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Abstract: High-valent metal-oxo species play critical roles in
enzymatic catalysis yet their properties are still poorly understood. In
this work we report a combined experimental and computational study
into biomimetic iron(IV)-oxo and iron(lll)-oxo complexes with tight
second-coordination sphere environments that restrict substrate
access. The work shows that the second-coordination sphere slows
the hydrogen atom abstraction step from toluene dramatically and the
kinetics is zeroth order in substrate. However, the iron(ll)-hydroxo that
is formed has a low reduction potential and hence cannot do OH
rebound favorably. The tolyl radical in solution then reacts further with
alternative reaction partners. By contrast, the iron(IV)-oxo species
reacts predominantly through OH rebound to form alcohol products.
Our studies show that the oxidation state of the metal influences
reactivities and selectivities with substrate dramatically and that
enzymes will likely need an iron(lV) center to catalyze C-H
hydroxylation reactions.

Introduction

High-valent metal-oxo species are common reaction
intermediates in enzyme-catalyzed reactions of a large variety of
mono-oxygenases and dioxygenases.»? For instance, in the
nonheme iron and a-ketoglutarate-dependent dioxygenases
dioxygen reacts on an iron active site with bound a-ketoglutarate
to form an iron(IV)-oxo species.B! The latter was trapped and
characterized for several proteins using a combination of
spectroscopic techniques.!  Furthermore, the iron(IV)-oxo
species was found to react efficiently with substrates through
aliphatic C—H hydrogen atom abstraction leading to substrate
hydroxylation, although there is also evidence of desaturation
reactions.®! Nevertheless, many questions on the high selectivity
and specificity of these enzyme intermediates still remain to be

resolved. To gain further insight into the nature and chemical
properties of enzymatic catalytic cycle intermediates, and
particularly their electronic configuration, the effect of ligands and
second-coordination sphere effects on their structure and
reactivity, biomimetic (synthetic) models have been synthesized.
Many biomimetic iron(IV)-oxo species have been trapped and
characterized spectroscopically and crystallographically.®! In
addition, reactivity patterns with model substrates were explored
for substrate hydroxylation, desaturation, sulfoxidation and
epoxidation and versatile reaction patterns have been studied.["]
The work has given insight into chemical and biological catalysis
and revealed structure and property relationships.

A much lesser studied system than the iron(IV)-oxo species is its
one-electron reduced form, namely the iron(lll)-oxo species.
Several studies reported crystallographic and spectroscopic
characterization of biomimetic iron(lll)-oxo complexes in solution
and their reactivity patterns with substrates with weak C-H
bonds.®®! Most of these complexes, however, have the oxo group
locked in position through internal hydrogen bonding interactions
with N-H groups of the ligand framework, thereby restricting
substrate approach and reactivity. Roithova and co-workers!®!
trapped and characterized a number of biomimetic iron(lll)-oxo
species in the gas-phase and measured Fe—O frequencies at low
pressure in the gas-phase of %0 and 80-containing complexes.
They highlighted a wide spread of Fe-O stretch vibrations that
was shown to be dependent on the ligand structure, coordinate
environment and the overall spin multiplicity. Moreover, a
correlation between experimentally measured Fe-O stretch
vibration and bond length was obtained.

Recently, some of us synthesized and characterized the
[PhB(AdIm);Fe"'=0] complex, Ad = adamantyl and Im = imidazol-
2-ylidene, designated 1, as shown in Scheme 1.9 The
crystallographically determined structure highlighted a short
Fe-O distance of 1.633 A and an almost linear B-Fe—O angle of
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178.15°. The carbene-iron distances range from 1.933 — 1.952 A,
The system does not display hydrogen bonding interactions to the
oxo group, but has a large second-coordination sphere
environment due to the adamantyl substituents. Further
spectroscopic characterization identified an 858 cm™* Fe-O
stretching vibration in the infrared (IR) spectrum and an overall
doublet spin state from electron paramagnetic resonance (EPR)
measurements. The complex was found to react with toluene to
give a set of unusual products, namely the iron(ll)-hydroxo
complex and an iron(ll)-benzoxy complex (Scheme 1).
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Scheme 1. Reaction products observed for the reaction of a biomimetic iron(ll1)-
oxo species (1) with toluene.

However, it is not clear how these products are obtained, why no
substrate hydroxylation occurs, what the effect of the adamantyl
groups is and what the difference in reactivity with an iron(IV)-oxo
species would be. Moreover, the corresponding iron(IV)-oxo
complex has never been made and studied. To answer these
questions, we performed additional kinetic measurements along
with a detailed density functional theory study on the
[PhB(AdIm)sFe""=0] (1)) and [PhB(AdIm)sFeV=0]* (1v*) species
and their reactivity with toluene and substituted methylbenzenes.
The work shows that due to steric interactions of the adamantyl
substituents substrate approach to the iron(lll)-oxo is hampered.
In addition, the iron(ll)-hydroxo that is formed cannot do the OH
rebound step as it is energetically costly. As such, the tolyl radical
is released into solution and reacts with another iron(lll)-oxo
species to form the iron(ll)-benzoxy complex. By contrast, we
predict that the corresponding iron(IV)-oxo species will have
much lower OH rebound barriers and will preferentially
hydroxylate toluene. Our studies show how the second-
coordination sphere effects influence reactivity, kinetics as well as
well as selectivities of chemical reactions. In particular, an
iron(lll)-oxo species can only catalyze a single hydrogen atom
abstraction reaction, while an iron(IV)-oxo species reacts
predominantly via a two-electron transfer process with substrates
to give alcohols, epoxides or sulfoxides.

Results and Discussion

In this report we expanded our substrate scope from our previous
work with further experimental studies and measured the kinetics
for the reaction of 1y with substituted toluenes. Additional
computational work explored the structure and mechanism of the
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reactivity of the iron(lll)-oxo complex (1) with toluene. To gain
further insight into the catalytic potential of 1, we expanded the
calculations with the mechanism and reactivity of the
corresponding iron(IV)-oxo species (1yv*), as well as a truncated
model with the adamantyl substituents removed (1noap)-

Kinetics studies

We previously reported that no kinetic isotope effect was
observed for the reaction of 1 and toluene and toluene-ds.*"!
Here we report the results of further kinetic studies into the
reaction between 1; and toluene. The pseudo first-order rate
constants for the reaction of 1; (1.9 mM) with toluene in THF were
determined by UV-vis spectroscopy at 60 °C. Surprisingly, the
rate shows no dependence on toluene over the concentration
range used (19 — 665 mM). While unusual, a zeroth-order
dependence on substrate concentration has been observed for
the reactions of other metal-oxo complexes.'l As with previous
work, we attribute this observation for the reaction of 11 to a rapid

association equilibrium that precedes a rate-determining
hydrogen atom transfer:
FeO + C;Hg = [FeO+C7Hg] K12

[FEO’C7H8] — FeOH + C/H7» ks

with rate constant:
The zeroth-order dependence on toluene concentration likely
stems from a large association constant (K12[C7Hsg] >> 1), leading
to Kexp = ks. Consistent with the formation of an association
k., = k3K1,[C7Hg)
P Kip[C7Hg] + 1

complex, we observe a 5 nm redshift in the visible band of the UV-
Vis spectrum when the solvent is changed from THF to toluene
(see Figure S6, Supporting Information).*2
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Figure 1. Eyring plot for the reaction of 1 (initial concentration = 1.9 mM) and
toluene. Temperature range = 30 — 60 °C. The rate of reaction with toluene-ds
is plotted in red.

Subsequently, we measured the temperature dependence of the
rate constants in an Eyring plot (Figure 1). An Eyring analysis of
the temperature dependence of the rate constants provides



activation parameters for the hydrogen atom abstraction from
toluene by 1.
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Figure 2. Optimized geometries of 241, as calculated using different density functional theory methods and key molecular orbital of 241,. Distances are given in A,
angles in degrees, the Fe-O stretch vibration (vreo) is in cm™ and the spin-state energy relative to the doublet spin state (AE+ZPE value using BS2 energy and BS1

ZPE correction) is in kcal mol.

From the slope and intercept of the curve in Figure 1 an enthalpy
and entropy of activation for the reaction is determined. Values of
AH* = 19(1) kcal mol™ and AS* = 4.7(5) e.u. were obtained. These
activation parameters correspond to a free energy of activation of
AG* =20(1) kcal mol at 298 K for the hydrogen atom abstraction
from toluene by 1,. We also investigated the rate of hydrogen
atom abstraction for a series of para-substituted toluenes,
Supporting Information Figure S5. The slope of the resulting
Hammett plot shows that there is no electronic effect on the rate
of reaction and virtually the same rate constant is obtained
regardless of the nature of the para-substituent.

Structure and reactivity of 1.

Subsequently, density functional theory methods were applied to
gain insight into the reaction mechanism of 1, with toluene and
the product distributions. Our work started with a series of test
calculations on the iron(lll)-oxo complex 1, in all possible spin
states (doublet and quartet) using various computational
approaches. We particularly investigated the spin state ordering
and the spectroscopic features of the various complexes and
compared those with experimental observation. Figure 2 displays
the optimized geometries of the doublet and quartet iron(lll)-oxo
complexes #?1; and the relevant molecular valence orbitals as
calculated with the B3LYP, PBEO and BP86 density functional
approaches and the same basis set (see Methods Section). Key
valence orbitals are shown at the top of Figure 2, which are
molecular orbitals with significant amount of metal 3d
contributions, hence are labelled based on the iron 3d atomic
orbital involved. The molecular valence orbitals are assigned as
Ty, T Tyz, 6%22 and o*xo.y2, Whereby the z-axis is taken along
the Fe-O bond. The three n* orbitals involve interactions of the
metal 3dyy, 3dyx, and 3d,, atomic orbitals with 2p orbitals on the
oxygen atom. Further interactions of the carbon 2p orbitals of the
imidazolylidene groups stabilize the =* orbitals further. The c*,2 is
the antibonding orbital along the Fe-O axis, while the c*x.y» is
orthogonal to the z-axis, where the metal interacts with ligand 2p

orbitals. Regardless of the computational method used, we find a
doublet spin ground state for 1,, with electronic configuration m*,,?
2wyt This is in agreement with experimental electron
paramagnetic resonance (EPR) studies on 1y that found a
doublet spin ground state.'® The quartet spin state is higher lying
by 1.9 kcal mol* at the UB3LYP/BS2//UB3LYP/BS1+ZPE (zero-
point energy) level of theory. Using the PBEO and BP86
approaches a doublet spin ground state is also found with the
quartet spin state higher in energy by 1.6 and 2.1 kcal mol?,
respectively. Therefore, the calculations appear to show little
sensitivity in structure and spin state ordering when the
computational approach is changed.

The B3LYP optimized structure in the doublet spin has the
B-Fe-O entity almost co-linear at an angle of 178°, which
matches the value obtained from the crystal structure coordinates
(178.15°) excellently.*® Furthermore, the calculated Fe-O
distance and Fe-O stretch vibration are 1.638 A and 867 cm™,
respectively, again in excellent agreement with the crystal
structure and IR spectroscopic characterizations.% Virtually the
same chemical structure is obtained after a geometry optimization
using either the PBEO or BP86 methods, which shows that there
is little sensitivity in the spin state ordering and orbital occupations,
when a different computational approach is used. In the quartet
spin state there is more variation in the Fe—O bond length and the
shortest distance is found with PBEO (1.644 A), while with B3LYP
and BP86 somewhat longer distances of 1.656 and 1.667 A are
obtained. The optimized geometries of the iron(lll)-oxo species
are, therefore, not dramatically different from previous reports on
enzymatic and biomimetic iron(IV)-oxo complexes, where similar
Fe-O distances were reported.l*314 Interestingly, in the quartet
spin state due to c*2.y> 0ccupation with one electron, the B-Fe—-O
angle is considerably bent at 147°. However, the bending angle
has little effect on the value of the Fe—O stretch vibration and in
the quartet spin state it is 862 cm™, while the value at the doublet
spin state at 867 cm. The former is close to the one obtained
experimentally at 858 cm™.
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Scheme 2. Reaction mechanisms of toluene activation by iron(lll)-oxo and iron(IV)-oxo complexes leading to phenylmethanol and benzoxy complex.

Using PBEO the Fe—O stretch vibration is found at a significantly
higher value of 890 cm?, whereas at the BP86 level of theory a
frequency of 866 cm™ is calculated.

To further test the reproducibility of the method, we calculated
5"Fe Mossbauer parameters of 21y, using the B3LYP optimized
geometry and find a quadrupole splitting of AEq = 1.95 mm st as
compared to the experimental value of 1.94 mm s2.2% Moreover,
an isomer shift § = -0.16 mm s was calculated, whereas
experimentally —-0.15 mm s* was measured. Consequently, the
calculated structure and spectroscopic parameters calculated
with B3LYP/BS1 are in excellent agreement with experimental
observation. As the B3LYP density functional reproduced
experimental data well, we continued with calculating the reaction
mechanism for toluene activation by 241y and 351, namely for
the iron(lll)-oxo and iron(IV)-oxo complexes with the PhB(AdIms)
ligand. Thus, previous work on toluene activation by iron(IV)-oxo
complexes highlighted a mechanism for initial hydrogen atom
abstraction followed by OH rebound to give phenylmethanol
products.'*l However, the experimental studies of 1, with toluene
did not report hydroxylation products but instead an iron(ll)-
hydroxo and iron(ll)-benzoxy complex were characterized. To
understand this unusual product distribution we did a mechanistic
DFT study on the pathways of toluene activation by iron(lll)-oxo
and iron(lV)-oxo complexes 1, and 1y* leading to the various
products. Scheme 2 shows the reaction mechanisms and
labelling nomenclature of the structures for our mechanistic
investigation.

The iron-oxo complexes with toluene bound, i.e., the reactant
complexes Re;; and Rey for the iron(lll)-oxo and iron(IV)-oxo

complexes, react via hydrogen atom abstraction with transition
state TS1 to form the radical intermediates IM1 containing an iron-
hydroxo and tolyl group. Usually, the hydrogen atom abstraction
by an iron-oxo species is followed by OH rebound to form the
corresponding alcohol,!58 j.e., they form the phenylmethanol
product complexes P1, which we investigated via transition state
TS2. However, we also considered radical release from IM1 and
its splitting into a separate iron-hydroxo species and CsHsCH>*
radical. This radical can then react with another iron-oxo species
to initially form the intermediate IM2 prior to C-O bond formation
via transition state TS3, ultimately vyielding the benzoxy
complexes P2. These pathways were explored for the iron(lll)-oxo
species and the iron(lV)-oxo species.

We initially created reactant complexes of weakly interacting 241,
with toluene: 2*Rey. Although for isolated reactants the doublet
spin state is the ground state by AE+ZPE = 1.9 kcal mol™ over
the quartet spin state, in agreement with experiment, actually the
spin state ordering reverses for the reactant complexes Rey. In
particular, for the reactant complexes the quartet spin state is
slightly below the doublet spin complex by AE+ZPE = 0.3 kcal
mol! (Figure 3). We envisaged a spin state crossing and
therefore searched for a minimum energy crossing point (MECP)
between the doublet and quartet spin state surfaces. The MECP
is slightly above the isolated reactant in the doublet spin state (by
0.4 kcal mol™) and its geometry is shown in Figure 3. The MECP
structure is a non-covalently bound complex of the iron(lll)-oxo
species and toluene where the protons of the methyl group of the
substrate for a weak hydrogen bonding interaction with the oxo

group.
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Figure 3. UB3LYP/BS2//UB3LYP/BSL1 calculated potential energy landscape with AE+ZPE (AG) values in kcal mol™ for hydrogen atom abstraction from toluene by
241, Also shown are optimized geometries of the MECP and transition state structures with bond lengths in angstroms, bond angles in degrees and the imaginary

frequency in cm™2. Free energies obtained at 298 K.

The Fe-O bond is midway between that for the isolated doublet
and quartet spin state structures, but the B-Fe-O angle is
considerably bent at 158°. Nevertheless, the calculations show
spin state equilibration between the doublet and quartet spin state
upon formation of the reactant complex. This is in agreement with
experimental observation of the formation of an association
complex, i.e. reactant complex Re. Moreover, the MECP. will
result in spin-state equilibration between the doublet and quartet
spin states.

Next, we investigated the hydrogen atom abstraction step for the
iron(ll1)-oxo complex, which is shown in Figure 3. As can be seen
the hydrogen atom abstraction is high in energy, namely AE+ZPE*
= 26.7 kcal mol™ on the doublet spin state surface, while it is
AE+ZPE* = 18.4 kcal mol™ on the quartet spin state. At the free
energy level at 298 K the latter converts to a AG* =17.4 kcal mol.
Both of these values (AH* and AGY) are in excellent agreement
with the experimental values reported above. The mechanism;
therefore, starts from a doublet spin iron(lll)-oxo reactant and
through a spin-state-crossing from doublet to quartet during the
lifetime of the reactants complex the quartet spin reactants
complex is formed. The latter reacts with toluene through H-atom
abstraction. The efficiency of the MECP will determine the overall
reaction rate and as the MECP is based on the spin state ordering
in the reactants there will be no effect of the toluene substrate and
hence zeroth-order kinetics in toluene is predicted as indeed
observed experimentally. In particular, a low quantum yield in the
MECP will make the spin transition slow and consequently is
expected to dominate the rate rather than the higher energy
barrier for hydrogen atom abstraction. This is in line with previous
studies on a manganese(V)-oxo complex with corrolazine ligand
in a reaction with para-substituted thioanisole substrates, where

a low-energy triplet spin barrier was by-passed due to an
inefficient spin-state transfer and MECP resulting in a singlet spin
mechanism instead.!” The rate determining step; therefore, will
be the spin state change from doublet to quartet in or around the
reactant complex and MECP. The hydrogen atom abstraction will
then take place on a quartet spin state surface.

The overall hydrogen atom abstraction barriers are much higher
in energy than those reported previously for alternative iron(IV)-
oxo species of heme and nonheme oxidants. For example, using
the same method and basis set a value of AE+ZPE = 12.1 - 12.4
kcal mol! was obtained for hydrogen atom abstraction from
toluene by a cytochrome P450 Compound | model containing
iron(lV)-oxo porphyrin cation radical species with thiolate axial
ligand.!*8l This model of cytochrome P450 Compound | was a
minimal cluster model containing the porphyrin, axial and distal
ligands and substrate only and no second-coordination sphere
groups, such as protein residues were included. Hence substrate
approach in those studies did not encounter stereochemical
interactions. Moreover, calculations on a nonheme iron(IV)-oxo
enzymatic model with toluene gave a hydrogen atom abstraction
barrier of AE+ZPE = 7.6 kcal molX.l% Therefore, structure 1y
reacts with a substantially higher barrier as compared to iron(IV)-
oxo systems reported before that had no second-coordination
sphere perturbations.

To find out if the iron(IV)-oxo species 1" also has high energy
hydrogen atom abstraction barriers we did calculations on that
system as well for comparison. Interestingly, the hydrogen atom
abstraction from toluene by 1, is close to thermoneutral on the
quartet spin state (*IM1y, is AE+ZPE = 1.3 kcal mol~* above ?Rey)
but highly endothermic on the doublet spin state at
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AE+ZPE = 18.9 kcal mol™. The reason the quartet spin transition
state is lower in energy than the doublet spin transition state for
hydrogen atom abstraction is due to electron transfer from the
substrate into the vacant o*;; molecular orbital that gives an
exchange-enhanced and stabilized radical intermediate “IM1y,
with four unpaired electrons in 3d-type orbitals coupled to a down-
spin electron on the substrate: m*? T ' 6*xay2! 6*22" dsub’.
As such, in the hydrogen atom abstraction a spin state crossing
from the doublet to the quartet spin state will take place.

The transition state structures for 2#TS1,, are shown on the right
in Figure 3. The enthalpy and free energy of activation of the
4TS1y, structure matches the values from the Eyring plots well.
The imaginary frequency for the hydrogen atom abstraction is
very high, namely i1985 cm™* for 4TS1y, and i1235 cm™* for 2TS1y.
The large values of imaginary frequencies indicate narrow and
sharp peaks, where the hydrogen transfer will be accompanied
with a large amount of quantum mechanical tunneling. These
values are typical for hydrogen atom abstraction transition states
and similar to those reported previously that generally gave
values in the region of i1000 —i1600 cm™.2% |n particular for P450
Compound I in reaction with toluene the quartet and doublet spin
hydrogen atom abstraction barriers had values of i1950 and i1618
cm, respectively.!® The former is close to the one found for
4TS1y. In both 24TS1,, the hydrogen atom transfer happens late
with relatively long C—H distances of 1.594 and 1.387 A, while the
O-H distances are much shorter at 1.088 and 1.175 A for the
doublet and quartet spin states, respectively. The Fe—O bond has
considerably elongated to well over 1.7 A in both transition states
as a result of electron transfer from the substrate into a metal-oxo
antibonding orbital.

After hydrogen atom abstraction and the formation of radical
intermediate IM1, we searched for pathways for OH rebound via
transition state 4>TS2; to form phenylmethanol products. This
pathway; however, requires high barriers on both spin states with
a magnitude of AE+ZPE* = 32.4 kcal mol™ on the quartet spin
state and 53.1 kcal mol~ on the doublet spin state. Consequently,
OH rebound will be unfeasible for the iron(ll1)-oxo complex under

room temperature and ambient pressure conditions. Indeed, no
evidence of alcohol products was observed experimentally. Either
this is the result from the low oxidation state of the metal complex
or due to steric restraints of the adamantyl groups that prevent
close approach of the tolyl radical and the formation of the C-O
bond. To find the origin of the high rebound barrier, we explored
atruncated model with the adamantyl groups removed, vide supra.
Nevertheless, the overall reaction energy for the formation of
alcohol products from an iron(lll)-oxo and toluene is considerable
at AE+ZPE = 22.5 kcal mol?, hence is highly endothermic.
Therefore, the overall reaction toluene hydroxylation is
thermodynamically challenging for the iron(lll)-oxo species.

To test whether the radical and iron(ll)-hydroxo species can split
and separate into two isolated species, we calculated the energy
of isolated radical products and find these to be AE+ZPE = 8.4
kcal mol™ in energy above 2Rey to give 3FeOH and 2CgHsCH,".
Therefore, the most likely mechanism for the reaction of toluene
with the iron(lll)-oxo complex 21y is the formation of an iron(ll)-
hydroxy species and a tolyl radical. In particular, the radical is
likely to split off from complex IM1, and will not react via OH
rebound to form the alcohol product. Instead, the tolyl radical
reacts further in solution, for instance, through a subsequent
reaction with another iron(lll)-oxo species. As the iron(ll)-hydroxy
species and the CsHsCH>* radical are long-lived, we considered a
reaction of Ce¢HsCH,* radical with another iron(lll)-oxo species
(®>*1,)), see Figure 4. The complexes [PhB(AdIm)sFe"'=0--
CsHsCH_'] are designated IM2 and have been calculated in the
overall triplet or quintet spin. The energy landscape for the
reaction of a tolyl radical with 2*1y gives low free energy of
activation of AE+ZPE* = 6.2 kcal mol™ on the quintet spin state
surface and 16.2 kcal mol? on the triplet spin state. These
barriers are relatively low in energy and should be feasible under
room temperature conditions.
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Figure 5. Potential energy landscape with AE+ZPE (AG) values in kcal mol as taken from the B3LYP calculations for hydrogen atom abstraction from toluene by
1351)y. Also shown are optimized geometries of the transition states with bond lengths in angstroms, bond angles in degrees and the imaginary frequency in cm™.

Free energies calculated at 298 K.

Moreover, the overall addition reaction is highly exothermic and
releases AE+ZPE = -29.9 kcal mol to form 3P2, and -45.5 kcal
mol~* to form P2y, Consequently, when radical is released after
hydrogen abstraction it can react with another reactant molecule
rapidly and form the coupled product. This step will be highly
dependent on the concentration of the iron(lll)-oxo complex in the
solution.

Optimized transition state structures 3TS3,; and °TS3, are shown
on the right-hand-side of Figure 4. They are characterized with a
long C-O bond of 2.169 A in the triplet spin state and 2.377 A in
the quintet spin state. These distances are not unusual and seen
before for OH rebound or epoxidation transition states by iron-oxo
complexes.*421] |n the optimized structures, the Fe—O-C angles
are considerably bent, while the B-Fe—O angles have decreased

to 161° and 155° for the triplet and quintet spin states, respectively.

The imaginary frequency in the TS3 transition state represents
the C-O stretching vibration and has values of i543 and i322 cm™*
for 3TS3y, and 5TS3y,, respectively. Overall, the results presented
in Figures 2 and 3 show that the reaction of 21, with toluene is not
expected to give alcohol products as normally found for the
reaction of a metal-oxo species with toluene. Instead, the
calculations find low energy pathways for the formation of iron(ll)-
hydroxo and iron(Il)-benzoxy complexes. The tolyl radical that is
released to provide the iron(ll)-hydroxo product can react with
another molecule of 21 in solution. These results are in excellent
agreement with experimental observations that reported the same
products. Moreover, experimental work! reported that the
iron(l1)-hydroxo and iron(ll)-benzoxy complexes are formed in a
ratio of 1:0.65, which implicates that approximately two units of
iron(lll)-oxo are needed to form one unit of iron(ll)-benzoxy
material, in agreement with the calculated results presented here.

Structure and reactivity of 1"

To understand why radical rebound does not occur and how a
potential iron(IV)-oxo species would react, we did a further set of
calculations. Thus, we took the optimized geometry of 21, and
Rey; and recalculated them with an overall charge of +1 and odd

multiplicity to create the corresponding iron(IV)-oxo species.
Subsequently, the reaction mechanism of Scheme 2 was
calculated for the iron(IV)-oxo model complex and the energetic
landscape is shown in Figure 5. The triplet spin for the iron(IV)-
0X0 species is the ground state with n*? m*.,* n*,* configuration,
while the quintet spin state with n*! %! n*y,! 6*x2.2! is higher in
energy by AE+ZPE = 6.9 kcal mol-. The singlet spin state was
also considered but found to be AE+ZPE = 7.8 kcal mol above
the triplet ground state. Indeed most previous studies on
biomimetic nonheme iron(IV)-oxo species typically found a triplet
spin ground state.}41921-231 The only counter-examples to these
patterns are a singlet spin ground state for iron(IV)-oxo with a
quinisox ligand found by Roithova et al and a quintet spin ground
state for a pentacoordinated system of Ray et al.?/l By contrast,
to these biomimetic systems are enzymatic nonheme iron(IV)-oxo
species that all have been characterized as quintet spin ground
states due to differences in coordination environment.[t32526]
Geometrically, the iron(IV)-oxo distance is 1.600 A in the triplet
spin state, 1.547 A in the singlet spin state and 1.644 A in the
quintet spin state. These distances match previous calculations
and experimental reports on iron(lV)-oxo geometries well and
also are close to the ones reported above for the iron(lll)-oxo
species. As such, reduction of iron(1V)-oxo to iron(lll)-oxo is not
expected to dramatically alter the Fe—O distance.

Next, the reaction mechanism with toluene was explored and the
results are shown in Figure 5. Similarly, for the iron(lll)-oxo
complex reported above in Figure 3, the iron(lV)-oxo species
reacts with a high hydrogen atom abstraction barrier of activation
of AE+ZPE = 20.1 kcal mol™ on the quintet spin state surface,
26.3 kcal mol on the triplet spin state surface and 33.2 kcal mol?
on the singlet spin state. Consequently, both 1, and 1, are
sluggish oxidants that are expected to react with toluene slowly.
Moreover, it appears that the iron(lll)-oxo species is a slightly
better oxidant than the corresponding iron(IV)-oxo species under
the same conditions with the same substrate as it reacts with
lower hydrogen atom abstraction barriers.
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The optimized geometries of the hydrogen atom abstraction
transition states are shown in Figure 5. The hydrogen abstraction
barrier 5TS1,y happens much earlier than that seen for 4TS1;; with
shorter C—H and longer O-H distances: The O-H distances are
1.208 and 1.326 A, while the C—H distances are 1.365 and 1.248
A for 3TS1y and 5TS1y, respectively. Similar to the other
hydrogen atom abstraction transition states they have a large
imaginary frequency of >i1000 cm™2. Structurally, the quintet spin
transition state has a geometry that resembles the two iron(lll)-
oxo transition states. The O—H-C angle is close to linearity for the
quintet spin state (171°) and the B-Fe-O angle is also large
(161°).

After the hydrogen atom abstraction, we find a small OH rebound
barrier of AE+ZPE = 1.3 kcal mol~! above 5IM1, leading to the
hydroxylated toluene products. On the triplet spin surface the
rebound barrier is considerably higher in energy at AE+ZPE =
13.0 kcal molt above ®M1y. However, the overall rebound
barrier is lower in energy than the hydrogen atom abstraction
barrier. These calculations show that a reaction of *51,, with
toluene has a rate-determining hydrogen atom abstraction and
lead efficiently leads to hydroxylation products. The radical
dissociation energy was also calculated but found to be of similar
energy to the OH rebound on the quintet spin state surface. As a
result, radical release and OH rebound may be competitive for the
iron(IV)-oxo species in reaction with toluene. Therefore, the
reaction products of 1, with toluene will be different from those of
l|v.

Subsequently, we also calculate the reaction of radical, i.e.
CsHsCH,*, with another molecule of 51y*. A barrier of AE+ZPE* =
8.8 kcal mol™ on the doublet spin state and AE+ZPE* = 7.7 kcal
mol~* on the quartet spin state for C-O bond formation and a
reaction to the benzoxy product is found. Therefore, the benzoxy-
formation pathway has similar barriers whether it is from an
iron(l11) or iron(1V) complex. Moreover, for the iron(IV)-oxo species
this makes the benzoxy formation channel higher in energy than
OH rebound to form alcohol product complexes. Consequently,
the iron(IV)-oxo species will react with toluene through aliphatic

hydroxylation and form phenylmethanol, whereas the iron(lll)-oxo
species gives iron(ll)-hydroxo and benzoxy products instead.

To further confirm that the reaction of 51,* with CeHsCH,* gives
benzoxy products via transition state TS3, we calculated an
intrinsic reaction coordinate (IRC) pathway from the transition
state. In particular, we used “TS3)y as the starting point of the IRC,
and the forward and reverse scans obtained the expected
products, namely the benzoxy complex in the forward direction
and the iron(1V)-oxo plus radical in reverse direction. The 4TS3y
energy is at the highest point of the potential energy surface and
the geometries of two ends of the curve correspond to that of the
reactants/products.

Structure and reactivity of 1noap.

Recent work has shown that second-coordination sphere effects
can influence structure, reactivity and bifurcation pathways.?% To
find out what the effect of the adamantyl groups on structure and
reactivity of the iron(lll)-oxo complex is, we created a truncated
model of 1, with the adamantyl groups replaced by hydrogen
atoms (model 1noap) and recalculated the mechanism of toluene
activation through Scheme 2 above. Figure 6 displays the energy
landscape for toluene activation by the truncated model without
adamantyl groups. The reactant complex is in the doublet spin
state, similarly to the model with adamantyl groups, and
consequently the truncated model has the same spin state
ordering and electronic ground state and orbital configuration.
The quartet spin state is higher in energy by AE+ZPE = 3.3 kcal
mol2.

Next the reaction with toluene was explored for the iron(lll)-oxo
model without adamantyl groups and hydrogen atom abstraction
barriers of AE+ZPE* = 16.9 and 17.8 kcal mol on the quartet and
doublet spin state surfaces are obtained. Particularly, the doublet
spin barrier is considerably lower in energy than that found for
model 1. Therefore, second-coordination sphere effects in 1y
contribute to a rise in the hydrogen atom free energy of activation
on the doublet spin state by almost 10 kcal mol.
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By contrast, on the quartet spin barrier show little effect of the
second coordination sphere. Most probably this is the result from
differences in electron transfer on the doublet and quartet spin
state as well as substrate approach being lesser influenced along
the Fe-0O axis. Thus, in the quartet spin state an electron transfer
takes place into the c*,, orbital that is located along the Fe-O
bond and consequently attack along this coordinate by the
substrate results in minimal interactions with the adamantyl
groups. On the other hand, on the doublet spin state an electron
transfer into the m*y, orbital takes place and the substrate cannot
correctly orient for the electron transfer into that orbital due to the
steric constraints of the adamantyl groups.

The optimized transition state structures of 24TS1noap are shown
on the right-hand-side of Figure 5. Both doublet and quartet spin
transition states have the oxo group considerably bent with
respect to the B—Fe axis by 147 and 141°. In addition, there is
major bending in the Fe—O-C angle with values of 112 and 110°
in the doublet and quartet spin states. Both B-Fe—O and Fe-O-C
angles are, therefore, dramatically different from those found for
the reaction of 1, with toluene. Consequently, the adamantyl
group pushes the substrate into an attack along the Fe—O axis
even though sideways approach is energetically favored. Despite
the differences in orientation, the C-H and O-H optimized
distances in the transition state structures for 24TS1noap are close
to those found for 24TS1,,.

Following formation of the radical intermediate, two reaction
channels were explored, namely radical release and OH rebound.
For the truncated model, the radical release energies are very
similar to those from 1,, above with an overall endothermicity of
AE+ZPE = 12.6 kcal mol~* on the quartet spin state and AE+ZPE
= 25.0 kcal mol™ on the doublet spin state. On both spin state
surfaces for the truncated model, the OH rebound barriers are
high in energy with magnitude of AE+ZPE = 28.9 kcal mol* on
the quartet spin state and AE+ZPE = 31.7 kcal mol™? on the
doublet spin state with respect to ?Rejnoap. As such, the
adamantyl substituents are not responsible for the lack of OH
rebound and the fact that substrate hydroxylation does not occur.
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Instead, it appears the iron(lll)-oxo can only react in one-electron
transfer catalytic processes due to the formation of a low and
unreactive oxidation state. Thus, a substrate hydroxylation will
reduce the iron(lll)-oxo to an iron(l) product, which appears to be
thermodynamically disfavorable.

In summary, the adamantyl substituents of the oxidant slow down
the hydrogen atom abstraction step for toluene activation, but do
not change the reaction mechanism and product distribution.
Moreover, the iron(lll)-oxo group appears to have limited
oxidative power and is unable to react through aliphatic and
aromatic hydroxylation, epoxidation or sulfoxidation. As such,
enzymatic systems, like nonheme iron enzymes, will create an
iron(lV)-oxo species in their catalytic cycle to catalyze challenging
C-H activation reactions in nature. We will analyze the reasons of
the differences between iron(lll)-oxo and iron(IV)-oxo in the next
section.

Thermodynamic properties of 1y versus 1"

To find out whether the reactivity and selectivity differences of 1y
and 1,/* with toluene are based on the thermodynamic properties
of these complexes, we calculated a thermochemical reaction
cycle, see Figure 7. This cycle contains the electron affinity of the
oxidant and the acidity of the iron-hydroxo complexes. In
particular, the top reaction investigates the strength of the O-H
bond in the iron(Il)-hydroxo and iron(lll)-hydroxo species that are
formed upon hydrogen atom abstraction from a substrate by the
iron(lll)-oxo and iron(lV)-oxo oxidants, respectively. The O-H
bond dissociation (free) energy (BDEon) is calculated from
isolated species at the UB3LYP/BS2//UB3LYP/BS1+ZPE level of
theory. Values of AE+ZPE = 83.7 and 84.6 kcal mol™ for the
BDEon corresponding to the iron(l11)-oxo and iron(lV)-oxo species
are found. The two BDEoy values for 1;, and 1" are very close in
energy and imply that the two oxidants should react with similar
hydrogen atom abstraction barriers.
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Indeed the two lowest energy hydrogen atom abstraction free
energy of activation are AE+ZPE* = 18.4 and 20.1 kcal mol for
the reaction of toluene with 1,; and 1", respectively.

Thermodynamically, the energy for the reaction step from the
reactant complexes Re to form IM1 should be equal to the
difference of the C-H bond of toluene that is broken minus the
O-H of the iron-hydroxo species that is formed. We calculate a
BDEcy for toluene of AE+ZPE = 85.9 kcal mol. Consequently,
the difference between BDEcy and BDEoy is +2.2 kcal mol for
the reaction with 1;;, while it is 1.3 kcal mol for the reaction with
1yv*. These values are close in energy to the difference in energy
between low-spin reactant complexes and high-spin radical
intermediates IM1. As such, the energy landscape follows the
calculated thermodynamics of the reaction. We also calculated
the BDEon of the complex with adamantyl groups removed and
find a value of AE+ZPE = 81.7 kcal mol™ its corresponding
iron(lll)-oxo system. This BDE value is close to the one found for
1, and therefore the BDEon appears to be largely unaffected by
the second coordination sphere of the oxidant. Moreover, the
adamantyl groups do not contribute electron density toward the
metal-oxo group. As such, the same thermodynamics should be
expected for 1y and 1lnoap. Although the hydrogen atom
abstraction energy is more endothermic for the 1noap System, the
radical dissociation is similar in support of similar BDE values.
Despite similarities in BDEoy value, of course, the kinetics are
dramatically affected by the second-coordination sphere. In
principle, the BDEoy values are made up from an electron transfer
and a proton transfer, which may have different effects on the
chemical system. We, therefore, also calculated the electron
affinity of the oxidants (EA) and the gas-phase acidity (AGacid) of
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the iron-hydroxo species as shown from the reactions in Figure 6.
The ionization energy of a hydrogen atom was taken from
experimental data from the literature.?”! As can be seen from
Figure 6, the iron(1V)-oxo species has a large electron affinity and
consequently a highly stable reduced species is formed. This is
less so for the iron(lll)-oxo species. Moreover, a drop in electron
affinity for the iron(lll)-oxo species leads to a drop in gas-phase
acidity to balance the overall similar BDE values.

Electron-transfer processes during toluene hydroxylation.

To understand, why the iron(lll)-oxo reacts with high barriers for
OH rebound, while they are much lower for the iron(IV)-oxo
species, we analyzed the electron transfer processes for the
substrate hydroxylation reactions. Thus 1, is in a doublet spin
state with orbital configuration n*«? n*? *,;t. Upon hydrogen
atom abstraction from toluene, the metal changes oxidation state
from iron(lll) to iron(ll) and transfers to a high-spin state with a
quintet spin iron(ll)-hydroxo coupled to a toluene radical and
overall configuration: n*y? ¥t m*,,' 6*«.y2! 6*22. During the OH
rebound a second electron is transferred into the metal center,
which is reduced to iron(l) which has the electronic configuration
T2 T2 Tt 6%yt 6%t As the iron(ll)-hydroxo has a low
electron affinity, the iron(l) state is difficult to form and
consequently the OH rebound is hampered and benzyl radical
release is triggered instead. Indeed, when we calculate the
electron affinity of the iron(ll)-hydroxo species, we find a very low
value of less than 10 kcal mol, which implies that little energy
will be released upon its reduction. This is very different for the
iron(IV)-oxo species that forms iron(lll)-hydroxo after hydrogen
atom abstraction. The latter has a much higher electron affinity



than the iron(ll)-hydroxo and consequently can easily take up
another electron and assist in a two-electron transfer reaction with
substrate.

For the iron(lV)-oxo species the reactant is in a triplet spin state
with configuration n*? n*.! m*,;'. Hydrogen atom abstraction
results in a spin-crossover to the quintet spin state with the full
metal 3d-block exchange stabilized. Subsequently, OH rebound
results in an iron(ll) product state with electronic configuration
T2 Tt Tyt 6%2t 6%t The second electron transfer for the
latter step is energetically favorable and consequently the
iron(IV)-oxo species is able to catalyze reactions with substrate
through substrate hydroxylation, sulfoxidation and epoxidation
reactions, whereas the iron(lll)-oxo will not be able to perform
those reactions.

Conclusion

In this work a combined experimental and computational study is
presented on a biomimetic model with central iron(lll)-oxo group.
Rate-constants measurements show zeroth-order kinetics in
toluene and no kinetic isotope effect for the replacement of
hydrogen by deuterium. To understand the product distributions
and the observed kinetics, a computational study was performed.
Our calculations are validated against experimentally reported
spectroscopic and crystallographic parameters and good
agreement is found. In particular, the calculated energetics match
the enthalpy and free energy of activation from the Eyring plots
excellently and structural parameters of the reactant complexes
are in good agreement with crystallography and infrared
spectroscopy features. Although the doublet spin iron(lll)-oxo is
well separated from the quartet spin state in the gas-phase, upon
substrate approach the spin state gap narrows and possible
equilibration and spin change occurs. We then study the reaction
with toluene and although a facile hydrogen atom abstraction can
take place the subsequent OH rebound barrier for toluene
hydroxylation is high in energy and unfeasible under ambient
conditions. Therefore, the iron(lll)-oxo forms an iron(Il)-hydroxo
with concomitant release of a tolyl radical that dissipates back into
the solution, where it can react with another iron(l11)-oxo species
to form a benzoxy complex. To understand the reactivity patterns,
we repeated the calculations with an iron(IV)-oxo species.
Interestingly, the hydrogen atom abstraction barrier is higher in
energy than the one found for the iron(lll)-oxo species. However,
the iron(l11)-hydroxo intermediate reacts with tolyl radical via a low
energy barrier leading to hydroxytoluene products. The
alternative radical release was also tested but the barriers for
benzoxy formation are considerably higher in energy than those
for OH rebound. As such the iron(IV)-oxo species will react with
toluene to give different products than the iron(lll)-oxo species.
Finally, a truncated model was investigated to find out whether
the differences in reactivity are due to the second coordination
sphere of the oxidant. Although the hydrogen atom abstraction
barriers are somewhat lower in energy, the OH rebound is still
substantial. An analysis of the thermochemical properties of the
various complexes shows that the iron(IV)-oxo species is a
versatile oxidant, whereas the iron(lll)-oxo has limited catalytic
possibilities.  Therefore, the corresponding iron(IV)-oxo and
iron(lll)-oxo species react differently due to their oxidation state
and electron affinity differences.
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Experimental Section
Experiment.
General Considerations

All manipulations involving air- or moisture sensitive compounds and their
preparation were performed under an inert atmosphere of dry N2 by
standard Schlenk techniques or in an M. Braun glovebox. Glassware used
was oven dried for at least 12 h at 140 °C before use. All solvents were
purchased from Sigma-Aldrich and used after being dried using a Glass
Contour solvent purification system. The iron(lll)-oxo complex
[PhB(AdIm)sFeQ] (1) was prepared and purified according to the
literature [*% and stored in the solid state at -35 °C until use.

Kinetics studies

Kinetics data were using UV-visible spectroscopy collected using an
Agilent Technologies Cary 60 UV-visible spectrometer connected to a
Unisoku thermostat. All kinetics data was obtained in THF solutions. The
rates of reaction were obtained by measuring the disappearance of the
band at 525 nm and fit to an exponential decay. The activation parameters
for the reaction were obtained from the temperature dependence of the
rate constants.

Computation.

All computational work was performed using the Gaussian-09 software
package,’?8! and utilized density functional theory methods. The initial
starting point was taken from the crystal structure coordinates reported
previously.[*?l Geometry optimizations, analytical frequencies, geometry
scans and intrinsic reaction coordinate scans were performed with a
modest def2-SVP basis set on all atoms (basis set BS1).?% Single point
calculations were performed using the def2-TZVP basis set: basis set BS2.
All calculations include a continuum polarized conductor model with a
dielectric constant mimicking toluene.?% We tested various density
functional theory methods, namely B3LYP,31 BP86,32 B3LYP-D3,131:33
and PBEO0.3Y Spectroscopic parameters of the isolated iron(lll)-oxo
complexes and minimum energy crossing points (MECP) were calculated
in Orca.®® Vibrational frequencies were unscaled values taken from the
frequency calculations. >Fe Mdssbauer parameters were calculated as
before, 2% using ORCAS5.0 to obtain the isomer shift of 5’Fe by calculating
its electron density. Free energies were calculated at 298 K and contain,
thermal, entropic, solvent and zero-point corrections.
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Insert text for Table of Contents here: Combined experimental and computational studies show iron(lll)-oxo complexes can abstract
hydrogen atoms from toluene efficiently, but thermochemically fail to do OH rebound and as such toluyl radicals are released and
react separately. As a consequence iron(lV)-oxo and iron(lll)-oxo generate different products in a reaction with toluene.
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