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ABSTRACT: A versatile class of heme monoxygenases involved in many vital functions for human health are the cytochromes
P450, which react via a high-valent iron(IV) oxo heme cation radical species called Compound L. One of the key reactions
catalyzed by these enzymes is C=C epoxidation of substrates. We report here a systematic study into the intrinsic chemical
properties of substrate and oxidant that affect reactivity patterns. To this end, we investigated the effect of styrene and para-
substituted styrene epoxidation by Compound I models with either an anionic (chloride) or neutral (acetonitrile) axial ligand.
We show, for the first time, that the activation enthalpy of the reaction is determined by the ionization potential of the substrate,
the electron affinity of the oxidant, and the strength of the newly formed C—O bond (approximated by the bond dissociation
energy, BDEqy;). We have set up a new valence bond model that enables us to generalize substrate epoxidation reactions by
iron(IV)-oxo porphyrin cation-radical oxidants and make predictions of rate constants and reactivities. We show here that
electron-withdrawing substituents lead to early transition states, whereas electron-donating groups on the olefin substrate give
late transition states. This affects the barrier heights in such a way that electron-withdrawing substituents correlate the barrier
height with BDEy, while the electron affinity of the oxidant is proportional to the barrier height for substrates with electron-
donating substituents.

B INTRODUCTION important bioprocesses in the body including the activation of
unsaturated fatty acids.* As a result, substrate epoxidation by
P450 isozymes is well studied for a wide range of (non)natural
substrates.” For instance, the reactions were shown to be highly
enantioselective, whereby the cis-#-methylstyrene substrate
gave an 89:11 eépoxide product ratio of the 1S,2R form over
the 1R,2S form.

Because Cpdl is a very versatile oxidant, many studies
investigated synthetic analogues and models in substrate
oxidation.” A number of these biomimetic studies focused on
double-bond epoxidation mechanisms, and one of the most
common substrates in these studies is styrene. Thus, a series of
styrene epoxidation studies with a CpdI mimic and various axial
ligands gave rate constants that were proportional to its

An important class of enzymes in human physiology are the
cytochromes P450, which are a large set of heme enzymes
involved in the biodegradation and metabolism of toxic
compounds in the liver.' These enzymes utilize molecular
oxygen on a heme center in a catalytic cycle that uses two
electrons and two protons to generate an iron(IV) oxo heme
cation-radical active species called Compound I (CpdI).* This
species is the active oxidant of the P450 enzymes and reacts
with substrates via, for instance, aliphatic and aromatic
hydroxylation, double-bond epoxidation, N-dealkylation, and
sulfoxidation.® Because of its versatility in substrate activation,
the group of enzymes has attracted interest from the
biotechnological and pharmaceutical industries, although the
intricate details of its catalytic mechanism and reactivity with
substrates are still poorly understood. The epoxidation of Received: February 27, 2013
olefins is a common reaction in P450 enzymes for a variety of Published: July 3, 2013
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electron-donating ability.® Green and co-workers® characterized
the axial-ligand effect as arising from changes in the pK, values
of the oxo group, which was confirmed with density functional
theory (DFT) calculations on model complexes.'’

Experimental studies reported rate constants for styrene
epoxidation by synthetic iron(IV) oxo complexes: [Fe"(O)-
(TPEPP**)X]°/* with TPFPP meso-tetrakis-
(pentafluorophenyl)porphyrinato and X = CI~ or NCCH,."'
In an intriguing set of experiments, it was shown that the
reaction of [Fe'V(O)(TPFPP**)NCCH,]" with ethylbenzene
gave aromatic hydroxylation products, whereas the one using
[Fe'(O)(TPEPP**)CI] as an oxidant led to benzylic
hydroxylation instead; hence, the axial ligand in iron(IV)-oxo
porphyrins seems to affect the product distributions in the
reaction processes and the regioselectivity of aromatic over
aliphatic hydroxylation."" The two oxidants with chloride versus
acetonitrile as the axial ligand also gave differences in styrene
epoxidation using para-substituted styrene derivatives. The
work identified a correlation between the rate constant of
styrene epoxidation with the p* Hammett factor, but the slopes
were different for the Cpdl models with anionic versus neutral
axial ligands. The fundamental nature of this axial-ligand effect
and how it affects the reaction mechanisms, rate constants and
product distributions of iron(IV)-oxo porphyrins is unknown
and, therefore, warrants a computational study. Thus, to gain
insight into the effect of axial ligands on the reactivity of
iron(IV)-oxo porphyrins with olefins, we have done a DFT
study of the activation barriers using a selection of para-
substituted styrenes as substrates and Cpdl models with meso-
substituted porphyrin.

Fujii and co-workers did a systematic investigation into the
redox potentials of [FeV(O)(TMP**)X]"" with TMP
5,10,15,20-tetramesitylporphyrinate and X an axial ligand that
is either anionic or neutral.'* They found a positive E, , shift
upon binding of an anionic axial ligand that was virtually
constant for a range of ligands. By contrast, binding of neutral
ligands, such as imidazole, gave redox potentials in line with
those found for peroxidases corresponding to a negative E,
shift. They then replaced the TMP group with a meso-
substituted porphyrin ligand with electron-withdrawing groups,
which led to an increase of the E,/, values. Currently, it is not
clear what factors determine the redox potentials of iron
porphyrins and whether there is a relationship with catalysis.
Therefore, to gain insight into the effect of meso substitution
on the intrinsic chemical properties of the oxidant and the
subsequent catalysis of substrates, we decided to include this
study in the present work.

The model we chose for our studies presented here is given
in Figure 1 and is based on the system used in ref 11. The basic
features of the oxidant are an iron(IV) oxo group embedded in
a protoporphyrin IX (Por) without side chains and with either

[
F F
X =CIor NCCH3 4
¥ RF
=
Por: ¥ =H; TPFPP. ¥ = F

Substrates:
Z=H,F,Cl, CHjy, t-Bu, CN, F F

NOg, OCHz, NHy, N(CH3);

Figure 1. Oxidants and substrates used in this work.
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chloride or acetonitrile as the axial ligand: [Fe™(O)(Por®*)-
X]%* with X = CI” or NCCHy;. In addition, we also investigated
a more elaborate model that uses pentafluorophenyl sub-
stituents on the meso position of the porphyrin ring, i.e.,
TPFPP. Substrate epoxidation was studied using a range of p-Z-
substituted styrenes with Z = H, F, Cl, CH;, -Bu, CN, NO,,
OCH;, NH,, and N(CHj;),. We show that para substitution
affects the ionization potential of the substrate and its electron-
donating ability, which leads to changes in the activation barrier
of oxygen atom transfer. Although we reported a detailed
analysis of substrate epoxidation by iron(IV)-oxo porphyrins
before,'® the systematic study described here goes beyond that
of the previous work and highlights the differences in reactivity
of substrates with electron-donating versus electron-with-
drawing substituents. Moreover, a new model is presented
that correlates with the obtained reactivity trends.

B METHODS

The study presented here uses DFT methods, as implemented in the
Jaguar, Gaussian03, and Gaussian09 program packages."> All geo-
metries are the result of a full geometry optimization, whereby all
degrees of freedom are minimized. A subsequent analytical frequency
calculation characterized the structures as local minima (with real
frequencies only) or first-order saddle points with one imaginary
frequency for the correct mode. The hybrid B3LYP method'* was
employed throughout in combination with the Los Alamos-type
LACVP basis set on iron and 6-31G on the rest of the atoms (BS1) for
the geometry optimizations and frequencies.' Energies were then
improved by single-point calculations with a triple-{-type basis set on
iron (LACV3P+) and 6-311+G* on the rest of the atoms (BS2).
Benchmark studies against experimental data reproduced free energies
of activation using these methods to within 3 kcal mol™.."® Previously,
we calculated a full potential energy profile for substrate hydroxylation
by an iron(IV)-oxo porphyrin cation-radical system at UB3LYP/BS2
and obtained relative energies within a few tenths of a kilocalorie per
mole for local minima and first-order saddle points along a reaction
mechanism compared to those obtained at UB3LYP/BS2//UB3LYP/
BSI1; hence, the latter method was used here.!” Single-point
calculations in a dielectric constant with & 37.5 mimicking
acetonitrile with a probe radius of 2.1 A were performed in Jaguar
using basis set BS2. Free energies reported here were calculated at 298
K temperature and 1 bar pressure and are based on the UB3LYP/
BS2//UB3LYP/BS1 energies and corrected with zero-point energy
(ZPE), thermal and entropic corrections from the frequency file, and
solvent corrections from the single-point solvent calculation. Further
corrections to the energy were made by performing single-point
calculations with dispersion-corrected B3LYP, B3LYP-D, as imple-
mented in Jaguar.'® For selected structures, we also did geometry
optimizations and frequencies using UB3LYP-D/BSI in Jaguar,
although little changes in the optimized geometries were obtained.

We used two synthetic iron porphyrin models that are distinguished
by the choice of the axial ligand, which was either chloride or
acetonitrile. Note that [Fe™(O)(Por**)Cl] is overall charge neutral,
while [Fe™(O)(Por**)NCCH;]" is positively charged. In our initial
calculations, we used a bare porphyrin ring, whereby all side chains
were replaced by hydrogen atoms. In a second set of calculations, we
studied a TPFPP ligand system. We studied styrene epoxidation using
a selection of para-substituted styrene substrates, as described in
Figure 1.

To ascertain that the results are not influenced by the DFT method
chosen here, we ran a selection of single-point calculations using
dispersion-corrected DFT'® and B3LYP with 15% HF exchange
(designated as B3LYP*)."”” As before,”® these test calculations
reproduced the trends obtained with the B3LYP method, so that the
results give a systematic error, which does not affect our discussion and
analysis because we are dealing with trends only here. Nevertheless, for
comparison, we give here the results obtained for AE + ZPE
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B RESULTS

We started the work with a detailed study into the electronic
properties of iron(IV) oxo complexes, the effects of axial versus
equatorial ligands, and finally the reactivity patterns with a
selection of para-substituted styrenes. Our models include
[Fe™(0)(Por**)X]%", designated as 1y, and [Fe"(O)-
(TPFPP**)X]”*, designated as 2y, with X = CI~ and NCCHj,
(Figure 1). Similar to previous studies on Cpdl of P450 and
biomimetic iron(IV)-oxo porphyrin complexes,*" all complexes
have the same electronic ground state with four electrons in
metal 3d-type orbitals and a radical on the porphyrin
macrocycle. High-lying occupied molecular orbitals include
the 6,_ orbital, which is nonbonding, doubly occupied, and
located in the plane of the porphyrin. Slightly higher in energy
are two ¥ orbitals (7%, ﬂ*yz) for the antibonding
interaction of the metal 3d,,,,, with 2p,,, atomic orbitals on
oxygen. Higher-lying and virtual are the 6* and ¢*,, orbitals
for the antibonding interactions along the Fe—O axis and
between the Fe—N groups in the plane of the porphyrin ring.
In addition, there is a radical on a porphyrin-type orbital that in
D,;, symmetry has the label a,,. The orbital occupation gives
close-lying doublet and quartet spin states with configuration
5x2_y227r*leir*yzla2ul, whereby the two 7% electrons are either
ferromagnetically or antiferromagnetically coupled to the a,,
electron in the quartet and doublet spin states. As a
consequence, the two spin states are close in energy and the
oxidant reacts via two-state-reactivity }z)atterns on close-lying
doublet and quartet spin state surfaces.**

Figure 2 gives optimized geometries of “*1y and **2 with X
= CI"/NCCHyg, as calculated with DFT. Optimized geometries
of #*1y (X = CI"/NCCH,) are almost identical with those
reported before.”* The Fe—O distances are short and typical for
an iron(IV) oxo species and shorten somewhat with an axially
ligated acetonitrile molecule compared to chloride. This is due
to mixing of the a,, and 7* orbitals in **1; with 3p atomic
orbitals on the chloride ligand,23 which brings the metal more
inside the plane through the porphyrin ring. This type of
mixing has been identified before as the key reason for the
intrinsic electronic differences of Cpdl in monoxygenases and
peroxidases.”* We did additional geometry optimizations of *1y
(X = CI"/NCCH,) at the UB3LYP-D/BS1 level of theory,
which reproduced the UB3LYP/BS1 structures within 0.010 A.

As can be seen, meso substitution of the porphyrin ring with
pentafluorophenyl groups has little effect on the optimized
geometries, and the Fe—O, Fe—Cl, and Fe—N,, distances for
structures 1 and 2 are almost the same. Note also that very little
saddling is found for the [Fe™(O)(TPFPP**)X] structures. Not
surprisingly, because the same molecular orbitals are singly
occupied in the doublet and quartet spin-state structures, their
geometries are virtually identical for each CpdI set of data. To
establish whether the meso-pentafluorophenyl groups give
electronic changes to the iron(IV) oxo species, we also show
in Figure 2 the group spin densities (p), but only minor
differences are observed between the data for structures 1 and
2.

Subsequently, we calculated styrene epoxidation using a
range of para-substituted styrene derivatives. Before we discuss
the results on the substituted styrenes, let us focus on the
general overall mechanism first. All epoxidation reactions
described in this work proceed with the same stepwise
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Figure 2. UB3LYP/BS1-optimized geometries of **1y and **2y in the
gas phase with bond lengths in angstroms. Group spin densities are
obtained at UB3LYP/BS2//UB3LYP/BSI and are reported in atomic
units.

mechanism that starts with the formation of a reactant complex
between Cpdl and substrate, R. As an example, we give the
reaction profile for [Fe™(O)(Por**)Cl] with p-H-styrene in
Figure 3 on the lowest doublet and quartet spin states. The spin
multiplicity is given as a superscript, and in the subscript, we
give the axial ligand (X) and the p-Z substituent of styrene. The
mechanism resembles that found in earlier studies of substrate
epoxidation of olefins by metal(IV) oxo oxidants®>***® and
starts with an initial electrophilic addition of the oxo group to
the double olefinic bond of styrene via a transition state TSy
to form a radical intermediate (Iy;), whereby the subscript X
refers to the axial ligand, ie.,, X = Cl” or AN (acetonitrile), and
the subscript Z to the para substituent of styrene. In a final
reaction step, a ring-closure transition state (TS, ;) leads to
epoxide product complexes (Py;). Optimized geometries
obtained at UB3LYP-D/BS1 show little difference from those
obtained at UB3LYP/BS1 (Figure 3).

Although the ring-closure barrier was calculated for a
selection of chemical systems, in all cases its barrier was
much smaller than the C—O bond-formation barrier via TSy 7;
therefore, we will focus here on the rate-determining barrier
only. In particular, in the quartet spin state, ring-closure barriers
were located and found to be small, whereas in the doublet spin
state, the ring closure was virtually barrierless. The origin of this
difference is due to differences in electron-transfer processes in
the ring-closure step, whereby on the doublet spin-state surface,
the z*,, orbital is filled with an extra electron, while on the
quartet spin state, a higher-lying and virtual o™ 2 orbital is filled
with one electron.”® Energies obtained for the reaction of
[Fe™(O)(Por**)Cl] with p-H-styrene are very similar to those
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Figure 3. Potential energy profile of styrene epoxidation by *?1¢; as calculated with UB3LYP/BS2//UB3LYP/BS1. All energies are in kilocalories
per mole relative to isolated reactants in the doublet spin state and include ZPE corrections. Also shown are optimized geometries of critical points
with bond lengths in angstroms and the imaginary frequencies in the transition state in wavenumbers. Free energies are given in parentheses and
include UB3LYP/BS2 energies corrected with thermal and entropic corrections at 298 K. Data in square brackets were obtained from a UB3LYP-D/

BS2//UB3LYP-D/BS1 calculation.

reported before using [Fe(0) (Por* )SH] as an oxidant >

That is not surprising because the pK, and electron affinity
(EA) of [Fe(O)(Por**)X], X = CI7/SH, are virtually the
same. Geometries are typical for epoxidation structures from
previous calculations for P450-catalyzed reaction mecha-
nisms.”>*® In the transition state, the Fe—O bond elongates
slightly with respect to reactants and further extends in the
intermediate to 1.784 A. At the same time, considerable
shortening of the C—O distance occurs to a formally single
bond in Iy of 1.472 A.

Subsequently, we investigated the reaction mechanisms of
[FeV(0)(Por**)X]”*, X = CI~ or NCCH,, with para-
substituted styrene, and the optimized geometries of the
transition states are given in Figure 4. Interestingly, structural
differences are found between the two axially ligated oxidants,
whereby the Cl™-bound TSy, structures are with styrene in an
upright position, whereas the acetonitrile-bound ones are more
sideways-bound. Test calculations using an upright starting
structure and an acetonitrile axial ligand, however, converged
back to the sideways-bound structure instead, which implies
that the upright structures are higher in energy for the axially
ligated acetonitrile transition states. The differences in the
substrate orientation affect the bond distances of the respective
transition states. For instance, the bond-forming C—-O
distances vary from 2.017 to 2.241 A for the transition states
with X = CI7, whereas for X = NCCH,;, distances between
2.083 and 2.439 A are found. This implies that the barriers for
the acetonitrile-ligated structures are somewhat earlier than the
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ones for the chloride-bound systems. Although variations in the
Fe—O and Fe—X distances are considerably smaller than those
for the C—O distance, variations between the oxidant with
chloride and acetonitrile ligands are also found.

The epoxidation barriers (TS;;) range from 3.92 kcal mol™!
for p-N(CH,),-styrene to 7.40 kcal mol™" for p-H-styrene, i.e.,
vary by 3.48 kcal mol™' upon para substitution. With
acetonitrile as the axial ligand, the lowest barrier is 10.56 kcal
mol ™" below isolated reactants for p-N(CH,),-styrene, although
it should be noted that the reactant complex is more stable than
isolated reactants by 14.7S kcal mol™". Thus, the epoxidation
barrier height varies by 20 kcal mol™ between p-N(CHj),-
styrene and p-NO,-styrene for TS,y 7; hence, the substituent
located at a distance of over 4 A from the reaction center causes
a rate constant change by a factor of ca. 10" (estimated using
transition state theory for an enthalpy-derived free energy
change of 20 kcal mol™'; the entropy of activation was not
included in this estimate). The ordering of the barrier heights is
virtually the same for the two oxidants studied, namely, Z =
N(CH;), < NH, < OCH; < CH;/t-Bu < F/Cl < CN < H. A
plot of the barriers *TSc;,, versus those calculated for TS,y
with the same methods gives a linear correlation; see Figure
S27 in the Supporting Information (SI). Furthermore,
calculations using a solvent model included give free energies
of activation that follow the same trends as values found in the
gas phase (Figure S28 in the SI). Inclusion of dispersion
corrections on the solvent-corrected free energies of activation
gives a further systematic change of the energetics, as shown in

dx.doi.org/10.1021/ic4005104 | Inorg. Chem. 2013, 52, 7968—7979
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Figure 4. Optimized geometries of rate-determining transition states *TSy , for the reaction of p-Z-styrene with 1 (X = CI"/NCCHj). Geometries
optimized at UB3LYP/BS1 with bond lengths given in angstroms and the imaginary frequencies in wavenumbers. Also given are barrier heights (AE
+ ZPE) for *TSy, with energies calculated at UB3LYP/BS2//UB3LYP/BS1+ZPE relative to isolated reactants in kilocalories per mole and free

energies of activation in a solvent (AG + E, + Edisp) relative to RCy .
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Figure 5. Analysis of the structural features of the transition states TSy, calculated at UB3LYP/BS1 as a function of the height of the epoxidation
barrier with respect to the (a) C—O distance, (b) Fe—X distance, and (c) imaginary frequency in the transition state. Data are given for X = Cl~ axial

ligand (blue diamonds) and X = acetonitrile (red squares).

Figures S29 and S30 in the SI. This highlights the fact that for
the assignment of reactivity trends it does not matter whether
AE + ZPE, AG, AG + E,, or AG + Eg, + Eg, energies are
used. Because the enthalpies in a reaction mechanism are
determined by the electronic changes of the reactants and we
aim to establish the intrinsic chemical properties that determine
the reactivity patterns, we will focus in the following on
establishing trends through the AE + ZPE sets of data.

To understand the changes in the transition-state geometry
between the para-substituted styrene substrates, we plot in
Figure § a selection of bond distances versus the barrier height
(AE* + ZPE) for the two CpdI models with either a chloride or
an acetonitrile axial ligand. Figure Sa shows the distance of the
C—O bond that is formed in the process versus the barrier
height. An almost perfect linear correlation (R* = 0.98) is
obtained for the acetonitrile-ligated transition states, and a
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satisfactory linear correlation is found for the chloride-ligated
system. Thus, a drop in the C—O bond length of 0.224 A is
found between the weakest epoxidating substrate (p-NO,-
styrene) and the strongest one [p-N(CH3)2-styrene] using a
chloride axial ligand, whereas the difference between these
substrates is 0.256 A for an axially ligated acetonitrile molecule.
This implies that the para substituent of styrene has a single
possibly electrostatic effect on the C—O bond-formation step
and, consequently, the barrier height of the reaction. To further
ascertain that the optimized geometries and barrier heights are
reproducible, we reoptimized a selection of TS structures with
UB3LYP-D/BS1. Thus, *TSyycn and *TSgcy give Fe—O
distances of 1.683 and 1.680 A and C—O distances of 2.131 and
2.107 A, respectively. These values are close to those given in
Figure 4 calculated at the UB3LYP/BS1 level of theory.

dx.doi.org/10.1021/ic4005104 | Inorg. Chem. 2013, 52, 7968—7979
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Figure 6. Optimized geometries of epoxidation transition states *TS'y ; for the reaction of 2 (X = CI"/NCCHj;) with p-Z-styrene. Bond lengths are
in angstroms and the values of the imaginary frequencies in wavenumbers.

We also investigated the correlations of the epoxidation
barrier height with the Fe—O and Fe—X distances in the
transition states, and indeed these correlations are linear as well.
With a chloride axial ligand, modest Fe—O and Fe—Cl changes
are seen throughout the series of —0.018 and +0.019 A,
respectively, between the outer ranges for p-NO,-styrene and p-
N(CH,),-styrene. Much larger differences are found for the
weakly bound acetonitrile system, where the Fe—NCCH;
distance is elongated from 2.084 to 2.163 A (+0.079 A shift)
between p-NO,-styrene and p-N(CH;),-styrene. Thus, the para
substituent of styrene affects bond distances well over 5 A from
the catalytic center and weakens the metal-to-axial ligand
distances of the Fe—Cl and Fe—NCCHj bonds dramatically.

Interestingly, even the value of the imaginary frequency gives
a linear correlation with the barrier height, i.e., are that the para
substituent of styrene affects the height as well as the width of
the potential energy curve around the transition state. Because
both the height and width of the barrier change linearly for our
series of substrates, this means that the area under the curve
could stay the same for these substrates. However, changes to
the width of the potential energy curve may have important
effects on, for instance, the kinetic isotope effects (KIEs) for a
reaction.”” Thus, a small imaginary frequency correlates with a
broad and wide potential energy surface, whereas a large
imaginary frequency implies a narrow and high peak.
Tunnelling through a narrow and high peak should be easier
than through a broad peak; therefore, KIEs associated with this
reaction may be affected as well. It is interesting to note that the
imaginary frequencies are substantially larger for [Fe'V(O)-
(Por**)CI] than for [Fe'(O)(Por**)NCCH,]*; hence, the
barriers for the latter oxidant will be much broader in shape. If
this trend also applies to the hydrogen-atom-abstraction
reaction, then this would imply that the calculations predict
[Fe'(0O)(Por**)Cl] to react with considerably larger KIEs for
the replacement of hydrogen by deuterium atoms than
[Fe™(O)(Por**)NCCH,]* with substrates. Indeed, Nam and
co-workers reported differences in the KIE values for the two
oxidants in aliphatic hydrogen-atom-abstraction reactions.'!

In a final set of calculations, we investigated the effect of
meso substitution of the porphyrin ring on the electronic
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properties of Cpdl and the epoxidation of para-substituted
styrenes. We selected the TPFPP ligand system with
pentafluorophenyl groups on the meso position of the
porphyrin and calculated styrene epoxidation using the
TPFPP oxidant: [Fe'(O)(TPFPP**)X]”* with X = CI~ and
NCCHj; or 2y. We studied styrene epoxidation for p-N(CHj,),-
styrene and p-NO,-styrene and compared the mechanism and
energy profiles with those observed above for 1y. Figure 6
displays optimized geometries of the epoxidation transition
states TS’y ; for the reaction of styrene with 2y, with Z = NO,
or N(CH,),, as calculated with DFT methods.

Geometrically, there are striking differences between TSy,
on the one hand, and TS’y,, on the other hand. Thus, the
epoxidation barriers with the TPFPP ligand system are
characterized with long C—O and short Fe—O distances,
which implies much earlier transition states along the potential
energy surface. Furthermore, both acetonitrile- and chloride-
ligated TS’ ;, structures are in the upright configuration, with a
structure similar to the TS, geometries reported in Figure 4.
Probably, the stereochemical interactions with meso substitu-
ents prevent a substrate orientation analogous to TS anz With a
sideways attack on the oxo group. In addition, the structures are
stabilized with hydrogen-bonding interactions of substrate C—
H groups with the fluoride atoms from the TPFPP ligand and
specifically those located in the ortho position of the meso
substituent. As a consequence, both the reactant complexes and
the transition states for epoxidation are considerably stabilized
with respect to isolated reactants. Each transition state structure
in Figure 6 is stabilized by at least two or three C—H---F
hydrogen-bonding interactions with distances between 2.4 and
2.6 A. F—H hydrogen-bonding interactions can be dramatic; for
instance, trifluoromethanol as a solvent has been shown to lead
to a considerable lowering of the epoxidation and halogenation
barriers heights because of hydrogen-bonding and charge-
transfer interactions.”®

Recent computational studies of dehydrogenation of cyclo-
hexadiene by [Fe(O)(TPCPP**)Cl] with TPCPP = meso-
tetrakis(pentachlorophenyl)porphyrin also showed substrate
stabilization due to weak hydrogen-bonding interactions of
chloride atoms of the TPCPP ligand with C—H groups of the
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approaching substrate.”® These interactions were shown to be
particularly strong for epoxidation barrier heights because of a
closer approach to the oxidant compared to hydrogen-atom-
abstraction reactions and lowered epoxidation barriers sig-
nificantly.*® In line with this, it is not surprising that we find a
considerable lowering of the epoxidation barriers from 7.3 to
4.5 keal mol™ for X = Cl/Z = NO,, from 9.4 to 7.0 kcal mol™*
for X = AN/Z = NO,, from 3.9 to —3.8 kcal mol™* for X = Cl/
Z = N(CHj;),, and from —10.6 to —19.8 kcal mol™" for X =
AN/Z = N(CH,), upon replacement of the equatorial ligand
from Por to TPFPP. The big changes in geometry for TSy,
compared to TS’y ; also affect the shape of the potential energy
surface and the values of the imaginary frequencies. Both
TS cno, and TS'¢in(ch,), structures have lower imaginary

frequencies than TS¢no, and TS¢yn(cu,), Whereas this is not

the case for the axially ligated acetonitrile structures.

Thus, we report here the effect of meso substitution on the
electronic and reactivity properties of iron(IV) oxo porphyrin
cation-radical models. We find little changes in the electronic
configuration of the various CpdI reactants. However, fluorine
substituents on the meso position of TPFPP entice favorable
electrostatic interactions with the approaching substrate and
stabilize the epoxidation transition states. In the following, we
will try to rationalize these observations.

B DISCUSSION

In this work, we report a systematic set of epoxidations of
substituted styrenes using four different oxidants, namely, 1),
Inccay 2cy and 2yccu, During the substrate epoxidation

process, two electrons are transferred from the substrate to the
oxidant, which is reduced from [Fe'V(O)(Por**)X] to
[Fe™(Por)X]. As a consequence, the EA of the oxidant and
the ionization energy (IE) of the substrate should reflect the
electron-transfer processes that take place. Indeed, several
experimental studies found a correlation between the IE of
substrates and the rate constant of substrate epoxidation and
sulfoxidation.”*' So far, no experimental studies have been
reported on the activation parameters of substrate epoxidation
by synthetic biomimetic iron(IV)-oxo porphyrin cation-radical
models, but the rate constants are expected to correlate with
the activation enthalpies. In earlier work, we reported a
systematic study of olefin epoxidation by iron(IV) oxo
complexes and set up a model that predicts barrier heights
from known ionization potentials. Although that correlation
still applies, we generalize it further in this work using the data
described here.

To understand the individual contributions of the oxidant
and substrate to the reaction process, i.e., transition states, we
will investigate those separately. Let us start with a discussion of
the differences and a comparison between 1¢/2¢ and Iyccp,/
25cch, in styrene epoxidation reactions and their correspond-
ing EAs. Thus, as shown in Figure 2, the reactant complexes
give little differences in the geometric and electronic features
upon a change in the equatorial ligand from Por to TPFPP.

We calculated EA values of 79.4 kcal mol™ for 1, 101.4 kcal
mol ™" for 2, 148.7 keal mol ™ for Iyccp, and 163.8 keal mol™
for 2yccp, in the gas phase. Note here that, despite the fact that
the valence orbital occupations and orbital shapes seem little
influenced by the nature of the meso substituents of the

porphyrin ring, actually the EA values increase by as much as
15.1-22.0 kcal mol™'. This observation is in excellent
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agreement with the electrochemical studies of Fujii and co-
workers, who found similar trends.'?

Because the electrophilic reaction mechanism results in
electron transfer from substrate to oxidant orbitals, these
differences in the EAs of the four oxidants also affect the
subsequent reaction mechanisms and reactivities with sub-
strates. The transition state structures for these reactions,
however, show dramatic differences in group spin densities, as
displayed in Figure 7. Thus, generally the reaction proceeds

Py =—0.37 ——0.53

Po=0.21-0.54

Pro=1.43-1.64

Peup = —0.02 ——0.85

Po=0.51-0.78
Pre=1.07-1.40
Poor = —0.16 ——0.79

Pucers = —0.03 ——0.04

Figure 7. UB3LYP/BS2//UB3LYP/BS1-calculated group spin density
ranges for p-Z-styrene epoxidation by 1, (top) and 1,y (bottom).

with electron transfer from the substrate to the half-filled a,,
porphyrin orbital, whereby a decrease in the spin density of the
porphyrin group is found. The electronic configuration of the
TS, structures is very much product-like with pp,, in the
range from —0.29 to —0.47, whereas the TS,y values are
reactant-like with considerably more spin density on the
porphyrin ring.

Similarly, polarization of the FeO spin density from almost
equal oxygen and iron spin densities in the reactants to a
dominant iron radical in TS occurs, whereby pr, ranges from
1.43 to 1.64 and pg ranges from 0.21 to 0.54. By contrast, pg,
varies from 1.07 to 1.40 and p ranges from 0.51 to 0.78 in the
set of TS,y structures. The axial ligand, therefore, has an
electronic effect on the charge and spin distributions in the rate-
determining transition states, and, in particular, an anionic axial
ligand, such as chloride, polarizes the FeO biradical toward the
metal. Consequently, the anionic ligand will incur a “push”
effect on the metal oxo group and formally change it from an
Fe'O*~ configuration in the reactant state to Fe'YO>~ in the
transition state. By contrast, an iron(IV) oxo oxidant with a
neutral axial ligand retains much larger radical character on the
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oxygen atom in the electrophilic transition states and keeps the
metal oxo group in a formal Fe'O®™ configuration. This is
important because it reduces the barrier heights of the
electrophilic reaction mechanisms.

Let us in the following look into the barrier heights of styrene
epoxidation and elucidate the enthalpic contributions to the
relative values of the associated rate constants. Experimental
studies on substrate sulfoxidation by P450 enzymes indicated a
correlation between the rate constants and IEs of the selected
substrates.>' More recent mass spectrometric and computa-
tional studies showed that this correlation also applies to
substrate epoxidation reactions.”*'® To test this relationship for
the set of data studied here, we plot in Figure 8 the calculated
barrier heights TS, and TS,y as a function of the IEs of
the p-Z-styrene substrates. We calculated the trends using two
sets of relative energies: In the first, we take the isolated
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reactants as a reference point, whereas in the second set, a
reactant complex (RC) is used. DFT-calculated ionization
potentials at the same level of theory as the transition states for
the epoxidation reactions were used for consistency. Our
calculated IE values are close to those reported in the
literature; > however, because not all IE values are exper-
imentally known, we will use the calculated data in our analysis
here. As can be seen, both series of p-Z-styrene epoxidation
reactions give barriers that correlate linearly with the ionization
potential, whether energies relative to isolated reactants or a
reactant complex are used. Interestingly, the two correlations
that use energies relative to isolated reactants have different
slopes and intercepts, and indeed the two curves cross at an IE
of about 9.40 V. Therefore, [Fe™(O)(Por**)NCCH,]" in the
gas phase is a better oxidant than [Fe'V(O)(Por**)Cl] in
epoxidation reactions with substrates with IE below 9.40 eV,
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whereas it is reversed for substrates with higher ionization
potentials, ie, for p-CN-styrene and p-NO,-styrene. This
observation is in excellent agreement with the experimental
studies of Nam et al,"" who also found improved reactivity of
[Fe"(O)(Por**)NCCH,]* over [Fe™(O)(Por**)Cl] for the
epoxidation of para-substituted styrenes with a large p*,
Hammett value of the substituent. The study that uses a
reactant complex as the reference point, by contrast does not
find this change in reactivity but instead produces almost
parallel trends (Figure 8b). It may very well be, therefore, that
the reactant complexes are unrealistic models and do not
compare well with the experiment. Thus, in a reactant complex,
the structures of the oxidant and substrate are solvated by
solvent molecules and the interactions between all particles. In
our reactant complex, no solvent molecules were included, and
as a consequence, full freedom of optimization was possible,
which may have resulted in an experimentally unrealistic
structure.

To further understand the reactivity trends and the effect of
the substrate and oxidant on the obtained barrier heights and,
by extension, the rate constants, we set up a valence bond (VB)
curve crossing diagram for styrene epoxidation by iron(IV)-oxo
porphyrin cation-radical systems (Figure 9). The VB curve
crossing diagram displayed here is analogous to that presented
before for hydrogen-atom-abstraction reactions by iron(IV) oxo
oxidants® but is further generalized to accommodate substrate
epoxidation reactions.

This diagram starts on the bottom-left with the reactant
configurations, i.e., styrene and [Fe'V(O)(Por**)X]. The latter
appears in two VB configurations, where we highlight the
valence m-orbital electrons with dots. Thus, the electronic
ground state of [Fe'V(O)(Por**)X] is
5x2_y127txzzﬂ'yzzﬂ'*xzllt*yzl32u1 in both the quartet and doublet
spin states, and its wave function is labeled as ¥, in Figure 9.
The 6,2, orbital is a nonbonding orbital in the plane of the
porphyrin ring. The perpendicular set of orbitals, . /7*,, and
7,/ 7*,, are the bonding and antibonding combinations of the
metal 3d,,/3d,, with the oxygen 2p,/2p, atomic orbitals and
contain three electrons in each pair.

In the C—O bond-formation step in the epoxidation
mechanism, one electron is transferred from the substrate to
the oxidant and it fills the a,, orbital with a second electron to
give the radical intermediate wave function ;. In VB theory,*?
the reactant (¥,) and product (¥;) wave functions cross each
other and connect to excited states in the product and reactant
conformations, respectively. Thus, W|* is an excited reactant
state with an electronic configuration that represents a C—O
bond pair, a radical on the styrene group, and a closed-shell a,,
orbital. The two VB curves give an avoided crossing and a
barrier height for C—O bond formation, AE*. On the basis of a
series of hydrogen-atom-abstraction reactions,”>** it was shown
that AE¥ is proportional to the curve crossing energy (AE.)
minus the resonance energy B via AE* = AE. — B. However,
the curve crossing energy is proportional to the promotion gap
(Gu,) or excitation energy from the reactant to product
configuration in the geometry of the reactants so that the
barrier height can be written as

AE* = fGy, — B (1)

In a recent study, we showed that the relationship in eq 1 is
also valid for substrate epoxidation and sulfoxidation reactions

and that the promotion gap Gy, reflects the excitation energy
or ionization potential of the substrate.'®*®

A comparison of the VB structures for the ¥, and W*
configurations shows that there is an electron transfer from the
iron(IV) oxo group to the porphyrin a,, orbital, reflecting an
electron excitation in Cpdl (Ecpqr), which can be approxi-
mated with the EA of the oxidant. In addition, it can be seen
that the electrons in the C=C bond are singlet-paired in the
reactant ground state but triplet-coupled in the excited state in
the reactant geometry, which implies a singlet—triplet energy
gap in the C=C bond, AEg;. Thus, a singlet—triplet energy
gap in the C=C bond reflects the excitation energy of an
electron in the 7 bond of the C=C moiety, namely, E, ,,
which, in turn, can be approximated with the IE of the
substrate. Consequently, Gy, is proportional to EAc,qx) +
E.7 and so should the barrier height of the epoxidation
reaction. Of course, electron excitation from the 7 orbital of the
substrate, which is the highest occupied molecular orbital, is
also proportional to the IE of the substrate. Indeed, the plot in
Figure 8 confirms a relationship between the barrier height and
ionization potential, as predicted by the VB diagram in Figure
9.

For the reverse reaction, that is, from radical intermediates to
reactants, the epoxidation barrier height (AE*,) is equal to
AE* plus the exothermicity to form radical intermediates
(AE,). In VB, the reverse barrier is proportional to the
promotion gap in the radical intermediates, ie., ¥ to ¥, * or
Gyyp- The VB structures on the radical intermediate side of
Figure 9 show that the excitation energy Gy, corresponds to
the formation energy of the C—O bond plus the electron
transfer from the substrate into the a,, orbital. The VB
structures in Figure 9 indicate that the electrons in the C—O
bond are singlet-coupled in ¥ but triplet-coupled in ¥ ¥,
which implies that a singlet—triplet excitation in the C—O bond
has occurred. The singlet—triplet excitation in the C—O bond
refers to the bond breaking of the C—O bond. In earlier work,
we showed that the C—O bond-formation energy is propor-
tional to a H—O bond-formation energy, so that it can be
mH)nicked with BDEy, defined as the reaction enthalpy for eq
2.

To test whether the VB curve crossing diagram can predict
the barrier heights from empirical values, we calculated the gas-
phase EAs of all four oxidants from Figure 1 and the z—z*
excitation energies and IEs of all p-Z-styrene substrates, and the
results are given in Table 1. We calculated the EA of the

Table 1. Substrate Chemical Properties and Charge-Transfer
(Qcr) Values in the Transition States

Z IE,* E.z" Qera” Qeran’
H 9.05 3.82 0.10 0.25
F 9.05 3.81 0.07 0.24
cl 8.87 3.70 0.08 0.16
CH, 8.59 375 0.12 0.32
+Bu 8.43 3.76 0.12 0.42
CN 9.46 3.46 0.01 0.10
NO, 9.70 2.88 —-0.03 —0.01
OCH, 8.03 373 0.16 042
NH, 7.55 3.61 0.22 0.55
N(CH,), 7.05 3.57 0.27 0.63

“In electronvolts. bCharge transfer in *TS;. “Charge transfer in
TS,z
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Figure 10. Correlations of (a) the epoxidation barrier height of p-NO,-styrene with BDEyy and (b) the epoxidation barrier height of p-N(CH;),-

styrene with EAc,q1x)-

oxidant, the m—z* excitation energy in the p-Z-styrene
substrates, and the promotion gap via eq 2. Subsequently, we
used these values to estimate AE¥; for all substrates. Although
these VB-calculated barrier heights are, on average, within
—0.05 kcal mol™" of the DFT-calculated ones, actually the
standard deviation is quite large (about 2 kcal mol™"). This
implies that the model has shortcomings, which we address
with a slightly modified model as described below.

GH,r = 2(E‘ACch(X) + Eex,Z) (2)

[Fe" (0)(Por**)X] + H* — [Fe'Y(OH)(Por)X] (3)

Thus, the forward reaction barrier is dependent on the
intrinsic chemical properties of the substrate, ie., the IE,
whereas the reverse reaction barrier depends on the variables of
the oxidant, ie, the BDEgy value. We calculated gas-phase
values of BDEqy = 87.5 kcal mol™ for [Fe™V(O)(Por**)CI] and
BDEqy = 82.8 kcal mol™ for [Fe™(O)(Por**)NCCH,]*,
respectively.”®> This energy difference narrows to almost equal
values in a dielectric constant of & = 5.7: BDEgy = 82.3 and
81.3 kcal mol™ for [Fe™(O)(Por**)X], X = CI~ or NCCH,,
respectively.

The VB diagram of Figure 9 shows that the transition state
described from reactants to intermediates, ie., forward, is
proportional to EAc,qix) + Eeyz, Whereas the transition state in
the reverse reaction, ie., backward, is proportional to the
BDEy value of the oxidant. Thus, the location of the barrier
on the potential energy surface will determine whether the
barrier correlates with EAcqix) + Eexz or BDEgy. So, for a
substrate epoxidation reaction where the transition state has a
very reactant-like electronic configuration, ie. an early
transition state, very little electron transfer from the substrate
to the oxidant has taken place and consequently the reactant
wave function dominates in the transition state. As a result, an
early transition state should be proportional to BDEqy. On the
other hand, a late transition state has an electronic
configuration closely resembling the radical intermediate state
because of a significant amount of electron transfer that has
taken place already. Therefore, late transition states, based on
the VB diagram in Figure 8, should correlate with the EA of the
oxidant. Indeed, the group spin density of the epoxidation
transition state with p-NO,-styrene as a substrate shows only a
small amount of electron transfer from the substrate to the
oxidant, and consequently the charge transfer from the
substrate to the oxidant (Qcr) is almost zero. This implies
that the epoxidation barriers for p-NO,-styrene will be early on

7977

the potential energy surface, and little electron transfer has
taken place. As reasoned above, these barrier heights should,
therefore, correlate with BDEqy and not with EAcpqix) + Eexz-
To test this, we display in Figure 10 the correlation of p-NO,-
styrene epoxidation with BDEqyy for 1y/2y (X = CI” and
NCCH,;). As can be seen for this set of four data points, a linear
correlation is found between the epoxidation barrier of p-NO,-
styrene and the corresponding BDEyy value of the oxidant.
The group spin densities of 2TSX,N(CHQZ, in contrast to those

found for *TSy N0, show considerably larger amounts of spin

density on the substrate part of the structure. At the same time,
the spin density on the porphyrin ring has dropped because of
electron transfer from the substrate to the oxidant. Thus, the
ZTSX,N(CHS)Z structures are electronically late and resemble
product-type conformations. Because of that, in ZTSX‘N(CHa)Z,

electron transfer has taken place already (or at least most of it)
and, consequently, the barrier height will be driven by the
differences in the EAs of the individual oxidants. To test this,
we plot in Figure 10b the correlation between the epoxidation
barrier height of p-N(CHj,),-styrene epoxidation by 14/2y
oxidants as a function of the EA of the oxidant. We find a
linear correlation between the EA and barrier height, as
predicted by the VB diagram in Figure 8.

As follows from the correlations depicted in Figure 10, the
amount of electron transfer from the substrate to the oxidant
determines whether a transition state correlates either with the
sum of EAcpaqx) + Eeyz or with BDEqy instead. Thus, we
extracted the degree of charge transfer from the substrate to the
oxidant (Qcr) from the UB3LYP/B2//UB3LYP/BI1 calcula-
tions and summarize these values for the 2TSX,Z transition
states in Table 1. We now define the variable @, which
describes the position of the transition state on the potential
energy profile through eq 4, and link w to the degree of charge
transfer (Qcr), BDEgy, and EAcpaix) + Eexz:

o = QCTBDEOH + (1 - QCT) (EAcde(x) + Eex,Z) ©)

Essentially, @ is proportional to BDEgy when the charge
transfer is maximal, i.e. an early transition state, but it is
proportional to EAc,qi(x) + Eeyz for a late transition state with a
small value of Qcr. We calculated @ for all transition states
2TSX‘Z, X = CI"/NCCHj; and p-Z-styrene as substrates, and a
plot of all data is given in Figure 11. Thus, the full set of
transition states, irrespective of the axial ligand of the oxidant,
fits a linear correlation. Consequently, we described the trend
in epoxidation barriers for early as well as late transition states
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Figure 11. Correlation between the epoxidation barrier height of all
data for 1y (X = Cl7, NCCH,) with parameter .

as a function of the intrinsic chemical properties of the oxidant
and substrate and the amount of charge transfer in the TS
during the reaction process.

In summary, we show here that the barrier height of an
epoxidation reaction by a metal oxo oxidant is dependent on
the electron-donating/withdrawing character of the substitu-
ents of the substrate. Thus, substrates with high electron-
donating power such as p-N(CH,),-styrene result in low barrier
heights and rapid electron transfer from the substrate to the
oxidant well before the epoxidation barrier height has been
overcome. On the other hand, electron-withdrawing groups
such as p-NO,-styrene result in much later electron transfer
from the substrate to the oxidant, and now the height of the
barrier is determined by the strength of the C—O bond that is
formed.

B CONCLUSIONS

In this work, we report a systematic computational study into
substrate epoxidation by four iron(IV)-oxo porphyrin cation-
radical models. We investigated the effect of the axial ligand,
chloride versus acetonitrile, as well as the equatorial ligand, Por
versus TPFPP. It is shown that the substituents on the
porphyrin ring can guide substrate binding through electrostatic
interactions with halide atoms, which lowers the barrier heights.
A neutral axial ligand leads to displacement of the metal from
the plane through the porphyrin ring and results in different
orbital interactions between the metal and porphyrin ring
compared to systems with an anionic ligand. This has profound
effects on the EA of the oxidant and the subsequent reactivity
patterns. Finally, we investigated p-Z-styrene epoxidation by
four iron(IV)-oxo porphyrin cation-radical models and high-
light the differences in reactivity for olefins with electron-
withdrawing versus electron-donating substituents. In partic-
ular, it is shown that electron-donating substituents give early
transition states and lower reaction barriers than substrates with
electron-withdrawing substituents.

B ASSOCIATED CONTENT
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Tables with group spin densities, charges, and relative energies
of all complexes described in this work as well as Cartesian
coordinates of all optimized geometries. This material is
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