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Oxygen atom transfer using an iron(IV)-oxo embedded in a
tetracyclic N-heterocyclic carbene system: How does the
reactivity compare to Cytochrome P450 Compound?

Fabian G. Cantl Reinhard,® and Sam P. de Visser*®

Abstract: N-heterocyclic carbenes (NHC) are common catalyst
features in transition metal chemistry. Recently, a cyclic system
containing four NHC groups with a central iron atom was
synthesized and its iron(IV)-oxo characterized, [Fe"(O)(cNHC.)*".
This tetra-cyclic NHC ligand system may give the iron(lV)-oxo
species unique catalytic properties as compared to traditional
nonheme iron and heme iron ligand systems. Therefore, we
performed a computational study on the structure and reactivity of
the [Fe“(O)(cNHC,)]** complex in substrate hydroxylation and
epoxidation reactions. The reactivity patterns are compared with
cytochrome P450 Compound | and nonheme iron(IV)-oxo models
and it is shown that the [Fe'V(O)(cNHC,)]*" system is an effective
oxidant with oxidative power analogous to P450 Compound |.
Unfortunately, in polar solvents a solvent molecule will bind to the

sixth ligand position and decrease the catalytic activity of the oxidant.

A molecular orbital and valence bond analysis provides insight into
the origin of the reactivity differences and makes predictions on how
to further exploit these systems in chemical catalysis.

Introduction

Heme enzymes are versatile catalysts in nature and come in a
large variety of shapes and structures that give them their
unique biochemical functions. For instance, the heme
peroxidases and catalases detoxify the body from hydrogen
peroxide,? while the cytochromes P450 typically react as
monoxygenases through oxygen atom transfer with substrates
as a means to initiate the metabolism of drugs, the
biodegradation of xenobiotics as well as the biosynthesis of
hormones.®! Heme peroxidases, catalases and monoxygenases
have in common that they generate a high-valent iron(IV)-oxo
heme cation radical species, called Compound | (Cpd).”! Cpdi
is highly reactive, but nevertheless, has been characterized in
several peroxidases using a range of spectroscopic techniques,
including electron paramagnetic resonance, Mdssbauer and UV-
Vis absorption spectroscopies.®! In P450 chemistry, Cpdl has
been more challenging to trap and characterize but
spectroscopic studies of Rittle and Green provided evidence on
its existence. Moreover, it was shown to be in a doublet spin
ground state with two unpaired electrons in n*geo Orbitals and a
third unpaired electron in a heme-thiolate type orbital called
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ax. The difference in reactivity of peroxidases and
monoxygenases was assigned to the axial ligand bound to the
metal (trans to the oxo group in Cpdl), which is typically
cysteinate in the P450s but histidine in peroxidases.”

Over the years, a large number of synthetic model complexes
that resemble the active site of heme enzymes have been
created with the aim to gain insight into the characteristic
properties of metal and ligand on structure and reactivity.® In
particular, oxidants were created with heme-analogues, such as
corrole, corrolazine and phthalocyanine,®*Y which have
differences in their aromaticity, overall charge and electron-
donating/withdrawing properties. These studies have given
insight into the function and properties of the heme and how it
influences reaction mechanisms and spectroscopic variables.
For instance, corroles and corrolazines have an overall charge
of 3— and as such can stabilize metals in high oxidation states.
One specific structural feature that is commonly used in
catalysis nowadays are the N-heterocyclic carbenes (NHC)."?
Very recently, Kihn and co-workers synthesized and
characterized a tetra-cyclic NHC complex (cNHC,), whereby the
four NHC components were bridged by alkyl groups.!™ its
geometry and, in particular the one with bridging methyl groups
as is studied here, shows structural similarity to a porphyrin
(Por) manifold, see Scheme 1, although it misses the strong =-
conjugation. Clearly, the cNHC, ligand is tetradentate like
porphyrin, but lacks the large conjugated n-system characteristic
for its absorption spectrum and responsible for electron
abstraction during monoxygenation reactions. Recent studies of
Meyer and co-workers spectroscopically characterized an
iron(IV)-oxo species with the cNHC, ligand system and showed
it to be in a triplet spin ground state." So far little is known on
the catalytic properties of this tetra-cyclic NHC complex and no
studies on reactivity patterns have been reported. In particular,
the tetra-cyclic NHC chemical system may have catalytic
properties unrivalled to in nonheme iron chemistry. To find out
whether the iron(IV)-oxo species with tetra-cyclic NHC ligand
would potentially be an active oxidant of oxygen atom transfer
reactions we decided to do a detailed density functional theory
(DFT) study. In particular, we compare two iron(IV)-oxo
complexes, namely with cNHC4s or Por ligand system, i.e.
[Fe"(O)(cNHC4)X]** with X = no ligand or CHsCN and
[Fe(O)(Por)(SH)] as a model of P450 Cpdl. We hypothesized
that the electron donation of the NHC groups toward iron, may
affect the electron affinity of the complex and consequently its
reactivity patterns with substrates. We initially investigated the
iron(IV)-oxo complex with cNHC, ligand system with and without
an axial solvent (acetonitrile) ligand. Thereafter, we studied the
reactivity patterns for oxygen atom transfer and calculated
double bond epoxidation of styrene and propene and aliphatic
hydroxylation of propene and ethylbenzene (Scheme 1).
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Scheme 1. Oxidants and substrates studied in this work.

The studies here are compared to previous work on iron(IV)-oxo
porphyrin systems*® and nonheme iron(IV)-oxo models and
shows that the [Fe"(0)(cNHC4)]** oxidant is a good oxidant that
reacts with comparable rate constants as [Fe'(O)(Por)(SH)]
system, however, in acetonitrile a solvent molecule will bind the
sixth ligand position and reduce its catalytic activity.

Results

Our work started off with a detailed analysis of the structure and
spectroscopic  properties of [Fe"(O)(cNHC,)]** (*°1) and
[Fe"(O)(cNHC4)(CHsCN)J** (3*1an), whereby the latter contains
a solvent acetonitrile molecule in the sixth ligand position trans
to the oxo group. We initially did a gas-phase geometry
optimization, but later redid the work with an implicit solvent
model with a dielectric constant mimicking acetonitrile, as recent
studies showed this to give a better match to experimental free
energies of activation.”® Here we will focus on the solvent
optimized geometries, whereas gas-phase results can be found
in the Supporting Information. Typically for nonheme iron(IV)-
oxo complexes there are two close-lying spin states, namely the
triplet and quintet spin states, and dependent on the ligand
environment and solvent their ordering can change.!” Our
model uses methyl bridges between the four NHC groups and
optimized geometries of [Fe“(O)CNHC,)** (1) and
[Fe"(O)(cNHC4)(CHsCN)J** (1an) are given in Figure 1. In the
quintet spin state the axial acetonitrile molecule displaces itself
from the iron(IV)-oxo species and hence no stable ®1ay structure
can be formed and acetonitrile (or alternative neutral molecules)
will not bind in the axial position in the quintet spin state. This is
most probably due to occupation of the o*,, orbital with one
electron that creates extra antibonding interactions along the O—
Fe—axial ligand axis and prevents acetonitrile from binding. The
Fe—O bond lengths are around 1.62 — 1.64 A in the triplet spin
state, which are values in good agreement with previous
experimental and computational studies of nonheme iron(IV)-
oxo complexes.*®*°! While our study was under consideration,
Neese et al™, reported an experimental report on an iron(IV)-
oxo complex with tetra-cyclic NHC complex; however, their
model had two bridging methyl and ethyl groups (designated
complex 2) rather than the four methyl linkages between the
NHC groups as used here. The change in ligand system
reduces the Fe-O distances by about 0.01A and, consequently
will affect vibrational frequencies slightly. Specifically, the two
ethyl linkages used in Ref ! create a stronger saddling than
that seen in the structures in Figure 1. Despite this, there is still
considerable saddling seen in the geometries with respect to a

= = cNHGC,, Por
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planar porphyrin ring. In particular, the two meso-methyl carbon
atoms are below the iron(IV) atom as measured along the line
through the iron(IV)-oxo by more than 1A, while the other two
meso-carbon atoms are located above the position of the iron
atom by +0.58A in 1 and by +0.76A in ®1an. Therefore, the
saddling on the side of the iron(IV)-oxo group is less than that on
the axial ligand side.

In structure 1, the triplet spin state is the ground state and well
separated from the quintet spin state by AE+ZPE = 15.1 kcal
mol™. This energy gap is considerably larger than that typically
found for iron(lV)-oxo porphyrins and nonheme iron(lV)-oxo
models.?*?Y4 |n particular, the latter tends to have a high-spin
ground state with pentacoordinated ligands, while the triplet spin
state is lower in energy in hexacoordinated environments. The
group spin densities are given in Figure 1 and show one
unpaired electron on the iron and oxo groups in the triplet spin
state, although there is a small polarization toward iron radical in
both cases. Very little spin density is seen on the cNHC4 ligand.
As the [Fe"(O)(cNHC)4*" complex, either with or without axial
ligand has clearly separated triplet and quintet spin state
surfaces, it makes the complex highly suitable for understanding
triplet spin reactivity. In particular, since some computational
studies have suggested that nonheme iron(IV)-oxo reactivity
proceeds on a dominant quintet spin state, while the triplet spin
surface shows sluggish reactivity.

Feao = 1.621 (1.719)
Irec,av = 1.948 (1.977) Feecav = 1.945
Acmesss = +0.582 (+0.417) Acamenn = +0.756
Acmeson = —1.195 (~1.449) Acmeso = —1.015

Freo = 1.640

Pre = 1.22 (3.40)
Po = 0.76 (1.06)

AE+ZPE=15.1
31 (1) 1,

Figure 1. Optimized geometries (UB3LYP+PCM) of iron(IV)-oxo complexes
with cNHC, ligand system. Bond lengths are given in angstroms, group spin
densities (p) in atomic units and relative energies in kcal mol™. The saddling
was estimated from the displacement of the meso-carbon with respect to the
iron atom (Ac-meso)-

Subsequently, we analyzed the molecular orbitals of *1 in detail,
see Figure 2. As commonly seen in iron(IV)-oxo complexes the
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Fe—O interaction is described by a pair of m./n*, and my./t*y,
orbitals due to the interaction of the 3dy./3dy, atomic orbital on
iron with a 2p,/2p, orbital on oxygen. The bonding pairs are

doubly occupied, while the antibonding pairs are singly occupied.

In addition, there is one o-type orbital along the Fe—O bond, i.e.
o22/6*22, for the interaction of the iron 3d,, with the 2p, on oxygen
and the bonding combination is filled, whereas the antibonding is
high in energy and virtual. The same is the case for the oy
yelo*xoy2 pair of orbitals that represent the bonding and
antibonding interactions of the metal with the four carbon atoms
of the NHC groups. The final set of orbitals highlighted in Figure
2 are the carbene orbitals of the NHC ligands that give the
odx/ody; Orbitals highlighted. Therefore, the electronic
configuration of 31214y is 1% T T%,.", whereas it is " %!
TC*yzl G*Zzl for 51/51AN-

As can be seen from Figure 2, there is a considerable energy
gap for the a-set of orbitals between the m*./n*y, orbitals on the
one hand, with the c*,, orbital on the other hand. This large
separation of the n* and o* orbitals stabilizes the triplet spin
state over the quintet spin state in energy. Indeed, a large triplet-
quintet energy gap of larger than 15 kcal mol™ is reported above
in Figure 1. Furthermore, a large HOMO-LUMO gap may
implicate a large electron affinity and hence sluggish reactivity
with substrates as proposed previously.?? Details of the
reactivity patterns and a thermochemical analysis of the
oxidative properties of the iron(IV)-oxo species will be discussed
in detail below.

Orbital %10 7
Energy
[au] 0.00 A _ — %y
= ot
- T,
-0.10 1 - o = T v
-0.20 1
030 = /%, — Tm,
. : o /(7 = Gd,)(z/(sd,yz
0.40 - GZZ/GXZ,Z _ dxz/ Odyz = Gzz/cxziyz
' Vo= m/ny,
-0.50 -

Figure 2. Orbital energy diagram of 31 as obtained at B3LYP/BS2.

Subsequently, we investigated the effect of the alkyl bridge of
the tetracyclic NHC iron(IV)-oxo complexes and compared the
system from this work with the one from Neese et al.*¥ In
particular, we calculated spectroscopic parameters for
complexes 1 and %2, whereby both are iron(IV)-oxo complexes
with tetracyclic NHC ligand system, but 1 has four methyl
bridges and 2 has two ethyl and two methyl bridges. Firstly, the
extension of the bridges from methyl to ethyl has very limited
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effect on the Fe—O frequency, and values of 959 cm™ for 1 and
961 cm™ for *2 (B3LYP/BS1+PCM optimized geometry) are
found. By contrast, optimized geometries for the acetonitrile
ligated complexes, at the same level of theory, are 928 cm™ for
%1y and 933 cm™ for 32ay. Therefore, addition of an acetonitrile
molecule to the sixth ligand position leads to a major drop in Fe—
O frequency (by about 30 cm™) due to shortening of the Fe—O
bond. On the other hand changing the alkyl bridge from methyl
to ethyl has little effect on the Fe—O bond length and frequency.
To find out whether other spectroscopic variables are more
strongly affected by the change in the NHC alkyl bridges, we
calculated the Méssbauer parameters of 1 and 2. Interestingly,
the quadrupole splitting drops from AEq = 3.52 mm s™ for *1 to
2.72 mm s~ for 32, respectively. As such, the ligand system
influences some spectroscopic properties strongly, whereas
other factors are lesser effected.

Next, we investigated the oxygen atom transfer ability of 1 and
1an With substrates and specifically double bond epoxidation and
aliphatic C—H bond hydroxylation were studied. Firstly, we will
discuss double bond epoxidation of styrene and propene and
the lowest energy profile is shown in Figure 3. The triplet spin
state is the ground state for this system and stays the lowest
energy conformation throughout the full reaction mechanism.
This is unigue in iron(IV)-oxo chemistry as usually a spin state
crossing from the triplet to the quintet spin state takes place.
Nevertheless, the calculations presented here show that the
triplet spin state can be reactive in substrate oxidation. The
quintet spin state starts off above the triplet by 15 kcal mol™ in
the reactants and its surface, therefore, is inaccessible during
the electrophilic attack that happens initially. Thus the iron(IV)-
oxo attacks the terminal carbon atom via an electrophilic
addition transition state TSe to form a radical intermediate Ig.
The stepwise reaction continues with a ring-closure transition
state TS, to form the epoxide-ring and generates the product
complexes Pe. In all cases, the rate determining step in the
mechanism is the initial C—O bond formation barrier (TSg), which
is followed by a small ring-closure transition state.

The transition states (°TSg) are characterized with a large
imaginary frequency of well over 500 cm™. These frequencies
are in line with those found for substrate epoxidation by iron(1V)-
oxo porphyrin and nonheme complexes that gave values
typically between i250 — i500 cm™.% It was shown that for a set
of para-substituted styrene systems, the barrier height for
substrate epoxidation correlated with the imaginary frequency in
the transition state,”*! whereby large imaginary frequencies
correlated with relative high activation energies for substrate
epoxidation. Nevertheless, as discussed in detail later, the
barrier heights for styrene and propene double bond activation
by 31 are similar to those found for a P450 Compound | model.
Structures are typical for substrate epoxidation reactions and
see an elongation of the Fe—O bond due to occupation of the
c*,, orbital with one electron. Thus, the electrophilic pathway via
TSk results in an electron transfer from substrate to iron(IV)-oxo
species that occupies the virtual c*;; orbital with one electron.
This, so-called *c-pathway, gives an iron(lll) intermediate (%lg)
with orbital occupation with three unpaired electrons with up-spin
on the metal (%' 7*,' o*;;") and a down-spin radical on the
carbon atom of the substrate ($sup’). Group spin densities (see
Supporting Information) confirm the assigned pathway.
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Figure 3. Potential energy surface and rate determining transition state geometries for styrene (St) and propene (Pr) epoxidation by %1 as calculated at
UB3LYP/BS2+PCM//UB3LYP/BS1+PCM. Bond lengths are given in angstroms, the imaginary frequency is in cm™ and relative energies (AE+ZPE+Eyy) in kcal
mol™.

1.291Qb'%13

1629 cm™

3TSreb,Pr
8.0

31 + SubH
0.0

-21.8
3 -23.3
PHYEB 3Tsreb Pr

Figure 4. Potential energy surface and rate determining transition state geometries for ethylbenzene (EB) and propene (Pr) hydroxylation by %1 as calculated at
UB3LYP/BS2+PCM//UB3LYP/BS1+PCM. Bond lengths are given in angstroms, the imaginary frequency is in cm™ and relative energies (AE+ZPE+Egy,) in kcal
mol™.



The alternative pathway, i.e. the *r-pathway, whereby the

substrate donates an electron in the n*,, orbital instead gives a
radical intermediate *lg’ with occupation m*¢? ;' 6*:2° dsuw’.
However, for propene epoxidation we find the ®I¢’ state to be
higher in energy by 10.6 kcal mol™ than °lz and hence did not
pursue this mechanism further.

Geometrically, the electrophilic transition states have elongated
Fe—O bonds of about 1.720 / 1.704 A for *TSgp / *TSes:,
respectively, whereas the reactant structure had a distance of
1.621 A. At the same time, the substrate approaches the oxidant
under a large angle Fe—O—C of 141° / 147° in *TSgp; / *TSest.
These angles are considerably larger than those found for
typical *n-pathways that tend to give an Fe—O-C angle of about
120° instead.” Most likely, these enlarged angles are a
consequence of the non-planarity of the cNHC, ligand, so that
the substrate cannot approach the iron(IV)-oxo under an ideal
angle as a result of electronic repulsions with the ligand

After the electrophilic transition state the system relaxes to a
radical intermediate (*Ig), which is separated from products via a
ring-closure transition state (°TSy). The electron transfer from
substrate to oxidant that happens in this reaction step fills the
n*y, molecular orbital with a second electron, which reduces the
spin density on iron and creates an iron(ll) product complex with
The® ' 6%t orbital occupation. Optimized geometries of the
ring-closure transition states are given in Figure 3. Now the bond
between iron and oxo is broken and the oxygen atom inserts
itself into the C-C bond to form the epoxide product. Hence,
short O-C and long Fe—O distances are seen in both transition
states.

The ring-closure barriers are relatively large (6.4 and 9.5 kcal
mol™ for propene and styrene, respectively), which implies that
the radical intermediates will have a finite lifetime during which
rearrangement process may occur leading, for instance, to
stereochemical scrambling and the formation of cis-products
from trans-reactants. In addition, side products leading to
aldehydes or suicidal products in P450 chemistry of olefins were
explained as originating from the lifetime of the radical
intermediates.””! Nevertheless, in all cases the barrier TSg is
rate determining.

Subsequently, we investigated the aliphatic hydroxylation
pathways of two model substrates, namely ethylbenzene (EB)
and propene (Pr) and the results are given in Figure 4. Similarly
to the epoxidation mechanisms the reactions are stepwise via a
radical intermediate (lI4) and consist of a hydrogen atom
abstraction via transition state TSy. The OH rebound step via
transition state TS, gives the iron(lll)-alcohol product complex
Pu. Again the rate-determining step is the initial barrier and the
rebound barrier is smaller. Interestingly, we could not locate a
rebound transition state for ethylbenzene hydroxylation, but for
propene a considerable barrier of 10.2 kcal mol™ was found.
Geometrically, both hydrogen atom abstraction barriers are
central with almost equal C-H and O-H distances that displays
a large imaginary frequency of well over 1400 cm™. An
imaginary frequency of that magnitude will lead to a large kinetic
isotope effect as a result of replacing the transferring hydrogen
atom by deuterium. Indeed, we calculate an Eyring kinetic
isotope  effect (KIEg) for hydrogen atom abstraction from
propene and ethylbenzene of 6.6 and 6.7, respectively, whereas
Wigner corrections due to tunneling raise these values to 9.3
and 9.1. These values match calculated and experimentally
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measured KIEs for hydrogen atom abstraction by nonheme
iron(IV)-oxo and P450 Compound | models excellently.?52!
Similarly as the substrate epoxidation pathways, the radical
intermediates Iy are characterized with an orbital occupation of
et Tt 0% dsun” as typical for *c-pathways. Indeed, the Fe—
O distance in the *TSy structures is very similar to those in the
3TSe geometries and so are the group spin densities. Formation
of the radical intermediates is slightly exothermic by 2.2 and 2.5
kcal mol™ for propene and ethylbenzene. Under these
conditions, it appears that *[Fe"(0)(cNHC4)]** should be able to
react with olefins and aliphatic groups through substrate
epoxidation and hydroxylation reactions.

Next, the styrene and propene epoxidation pathways were
calculated for a series of different oxidants and the results are
summarized in Table 1. First, an axial acetonitrile molecule was
added to *1 to give *1an. Second, the tetra-cyclic NHC iron(IV)-
oxo complex 32y with two ethyl and two methyl linkages from
Meyer et al™ was studied. Thirdly, a heme and nonheme
iron(IV)-oxo species were investigated, namely a small model of
cytochrome P450 Compound |, “[Fe(O)(Por™)(SH)],EY and a
typical nonheme iron(lV)-oxo with pentadentate ligand system
N4Py  (N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)
methylamine) were studied."

Table 1. Barrier heights TSg for styrene and propene epoxidation by various
iron(lV)-oxo complexes.

Oxidant AE+ZPE+Eq®@  Imag®”  R(C-0)?  R(Fe-0)
Styrene:

%1 13.1 i554 2.014 1.704
*1an. (*2an) 20.7 (25.1) i521 1.957 1.732
‘[Fe(Q)(Por™)(SH)]  12.4 i543 2.040 1.687
*[Fe(0)(N4Py)I** 15.7 i448 1.999 1.714
Propene:

%1 16.1 i509 1.977 1.720
*1an (P2an) 22.8(23.1) 1627 1.897 1.742
‘[Fe(O)(Por™)(SH)]  17.1 i558 1.941 1.726
3[Fe(O)(N4PY)** 19.2 1493 1.981 1.720

[a] Values in kcal mol™ calculated at UB3LYP/BS2+PCM//UB3LYP/BS1+PCM
for complex 1/1ay and UB3LYP/BS2+PCM//UB3LYP/BS1 for 2an. [b]
Imaginary frequency in cm™. [c] C-O and Fe-O distances in angstroms.

Addition of an axially ligated solvent molecule to the cNHC,
complex %1 gives a considerable rise of the transition state
energies by more than 7 kcal mol™. The same is found for
hydrogen atom abstraction from propene by 31 and *1,y, which
give *TSy barriers of 13.2 and 21.2 kcal mol™, respectively. This
is similar to what was observed recently in p-nitrido bridged
diiron porphyrin and phthalocyanine complexes that gave much
higher hydrogen atom abstraction barriers with an axially ligated
anion at more than 5A from the active oxo group.®? As shown
above in Figure 1 the iron atom is closer to the plane through the
four carbene atoms, which destabilizes the =* orbitals and
makes the electron transfer into the metal-oxo group lesser
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favorable. Therefore, complex 31 in an acetonitrile solution will
pick up a solvent molecule to form 1ay. The resulting complex is
a lesser good oxidant than 1 for substrate epoxidation and
hydroxylation reactions than the complex in the gas phase.
Complex 31 actually gives enthalpies of activation of substrate
epoxidation reactions that are close in energy to those found for
P450 Compound I. For both propene and styrene the TSg
barriers from *1 and “[Fe(O)(Por*)(SH)] are within 1 kcal mol™.
As such, the N-heterocyclic carbene structure 1 is actually a
very good oxidant. Unfortunately, in an acetonitrile solution °1
will rapidly convert into 1,y and lose significant catalytic activity.
Interestingly, 1 is also better in activating propene and styrene
than a typical iron(IV)-oxo oxidant, such as °[Fe"(O)(N4Py)]**,
although axial binding of acetonitrile reverses the trend and 314y
reacts significantly slower than 3[Fe"(O)(N4Py)]*".

For two substrates (styrene and propene), we also calculated
the epoxidation transition state *TSg using the tetra-cyclic NHC
complex with two bridging ethyl and two methyl groups, structure
32an. In the case of propene, the epoxidation barrier is within 0.3
kcal mol™ of that obtained for *1ay. However, for styrene the
epoxidation barrier is raised by more than 4 kcal mol™, which
may implicate that substrate approach is hindered due to the
larger saddling in 324y as compared to that of *1ay. Previous
studies on iron(IV)-oxo porphyrins showed that substrate
epoxidation barriers are affected by ligands attached to the
porphyrin scaffold and cause repulsive interactions that raise
substrate activation barriers.

Discussion

In the following, we will compare the aliphatic hydroxylation and
olefin epoxidation reactions by *1 and %1,y and particularly focus
on the origins of the reactivity differences relative to those seen
for analogous nonheme iron(IV)-oxo and iron(IV)-oxo porphyrin
cation radical models. Let us first compare the effect of the
environment, such as a polarized continuum model (PCM) and
the addition of an axial ligand. Table 2 gives transition state
(free) energies for styrene activation by °1 and 31ay as
calculated in the gas-phase and with a PCM model.

Table 2. Enthalpy of activation (AE*+ZPE) and Gibbs free energy of
activation for styrene activation via TSEVSI.[a]

AE*+ZPE AG*
Oxidant® Gas-phase PCM Gas-phase PCM
% -1.0 13.1 9.9 23.9
3lAN 12.4 20.7 23.4 334

[a] Values obtained at UB3LYP/BS2//UB3LYP/BSL1 in kcal mol™.

Similar to that seen before the free energy of activation is
approximately 10 kcal mol™ higher in value than the enthalpy of
activation due to entropic effects with respect to isolated
reactants.¥ Interestingly, a solvent model increases the barriers
by 8.3 kcal mol™ (for *1ay) and 14.1 kcal mol™ (for 1), which is
probably the result of the charge of the chemical system, which
is more polarized in the gas-phase. Furthermore, an axial ligand,
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such as a solvent molecule like acetonitrile, bound in the axial
position of the iron(lV)-oxo complex raises the barriers
drastically by 13.4 kcal mol™. This is in contrast to iron(IV)-oxo
heme cation radical complexes, where the axial ligand is
involved in key interactions to the metal and its electron-
donating properties affect the electron affinity of the oxidant and
consequently its oxygen atom transfer ability.=

These studies implicate that the *[Fe'(O)(cNHC4)]** will be an
effective oxidant in the gas phase and probably apolar solvents,
but becomes a significantly weaker oxidant in polar solvents that
bind as sixth ligand to the complex. Nevertheless, a solvent
molecule is only weakly bound to the iron(IV)-oxo complex and a
binding strength of AE+ZPE+Esqy = 9.5 kcal mol™ was
calculated for removal of an acetonitrile molecule from 1.

To understand the reactivity differences of *1 and ®1ay on the
one hand with iron(IV)-oxo porphyrin cation radical and
nonheme iron(IV)-oxo models, on the other hand, we set up a
valence bond/molecular orbital diagram on the orbital forming
and breaking processes that take place during the rate
determining step of the reaction. In particular, we recently
proposed a two-parabola model to predict barrier heights of
oxygen atom transfer reactions,®® see right-hand-side of Figure
5 for details. This model considers the reactants and products to
reside in the minimum point of a parabola at a reaction
coordinate x = 0 (reactants, R) and x = 1 (products). The two
parabolas cross in a point just above the actual transition state
at a reaction coordinate of x = % and the energy of the crossing
point (AEcoss) can then be described from the two parabola
functions (yr and yg). Specifically, we derived previously that the
energy at the crossing point is a function of the driving force
from reactants to products (AE,,) and the Franck-Condon energy
between the two curves at x = 0 (Eecr), Eq 1.

1 3
AEross = Z EFC,R + ZAErp (1)

The actual transition state is located slightly below the crossing
point and using valence bond modelling Shaik®®"! predicted that it
is lower by a contribution due to the resonance energy B. It was
further estimated that B is one half of the weakest bond that is
either broken or formed during a hydrogen atom abstraction
reaction.

For the oxidants reported in Table 1, we estimated the crossing
point for hydrogen atom abstraction from propene and
consequently the barrier height (AE*vg 1 pr) from empirical values.
Figure 5 also shows the relevant bonding orbitals in Lewis
structures along the hydrogen atom abstraction pathway by *1
(top left) and “[Fe"(O)(Por*)SCys] (bottom left) as a model of
P450 Compound I. Thus, upon hydrogen atom abstraction the
substrate C—H orbital (ocy) needs to be broken into atomic
orbitals (2pc and 1sy) and the 1sy then forms a new O—H orbital
(oon) With a 2po atomic orbital on the oxo group. This atomic 2po
orbital originates from the ny./n*«, pair of orbitals along the Fe-O
bond that is split back into atomic orbitals. As the m../n*y, pair of
orbitals is occupied with three electrons, after breaking these
bonds one electron stays on oxygen (2po), while the other two
move to the iron: One electron occupies the now non-bonding
3dy, orbital, whereas the other electron is transferred into the
6*;2 orbital.
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Figure 5. Electron distribution over key orbitals during the hydrogen atom abstraction process in % (top) and 4[Fe'v(O)(Por“)(SCys)] (bottom). A line with two dots

represents a bonding orbital with two electrons.

Table 3. Calculated intrinsic properties of oxidants and predicted and DFT calculated propene hydrogen atom

abstraction barriers.

Oxidant® EA BDEon ™ [ Eexe AE e pr AE¥oer gy
1 87.9 84.0 99.1 134.2 15.3 15.2
3lAN 77.1 77.2 95.6 154.9 26.4 21.2
‘[Fe(O)(Por™)(SH)]  114.2 83.2 83.1 108.4 5.6 17.1
*[Fe(0)(N4Py)I** 93.3 83.0 84.5 163.3 19.9 20.7

[a] All values are in kcal mol™
Therefore, the orbital processes that happen in the hydrogen
atom abstraction by *1 are: (1) The breaking of the ocy orbital
into atomic orbitals, (2) The formation of a ocon orbital from
atomic orbitals, (3) The breaking of the =, /n*, pair of orbitals
into atomic orbitals, and (4) The excitation of an electron from
3dx, to o*;2. As such, the Franck-Condon energy (Egci)in the
reactants for the hydrogen atom abstraction by *1 can be
described by Eq 2. In this equation the breaking of the my./n*y,
pair of orbitals is given as E., and the excitation energy from
3dy; t0 622 IS Eexexzootzz- Finally, the bond dissociation energies
of the C—H bond of the substrate and the O-H bond of the
iron(ll1)-hydroxo product are described by BDEcy and BDEow,
respectively. We estimated the n,./m*x, energy gap and the my, to
o*,, excitation energy from the individual molecular orbitals in
the reactant complexes and give the obtained values in Table 3.
In addition, we calculated the BDEon values from the difference
in energy between the iron(lll)-hydroxo complex and the sum of

and include ZPE and solvent corrections. [b] Adiabatic value.

the iron(IV)-oxo and a hydrogen atom and also present the
electron affinity (EA) of the complexes in Table 3.
Erc1 = Ewrxz + Eexexzsozz + BDEcH — BDEon (2

The driving force for the hydrogen atom abstraction is simply
taken as the difference in energy between BDEcy and BDEo.
Indeed, a difference of —2.1 kcal mol™ is found, which is almost
identical to the value of the radical intermediate from isolated
reactants (see Figure 4). The VB model predicts hydrogen atom
abstraction barriers of 15.3 (propene) and 15.1 (ethylbenzene)
kcal mol™ from empirical values. These values are in excellent
agreement with the DFT barriers reported in Figure 4 and
confirm the individual electronic components that contribute to
the hydrogen atom abstraction barrier.

Addition of an axial acetonitrile ligand to form °1ay has a
dramatic effect on the hydrogen atom abstraction barriers and
leads to a VB predicted barrier of 26.4 kcal mol™, which is in

7



reasonable agreement with the DFT result from Table 1. The
reason the barriers go up in energy is mostly due to a
considerable increase of the n,, — o*,» excitation energy. Thus,
addition of an axial ligand lowers the metal into the plane of the
four carbene atoms, which affects the o*,, orbital dramatically
and raises it in energy by more than 20 kcal mol™. In addition,
there are further destabilizing effects of the TSy as a result of a
smaller BDEon value, which of course, also affects the driving
force. Therefore, binding an axial solvent molecule to 31 reduces
the oxidative power of the system and makes it a weaker oxidant
as an electron is transferred into a higher energy orbital.

Using the same model, as reported previously,*¥ the same
model can be applied to hydrogen atom abstraction by P450
Cpdl. The Franck-Condon value for Cpdl is described in a
similar way as that for *1 and *1ay and depends as well on the
nx /%, energy gap, the BDEcy and BDEon values, Eq 3. In
addition, the excitation energy from my, is into the ay, orbital,
which is much lower in energy than c*,, and should cost lesser
energy. Consequently, this lower excitation will lead to a
reduction in the Franck-Condon energy, although other
components may balance it.

Erc.1 = Exrxz + Eexexz—azu + BDEcH — BDEow 3)

As seen from the data in Table 3, VB predicts a low barrier for
hydrogen atom abstraction from propene, which is somewhat
lower than the DFT calculated value probably because the
pairing energy of the two electrons in az, is not included in the
model. Nevertheless, the trend is reproduced well and highlights
the components contributing to the hydrogen atom abstraction
barrier.

In summary, the VB/MO modelling highlights the key intrinsic
properties of the oxidants that drive hydrogen atom abstraction
reactions and show that a lower lying orbital is filled by P450
Cpdl as compared by the nonheme iron(lV)-oxo analogs.
However, the electron affinity of the Cpdl model is significantly
higher than those of the tetra-cyclic NHC complexes 1 and 1lan.

Conclusions

In this work we report a computational study on substrate
hydroxylation and epoxidation of four model substrates by a set
of iron(IV)-oxo complexes. In particular, two iron(lV)-oxo
complexes with tetra-cyclic NHC ligand system were
investigated with and without an axial acetonitrile ligand. The
work is compared with reactivity of P450 Cpdl and a nonheme
iron(lV)-oxo complex with pentadentate N4Py ligand system.
The work shows that the pentacoordinate system 1 is an
excellent oxidant of olefin epoxidation and aliphatic
hydroxylation reactions and reacts with rate determining barriers
that are similar to those found for P450 Cpdl models. Addition of
an axial ligand, however, reduces the activity and raises the
barriers dramatically in energy, although they are low enough to
take place at room temperature. The differences are analyzed
by molecular orbital and valence bond methods and shown to
originate from differences in molecular orbital energy levels.
Specifically, the o*,, orbital is raised from %1 to *1,y and is the
dominant reason for the slowing down of the reaction. By
contrast, P450 Cpdl has a lower lying as, orbital that is
accessible and thereby enjoys lower barriers for hydrogen atom
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abstraction. Overall, the tetra-cyclic NHC ligated iron(IV)-oxo
complex is a unique chemical system with reactivity patterns at
par with porphyrin complexes. Moreover, the [Fe"(O)(cNHC)4]**
complex has well separated triplet and quintet spin state
surfaces, whereby the quintet is so much higher in energy that it
cannot take a role in catalysis. As such this system enables for
spin-selective studies on triplet spin states in oxygen atom
transfer reactions.

Experimental Section

Computational methods and procedures follow previously described
studies from our group®®® and utilize density functional theory methods as
implemented and run in the Gaussian-09 software package.F? All
structures described here are the result of a full geometry optimization
(without constraints) with the unrestricted B3LYP hybrid density
functional methodology.*”! Although, the initial structures were optimized
in the gas-phase, we followed up our studies with full geometry
optimizations using a self-consistent reaction-field (SCRF) model with a
dielectric constant mimicking acetonitrile."! In previous work we showed
that this model matches experimental structures and reaction
mechanisms and rate constants better than gas-phase geometry
optimizations, particularly since the system has an overall charge of
+2.1%% Details of the gas-phase results are given in the Supporting
Information, while we focus here on the solvent corrected data only.
Geometry optimizations use an LANL2DZ (+ core potential) on iron and
6-31G* on all other atoms: basis set BSL.? Single point energy
calculations on the optimized geometries were done with a more
elaborate LACV3P+ (+ core potential) basis set on iron and 6-311+G* on
the rest of the atoms: basis set BS2, including the implicit solvation
model. Vibrational frequencies reported here are unscaled.

We created a tetra-cyclic-NHC ligand from a porphyrin analogue by
replacing carbon and nitrogen atoms and adding hydrogens. Iron(lV)-oxo
was then inserted into the ligand to create [Fe'(O)(cNHC)]*" or 1.
Complex 1 was investigated in the triplet and quintet spin states with and
without an axial acetonitrile molecule bound. Subsequently, the reactivity
in oxygen atom transfer, i.e. double bond epoxidation and C-H
hydroxylation, was studied with styrene, propene (hydroxylation and
epoxidation) and ethylbenzene.

Kinetic isotope effects for the replacement of hydrogen atoms by
deuterium were initially calculated using the Eyring equation (KIEg) by
taking the free energy of activation (AG¥) difference of the systems with
all hydrogen atoms and the structure where one or more hydrogen atoms
were replaced by deuterium atoms.?**® The free energy difference was
then converted into a rate constant ratio (kn/kp) by taking the natural
logarithm over the free energy difference divided by the gas constant (R)
and the temperature (T = 298K), Eq 4.

KIEE = exp{(AG*5 — AGH)/RT} (@)

The effect of tunnelling on the kinetic isotope effects was calculated from
the Wigner correction to the KIEg by multiplication with the tunnelling
ratio (Quw/Qip) taken from the change in imaginary frequency (v) in the
transition state, Eqs 5 and 6.

KIEw = KIEg x Qu/Qp (%)
1(hv 2
=14+—| —
Q=1+ 24[kT] ©

In Eq 6, k is the Boltzmann constant and h is Planck’s constant.



Mossbauer parameters were calculated in Orca for 1 and %2 on the
B3LYP/BS1 optimized geometries.** These calculations use approaches
discussed before®® with the unrestricted B3LYP employed with basis set
CP(PPP) with effective core potential on iron and SV(P) on the rest of the
atoms.
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