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ABSTRACT: ortho-Hydroxylation of aromatic compounds by non-heme Fe
complexes has been extensively studied in recent years by several research
groups. The nature of the proposed oxidant varies from Fe'"~OOH to high-
valent Fe"'=0 and Fe"=0 species, and no definitive consensus has emerged.
In this comprehensive study, we have investigated the ortho-hydroxylation of
aromatic compounds by an iron complex using hybrid density functional theory
incorporating dispersion effects. Three different oxidants, Fe''—=OOH, Fe'V'=

O, and Fe"=0, and two different pathways, H-abstraction and electrophilic =/

. 3y s 9 . Which is it ?
attack, have been considered to test the oxidative ability of different oxidants S =
and to underpin the exact mechanism of this regiospecific reaction. By mapping e
the potential energy surface of each oxidant, our calculations categorize Fe''—
OOH as a sluggish oxidant, as both proximal and distal oxygen atoms of this
species have prohibitively high barriers to carry out the aromatic hydroxylation.
This is in agreement to the experimental observation where Fe''~OOH is found not to directly attack the aromatic ring. A novel
mechanism for the explicit generation of non-heme Fe''=0 and Fe"=0 from isomeric forms of Fe''=OOH has been proposed
where the O--O bond is found to cleave via homolytic (Fe"'=0) or heterolytic (Fe"=0) fashion exclusively. Apart from
having favorable formation energies, the Fe"=0 species also has a lower barrier height compared to the corresponding Fe''=0
species for the aromatic ortho-hydroxylation reaction. The transient Fe"=0 prefers electrophilic attack on the benzene ring
rather than the usual aromatic C—H activation step. A large thermodynamic drive for the formation of a radical intermediate is
encountered in the mechanistic scene, and this intermediate substantially diminishes the energy barrier required for C—H
activation by the Fe"=0 species. Further spin density distribution and the frontier orbitals of the computed species suggest that
the Fe'V=0 species has a substantial barrier height for this reaction, as the substrate is coordinated to the metal atoms. This
coordination restricts the C—H activation step by Fe'"=0 species to proceed via the 7-type pathway, and thus the usual energy
lowering due to the low-lying quintet state is not observed here.

s

B INTRODUCTION

Metal-catalyzed selective hydroxylation of aromatic compounds
has gained attention in recent years, as this reaction forms an
important precursor in the pharmaceutical industry.' Iron-
catalyzed hydroxylation has been reported with Fenton’s
reagent, but these reactions are often nonselective due to the
generation of hydroxyl radicals.” On the other hand, many
metal complexes reported in recent years catalyze this reaction
efficiently with very high selectivity.” Among others, reactions
catalyzed by non-heme iron oxidants have been the subjects of
extensive study since the development of regio- and stereo-
selective catalytic oxidation of organic substrates. These
reactions are particularly attractive because they are based on
cheap, nontoxic reactants (usually O, or H,0, as oxidants and
Fe, Cu, or Mn complexes as catalysts). Considerable progress
has been made in this area, which includes crystallization and
characterizations of several high-valent iron intermediates’®* as
well as discovery of synthetically useful, regioselective
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epoxidations and hydroxylations catalyzed by biomimetic iron
complexes.” Much of this chemistry is biomimetic, as many
enzymes (non-heme iron active site in pterin-dependent
aromatic amino acid hydroxylases® and methane and toluene
monooxygenases,” for example) in nature possess mono-/
dinuclear non-heme iron sites to effect the catalysis. The key to
understand the catalytic mechanism of these enzymes is the
development of synthetic model compounds that mimic their
catalytic activity and a thorough investigation of their structural,
electronic, and mechanistic pathways. In this regard, the
mechanism of iron-promoted ortho-hydroxylation reaction
remains elusive and is the topic of current research in the
bioinorganic chemistry community.

High-valent iron—oxo species are reported to be important
intermediates in reactions with mononuclear non-heme iron
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Scheme 1. Mechanism of ortho-Hydroxylation of Aromatic Compounds Mediated by Iron Complexes
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enzyme as well as heme iron enzymes.® The proposed
mechanism features an electrophilic high-valence iron—oxo
group as oxidant, and this is supported by the experimental and
theoretical work.” In the past decade, Fe'"=0 species have
aroused much interest in the scientific community due to their
catalytic properties, ranging from alkane oxidation to aromatic
hydroxylation.'® The Fe™'=0 compounds are characterized as
intermediates in many catalytic reactions with iron-containing
enzymes.”'! One of the most widely studied examples is
cytochrome P450, which catalyzes a very difficult reaction:
oxidation of an alkyl group to an alcohol.'* The P450 is a well-
characterized heme enzyme known to catalyze a variety of
reactions, such as oxidation, reduction, isomerization, and
dehydration.">*¢ Our understanding of enzymatic reactions has
been greatly improved by studying the spectroscopic and
chemical properties of heme and non-heme Fe"=0 complex-
eg t1314 Que et al, in their seminal work, reported the
generation of a mononuclear non-heme complex with a
terminal Fe'Y=O unit and described its spectroscopic
properties and high-resolution crystal structure.**'*> Various
spectroscopic techniques, such as electronic, magnetic circular
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dichroism, Raman, electron paramagnetic resonance (EPR),
and Mossbauer spectroscopy, are commonly used to character-
ize ferryl—oxo complexes.'**'**!51¢ Recently, Nam et al.
illustrated that EPR spectroscopy can be used to detect high-
spin ferryloxo species.'” On the other hand, quantum chemical
studies are also widely used to underpin the chemical bonding
and reactivity of heme and non-heme Fe™=0O complex-
os 14bide 15

Besides the Fe'V=0 intermediates, the Fe'=0 species are
also considered to be highly reactive intermediates in a large
number of enzymatic oxidations, as well as certain Fe/H,0O,
systems.'® The first convincing chemical and spectroscopic
evidence for the presence of the Fe"=0 species was reported
by Que et al. with a tetraamido macrocyclic ligand," and its
detection in the C—H activation process was due to the work of
Costas et al. using variable-temperature mass spectrome-
try."®'***® Using a bunch of spectroscopic techniques, Que et
al. have recently detected the Fe"=0 species with the cyclam
ligand.*" A specific study which is relevant to our work is the
detection of Fe"=0 species containing aminopyridine ligand
systems such as tris(2-pyridylmethyl)amine (TPA) and N,N’-
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dimethyl-N,N’—bis(2-pyridy1methzl)ethane—1,2-diamine
(BPMEN) using EPR spectroscopy.'

Recently, iron-promoted selective ortho-hydroxylation of
benzoic acid in the presence of H,0, has been reported with
various types of aminopyridine ligand backbones.*"7¢
Particularly the biomimetic catalysts [Fe(TPA)(CH,CN),]**
(1) and [Fe"(BPMEN)(CH,CN),]*" are of significant
importance, as numerous experimental studies have been
undertaken on them. In our study on the subject, we use
complex 1, on which extensive spectroscopic and kinetic data
have been accumulated, to probe the mechanism of ortho-
hyclroxylation.3g”h'ISb’22 Complex 1 catalyzes the ortho-hydrox-
ylation of various benzoic acid derivatives, leading to the
formation of salicylic acid. Some substituted benzoic acid
derivatives, on the other hand, yield ipso-hydroxylated product.
The regiospecificity of these reactions indicates that a metal-
based oxidant is likely to trigger the catalytic reaction. This is
supported by 'O labeling experiments which indicate that one
of the oxygens of the labeled H,0, is incorporated in the
product formation. The Fe™—OOH species is suggested as an
obvious starting point, as this species has been spectroscopically
detected during the course of the reaction'®*> and has been
hypothesized as one of the potential oxidants which could
directly attack the aromatic ring. On the other hand, the O---O
bond of the Fe"™—OOH species could cleave homolytically or
heterolytically, leading to a transient Fe''=0 or Fe"=0
species, respectively, both of which are also potential oxidants
in this chemistry. In the case of homolytic cleavage, the
hydroxyl radicals are expected and may provide rather
nonselective, scrambled products. However, there are cases
where generation of a caged hydroxyl radical alon§ with
formation of Fe'V=0 species have been encountered.”

Although the experimental studies indicate that the
unobserved Fe'=0%" species is the likely oxidant in this
reaction, an aggressive oxidative nature of Fe"=0 complexes
has been reported on various occasions,” and formation of
Fe'Y=0 even in the presence of acetic acid*® raises ambiguity
as to why this particular reaction prefers Fe"=0 rather than
the Fe™=0O oxidant. There are a few instances where the
catalytic ability of Fe'—~OOH itself attacking the substrate has
been explicitly probed. Nam et al,, testing it for the oxidation of
olefins and sulfides, suggested that the Fe"™-OOH is a sluggish
oxidant.”” However, studies by Solomon et al. fully support
Fe"—OOH as the active oxidant which attacks DNA directly in
activated bleomycin (ABLM).*® Considering the fact that O---O
cleavage is required to generate transient Fe'"=0 or Fe"=0
species (see Scheme 1), and this step has been estimated to
have relatively high barrier,” while the direct attack of Fe''—
OOH escapes this route motivates us to also consider Fe'—
OOH as a potential oxidant in this reaction.

Taking into account all the above points, here we report
extensive computational studies on the mechanism of ortho-
hydroxylation of benzoic acid using complex 1 with H,O,. In
our mechanistic study on the topic, we propose various possible
reaction pathways for ortho-hydroxylation using Fe''—OOH.
Three questions are addressed and discussed in this study: (1)
Which types of high-valent intermediates are of importance in
this catalytic transformation? (2) What are the energetics/
electronic preferences for a particular oxidant to favor a given
reaction? (3) What are the mechanistic pathways (see Scheme
1 for a general mechanistic pathway based on experimental
input and previous theoretical studies)*®* by which these high-
valent oxidants effect the transformation very selectively?
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B COMPUTATIONAL DETAILS

All calculations were performed using the Gaussian 09 suite of
programs.31 Geometry optimizations were carried out using the
B3LYP-D3 functional.*> The B3LYP-D3 functional incorporating the
dispersion proposed by Grimme et al.* is widely employed and is the
state-of-the-art functional used to understand the mechanism of metal-
mediated catalytic reactions. Calculations were also performed using
several other functionals, including conventional B3LYP, which is
routinely used in Fe catalysis.*>** Structure optimizations were carried
out using Gordon’s>> wB97XD, Grimme’s>?® B97D, and Truhlar’s
M06-2X*° functionals along with single-point energy calculations
performed using TPSSh®” and OLYP*® together with MP2* methods.
The ground states of Fe"-OO0H, Fe'V=0, and Fe"=0 have been
spectroscopically determined to be S = 5/2,*° § = 1,*'#** and § = 1/
2, respectively, for non-heme metal complexes possessing similar
structural motifs (amine and pyridine donor atoms), and these three
species were taken as probes to validate the behavior of different
functionals. Among the tested functionals, B3LYP, B3LYP-D3, and
wB97XD vyield correct ground states for all the three species, and so we
chose B3LYP-D3 energies to describe the mechanism. For the H-
abstraction reaction of the non-heme model system, method
assessment was performed with RCCSD(T),* and B3LYP and
B3LYP-D along with TPSSh were found to predict spin-state
energetics close to those found with the RCCSD(T) method. This
assessment adds further confidence to our computed energetics.
However, we note here that there are instances when B3LYP predicts
incorrect ground states, particularly for systems that have small low-
spin and high-spin gaps, such as spin-crossover complexes.*’ A detailed
analysis of the different methods studied is given in the Supporting
Information, along with computed potential energy surfaces (PESs)
for all the tested methodologies (see Discussion, Tables S1—SS, and
Figures S1—S26). The LACVP basis set, comprising the LanL2DZ Los
Alamos effective core potential for Fe* and a 6-31G basis set for the
other atoms™ (B-I), was employed for geometry optimization, and the
optimized geometries were then used to perform single-point energy
calculations using a TZVP* basis set (B-II) on all atoms. The
solvation energies were computed using the PCM solvation model,
employing acetonitrile as the solvent. Frequency calculations were
performed on the optimized structures at the B-I level to verify that
they are minima on the PES and also to obtain free energy corrections.
The quoted DFT energies are B3LYP-D3 solvation energies
incorporating free energy (AG) correction at the B-I level computed
at 298.15 K, unless otherwise mentioned. The energy landscapes
computed using only electronic energy with solvation (neglecting
ZPE, vibrational, and thermal corrections) and using free energies are
given in Figures S27—S32 for comparison. Both types of profiles show
similar trends in terms of predicting the rate-limiting step and
thermodynamic stability of the intermediates and products, with some
variations in the absolute values. The transition states were
characterized by a single negative frequency corresponding to the
reaction coordinate and verified by animating the frequency using
visualization software such as Molden.*’ For selected transition states,
intrinsic reaction coordinate (IRC) calculations were performed to
verify that the transition state indeed connects with the corresponding
minimum stationary points associated with the reactants and products.
The fragment approach available in Gaussian 09 is employed to aid
smooth convergence in cases of radical intermediates. For spin-
coupled states, Noodlemann’s*** broken-symmetry method is
employed to obtain correct polarized spin states. The nature of all
the spin-coupled states after convergence was verified by analyzing the
computed spin densities and (S*) values. The mean energy crossing
points (MECPs) between different spin surfaces were computed for
selected cases using the ad hoc code developed by Harvey et al*® Due
to convergence issues with B3LYP-D3 geometry optimizations for the
MECPs, single-point energies were computed using B3LYP-D3 on
B3LYP-optimized geometries. Detailed structures and energetics of the
MECPs are given in the Supporting Information. A common notation
of muItAisomer/spin-state is employed throughout, where A stands for the
different pathway/species involved in the PES, the mult superscript
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Figure 1. B3LYP-D3-optimized structure of the ground state with selected structural parameters: (a) ®1;, (b) ®Lyu, (¢) I-ts1, and (d) °I-tsI. Fe—
01 and O1-02 (A) distances for *1;; (*1,,): 1.981 (1.855) and 1.506 (1.509), respectively. Fe—O1 and O1—02 (A) distances for *1,,; (*Lans):
1.814 (1.806) and 1.506 (1.508), respectively. Fe—O1, O1—02, and O1—Cl distances (A) for “I-ts1 (*I-ts1): 2.095 (1.987), 1.503 (1.537), and
1.754 (1.787), respectively. Fe—O1, O1—02, and O1—C1 distances (A) for *Iy-tsI: 1.730, 1.977, and 1.787, respectively.

denotes the total multiplicity of the species, and the isomer/spin-state
subscript denotes the possible cis/trans isomers or different spin
configurations (high-spin, low-spin, etc.) on the Fe atom.

B RESULTS

Based on inputs from experimental studies,**™>* Scheme 1 has
been adopted to represent the mechanism of ortho-hydrox-
ylation via three mechanistic pathways. Pathway I is based on
the idea that the Fe'—OOH species itself acts as an oxidizing
agent, yielding ortho-hydroxylated product, while pathways II
and III are based on the heterolytic or homolytic cleavage of the
OO bond of the Fe—OOH species, followed by the
generation of the transient Fe'=0 or Fe""'=0 species which
eventually trigger the catalytic reaction. The mechanisms of
individual pathways I-III are discussed separately, and the
different pathways are analyzed and compared in the
Discussion section. The results are discussed in line with the
available experimental data. >

Pathway |. An obvious starting point with respect to the
identification of a metal-based oxidant is an Fe'—OOH
intermediate, as this species has been fully characterized
starting from the [Fel(TPA) (CH,CN),]* precursor.*'*"
Initial checks were made to determine the lowest energy
positional isomerism, where the —OOH group coordinating
trans to the amine nitrogen is found to be the lowest in energy
(by 8.8 kJ/mol; see Figure S33), and this agrees with the
experimental findings.”® Within the lowest positional isomer,
further isomerism is possible based on the orientation of the
acidic (—COOH) group of the coordinated benzoic acid. The
—OH group of the benzoic acid can be either cis to the Fe—
OOH group or trans (see Scheme 1). In the cis position, the
—OH group is expected to be in an H-bonding interaction with
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the proximal oxygen atom. For both 1, and 1, isomers, the
high-spin sextet is found to be the ground state (see Figure 1).
The optimized structural parameters and the spin-state
energetics are consistent with previous theoretical reports.*’
Between these two isomers, °1,, is found to be stabilized by
19.9 kJ/mol compared to the corresponding trans isomer.
There is a strong H-bonding interaction between the —COOH
group of the benzoic acid and the proximal oxygen of the
—OOH group, and this interaction stabilizes the cis isomer over
the trans isomer. The H-bonding interaction also weakens the
Fe—O and O---O bond lengths in the cis isomer compared to
the trans isomer (see Figure 1). Since attack on the substrate is
not possible in the presence of a H-bonding interaction as per
pathways I and III, these pathways start from the higher energy
trans isomer, while pathway II, which involves heterolytic
cleavage of the O--O bond, starts from the low-energy cis
isomer. Thus, for both pathways I and III, there is an energy
penalty of 19.9 kJ/mol compared to pathway IL

Scheme 1 also depicts the initial transition state which is
involved in the attack of substrate with the 1., species. A
complete schematic for the mechanism of ortho-hydroxylation
by 1., is given in Scheme S1. Pathway I is bifurcated into
pathways Ia and Ib, as either the proximal (Ia) or the distal (Ib)
oxygen atom of the —OOH species can attack the substrate.”>
The computed first transition state in pathway Ia is found to be
at 115.8 kJ/mol on the sextet surface (°L-tsI), while for Ib, the
barrier height is found to be much higher (154.0 kJ/mol). The
optimized structures of these transition states are given in
Figure 1c,d. The L-ts1 is a six-membered transition state where
the Fe—O1 bond length elongates to 2.166 A from 1.884 A in
the reactant. The O—O bond is only slightly elongated in the
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transition state (1.498 A vs 1.476 A), and the O—C bond is
partially formed. However, for Ib the structural details are
drastically different, with the Fe—O bond shortening to 1.787 A
and the O—O bond elongating to 1.871 A. This indicates that
in I-ts1 transition state, the O—O bond is already cleaved. The
differential electrophilicity (spin densities on the proximal and
distal oxygens are 0.417 and 0.077, respectively, on the reactant
species °L,,,,) of the two oxygen atoms lead to this large change
in energetics/structures. Considering large barrier heights
encountered for these transition states (and others in this
mechanistic path; see Figures S34 and S3S for the computed
PES), and comparing these energetics to those of pathways II
and III (see below), we can safely ignore the possibility of
Fe"~OOH as a potential oxidant in this reaction. This is also
in line with the kinetic experiments performed for the ortho-
hydroxylation reaction, where self-decay rather than a direct
attack of the Fe'"—OOH species is proposed.3g’h

Pathway Il: Formation of [(TPA)FeY=0]** Intermedi-
ates. Initially O---O cleavage is assumed to take place. The
O---O bond can cleave homolytically or heterolytically, and in
several instances it has been shown that the presence of protons
aids heterolytic cleavage. In pathway II, to probe the possibility
of the FeV=0 species as the potential oxidant, we take 1 as
the reactant. As the hydrogen atom of the —COOH group is in
H-bonding interaction, the O---O cleavage will be aided by the
presence of protons. The computed PES for this reaction is
shown in Figure 2. The barrier height is computed to be 69.9
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Figure 2. B3LYP-D3-computed potential energy surface (AG in kJ/
mol) for the O--O cleavage starting from 1, species along with *II-ts1
with selected structural parameters. Fe—O1, O1-02, O2—H]1, and
03—H1 distances (A) for °II-ts1 (*II-ts1): 1.678 (1.720), 1.964 (1.783
A), 1.631 (1.599), and 1.015 (1.017), respectively.

and 107.4 kJ/mol for the doublet (*II-ts1) and sextet (°II-ts1)
spin surfaces, respectively. The doublet surface is found to have
the lowest barrier height among the three spin states computed
(see Figure 2). Since the sextet surface is estimated to be the
ground state for the reactant, this demands a spin-crossover.
Here we have computed the MECP between the sextet and
doublet surface (see Figures SS and S36 and related
discussion). Our calculations suggest that this crossing is
viable. In the transition state *II-tsI, the O--O bond elongates
to 2.441 A, compared to 1.493 A in the reactant, and the Fe—O
bond shortens to 1.641 A, indicating the development of Fe=
O character. In the transition state, clearly the O---O bond is
nearly broken, as the distal oxygen has already formed H,O by
accepting a proton from the benzoic acid. However, °II-tsI is
very different, as here the O---O bond is still intact, with only
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partial migration of the proton from the benzoic acid. Thus, the
low-spin transition state can be termed as product-like, while
the other two transition states are reactant-like.

The spin density distribution of the *[I-ts] transition state
(see Figure S37) indicates clearly that the O---O bond cleaves
heterolytically, as Ol and O2 have disproportionate spin
distributions (0.574/0.877 vs 0.574/—0.268 for homolytic vs
heterolytic). This leads to the formation of Fe"=0 (*'II-1),
which is found to be slightly endothermic in nature (28.6 kJ/
mol). The Fe"=0 has a doublet ground state, with the quartet
lying only 12.1 kJ/mol higher in energy (see Figure 2). The
computed ground state, the energy gap, and the structure are
consistent with previous theoretical and experimental report-
5.!%3%3! The computed Fe—O bond length agrees with the
reported X-ray structure of Fe'=O species with slightly
different ligand architecture (see Table S6, where comparisons
to available experimental structures are made; also see Figure
S38 for spin density plot and relevant discussion).

In the forthcoming steps, we explore the ortho-hydroxylation
mechanism where the putative Fe'=0 intermediate is
expected to trigger the catalytic reaction. There are two
possible pathways by which the hydroxylation can take place. In
the first path (pathway Ila), the ferryl oxygen activates the C—
H bond of the benzoic acid via II,-ts2 (see Scheme 2), where
essentially the oxygen abstracts the hydrogen atom, forming an
Fe''—radical intermediate (>*°II,-2). This radical intermediate
subsequently undergoes —OH rebound via II-ts3, leading to
ortho-hydroxylated product. In the second possible pathway
(pathway IIb), electrophilic attack of the ferryl oxygen on the
aromatic ring is assumed (via IIb-ts2) followed by the formation
of a different Fe™-—radical intermediate (I,-2) where the
benzene ring is essentially dearomatized. In the subsequent
step, hydrogen migration takes place from the sp*-hybridized
carbon to the oxo group (via II,#s3), leading to ortho-
hydroxylated product.

Pathway lla. The Fe'=0 species, although it has been
characterized thoroughly on only a few occasions,>! 72325052
has been proposed as the Bjossible oxidant both in heme and
non-heme chemistry.'***5**53 C_H activations by non-heme
Fe'=0 compounds are documented in the literature.****
The computed PES for pathway Ila is shown in Figure 3. The
optimized structure of the transition state (*I-ts2) is shown in
Figure 4a. The barrier height in the doublet surface for the
abstraction is estimated to be 45.5 kJ/mol, while a much higher
barrier has been calculated for the quartet surface (122.6 kJ/
mol).>* As expected, the approach of the hydrogen atom leads
to elongation of the Fe—O bond both in the doublet and in the
quartet surface. The newly forming O1—HI bond is partially
formed, while the C1—H1 bond is partially broken, revealing
that the transition state is somewhat in between the reactant
and the product. A large difference in the computed barrier
heights is reflected in the estimated spin density (see Figure
S39), where the doublet and the quartet ferryl oxygen spin
densities are grossly different in the transition state (0.974 to
0.020 for doublet, see Table S7). In the next step, the Fe'¥'—
radical intermediate form where the Fe—O bond further
elongates and the —OH bond forms completely. A sizable spin
density is detected at the aromatic ring, indicating the
formation of a radical-type intermediate. This intermediate is
exothermic with respect to the reactant, with the °II,-2 being
the ground state. In the next step, —OH rebound takes place via
II-ts3 transition state. Here, the lowest barrier height is
estimated to be 6.3 kJ/mol on the 6IIa—1,‘s3 surface, and the
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Scheme 2. Adapted DFT Mechanism for ortho-Hydroxylation by Putative Fe¥=0 Species
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Figure 3. B3LYP-D3-computed potential energy surface (AG in kJ/mol) for pathway Ila.

newly forming O1—C1 bond is exceptionally long (3.675 A).
However, frequency and IRC calculations confirm the true
nature of this transition state. The transition states calculated
on other surfaces are energetically higher (see Figure 3). In the
next step, the Ol—Cl bond completes, leading to an
intermediate which is common to both pathways a and b
(see Figure 4b). For this intermediate the Fe—O bond is 2.114
A, indicating the readiness of this bond to cleave to yield the
ortho-hydroxylated product. The thermodynamic formation of
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this intermediate is estimated to be —266.1 kJ/mol, indicating
facile formation of this intermediate. The large exothermicity of
the product is due to the gain of aromaticity which was lost
during the course of the reaction.”” In the next step the Fe—O
bond cleaves, leading to the formation of the final product,
which then is in turn more stable than the intermediate. A large
thermodynamic stability of this final product indicates that the
forthcoming catalytic cycles will be aided by a gain in energy, as
demonstrated based on the two-state reactivity principle.**>*°
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Figure 4. B3LYP-D3-optimized structures with selected structural parameters: (a) *II,-ts2, where Fe—O1, O1—H1, and C1-H1 (A) for *I-£s2 are
1.750, 1.201, and 1.332; (b) °II,-3, where Fe—O1, O1—H1, and O1—C1 (A) for *I[,-3 (*II,-3) are 2.216 (2.022), 0.976 (0.978), and 1.442 (1.460),
respectively; and (c) °II;-ts3, where Fe—O1, O1—H1, and C1-H1 (&) for *I,-ts3 (*IL,-ts3) are 2.051 (1.948), 1.401 (1.397), and 1.219 (1.224),

respectively.
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Figure 5. B3LYP-D3-computed potential energy surface (AG in kJ/mol) for pathway IIb.

Pathway IIb. In pathway IIb, the product formation takes
place via two transition states and two intermediates (see
Scheme 2). The pathway proceeds with the electrophilic attack
of the ferryl oxygen on the ortho carbon atom of the benzoic
acid via II-ts2. The barrier height is estimated to be just 5.4 kJ/
mol on the doublet and 10.8 kJ/mol on the quartet surface. The
Fe—O bond elongates significantly on both surfaces, and the
newly forming O1—Cl1 bond is partially formed on both
surfaces (2.656 A for II,-ts2 and 1.951 A for *II,-ts2). The spin
density plot of the “II,-ts2 is shown in Figure S40 (see also
Table S8). The ferryl oxygen gains significant spin density
compared to the Fe"=0 reactant at the same time the Fe atom
has pretty much the same spin density on both the reactant and
the transition state. This suggests formation of an oxyl radical at
the transition state; a similar case has been reported for a non-
heme Fe'V=0-catalyzed C—H activation reaction.””

In the next step, the O1—C1 bond completes, leading to the
formation of a radical intermediate. There are five possible spin-
coupled intermediates; however, we are unable to converge two
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intermediates (*II,-2; and 2II;-2,.). The °II,-2,, intermediate is
found to be the ground state, and the formation of this
intermediate is exothermic by 122.3 kJ/mol. As expected, the
Fe—O bond elongates further, and the O1—C1 bond formation
completes at this intermediate. As sextet is the ground state for
the intermediate while doublet is the lowest energy first
transition state, a MECP from the doublet to the sextet surface
is expected, and this has also been computed to be feasible (see
Figure S41 for geometry and discussion). A large spin—orbit
interaction is expected for the Fe"=0 doublet transition states
due to nearly degenerate d,, and d,, orbitals."*** This is likely
to drive the crossover from doublet to sextet surface after the
formation of the transition state. In the next step after the
formation of the radical intermediate via II-ts3, hydrogen
migration to the ferryl oxygen takes place (see Figure 4c). For
this transitions state again, sextet is found to be the lowest with
the estimated barrier height of 90.3 kJ/mol. Although the
barrier height for this process seems to be high from the
reactant energy the process, this step is barrierless, as the radical
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Figure 6. B3LYP-D3-computed potential energy surface for the O--O cleavage starting from 1, species.

intermediate is significantly stabilized (see Figure S). At the
transition state the Fe—O bond elongates further (°IL,-ts3), and
the hydrogen migrates to the middle position between the C1
and O1 (see Figure 4c). The formation of the common radical
intermediate for both pathways Ila and IIb is the next step. The
structure and the energetics of these species and the formation
of the final product were already discussed for pathway Ila.

Pathway llI: Formation of [(TPA)Fe"=0]** Intermedi-
ates. Much like in pathway II, in pathway III also initially the
O---O cleavage is assumed to take place. In this path, we are
aiming to generate a transient Fe'"=0 species, and therefore
we have taken 1, as the reactant and probed the O---O bond
cleavage. For 1., species, sextet is found to be the ground
state, with the doublet and the quartet lying at 13.6 and 26.0
kJ/mol. The O---O bond cleavage transition state has been
computed in all three PESs, and the computed profile is shown
in Figure 6. The barrier height for the O--O cleavage is
computed to be 123.7, 109.6, and 126.3 kJ/mol for the doublet
(*IlL-s1), sextet (°IL-ts; see Figure 6), and quartet (‘I[I-ts1)
spin surfaces. To understand whether the O--O bond is
cleaving homolytically or heterolytically, the spin density of the
“Ill-ts] was analyzed, and this indicates (0.574 and 0.877 on
proximal and distal oxygens, respectively, and see spin density
plot in Figure S42) that the O--O bond is cleaving
homolytically. Homolytic cleavage of the O---O bond results
in formation of the putative Fe"'=0 species (>*'III-1). For
this Fe'V=0 (III-1) species, a triplet state is found to be the
ground state, with the quintet and the singlet 8.4 and 120.9 kJ/
mol higher in energy, respectively. The results are consistent
with the experiments, where triplet is determined to be the
ground state from the Mdssbauer spectroscopy and other
spectroscopic measurements for species III-1.*¥25%34a41ab,59
The optimized structure of *III-1 is shown in Figure 6. For *III-
1 species, the Fe—O bond length is computed to be 1.653 A,
and this is consistent with the experimental data reported for
other Fe"=0 complexes (see Table $6).***** Thermody-
namically, the formation of this species is found to be
endothermic by 63.4 kJ/mol (for *III-1). Although a different
computational protocol and slightly different models were
employed, the energetics computed here are comparable to
those found in the previous theoretical studies.'*"***

In the forthcoming steps, we explore the ortho-hydroxylation
mechanism where the putative Fe'V=0 intermediate is
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expected to trigger the catalytic reaction. Similar to the
Fe'=0 species, there are two possible pathways. First,
hydroxylation can take place via C—H activation (pathway
Ila) by III-£s2 transition state (see Figure 7a). In the second
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o« o .$
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Figure 7. B3LYP-optimized structures with selected structural
parameters: (a) II-ts2, where Fe—O1, O1-H1, and C1-H1 (A)
for "ML -ts2 (IILts2) are 1.804 (1.785), 1.208 (1.038), and 1.253
(1.636), respectively; (b) *III-ts3;, where Fe—O1, O1—H1, and O1—
C1 (A) for "I-ts3 (CI-ts3y,) [STI-ts3;] {PTM-ts3,} ('II,-ts3) are
1.946 (1.799) [1.844] {1.842} (1.817), 0.980 (0.970) [0.981] {0.982}
(0.980), and 1.769 (2.913) [2.343] {2.121} (2.439), respectively.

possible pathway (pathway IIIb), an electrophilic attack of the
ferryl oxygen on the aromatic ring is assumed (via IIIy-£s2),
similar to pathway IIb (see Scheme S2 for a detailed
mechanistic scheme).

Pathway llla. The computed geometries are given in Figure
7, while the computed PES is shown in Figure 8. The computed
barrier height for the triplet surface is 115.7 kJ/mol (see Figure
7a), while for the quintet it is estimated to be 174.5 kJ/mol.
The Fe—O bond in III-ts2 elongates to 1.807 and 1.785 A for
triplet and quintet surfaces, respectively, compared to their
corresponding bond lengths in the Fe'Y=0 reactant. In the
next step, a radical intermediate forms.”** Considering the
exchange interaction between the Fe™! and the radical center,
there are six possible spin-state energetics. Radical intermediate
(see Table S9 for orbital labeling) formation is found to be
endothermic in nature, and among the six spin states modeled,
"III,-2 is found to be the lowest in energy, with *IIL,-2; lying
36.7 kJ/mol higher. In the next step, —OH rebound to the
radical center takes place (see in Table S10) via “*>7III,-ts3,
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Figure 9. B3LYP-D3-computed potential energy surface (AG in kJ/mol) for pathway IIIb.

leading to an ortho-hydroxylated product; here °*III-ts3; is
found to be the lowest lying transition state. In the next step, a
—OH-bound radical intermediate (III-3) is formed. The
energetics reveals the quintet spin state is the most stable for
this intermediate. Here the Fe—O bond further elongates to
reach 2.173 A, and in the next step this bond is expected to
cleave, forming ortho-hydroxylated product. This product
formation is found to be exothermic, with the quintet state
being the ground state and the overall thermodynamic
stabilization of —166.0 kJ/mol.
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Pathway IlIb. A second scenario has been considered, with
direct electrophilic attack of the ferryl oxygen into the aromatic
ring by Fe'V=0 oxidant.******** The computed energy profile
diagram for this pathway is shown in Figure 9, and optimized
structures are shown in Figure 10. For the first transition state
(W,-ts2), the barrier height is estimated to be 71.6 kJ/mol on
the triplet and 84.5 kJ/mol on the quintet surface, whereas the
same transition state and other species having low-spin Fe
configuration in the singlet surface are very high in energy.
Thus, here we focus our attention on triplet and quintet
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Scheme 3. Orbital Occupancy Diagrams for the H-Abstraction Processes and Corresponding Orbital Selection Rules for
Predicting Transition-State Structures
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surfaces. The Fe—O distance is elongated compared to the to a common intermediate that eventually leads to the ortho-
reactant, while the newly forming O—C distance is nearly equal hydroxylated product.

in both the quintet and triplet surfaces (~1.90 A). Similar to
the pathway previously discussed, there is a significant Bl DISCUSSION

reduction in the spin density on Fe and the ferryl oxygen Methodology. Use of the B3LYP functional including
atom. Unlike the previous pathway (where a large localized spin dispersion correction vyields barrier heights markedly lower

density on C was detected), the spin density on the aromatic than those obtained with the conventional B3LYP functional,
ring is found to be strongly delocalized (see Figure S43 and and this highlights the importance of a dispersion-corrected
Table S11). This significantly stabilizes both the transition functional for understanding the reaction mechanism.

states and the forthcoming radical intermediates compared to Heterolytic vs Homolytic O---O Cleavage. The possibility of
pathway Illa. In the next step, the O1—C1l bond forms Fe'"—~OOH species directly hydroxylating the substrate has
completely and the corresponding Fe—O bond elongates (see been eliminated, as the computed barrier height for this to
Figure 10b). In this radical intermediate, "IIT,-2 is found to be occur is enormously high compared to the formation of the

high-valent Fe species which triggers the reaction.

Our study indicates that the trans-Fe''—=OOH undergoes
exclusive O---O homolysis, generating the FeV=0 oxidant,
while the cis-isomer undergoes exclusive O--O heterolysis,
leading to the formation of the Fe'=0 oxidant. Since the cis
isomer is stabilized by 19.9 kJ/mol, the conversion of cis to
trans under ambient conditions is likely. A relaxed scan

the ground state. The formation of the radical intermediate is
still endothermic compared to the reactant. The SIIT,-ts3; (see
Figure 10c) is found to be the next step, where the hydrogen
atom shuttles to the bound ferryl oxygen atom. Here the *III,-
ts3;; (see Figure 10c) is found to be the lowest lying transition
state, and thus a spin-crossover from II,-2 to °I-ts3; is

expected to occur. Ion STII,-ts3;, transition state, the C—H bond performed also supports this argument (see Figure S44 and
elongates to 1.216 A, while the newly forming H1—O1 bond is related discussion).
1.435 A. The next step is the formation of the —OH bound The coordinated benzoic acid aids the heterolytic cleavage of

intermediate, where both the pathways IIla and IIIb converge the O---O bond (69.9 kJ/mol vs 109.6 kJ/mol for heterolytic vs
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Figure 11. Comparative energy level diagram (AG in kJ/mol) for the ortho-hydroxylation of aromatic compounds by FeV=0 (red) and Fe"'=0

(black) oxidants.

homolytic cleavage; also see Scheme S3). The Fe'=0
formation is also favored thermodynamically compared to the
corresponding Fe"=0 species by a margin of 34.8 kJ/mol.
The facts that Fe"=0 is a vigorous oxidant compared to
FelV=0%"2*2" and its formation is substantiated by the
presented energetics indicate Fe'=0 is the oxidant which
triggers this catalytic transformation.

As the O---O cleavage is aided by protons, a viable heterolytic
cleavage demands at least two coordination vacancies at the
catalytic site. Thus, with a pentadentate ligand system, such a
conversion is not expected to be viable, and here the reaction
may proceed via Fe"'=0 species as reported recently with
pentadentate N-R-N,N’,N’-tris(2-pyridylmethyl)ethane-1,2-dia-
mine ligand system.**

C—H Activation vs Electrophilic Attack. Two different
mechanistic proposals have been given, and both FeV=0 and
Fe'=0 have been considered as oxidant in these pathways.
Two different pathways have been modeled for each of the
oxidants. In the case of the Fe"'=0 oxidant (pathway IIla),
both the C—H activation (115.7 kJ/mol) and the —OH
rebound step (53.5 kJ/mol) have significant barriers, with the
C—H activation being the rate-determining step (rds). A very
small triplet and quintet gap (8.4 kJ/mol) indicates that the
reactivity of Fe''=0 should be vigorous; however, the barrier
heights computed are very large.

Generally the rds for the Fe'"=0 oxidant is substantially
smaller in the quintet surface compared to the triplet
surface.>***%°! In the quintet surface, there are two possible
mechanisms by which the C—H activation takes place: (i) via
the participation of o-type Fe-d,> orbital or (ii) via participation

of z-type Fe-d,,,, orbitals. The first mechanism demands the
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Fe—O---H angle to be ca. 180°, while for the second, it should
be around 120°. It is the first mechanism by which the energy
lowering for quintet has been witnessed in the majority of
cases.®? In our case, this substantial lowering of barrier height
due to the low-lying quintet is not observed; in fact, the triplet
transition state is found to be low-lying. This is essentially due
to the fact that the benzoic acid coordinates to the Fe atom, and
this coordination restricts the Fe—O---H angle (see Scheme 3);
thus, the reaction proceeds via a triplet transition state.

In the second mechanism (pathway IIIb), we expect an
electrophilic attack of the ferryl oxygen on the aromatic ring.
Here again the initial Ofyy1—Cyromatic bond formation is found
to be the rds (71.6 kJ/mol), while H-migration also has a
significant barrier (75.8 kJ/mol). There is no substantial
lowering of the barrier heights due to the low-lying quintet
surface for the same reason that we have outlined above.
Between the two pathways, our calculations predict electro-
philic attack (pathway IIIb) to be energetically favorable over
C—H activation (pathway IIla). The HOMOs of the two
transition states (°III,-ts2 and °III,-ts2) are shown in Figure
S45a,b. It is apparent from this figure that pathway IIla involves
activation of the oy bond while pathway IIIb involves z._c
orbitals. Apparently due to the variation of oc_y and 7c—¢
bond dissociation energies, electrophilic attack is found to be
the favored pathway.

Likewise, Fe"=0 has been studied considering pathway IIa
(C—H activation) and pathway IIb (electrophilic attack).
Larger exchange stabilization due to the involvement of spin
state with higher multiplicity, as observed for the Fe'=0
oxidant, is also true for the FeY=—0 oxidant (see Scheme
3).52%3 In pathway Ila, the rds is found to be the initial C—H
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activation (45.5 kJ/mol) step, while the second —OH rebound
has negligible barrier height. For pathway IIb, the rds is found
to be the Ofery1—Cromatic bond formation (5.4 kJ/mol), with the
second step essentially barrierless from the reactant. Between
these two pathways, electrophilic attack is favored energetically.
The HOMO of the IIy-ts2 is shown in Figure S4Sc. Quiet
interestingly, the Fe orbitals involved in the electrophilic attack
between the Fe'V=0 and the Fe"=0 are different, with (z,,—
py)* antibonding orbital in Fe'"=0 and (ﬂ'xz—Py) bonding
orbital in Fe'=0 (see Figure S45b,c).

Between pathways IIb and IIIb, apparently pathway IIb is
favored energetically by 66.2 kJ/mol (5.4 vs 71.6 kJ/mol), and
in addition to that, considering a significant barrier height for
the forthcoming steps in pathway IIIb and a barrierless step in
pathway IIb, it is straightforward to conclude that the reaction
prefers Fe"=0 oxidant and proceeds via pathway IIb. The
thermodynamic formation energy of the product is also
strongly inclined towards the Fe'=0 oxidant.

Overall, a comparative energy profile diagram incorporating
all energy costs starting from the most stable cis-Fe''—OOH
and showing only the lowest energy states for both the
transition state and the intermediates is shown in Figure 11.
From the computed PES, it is apparent that the Fe'=0
formation is energetically favored over the Fe''=O species.
Furthermore, the Fe"=0 species undergoes an electrophilic
attack on the aromatic carbon, which eventually leads to the
ortho-hydroxylated product.

Correlation to Experiments. Our results are fully supported
by the experiments where Fe"=0 has been proposed as the
oxidant for the ortho-hydroxylation of benzoic acid and its
substituted derivative.*®"?? The kinetic experiments performed
for a slightly different ligand®® suggest that the Fe''~OOH
does not directly attack the aromatic ring, and its decay to
another species was observable. This is supported by our
calculations where prohibitively high barrier heights were
computed for Fe'"~OOH as an oxidant. In situ generated
FeV=0 with H,0, and acetic acid is found not to hydroxylate
benzene; also direct generation of the FeV=0 complex using
2-iodoxybenzoic acid did not effect the reactions. This
experiment suggests that Fe™'=0 is also an unlikely oxidant
in this chemistry, supported by our calculations where a
substantial barrier height for the O—C bond formation for
FeV=0 species has been estimated, with the second step of H-
migration also adding a significant energy penalty. This
essentially suggests that the Fe'Y=0 is unlikely to ortho-
hydroxylate aromatic compounds.

The O—O bond of Fe"~OOH is found cleave heterolyti-
cally, as evidenced by the product analysis of the reaction of
Fe"—OOH with organic }E)eroxide 2-methyl-1-phenyl-2-propyl
hydroperoxide (MPPH).>" This correlates strongly with our
computed O--O cleavage pathway energetics, where the Fe'=
O species is preferred. The measured kinetic isotopic effect
reveals a small inverse kinetic isotopic effect value (ky/kp =
0.8),*" indicating a change in hybridization at the aromatic
carbon and hence suggesting the electrophilic attack is the
possible pathway; our computations also strongly support this
hypothesis where the electrophilic attack pathway is found to
be favored by all oxidants.

B CONCLUSIONS

DFT calculations have been performed to explore the
mechanism of ortho-hydroxylation of aromatic compounds
with an Fe(II) precursor complex. We have explored various
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reaction pathways possible in the course of ortho-hydroxylation.
DFT calculations clearly reveal that Fe"—OOH is a sluggish
oxidant, as both proximal and distal oxygens have prohibitively
large barriers to carry out aromatic hydroxylation. The
possibility of cleaving the O-+O bond of the Fe'-OOH
species homolytically and heterolytically by generating different
high-valent oxidants has been explored. Our calculations reveal
that the O--O bond in Fe"-OOH species undergoes
heterolytic cleavage to form a transient Fe'=0 oxidant. This
high-valent species triggers the catalytic reaction, and two
different mechanistic schemes are outlined and studied. From
the computed PES, it is apparent that the formation of the
Fe'=0 is energetically favored over the Fe'"=0 species. The
Fe'=0 species undergoes an electrophilic attack on the
aromatic carbon which eventually leads to the ortho-
hydroxylated product. Although the FeV=O species has
been proposed as the oxidant for various oxidation reactions,
in this particular reaction studied, the coordination of benzoic
acid to the Fe strongly favors heterolytic cleavage of the O---O
bond of the Fe'~OOH species (acid-assisted cleavage). This
coordination also leads to very large barrier heights for the
FeV=0 species to attack the aromatic ring. This invariably
suggests that, by tuning the axial ligation, one can also alter the
oxidant to fine-tune the reactivity. Our results are in agreement
with the experimental data on the subject. Other research
groups have also reported Fe'=0 as the potential oxidant in
the ortho-hydroxylation reaction.
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