.201 (1.403)

1.421

1.327

e

1.517 (1.517)

1.359 (1.362 1.354 (1.356)

1.456 (1.449)

2.385(2.293)
TFeN, average = 2:057 (2.014)
“Pc CPo)

1

Alkyl hydroxylation of ethyl-
benzene: Figure 4 shows optimised geometries for the hy-
droxylation of the benzyl carbon atom of ethylbenzene by
“?Cpd 1, and the potential-energy surface is depicted in
Figure 5. In agreement with previous hydroxylation studies
of oxo-iron—porphyrin systems, the initial reaction is a hy-

‘B (B) py (2Pp)
1.405 (1.406 ({'gg;) 1430 1422 1.398 (1.398)
3931431
1.406 7 A42D 4 401 (1.401) :
(1.407 . i (1.519)
522 1.389 (1.390) 1.498 1.396 (1.397) s
20 amaary 0P f (1.526)
et 0.986 (0.988) Ll -(f'fgﬁ 1.484 (1.496)
1785 (1.784) 2,404 (2.039)

2.312(2.313) 2.412(2.293)

PFeN, average = 2.013 (2.013) PFeN, average = 2.018 (2.016)

Figure 4. Optimised geometries of critical points along the benzyl hydroxylation pathway of ethylbenzene by

tal occupation in the structures.
However, the conversion of
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0.00"
4Cpd1+EB

\ZPB 50.9
ip, 358

+ AlK®
oH Alk-OH

(6]
I | |

—ee— > e——ce— > ——]fc m—

cl cl cl
42¢pd1 42y 42p,

Figure 5. Energy landscape for the benzyl hydroxylation of ethylbenzene
(EB) by **Cpd I. All energies were obtained at the LACV3P+* level of
theory with ZPE at the LACVP level of theory and are in kcalmol ' rel-
ative to the isolated reactants. Alk is the group left over from ethylben-
zene after hydrogen abstraction.

drogen abstraction via **TSg leading to a hydroxo—iron spe-
cies with a nearby substrate radical (intermediate
42B) 313539 In a subsequent step, the radical rebounds to the
hydroxo group and the alcohol product is formed (**Pg). On
both spin surfaces, the rebound barrier is negligible, which
implies that the radical intermediates will have very short
lifetimes. Nevertheless, the rate-determining step is the ini-
tial hydrogen abstraction via *’TS, with a barrier of
9.1 kcalmol™ on the LS surface and 11.7 kcalmol™ on the
HS surface. The LS barrier is the lowest C—H hydroxylation
barrier we have thus far calculated for oxo—iron—porphyrin
models.”>*! Geometrically, the two transition states are very
much alike, with the only difference being the location of
the transferring hydrogen atom. In “TSg, the hydrogen atom
is almost midway between the donor carbon atom and the
acceptor oxygen atom (rey=1.291 A, roy=1.276 A), where-
as in 2TSy the transition state is somewhat earlier on the re-
action coordinate (rey=1.225 A, rop=1.363 A).

Energetically, the barriers are much lower than those ob-
tained for the arene activation pathway of Figure 2, there-
fore, the benzyl hydroxylation via *TSg will be the dominant
pathway in the gas phase, in agreement with experimental
observations of P450 enzyme reactions as well as with syn-
thetic catalysts.”®?!! In the next sections we will show how
the relative energies of the four rate-determining transition
states “’TS, and **TSg vary under the influence of a dielec-
tric constant and hydrogen—deuterium substitution.

Effect of the dielectric constant on the relative energies of
42TS, and **TSy: The rate-determining barrier in both the
arene hydroxylation and phenyl hydroxylation mechanisms
is the initial reaction barrier, that is, TS, and TSg There-
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fore, we tested the effect of the environment on the relative
energies of **TS, and *’TS; by the addition of a dielectric
constant to the calculations using the SCRF model as imple-
mented in Jaguar 5.5. Previously, we showed that a dielectric
constant and hydrogen-bonding interactions can change the
regioselectivity of propene oxidation by a P450 model Cpd I
from dominant epoxidation in the gas phase to C—H hydrox-
ylation in an enzyme-mimicked environment.”'*] More-
over, electrostatic interactions have been shown to deter-
mine the electronic ground-state properties of cytochrome ¢
peroxidase and ascorbate peroxidase.?** Table 1 shows the
relative energies of **TS, and **TS; under various condi-

Table 1. Relative energies [kcalmol™'] of **TS, and **TSy under the in-
fluence of a dielectric constant (¢).!

e=1 e=5.7 £=10.65 £=380.37
‘TS, 7.9 7.9 8.2 8.6
1S, 3.1 2.5 2.5 1.3
‘TS, 2.6 2.6 2.8 2.3
TS, 0.0 0.0 0.0 0.0

[a] The gas-phase (¢=1) energy was calculated with LACV3P+* with
ZPE and dielectric medium corrections were calculated at the LACVP
level of theory.

tions. In all cases TSy is the lowest-lying reaction barrier,
which implies that benzyl hydroxylation will be the most
abundant process. However, in systems with a large dielec-
tric constant “TS, is considerably stabilised and comes to
within 1.3 kcalmol™ of *TSg. This is not surprising because
TS, corresponds to a transition state leading to a cationic
intermediate, which should be considerably stabilised in a
polar solvent. By contrast, “TS, leads to a radical intermedi-
ate and is destabilised in systems with a large dielectric con-
stant. In conclusion, the calculations with a dielectric con-
stant added indicate that the TS, and TSy processes are
competitive in polar solvents, and presumably other small
external perturbations can change the regioselectivity.

The group spin densities of TS, and *TSy obtained at
three different dielectric constants, namely the gas phase
(e=1), e=10.65 and £=80.37, are shown in Figure 6. As can
be seen from Figure 6, the hydrogen-abstraction transition
state (*TSg) shows little spin-density change, and conse-
quently limited charge redistribution, with the addition of a
dielectric constant. By contrast, the arene-activation transi-
tion state (*TS,) shows much greater spin density and
charge changes with the addition of a dielectric constant.
Because TS, leads to a cationic intermediate (A, see
Figure 2 above), a positive charge is building up on the
arene ring (Qcy,=0.43 in the gas phase), which increases to
0.54 with £¢=80.37. As a result, TS, is stabilised with re-
spect to TSy as indeed observed from the relative energies
in Table 1.

Hydrogen-deuterium substitution: Kinetic isotope effects

for substitution of one or more hydrogen atoms by deuteri-
um atoms in ethylbenzene were calculated for “*TS, and
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Peans = 0.00 (0.00) [0.00]

) Pcens = -0.45 (-0.50) [-0.40]
QOcens = 0.43 (0.49) [0.54]

Po = 0.12 (0.16) [0.18)
Pre=1.47(1.39) [1.32]

Pror = -0.13 (-0.04) [-0.09]
par=-0.01 (-0.01) [-0.01]

s Peens = -0.13 (-0.15) [-0.16]

" pess = 0.01 (-0.02) [0.01]

pEH =-0.28 (-0.27) [-0.28]

=-0.03 (0.00) [0.01]
,ﬁFOf = 1.67 (1.66) [1.66]

Lo =-0.22 (-021) [-0.21]
Pcr1 = 0.00 (-0.01) [-0.01]

£=1(e=10.65) [£= 80.37]
Figure 6. Group spin densities (o) and charges (Q) of *TS, and *TSy as

calculated in the gas phase and in dielectric constants of ¢ =10.65 (in pa-
rentheses) and of ¢ =80.37 (in square brackets).

*’TSy with the Eyring and Wigner models, as described in
the Computational Methods section, and are shown in
Table 2. The hydrogen atoms of ethylbenzene are arranged
in five groups as identified in Scheme 4 with the labels a—e.

Table 2. Kinetic isotope effects as calculated with the Eyring equation
(KIEg) and Wigner correction (KIEy) and free energies of activation
(AG* in kcalmol™') of [HjyJethylbenzene, [D,]ethylbenzene and
[D,o]ethylbenzene.

TS, TS, TS, TS,
KIE. KIE, KIE; KIE, KIE. KIE, KIE. KIE,

DS 12 12 11 11 74 111 55 62
D! 1 11 10 10 11 1 11 11
Dy 13 13 11 11 79 120 58 66
DS 1 11 10 10 11 1 11 11
D! 09 09 09 09 10 10 10 10
D 09 09 09 09 10 10 10 10
Dibede 1 11 09 09 80 121 59 67
AG*(H,,)P 30.8 256 238 234
AG*(D,) 30.9 256 25.1 245
AG*(Dy) 30.8 255 25.1 245

[a] Isotopic substitution of the hydrogen atoms of ethylbenzene is defined
as in Scheme 4: H*-C4H,*-CH*H-CH;* in which H® is the hydrogen atom
transferred to the oxo-iron group. The superscript identifies the hydro-
gen atoms being replaced by deuterium atoms and the subscript is the
total number of isotopic substitutions. For example, in Df all three hydro-
gen atoms of the methyl group were replaced by deuterium atoms and
Dibee is fully deuterated ethylbenzene. [b] Free energy of activation as
calculated by using energies at LACV3P+* with ZPE; thermal correc-
tions and entropies were calculated at the LACVP level of theory.
[c] Free energy of activation of deuterated ethylbenzene using energies at
LACV3P+* with ZPE; thermal corrections and entropies were calculat-
ed at the LACVP level of theory. [d] Isotopic substitution of both benzyl
hydrogen atoms, that is, DS’
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Thus, the hydrogen atom trans-
ferred in the benzyl hydroxyla-
tion process is labelled H°,
whereas the other benzyl hy-
drogen atom is labelled H-
Generally, isotopic substitution
of hydrogen atoms attached to
the phenyl group (atoms H*
and HP) or as part of the termi-
nal methyl group (atoms H°)
have little effect on the KIE values. Even the secondary
KIE for the replacement of hydrogen atom H" by a deuteri-
um atom is very small.

Because the barriers “*TS, are essentially C—O bond-for-
mation barriers, the effect of isotopic substitution is only
marginal and is typically ky/kp<1.2. Note that an inverse
KIE value was obtained for *’TS, when one or more of the
phenyl hydrogen atoms (H?, H®) were substituted by deute-
rium atoms (ky/kp=0.9). As the KIE values of the C—O
bond-formation barriers (**TS,) are close to unity, the free
energy of activation values for [H,gJethylbenzene and
[D,y]ethylbenzene are almost identical: 25.6 versus 25.5 kcal
mol ™!, respectively, for TS,. By contrast, the hydrogen-ab-
straction barriers **TSy have a large kinetic isotope effect
ranging from ky/kp,=6.7 for TS to 12.1 for “TSy for the
fully deuterated substrate. These values are typical for oxo—
iron—porphyrin systems and agree well with calculations on
heme catalysts, such as P450 systems.”"! By using a chiral bi-
naphthyl iron-porphyrin catalyst, Groves and Viski®®! ob-
tained ky/kp=38.7 for ethylbenzene hydroxylation, which is
midway between our HS and LS values. Moreover, their
studies revealed that [D;]-1-phenylethane was converted
into [D;]-1-phenylethanol so that the reaction proceeded by
hydrogen abstraction and not by deuterium abstraction.?”!
This is in agreement with our observations (Table 2) that the
barrier for hydrogen abstraction is lower in energy than the
barrier for deuterium abstraction. Our calculated KIE
values here agree very well with those obtained for propene
hydroxylation by [(Fe=O)Cl(Por)] and [(Fe=O)(Por)(SH)]
catalysts, for which the KIE value for the HS surface was
usually higher than that for the LS surface.*!? This differ-
ence can be attributed to the much larger imaginary fre-
quency for “TSg, (i1957.3 cm™") relative to *TSy (i845.2 cm™).
As a consequence of this large isotope effect of “*TSy, the
free energy of activation (AG™) of the fully deuterated sub-
strates increases from 23.8 to 25.1 kcalmol ' (HS) and from
23.4 to 24.5 kcalmol ™ (LS). Therefore, because deuteration
of ethylbenzene destabilises the hydrogen-abstraction barri-
ers (**TS), but does not change the free energy of the C—O
bond-formation barrier (*TS,), as a result, the three transi-
tion states become competitive and within 1 kcalmol™' of
each other. Indeed, as observed by White etal. ! the
amount of phenol side products in the reaction of ethylben-
zene with P450; ., increased significantly upon deuteration
of the substrate.

m e He

Scheme 4. Labelling of the hy-
drogen atoms in ethylbenzene.
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Discussion

In this work we present DFT studies for the reaction of
42[(Fe=0O)Cl(Por)] with ethylbenzene, and the potential-
energy landscape for the processes leading to 1-phenyletha-
nol (Pg), p-ethylphenol (P,) and 4-ethylcyclohexa-2,4-dien-
one (P) are summarised in Figure 7. The reactions proceed

FULL PAPER

shuttling of the ipso proton to the porphyrin ring and re-
shuttling of this proton to the oxo group to form the prod-
ucts. The phenyl hydroxylation barrier *TS, is only 12.1 kcal
mol~!, whereas for benzene hydroxylation by [(Fe=O)-
(Por)(SH)] a barrier of 18.1 kcalmol™' was obtained.?!
When using ethylbenzene as a substrate, the cationic inter-
mediates are significantly more stable than the radical inter-
mediates in the phenyl hydrox-
ylation mechanism, which also
results in a significant lowering
of the absolute value of the
TS, barrier. As a result, with
ethylbenzene as a substrate the
phenyl hydroxylation will take
place on a dominant LS cation-
ic surface (via *A,), while with
benzene as a substrate competi-
tive processes via *A, and %A 4
are possible. The HS pathway
for phenyl hydroxylation en-
counters a high C-O bond-for-
mation barrier followed by an-
other high proton-shuttle barri-
er (“TSc), whereas this process
is barrierless on the LS path-
proton reshuttle | way.

4
e
2 4 7 \ 49+
-50.9 PM/ /T}\
- 4p-"
55.84p;,
\ 36.7 45y ‘
HH \
1 TN he 2
. H -57.5°P
HO benzylic H . H A
radical hydrogen phenylic C-O
| rebound | gbstraction | activation | broton transfer
[ l [ | [
- reactants >

Thus, the energy difference

Figure 7. Energy profile with LACV3P+* energies and LACVP ZPE corrections for the reaction of “*Cpd I
with ethylbenzene (EB). The process starting in the centre and toward the left is the benzylic hydroxylation,
whereas that to the right is the phenyl activation. All energies are in kcalmol ' relative to the isolated reac-

tants in the quartet spin state.

through two-state reactivity on competing quartet and dou-
blet spin-state surfaces. The dominant pathway in the gas
phase is the mechanism via *TSy leading to 1-phenylethanol
with a barrier of 9.1 kcalmol . This barrier is much lower
than those obtained for a series of typical hydrogen-abstrac-
tion reactions by P450 model systems,*® and is also much
lower than the epoxidation of propene by the same catalyst
(11.7 kcal mol !).! Therefore, [(Fe=0)Cl(Por)] is a very ef-
ficient catalyst especially for
the hydroxylation of C-H
bonds and is more efficient
than thiolate-ligated models.

[Hjglethylbenzene

in the gas phase between the
lowest-lying benzyl and phenyl
hydroxylation = processes s
3.0kcalmol™. To find out
whether external or internal ef-
fects change the regioselectivity
of the reaction, we show in
Figure 8 the relative free-energy barriers of the reaction of
[H,]ethylbenzene and [Dy,]ethylbenzene with **[(Fe=0)Cl-
(Por)] in different environments. In the gas phase and in
apolar  solvents,  *)[(Fe=O)Cl(Por)]  reacts  with
[HjoJethylbenzene mainly by benzyl hydroxylation via
42TS,, but an increase of the dielectric constant of the
medium lowers the phenyl hydroxylation barrier via *TS, to
within 0.5 kcalmol™'. Although the dielectric constant does

[Djglethylbenzene

The reaction mechanisms ob- i, 74 77
tained here for the hydrogen- A 418, 64 o - e - 7.1 4TS,
abstraction and phenyl-hydrox-
ylation processes are similar to 215, 22 2
. . A 2D — /.6 TS, /. ] e
those obtained before for thio- T—— 0s A S 07
. . 0.6 ~~—— (). 4  — - .
late-ligated models using small- 4TSy 0.4 w— e - 07 JTSp00 A~ 0.2 ;TSB
278, 0.0 e— - - - -— - - - - ' 2TSp 0.() e— NCEEE 0.0 “TSp
er substrates.""* The compet- B 0 ‘ B 0.0 >«
e=1 £=10.65 £=280.37 e=1 e=10.65

ing processes leading to phenol
or cyclohexadienone products
(via *’TSp) start with C-O
bond formation, followed by

Chem. Eur. J. 2006, 12, 8168 -8177

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

N
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€=180.37

Figure 8. Relative free energies (AG™ in kcalmol™' relative to *TSy) of **TS, and **TSy in different environ-
ments using [H;o]ethylbenzene (left) and [D,y]ethylbenzene (right) as the substrate.
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not change the relative ordering of the transition states in
the reaction of **[(Fe=0)Cl(Por)] with [H,,]ethylbenzene, a
significant amount of p-ethylphenol side products can be ex-
pected in a strongly polar solvent. However, replacing the
hydrogen atoms by deuterium atoms in ethylbenzene desta-
bilises the benzyl hydroxylation process (Table 2) as a ben-
zylic C—D bond is stronger than a benzylic C—H bond. By
contrast, the C—O formation barriers are hardly affected by
isotopic substitution of hydrogen atoms. As a consequence,
in the gas phase the energy separation between TS, and
TS, is 2.2kcalmol™! for [Hj,Jethylbenzene, whereas the
gap is lowered to 1.1 kcalmol ™' for [D,oJethylbenzene. A di-
electric constant further stabilises *TS, with respect to TSy
because it represents a reaction barrier leading to a cationic
intermediate, whereby the charge separation within the TS
is stabilising. Indeed, as can be seen from Figure 8, the fully
deuterated ethylbenzene will react to predominantly form
p-ethylphenol in a polar solvent with a dielectric constant of
80.37, whereas [H;gJethylbenzene will predominantly give
benzyl hydroxylation products under all environmental con-
ditions tested. Therefore, substitution of hydrogen by deute-
rium leads to a regioselectivity change in a polar solvent
from dominant benzyl hydroxylation to phenyl hydroxyla-
tion. This regioselectivity change is accomplished due to 1) a
larger C—D activation barrier than C—H activation barrier
in *’TS; and 2) the stabilising effect of a cationic process via
’TS,.

Conclusion

We have performed DFT calculations for the possible reac-
tion mechanisms of *’[(Fe=O)CIl(Por)] with ethylbenzene
leading to 1-phenylethanol, p-ethylphenol and 4-ethylcyclo-
hexa-2,4-dienone. The reactions occur via two-state reactivi-
ty patterns on competing low-spin and high-spin surfaces
and the dominant pathway leads to 1-phenylethanol. How-
ever, our calculations show that replacing all of the hydro-
gen atoms in ethylbenzene by deuterium atoms destabilises
the benzyl hydroxylation barriers so that the phenyl-activa-
tion mechanism becomes competitive. In particular, in an
environment with a large dielectric constant, in which the
charge-separated species in the phenyl-activation process
are further stabilised, this process becomes the dominant
factor. The results have been reported in the context of ex-
perimental work on oxo-iron—porphyrin catalysts as well as
compared with studies on P450 enzymes.

Acknowledgements

The National Service of Computational Chemistry Software (NSCCS) is
acknowledged for the CPU time it provided.

[1] M. Sono, M. P. Roach, E.D. Coulter, J. H. Dawson, Chem. Rev.
1996, 96, 2841 -2887.
[2] W.-D. Woggon, Top. Curr. Chem. 1996, 184, 40-96.

www.chemeurj.org

8176 ———

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[3] The Porphyrin Handbook (Eds.: K. M. Kadish, K. M. Smith, R. Gui-
lard), Academic Press, San Diego, CA, 2000.

[4] F. P. Guengerich, Chem. Res. Toxicol. 2001, 14, 611-650.

[5] J. T. Groves, Proc. Natl. Acad. Sci. USA 2003, 100, 3569-3574.

[6] B. Meunier, S.P. de Visser, S. Shaik, Chem. Rev. 2004, 104, 3947 -
3980.

[7] Cytochrome P450: Structure, Mechanism and Biochemistry (Ed.:
P. R. Ortiz de Montellano), 3rd ed., Kluwer Academic/Plenum, New
York, 2004.

[8] M. H. Gelb, D. C. Heimbrook, P. Milkoénen, S. G. Sligar, Biochemis-
try 1982, 21, 370-377.

[9] a) L. Schlichting, J. Berendzen, K. Chu, A. M. Stock, S. A. Maves,
D. E. Benson, R. M. Sweet, D. Ringe, G. A. Petsko, S. G. Sligar, Sci-
ence 2000, 287, 1615-1622; b) R. Davydov, T.M. Makris, V.
Kofman, D. E. Werst, S.G. Sligar, B. M. Hoffman, J. Am. Chem.
Soc. 2001, 123, 1403-1415.

[10] S. Jin, T. A. Bryson, J. H. Dawson, J. Biol. Inorg. Chem. 2004, 9,
644-653.

[11] W. Nam, Y. O. Ryu, W. J. Song, J. Biol. Inorg. Chem. 2004, 9, 654—
660.

[12] A.D.N. Vaz, D.F. McGinnity, M. J. Coon, Proc. Natl. Acad. Sci.
USA 1998, 95, 3555-3560.

[13] a) F. Ogliaro, S.P. de Visser, S. Cohen, P. K. Sharma, S. Shaik, J.
Am. Chem. Soc. 2002, 124, 2806-2817; b) P. K. Sharma, S. P. de Viss-
er, S. Shaik, J. Am. Chem. Soc. 2003, 125, 8698—8699; c) D. Kumar,
H. Hirao, S.P. de Visser, J. Zheng, D. Wang, W. Thiel, S. Shaik, J.
Phys. Chem. B 2005, 109, 19946-19951.

[14] M. J. Park, J. Lee, Y. Suh, J. Kim, W. Nam, J. Am. Chem. Soc. 2006,
128, 2630-2634.

[15] W. M. Atkins, S. G. Sligar, J. Am. Chem. Soc. 1987, 109, 3754-3760.

[16] For examples of metabolic switching in P450 enzymes, see: a) C.-H.
Yun, G.P. Miller, F. P. Guengerich, Biochemistry 2001, 40, 4521—
4530; b) C. L. Shaffer, S. Harriman, Y. M. Koen, R.P. Hanzlik, J.
Am. Chem. Soc. 2002, 124, 82688274,

[17] a) R. P. Hanzlik, K. Hogberg, C. M. Judson, Biochemistry 1984, 23,
3048-3055; b) R. P. Hanzlik, K. Hogberg, J. B. Moon, C. M. Judson,
J. Am. Chem. Soc. 1985, 107, 7164-7167; c) R. P. Hanzlik, K.-H. J.
Ling, J. Org. Chem. 1990, 55, 3992-3997.

[18] a) R. E. McMahon, H. R. Sullivan, J. C. Craig, W.E. Pereira, Jr.,
Arch. Biochem. Biophys. 1969, 132, 575-577; b) H. L. Holland, I. M.
Carter, C. Chenchaiah, S. H. Khan, B. Munoz, R. W. Ninniss, D. Ri-
chards, Tetrahedron Lett. 1985, 26, 6409-6412; c) D. Filipovic, M. D.
Paulsen, P.J. Loida, S. G. Sligar, R. L. Ornstein, Biochem. Biophys.
Res. Commun. 1992, 189, 488—495.

[19] R.E. White, J. P. Miller, L. V. Favreau, A. Bhattacharyya, J. Am.
Chem. Soc. 1986, 108, 6024-6031.

[20] a) J. T. Groves, P. Viski, J. Am. Chem. Soc. 1989, 111, 8537-8538;
b) J. T. Groves, P. Viski, J. Org. Chem. 1990, 55, 3628 -3634.

[21] W.J. Song, Y. O. Ryu, R. Song, W. Nam, J. Biol. Inorg. Chem. 2005,
10, 294-304.

[22] a) J. T. Groves, T. E. Nemo, J. Am. Chem. Soc. 1983, 105, 5786—
5791; b) J. T. Groves, Z. Gross, M. K. Stern, Inorg. Chem. 1994, 33,
5065-5072; ¢) K. Czarnecki, S. Nimri, Z. Gross, L. M. Proniewicz,
J. R. Kincaid, J. Am. Chem. Soc. 1996, 118, 2929-2935.

[23] For examples of the effects of the axial ligand on the reactivity of
oxo-iron—-porphyrins, see: a) Z. Gross, S. Nimri, Inorg. Chem. 1994,
33, 1731-1732; b) Z. Gross, J. Biol. Inorg. Chem. 1996, 1, 368—-371;
¢) W. Nam, M. H. Lim, S.-Y. Oh, J. H. Lee, H. J. Lee, S. K. Woo, C.
Kim, W. Shin, Angew. Chem. 2000, 112, 3792-3795; Angew. Chem.
Int. Ed. 2000, 39, 3646—3649.

[24] a) S. P. de Visser, J. Phys. Chem. A 2005, 109, 11050-11057; b) S. P.
de Visser, Angew. Chem. 2006, 118, 1822-1825; Angew. Chem. Int.
Ed. 2006, 45, 1790-1793.

[25] S. P. de Visser, J. Biol. Inorg. Chem. 2006, 11, 168-178.

[26] S. Shaik, S.P. de Visser, F. Ogliaro, H. Schwarz, D. Schroder, Curr.
Opin. Chem. Biol. 2002, 6, 556-567.

[27] a) A.D. Becke, J. Chem. Phys. 1993, 98, 5648-5652; b) C. Lee, W.
Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785-789.

[28] P.J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 299-310.

Chem. Eur. J. 2006, 12, 8168 —8177


www.chemeurj.org

Ethylbenzene Hydroxylation

[29] Jaguar 5.5, Schrodinger, Inc., Portland, OR, 2000.

[30] Gaussian 03, Revision C.01, M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgomer-
y, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyen-
gar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N.
Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.
Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J.
Dannenberg, V. G. Zakrzewski, S. Dapprich, A.D. Daniels, M. C.
Strain, O. Farkas, D. K. Malick, A.D. Rabuck, K. Raghavachari,
J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cio-
slowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaro-
mi, R. L. Martin, D.J. Fox, T. Keith, M. A. Al-Laham, C.Y. Peng,
A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Inc., Wall-
ingford CT, 2004.

FULL PAPER

[31] a) S. P. de Visser, F. Ogliaro, P. K. Sharma, S. Shaik, J. Am. Chem.
Soc. 2002, 124, 11809-11826; b) D. Kumar, S.P. de Visser, P. K.
Sharma, S. Cohen, S. Shaik, J. Am. Chem. Soc. 2004, 126, 1907 -
1920.

[32] S. Shaik, D. Kumar, S. P. de Visser, A. Altun, W. Thiel, Chem. Rev.
2005, 105, 2279-2328.

[33] a) F. Ogliaro, S. P. de Visser, S. Cohen, J. Kaneti, S. Shaik, ChemBio-
Chem 2001, 2, 848-851; b) S. P. de Visser, S. Shaik, P. K. Sharma, D.
Kumar, W. Thiel, J. Am. Chem. Soc. 2003, 125, 15779-15788.

[34] S. P. de Visser, S. Shaik, J. Am. Chem. Soc. 2003, 125, 7413-7424.

[35] E Ogliaro, N. Harris, S. Cohen, M. Filatov, S. P. de Visser, S. Shaik,
J. Am. Chem. Soc. 2000, 122, 8977-8989.

[36] S.P. de Visser, D. Kumar, S. Cohen, R. Shacham, S. Shaik, J. Am.
Chem. Soc. 2004, 126, 8362-8363.

[37] S.P. de Visser, F. Ogliaro, P. K. Sharma, S. Shaik, Angew. Chem.
2002, 114, 2027-2031; Angew. Chem. Int. Ed. 2002, 41, 1947-1951.

Received: March 16, 2006
Published online: July 26, 2006

Chem. Eur. J. 2006, 12, 8168 -8177

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org — 8177


www.chemeurj.org

