J. Phys. Chem. A 2009, 113, 11713-11722 11713

Effect of Porphyrin Ligands on the Regioselective Dehydrogenation versus Epoxidation of
Olefins by Oxoiron(IV) Mimics of Cytochrome P4507

Devesh Kumar,** Laleh Tahsini,* Sam P. de Visser,** Hye Yeon Kang,' Soo Jeong Kim,' and
Wonwoo Nam*/

Contribution from Molecular Modeling Group, Indian Institute of Chemical Technology,

Hyderabad 500-607, India, The Manchester Interdisciplinary Biocenter and the School of Chemical
Engineering and Analytical Science, The University of Manchester, 131 Princess Street,

Manchester M1 7DN, United Kingdom, and Department of Chemistry and Nano Science, Department of
Bioinspired Science, Centre for Biomimetic Systems, Ewha Womans University, Seoul 120-750, Korea

Received: March 30, 2009; Revised Manuscript Received: June 29, 2009

The cytochromes P450 are versatile enzymes involved in various catalytic oxidation reactions, such as
hydroxylation, epoxidation and dehydrogenation. In this work, we present combined experimental and
theoretical studies on the change of regioselectivity in cyclohexadiene oxidation (i.e., epoxidation vs
dehydrogenation) by oxoiron(IV) porphyrin complexes bearing different porphyrin ligands. Our experimental
results show that meso-substitution of the porphyrin ring with electron-withdrawing substituents leads to a
regioselectivity switch from dehydrogenation to epoxidation, affording the formation of epoxide as a major
product. In contrast, electron-rich iron porphyrins are shown to produce benzene resulting from the
dehydrogenation of cyclohexadiene. Density functional theory (DFT) calculations on the regioselectivity switch
of epoxidation vs dehydrogenation have been performed using three oxoiron(IV) porphyrin oxidants with
hydrogen atoms, phenyl groups, and pentachlorophenyl (ArCls) groups on the meso-position. The DFT studies
show that the epoxidation reaction by the latter catalyst is stabilized because of favorable interactions of the
substrate with halogen atoms of the meso-ligand as well as with pyrrole nitrogen atoms of the porphyrin
macrocycle. Hydrogen abstraction transition states, in contrast, have a substrate-binding orientation further
away from the porphyrin pyrrole nitrogens, and they are much less stabilized. Finally, the regioselectivity of

dehydrogenation versus hydroxylation is rationalized using thermodynamic cycles.

Introduction

Cytochromes P450 (P450) are oxygen-activating enzymes
involved in key processes in biosystems ranging from drug
metabolism, to the biosynthesis of hormones, to the detoxifi-
cation processes in the liver."? Figure 1 shows an extract of the
active site of a typical P450 enzyme, namely, P450,,,,> which
is a bacterial P450 that regioselectively hydroxylates camphor
at the C° position.* The enzyme active site is a heme group
with a metal (iron) embedded in its center and that is linked to
the protein via a sulfur bridge of a cysteinate residue (Cysss7 in
P450.,,).° The active center binds molecular oxygen, which is
converted into an oxoiron(IV) active species, Compound I (Cpd
I), via a series of reduction and protonation steps. Cpd I,
however, is elusive, but kinetic isotope effects and product
distributions implicate it to be involved in substrate monoxy-
genation reactions.’

P450 enzymes catalyze a range of different reaction mech-
anisms; for instance, aliphatic C—H hydroxylation, aromatic
C—H hydroxylation, C=C double bond epoxidation, sulfoxi-
dation, N-dealkylation, and dehydrogenation.? As a consequence,
some substrates react at the active center of P450 enzymes to
give competing reaction mechanisms leading to one or more
different products. Mutagenesis studies, whereby key active site
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Figure 1. Extract of the active site of P450,,,, as taken from the 1DZ9
pdb file with substrate (camphor), heme, and its axial ligand (Cysss7)
highlighted.

residues are replaced, occasionally give a regioselectivity switch
from one product to another. Furthermore, it has been shown
that a regioselectivity switch can also occur through the
replacement of hydrogen atoms in the substrate by deuterium
atoms, which is termed metabolic switching.” In particular,
hydroxylation took place at the C* position with deuterated 5,6-
exo-exo-norcamphor at the C* and C® positions, whereas in the
nondeuterated substrate, the C° position was activated. Similar
regioselectivity switches were observed for toluene hydroxy-
lation by P450 enzymes.®

These subtle changes in regioselectivity preference by P450
enzymes have triggered many studies to try to establish factors
that drive reaction mechanisms. In biomimetic studies, it was
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shown that the meso-substituent on the porphyrin ring influences
the oxidative power of the oxoiron(IV) oxidant.’ In particular,
electron-deficient iron(Ill) porphyrins afforded a much higher
yield of epoxide products in comparison with oxidants with
fewer electron-deficient substituents.'® Moreover, studies on a
series of metal—oxo porphyrin complexes with electron-
withdrawing meso-substituents showed a strong 'O NMR shift
to higher frequencies that correlated linearly with the force
constant of the metal—oxo bond as well as with the rate constant
of triphenylphosphine oxidation, which implicates a direct
correlation between meso-substitution and the strength of the
Fe—O bond of the oxidant.'' However, the exact nature of the
meso-substituent and its influence on the reaction mechanisms
has never been studied in depth. To gain insight into the meso-
substituent effect on the electronic and catalytic properties of
the oxoiron(IV) center, we have performed combined experi-
mental and theoretical studies on cyclohexadiene (CHD) activa-
tion by oxoiron(IV) porphyrin oxidants with variable substituents
on the meso-position. Earlier studies of us and others have
established procedures to generate oxoiron(IV) porphyrin cation
radical species using single oxygen atom donors such as
iodosylbenzene (PhIO) and m-chloroperbenzoic acid (m-CPBA).
These oxoiron(IV) porphyrin complexes have been shown to
react readily with aliphatic groups by hydrogen atom abstraction
and with C=C double bonds to give epoxide products.'> As
such, CHD reacts with Cpd I to form epoxide products or
alternatively lead to dehydrogenation to form benzene.!* The
studies presented in this work show that a substituent on the
meso-position changes the electronic properties of the porphyrin
ring leading to subtle differences in electron affinities of the
oxidant. Moreover, bulky groups on the meso-position influence
substrate binding processes and access to the oxoiron(IV) group.

Methods

Experimental Section. Commercially available reagents were
of the best available purity and were used without further
purification unless otherwise noted. Acetonitrile (CH;CN) and
dichloromethane (CH,Cl,) were dried according to literature
procedures and distilled under Argon prior to use.'* m-CPBA
was purified by washing with phosphate buffer (pH 7.4) first,
followed by water and then dried under reduced pressure.'* PhIO
was prepared by a literature method.'> Fe(TPFPP)Cl (TPFPP
= meso-tetrakis(pentafluorophenyl)porphyrin) was purchased
from Aldrich Chemical Co., whereas Fe(TMP)CI (TMP = meso-
tetramesitylporphyrin) and Fe(TDCPP)CI (TDCPP = meso-
tetrakis(2,6-dichlorophenyl)porphyrin) were obtained from Fron-
tier Scientific Inc. (Logan, UT). Fe(TFATMAP)(CF;SO;)s
(TFATMAP = meso-tetrakis(2,3,5,6-tetrafluoro-4-N,N,N-trim-
ethylaniliniumyl)porphyrin) was synthesized using commonly
known procedures.'® Figure 2 shows geometries and labels of
the various substituted porphyrin macrocycles at the meso-
position studied in this work.

Oxidant (0.10 mmol), either PhIO or m-CPBA, was added
to a reaction solution containing iron(IIl) porphyrin chloride (2
mM) and 1,4-cyclohexadiene (0.10 mmol) in a solvent mixture
(2 mL) of CH3CN and CH,Cl, (3:1) at 25 °C. After stirring for
10 min and filtering through an 0.45 uM filter, the reaction
mixture was analyzed with Agilent Technologies 6890N gas
chromatography equipped with a FID detector (GC) and Thermo
Finnigan (Austin, TX) FOCUS DSQ (dual stage quadrupole)
mass spectrometer interfaced with a Finnigan FOCUS gas
chromatograph (GC-MS). We identified products by comparing
retention times and mass patterns with those of known authentic
samples. We determined product yields by comparison against
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TPCPP: Cl Cl Cl
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Figure 2. Definition of the oxidants studied in this work. TMA stands
for trimethylaniliniumyl.

standard curves prepared with authentic samples and by using
n-decane as an internal standard.

Density Functional Theory Calculations. The calculations
presented in this work were all obtained from density functional
theory (DFT) calculations on biomimetic oxoiron(IV) porphyrin
complexes using previously described procedures.!” Our model
is iron—protoporphyrin IX, whereby all side chains of the
porphyrin were initially abbreviated with hydrogen atoms (Por).
The active species (Cpd 1) is an oxoiron(IV) porphyrin cation
radical system with a chloride axial ligand similar to that of
previous studies of ours in the field: [Fe™=0(Por™)CI].!8 We
studied the regioselective epoxidation and dehydrogenation of
1,3-cyclohexadiene and 1,4-cyclohexadiene as model substrates
using DFT with the unrestricted B3LYP method" because
earlier work of ours on related systems predicted rate constants
and kinetic isotope effects in good agreement with experiment.?
Initial geometry optimizations employed a modest double-
quality LACVP basis set on iron and 6-31G on the rest of the
atoms (basis set B1).2! All structures were subjected to a full
geometry optimization in Gaussian-03, followed by an analytical
frequency calculation.?? Subsequent, single-point calculations
on the optimized geometries with a triple-§ LACV3P+ basis
set on iron and 6-311+G* on the rest of the atoms were done
in Jaguar 7.0 to improve the energetics (basis set B2).%* Local
minima described here had real frequencies only, whereas the
transition states were characterized by a single imaginary
frequency for the correct mode. All charges reported in this work
were taken from the atomic polar tensor (APT) charges from
the Gaussian frequency calculations. The effect of the environ-
ment was tested via single-point calculations at B3BLYP/B1 in
Jaguar in a continuum solvent with a dielectric constant of ¢ =
5.7 and a probe radius of 2.72 A.

In a second set of calculations, we studied the effect of meso-
substitution on the electronic and catalytic properties of the
oxoiron(IV) species. First, we studied the electronic properties
of doublet and quartet oxoiron(IV) species with phenyl, pen-
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tachlorophenyl (ArCls), and methoxy substituents on the four
meso-positions to give meso-tetraphenylporphyrin (TPP), meso-
tetrakis(pentachlorophenyl)porphyrin (TPCPP), and meso-tet-
ramethoxyporphyrin. In addition, using Fe™V=0O(TPP**)CI and
Fe'V=0O(TPCPP*)Cl, we re-evaluated the reaction mechanisms
for epoxidation and dehydrogenation of 1,3-cyclohexadiene
using Jaguar. Full optimizations were done in Jaguar with basis
set B1, followed by single-point calculations with basis set B2
in the gas phase and in a continuum solvent with dielectric
constant of ¢ = 5.7. Because of the size of these systems, we
only ran frequency calculations on the optimized geometries
for the mechanism using Fe'Y=O(TPP*")CI as an oxidant and
the transition-state structures *TSy(TPCPP) and “TSg(TPCPP).
To test the effect of the density functional method on the
relative energies, we ran single-point calculations with the OPBE
and PW91B95 density functional methods for the reaction
mechanism of +?*FeV=0(Por™")Cl with 1,3-cyclohexadiene.?*?
The trends are reproduced with alternative density functionals
(Supporting Information) so that we do not expect major changes
because of the choice of the density functional method.

Il —
—Fe

Results and Discussion

Dehydrogenation versus Epoxidation in Iron Porphyrin-
Catalyzed Oxidation Reactions. It has been shown in enzy-
matic and biomimetic reactions that products formed in the
epoxidation of olefins are different depending on reaction
conditions.?*~3! For example, Coon and coworkers examined
the effect of site-directed mutagenesis of threonine to alanine
on the epoxidation of olefins with cytochromes P450 and their
mutants and observed the regioselectivity change from epoxide
formation to allylic oxidation.?” The authors proposed that the
formation of different products in the reactions of cytochromes
P450 and their mutants was due to the involvement of two
different active oxidants with electrophilic properties in the
oxidation of cyclohexene, such as a ferric—hydroperoxo and
an iron(IV)—oxo porphyrin sz-cation radical for the epoxidation
and allylic hydroxylation, respectively (Scheme 1, pathway A).?’
Contrary to the proposal derived from enzymatic studies, Groves
and coworkers have shown in biomimetic studies that the
epoxidation of cyclohexene by [Fe™(TMP)]* and oxidants such
as m-CPBA and PhIO yielded products derived from both
epoxidation (e.g., cyclohexene oxide) and allylic hydroxylation
(e.g., cyclohexen-3-ol and cyclohexen-3-one) and that the
amounts of epoxidation and allylic hydroxylation products
changed significantly depending on reaction temperatures, choice
of the selected oxidants, and axial ligands of the iron porphyrin
catalyst.”® Nam and coworkers supported the assertion of Groves
and coworkers by showing that the regioselectivity of C=C
epoxidation versus allylic C—H hydroxylation in the oxygen-
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TABLE 1: Oxidation of 1,4-Cyclohexadiene by Iron(III)
Porphyrin Complexes and Oxidants®

products (%)"¢

4-cyclohexadiene

entry catalyst oxidant benzene oxide
1 Fe(TMP)CI PhIO 37+4 2+1
m-CPBA 34 +4 341

2 Fe(TDCPP)C1 PhIO 14+£3 2743
m-CPBA  17+£3 2943

3 Fe(TPFPP)C1 PhIO <l 3243
m-CPBA <1 30+3

4 Fe(TFATMAP)(CF;SO;)s PhIO <1 3543
m-CPBA <1 3243

“See Experimental Section for detailed reaction conditions.
> Yields (%) are calculated on the basis of the amounts of oxidant
added. ¢ Product distributions did not change depending on reaction
temperatures (e.g., at —20 °C).

ation of olefins by in situ-generated oxoiron(IV) porphyrin
mr-cation radicals depends significantly on the reaction conditions
such as reaction temperature, the electronic nature of iron
porphyrins, and substrates.”® These results demonstrated that the
regioselectivity of C=C epoxidation versus C—H hydroxylation
in the oxygenation of cyclohexene by a single oxidant,
(TMP™)FeV=0(X), can be altered depending on the reaction
conditions (Scheme 1B). The results further suggest that the
regioselectivity change does not implicate the participation of
two distinct intermediates in olefin oxidations. Very recently,
Fujii and coworkers interpreted the change of the regioselectivity
with that where the epoxidation reaction is enthalpy-controlled,
whereas the allylic hydroxylation reaction is entropy-con-
trolled.’® In the present study, we extended the study of the
porphyrin ligand effect on the regioselectivity change to
elucidate the origin of the regioselectivity change depending
on the reaction conditions and the substituent effect of the
porphyrin ligand.

The regioselectivity of dehydrogenation versus epoxidation
in the oxidation of olefins by iron(III) porphyrin complexes and
oxidants was examined using 1,4-cyclohexadiene (CHD) as a
substrate. The oxidation of CHD by PhIO or m-CPBA catalyzed
by an iron(IIl) porphyrin complex afforded the formation of
benzene and 4-cyclohexadiene oxide (Scheme 2) depending on
the electron-richness of porphyrin ligands. The results shown
in Table 1 show that Fe(TMP)CI, which is an electron-rich
iron(IIT) porphyrin catalyst, yielded benzene as the major product
with the formation of a trace amount of epoxide product (entry
1). In contrast, 4-cyclohexadiene oxide was the major product
in the reactions of electron-deficient iron porphyrin complexes,
such as Fe(TPFPP)CIl and Fe(TF4TMAP)(CF;SOs)s (entries 3
and 4). We have also observed the formation of benzene and
4-cyclohexadiene oxide in the reaction of Fe(TDCPP)CI (entry
2); the electron-richness of this iron porphyrin complex was
between the electron-rich and -deficient iron porphyrins. These
results indicate that electron-rich iron porphyrins prefer C—H
bond activation to give olefin dehydrogenation (Scheme 2,
pathway a), whereas oxygen atom transfer to a double bond is
the preferred pathway in the reaction of electron-deficient iron
porphyrin catalysts (Scheme 2, pathway b).%3! Furthermore, the
product distributions were identical irrespective of oxidants,
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Figure 3. Potential energy profiles of (a) 1,3-cyclohexadiene and (b) 1,4-cyclohexadiene epoxidation and dehydrogenation by *’R, as calculated
with UB3LYP. Energies contain ZPE and are obtained with basis set B1, whereas values in parentheses were calculated with basis set B2 and
include solvent corrections. Also given are geometries of the reactants and rate-determining transition states with bond lengths in angstroms, angles

in degrees, and the value of the imaginary frequency in wavenumbers.

suggesting that a common intermediate (for example, a high-
valent iron(IV)—oxo porphyrin s-cation radical species) was
generated as reactive species responsible for the dehydrogenation
and epoxidation reactions.*?

Theoretical Modeling of the Reaction Mechanism. Because
our experimental studies on the reaction of oxoiron(IV) por-
phyrins with 1,4-cyclohexadiene (CHD) show that a mixture

of dehydrogenation and epoxidation products are formed
depending on the nature of the group on the meso-position
(Table 1), we decided to do a series of DFT calculations to
trace the origins of this regioselectivity switch. Let us first start
with a description of the simplest chemical system, whereby
the porphyrin ring (Por) has no side chains and the reaction of
the oxoiron(IV) species is with CHD, that is, Fe'Y=0(Por™")-
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Cl—C¢Hs. Figure 3 shows the potential energy profile of 1,3-
cyclohexadiene and 1,4-cyclohexadiene epoxidation and dehy-
drogenation by [Fe'Y=0(Por™)ClI] (designated R) on the doublet
and quartet spin-state surfaces as calculated with DFT.

The reactions are stepwise starting from the degenerate spin
states of Cpd I, doublet (*R) and quartet (‘R). As shown before,
Cpd I has close-lying doublet and quartet spin states with the
same orbital occupation, that is, 77%,;' 7%,.! a,,!, leading to an
electronic configuration of [Fe™Y=0(Por**)Cl].3* The 7* set of
orbitals are antibonding orbitals for the Fe—O interaction
through atomic orbital interactions between the 3d,.,, on iron
and 2p,, on oxygen. The third unpaired electron is on a heme-
type orbital that has an a,, label in D, symmetry.>* Because
the interactions of the 7r*,.,., on one hand, with a,,, on the other
hand, are small, the three unpaired electrons can be ferromag-
netically coupled into an overall quartet spin state or antifer-
romagnetically coupled into a doublet spin state. It has been
shown that in oxoiron(IV) species of heme enzymes these two
states are close in energy and environmental perturbations and
the nature of the axial ligand determine the ordering and relative
energy of the two spin states.’> As a consequence, Cpd I reacts
with substrates via two-state-reactivity patterns on competing
doublet and quartet spin state surfaces.>®

The reaction in Figure 3 starts from the center with >“R.
Whereas the mechanism to the left leads to epoxide products,
the mechanism to the right affords dehydrogenation products.
The epoxidation reaction passes a C—O bond activation barrier
(**TSg) to form a radical intermediate (**Ig), followed by a ring-
closure barrier (**TS,.) to give epoxide products. This mech-
anism is similar to the one that we and others observed before
for alkene epoxidation by Cpd I of P450.%7 The barrier “*TSg

2.318 {2.019}

2.418 {2.293}

“Pp {*Pp}
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is the rate-determining step in the reaction mechanism, and only
on the quartet spin-state surface was a significant ring-closure
barrier found. On the doublet spin-state surface, the ring-closure
barrier was found to be negligible, similar to radical rebound
studies of alkane hydroxylation reactions.*® Optimized geom-
etries of “?TSg, are characteristic of epoxidation transition states
with long C—O bonds and an imaginary frequency representing
a C—O stretch vibration. Optimized geometries for epoxidation
of 1,3-cyclohexadiene and 1,4-cyclohexadiene are very similar,
and the only differences are related to the relative energies.
Because of more 7-system stabilization of the radical intermedi-
ates, “?Ig 15 are significantly lower in energy than *?Ig 4, and
so are the epoxidation barriers. Optimized geometries of
subsequent structures in the epoxidation mechanism (*?Ig, TS,
and #?Pg) are shown in Figure 4. These structures show typical
features of epoxidation intermediate, ring-closure transition state,
and product complexes and resemble geometries of substrate
epoxidation of smaller molecules previously published.?’

The dehydrogenation mechanism proceeds from the center
in Figure 3 starting with 2*R by a hydrogen abstraction transition
state (**TSy) that leads to a hydroxo—iron(IV) complex, *Iy.
In a subsequent step, a second hydrogen atom is abstracted to
give benzene (i.e., a dehydrogenated product, “*Pp). Note that
the mechanisms for hydrogen abstraction by both 1,3-cyclo-
hexadiene and 1,4-cyclohexadiene give the same hydroxo—
iron(IV) complex (*’Iy), and as a consequence, the rebound/
second hydrogen abstraction mechanisms are also the same.
Accordingly, the relative energies of the hydrogen abstraction
transition states for 1,3-cyclohexadiene and 1,4-cyclohexadiene
are within a few kilocalories per mole. In contrast, the
epoxidation barriers for 1,3-cyclohexadiene and 1,4-cyclohexa-



11718 J. Phys. Chem. A, Vol. 113, No. 43, 2009

diene are much wider apart; therefore, Fe'Y=0(Por™)CI will
react with 1,4-cyclohexadiene via exclusive dehydrogenation,
whereas with 1,3-cyclohexadiene, minor epoxidation products
may be formed.

Extensive geometry scans show that the second hydrogen
abstraction from *?Iy is essentially barrierless on both spin-
state surfaces. Alternatively, the hydroxo group can rebound to
the radical rest group to form alcohol products (+*Py); however,
geometry scans for the radical rebound show it to proceed by
a much larger barrier than substrate dehydrogenation so that
the reaction will generate dehydrogenation rather than hydroxy-
lation products. Later in this work, we will give a thermody-
namic explanation for the preference of dehydrogenation over
hydroxylation using this substrate. The hydrogen abstraction
barriers for 1,3-cyclohexadiene are favored over epoxidation
by 2.3 (2.6) kcal mol™! for the doublet (quartet) spin states with
a small basis set, whereas improvement of the basis set and
solvent corrections decreases these gaps to 1.3 (1.6) kcal mol ™.
Although the energy differences are small, they support the
experimental studies discussed above, where electron-donating
substituents on the meso-position give dehydrogenation products
rather than epoxidation products.

Hydrogen abstraction leads to electron transfer into the a,,
orbital to generate an iron(IV)—hydroxo complex with orbital
occupation of 7*,.! 7*,.! a;,> Ppai', whereby the latter orbital
represents the substrate radical. The intermediate complex in
the dehydrogenation mechanism, therefore, is an FeV(OH)-
(Por)Cl-+- Alk" system with Alk® as the substrate radical rest
group. This is similar to earlier studies of substrate hydroxylation
by P450 models, whereby the hydrogen abstraction reaction
proceeds with electron transfer from the substrate into the a,,
orbital.*® Optimized geometries show features characteristic of
this mechanism with bond lengths in good agreement with the
literature. In the hydrogen abstraction transition states (**TSy 3
and **TSy 14), the transferrable hydrogen atom is slightly closer
to the donor-carbon atom than to the acceptor-oxygen atom;
for example, rcy = 1.245 (1.213) A and roy = 1.375 (1.434) A
for “TSy3 (*TSu.i3), respectively, which indicates that the
transition-state structures are reactantlike. These transition states
are characterized by a large imaginary frequency of i1358.0
(i1388.1) cm™! for *TSy 13 (*TSg,13) and i1240.9 (i2020.2) cm™!
for TS 14 (*TSh.14), implying that an elevated kinetic isotope
effect may be expected upon replacement of the transferrable
hydrogen atom with deuterium. After hydrogen abstraction and
the formation of the radical intermediate, there are two possible
mechanisms to product formation, namely, radical rebound to
the hydroxo group to form alcohol products or a second
hydrogen abstraction to give benzene and water products
(dehydrogenation). Geometrically, the dehydrogenation product
is a water molecule interacting with benzene and is essentially
aresting state system with an interacting substrate. The structure
resembles that of an azole molecule bound to a resting state
structure of P450.4

Subsequently, we extended our chemical system with either
four phenyl or four pentachlorophenyl (ArCls) groups on the
meso-positions of the porphyrin macrocycle to create Cpd
I(TPP) and Cpd I(TPCPP) and re-evaluated the epoxidation and
dehydrogenation reactions. Before describing these results, let
us first make a comparison of Cpd I with three meso-substituted
porphyrins in Figure 5, whereby Cpd I(OMe) contains four
methoxy groups on the meso-positions. Geometrically, +*Cpd
I and the meso-substituted structures are almost identical with
differences in bond lengths well below 0.01 A. The Fe—O
stretch vibration (Vo) of “Cpd I shifts from 848 to 840 cm™!
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upon the addition of ArCls substituents to the meso-position,
which implies that a small change on the strength of the Fe—O
bond is incurred. A similar pattern is observed for the group
spin densities, where only minor differences are found. There-
fore, an extra group on the meso-position does not alter the
orbital levels and electronic ground state of Cpd I. The group
charges, by contrast, show somewhat larger variations between
the different Cpd I structures: The overall charge (Q) on the
porphyrin ring decreases from Qp,, = 0.21 (0.20) in the
unsubstituted system “Cpd I (*Cpd I) to Op,; = 0.09 (0.10) for
“Cpd I(TPCPP) (*Cpd I(TPCPP)). This decrease in the total
charge of the porphyrin ring is mainly due to a decreased charge
on the meso-carbon atoms to an average from Q¢ eso = 0.40
(0.41) in “Cpd I *Cpd I) t0 0.67 (0.68) for “Cpd I(TPCPP) (*Cpd
I(TPCPP)). A substituent on the meso-position also has an effect
on the charge of the oxygen atom, although the difference is
not as dramatic in comparison with the meso-carbon atom, but
it will influence the electron affinity of the oxidant and its ability
to transfer the oxygen atom to substrates. Indeed, a calculation
of the one-electron reduced form of these Cpd I complexes,
that is, *Cpd II and *Cpd II(TPCPP), reveals that the electron
affinity (EA) has increased from 3.09 to 4.02 eV for the large
system.

Finally, we calculated some key structures in the epoxidation
and dehydrogenation reaction mechanisms of 1,3-cyclohexadi-
ene activation by #*Cpd I(TPCPP), and the results are given in
Figure 6. The mechanisms are similar to those shown above in
Figure 3, and so is the labeling of the structures. Because of
the size of the chemical system, geometry scans and transition
state searches for the hydrogen abstraction and C—O activation
in the epoxidation reactions were run only for the quartet
spin state. We do not expect dramatic changes for the doublet
spin state because the same electron transfer processes occur
there. In general, doublet and quartet aliphatic hydrogen
abstraction barriers are within a few kilocalories per mole and
so are epoxidation barriers.’”* Intermediates were calculated
for both spin-state structures, although attempts to calculate the
iron(IV)—hydroxo complex in the doublet spin state failed and
converged to the dehydrogenation product complex instead
(*Pp(TPCPP)).

The potential energy profile shown in Figure 6 predicts
dominant epoxidation over hydroxylation by 4.9 kcal mol™! in
the gas phase. This regioselectivity is in agreement with the
data shown in Table 1, where a switch from dehydrogenation
to epoxidation is observed through the addition of electron-
withdrawing groups to the meso-position. Because of the size
of the chemical system, we ran frequency calculations on only
the transition-state geometries of Figure 6. With zero-point
energy corrections included, barriers of *TSg = 6.4 kcal mol ™!
and *TSy = 7.4 kcal mol™! are obtained at the AEg, + ZPEg,
level of theory, whereas corrections to a dielectric constant
change these barriers to 6.8 and 6.9 kcal mol™!, respectively.
Therefore, ZPE corrections bring *TSg(TPCPP) and “TSy(T-
PCPP) in a dielectric constant within 1 kcal mol™! of each other.
These values are in perfect agreement with the product ratios
observed for the reaction of Fe=O(TDCPP)CI with cyclohexa-
diene (entry 2 in Table 1). Energetically, the epoxidation
mechanism shows close similarities to the small model complex
depicted in Figure 3 with a slightly lower epoxidation barrier
of 7.2 kcal mol~!, whereas the hydrogen abstraction barrier is
considerably destabilized with basis set B1.

In addition, we calculated the intermediate complexes in the

reaction mechanism (**Iz and *?Iy) for the reaction of
42FeV=0(TPP"")Cl with 1,3-cyclohexadiene. At the AEg, +
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() dcpd1(Cpd 1)
Po=10.99 (0.95) Og=-0.26 (-0.28)
Pre=103(1.14) O = 0.46 (0.50)

©

Pror = 0.83 (-0.95)
Pey=0.15 (-0.14)

Oper = 0.21 (0.20)
Oy =-0.41 (-0.41)

Freo = 1.660 (1.657)
Frect = 2,426 (2.439)
FreNavenge = 2.021 (2.022)
Ao = 0,094 (0.100)

QC-mm =040 (0-"”-)

(c) 4Cpd I(TPP) (CpdI(TPP))

Po=0.98 (0.97)
Pre = 1.04 (1.09)

0p=-027 (-0.31)
Ore = 0.52 (0.58)

Pror = 0.86 (~1.06)
Per=0.12 (0.02)

Opor = 0.15 (0.08)
Oy =-0.43 (-0.49)

Freo = 1.661 (1.666)
Feec) = 2426 (2.421)
PN average = 2:020 (2.013)
Ap = 0,087 (0.068)

Ocmeso = 0.63 (0.62)
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(b)  4Cpd I(TPCPP) (>CpdI(TPCPP))

Po =101 (0.96)
Pre=101(1.12)

0o =-0.22 (-0.25)
Ope =045 (0.51)

Pror=0.83 (~0.93)
Per=0.17 (-0.15)

Opor = 0.09 (0.10)
Ot =—0.36 (-0.36)

Freo = 1.660 (1.658)
Frect = 2.419 (2.432)
FFeN.average = 2.019 (2.020)
Az = 0.094 (0.101)

Oc-meso = 0.67 (0.68)

(d) 4Cpd 1(OMe) (2CpdI(OMe))

0o =-0.30 (-0.30)
Po="0.98 (0.95) O, =0.55 (0.57)

Pre= 104 (L13)

e

Pror = 0.80 (-0.92)
pe1=0.11(-0.08)

%

Opor =023 (0.19)
Q('I =-0.46 (-045]

Fre0 = 1,663 (1.662)
Froc1 = 2.409 (2.417)
Pre average = 2021 (2.022)
Ap = 0.087 (0.092)

Oc.meso = 0.95 (0.97)

Figure 5. Optimized geometries, group charges (Q), and group spin densities (p) of #>*Cpd I, **Cpd I(TPCPP), +*Cpd I(TPP), and **Cpd 1(OMe)
with bond lengths in angstroms. The 7geNaverage distance is the average Fe—N distance between the metal and the pyrrole nitrogen atoms, and A,

is the displacement of the metal from the plane of the porphyrin ring.
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Figure 6. Potential energy profile of 1,3-cyclohexadiene epoxidation and dehydrogenation by **Cpd I(TPCPP), as calculated with UB3LYP.
Energies are obtained with basis set B1, whereas values in parentheses are obtained with basis set B2 and solvent corrections. Also given are
geometries of the intermediates along the epoxidation and dehydrogenation mechanism with bond lengths in angstroms and angles in degrees.

ZPEg, level of theory, we find energies of —13.8, —13.7, —15.5,
and —15.2 kcal mol ! relative to isolated reactants for “Iz(TPP),
Hg(TPP), “Ix(TPP), and “Iy(TPP), respectively. These values
are a few kilocalories per mole more exothermic than those
observed for the unsubstituted porphyrin in Figure 3a. Moreover,
the difference in energy between epoxidation and hydrogen

abstraction intermediates is about 1.5 kcal mol~! in favor of
hydrogen abstraction, which is of the same order of magnitude
as that observed for unsubstituted porphyrin. Therefore, the
reaction exothermicity for formation of the intermediate com-
plexes is close in energy for Cpd I(Por) and Cpd I(TPP), whereas
the reaction is more exothermic for Cpd I(TPCPP). Therefore,
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ATS(TPCPP)

Kumar et al.

*TSy(TPCPP)

Teel = 2.353

TFeN,average = 2.020

Figure 7. Optimized geometries of *TSg(TPCPP) and *TSu(TPCPP) with bond lengths in angstroms.

the halogen ligands of the meso-substituent influence the
reaction mechanism by stabilizing the intermediate complexes
of epoxidation. In the following, we will give a geometric
explanation for this regioselectivity switch.

Optimized geometries of “TSg(TPCPP) and “TSy(TPCPP) are
given in Figure 7. Geometrically, there are no dramatic
differences between the structures in Figures 3 and 7. The Fe—Cl
and Fe—O distances are slightly elongated for “TSg(TPCPP)
by about 0.05 A. Moreover, the C—O bond in “TSg(TPCPP) is
enhanced by 0.026 A with respect to *TSg, whereas the O—H
distance is shorter by 0.03 A in “TSy(TPCPP) compared with
“TSy. The main cause of destabilization of the hydrogen
abstraction barrier, however, is due to the interactions of the
substrate with the halogen ligands on the meso-substituents.
Therefore, in the C—O activation barrier, the substrate ap-
proaches the oxo group with the double bond perpendicular to
the C—O bond parallel to the porphyrin ring. As a consequence,
the two hydrogen atoms attached to the carbon atoms of this
double bond form hydrogen bonding interactions with the
nitrogen atoms of the porphyrin ring as well as with a chloride
atom of the ArCls group. These hydrogen bond lengths are
between 2.66 and 2.99 A and will stabilize the structure in this
conformation. In line with this, olefin epoxidation reactions by
hydrogen peroxide in fluorinated alcohols were shown to be
enhanced because of favorable interactions of the fluoride atoms
through template-catalysis.*! The hydrogen abstraction in “TSy-
(TPCPP) takes place with the substrate further away from the
oxo group as compared with “TSy because the transferring
hydrogen atom is located in between the substrate and the oxo
group. As a result, the substrate is too far away to form favorable
hydrogen bonding interactions with the porphyrin pyrrole
nitrogen atom with CH—N distances well over 3 A, and only
hydrogen bonding occurs between C—H groups of the substrate
with a chloride atom of the ArCls ligand. Therefore, the
hydrogen abstraction transition state is much less stabilized by
polar interactions than the epoxidation transition state, and hence
“TSg(TPCPP) is considerably lower in energy than “TSy-
(TPCPP). Alternatively, the approach of the substrate to the oxo
group from the top, that is, along the z axis or Fe—O axis,
whereby the interactions between substrate and metal ligands
are minimal, is not possible in heme systems because the
electron transfer processes in the transition states favor a bent
conformation for the Fe—O—substrate group.*>*? The regiose-
lectivity of epoxidation versus hydrogen atom abstraction by
[FeY=O(TPCPP*)CI], therefore, is determined by substrate
binding to the oxidant, which favors the epoxidation mechanism.

Ry

R 7z
., ., ©-C
—Felu H2 H2

lAHm
OH R, . Ry

[ c-C’
—Felv— + Hg H

AHr,i/ \AHr,a
OH

Ro R4 > Ro JR4
T-C | t=c.
—Fe'l— * HygoH —Fel— * H H

Figure 8. Mechanisms of hydrogen atom abstraction, hydroxylation,
and dehydrogenation derived from DFT calculations.

Thermodynamic Factors That Determine Dehydrogena-
tion versus Hydroxylation Regioselectivity. The cytochromes
P450 generally react with substrates by hydrogen atom abstrac-
tion that leads to the formation of alcohol products, although
occasionally, dehydrogenation reactions also occur. In the
following, we will discuss factors that influence the regiose-
lectivity of substrate dehydrogenation versus hydroxylation.
Consider the overall reaction mechanism for both substrate
dehydrogenation and hydroxylation in Figure 8. The reaction
starts at the top with Cpd I and a molecule with two neighboring
CH, groups and substituents R; and R, that determine whether
the total molecule is an alkane or cycloalkane. The initial
reaction is ahydrogen atom abstraction to form ahydroxo—iron(IV)
complex and an alkyl radical with reaction enthalpy, AH, ;. It
has been shown that this reaction enthalpy for the hydrogen
atom abstraction is proportional to the difference in bond
dissociation energy (BDE) between the C—H bond that is broken
and the O—H bond that is formed in the process.** The BDE to
split AH into A" and a hydrogen atom is defined in eq 1. The
energy to break the O—H bond in the hydroxo—iron(IV)
complex is BDEg.on, and the energy to break the C—H bond in
R,CH,CH,R; is BDEcy,. Combining these values of BDEg.on
and BDEcp, with AH,; gives eq 2.

AH — A’ + H' + BDE,, (1)
AH, = BDEy, — BDEgoy (2)

To make a prediction on regioselective substrate dehydro-
genation versus hydroxylation, we calculated the C—H bond
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TABLE 2: Calculated Bond Dissociation Energies and
Reaction Energies for the Reactions Shown in Figure 8 from
Isolated Species”

substrate BDEcy, AH;, BDE.; AH;3; BDEcon AH»
ethane 96.2 9.5 367 —340 858 555
trans-butane 92.6 59 335 -—373 854 552
cyclohexane 93.0 64 336 —372 858 —55.6
cyclohexene 71.7 —9.0 475 —233 69.1 —389

cyclohexadiene  69.0 —17.6 21.8 —49.0 59.7 —295

@ All values are in kilocalories per mole.

strengths of several substrates, namely, ethane, trans-butane,
cyclohexane, cyclohexene, and 1,3-cyclohexadiene. The calcu-
lated values of BDEcy, together with the value of BDEg.on =
86.6 kcal mol™! from ref 17b give an estimate of the expected
AH,, for hydrogen abstraction, and these data have been
accumulated in Table 2. As follows, the hydrogen abstraction
reaction is more exothermic with substrates with weak C—H
bonds, and as a consequence, lower hydrogen abstraction
barriers may also be expected. The reaction exothermicity of
hydrogen abstraction from CHD is estimated to be —17.6 kcal
mol~! (Table 2). Using the same methods and basis sets, this
value compares excellently with that calculated for the formation
of “I; (?Iy) from isolated reactants where exothermicities of
—18.2 (—18.2) kcal mol~! were found in the gas phase.

The next step in the reaction mechanism is either hydroxyl
rebound to the radical to form alcohol products with exother-
micity, AH,,, or a second hydrogen abstraction to form water
and olefin with exothermicity, AH, ;. Analogous to eq 2 above,
the latter reaction exothermicity (AH, ;) can be written as the
difference in bond dissociation energy of the C—H bond of
R,CH,CH'R, (designated BDE,,q) and the bond dissociation
energy of the O—H bond in the water—iron(Ill) complex
(designated BDEpcon,), eq 3. A value of 70.8 kcal mol~! for
BDEk.on, is calculated, whereas the values for BDE 4 and AH, 3
are given in Table 2. Saturated alkanes give very similar
dehydrogenation reaction energies, but the most exothermic
reaction is found for 1,3-cyclohexadiene, which is due to the
increased resonance stabilization of product benzene.

AH, ; = BDE,_; — BDEFeO]_lz 3)

The alternative reaction from the hydroxo—iron(IV) inter-
mediate is substrate hydroxylation that involves hydroxyl
rebound to the radical and formation of alcohol products via
AH,,. The bond dissociation energy to break the Fe—O bond
in the hydroxo—iron(IV) complex (BDEg.on) is defined as in
eq 4 and is calculated to be 30.2 kcal mol™!.

Fe(IV)OH(Por)Cl — Fe(III)(Por)Cl + OH® + BDE, oy
4)

In a similar way, the hydroxyl affinities of the radical
intermediates were estimated from the BDEcoy energies, as
defined in eq 5.

AOH — A’ + OH' + BDEy )

The reaction enthalpy for the hydroxylation reaction (AH, )
is estimated using the values for BDEg.oy and BDEcoy, and
the results are given in Table 2. As follows, saturated alkanes
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have a large value of BDEcoy, and as a consequence, the
hydroxylation rebound is highly exothermic. By contrast, the
hydroxyl affinity of the radical obtained after hydrogen abstrac-
tion of CHD is very small (BDEcoy = 59.7 kcal mol™!), which
gives an overall hydroxylation rebound exothermicity of only
AH,, = —29.5 kcal mol~'. However, the competing dehydro-
genation reaction is much more exothermic (AH,; = —49.0 kcal
mol™"), and hence a reaction of Cpd I with CHD gives
dehydrogenated products rather than hydroxylated products. The
other substrates given in Table 2 all have a more exothermic
hydroxylation reaction as compared with the dehydrogenation
reaction; therefore, these substrates will react with Cpd I to give
hydroxylated products, except CHD, which has a lower energy
dehydrogenation pathway because of the formation of the much
more stable benzene product. Indeed, experimental studies on
cyclohexene activation by a oxoiron(IV)porphyrin complex gave
a mixture of epoxide and cyclohexenol products but no evidence
of dehydrogenation.* The reaction exothermicities shown in
Table 2, therefore, explain trends in product yields and explain
the preference of substrate dehydrogenation by CHD.

Conclusions

Combined experimental and density functional studies of the
reactions of cyclohexadiene with oxoiron(IV) porphyrin oxidants
with variable meso-substituents are reported. It is shown that
oxidants with electron-rich meso-substituents give benzene
product, whereas electron-deficient meso-substituents react to
form epoxide as a major product. Our DFT studies show that
in the gas phase, the two processes are competitive with a small
preference of hydrogen abstraction over epoxidation. However,
a chemical system with pentachlorophenyl substituents (TPCPP)
influences substrate binding and sterically hinders hydrogen
atom abstraction, whereas the epoxidation transition state is
stabilized. The present results give insight into the effect and
influence of ligands on reaction mechanisms and regioselectivity
of substrate monoxygenation by oxoiron(IV) porphyrins.
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