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ABSTRACT

In recent years, there has been growing interest in understanding the mechanistic
intricacies of high-valent metal intermediates involved in oxidation reactions,
particularly within the realm of bio-inorganic chemistry. This thesis delves into the
study of high-valent non-heme iron metalloenzymes, contributing to the extensive
literature on this subject. A central focus is placed on investigating the impact of
sulfur ligation on the stability and oxidative reactivity of various high-valent iron-
oxygen and iron-nitrogen intermediates. Novel pentadentate N4S ligand
frameworks were synthesized, and their iron(ll) complexes were characterized,
revealing consistent equatorial coordination of sulfur to iron across different
systems.

In this thesis, we have explored the influence of equatorially ligated sulfur on the
oxidative reactivity of iron(IV)-oxo complexes. The investigation demonstrates
that sulfur incorporation enhances reaction rates in sulfoxidation and C-H bond
activation reactions, accompanied by alterations in reaction pathways. Which
seems to be novel for high-valent non-heme iron(l1VV)-oxo complexes. Also, the
one-electron reduction potential of the iron(IV)-oxo complexes have been
determined using marcus theory for electron transfer reactions. Also, we present
the pioneering experimental characterization of a sulfur-ligated iron(IV)-
tosylimido complex, examining its oxidative reactivity in sulfoxidation and C-H
bond activation reactions. The iron(I\V)-NTs species have been spectroscopically
well characterized and its reactivity have been explored with a variety of substrates.
We extend this exploration with the characterization of a sulfur-ligated iron(lI11)-
alkylperoxide complex, evaluating its reactivity in oxygen atom transfer and
aldehyde deformylation reactions.

Through systematic investigation, this thesis contributes new insights into the role
of sulfur ligation in modulating the stability and reactivity of high-valent iron
intermediates, highlighting its significance in bio-inorganic chemistry and
oxidation catalysis.
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the primary aim of the work carried out in this thesis, along with scope and purpose
of the present investigation. It presents an overview on the sulfur ligated iron
metalloenzymes. Also, recent advancements in the rich chemistry of iron(1VV)-oxo,
iron(1V)-tosylimido and iron(l11)-alkylperoxo species have been discussed.
Relevant references of such species present in biology and the work presented in

this thesis have been cited as well.

Chapter 1l. Synthesis and Characterization, Materials Employed and
Methods Adapted.

This chapter focuses on an in-depth examination of the synthesis of
oxidants, ligands and metal complexes, including their structural characterization.
It also covers the role of solvents and the deliberate use and synthesis of particular
substrates to determine the reactivity profiles of different intermediates. The

synthesis of all the ligands utilized in this thesis has been thoroughly discussed,
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including their spectroscopic characterization. Additionally, the chapter covers the
preparation of metal complexes and the application of techniques such as
electrospray ionization mass spectrometry (ESI-MS), ultraviolet-visible (UV/Vis)
spectroscopy, Nuclear magnetic resonance spectroscopy, and single-crystal X-ray
diffraction (XRD). Furthermore, it provides comprehensive descriptions of the

physical methods employed and the procedures for analyzing reaction Kinetics.
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\ Substrate

Chapter I11. Enhanced Reactivity through Equatorial Sulfur Coordination in

Nonheme Iron(1V)-Oxo Complexes: Insights from Experiment and Theory.

Sulfur ligation in metalloenzymes often gives the active site unique
properties, whether it is the axial cysteinate ligand in the cytochrome P450s or the
equatorial sulfur/thiol ligation in nonheme iron enzymes. In this work, we report
the generation of a room temperature stable sulfur ligated iron(1V)-oxo complex
bearing a pentadentate NsS ligand, 2b (NsS = 1-thia-4,7-bis(2
pyridylmethyl)diazacyclononane). The complex was spectroscopically well
characterized with UV-vis spectroscopy, ESI-MS spectrometry and resonance
Raman spectroscopy. The reactivity in sulfoxidation and C-H bond activation
reaction has been studied and compared with its parent Ns ligated Fe(1V)-oxo
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Fig. S1. Ligands and oxidants used in this chapter.

complex, 1b (Ns = N-methyl-N’,N-bis(2-pyridylmethyl)-1,4,7-triazacyclononane).
We observed that, there is a significant improvement in the reaction rates in both
sulfoxidation as well as C-H bond activation reaction with sulfur incorporation.
Also, we see a change in reaction pathway from direct oxygen atom transfer to
electron transfer for 2b in suldoxidation reaction. Whereas we observed a hydride
transfer pathway in C-H activation reaction for 2b. The redox potential values

Fe'V/' seems to be increasing 480 mV for 2b.
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Chapter 1V. Exploring a Sulfur Ligated Iron(l1V)-Tosylimido species: A
Comparative Study with its Oxo-Analogue.

High-valent metal-oxo and metal-nitrido species are crucial intermediates
in enzymes, playing crucial roles in the catalytic cycles of various oxidases and
nitrogenases. Many oxygenases utilize molecular oxygen to produce high-valent
non-heme iron(l1V)-oxo or iron(IVV)-oxo heme cation radical species as the active
oxidants. Conversely, a smaller subset of enzymes employs nitrogen to form high-
valent iron(IV)-nitrido or iron(IV)-imido species. The latter has been suggested as

a potential intermediate in the nitrogenase enzyme system.

g

Fe(IV)=0 L-STPeN Fe(IV)=NTs

Fig. S2. Ligand and oxidants used in this chapter.

Herein, we report the synthesis of a sulfur ligated iron(IV)-NTs intermediate
bearing a pentadentate ligand, 6¢c STPeN = 2-(2-Pyridinyl)methylthio-N,N-bis[(2
pyridinyl)methyl]ethanamine. This species has been spectroscopically well
characterized and its oxidative reactivity in sulfoxidation and C-H bond activation
reaction has been investigated and compared with its Fe(IV)-oxo analogue, 6b.
There is change in reaction pathway from direct oxygen transfer to electron transfer
in case of sulfoxidation reaction observed for 6¢. Also, we see a large KIE value
of 85 in C-H bond activation reaction for 6¢. Which may be due to large quantum
mechanical tunnelling.
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Chapter V. Sulfur Ligated Iron(l11)-Alkylperoxide Complex: Spectroscopic
Insights and Mechanistic Studies of Electrophilic Hydrogen Atom
Abstraction with Aldehydes.

Iron(111)-hydroperoxides and alkylperoxides are known to be the active oxidants
in various metalloenzymes. These complexes are known for their sluggish
reactivity with organic substrates. In this work, we report the generation of a sulfur
ligated low-spin iron(l11)-alkylperoxide species bearing a pentadentate ligand
framework, STPeN®H2 = 2-((2-(pyridin-2-yl)ethyl)thio)-N,N-bis(pyridin-2-

Fig. S3. Ligand and oxidants used in this chapter.
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ylmethyl)ethan-1-amine). The species was characterized by UV-vis spectroscopy,
EPR spectroscopy, resonance Raman spectroscopy and ESI-MS spectrometry. The
reactivity study of this complex was investigated in oxygen atom transfer reaction
and aldehyde  deformylation  reaction. In  the reaction  with
cyclohexanecarboxaldehyde, we report here a novel aldehydic-H atom abstraction
pathway with Fe''-OOR species. Also, from experimental and computational
analysis, we conclude that the Fe"-OOR complex is reaction with organic

substrates via O-O homolytic cleavage to form a putative Fe'V=0 species.
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A General Introduction into the Sulfur Ligated
Heme and Non-Heme Iron Containing
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Metals ions in biology

Metal ions are essential in biological systems, as approximately one third of
enzymes rely on them for catalytic activity. These ions are commonly incorporated
into proteins, where they act as catalysts for crucial processes such as dioxygen
transport and electron transfer, and also contribute to structural stability.
Bioinorganic chemistry is dedicated to comprehending the roles of metal ions in
living organisms, encompassing their selection, uptake mechanisms, regulation of
concentrations, and specific biological functions. Collectively, metal ions are
indispensable for sustaining various biological processes, underscoring their

fundamental importance in supporting life.t

Metalloenzymes constitute a distinct category of metalloproteins that facilitate
catalytic reactions. These enzymes catalyse reactions at their protein active sites.
Investigating how nature manages these reactions involves studying the molecular-
level structure of metalloprotein active sites alongside enzyme microbiology. Due
to their substantial size, obtaining high-resolution structural details about the metal
centers active site coordination is often challenging. Critical information such as
bond lengths, proton presence, or intermediate identities can be incomplete due to
constraints imposed by biological systems or physical techniques. Furthermore,
probing the chemical reactivity of these enzymes is hindered by the resolution
limits of techniques applicable to large biomolecules and the complexities of
interpreting spectra when multiple metal centers are present. Addressing these
challenges, synthetic modeling has emerged as a valuable approach. This method
enables the acquisition of structural and mechanistic insights into the chemistry
occurring at these sites. Model systems are designed to emulate the physical and
chemical attributes of biomolecular metal centers, either by replicating known
active sites or by hypothesizing structures based on spectroscopic data, thus

facilitating correlations between structure and function.t
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The biological functions of metalloenzymes are diverse and are influenced by
factors such as the type, oxidation state, number, and coordination environment of
metal ions in their active sites. Enzymes catalysing non-redox reactions like
hydrolysis often contain non-redox active metal ions such as zinc, whereas those
involved in electron-transfer processes like oxygen transport and activation utilize
metal ions with variable oxidation states like copper and iron. Understanding the
structural and reactivity properties of metalloenzyme active sites often involves
comparing them with synthetic models.! By replicating the immediate coordination
sphere of the active site, synthetic models provide spectroscopic benchmarks that
aid in characterizing and assigning metalloenzymes. Furthermore, functional
models can offer valuable insights into potential reaction mechanisms, proposed
structures of mechanistic intermediates, and the role of the metal ion in enzyme

reaction pathways.
Iron Enzymes

Iron (Fe) is one of the predominant metal found in the active sites of
metalloenzymes. As the most prevalent transition metal in the Earth's crust, iron
plays a crucial role in many bioinorganic systems, thanks to its capability to exist
in multiple oxidation states ranging from Fe(l) to Fe(V). Within these systems, iron
exists in various forms such as Fe-S clusters, heme, and non-heme tri-, bi-, and
mononuclear sites. Both heme and non-heme iron enzymes play essential roles in
a variety of critical biological processes. These include the synthesis of serotonin,
leukotrienes, and DNA, as well as other functions such as dioxygen activation,
superoxide reduction and dismutation, methane monooxygenation, and extradiol

synthesis.>#
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Although heme and non-heme systems share similarities, non-heme iron systems
are less well understood because of the difficulties associated with their
spectroscopic analysis.® These difficulties stem from the absence of intense m-*
transitions from porphyrin ligands and the spectroscopic silence of Fe(ll), the
common metal ion in these enzymes.® In the past twenty years, considerable focus
has been placed on investigating mononuclear and binuclear non-heme iron
enzymes. During this period, the Solomon group has advanced physical techniques

to acquire electronic structural data for Fe(11).4®

Mononuclear iron enzymes typically feature the "2-His-1-carboxylate triad,"
where substrates bind and dioxygen activation occurs at the vacant positions on the
metal.” These enzymes commonly coordinate aspartic acid (Asp), glutamic acid
(Glu), and histidine (His) to the iron at the active site. Current research focuses on
identifying and stabilizing reactive intermediates crucial to understanding enzyme
function. There are few reports of non-heme iron enzymes with cysteine (Cys)
ligands, which are distinct from traditional histidine-ligated systems. While heme
iron metalloenzymes like cytochrome P450 can contain cysteinate ligands, only a
few non-heme iron enzymes with cysteinate ligands are currently known, each
exhibiting specific and previously unreported functions such as superoxide
reductases (SORs), cysteine dioxygenases, nitrile hydratases (NHases), and
peptide deformylases (PDFs), all with available crystal structures.®1? In enzymes
such as SOR and NHase, an unmodified cysteinate residue is located trans to the
substrate-binding site. This positioning is believed to be critical for catalytic
activity, although the precise mechanism by which it contributes remains not fully
elucidated.
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Figure. 1.1. Catalytic cycle of cytochrome P450.4

Cytochrome P450

The cytochrome P450 enzyme family is highly diverse, encompassing members
that catalyze the oxidation of various substrates and perform multiple functions,
including the bioremediation and detoxification of hydrocarbons.'® The oxygen
activation mechanism of cytochrome P450 has been extensively studied, and
provides much of the insight into the mechanistic steps of oxygen activation by
nonheme iron centers (Figure. 1.1)**° In the iron(111) resting state, the iron center
of cytochrome P450 is coordinated by four nitrogen ligands derived from a
porphyrin dianion, in addition to an axial cysteinate and a proximal water ligand.
The binding of the substrate causes the displacement of the water ligand and the
subsequent reduction of the metal center to a high-spin iron(ll) species. The

introduction of oxygen and an electron then results in the formation of a
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peroxoiron(l1l) or hydroperoxoiron(lll) species. A combination of “push” and
“pull” effects from the coordinated thiolate and distal protein residues,
respectively, lead to heterolytic O-O bond cleavage of this intermediate.'®1® This
process yields water and a high-valent oxoiron(1V) species known as Compound
I. Although formally an oxoiron(V) complex, Compound | has been identified as
an oxoiron(IV) porphyrin cation radical complex.'® This high-valent species is
thought to abstract a hydrogen atom from the substrate, resulting in the formation
of a substrate-based radical and a proposed hydroxoiron(IV) complex. This
complex is believed to be analogous to Compound Il found in chloroperoxidase, a
closely related system.?’ Hydroxyl rebound to the substrate radical species?'->>and
subsequent dissociation complete the cycle by returning the enzyme to the resting
state. This heme paradigm has informed much of our understanding of oxygen
activation in biological systems; however recent studies challenge the accuracy of

applying the P450 model to non-heme systems.
Superoxide Reductase

Superoxide reductases (SORs) are non-heme iron, intensely blue enzymes that are
ligated with cysteinate and found in anaerobic bacteria.?5-? Three crystal structures
of SOR have been documented from two bacterial sources: Pyrococcus furiosus?
and Desulfovibrio desulfuricans.® These enzymes exhibit a primary coordination
motif similar to that of cytochrome P450, including the N4S donor system in the
primary coordination sphere, with histidine residues substituting for the heme
prosthetic group. The Fe(ll) active site in SOR is coordinated by four equatorial
histidines and one axial cysteinate residue.?® Also, the Fe(ll) active site in SOR
possesses S=2 high spin character. Though, the structure-function relationship in
SORs differs slightly. In SORs, the Fe-O bond in the ferric-hydroperoxide complex
cleaves to release hydrogen peroxide. Additionally, the spin state of the iron center
in SORs contrasts with that in P450: while P450 features a low-spin iron (S = 1/2)
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in the peroxo species, SORs have a high-spin iron (S = 5/2). This suggests that
SORs likely have a stronger O-O bond and a weaker Fe-O bond, thereby favoring
the cleavage of the Fe-O bond.

i : ; OH .
HieN i, o NFie e, H* HiEN i, | o NHis
.Fe.‘\ E] t.Fe_.t
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Hisp v | N NHis -H,0 Hisy v | N NHis
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Hispy v | A S NHis
SCys

Figure 1.2. Catalytic cycle for superoxide reductase.?®

Relationship between SOR and P450 Active Sites and Mechanism

The primary coordination sphere of the iron active site in superoxide reductases
(SORs) bears a close resemblance to that of the heme enzyme cytochrome P450.
Both enzymes feature an apical cysteinate opposite an open site and form an
Fe(I11)-OOH intermediate when reacting with oxygen-derived substrates. Despite
these similarities, their reaction pathways diverge significantly. In P450, the O-O
bond of the hydroperoxo intermediate is cleaved to produce a high-valent iron—oxo
species, whereas in SOR, the Fe—O (peroxo) bond is broken, resulting in the release
of hydrogen peroxide. Although the cysteinate is crucial for the O-O bond
cleavage in P450, this mechanism does not occur in SOR. The reasons behind these
different pathways remain unclear. Initially, it was believed that a porphyrin was
essential for stabilizing a high-valent iron—oxo complex, but this assumption was
challenged with the discovery of the first non-heme Fe(IV)=0 complex.*

Although theoretical investigations indicate that protonation sites could influence
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the reaction pathway, precise protonation appears unlikely given that the metal ion

is exposed on the protein surface.3
Cysteine dioxygenase

Maintaining adequate cysteine levels is essential for biological systems. Cysteine
dioxygenase (CDO) plays a vital role in this process by converting free
intracellular cysteine into cysteine sulfinic acid (CSA) using dioxygen. Besides
mammals, Cysteine Dioxygenase (CDO) is also present in certain yeast and
bacterial species. The active site of CDO features a unique geometry where, unlike
the typical facial triad configuration involving two histidines and one carboxylate
side-chain coordinating to iron (Il), the iron is instead bound by three histidine
ligands (Hist-86, 88, and 140).3® Additionally, crystallographic studies show that
the amino nitrogen and thiolate sulfur of cysteine, along with a single water

molecule, are coordinated to the iron.3*

O O

Oy HO_
HS OH —» S OH

||
NH, o) NH,

Scheme 1.1. Conversion of cysteine to cysteine sulfinic acid.®*

Despite continuous research efforts, the mechanism of Cysteine Dioxygenase
(CDO) remains inadequately understood. Generally, the reaction involves the
spontaneous addition of O2 to cysteine, though enzyme catalysis significantly
enhances this process.®>3® Studies suggest that the cysteinyl-tyrosine bridge lowers
the oxidation potential of tyrosine, an electron donor in systems like photosystem

I1 by approximately 0.5 V compared to phenol, while also increasing its acidity.
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The thioether group likely plays a role in the enzyme's structure, redox reactions,
or acid-base chemistry. Furthermore, Tyrl57 has been recognized as essential for
enzyme function, potentially acting as a tyrosinyl radical, and is highly conserved
among various CDO variants.*® Additionally, research has demonstrated that
cysteamine, which is structurally similar to cysteine, can enhance the oxidation of
cysteine but does not serve as a substrate for CDO. A proposed mechanism,
supported by computational and spectroscopic studies, suggests that O2 binds cis
to a thiolate, leading to the formation of a reactive iron (111)-superoxo species (A).
This species then attacks the sulfur atom of the bound cysteine, resulting in the
formation of a four-membered ring structure (B).%”-3 Heterolytic cleavage of the
O-0 bond results in the formation of a high-valent iron (IV) oxo intermediate (C),

which enables the transfer of the second oxygen atom to the sulfur atom.3":3
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Figure. 1.3. Catalytic cycle of Cysteine dioxygenases.’
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Isopenicillin N synthase

Isopenicillin N synthase (IPNS) is a critical enzyme in the production of penicillin
and cephalosporin antibiotics. It facilitates the cyclization of the linear tripeptide
0-(L-a-aminoadipoyl)-L-cysteinyl-D-valine (ACV) to generate isopenicillin N, an
essential intermediate in the antibiotic synthesis pathway.*° It is a nonheme iron

enzyme that belongs to the family of 2-oxoglutarate-dependent dioxygenases.

H

H
SH N s .
R/N R/ §
H IPNS, Fe(Il) :
R, N
N— 0, :
§ . ° :
//™~OH 0/\ OH
ACY Isopenicillin N

Scheme. 1.2. Conversion of ACV to Isopenicilin N by IPNS.40

The active site Fe(ll) in CDO is coordinated by at least two histidine residues, one
aspartate residue, one glutamine residue, and two water molecules in the absence
of a bound substrate.** The Two histidine and one aspartic acid residue are highly
conserved, indicating their essential role in the enzyme's function.*? Specifically,
His214, His270, and Asp216 are essential. The addition of ACV to the active site
results in the replacement of GIn330 and a water molecule by the ACV thiolate.*
The linear tripeptide 6-(L-a-aminoadipoyl)-L-cysteinyl-D-valine (LLD-ACV) is
initially formed from its amino acid components by ACV synthase.** This helps in
facilitating the binding of the ACV substrate to the cysteine residue's deprotonated
thiol group.*® The ACV is anchored in the active site by the thiolate's coordination
with the iron centre. The Fe''/Fe'"" redox potential is lowered when ACV is bound,
which facilitates the conversion of dioxygen to superoxide.*>* The reaction cycle

is started when a robust RS-Fe'"" bond forms, which lowers the activation barrier
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for dioxygen binding.** A hydrogen atom transfer from C-3 of the cysteine residue
to the distal superoxo oxygen converts Fe'' back to Fe'. This reaction forms a
thioaldehyde and a hydroperoxide ligand (OOH). The hydroperoxide ligand then
deprotonates the amide, allowing it to close the B-lactam ring via a nucleophilic
attack on the thioaldehyde carbon.**

Enz
IPNS + Fe(ll) ||:e|| H _,CHs
%’ CH, H \S HIIC%
'CO; - ICO,
H T Ao
AA-HN AA-HN O
|| 2
-H,0
H3C¢. CH3 Enz //O H3Q_ CH3
S ;\\CO; Feli H— -
Enz-Fe(ll) + +H* S J'CO2
]:N DE— N H
-H,0
AA-HN 0 AA-HN 0

Figure. 1.4. Proposed reaction pathway for Isopenicillin N synthase enzyme.*

This positions the hydrogen atom on C-3 of the valine residue closer to the highly
electrophilic iron(IV) oxo ligand. A second hydrogen transfer likely generates an
isopropyl radical, which then closes the thiazolidine ring by attacking the thiolate

sulfur atom.**
Biomimetic models

Early transition metal ions like iron (Fe), manganese (Mn), nickel (Ni), and cobalt
(Co) are essential in metalloenzymes, where they activate molecular oxygen (O-).
This activation results in the formation of various metal-oxygen intermediates,

such as metal(ll1)—peroxo, metal(l1l)-hydroperoxo, metal(lll)-superoxo, and
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metal(IVV)—oxo species. These highly reactive intermediates play a critical role in
oxidizing organic substrates and participating in various biological processes.*’¢3
Many non-heme enzymes containing iron are essential in metabolism, catalyzing
the activation of dioxygen (O>). Figure 1.5 illustrates the speculated intermediates

involved in these biotransformations catalyzed by iron and manganese.54-%°

o} OH O
e e YN
O 0 0 0" R
I " | 1] I I I
Fe Fe Fe'l Fe
Iron-oxo Iron-superoxo  Iron-hydroperoxo Iron-alkylperoxo
0—0 NR N
H LY I,
Fe Fe Fe
Iron-peroxo Iron-imido Iron-nitrido

Figure. 1.5. Proposed intermediates of high-valent Iron with Oxygen and Nitrogen.

Numerous non-heme metalloenzymes incorporate iron (Fe) metals that play crucial
roles in diverse biological functions. Looking at the literature review, many of
these systems require synthetic models that can successfully replicate enzyme
active sites and their biological reactions. Drawing inspiration from nature,
researchers have sought to create model systems that can interact with various
oxidants to produce high-valent transient intermediates. These intermediates are
then examined in their reactions with different substrates to better understand their
mechanisms.”®’* Challenges encountered in these endeavours include stabilizing
and characterizing these transient species, as well as controlling their rapid reaction

kinetics studies.

This thesis specifically focuses on synthesizing synthetic models containing

transition metal ions like iron, and on generating reactive intermediates through
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reactions with suitable oxidants. The study also investigates the kinetics of these
reactions with a variety of organic substrates, conducting numerous model
reactions and establishing mechanistic insights. Throughout the research
described, several reactive intermediates, such as iron(IV)-oxo, iron(IV)-
tosylimido, and iron(lll)-alkylperoxo were successfully generated and
characterized. The stability of these intermediates, along with their reaction
Kinetics, were key aspects investigated to gain insight into the mechanistic details

of various reactions, all conducted under controlled temperature conditions.
Non-heme iron(1V)-oxo

Researchers have proposed that catalytic cycles of several non-heme iron enzymes
may involve high-valent iron(IV)-oxo species as crucial oxidants. Several
iron(1V)-oxo species have been thoroughly characterized, proving to be significant
for model systems.”?’® The generation of these iron(IV)-oxo intermediates
generally requires the addition of external oxidants, such as PhlO, peracetic acid,
or hydrogen peroxide, to iron(I1) precursors.’” These intermediates hold significant
potential as key oxidants, capable of driving various oxidative transformations.’
The first non-heme iron(IV)-oxo species was reported by Weighardt and
coworkers in 2000."° The iron(1V)-oxo species was generated by the ozonolysis of
[Fe'''(cyclam-acetate)(CFsSOs)]* at lower temperature. The species was
characterized using UV-visible spectroscopy and Madossbauer spectroscopy.
Similarly another iron(1V)-oxo species [Fe'V(0)(TMC)(CH3sCN)]?* was reported
by Nam and coworkers. They used PhlO as an external oxidant at lower

temperature (233 K) to generate the species.

While axially & equatorially-bound sulfur ligands are crucial in numerous
nonheme metalloenzymes, there remains a gap in understanding their influence on

the structure and reactivity of iron(IV)-oxo cores. These iron(I\VV)-0xo species are
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critical intermediates in enzymes and are thought to drive a significant portion of
oxygen atom transfer reactions in biological systems. Although significant efforts
have been made, the generation of an iron(IV)-oxo porphyrin complex featuring a
thiolate ligand has not yet been reported. In contrast, several nonheme iron
complexes have been documented to include a thiolate or thioether group as part
of their ligand structure. One early example is the [Fe'V(O)(TMCS)]" complex,
where TMCS stands for 1-mercaptoethyl-4,8,11-trimethyl-1,4,8,11-tetraaza-
cyclotetradecane. This species was characterized using various spectroscopic
methods like UV-visible, resonance Raman, and Madssbauer spectroscopic
techniques, and its crystal structure coordinates were determined.®® The reaction of
[Fe'V(O)(TMCS)]* with 9,10-dehydroanthracene (DHA) demonstrated a hydrogen
atom abstraction step, exhibiting a substantial kinetic isotope effect (KIE) of 80
when hydrogen atoms in the substrate were replaced with deuterium.®! This
observation suggested that the high KIE value may be attributed to the electron-
donating properties of the axial thiolate ligand, which could facilitate significant

quantum chemical tunnelling.

/
N

AN ( \"1\//
</ |<)> é YA < ?

[Fe'V (0)(Me; TACN)-(S,8iMey)]”  [Fe™(0)(Mes TACN)-(S,SiMey)* [(Dithiacyclam)Fe! (0)]**

Figure. 1.6. Examples of Biomimetic Sulfur-Ligated Iron(1V)-Oxo Models.

Synthesizing biomimetic heme and nonheme iron(IV)-oxo complexes with thiolate
ligands, whether axial or equatorial, remains a significant challenge. Consequently,

research efforts in this area have pivoted towards neutral sulfur ligands,
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specifically thioethers, resulting in the characterization of stable structures for
several complexes. While thioethers differ in oxidation state and overall charge
from thiolates, potentially leading to quantum mechanical distinctions between the
two types of complexes, they are expected to exhibit similar stereochemical
interactions. These investigations have spurred biomimetic studies focusing on
sulfur-ligated iron(11) complexes as models for thiol dioxygenases found in nature.
However, none of these studies have successfully trapped an iron(IV)-oxo
species.®2#" More recently, researchers reported a nonheme iron(IV)-oxo complex
featuring an equatorial sulfur ligand, specifically
[Fe'V(0)(MesTACN)(S2Si(CHs)2)], where MesTACN represents 1,4,7-trimethyl
1,4,7-triazacyclononane.®® The reactivity studies and rate measurements could not
be performed due to the thermal instability of the complex. Subsequent work by
Ray and colleagues focused on another iron(IV)-oxo complex incorporating a
sulfur-containing cyclam ligand, [Fe'V(O)(dithiacyclam)(CHsCN)]?*, where
dithiacyclam denotes 1,8-dithia-4,11-diazacyclotetradecane.®® This system
features two sulfur atoms coordinated in the equatorial plane of the iron(IV)-oxo
species. The authors suggested that placing sulfur groups in the equatorial position
weakens the Fe-O bond and enhances the oxidative reactivity, accompanied by a
reduced deuterium Kinetic isotope effect. These findings contrast sharply with
earlier studies on [Fe'V(O)(TMCS)]* species.? Additionally, Kaur and Mandal
conducted a thorough computational study to examine the effect of equatorial
sulfur substitution on the C-H activation reactivity of iron(IV)-oxo cyclam
complexes. Their findings indicate that incorporating sulfur atoms into the ligand
scaffold enhances reactivity successively across the series N4 < N3S < SoN2 < SN
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Non-heme iron(1V)-tosylimido

While there is considerable amount of research on high-valent iron-oxygen
intermediates, there are relatively few studies on their isoelectronic analogues. Iron
complexes featuring terminal nitrido or imido ligands represent some well-
investigated systems in this regard. These complexes generally involve iron in
higher oxidation states, such as +4, +5, and +6.%>°2 Non-heme iron(V)-nitrido and
iron(VI)-nitrido complexes were synthesized using singlet photoelectrochemical
methods by Weighart and colleagues, with a trimethyl cyclam acetate ligand
framework supporting the complexes.®*% In 2000, Lee and colleagues reported the
first iron(IV)-imido species, [Fes(us-NtBu)s]. This species adopts a structure
reminiscent of a cubane, where the iron(IV) center is situated at one of its
vertices.® Subsequently, iron(IV)-imido complexes have been reported using
various ligand frameworks.®*'% These high-valent iron-nitride and imide
complexes serve as potent oxidants and play a crucial role in catalyzing amination
reactions similar to their isolobal analogues. In recent years, several research
groups have explored the reactivity of these metal nitrides and amides in processes
such as the aziridination of various alkenes and the aminidation of alkanes using
iminoiodane.®* % For example, researchers performed a comparative study using
the pentadentate N4Py ligand (N,N-bis(2-pyridylmethyl)-N-bis(2-
pyridyl)methylamine), which acts as a fundamental ligand framework.%41% This
ligand was the first system to stabilize both high-valent iron(1V)-oxo and -imido
species at ambient temperatures. It was found that iron(1V)-oxo and iron(IV)-imido
oxidants exhibit distinct reaction pathways toward substrates. Iron(IV)-oxo
typically reacts via direct oxygen atom transfer, illustrated by its reaction with
thioanisole. In contrast, iron(IV)-imido proceeds through electron transfer
mechanisms. Additionally, Costas et al. reported two octahedral iron(IV)-imido

complexes utilizing the ligand frameworks MePy>TACN (N-methyl-N,N-bis(2-
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picolyl)-1,4,7-triazacyclononane) and Me2(CHPy2)TACN (1-(di(2-
pyridyl)methyl)-4,7-dimethyl-1,4,7-triazacyclononane).’®®  Furthermore,  our
research group extensively investigated the comparative reactivity of iron(IV)-oxo
and iron(IV)-imido complexes using the BnTPeN ligand framework (N-Benzyl-
N,N,N-tris(pyridine-2-ylmethyl)ethane-1,2-diamine).’

Non-heme iron(l11)-alkylperoxo

Iron(111)-hydroperoxides and alkylperoxides are known to be the active oxidants
in various metalloenzymes. These complexes are known for their sluggish
reactivity with organic substrates.%®-**® This may be due to the in-situ formation
of Fe'V=0 complexes following the homolytic cleavage of O-O bonds. Fe'V=0
complexes are known for their reactivity in electrophilic oxidation reactions.
However, there have been limited reports indicating that Fe'"'-OOH intermediates
can also exhibit reactivity towards organic transformations.!'4*?> The exact
mechanisms underlying the reactivity of Fe(lll)-OOR complexes are not well-
understood, largely due to their thermal instability. Kinetic studies of these species
are often inconclusive because of their tendency to engage in competitive
bifurcated reaction pathways. In recent decades, reports have indicated occurrences
of both homolytic and heterolytic O-O bond cleavage processes.!?613! The spin
state of the metal center is recognized as a critical factor influencing the reaction
pathway, as it modulates the strength of both the Fe-O and O-O bonds.'3>13
Quantum chemical calculations have indicated the cleavage of Fe-O bond for high-
spin  Fe(l11)-OOH/R species. Whereas low-spin Fe(ll1)-OOH/R complexes
generally undergo O-O homolytic cleavage. But, not much have been investigated

upon the reactivity towards the organic substrates for these species.'3>140

Scope and aim of the thesis
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In the past decade, there has been a growing emphasis on gaining mechanistic
insights into the reactivity of high-valent metal intermediates in oxidation
reactions, particularly within the field of bio-inorganic chemistry. Minor
adjustments in both the primary and secondary coordination environments can
result in significant alterations in the stability, spin states, reactivity, and structural
characteristics of these synthetic model systems. This thesis provides a thorough
investigation into the high-valent non-heme iron metalloenzymes and adds to its
huge literature database. In this thesis, we have tried to study the role of sulfur
ligation towards the stability and oxidative reactivity of various high-valent iron-
oxygen and iron-nitrogen intermediates. We have prepared a series of pentadentate
N4S ligand backbones and their iron(I1) complexes have been prepared, where it
was seen sulfur coordinates equatorially to iron in all the systems. Chapter 11 covers
the utilization of reagents, solvents, oxidants, and synthetic procedures involving
various ligand frameworks and metal complexes. Additionally, it discusses their
spectroscopic characterizations. Chapter 111 elaborates on the role of equatorially
ligated sulfur on the oxidative reactivity of iron(IV)-oxo complexes. Where the
incorporation of sulfur resulted in an enhancement of reaction rates in both
sulfoxidation and C-H bond activation reactions. Also, we have observed a change
in reaction pathway upon sulfur ligation in both sulfoxidation as well as C-H bond
activation reactions. Chapter IV provides the first experimental characterization of
a sulfur ligated iron(IV)-tosylimido complex. Its oxidative reactivity was also
investigated in sulfoxidation as well as C-H bond activation reactions. Chapter V
presents the characterization of a sulfur ligated iron(ll1)-alkylperoxide complex,
where its reactivity has been studied in oxygen atom transfer and aldehyde

deformylation reactions.
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2.1. Introduction

The work presented here stems from a series of meticulously planned
experiments with thorough observations. A comprehensive analysis would
distinctly categorize each phase of the research into several tasks, including:
developing the ligand frameworks, synthesizing the oxidants and substrates (if not
commercially available), preparing the metal complexes, generating and
stabilizing the metal intermediates, optimizing the reaction conditions, performing
a kinetic study, analyzing the products, and finally interpreting and evaluating the

results obtained.

Prior to each experiment, appropriate safety protocols were implemented.
Extensive examination of the chemical purity is also necessary for perfect
experimental outcomes. Below is a detailed discussion of the methods used for the

instrumentation, characterization, synthesis, and purification.

2.2.  Experimental Section
2.2.1. Solvents

Solvents were dried following published procedures® and distilled under
argon before use. Acetonitrile (CH3CN) was dried over Calcium hydride in a
solvent still-head distillation apparatus fitted with a condenser on a heating mantle.
A similar setup was followed for other solvents like THF and diethyl ether,
although they were dried over sodium using benzophenone as an indicator.
Solvents were collected from the solvent still-head distillation apparatus into dry

glassware through a cannula using vacuum pumps. Glassware were extensively
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dried using either flame or kept inside hot oven for prolonged period of time before

use.
2.2.2. Oxidants

Generation of the different types of reaction intermediates requires
different types of oxidants (such as iodosylbenzene, peracetic acid, oxone, CAN,
hydrogen peroxide, (Diacetoxyiodo)benzene, sodium chlorite, tert-butyl
hydroperoxide, potassium superoxide, etc.) that react with the metal complexes.
Some of the oxidants used herewith were purchased commercially while some of
them were synthesized using previously reported procedures. The oxidants that
were commercially available were (i) (Diacetoxyiodo)benzene (Phl(OAc).),
(Aldrich Chemical Company) (ii) hydrogen peroxide (H202) (Merck) and (iii) tert-
butyl hydroperoxide (‘BuOOH) (Aldrich Chemical Company). Oxidant that was
synthesized was PhlO, SPh1O and SPhINTS.

Synthesis of lodosylbenzene (PhlO): lodosylbenzene was prepared by
following a well-established literature method.?> 10 g of finely grounded
(iodosobenzene)diacetate was placed in 250 mL beaker, then 100 mL of NaOH
solution (3 N) was slowly added for a 5 minutes period with continuous stirring.
The lumps were formed instantaneously, which were then grounded for 10-15
minutes with glass rod and the reaction mixture was stirred for another 1 hour to
complete the reaction. Next, 100 mL of water was added to the reaction mixture,
which was stirred vigorously and filtered using a Biichner funnel. The crude solid
iodosylbenzene obtained was then placed back into the beaker and mixed with 200
mL of water. The solid was once again collected using a Blchner funnel, washed
with an additional 200 mL of water, and dried under vacuum. Finally, it was
triturated in 75 mL of chloroform in a beaker, filtered, dried, and stored in a cool,
dark place. Yield: 8 g; m.p. 210 °C (caution: potential explosive).
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Synthesis of SPhlO: The synthesis of SPhIO has been done by following a literature

protocol 3
t-BuOH Q.0
@/SH 70% HCIO, ©’ 7< Oxone S
ACQO AcOH MeOH, H,O
) n- BuL|
THF 195 K
2) 12, THF
195 K to RT
o 0

\\/ //

1
I\_‘ * NaOH H202
S,/O OAC AC2O
T
50 3

Scheme 1. Synthetic procedure of sPhlO.

Synthesis of tert-butyl(phenyl)sulfane (1): A 250-mL round-bottomed flask was
cooled in an ice bath before the addition of acetic acid (10 mL), 70% perchloric
acid solution (3.5 mL), and acetic anhydride (6 mL). The mixture was stirred at 0
°C for about 20 minutes. Thiophenol (1.00 equiv), tert-butanol (1.20 equiv), and
an additional 15.0 mL of acetic acid were then added. The reaction mixture was
then allowed to warm to room temperature (23 °C) and stirred overnight. Once the
reaction was complete, the mixture was poured into 100 mL of brine and extracted
with diethyl ether (3 x 100 mL). The combined organic layers were washed with
saturated sodium bicarbonate solution (until CO2 evolution stopped) and water
(100 mL), and then dried over sodium sulfate. After evaporating the solvent under
reduced pressure, the residue was purified by silica gel chromatography using a
mobile phase of 10% ethyl acetate in hexanes. This process afforded compound 1

as a colorless oil.
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IH NMR (8, 23 °C, CDCla): 7.61 (d, J = 7.1 Hz, 2H), 7.42 (d, J = 7.3 Hz, 3H),
1.35 (s, 9H).

Synthesis of (tert-butylsulfonyl)benzene (2): In a 500-mL round-bottomed flask,
tert-butyl(phenyl)sulfane (1 equiv.) was diluted with methanol (100 mL) and
cooled to 0 °C using an ice bath. A solution of Oxone® (2.1 equiv.) in water (100
mL) was then added to the reaction mixture in one portion. The mixture was
allowed to warm to room temperature (23 °C) and continued stirring for 2 hours.
Methanol was subsequently evaporated under reduced pressure. Water (50 mL)
was added, and the aqueous phase was extracted with diethyl ether (3 x 50 mL).
The combined organic layers were washed with brine and dried over Na;SOa. The
solvent was removed under reduced pressure, and the residue was purified by silica
gel chromatography using a mobile phase of 20% ethyl acetate in hexanes,
resulting in compound 2 as a white solid. tH NMR (8, 23 °C, CDCls): 7.95-7.91
(m, 2H), 7.72-7.65 (m, 1H), 7.58 (t, J = 7.6 Hz, 2H), 1.38 (s, 9H).

Synthesis of 2-(tert-butylsulfpnyl)iodobenzene (3): In a 250-mL Schlenk flask, tert-
butylsulfonylbenzene (1.00 equiv.) was dissolved in THF (30 mL) and the mixture
was cooled to -78 °C. n-BuL.i (2.45 M in hexane) (1.42 equiv.) was added dropwise
to the solution. The reaction mixture was stirred at -78 °C for 1 hour. Subsequently,
a solution of I (1.54 equiv.) in THF (30 mL) was added, and the reaction was
allowed to warm to room temperature (23 °C) where it was stirred for 16 hours.
The solvent was removed under reduced pressure, and the residue was treated with
saturated aqueous NH4CI (50 mL) and dichloromethane (50 mL). The layers were
separated, and the aqueous layer was further extracted with dichloromethane (2 x
50 mL). The combined organic layers were washed with saturated aqueous
Na>S203 solution and dried over Na,SO4. After evaporating the solvent under

reduced pressure, the residue was purified by silica gel chromatography using a
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mobile phase of 25% ethyl acetate in hexanes, yielding the title compound (3) as a

white solid.

IH NMR (8, 23 °C, CDCls): 8.21 (d, J = 7.9 Hz, 1H), 8.06 (d, J = 8.0 Hz, 1H), 7.66
(t, J = 8.3 Hz, 1H), 7.31-7.22 (m, 1H), 1.34 (s, 9H).

Synthesis of 2-(tert-butylsulfonyl)diacetoxyiodobenzene (4): In a 10-mL round-
bottomed flask, a solution of hydrogen peroxide (30 wt%, 5 mL) and acetic
anhydride (20 mL) was prepared and stirred for 4 hours at 40 °C. Subsequently, 2-
(tert-butylsulfonyl)iodobenzene (3, 5 g) was added to the reaction mixture, which
was then stirred at room temperature (23 °C) for 24 hours. The progress of the
reaction was monitored by thin-layer chromatography (using SiO> as the stationary
phase and an eluent of 20% ethyl acetate in hexanes, resulting in a R¢ value of 0.3).
After completion, the reaction mixture was concentrated under reduced pressure to
yield a white solid, which was used in the subsequent step without further

purification.

Synthesis of 2-(tert-butylsulfonyl)iodosylbenzene (5): The solid 4 (derived from 5
g of compound 3) was treated with 3 N NaOH aqueous solution dropwise under
vigorous stirring until the pH exceeded 7. The resulting mixture was stirred for an
additional half-hour. The yellow solid product was collected by filtration, washed
with diethyl ether, and subsequently dried under reduced pressure to yield

compound 5 as a yellow powder.

Synthesis of 2-(tert-butylsulfonyl)(p-toluenesulfonyliminoiodo)benzene: The solid
4 was combined with an ice-chilled solution of p-toluenesulfonamide and excess
KOH in 60 mL of dry methanol. Upon mixing, a pale yellowish sludge formed
immediately, and the mixture was stirred for 25 minutes. Crushed ice was then

added, and the resulting yellow powder was separated by filtration. The isolated
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product was washed with water and diethyl ether, followed by drying under

reduced pressure to obtain compound 6 as a pale-yellow powder.

2.2.3. Substrates

Most of the chemicals were obtained from Sigma-Aldrich Chemical
Company and used as received, unless specified otherwise. Thioanisole (THA) and
its para-X derivatives (X =-OMe, -Me, -Cl), benzyl alcohol, fluorene, toluene, 1,4-
cyclohexadiene (CHD), and cyclohexanecarboxaldehyde (CCA) were purchased
from Aldrich Chemical Company. Triphenylmethane was sourced from Avra
Synthesis Pvt. Ltd. 9,10-Dihydroanthracene (DHA), ethylbenzene, and cumene
were obtained from TCI Chemicals Pvt. Ltd. H2'80 (99.9% pure, enrichment 97.1
atom %) was procured from Berry and Associates (Icon Isotopes). Benzyl alcohol-
D7 and ethylbenzene-D10 were purchased from Cambridge Isotope Laboratories,
Inc. Other deuterated solvents such as CDCls, CD3CN, D.O, DMSO-De, and
CDsOD were acquired from Aldrich Chemical Company. a-D-
cyclohexanecarboxaldehyde (o-D-CCA) was purchased from RVL Scientific &
Engineering Pvt Ltd.

e Synthesis of Xanthene-Dg:

The synthesis and purification procedures were followed from the published
literature methods.* Xanthene (1.82 g, 10 mmol) was dissolved in DMSO-ds (8
mL) containing NaH (1 g) under a nitrogen atmosphere. The reaction mixture was
stirred at room temperature for 2 hours and then quenched with D2O (8 mL). The
crude product was filtered and washed thoroughly with water. The resulting solid
was purified by silica gel column chromatography using hexane as the eluent,
followed by recrystallization from isopropanol.; *H NMR (500 MHz, CDCls): §
7.19 (4H, m), 7.04 (4H, m). The NMR data indicated > 99.9% deuteration.
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2.2.4. Ligands

Scheme 2.2. Ligand systems used and discussed throughout.

= () () (M
N N N N N. N N_ N
“Z N N =~ N N7 ~ N N7 | = |N N7 |
=~ | ~ I . | ~ I =~ | = N NS
L1 L2 L3 L4

N TN TN TN
N__ N__ N__ N
N N S N O N S N
—_—
/N N/ — 72 /N N/ N N/
L5 L6 L7

L8

e Synthesis of the ligand N5-TACN /L1 :

L1=1-Methyl-4,7-bis(2-pyridylmethyl)-triazacyclononane ~ was  synthesized

following a reported procedure.®

Synthesis of PL1: TACN.3HCI (1 eq.) and picolyl chloride hydrochloride (2.1
eq.) were both dissolved in water. The pH of the solution was maintained at pH 9
by the addition of 2 M NaOH. Thereafter, the resulting pale orange solution was

stirred for 6 days and the free ligand was extracted into chloroform and the solution
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was dried over NaxSQ4. After filtration the solvent was removed under reduced

pressure yielding a yellow oil.

Synthesis of L1: 1,4-bis(2-pyridylmethyl)-1,4,7-triazacyclononane was
dissolved in formaldehyde (37%), formic acid (98%), and water, and the resulting
yellow solution was refluxed for 30 h. After cooling to room temperature, 3 mL of
HCI was added to the mixture and left stirring for 10 min. The solvent was removed
under vacuum, and a small amount of water was added to the resulting residue.
The solution was brought to pH 14 by the addition of NaOH (4 M). After stirring
for 20 min, the aqueous phase was extracted with CH.Cl; (3 x 50 mL). The
combined organic phases were dried over anhydrous MgSQa4, and the solvent was
removed under reduced pressure. The resulting residue was treated with n-hexane
(75 mL) and stirred for 12 h. The solvent was decanted and removed under reduced
pressure to yield a colorless oil. Yield: 1 g, 82%

IH NMR (500 MHz, CDCl3) & 8.50 (d, J = 4.5 Hz, 2H), 7.64 (t, = 7.5 Hz, 2H),
7.50 (t, J = 8 Hz, 2H), 7.14 (t, 6 Hz, 2H), 3.82 (s, 4H), 2.88 (s, 12H), 2.34 (s, 3H),
m/z: 326 (325 + HY)

Cl
H .
H SN
N | (2 eq)
a \ \ HCHO/HCOOH N N
—_—
ELN > AN / 72hr N
HN NH 3 Reflux
AN EtOH N7 T NP
1 |
S S S

Scheme 2.3. Synthesis of ligand L1.
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e Synthesis of the ligand N4S-TACN / L2:

Synthesis of L2=1-Thia-4,7-bis(2-pyridylmethyl)-diazacyclononane was prepared
by slight modifications from the reported procedure.®

Synthesis of L2: Dihydrobromide salt of S-TACN (1 eq.), 2-
(chloromethyl)pyridine.HCI (2.1 eq.), and triethylamine (9.5 eq.) were dissolved
in absolute ethanol and the reaction mixture was refluxed for 12 h under a N>
atmosphere and subsequently extracted with chloroform (3 x 100 mL). The
chloroform extract was washed with water and dried over anhydrous Na;SOa. The

solvent was removed using a rotary evaporator.

IH NMR (500 MHz, CDCl3) & 8.51 (d, J = 5.0 Hz, 2H), 7.68-7.64 (m, 2H),
7.52(d, J = 7.5 Hz, 2H), 7.16-7.13 (m, 2H), 3.85 (s, 4H), 3.11 (t, J = 5.0 Hz, 4H),
2.95 (t,J = 5.0 Hz, 4H), 2.68 (s, 4H); 13C NMR (125 MHz, CDCI3) § 160.2, 159.2,
149.3, 148.8, 136.8, 136.5, 123.5, 122.5, 122.2, 120.7, 64.6, 64.4, 59.3, 56.3, 32.3,
m/z: 329 (328 + H")

e Synthesis of the ligand N4AO-TACN / L3:

Ligand L3 = 1-Oxa-4,7-bis(2-pyridylmethyl)-diazacyclononane was prepared by
slight modifications from the reported procedure.’

Synthesis of L3: An aqueous solution of 2-picolyl chloride hydrochloride (2.1
equivalents) was added dropwise to a neutralized aqueous solution (10 mL) of O-
TACN (1 equivalent), adjusted to pH 7 with 0.5 N NaOH, while stirring over 1
hour at room temperature. The pH of the resulting solution was then raised to 9.0
using 0.5 M NaOH. The resulting orange solution was subsequently extracted three

times with chloroform (30 mL each). After washing the organic layers with water,
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the combined organic extracts containing the product were dried over Na;SO4. The
solvent was then evaporated under reduced pressure, yielding a brown oil as the
final product. Yield: 1.1 g, 74%.

X
T TsH N NHTs ( \
TEN

Y-Ts Y-Ts TSN NTs
if X=8,Y=NH;
ifX=0,Y=0H cl
X Deprotection
SN
N N | P (2 eq) (X
7 |N NZ | NaOH ny WNH
ifX=8,L2
ifX=0,L3

Scheme 2.4. Synthesis of ligand L2 & L3.

NMR Characterization of L1.
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Synthesis of L5:2 N-benzylethylenediamine (1 equivalent) dissolved in CHCl
(20 mL) was combined with 2-(chloromethyl) pyridine hydrochloride (3.1
equivalents) in water (20 mL). NaOH (3.2 g, 80 mmol) in water (10 mL) was added
incrementally over 5 days under a nitrogen atmosphere. The reaction mixture was
extracted with methylene chloride (3 x 25 mL). The collected organic phases were
dried with MgSO4, and the solvent was evaporated to yield a white solid.
Purification was achieved by Soxhlet extraction using low-boiling petroleum ether.
Yield: 1.3 g, 79%.

IH NMR (600 MHz, CDCls) 5 8.48 (s, 3H), 7.56 (s, 3H), 7.49 — 7.41 (m, 3H), 7.27
(d, J = 19.6 Hz, 5H), 7.11 (5, 3H), 3.77 (s, 4H), 3.71 (5, 2H), 3.58 (s, 2H), 2.72 (d,
J = 14.4 Hz, 4H). C NMR (150 MHz, CDCI3) 5 160.16 (s), 159.72 (s), 148.94
(s), 148.77 (s), 139.19 (s), 136.37 (s), 128.63 (s), 128.19 (s), 126.89 (s), 122.71 (d,
J=8.5 Hz), 121.85 (d, J = 9.3 Hz), 77.31 (s), 77.10 (s), 76.89 (s), 60.78 (S), 60.57
(s), 58.98 (s), 52.21 (s), 51.89 (s).

e Synthesis of the ligand STPen/L6:

Synthesis of L6:° A solution of 2-aminoethanethiol (1 equivalent) in CH.Cl
(20 mL) was introduced to a solution of 2-(chloromethyl) pyridine hydrochloride
(3.1 equivalents) in water (20 mL). NaOH (3.2 g) dissolved in water (10 mL) was
gradually added over 5 days while maintaining a nitrogen atmosphere. The
resulting mixture was extracted with methylene chloride (3 x 25 mL), and the
combined organic phases were dried using MgSOa4. Evaporation of the solvent

yielded a brown oil as the final product. Yield: 1.6 g, 92%.

IH NMR (600 MHz, CDCls) § 8.49 (dd, J = 11.0, 4.7 Hz, 3H), 7.64 (t, ] = 8.4 Hz,
2H), 7.59 (t, J = 7.6 Hz, 1H), 7.55 (d, J = 7.8 Hz, 2H), 7.28 (s, 1H), 7.13 (dd, J =
12.3, 7.1 Hz, 3H), 3.81 (s, 4H), 3.76 (s, 2H), 2.81 — 2.75 (m, 2H), 2.73 — 2.65 (m,
2H). 13C NMR (150 MHz, CDCI3) § 159.44, 158.76, 149.27, 148.92, 148.52,
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136.62, 136.41, 122.94, 121.96, 121.83, 120.40, 77.28, 77.06, 76.85, 64.20, 60.14,
54.66, 53.59, 48.03, 38.21, 37.85, 31.79, 29.28.

_ J
A
Seql
P Cl HCI
N
Q I\ 7N\
N —— N —
N N S N
= 72 = 72
Y U N 9
L5 L6

Scheme 2.5. Synthesis of ligand L5 & L6.

NMR Characterization of L5 & L6.
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Fig. 2.6. TH NMR (400 MHz) spectrum of ligand L5 in CDCls.
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Fig. 2.9. 3C NMR (400 MHz) spectrum of ligand L6 in CDCls.

e Synthesis of the ligand L8: The ligand (L) was synthesized with slight
modification from previously reported procedure (see Scheme S1).1°

Synthesis of PL8: 1 equivalent of 2-aminoethanethiol hydrochloride was
combined with 1 equivalent of 2-vinylpyridine in 50 mL of ethanol, and the
mixture was refluxed until clear. Subsequently, 25 mL of 1 M NaOH in ethanol
was added, and reflux continued for 10 minutes. The resulting light-yellow cloudy
solution was filtered to remove NaCl, and the filtrate was evaporated to yield a
yellow oil. This oil was dissolved in water, and the aqueous solution was extracted
with 3 portions of 20 mL CH.Cl,. The combined organic layers were dried with
MgSOs, and the solvent was evaporated to afford a yellow oil, (°L). This product

was used in the subsequent step without further purification.

Synthesis of L8: In the second step, 2.1 equivalents of 2-picolyl chloride

hydrochloride were reacted with PL8 (1 equivalent) in 20 mL of water. To this
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mixture, 10 mL of 8 M NaOH solution was added. The reaction proceeded for 6
days, after which the compound was extracted with 30 mL of CHCl,. This
extraction process was repeated three times. The organic phase was subsequently
washed with Na,SO4 and filtered. The resulting solution was concentrated under
vacuum to obtain a brown oil (L8). Yield: 2 g, 91%. The purity of the ligand was
confirmed using nuclear magnetic resonance (NMR) spectroscopy. C21H24N4S (M
=364.51 g mol™1). *H NMR (CDCls, 400 MHz) ppm: 8.51-8.49 (s, 3H), 7.64 (dt,
J = 7.6 Hz, 2H), 7.59-7.54 (m, 3H), 7.14-7.09 (m, 4H), 3.84 (s, 4H), 3.01-2.68
(m, 8H). 13C NMR (CDCI3, 100.6 MHz) 1, ppm: 160.3, 159.8, 149.7, 149.3, 136.7,
136.6, 123.5, 123.3, 122.3, 121.7, 60.5, 54.2, 38.8, 32.1, 30.1. ESI-MS (positive
mode, CH3CN): m/z, 365.5 {[L+H]}".

NH A EtOH A
Hs/\/ 2 + | —b.. | P NH
HCI N/ F Reflux N s/\/ 2
]
= N
(\/I\/\ + (i/ e | P "
—_—
N/ s/\/NHz N/ Cl  s5days = S/\/N
N ’

L8 S

Scheme 2.6. Synthesis of ligand L8.
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NMR Characterization of LS.
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Fig. 2.10. 'H NMR (400 MHz) spectrum of ligand L8 in CDCls.
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Fig. 2.11. C NMR (400 MHz) spectrum of ligand L8 in CDCls.
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2.2.5. Metal Complexes
e General Procedure for the synthesis of the Fe(ll)-complexes.

The ferrous complexes were synthesized by following a general procedure: 100
mg of ligand was dissolved in CH3CN (2 mL) inside a glove box filled with argon.
To this solution, 1.2 equivalents of Fe(ll) salts (triflates, perchlorates, or
tetrafluoroborates) in CH3CN (2 mL) were added, and the mixture was stirred
overnight to ensure complete metalation. The resulting solution was filtered using
0.2 um PTFE syringe filters and crystallized by slow vapor diffusion of diethyl
ether into a CH3CN solution, then stored at -40°C. The obtained complexes were
washed with diethyl ether and dried under vacuum to obtain the desired metal

complexes (Table 2.1).

Table 2.1. Synthetic parameters and characteristics of metal complexes.

Complex Ligand Metal Salt Solvent Colour Texture Yield
1a L1 Fe''(CH,CN),(OTf), CH,CN Dark red Crystalline 95%
2a L2 Fe''(CH5CN),(OTf), CH5CN Dark yellow Powder 92%
3a L3 Fell(CH,CN),(OTf), CH,CN Brown Powder 90%
5a L5 Fel(CH,CN),(OTf), CH,CN Dark Red Crystalline 85%
6a L6 Fe''(CH,CN),(OTf), CH4CN Dark Red Crystalline 88%
7a L7 Fe'(CH,CN),(OTf), CH,CN Dark Yellow Powder 90%
8a L8 Fe''(CH;CN),(OTf), CH;CN Dark Red Powder 91%
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2.3.  Characterization of the Fe(ll) Complexes
2.3.1. ESI-MS

The ESI-MS spectra of all the Fe(ll)-complexes were recorded in
acetonitrile solvent, at ambient temperature. The samples were carefully filtered

through syringe filters before injecting into the mass spectrometer.

e ESI-MS spectrum of [Fe''(L1)(OTf)]* :

100
1004 530.1
% 50
. |
528 529 530 531 532 533
m/z
% 50
190.5
0 I |
T T T T
200 400 600 800 m/z

Fig. 2.12. ESI-MS spectrum of [Fe"(L1)(OTf)]* ; m/z 530.1 and 190.5 corresponds to
[Fe"(L1)(OTH)]* and [Fe"(L1)]?** respectively. Inset shows the isotopic distribution pattern for the

m/z values of 530.1.
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e ESI-MS spectrum of [Fe''(L2)(OTfH]* :

100
.y 533.13
% so
o1
530 531 532 533 534 535 536
m/z
0
/o 50_
192.15
0
T T T T
200 400 600 800 m/z

Fig. 2.13. ESI-MS spectrum of [Fe'(L2)(OTf)]* ; m/z 533.13 and 192.15 corresponds to
[Fe"(L2)(OTH)]* and [Fe'"(L2)]?* respectively. Inset shows the isotopic distribution pattern for the
m/z values of 533.1.

e ESI-MS spectrum of [Fe''(L3)(OTH]* :

. 517.08
xio
—— l NP
515 516 57 :;;/z 519 520 521
(=]
oX 501
0 la Y i "
I I 1 1
200 400 600 g0 m/z

Fig. 2.14. ESI-MS spectrum of [Fe"(L3)(OTH)]* ; m/z 517.08 corresponds to [Fe"(L3)(OTH)]*. Inset

shows the isotopic distribution pattern for the m/z 517.08.
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e ESI-MS spectrum of [Fe''(L5)(OTfH]* :

100+ 628.06

% 504

625 630 635

400 600 800 1000
m/z

Fig. 2.15. ESI-MS spectrum of [Fe"(L5)(OTH)]* ; m/z 628.06 corresponds to [Fe"(L5)(OTH)]*. Inset

shows the isotopic distribution pattern for the m/z 628.06.

e ESI-MS spectrum of [Fe'(L6)(OTf)]*:

555.04 oy
1004
% 50
[ N S
% 50_
0 Il i - ' - L - A
200 400 600 800 m/z

Fig. 2.16. ESI-MS spectrum of [Fe'(L6)(OTf)]*; m/z 555.04 correspond to [Fe'(L6)(OTH)]*. Inset
shows their isotopic distribution pattern for [Fe''(L6)(OTf)]".
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e ESI-MS spectrum of [Fe'/(L8)(OTfH]*:

100 569.06
%50
L I L
566 567 568 559’"/5270 571 572 573
0
% 504
o Il = | 1 1 =
200 400 600 800 m/z

Fig. 2.17. ESI-MS spectrum of [Fe''(L6)(OTf)]* ; m/z 569.06 correspond to [Fe'(L6)(OTf)]*. Inset
shows their isotopic distribution pattern for [Fe'(L6)(OTf)]*.

2.3.2. 'H-NMR

Generally, NMR spectroscopy is mainly conducted on diamagnetic
molecules, but paramagnetic samples can also be analysed using NMR, albeit with
some distinguishing effects such as broadening of the spectral patterns and large
chemical shift values. In spite of all these challenges, *H-NMR spectroscopy of
metal complexes remains valuable for providing crucial structural insights and

information about bonding patterns.

'H NMR spectra of metal complexes shows paramagnetically induced shifts across
a broad spectral range of approximately 200 ppm. These shifts, known as isotropic
shifts, arise from differences in chemical shifts with and without a metal ion

present. These shifts can be substantial, ranging from -100 to +200 ppm due to the
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presence of unpaired electrons in metal complexes. The a-protons, nearest to the
metal center, are typically the most affected and may sometimes be
indistinguishable. In cases where substitution occurs at the a-position, 3-protons

can also exhibit significant shifts due to interactions with the metal ion.

The coordination number, geometry, and spatial arrangement of protons around
the metal center play critical roles in determining the observed shift patterns in
different systems. Mechanisms such as o-delocalization contribute to downfield
shifts of pyridine protons in the order a-H > p-H > y-H.'"® On the other hand, n-
delocalization can lead to a shift pattern where B-H shifts downfield while o-H and
v-H shift upfield.*®

Scheme 2.7. Numbering scheme for metal complexes containing substituted pyridine donors.

B
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'H-NMR spectrum of [Fe''(L1)(OTH]* :

Y O

el
e K | — i
273K U JLJ\ A
—N - Aamre | S
réi@m\ ]
263k LA L 2

253 K |

233 K JUUJ I JLJ .

B3 2 19 17 15 13 11 9 8 7 6 5 4 3 2 1 0 -1 -3
& (ppm)

Fig. 2.18. *H-NMR spectrum (400 MHz) of complex 1ain CDsCN at different temperatures ranging
from 298 K-233 K with a spectral width of ~200 ppm (no. of scans = 128).
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'H-NMR spectrum of [Fe''(L2)(CIO4)]*:

298 K A

283 K
213K /__N:;_E N
e TN
263 K —n_
253 K @
233 K

& (ppm)

Fig. 2.19. *H-NMR spectrum (400 MHz) of complex 2a in CD3CN at different temperatures ranging
from 298 K-233 K with a spectral width of ~200 ppm (no. of scans = 128).

2.3.3. Cyclic Voltammetry and Differential Pulse Voltammetry

The cyclic voltammetry experiments were carried out at room temperature using a

CH Instruments Electrochemical Analyzer CHI1120B series. A three-electrode

system was used where a glassy carbon was used as the working electrode, Pt wire

as the auxiliary electrode, and aqueous Ag/AgCl as the reference electrode. The

solutions used were 1 mM of 1a, and 100 mM supporting electrolyte tetra-n-

butylammonium hexafluorophosphate (TBAPFg) in acetonitrile.
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CV & DPV Spectra of [Fe''(L1)(OTH]* & [Fe'(L2)(OTH]™:

E,,=670mV(1a)
E,,=970mV (2a)

Current

T T T T T
400 600 800 1000 1200

Potential (mV vs Ag/Ag*)
Fig. 2.20. CV & DPV Spectra of 1a & 2a in acetonitrile at room temperature.

CV & DPV Spectra of [Fe''(L5)(OTH]* & [Fe'(L6)(OTH]™:

Current

T T T
0.60 0.75 0.90 1.20 1.35

Potential (V vs Ag/Ag*)

Fig. 2.21. CV & DPV Spectra of 5a (Blue) & 6a (Red) in acetonitrile at room temperature.
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e CV & DPV Spectra of [Fe'(L8)(OTf)]™:

HiAt

Fe"" Potential = 1.12 V

0.6 nfa 1:0 1!2 1.4
Potential (V) vs. Ag/Ag"

Fig. 2.22. CV & DPV Spectra of 8a in acetonitrile at room temperature.

2.3.4. EPR Spectrocopy

The X-band electron paramagnetic resonance (EPR) was measured on a JEOL
(JES-FA200) ESR spectrometer at 77 K in acetoniotrile. Experimental conditions
[frequency, 9135.99 MHz; power, 0.995 mW; field center, 336.00 mT, width,
+50.00 mT; sweep time, 30.0 s; modulation frequency, 100.00 kHz, width, 2 mT;
amplitude CH1=10, CH2=2.0 and time constant, 0.03 s] were kept the same for all

the samples.
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Fig. 2.23. EPR Spectrum of 8b in acetonitrile at 77 K.

2.3.4. resonance Raman Spectroscopy

The resonance Raman spectra of 2a was obtained at 638 nm (80 mW, Cobolt lasers,
HUBNER Photonics) excitation wavelengths using a Kymera 328i motorized
Czerny-Turner Spectrograph (Andor Technology) equipped with a DU 420A-
BEX2-DD camera (iDus 420 CCD, Andor Technology). The CCD camera was

cooled to —80 °C. The spectral slit width of the instrument was set to 120 um.

975cm™
*
# #
#
500 ' SCIIO ' 7{')0 ' BEI)O ' Q(I)O ) 1(300 ' 11I00 ' 12IOD

Raman Shift (cm™")

Fig. 2.24. Resonance Raman Spectrum of 6¢ [Fe'V(NTs)L6] in acetonitrile at RT upon 561

nm excitation wavelength. (* & # denote the solvent peaks)
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650 750 850
Raman shift (cm™)

Fig. 2.25. Resonance Raman Spectrum of 8b in acetonitrile at 233 K upon 638 nm

550

excitation wavelength. (* denotes the solvent peaks)

2.3.3. X-ray crystallography

e Crystallographic data for complex [Fe'(L6)(CHsCN)](OTf), and its

structure refinement parameters :

The X-ray single crystal diffraction data for the complex was collected by Bruker
APEX-Il CCD diffractometer at room temperature. Data refinement and cell
reductions were carried out by Bruker SAINT Software. Data reduction and cell
refinements were per formed using SAINT and XPREP software. Structures were
solved by direct methods using SHELXS-97 and were refined by full-matrix least-
squares on F2 using SHELXL-14 and OLEX2 programs. CCDC 2310147 contains
the supplementary crystallographic data for this complex. These data are provided
free of charge by The Cambridge Crystallographic Data Centre. Dark wine red
crystals were grown by slow vapour diffusion of diethyl ether into the acetonitrile
solution of the Fe(ll) complex. The refined structure shows binding of a solvent

(CH3CN) molecule to the Fe(l1) and two non-bound OTf counter-anions.
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Fig. 2.26. ORTEP plot of [Fe'(STPen)(CH3CN)] (OTf), with thermal ellipsoid drawn at 30 %

probability level. Counter-ions and hydrogens have been omitted for better clarity.
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Table 2.2. Structure refinement parameters.

Crystal identification

Fe-L6-OTf

Empirical formula (Calculated)
Formula Weight (Calculated)
Color, morphology
Temperature

Wavelength

Space group (Calculated)

Hall group

Volume (Calculated)

Bond precision

Unit cell parameters

Z (calculated)

Density (calculated) (g cm-3)
Mu (mm-1)

F000 (F000’)

h, K, | max

N ref (Calculated)

N et (Reported)

Minimum transmission (T) (calculated)
[reported limit]

Maximum transmission (calculated)
[reported limit]

Absorption correction

Data completeness
Theta (max)

R (Reflections)
WR2 (Reflections)
R

S

Npar

Prob (%)

C24 Has Fs Fe Ns O S3

745.52 g/mol
Deep red, block
293 K

0.71073 A

P-1

-P1

1536 (3) A3

C-C =0.0056 A
a=11.840 (13) A
b =12.227 (13) A
c=12.436 (13) A
2

1.612

0.779

760.0 (761.87)
14, 15, 15

6482

6333

0.817 [0.869]

0.660 [0.747]

Multi-scan
0.977

26.667
0.0518 (4158)
0.1379 (6333)
0.0518 (4158)
1.081

407

50
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Table 2.3. Selected bond lengths [A] and bond angles [°] for [Fe'(L4)(CHsCN)](BFa)2.

Bonds Bond-lengths (A)
Fel N1 1.980
Fel N2 2.025
Fel N3 2.010
Fel N4 1.956
Fel N5 1.929
Fel S1 2.261
AvgFe _N 1.980

cis-bond angle of equatorial Fel-S

cis-equatorial bond angles (°) With Naxeq (°)
€q

£ N1-Fel-N4 90.05(2) £ N3-Fel-S1 85.50 (2)
Z N1-Fel-N3 94.34(2) Z N4-Fel-S1 89.90(2)
Z N2-Fel-N4 84.18(2) Z N2-Fel-S1 88.44(2)
£ S1-Fel-N3 85.50(2) £ N5-Fel-S1 96.94(2)

cis-bond angle of equatorial Fel-N/

trans-equatorial bond angles (°) Fel-S with N2 (%)

Z N3-Fel-N4 175.38(2) Z N1-Fel-N2 80.84(2)
Z S1-Fel-N1 169.23(2) Z N4-Fel-N2 84.18(2)
- - 2 N3-Fel-N2 95.11(2)
- - Z S1-Fel-N2 88.44(2)

The crystal structure (Fig. 2.24 and Table 2.3) shows clear penta-coordination of
the metal to the STPen ligand in a structural orientation analogous to the reported
complexes [Fe''(BnTPen)]?*.1"8 The Fe-N bond distances, as shown in Table 2.3,

are typical for low-spin Fe(11) complexes reported previously.'’-?
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2.3.4. UV-vis Spectroscopy

12000 -

8000
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Fig. 2.27. UV-vis spectra of complexes 1a (Blue) & 2a (Red) in acetonitrile at RT.
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Fig. 2.28. UV-vis spectra of complexes 5a (Blue) & 6a (Red) in acetonitrile at RT.
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Fig. 2.29. UV-vis spectra of complex 8a in acetonitrile at RT.

2.4. Generation of the Reactive Metal Intermediates

The formation of the Fe(IV)=0 intermediates (1b & 2b) was achieved by
vigorous stirring of the Fe(ll) complex, (1a & 2a) with excess solid PhlO in
acetonitrile and filtering off the unreacted excess oxidant using 0.2 um PTFE
syringe filters. The resulting clean filtrate was stored in cold and used for further
studies. The Fe(IV)-oxo complexes 5b & 6b were synthesized in situ from their
respective Fe(ll) precursor complexes at room temperature by the addition of 1.5
equivalents of SPhIO in acetonitrile. The Fe(IV)-tosylimido species 5¢ & 6¢ were
synthesized in situ from their respective Fe(ll) precursor complexes at room
temperature by the addition of 1.5 equivalents of SPhINTSs in acetonitrile. Complex
8b was formed upon addition of little excess (~30 equivalents) of tert-butyl
hydroperoxide solution (70% in water) in acetonitrile at room temperature. The

stability of these intermediates are crucial considerations in order to successfully
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characterize them using various spectroscopic techniques like ESI-MS, UV/Vis,
NMR, EPR and resonance Raman, etc. The formation techniques, stability,
characterizations and reactivity of these reactive high valent intermediates are

discussed latter in their respective chapters.

2.5.  Physical Methods

UV/Vis spectra were recorded on a Hewlett Packard 8453
spectrophotometer equipped with either constant temperature circulating water
bath or a liquid nitrogen cryostat (Unisoku) with a temperature controller. High-
resolution electrospray ionization-mass spectra (ESI-MS) were recorded on a
Waters (Micromass MS Technologies) Q-TOF Premier mass spectrometer by
infusing analyte samples directly into the source at 15 pL min™ using a syringe
pump. The spray voltage was set at 2 kV and the capillary temperature at 80 °C
unless otherwise mentioned. Also, few mass spectra were recorded with the help
of Agilent-Q-TOF 6520 instrument in positive mode equipped with a Mass hunter
workstation; the spray voltage was set at 3 kV and the drying gas flow and
temperature were maintained as 5.0 L min~* and 200 °C respectively. NMR spectra
were recorded on Bruker Avance Il HD 600 MHz and 400 MHz spectrometers
and a Jeol Advanced Solution State 400 MHz spectrometer (JNMECZ400S) using
TMS as internal standard under ambient conditions unless otherwise mentioned.
The reported chemical shifts (in ppm) are in reference to the residual solvent peaks.
The crystal structure was recorded on an Agilent Single Crystal X-Ray
Diffractometer (XRD) equipped with Mo X-ray source (Mova), CCD detector
(Eos), Oxford cryo system and crystal AlisPRO and Autochem software.

2.6. Reaction Kinetics
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All reactions were conducted in a 10 mm path length UV/Vis cuvette, with
UV/Vis spectral changes of the reaction solutions being monitored. Kinetic studies
were carried out under pseudo first-order conditions by using excess substrate
concentrations. The progress of the reactions was tracked by observing the
decrease in absorbance of the characteristic peaks over time. Rate constants were
determined by fitting the changes in absorbance of the intermediates. Each reaction
was performed in triplicate, and the reported data represent the average of these
trials, with the standard deviation being less than 10% of the reported values.

Kinetic experiments were performed by using the following procedures: 1
mM Fe(IV)-oxo complexes including [Fe'V(0)(L1)]**, (1b) and [Fe'V(0)(L2)]*,
(2b) were prepared from 1 mM solutions of their ferrous precursor complexes 1a
and 2a respectively by reacting with excess amount of solid PhlO in acetonitrile at
room temperature. Each time 2.5 mL portion of the Fe(ll) solutions were taken in
a 4 mL glass vial and then an excess amount of solid PhlO was added to it. Then,
the solution was filtered off to remove the unreacted excess oxidant using 0.2 um
PTFE syringe filters. The resulting clean filtrate was stored in cold and used for
further studies. 2 mL of the solution was transferred into the quartz cuvette each
time and deoxygenated with argon gas sealed with rubber septum and kept in
UV/Vis spectrophotometer cuvette holder. For fast reactions, low temperature
setup was employed using the low temperature cryostat when the oxidants were
added through a 250 uLL Hamiltonian syringe, immediately mixed with another 1
ml syringe until the characteristic peaks of intermediates were monitored in the
UV/Vis spectrophotometer. Upon the maximum formation of Fe(IV)-oxo
chromophore, few minutes were given to equilibrate the solution temperature. The
substrates were then slowly added through a 250 uLL Hamiltonian syringe into the

quartz cuvette and mixed with another 1 mL syringe. The time course of the decay
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of the Fe(IV)-oxo chromophore was monitored. Concentrations of the substrates
used in each case varied and were adjusted to achieve convenient reaction time and

control.

1 mM solutions of [Fe'V(L5)(0)]** (5b) and [Fe'V(L6)(0)]** (6b) were
prepared from 1 mM solutions of [Fe'(L5)(OTf)] (5a) and/or [Fe'(L6)(OTf)] (6a)
by reacting with SPhlO (1.5 equiv.) in CH3CN at 25 °C. Similarly, 1 mM solutions
of [Fe!V(L5)(NTs)]?* (5¢) and [Fe'V(L6)(NTSs)]** (6¢) were prepared from 1 mM
solutions of [Fe''(L5)(OTf)] (5a) and/or [Fe'(L6)(OTf)] (6a) by reacting with
SPhINTs (1.5 equiv.) in CH3CN at 25 °C. Each time 2.5 mL of Fe(ll) complex
solution was taken in a4 mL glass vial, and 2 mL of it was transferred into a cuvette
and deoxygenated with argon gas sealed with a rubber septum and kept in UV/Vis
spectrophotometer cuvette holder, then slowly 50 uL of 1.5 equivalents of SPhIO
and SPhINTs was added immediately. The solution was mixed with another 1 ml
Cuvette until characteristic peaks of the intermediates were obtained in the visible
region. After it reaches the maximum formation of Fe(IV)-oxo and Fe(IV)-NTs
intermediates, Then 50 uL of excess substrates were slowly added to the solutions,
mixed with another 1 mL cuvette, and the time course of the decay of the Fe(1V)-

oxo and Fe(IV)-NTs chromophore was monitored.

The formation of the alkylperoxo adduct was identified at 233 K. when 8a
was treated with tert-butyl hydroperoxide solution (70% in water, 30 eg.). A new
blue species (8b) was formed gradually. 1 mM solutions of 8a in CH3CN was
reacted with excess tert-butyl hydroperoxide and the formation spectra were
optimized with the help of UV/Vis spectrophotometer. The oxidant solution and
substrates were prepared in CH3CN and substrates were added to the intermediates
solution formed in situ at different temperature depending upon the rates of decay.
Plots of the kobs against substrate concentrations gave the second-order rate

constants for each system. The reaction mixtures were removed from the cuvette,
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oxidation products and metal salts were separated and passed through the silica gel
and washed subsequently with CH3CN. Product yields were determined by peak
area ratios relative to the standard samples by different (like NMR and ESI-MS)

spectroscopic techniques.
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CHAPTER — 111

Enhanced Reactivity through Equatorial Sulfur
Coordination in Nonheme Iron(1V)-Oxo
Complexes: Insights from Experiment and Theory.
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3.1. Introduction

Oxygen-activating metalloenzymes have unique structure and properties and
catalyze a vast range of chemical reactions in nature under physiological
conditions.! Many of these metalloenzymes utilize iron that is bound to the
protein with interactions from amino acid side chains that are often histidine or
carboxylate groups (of Asp or Glu). However, a considerable number of
metalloenzymes bind the metal ion either via an axial or equatorial cysteinate
residue of the protein. These differences in ligand coordination of the
metalloenzyme often are associated with its function and properties. For instance,
structures of the cytochromes P450 (P450) and the nitric oxide synthases have been
determined and shown them to contain an iron-heme cofactor bound to the protein
through a cysteinate linkage (Figure 3.1a).*” This cysteinate axial ligand not only
provides an anchor for the heme in the protein structure but induces a push-effect
on the metal-heme center that is believed to have significant effect on the basicity
and the redox potential of the metal-oxygen bond thereby enhancing its chemical
catalysis for oxygen atom transfer reactions.®!'° The widely explored class of P450
enzymes catalyze a large variety of regioselective and stereospecific substrate
hydroxylation and epoxidation reactions as part of the metabolism of xenobiotics
in the liver or for the biosynthesis of natural products.!'!"! Consequently, the P450s
are important oxidants in most biosystems and highly versatile. The catalytic cycle
of the P450s uses two reduction equivalents, a molecule of dioxygen and two
protons from the solvent to generate a high-valent iron(IV)—-oxo heme m-cation
radical species called Compound I, Cpd 1.'7"! Cpd I has been spectroscopically
characterized and isolated for the camphor hydroxylating isozyme P450cam and
shown to react via hydrogen atom abstraction from its substrate.’® The strong

electron-donation by the axially ligated cysteinate ligand was shown to enhance
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Figure. 3.1. (a) Proposed Structures of Hypothesized Sulfur-Ligated lron(IV)-Oxo Reactive
Intermediates in Biology. (b) Examples of Biomimetic Sulfur-Ligated Iron(IV)-Oxo Models:
[Fe'V(O)(TMCS)]*, [Fe'V(O)(dithiacyclam)]?* and 2b.

the basicity of the iron(IV)-oxo core in Cpd I and thereby enabled a hydrogen atom

abstraction reaction at a lowered redox potential.>!

Several nonheme iron enzymes utilize a cysteinate amino acid as a substrate
that binds directly to the iron center either as an amino acid monomer or as part of
a peptide chain. Examples of these nonheme iron enzymes include isopenicillin N
synthase (IPNS),?>? cysteine dioxygenase (CDO),*?° the ergothioneine
biosynthesis protein EgtB,** and mercaptopropionate dioxygenase (MDO).3!*% All
of these enzymes react Oz on an iron(II) center and have been proposed to form an
iron(IV)-oxo intermediate, although these have never been trapped and
characterized. Scheme la shows the active site structures of the iron(IV)-oxo
intermediates of IPNS and CDO for comparison. Interestingly, in contrast to most

nonheme iron dioxygenases that have a facial metal-coordination with two
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histidine and one carboxylate group of either an Asp or Glu residue, these
equatorially ligated sulfur-bound enzymes like CDO, EgtB and MDO bind the
metal to three histidine groups and no Asp/Glu is directly bound to iron.>*’
Computational studies on wildtype CDO as compared to CDO variants with an
anionic equatorial ligand rather than a neutral His ligand explored the cysteine
dioxygenation reaction differences.*® The work showed weakening of the iron-
sulfur bond upon binding of an anionic equatorial ligand leading to major changes
to the kinetics of oxygen atom transfer reactions. Therefore, the ligand
environment and the first-coordination sphere of iron centers are important and a

sulfur coordination may lead to changes of chemical properties of the metal center

and influence its reactivity.

Although, equatorially-bound sulfur ligands play an important role in various
nonheme metalloenzymes, there is a lack of understanding on the effect of these
ligands on the structure and reactivity of iron(IV)-oxo cores. These iron(IV)-oxo
moieties are key intermediates in enzymes and believed to be responsible for the
majority of the oxygen atom transfer reactivities in nature. As a consequence, many
groups have created synthetic analogues, i.e., biomimetic models, to gain insight
into their structure and reactivity.**® The use of small-molecule complexes
designed to mimic the active site of short-lived high-valent enzymatic
intermediates has significantly enhanced our understanding of the catalytic cycles
of heme and nonheme iron dioxygenases. Despite all these efforts, the synthesis of
an iron(IV)-oxo porphyrin complex with a thiolate ligand has not yet been reported.
On the other hand, several nonheme iron complexes have been reported that bear
a thiolate or thioether group as part of the ligand framework. One of the earliest
examples of those that was characterized is the [Fe!Y(O)(TMCS)]® complex,
TMCS = I-mercaptoethyl-4,8,11-trimethyl-1,4,8,11-tetraaza-cyclotetradecane,

shown in Scheme 1b.*” The complex was characterized with UV-visible, resonance
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Raman and Mdssbauer spectroscopic methods and its crystal structure coordinates
were determined. The reaction of [Fe'V(O)(TMCS)]" with 9,10-dehydroanthracene
(DHA) established a rate-determining hydrogen atom abstraction with a large
kinetic isotope effect (KIE) for the replacement of hydrogen by deuterium atoms
in the substrate with a KIE = 80. It was proposed that this large KIE value is the
result of the electron-donor abilities of the axial thiolate ligand resulting in large
amount of quantum chemical tunneling.*® As the synthesis of biomimetic heme and
nonheme iron(I'V)-oxo complexes with thiolate ligand (either axial or equatorial)
remains challenging, the efforts in the field have shifted to neutral sulfur ligands,
1.e. thioethers, and for several complexes stable structures could be characterized.
As the oxidation state and overall charge of thioethers is different from thiolates
there may be quantum mechanical differences between the two complexes but they
should have the same stereochemical interactions. These studies triggered
biomimetic studies on sulfur-ligated iron(Il) complexes as mimics of thiol
dioxygenases in nature, although in none of those an iron(IV)-oxo species could

be trapped.**->*

More recently, a nonheme iron(I'V)-oxo complex with equatorial sulfur ligand was
reported, namely the complex [Fe!V(O)(Me;TACN)(S2Si(CH3)2)] with MesTACN
= 1,4,7-trimethyl-1,4,7-triazacyclononane.>> Due to thermal instability of the
complex reactivity studies and rate measurements could not be performed. Further
efforts from Ray and co-workers focused on an iron(IV)-oxo complex with sulfur-
containing cyclam ligand, namely [Fe!V(O)(dithiacyclam)(CHsCN)]*" with
dithiacyclam = 1,8-dithia-4,11-diazacyclotetradecane.’® This system contains two
sulfur coordination sites in the equatorial plane of the iron(IV)-oxo species.’® The
authors proposed that introducing the sulfur groups in the equatorial position
weakens the Fe-O bond and enhances its oxidative reactivity with a diminished

deuterium kinetic isotope effect. Their results are in sharp contrast to the earlier
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report on [Fe'V(O)(TMCS)]".*’ On the other hand, the substitution of the N-methyl
groups in the tetramethylcyclam scaffold with oxygen atoms resulted in a rate
enhancement for hydrogen atom abstraction (HAT) and oxygen atom transfer
(OAT) by five to six orders of magnitude as compared to its parent complex.>” It
was suggested that the rate enhancement may be due to the higher electrophilicity
of the iron center as a result of the equatorial oxygen atoms as compared to N-
methyl groups. Recently, Kaur and Mandal reported a thorough computational
study on the role of equatorial sulfur substitution on the C-H activation reactivity
of iron(IV)-oxo cyclam complexes.® Their results show that with the enrichment
of sulfur atoms into the ligand scaffold resulted in the increased reactivity

successively along the series N4 < N3S < SoN» < S3N < S48
N S [ S N /
(/ <>" N |

’&%

[FeV(O)L,]?**, 1b [Fe'V(O)L,]?**, 2b

Figure. 3.2. Ligand frameworks (top) studied and DFT-optimised structures of the corresponding

iron(1V)-oxo complexes.
To gain further insight into equatorial sulfur positioning in nonheme

iron(1VV)-oxo complexes, we report here a novel N4S-ligated iron(1V)-oxo complex
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(2b) and compare its structure and reactivity with the corresponding Ns-ligated
iron(IV)-oxo complex (1b), see Figure 3.2 for their structures. In particular, we
report the synthesis and characterization of the stable Ns- and N4S-ligated iron(1V)-
oxo complexes. The [Fe'V(O)(L2)]** (2b) (L2 = 1-thia-4,7-bis(2-pyridylmethyl)-
diazacyclononane) was synthesized at room temperature and characterized with
spectroscopic techniques and reacted with model substrates. In addition, we
investigated the reactivity patterns for a system (1b), where the thioether sulfur
ligand in 2b was replaced by an N-methyl moiety in the parent ligand framework.
A detailed experimental and computational study shows that a sulfur atom in the
equatorial plane affects the redox potentials and enables faster electron transfer,

thereby resulting in hydride abstraction instead of hydrogen atom abstraction.

3.2.  Results and Discussion

3.2.1. Synthesis and Characterization

Ligands L1 and L> were synthesized and characterized (See figures 2.5 &
2.6) according to reported procedures.®*** Subsequently, the L: and L. ligands
were reacted with [Fe'(CHsCN)(OTf)2] with OTf = triflate in acetonitrile under
inert atmosphere inside the glovebox to form the corresponding iron(ll)
complexes: [Fe''(L1)(CHsCN)](OTf)2 (1a) and [Fe''(L2)(CHsCN)](OTf), (2a).5364
These iron(ll) complexes were characterized with UV-vis absorption
spectroscopy, cyclic voltammetry (CV), NMR spectroscopy and electrospray
ionization mass spectrometry (ESI-MS) (see Fig. 2.14 and 2.15, Chapter-II).
Treatment of 1a with 1.5 equivalents of iodosylbenzene (PhIO) or n-BuNIO4 in
CHsCN under ambient conditions generated the corresponding iron(1V)-oxo
complex [Fe'V(O)(L1)]?*, 1b. UV-vis absorption characterized the iron(IV)-oxo
complex with a Amax,1b =737 nm (e1b = 310 M~! cm™) with a half-life of 30 minutes,
Figure 2a. These values are similar to those reported by Company et al.%* Complex

2b was synthesized following the same approach as 1b and its characterization
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with UV-vis absorption spectroscopy and ESI-MS is shown in Figure 3.3a. The
UV-vis absorption spectrum of [Fe'V(O)(L2)]*, 2b, gives an absorption band at
Amax.2b = 730 nm (g2 = 165 M~ cm™) with a half-life of 60 minutes. As far as we
know, this would be the first report of a sulfur-ligated nonheme iron(IV)-oxo
complex to be found stable at room temperature. Moreover, the substitution of the
N-methyl moiety in L by a sulfur atom to obtain L> resulted in an iron(IV)-oxo
species with hypsochromic shift of the d-d transition band by 7 nm. This is further
indication of a change in the first-coordination sphere and indicative of sulfur

binding to the metal.
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Figure. 3.3. (a) UV-vis spectra of 1b (blue) and 2b (red) in CH3CN at 298 K. (b) Electrospray
ionization mass spectra of 2b in CH3CN at 298 K. The in-set shows expanded isotopic
distribution patterns of [Fe'V(*0)(L2)(OTf)]* (in blue) and [Fe'V(*30)(L2)(OTH]* (in red).
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The ESI-MS spectrum of 2b shows prominent peaks at m/z 549.14 and m/z
200.58 corresponding to the [FeV(O)(L2)(OTf)]* and [Fe'V(O)(L2)]** ions,
respectively (Figure 3.3b). The isotopic distribution patterns for the two species
confirms their assignments. The formation of the [Fe'V(O)(L2)(OTf)]" species was
further established by an isotopic labelling experiment using H2'20, which leads
to oxygen atom exchange with the oxo group. The experiment with H2'®0 moves
the peak in the ESI-MS spectrum for [Fe'V(0)(L2)(OTf)]* from m/z 549.14 to m/z
551.14, while the peak representing the [Fe'V(O)(L2)]?* ion shifts by one unit.
Hence the isotopic labelling experiment confirms that one oxygen atom is

incorporated into the metal complex in the form of an iron(1V)-oxo species.
3.2.2. Reaction Kinetics

In order to find out whether the change in spectroscopic properties of the
oxidant (2b versus 1b) has an effect on the oxidation properties, we did a thorough
kinetics study using a range of different substrates. In particular, thioanisole was
employed as the substrate to assess the oxygen atom transfer (OAT) reactivity,
while a range of substrates with varying C—H bond strengths were tested for
hydrogen atom transfer (HAT) pathways. The addition of substrates to a solution
containing 1b or 2b in acetonitrile led to the decay of the characteristic d-d
transition band in the UV-vis spectrum, which enabled us to obtain their pseudo-
first-order rate constants. The second-order rate constants (k2) were subsequently
determined by plotting the pseudo-first-order rate constants (kons) as a function of
the relative increment of the substrate concentration. Generally, sulfoxidation
reactions proceed via a concerted oxygen atom transfer to the sulfur atom of the
organic substrate, resulting in the formation of sulfoxides as the oxidized products.
The addition of thioanisole to 2b at 283 K led to the decay of the iron(IV)-oxo
characteristic band at 730 nm in the UV-vis spectrum (Figure 3.4a), thereby
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Figure. 3.4. (a) UV-vis spectral changes of 2b upon addition of 40 equiv. of thioanisole in
CH3CN at 283 K. Inset shows the decay profile of the 730 nm band. (b) The second-order rate
constant determined for the reaction of 1b (2 mM) and 2b (2 mM) with thioanisole at 283 K. (c)
plot of log(kx/kn) against one-electron oxidation potentials (E°ox) of p-X-thioanisole in their
reaction with 1b and 2b at 283 K in CH3CN, where kx and ky are the pseudo first-order rate

constants of p-X-thioanisole and thioanisole, respectively.
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producing methylphenylsulfoxide as the major product. The UV-vis spectra were
monitored for changes in absorbance at 730 nm as a function of time, which

allowed us to determine the pseudo-first-order rate constant (kobs) for the reaction.

These observed rate constants were converted into second-order rate
constants (kz) from the slope of the kons values as a function of substrate
concentration (Figure 3.4b). The second-order rate constant (k-) for the reaction of
thioanisole with 2b was evaluated to be 2.40 x 10~ Mt s* at 283 K. Subsequently,
the reaction of thioanisole with 1b under the same reaction conditions was
measured and a second-order rate constant of 2.87 x 10-2 M~! st was determined.
Therefore, under the same experimental conditions, the reactivity of 2b with
thioanisole is about 9 times faster than that of 1b (Figure 3.4b). Clearly, the
introduction of a sulfur heteroatom in the equatorial position in the ligand

framework enhances the reactivity.

To gain a deeper understanding into the reaction mechanism, we
investigated the reaction of 1b and 2b with p-X-substituted thioanisole substrates
with X = OCHzs, CHs, H, Cl and CN. Thus, these para-substituents influence the
charge distributions and thereby give a measure of the strength of electron transfer
in the rate-determining transition state that is measured from the slope of the plot
of the natural of the rate constant versus the Hammett op parameter.”®#* Second-
order rate constants were measured for each substrate (Supporting Information,
Table S1) and plotted as the logarithm of the rate constant ratio (kx/kn) as a function
of the op Hammett values 8% (Figure S21, Supporting Information). For the
reaction of p-X-substituted thioanisole substrates with 1b/2b a linear correlation
between the op Hammett value and log(kx/kn) is found with a slope of p =—1.54
and p = -3.67 for 1b and 2b, respectively (Figure S21, Supporting Information).
To accommodate the additional stabilization of the positive charge in the transition
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state, new Hammett plots were also made using op* values leading to slope p values
of —0.82 and -2.08, respectively, for 1b and 2b (Supporting Information, Figure
S22). The large Hammett values obtained for 2b can be explained on the basis of
additional stabilization of positive charge in the transition state by electron-
donating groups in the para-position of thioanisole. The differences in the
Hammett slopes for 1b and 2b implicate that the two oxidants react with
thioanisole through a different reaction mechanism. In particular, a slope of p =—
1.54 is typical for an atom transfer reaction,’®84° whereas a relatively larger slope
with a value of p = —3.67 would indicate an electron transfer mechanism.’8&
Similarly, when the logarithm of the rate constant ratio was plotted against the one-
electron redox potential (E°ox) of the substrates also a linear correlation was
obtained. The plots of the logarithm of the rate constant ratio (kx/kn) versus the
redox potential of the substrate has a slope of —2.93 and —7.23 for 1b and 2b,
respectively (Figure 3.4c). As far as we know, it has never been observed
previously to have changes in a reaction mechanism as a result of equatorial ligand
field perturbation around nonheme iron(1V)-oxo centers. Nevertheless, there have
been reports on rate-enhancement upon equatorial ligand perturbations in iron(1V)-
oxo complex reactivities. For example, alkyl/aryl substitution at the sixth position
in the pyridine ring of methylene carbon of N4Py ligand framework resulted in a
rate enhancement, but no change in reaction mechanism and selectivity was
observed.®48 However, the example shown here is a one of a kind where a subtle
change in the ligand framework leads to a switch in the reaction mechanism from

oxygen atom transfer to electron transfer.
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Table 3.1. Second-order rate constants (kz) determined for the reaction of 1b and 2b (2 mM solution
in CH3CN) with various para-X-substituted thioanisole substrates in CH3CN at 283 K.[2

k2
log
p-X[l ol gl @ Complex (x1072 kx/k [f
(kx/Kw)
M—l S—l) [e]
1b 10.3(2) 3.57 0.55
-OMe -0.27 | -0.78 1.13
2b 1086(3) 45.18 1.33
1b 6.86(1) 2.39 0.37
-Me -0.17 | -0.31 1.24
2b 41.9(2) 1.74 0.24
1b 2.87(4) 1.0 0.0
-H 0.00 0.00 1.34
2b 24.0(2) 1.0 0.0
1b 1.81(3) 0.62 -0.20
-Cl 0.23 0.11 1.37
2b 4.39(1) 0.18 ~0.73
1b 0.35(2) 0.125 ~0.90
-CN 0.68 0.66 1.61
2b 0.16(3) 0.0058 ~2.23

2 All the reactions were followed by monitoring the UV/Vis spectral changes of the reaction
solution. ® para-substituents in para-X-thioanisole. ¢ Data taken from ref. 74. ¢ Data taken from ref.
75. ¢ In s, T Relative rate constant obtained by dividing the Kops of p-X-thioanisole by kops of p-H-

thioanisole.
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Figure. 3.5. (a) plot of the logarithms of the second-order rate constants (log k2’) vs. the C—H BDEs
of the substrates with 1b and 2b in CH3CN at 233 K. (b) Plots of the pseudo-first order rate constants
kobs Vs. the substrate concentrations for xanthene and xanthene-[D-] and the obtained kinetic
isotopic effect (KIE) for the reaction with 1b with xanthene in CH3sCN at 233 K. (c) Plots of the
pseudo-first order rate constants Kops VS. substrate concentration for xanthene and xanthene-[D,] and

the obtained KIE for the reaction of 2b with xanthene in CH3CN at 233 K.
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Encouraged by the S-oxidation results, we then decided to study the C—H
bond activation by 1b and 2b. The obtained second order rate constants for these
reactions are given in Supporting Information, Table S2. Previous studies have
demonstrated that reactions involving a rate-determining hydrogen atom
abstraction step show a linear relationship between the natural logarithm of the
second-order rate constant and the C—H bond dissociation energy (BDEc_).%% In
particular, we investigated the hydrogen atom abstraction reactions of 1b and 2b
with substrates with known C-H bond strengths, namely xanthene, 9,10-
dihydroanthracene (DHA), 1,4-cyclohexadiene (CHD) and fluorene. These
substrates span a range of C—H bond dissociation energies (BDEc_n) from 75 to 80
kcal mol-t (Table 3.

2) and hence should elucidate the thermodynamics behind the HAT reaction rates
by 1b and 2b. Next, we plotted the natural logarithm of the second-order rate
constants for HAT by 1b/2b versus the BDEc_w of the substrates, see Figure 3.5a.
The linearity and the non-zero slope value of the Bell-Evans-Polanyi plot (log k2’
versus BDEc ) gives evidence of a rate-determining hydrogen atom abstraction
reaction. Moreover, a larger slope in the curve is seen for 2b than 1b, which implies
that the introduction of an equatorial sulfur ligand to the iron(IV)-oxo species
exhibits a significant effect on its reactivity. In reactions with substrates containing
C—H bonds such as those in xanthene, CHD, DHA and fluorene, 2b reacts at least
with a 2 to 4 times faster rate than 1b (Table 3.2).

To gain further insight into the reaction mechanism we employed xanthene-[D2]
as a substrate and repeated the experiments with 1b and 2b. In both experiments
the second-order rate constant is considerably lower when xanthene-[D2] is used
leading to a kinetic isotope effect (KIE, kn/kp) of KIEw = 23.7 for the reactions
with 1b and KIE2n = 4.7 with 2b as oxidant (Figures 3.5b and 3.5c). Therefore, 2b
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reacts with a considerably lower Kinetic isotope effect and consequently
experiences much lesser quantum chemical tunneling than the corresponding
reaction of 1b with xanthene. These results are in agreement with the diminished
KIE value reported for the [Fe'V(O)(N2S2)]* complex studied by Deutscher et al.*
In particular, they also observed that upon equatorial sulfur substitution in place of
an N—-H moiety (KIE = 20), there is a drop in the KIE for hydrogen versus
deuterium abstraction from the substrate to values of 1.5 and 2.8 when xanthene
and DHA are employed, respectively. Nevertheless, when the logarithms of the
second order rate constants (log k2”) are plotted versus the BDEc_+ values of the
substrates, a linear correlation is found for the reactions involving 1b and 2b with

substrates (Figure 3.5a).

The process of hydrogen atom abstraction generally involves the simultaneous
transfer of a proton and electron. However, it is important to note that the rate is
influenced differently by the transfer of the proton and the electron. While proton
transfer plays a significant role in determining the rate of oxidation of C—H bonds
by 1b, there is also a substantial contribution from quantum chemical tunneling in
the hydrogen atom transfer (HAT). This phenomenon is commonly observed in
HAT reactions mediated by high-valent metal-oxo species in both enzymes and
biomimetic models.®*® By contrast, the system with equatorial sulfur ligand
shows much smaller KIE and lesser tunneling effects. Klein et al* proposed that
the axial thiolate ligand of [Fe'V(O)(TMCS)]* plays a unique role in facilitating
quantum chemical tunneling, thereby resulting in a large KIE of 80 for hydrogen
atom abstraction from DHA. The equatorial sulfur ligation, in contrast, has been
shown to have a diminishing effect on the tunneling contribution, resulting in a
reduced KIE value. The effect of N versus S donors in an otherwise identical ligand
environment is also reflected in the enhanced oxygen atom transfer (OAT) ability
of 2b relative to 1b (Table 3.1). The switch in the reaction mechanism for
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sulfoxidation and HAT reactions are well established with different kind of metal-
intermediates and, for instance, shown in the comparison of the reactivity of

iron(1V)-oxo versus iron(1V)-tosylimido,8:97-%9

Table 3.2. C-H Bond dissociation energies and second-order rate constant values for the reaction
of 1b (2 mM) and 2b (2 mM) with various substrates in CH3CN at 233 K.

BDEc-u BDFEc#

fa] -1 ka s [d] ,

Substrate mgﬁ:f)u[b] (kcal[cr]nol ) Complex (ML g1 [ ko log (k2’)
1b 10.4(3 5.205 0.71
Xanthene (2) 75.5 73.3 1 o4 16% 2o
Dih drgéln%racene 77 76 1b 2'63513 0.65 ~0.18
y @) 2b 8.51(2 2.12 0.32
1,4-Cyclohexadiene 78 " 1b 1.19513 0.297 —0.52
(4) 2b 4.18(3 1.045  0.019

1b 0.082(2 0.041 -1.38

& The number in the parenthesis indicates the number of equivalent H-atoms on the substrate that
can react with the iron(IV)-oxo species. I from Ref 6. [l from Ref 7. [ In Mt s, [e] The k»’
values are obtained by dividing k. values by the number of equivalent hydrogen atoms in the

substrate that would react with the iron(1V)-oxo species.

3.2.3. Computational Backup

To gain further insight into the electronic and chemical differences of
complexes 1b and 2b we did a computational study on their structure, properties
and reactivity. Accordingly, the reaction mechanism of C—H activation from CHD
and S-oxidation of dimethylsulfide (DMS) by 1b and 2b was studied as model
substrates for those reactions. The choice of DMS for computational studies was
based on comparable one electron oxidation potential to that of thioanisole. Let us
start with discussing the structural and electronic differences of both systems first.
Both 1b and 2b have a triplet spin ground state by more than 5 kcal mol~ with

respect to their nearest quintet state. This matches experimental data on 1b and
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analogous nonheme iron(IV)-oxo complexes that were characterized as a triplet
ground state.®® The Fe—O bond lengths in 1b and 2b are short (1.62-1.63 A) for all
spin states, and are representative of a double bond. These Fe—O values are
analogous to other nonheme iron biomimetic systems crystallography
characterized or obtained from DFT calculations.'®%® The bond length between
iron and the axial nitrogen atom (Fe—Nax) is fairly constant among all structures.
After substituting the N-methyl group in 1b by a sulfur atom to obtain 2b, a
considerable lengthening of the metal-ligand bond is observed as expected for the

interaction of two second-row elements.

Regardless of the differences in the equatorial plane of the system for 1b versus
2b, both are in a triplet spin ground state with the same electronic configuration
and orbital occupation as: Sxy? m¥x* w*y;*, Whereby the z-axis is defined as along
the Fe—O bond. By contrast, the quintet spin state has configuration Sxy* w*x.* w*y;*
o*x2.y21. As such the molecular orbitals originating from the 3d-block of metal
orbitals is occupied by four electrons in the iron(I'VV)-oxo species with a low-energy
m*xy orbital in the plane of four Fe—N interactions in 1b, while in 2b, the 3d orbital
interacts with three nitrogen atoms and the sulfur ligand. The ©*x; and ©*y; orbitals
are the antibonding metal-oxo interactions and have little involvement of the
equatorial atoms, while the 6*;2 is also along this bond but 6-type. The valence
orbitals show little differences between those for 1b and 2b. The lowest energy
orbital for both complexes is the dxy orbital with its lobes placed between the four
equatorial nitrogen atoms in 1b and interacting with the sulfur in 2b. Although the
orbital
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Figure. 3.6. UB3LYP calculated potential energy landscape for DMS sulfoxidation by 1b and 2b
(data for 2b in parenthesis). Free energies (in kcal mol=!) use UB3LYP/BS2 energies, and 298 K
zero-point, thermal and entropic corrections at UB3LYP/BS1 level of theory. Optimized transition

state structures give distances in A and the imaginary frequency in cm.

lobes of the dxy orbital for 2b are very similar, the orbital is stabilized by nearly
0.04 hartrees with respect to the one in the 1b complex. The nx./n*x; and my./m*y;
pair of orbitals are degenerate for 1b due to their symmetry but the pairs are not
degenerated in 2b. They appear to be stabilized in 2b together with the 6* orbitals,
which will affect its electron abstraction capability and its reactivity with
substrates. The dxy/0*x2.y2 energy gap generally determines the triplet-quintet spin
state ordering and splitting.*! Indeed the stabilization of the &xy orbitals in 2b
leads to a larger triplet-quintet energy gap of AG = 5.3 kcal mol* for 2b as
compared to AG = 3.4 kcal mol~! for 1b.

Subsequently, we investigated the sulfoxidation of DMS by 1b and 2b and
the results are shown in Figure 3.6. The reactions start from a reactant complex of
substrate DMS with iron(IV)-oxo species (*°RC), and after the transition state
(>5TSso) leads to the formation of the product complex **PC. Sulfoxidation is a
concerted one-step reaction, whereby a spin state crossing from the triplet to the
quintet spin state takes place before the transition state. The calculated

sulfoxidation barrier for DMS activation on the quintet spin state is AG* = 16.8
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kcal mol-! for 1b, while it is 16.0 kcal mol~! for 2b. Using transition state theory,
the energy difference of those barriers will correspond to a rate enhancement of
about 6 for 2b over 1b. Consequently, the calculated rate enhancement is in good
agreement with the sulfoxidation rates measured experimentally that show a rate
enhancement by an order of 9. On the quintet spin state surfaces the overall reaction
Is strongly exergonic. The transition states on the quintet spin state surface are
found to be earlier with short Fe—O and long S—O distances as compared to the
triplet spin transition states, see Figure 3.6. The imaginary frequencies of the
transition states represent S—O stretch vibrations and have magnitudes of i433 cm~!
for 3TSso.1b, 1120 cm™ for 5T Sso.1, 1800 cm for 3TSso 2 and 1125 cm™* for
STSso.20. These values are of similar order of magnitude as previously calculated

sulfoxidation transition states.**"*!

An analysis of the electronic configurations and group spin densities and
charges of the various complexes reveals that no early charge-transfer happens. In
particular, the reactant complexes have the same charge and spin as the isolated
species. This indicates that the mechanism is a direct oxygen atom transfer
mechanism. For the quintet spin pathway the charge transfer from substrate to
oxidant takes place after the transition state for both 1b and 2b, while it appears to
be earlier for the triplet spin state surface. Although the Hammett plot indicates an
early electron transfer this is not seen in the transition state structures from the spin
densities. However, the calculated electron affinities of 1b and 2b are significantly
different in line with the easier electron transfer to 2b than 1b. Thus, the
sulfoxidation reaction leads to a change from iron(IV)-oxo to iron(Il)-sulfoxide
and the transfer of two electrons into the iron, which fills the 6*x2y2 and ¢*;2
orbitals. While the triplet-quintet energy gap of the iron(IV)-oxo is determined by
the filling of the o*x2y2 orbital, the rate-determining sulfoxidation step is

determined by the transfer of an electron into o*;2 instead. Therefore, the triplet-
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Figure. 3.7. UB3LYP calculated potential energy landscape for CHD dehydrogenation by 1b and
2b (data for 2b in parenthesis). Free energies (in kcal mol) use UB3LYP/BS2 energies, and 298
K zero-point, thermal and entropic corrections at UB3LYP/BS1 level of theory. Optimized
transition state structures give distances in A and the imaginary frequency in cm-1,

quintet gap is larger for 2b than 1b, while the sulfoxidation barriers are reversed
and lower in energy for 2b as compared to 1b.

Next, we investigated the mechanism for dehydrogenation of CHD by 1b/2b
and the DFT calculated potential energy profile is shown in Figure 6. The reaction

is stepwise with two consecutive hydrogen atom abstraction steps via transition
state TS1na and TS2na that separate a radical intermediate INT. The first
hydrogen atom abstraction from CHD is rate-determining and free energies of
activation of AG* = 14.8 kcal mol-* for 1b and AG* = 14.5 kcal mol-! for 2b are
obtained. The difference between these two free energies of activation would
correspond to a rate enhancement by a factor of 2 at 233 K, while experimentally
a value of 3.5 is observed. Consequently, the calculations are in excellent

agreement with the trends obtained experimentally. Moreover, the experimental
rates of CHD activation by 1b/2b of 1.19 and 4.18 M~* s~ would correspond to a

free energy of activation at 233 K of AG* = 13.4 and 12.9 kcal mol-?, respectively.
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The computationally obtained free energies of activation, therefore, are in excellent

agreement with those measured experimentally.

Optimized geometries of the hydrogen atom abstraction transition states are
shown in Figure 6. The triplet spin transition states have a large imaginary
frequency of >i1300 cm for the C—H—O stretch vibration and consequently will
result in considerable amount of quantum chemical tunneling and a large kinetic
isotope effect. Interestingly, both quintet spin transition states have a small
imaginary frequency of only i607 cm= (for *TS1naw) and 414 cm™t (for
>TS1ha20), although their animation still shows dominant hydrogen atom transfer.
The reason for these low imaginary modes is likely because both quintet spin
transition states are late on the potential energy surface with long O—H and short
C-H bonds. Structurally both pairs of triplet spin transition states are alike with
similar C—H and O—H distances for each spin state structure. The hydrogen atom
transfer from CHD by 1b/2b leads to a radical intermediate with large exergonicity
and is followed by a small second hydrogen atom abstraction barrier via TS2 to
form benzene, water and an iron(ll) complex. This mechanism is in line with
previous studies on CHD activation by heme and nonheme iron(IV)-oxo

complexes. 1?2123

Interestingly, a comparison of the CHD activation by 1b and 2b gives small
differences. Thus, the triplet-quintet energy gap in the iron(lll)-hydroxo
intermediate (INT) is small for the reaction of 1b with CHD (2.6 kcal molY),
whereas it is much larger for 2b (15.3 kcal molt). Therefore, there is a major
difference in stability of the iron(l1l)-hydroxo complexes of the system with
equatorial sulfur ligand as compared to the one without. An analysis of the group
spin densities for the intermediate complexes shows that the *INT1, complex has

a spin of —1.0 on the substrate which represents a down-spin electron, which
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corresponds to an overall electronic configuration of Sxy! w*x.! m*y;! 6%,2! 6*,2.y2!
o'. By contrast, the substrate moiety bears a total spin of 0.0 in >INT2s. As such,
SINT2 is the result of a hydride transfer, i.e. a proton and two electrons, as it has
the configuration of the product complex with four metal-based orbitals singly
occupied with configuration: xy? m*x.* m¥y;! 6*x2.y21 6*;21 ¢°. The latter highlights
a strong asynchronicity of the desaturation process, whereby the second electron
and proton transfer accompanying the overall hydrogen atom transfer are separated
in time.%"124125 Ag g result, the second electron transfer happens early, namely
together with the first hydrogen atom transfer, resulting in an initial hydride
transfer step. This asynchronicity of the proton and electron transfer processes
during the reaction mechanism will lead to low values of the imaginary frequency

in the transition state.

Indeed, an analysis of the spin densities of the FeO and substrate moieties
along the hydrogen atom transfer scan from the reactants complex to form INT
shows a gradual accumulation of spin on the substrate for the reaction with 1b. By
contrast, for the reaction of 2b with CHD in the first stage of the hydrogen transfer
scan some unpaired spin density is accumulated on the substrate, however, when
the scan approaches the intermediate state, i.e. at short O—H distances, the spin
disappears from the substrate moiety again and creates an intermediate with an
iron(I1)-hydroxo coupled to a substrate cation. These results show that both
reactions start with a hydrogen atom abstraction from the substrate, but the scan
with 2b is followed with a fast second electron transfer on or after the transition
state to give an overall hydride transfer reaction. Further evidence that the reaction
of °2b with CHD proceeds via hydride followed by proton transfer follows from
the comparison of the group spin densities of *INT2, and >TS22,. Thus, in °INT2

the spin on the FeO group is 3.82, while the substrate spin is 0.01. These values do
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not change much for °TS22, and consequently >TS22, happens through proton

transfer.

In summary, 1b reacts with CHD through two consecutive hydrogen atom
abstraction reactions, while 2b reacts via hydride transfer followed by proton
transfer instead. Therefore, the equatorial sulfur ligand appears to influence the
reduction potentials of the iron(IV)-oxo and iron(lll)-hydroxo complexes and
enable quicker electron transfer. The switch in mechanism from HAT to hydride
transfer when we move from 1b to 2b may also be responsible for the lowering of
the KIE with 1b. In particular, it has been reported that hydride transfer tends to
proceed with a low KIE with values of region of 2-5, while typical KIE values for
HAT are often well over 15.126127 Our KIE measurements, therefore, are indicative
of hydride versus hydrogen atom transfer reactions as highlighted by the

calculations.

As sulfur-based biomimetic complexes often suffer from ligand
sulfoxidation,'?® we calculated the reaction of 2b for internal sulfoxidation. These
calculations give a concerted oxygen atom transfer, similarly to the sulfoxidation
mechanism shown above in Figure 3.6 and matching thioether sulfoxidation as
well as cysteine dioxygenase calculations reported previously,!19-121129-132
Nevertheless, ligand sulfoxidation in 2b encounters a transition state of AG = 25.0
kcal mol~! on the quintet spin state with respect to 32b. This barrier is almost >9
kcal mol~* higher in energy than the sulfoxidation transition state calculated for
DMS by 2b. Consequently, ligand sulfoxidation will be a slow process at room
temperature and will not be able to compete with substrate sulfoxidation, although

some ligand sulfoxidation may happen at low substrate concentrations.
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Figure. 3.8. UB3LYP/BS2 calculated electron affinities and BDFEox values of reactant complexes.
Free energies are given in kcal mol ™! and contain ZPE, thermal and entropic corrections.

To understand the differences in reaction mechanism for substrate
activation by 1b and 2b, we investigated several thermochemical properties of
these oxidants and determined a thermochemical cycle as described before.13 We
first calculated the bond dissociation free energy (BDFE) of the iron(l11)-hydroxo
complex to form the iron(IV)-oxo and a hydrogen atom. For 1b and 2b these
BDFEon values are within 2 kcal mol™ and if hydrogen transfer is rate-
determining, based on these small energy differences they are expected to react
with similar rates. We then looked into possible electron transfer processes of 1b
and 2b and calculated the adiabatic electron affinities (EA) of 31b and 32b, see
Figure 7. In both cases the iron(l11)-o0xo species is in a quartet spin state and an
adiabatic electron affinity of AG = 107.5 kcal mol ™ for 1b and AG = 111.8 kcal
mol~! for 2b is obtained. These results show that 2b is easier to reduce than 1b
leading to a more exothermic reaction for electron transfer. The thermodynamic
analysis, therefore, supports our experimental finding that 2b reacts with
considerably earlier electron transfer with sulfides. For a hydride transfer reaction;
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however, a two-electron transfer from substrate to oxidant takes place and
therefore we also calculated the second electron affinity EA2 for the reduction of
the iron(l11)-oxo to iron(I1)-oxo. In addition, we calculated the BDFE2o-n for the
O—H bond strength in the iron(Il)-hydroxo complexes. Both iron(l1)-hydroxo
species have similar BDFE2o- strengths with values calculated of AG = 64.1 and
64.3 kcal mol ™ for [Fe''(OH)(L1)]* and [Fe''(OH)(L2)]*, respectively. The hydride
transfer energy to the iron(IV)-oxo species, however, is the sum of EA and
BDFE20-u. Since, the EA is larger for 2b than 1b this will imply that also the
hydride transfer energy will be more exergonic for 2b and therefore more likely to
happen. Furthermore, both the iron(I\V)-oxo and iron(l11)-oxo of 2b show larger
values of one-electron reduction and therefore are more susceptible for electron
abstraction than their corresponding Ns ligated complexes. These electron affinity
differences give evidence of more likely early electron transfer for 2b than for 1b.

In order to understand the difference in the reactivity and the mechanism
observed, we then attempted to evaluate the one-electron reduction potentials and
the reorganization energies during electron transfer of 1b and 2b with a series of
ferrocene derivatives. The fundamental electron transfer properties i.e. the
reorganization energy and the one-electron reduction potentials of both complexes
were evaluated with the help of the driving force dependence of electron transfer
rate in light of the Marcus theory of electron transfer.1341% When ferrocene (E°ox
=0.37 V vs SCE) was added to 1b, no formation of ferrocenium ion was observed
clearly demonstrating that 1b is unable to oxidize ferrocene. We then added
dimethylferrocene (E°x = 0.26 V vs SCE) to 1b.1% The electron transfer from
dimethylferrocene (MezFc) to 1b can be measured from the formation of the
MezFc™ cation radical with an absorption in the 647 nm region in the UV-Vis
spectrum.®® In particular, we set out to determine the one-electron transfer

equilibrium constant between MezFc and 1b at various Me2Fc concentrations
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ranging from 0.10 — 2.5 mM and with [1b] = 0.48 mM. The equilibrium constant
(KeT) was determined to be 1.45 at 298 K (Scheme 2 and Supporting Information
Figure S32). Subsequently, the one-electron reduction potential of 1b was
determined and found to be 0.27 V vs. SCE. This value compares well with the

calculated EA1p that when converted into a redox potential gives E°red,1b,caic = 0.30

V vs SCE. 137138
o 12+ I+
s> Ker s
N=FelV N + Me,Fc MeFo  + ﬂ\Fe”"N
/LN | \N/ | 2 - 2 /LN’l \N/
(NS N
1b

Figure. 3.9. Electron Transfer Equilibrium Between 1b and MeFc.

The experiments do not record reactivity of 1b with ferrocene (0.37 V vs.
SCE), whereas 2b is able to oxidize dibromoferrocene (E°x = 0.71 V vs. SCE).%’
These results highlight the electronic and electrochemical differences in redox
potential/electron affinity. We then explored electron transfer equilibria of 2b with
dibromoferrocene under the same reaction condition as that for 1b. The electron
transfer equilibrium between BroFc and 2b was measured in detail and we observe
that the final concentration of BroFc*™ produced in the ET reduction of 2b increases
with the increase in initial BroFc concentration. This way, a value of Ker 2o = 4.92
was determined for the equilibrium between 2b and BrzFc. Using the Nernst
Equation (Eq 1), the one-electron reduction potential of 2b is calculated to be 0.75
V vs. SCE. The experimentally determined reduction potentials of 1b and 2b
follow the same trends as the electron affinities calculated and show that 2b has a
larger redox potential than 1b and thus, 2b will be more efficient in electron
transfer processes. Consequently, embedding a sulfur atom into the ligand scaffold

in the cis orientation leads to an increase of the reduction potential by 0.48 V.
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Figure. 3.10. (a) UV-vis spectral changes of 2b (0.25 mM) upon addition of 10 equiv. of
dibromoferrocene in deaerated CH3CN at 298 K. Inset shows the formation profile of the 700 nm
band. (b) Driving force dependence of rate constants (log ker) for ET from ferrocene derivatives (1,
dibromoferrocene; 2, bromoferrocene; 3, ferrocene; 4, dimethylferrocene; 5, decamethylferrocene)
to 1b (blue) and 2b (red) in deaerated CH3sCN at 298 K.

Eored = Eoox + (RT/F) In KET (1)

The electron transfer rates of both 1b and 2b were also examined with other
ferrocene derivatives and similar reaction patterns were obtained. In general, the
electron-transfer rates obeyed pseudo-first order reaction kinetics when a large
excess of ferrocene derivatives was used. The pseudo-first-order rate constants
(kobs) increase linearly with increasing concentrations of ferrocene derivatives. The

second-order rate constants (ket) were determined from the slopes of linear plots
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of kobs Versus concentrations of ferrocene derivatives. The ket values thus obtained
are listed in Table S3 (Supporting Information), together with the E°ox values of
ferrocene derivatives, the determined E°rq values of 1b and 2b and the predicted
driving force for electron transfer, (-AGer = € (E°red — E°x) In €V with e the
elementary charge). The driving force dependence of the rate constants of the ET
reduction of 1b and 2b in acetonitrile at 298 K are shown in Figure 8b, where the
log ket values are plotted against the -AGer values. Both curves were fitted by a
linear correlation with Marcus theory dependence for adiabatic outer-sphere
electron transfer as described in Eq 2.

ket =Z exp [- 1/4 (\) (1 + AGer / N2/ keT] @)

In Eq 2, Z is the collision frequency taken as 1 x 10 Mt s%, A is the
reorganization energy for electron transfer, ks is the Boltzmann constant, and T is
the absolute temperature.*3 Thus, the A values were determined from the fits
through the data using Eq 2 and found to be 2.47 eV and 2.85 eV for 1b and 2b,
respectively. Consequently, the coordination of an equatorial sulfur atom to the
iron(IV)-oxo ligand periphery increases the one-electron reduction potential and
the reorganization energy of the iron(IV)-oxo species significantly. The higher
E°req potential of 2b is attained by the compensation from the higher reorganization
energy including the structural changes required for electron transfer.

3.3.  Conclusion

In summary, we have reported a room temperature stable equatorial sulfur
ligated iron(IV)-oxo complex 2b, and compared its structure, spectroscopic

parameters and reactivity with the analogous complex with five nitrogen atoms
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bound to iron (1b). The two structures show similar spectroscopic features and an
electronic structure calculation gives the same ground state and orbital
configuration. However, the introduction of a sulfur ligand in place of an N—CH3
moiety in the parent ligand framework gives remarkably enhanced reactivity of 2b
with respect to S-oxidation and C—H activation reactions. We did a comparative
experimental and computational study of 1b and 2b in OAT reaction with sulfides
and hydrogen atom transfer reactions with CHD. We show that 2b reacts with
substrates with increased order of rate constants as compared to 1b. In addition to
that, 1b and 2b proceeds through different reaction pathway in S-oxidation and
C—H activation reactions. It is observed that, for sulfoxidation reactions by 1b the
reaction proceeds through atom transfer via an electrophilic reaction mechanism
whereas with 2b the reaction is through an electron-transfer pathway instead. In
HAT reactions, a lowering in KIE is observed which suggest that strong tunneling
behavior in reaction mechanism for 1b, whereas much lesser tunneling is seen in
the case of 2b. The differences in reactivity are shown to result from differences in
chemical reaction mechanism, whereby the reaction of CHD with 1b proceeds
through two successive hydrogen atom transfer steps, while its reaction with 2b
starts with hydride transfer and is followed by rapid proton transfer. As such the
electron transfer steps happen earlier with 2b than with 1b, thereby leading to
differences in chemical reaction mechanism and lowering of the free energies of
activation. To find further support of differences in electron transfer properties
between 1b and 2b we studied their reaction with ferrocene derivatives. These
studies establish that introduction of a sulfur heteroatom in the equatorial position
enhances the one-electron reduction potential by 480 mV. Our work highlights the
role of equatorial sulfur ligation in the reactivity nonheme iron(I\V)-oxo core,
which may provide a fascinating foundation for the nature’s use of cis-sulfur

ligated iron(IV)-oxo intermediate in important biological transformations.
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4.1 Introduction

Iron(IV)-oxo complexes, both heme and non-heme, are important
catalytic intermediates in enzymes that enable vital biotransformation for human
health. These include detoxification processes in the liver and the biosynthesis of
hormones.*! A catalytically active iron(IV)-oxo species is produced when
monooxygenases and dioxygenases interact with molecular oxygen at an iron
centre, transferring an oxygen atom to the substrate. Iron(1V)-imido and Iron(V)-
nitrido complexes can be synthesized by utilizing a nitrogen donor. Even though
these complexes are rare, there is evidence that cytochrome P450 enzymes
catalyze substrate aziridination, presumably through a high-valent iron(1V)-
nitrido or iron(IV)-imido complex.'>** Numerous nitrene or imido ligand-based
iron-porphyrin model systems have been investigated, exhibiting reactivity
towards effective olefin aziridination.t>1°

There are only quite a few literature studies are available on the iron(V)-
nitrido species (FeV=N) and iron(IV)-imido (Fe'V=NR) species, in comparison to
iron(IV)-oxo complexes, which have been the subject of substantial research over
the years. These high-valent metal-nitrido/imido complexes are believed to be
able to catalyze isolobal amination processes due to their strong oxidative
capability. Several groups have researched the chemistry of metal-catalyzed
aminidation of aliphatic C-H bonds and aziridination of alkenes utilizing
iminoiodane reagents over the past ten years.’>?’ Understanding the basic
chemical characteristics of the hypothesised metal-nitrogen multiple bound
species has advanced significantly in recent years thanks to their isolation and
spectroscopic characterization.?%-2428-35 However, little is known about its relative
reactivity to the well-known iron(IVV)-oxo species, and there is no information on

its potential as a nitrogen atom transfer agent.®
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Previously, a comparative study between iron(IV)-oxo and iron(IV)-imido
oxidants were performed using the pentadentate N4Py ligand (N,N-bis(2-
pyridylmethyl)-N-bis(2-pyridyl)methylamine) as the basic ligand skeleton.36-38
This ligand was the first example that can support both the high valent iron(IV)-
oxo and -imido species. Here it was reported that both iron(IV)-oxo and iron(IV)-
imido oxidants reacts with substrates via different reaction pathway. For e.g.
iron(IV)-oxo reacts with thioanisole via direct oxygen atom transfer, where as
iron(IV)-imido goes via electron transfer. Also, there was a report of two
octahedral iron(1V)-imido complexes with MePy.TACN and Mez(CHPy2)TACN
ligand frameworks by Costas etal (MePy>TACN = N-methyl-N,N-bis(2-picolyl)-
1,4,7-triazacyclononane, and Me2(CHPy2)TACN = 1-(di(2-pyridyl)methyl)-4,7-
dimethyl-1,4,7- triazacyclononane.®® Also, our group have extensively studied the
comparative reactivity of iron(IV)-oxo and iron(IV)-imido complexes with
BnTPeN ligand framework (BnTPeN = N-Benzyl-N,N,N-tris(pyridine-2-
ylmethyl)ethane-1,2-diamine).*° This chapter discusses in depth the reactivity of
[Fe'V(NTs)(STPeN)]** (6¢c) and [Fe'V(O)(STPeN)]** (6b) towards S-oxidation
and C-H activation. Attempts have been made to gain insights to the similarities

and differences in the reaction pathway of the two intermediates.

4.2  Experimental Section

High-valent iron intermediates iron(IV)-oxo intermediate and iron(IV)-
imido were generated in-situ from 1mM solution of the respective iron(ll)
complexes. The iron(IV)-oxo complex 6b was prepared using 1.5 equiv. of
soluble iodosylbenzene (PhlO) as an oxidant in acetonitrile solution at 298 K.
The iron(IV)-imido complex 6¢ was generated in an acetonitrile solution in situ
using 1.5 equiv. of SPhINTs in dichloromethane as tosylimido donor using
procedures reported before. The oxidation reactions of thioanisole and C-H bonds
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were followed by monitoring the change in absorption spectrum of the
intermediates using UV-vis. spectroscopy. The second order rate constants were
determined by varying the concentration of thioanisole, and its derivatives,
Xanthene, 9,10-Dihydroanthracene (DHA), 1,4-Cyclohexadiene (CHD), fluorene

and triphenylmethane for 6b and 6c.
TN %
@

)
Y N v

N7\

—_—

~ N
N/

Fe(IV)=0 L-STPeN Fe(IV)=NTs

Figure. 4.1. Ligands and oxidants employed in this study.
4.3 Results and discussions

Ligands L5 and L6, with L5 = N-benzyl-N!, N?, NZ-tris(pyridine-2-
ylmethyl) ethane-1,2-diamine and L6 = 2-(2-Pyridinyl)methylthio-N,N-bis[(2-
pyridinyl)methyl]ethanamine were synthesized and characterized (Figures 2.4-
2.9, Chapter II) according to reported procedures. Subsequently, the L5 and L6
ligands were reacted with [Fe''(CH3CN)2(OTf)] with OTf = triflate in
acetonitrile under inert atmosphere inside the glovebox to form the corresponding
iron(11) complexes: [Fe''(L5)(CHsCN)](OTf). (5a) and [Fe'(L6)(CHsCN)](OTf),
(6a).5%%* These iron(ll) complexes were characterized with UV-vis absorption
spectroscopy, cyclic voltametry (CV), electrospray ionization mass spectrometry
(ESI-MS) and X-Ray crystallography, see Figures 2.15, 2.16, 2.21, 2.25 & 2.28
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in the chapter Il. Our obtained characterization matches previous work of these

iron(11)

Figure. 4.2. ORTEP plot of [Fe"(STPen)(CHsCN)] (OTf), with thermal ellipsoid drawn at 30 %

probability level. Counter-ions and hydrogens have been omitted for better clarity.
complexes with BnTPen ligand framework.*® The UV-vis spectrum of both
iron(1l) complexes shows a ligand to metal charge-transfer band with a notable
shift in the molar extinction coefficient (¢) and Amax Values. In particular, for 5a
we obtained an esa = 8046 M! cm™? (Amaxsa = 386 nm), whereas the
corresponding values for complex 6a are gsa = 8469 Mt cm* (Amax.6a = 372 nm).
As such, a hypsochromic shift (by 14 nm) with increased molar absorption
coefficient is obtained through insertion of a sulfur atom in the equatorial plane
of the complex (Chapter Il, Figure 2.28). Moreover, cyclic voltammetry studies
of the iron(ll) complexes 5a and 6a exhibited a reversible/quasi-reversible
Fe'l/Fe'"" couple with a difference of 140 mV in their redox potentials, namely
values of Eiz = 870 mV for 5a and Ei2 = 1010 mV for 6a (Chapter I, Figure
2.21). Also, the single crystal structure of 6a illustrates this geometry to be
pseudooctahedral, where there are six coordination sites with the Fe center.
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where, the sulphur atom is found to be in an equatorial position and an
acetonitrile molecule is bound to the iron centre. The three pyridine rings are in
the equatorial plane, whereas another tethering N atom is axially bound to iron.
The complexes gave ESI-MS peaks at m/z = 628.06 and 555.04 corresponding to
[Fe''(L5)CF3SOs]* and [Fe''(L6)CFsSOs]* fragment ion respectively (Figure 2.15
& 2.16). The isotropic distribution pattern for the complexes confirms their
assignments.

Table 4.1. Selected bond lengths [A] and bond angles [°] for [Fe'"(STPeN)(CHsCN)](OTf):
(6a)
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Bonds Bond-lengths (A)
Fel N1 1.980
Fel N2 2.025
Fel N3 2.010
Fel N4 1.956
Fel N5 1.929
Fel S1 2.261
AvgFe N 1.980

cis-bond angle of equatorial Fel-S

cis-equatorial bond angles (°) With Naveg (°)
eq

Z N1-Fe1-N4 90.05(2) 2 N3-Fe1-S1 85.50 (2)
Z N1-Fel-N3 94.34(2) Z N4-Fel1-S1 89.90(2)
Z N2-Fe1-N4 84.18(2) 2 N2-Fel-S1 88.44(2)
Z S1-Fel-N3 85.50(2) 2 N5-Fel1-S1 96.94(2)

cis-bond angle of equatorial Fel-N/

trans-equatorial bond angles (°) Fel-S with N2 (%)

Z N3-Fel-N4 175.38(2) Z N1-Fel-N2 80.84(2)
Z S1-Fel-N1 169.23(2) Z N4-Fel-N2 84.18(2)
- - Z N3-Fel-N2 95.11(2)
- - Z S1-Fel-N2 88.44(2)

Fe'V=0 and Fe'V=NTs complexes of L5 ligand framework is well known
in the literature.*® Treatment of [Fe''(L6)(CH3CN)](OTf)2 with 1.5 equivalents of
PhIO & °PhINTs in CHsCN under ambient conditions generated the
corresponding iron(1V)-oxo complex [Fe'V(0)(L6)]%*, 6b (Amax = 756 nm, & = 380
Mecm™, tiz = 60 mins. at RT) and [Fe'V(NTs)(STPeN)]?*, 6¢ (Amax = 730 nm, &
= 250 Mcm?, ty2 = 45 mins. at RT). Thus, the substitution of the N-benzyl
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moiety in L5 with the sulfur atom to form L6 resulted in a red shift of the d-d
transition band by 20 nm for the Fe(1V)=0 complex. These ferryl-oxo and ferryl-
nitrene complexes were characterized by UV-vis and ESI-MS spectrometry and
resonance raman spectroscopy.

The ESI-MS spectrum of 6b shows prominent peaks at m/z 571.03 and
m/z 211.04 corresponding to the [Fe'V(O)(Le)(OTH)]* and [Fe'V(O)(Ls)]?* ions,
respectively (Figure. 4.3a). The isotopic distribution patterns for the two species
confirm their assignments. The formation of the [Fe'V(O)(L2)(OTf)]" species was
further established by an isotopic labeling experiment using H2'®0, which leads
to oxygen atom exchange with the oxo group. The experiment with H220 moves
the peak in the ESI-MS spectrum for [Fe'V(O)(L2)(OTf)]" from m/z 549.14 to m/z
551.14, while the peak representing the [Fe'V(O)(L2)]?" ion shifts by one unit.
Hence the isotopic labelling experiment confirms that one oxygen atom is
incorporated into the metal complex in the form of an iron(IV)-oxo species.
Similarly, The ESI-MS spectrum of 6¢ shows prominent peaks at m/z 724.06 and
m/z 287.50 corresponding to the [Fe'V(NTs)(Les)(OTF)]" and [Fe'V(NTs)(Le)]*
ions, respectively (Figure. 4.3b). The isotopic distribution patterns for the two
species confirm their assignments. The resonance Raman spectra of 6¢ obtained
at 571 nm excitation wavelength features a resonantly enhanced bands at 975 cm-
1 that was not there in the starting Fe(11) complex as well as in the spectra for the
solvent. In analogy with the previously reported Fe'V=NTs complexes,** we have
assigned this band as having originated from the Fe=N (975 cm™) stretch, see
Figure. 4.3. We couldn’t able to get the resonance Raman spectra for complex 6D,

due to the conversion of Fe'V=0 to Fe'' upon laser excitation.
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Figure. 4.3. (a) Electrospray ionization mass spectra of 6b in CHsCN at 298 K. The inset shows
expanded isotopic distribution patterns of [Fe'V(*%0)(Le)(OTH)]* (in  red) and
[Fe'V(*®0)(Le)(OTH)]* (in blue). (b) Electrospray ionization mass spectra of 6¢ in CH3CN at 298
K. The inset shows expanded isotopic distribution patterns of [Fe'V(NTs)(Le)(OTf)]*.
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Figure. 4.4. Resonance Raman spectra of 6¢ at 298 K at 571 nm excitation wavelength. *
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Figure. 4.5. UV-vis spectra of 6b (red) and 6¢ (blue) in CH3CN at 298 K.

The addition of thioanisole to 6b at 263 K led to the decay of the
iron(IV)-oxo characteristic band at 756 nm in the UV-vis spectrum (Fig. 4.6a),

thereby producing methyl phenyl sulfoxide as the major product. We measured
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Figure. 4.6. (a) UV-vis spectral changes of 6b upon addition of 20 equiv. of thioanisole in
CH3CN at 263 K. Inset shows the decay profile of the 756 nm band. (b) The second-order rate
constant determined for the reaction of 6b (Red) (1 mM) and 6¢ (Blue) (1 mM) with thioanisole at
263 K. (c) plot of log(kx/kn) against one-electron oxidation potentials (E%x) of p-X-thioanisole in
their reaction with 6b and 6¢ at 263 K in CH3CN, where kx and ky are the pseudo first-order rate
constants of p-X-thioanisole and thioanisole, respectively.
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the change in absorbance from the UV-vis spectra at 756 nm and plotted it as a
function of time, which enabled us to determine the pseudo-first-order rate
constant (kons) for the reaction. Then, these observed rate constants were
converted into second-order rate constants by plotting koss as a function of
substrate concentration. The second-order rate constant (k2) for the reaction of
thioanisole with 6b was evaluated to be 0.911 M~1s™ at 263 K. Subsequently, the
reaction of thioanisole with 6¢ under the same reaction conditions provided a
second-order rate constant of 0.203 Ms%. Thus, under the same experimental
conditions, the reactivity of 6b with thioanisole is faster than that of 6¢ by a
factor of almost four-times (Fig. 3c).

To gain insight into the mechanistic details of the reaction pathway, we studied
the reaction of 6b and 6¢ with various para-X-substituted thioanisole substrates
(X = OCHas, CHs, H, CI) and measured their reaction rates (Fig. 4.2).*** It had
been widely studied that a significant larger slope indicative of an electron
transfer pathway, whereas a smaller Hammett slope indicates an oxygen atom
transfer pathway. A plot of the logarithm of the rate constant ratio (kx/kn) as a
function of op values of various para-X-substituted thioanisole substrates gives a
linear correlation with a slope of p = —1.41 and p= -3.42 for 6b and 6c¢
respectively. The larger Hammett slope is due to the additional stabilization of
positive charge in the transition state by electron donating groups in the para-
position of thioanisole and thus enhanced the overall rate of oxidation. similarly,
when plotted against the E%x values for various para-X-substituted thioanisole
produces a linear correlation with a slope of -2.88 and -7.12 for 6b and 6c
respectively. From the Hammett plot, it indicates that thioanisole reacts with 6b

and 6c¢ through different reaction mechanisms. It is observed that 6b undergoes
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an atom transfer through an electrophilic reaction mechanism whereas 6c¢

proceeds through an electron-transfer pathway.3"3®

Table. 4.2. Hammett parameters and second-order rate constants (k,) determined in the reaction of 6b & 6¢ (1 mM

solution in CH3CN) with various para-substituted thioanisole substrates in CH;CN at 283 K.2

p-X % o't
-OMe -0.27 -0.78
-Me -0.17 -0.31
-H 0.00 0.00
-Cl 0.23 0.11

Eooxc

113

1.24

1.34

1.37

Complex

6b
6C
6b
6C
6b
6C
6b
6C

ko (M1sT1) x
102
3.240
4.868
2.318
1.157
0.911
0.203
0.675
0.087

(/o

3.55
23.98
254
5.69
1.0
1.0
0.74
0.42

log (ke/ks)

0.55
1.38
0.40
0.75
0.00
0.00
-0.13
-0.37

2 All the reactions were followed by monitoring the UV/Vis spectral changes of the reaction solution. ° Data taken from:
H. C. Brown and Y. Okamoto, J. Am. Chem. Soc., 1958, 80, 4979. ¢ Relative rate constant obtained by dividing the k; of p-

X-thioanisole by k; of p-H-thioanisole.

Table. 4.3. Pseudo first-order rate constants determined for the reaction of 6b & 6¢ (1 mM) with ethylbenzene &

ethylbenzene-D7 in CH;CN at RT.

Concentration (mM) Complex
50 6b
6¢
100 6b
6¢
150 6b
6¢
200 6b
6¢

TH-3500_196122016

Kobs X 1072 for
Ethylbenzene

IV/ 12

0.61
0.49
1.40
1.01
1.96
1.52
261
211

Kobs X 1072 for
[D7]-Ethylbenzene

0.042
0.0122
0.089
0.0248
0.136
0.0358
0.176
0.0458
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Figure. 4.7. (a) UV-vis spectral changes of 6¢ upon addition of 100 equiv. of ethylbenzene in
CH3CN at 298 K. Inset shows the decay profile of the 730 nm band. (b) Plots of the pseudo-first
order rate constants Kops VS. the substrate concentrations for ethylbenzene and d7- ethylbenzene in
order to determine the kinetic isotopic effect (KIE) for the reaction of 6b with ethylbenzene in
CH3;CN at 298 K. (c) Plots of the pseudo-first order rate constants Keps VS. the substrate
concentrations for ethylbenzene and d7- ethylbenzene in order to determine the kinetic isotopic
effect (KIE) for the reaction of 6¢ with ethylbenzene in CH3;CN at 298 K.
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We then studied the hydrogen atom abstraction ability of 6b and 6¢ with a
selection of substrates with known C—H bond strengths. Earlier studies have
demonstrated that reactions involving rate-determining hydrogen atom
abstraction exhibits a linear relationship between the natural logarithm of the rate
constant and the C—H bond dissociation energy (BDEc-1). We investigated the
hydrogen atom abstraction reactions of 6b & 6c with substrates including
Triphenylmethane, Cumene, ethylbenzene and Toluene. These substrates span a
range of C—H bond dissociation energies (BDEc-u) typical for hydrogen atom
abstraction reaction rates. A linear correlation between the natural logarithm of
the rate constant versus BDEcny is found for the reactions of la/2a with
substrates including Triphenylmethane, Cumene, ethylbenzene and Toluene.
These substrates span a range of C—H bond dissociation energies (BDEC-H)
typical for hydrogen atom abstraction reaction rates. The linearity of the Bell-
Evans-Polanyi plot (log k»” versus BDEcn) provides evidence of a rate-
determining hydrogen atom abstraction reaction. So, the introduction of the
equatorial sulfur ligands also exhibits a significant effect on the reactivity of the
oxoiron (IV) and tosylimidoiron(IV) unit. In reactions with substrates containing
C-H bonds like Triphenylmethane, Cumene, ethylbenzene and Toluene, 6b reacts
at least 2-3 orders of magnitude faster than 6c. Furthermore, a detailed kinetic
isotope effect study was explored with ethylbenzene and ethylbenzene-D7 as
substrates. In both experiments, the second-order rate constant is considerably
lower when ethylbenzene-D7 was used leading to a kinetic isotope effect (KIE,
kn/kp) of KIEebn = 29 for the reactions with 6b and KIEec = 86 with 6¢ as oxidant
(Figures 4.4b and 4.4c). This tells us that larger quantum mechanical tunneling is
observed in the reaction of 6b & 6c with ethyl benzene. Both oxidants are going

through the initial hydrogen atom abstraction pathway.
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4.4  Conclusion

In summary, this chapter present here the first experimental
characterization of a sulfur ligated iron(IV)-imido complex. The iron(IV)-imido
complex was spectroscopically well charcterized and compared with its iron(I1V)-
oxo counterpart. Also, the reactivity studies in heteroatom oxidation and C-H
activation reaction was studied with both the complexes. In both heteroatom
oxidation and C-H activation reaction, the iron(IV)-oxo complex seems to be
more reactive as compared to the iron(IV)-imido species. The mechanistic
pathway for S-oxidation reactions for iron(IV)-oxo and iron(IV)-imido were
different. The former proceed via oxygen atom transfer while in the latter case
electron transfer is the rate limiting step.
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CHAPTER -V

Sulfur Ligated Iron(I'11)-Alkylperoxide Complex:
Spectroscopic Insights and Mechanistic Studies of
Electrophilic Hydrogen Atom Abstraction with
Aldehydes

ow-spin
“ tem.OOR

Absorbance

§ .. ELECTROPHILI
600 800 1000 ALDEHYDE-H
Wavelength (nm) ABSTRACTION

To be Submitted

TH-3500_196122016



6.1. Introduction

The handling of dioxygen and its associated compounds, like hydrogen
peroxide and superoxide, holds significant importance for various heme and
nonheme iron metalloenzymes. In many instances, the generation of iron-oxygen
adducts such as iron-superoxide, -hydroperoxide, or -alkylperoxde species stands
as a pivotal stage in their operational process. Superoxide reductase (SOR), which
is found in anaerobic and microaerophilic species, is an example of a
metalloprotein. It contributes to the body's natural defence systems by converting
superoxide into hydrogen peroxide.*? In its active site, SOR features a Fe' center
surrounded by four histidine-derived imidazolyl nitrogen donors arranged in a
planar fashion, along with a cysteine-derived thiolato sulfur donor positioned
axially. This configuration results in a square pyramidal [(N4S(thiolate)] geometry
around the iron center. Notably, the coordination structure of SOR shares a clear
resemblance with the heme-iron active site of cytochrome P450, where the iron
center is coordinated by four pyrrolyl nitrogen donors in the equatorial plane and
a cysteinate ligand in the axial position.3'® Both enzymes are believed to engage
similar iron-(hydro)peroxy intermediates during their catalytic processes.
However, these intermediates undergo significantly different outcomes: in SOR,
the (hydro)peroxy ligand is released as H.O, while in P450, cleavage of the O-O

bond occurs, leading to the generation of a reactive high-valent iron-oxo species.

Spectroscopic and theoretical studies on hydroperoxo- and alkylperoxo-iron(I11)
models have shown that a low-spin Fe'" state leads to stronger Fe-O and weaker
0-0 bonds, whereas a high-spin Fe'"' state results in weaker Fe-O and stronger O-
O bonds.*"*8 It is hypothesized that a low-spin Fe"'-OO(H/R) intermediate in P450
promotes O-O bond cleavage, whereas a high-spin state in SOR aids Fe-O bond
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cleavage. Our group recently demonstrated C-O bond cleavage in a nonheme Fe''!-

alkylperoxide complex with a pentadentate bispidine ligand.*®

Many synthetic models have been studied to understand metal-mediated
transformations. Fe'!'-hydroperoxide and Fe'"'-alkylperoxide complexes show
sluggish reactivity with organic substrates.!®?* Various nonheme metal-
alkylperoxide intermediates, such as Ni"-OOR and Cu'-OOR, have been
studied,?>2° but many synthetic iron(l11)peroxido oxidants remain unreactive under
ambient conditions, possibly due to in-situ generation of Fe'V=0 complexes upon
0-0 bond cleavage. Some Fe''-OOH intermediates have been reported as reactive
towards organic transformations.®*! The reactivity mechanisms of Fe(I11)-OOR
complexes are unclear due to their thermal instability, with Kinetics often
ambiguous because of competing reaction pathways. Reports of homolytic or
heterolytic O-O bond cleavage exist,*>*’ and the metal center's spin state
significantly influences reaction pathways by affecting Fe-O and O-O bond
strengths.*®%°  Quantum-chemical calculations suggest high-spin  Fe''l-
alkylperoxido complexes tend to cleave Fe-O bonds, while low-spin complexes
lead to homolytic O-O bond scission.’*® Some high-spin Fe''-hydroperoxide
systems react with organic substrates, displaying amphoteric behaviour.>” Low-
spin Fe''-OOH complexes with well-known N4Py and BnTPeN ligand
frameworks react only with halides, showing no reactivity with activated
hydrocarbons or heteroatom oxidation.>®° Also, many model complexes of
thiolate-ligated nonheme Fe(l11)-alkylperoxides have been characterized, but these
complexes don’t show any oxidative reactivity.9%2 Herein, we report for the first
time, the synthesis, characterization and reaction kinetics of a novel sulfur ligated
low-spin Fe'''-alkylperoxido moiety which shows electrophilic reactivity towards

organic substrates driven by a general O-O bond cleavage pathway.
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Table 5.1. Observed Physical properties various Iron(l11)-oxygen intermediates.

VEe-0 Vo-0 Spln L.
Amax (NM) g values @©m? (cmY state Reactivity Ref
[Fe"(TMC)(OOH)]?* 526 6.8,5.2,1.96 658 868 5/2 Amphoteric 57
[Fe"(Bisp- .
4.2 - - 2 Amph 1
NMe,)(QOBU)P* 598 95 5/ mphoteric 8
Fe"'([15 N4)(SCeH
[FeT([1SlaneNa)(SCH( | goq 210,197 611 83 12  Unreactive 60
OO0'Bu)]
[Fe"(NsPySR)(OOBu)]** 600 2'1‘11’ 926'08’ 700 796 1/2 Unreactive 61
605 2.16, 2.13,
(ACN) 1.97 694 790 1/2 Unreactive
[Fe"(Bisp)(OO'Bu)J** 62
560(DC 9.4,7.9,5.6, 652 845 5/2 Unreactive
M) 4.3
[Fe"(L)(OOtBu)]** 8b, 2.21,2.19, . is
2 7 7 1/2 Amph
this work 620 211 68 % / mphoteric work
N
N —
S N
—_—
2
N\
N/ —
L Fe'(OO™Bu)(L), 2a

Figure. 5.1. Ligand and oxidant used in this chapter.
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6.2.  Results and Discussion
6.2.1. Synthesis and Characterization

The pentadentate ligand (L) (L = 2-((2-(pyridin-2-yl)ethyl)thio)-N,N-bis(pyridin-
2-ylmethyl)ethan-1-amine) was synthesized and characterized (Figures. 2.10-2.11,
Chapter 1) according to the previously reported procedures.®® Subsequently, the
ligand L was reacted with [Fe"(CH3CN)2(OTf)2] with OTf = triflate in dry
acetonitrile under an inert atmosphere inside a glovebox to form the corresponding
iron(11) complex: [Fe'(L)(CHsCN)](OTf), (8a). The iron(ll) complex was
characterized with UV—vis absorption spectroscopy, cyclic voltammetry(CV),
NMR spectroscopy, and electrospray ionization mass spectrometry (ESI1-MS); (see
Figures 2.17, 2.22, Chapter Il). The UV—vis spectrum of the iron(Il) complex
shows a ligand to metal charge-transfer band with a molar extinction coefficient
(€) and Amax values of €ga = 2200 M2 cm™ (Amax,8a = 358 nm) with a smaller band
at 540 nm, £ = 126 Mtcm™, which is due to the sulfur to iron charge transfer.
Moreover, cyclic voltammetry studies of the iron(Il) complexes 8a exhibited a
irreversible/quassireversible Fe''/Fe'" couple. So, we performed the differential
pulse voltametric experiment to determine the redox potential of the Fe''/Fe!"!
copule, which is found to be at 1.12 V, Supporting Information Figure 2.22. The
'H NMR studies establish a paramagnetic nature of 8a at room temperature. We
then calculated the solution state magnetic moment using modified Evan’s method.
The 2H NMR Evans method allowed us to determine the magnetic moment of 4.87
1B for 8a in a mixture of CD3CN and CDCls at 298 K, indicating that the complex
8a possess a ground-state S=2 spin state in solution. This high spin character of
Fe(ll) also verifies the irreversible/quassireversible Fe''/Fe!"" couple during the
cyclic voltametric study. The ESI-MS spectrum of 8a shows prominent peak at

569.06 corresponding to [Fe''(L)(OTf)]" molecular ion fragment, Figure 2.17.
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Figure. 5.2. (a) time-dependent UV/vis spectrum for the formation of 8b from 8a at 233 K in MeCN
with 30 equiv. of 'BUOOH (the inset shows the time trace at the absorption maximum of 620 nm).
(b) Time dependent EPR spectra of 8b in MeCN at 77 K. (c) Resonance Raman spectra of 8b at
233 K at 638 nm excitation wavelength. * indicates for the solvent peaks.
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Also, the isotopic distribution patterns for the fragment ion confirms the

assignment.

When 8a was treated with tert-butyl hydroperoxide (‘BuOOH, 70% in
H20, 30 eq., MeCN, 233 K), gradually with time it formed a new blue species 8b.
Complex 8b exhibits an intense absorption band at 620 nm (€ ~ 840 LMcm, see
Figure. 5.2a). The peak maximum and molar absorptivity are affirmative of the

formation of [Fe'"'(L)(‘BuO0O)]?* and characteristic for an alkylperoxido to Fe'"

100 658.11 662.11

160 180

%
9 50

.__J\_JLJ MM

0 e T T T T T T T T T T T T T
655 656 657 658 659 660 661 659 660 661 662 663 664 665M/Z

Figure. 5.3. Electrospray ionization mass spectra of 8b in CHsCN at 233 K. The figure shows
expanded isotopic distribution patterns of [Fe"'(*0-60'Bu)(L)(OTf)]* (in red) and [Fe"'(**O-
180Bu)(L)(OTH]* (in blue).

LMCT band.%*®° In fact, 8b exhibits sufficient stability for spectroscopic analyses
with half-lives of 3 hours at 233 K. the complex 8b has been well characterized
with UV-vis, EPR, resonance Raman spectroscopy, and ESI-MS spectrometry.
The positive mode ESI-MS spectrum of 8b shows major peak at m/z 658.1
corresponds to the molecular ion fragment for [Fe"'(L)(*BuOO)(OTf)]".(see Figure
5.3; these assignments are confirmed by their isotopic distribution patterns).
Furthermore, the addition of 80 labeled '‘BuOOH shifted the m/z 658.11 to 662.11,
indicating the coordination of a dioxygen species to iron. Also, the ESI-MS spectra

is matching well with the simulated ESI-MS spectra for the complex 8b. The X-
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band EPR spectrum of the frozen solution of 8b obtained at 77 K shows the spectral
feature with major signals at g = 2.02, 2.11, and 2.21, suggestive of the presence
of a low-spin Fe""-OOR complex, with a minor signal at g = 5.04 indicative of the
presence of a high-spin Fe(l11)-OH complex. (See, Figure 5.2b).59%2 Also, The
resonance Raman spectra of 8b obtained at 638 nm excitation wavelength feature
two resonantly enhanced bands at 687 cm™ and 790 cm™ that was not there in the
starting Fe(11) complex as well as in the spectra for the solvent. In analogy with the
previously reported Fe"'-OOR species, we have assigned these bands as having
originated from the Fe-O (687 cm™) and O-O (790 cm™) stretch, see Figure
5.2¢.6152 Which shows the presence of a strong Fe-O bond and weak O-O bond.
The observation of these two resonantly enhanced Raman bands together with the
EPR and ESI-MS data strongly suggests 8b to be a low-spin Fe(l1)-OO'Bu

species.

The stability of 8b at 233 K prompted an investigation of its reactivity with organic
substrates. However, the addition of organic substrates to complex 8b significantly
accelerated the decay rate of the corresponding LMCT band, thereby indicating
that the substrates are reacting with complex 8b. Previously, several efforts were
made to determine the decay rates and pathways for Fe'''-OOR complexes, but such
exercises were rarely met with success. The reaction of 8b with thioanisole was
not possible at 233 K. Instead, we used dimethylsulfide as a substrate for
sulfoxidation reaction. So, with different concentration of dimethylsulfide, a linear
dependence between kons and the concentration of dimethylsulfide was seen at 233
K. The second-order rate constant k, = 1.54 x 10 M-st was determined. Then we
also tried the reaction with triphenylphosphine as the model substrate for oxygen
atom transfer reaction. Addition of excess equivalent of triphenylphosphine leads
to the decomposition of 8b under pseudo-first-order conditions, as monitored with
the decay of the 620 nm band in the UV/vis spectrum (See Figure S11). While
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testing its oxygen atom transfer (OAT) abilities, a linear dependence between Kops
and the triphenylphosphine concentration was obtained at 233 K in MeCN, giving
a second-order rate constant k; = 1.48 Ms?. Interestingly, the reaction with

thioanisole was found to be very sluggish at 233 K. However, 8b was found to be

(a}
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o
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154 (b
'3_,,_ 104 k,=1.48M"s"
b
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-t
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0 2.5 5 7.5 10
[PPh,] mM

Figure. 5.4. (a) UV—vis spectral changes of 8b upon addition of 10 equiv. of Triphenylphosphine
in MeCN at 233 K. The inset shows the decay profile of the 620 nm band. (b) Second-order rate
constant determined for the reaction of 8b with different concentration of triphenylphosphine in
MeCN at 233 K.

unreactive with other oxygen atom acceptors like cyclooctene and styrene,

precluding the study of olefin epoxidation reactions.
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Metal-dioxygen species like peroxido, hydroperoxido, and alkylperoxido
complexes are effective at deformylating aldehydes.®® Typically, these reactions
involve a direct nucleophilic attack by the oxidant on the electrophilic carbonyl
carbon.t”%® However, for aldehydes with an o-hydrogen, an alternative
electrophilic pathway has been reported for Mn'"'-peroxido and Cu''-peroxido
intermediates.®®"! It’s suggested that an a-position hydrogen can lead to C-H

abstraction through keto-enol tautomerism.°

To determine the reactivity of the iron(111)-alkylperoxido complex in this
study, we conducted a detailed kinetic analysis using cyclohexanecarboxaldehyde
(CCA) as a model substrate. When CCA was added to 8b in MeCN at 233 K, the
intermediate quickly decayed (Figure 5.5a). The decay rate of the 620 nm band in
the UV-vis spectrum increased linearly with increasing CCA concentration,
suggesting a bimolecular reaction mechanism. The second-order rate constant (k2)
for the oxidation of CCA by 8b at 233 K was found to be 2.21 x 102 M s™* (Figure
5.5b). Product analysis showed the formation of cyclohexanecarboxylic acid.
Regardless of the reaction pathway, the same products were observed in aldehyde
deformylation reactions. To resolve the reaction pathway conflicts, we used the
kinetic isotope effect (KIE) as a tool. Replacing the C,—H group in CCA with
deuterium served as a probe for identifying the rate-determining step. When o-
[D1]-CCA was used, the second-order rate constant was 2.64 x 10> M*s™* (Figure
5.5b). The lack of a KIE indicates that electrophilic Ca—H bond cleavage is not the

rate-determining step.

To explore the potential nucleophilic oxidation pathway for the oxidation of CCA,

a series of para-substituted benzaldehyde were used to evaluate the Hammett
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Figure. 55. (a) UV-vis spectral changes of 8b upon addition of 100 equiv. of
cyclohexanecarboxaldehyde in MeCN at 233 K. The inset shows the decay profile of the 620 nm
band. (b) Second-order rate constant determined for the reaction of 8b with different concentration
of triphenylphosphine in MeCN at 233 K. (c) Second-order rate constant determined for the reaction
of 8b with different concentration of CCA and Ald-D-CCA in MeCN at 233 K.
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analysis. In the nucleophilic pathway, the oxidant attacks the carbonyl group
leading to the formation of iron alkoxide adduct. This should result in a positive
Hammett plot. Upon addition of an excess amount of various para-substituted
benzaldehyde to 8b induced the disappearance of the 620 nm band. A plot of the
reaction rates against their para-substituent constants (cp) produces a Hammett plot

with a negative slope (p = -0.98) which is contra indicative of the formation of iron

log (kx/kH)

Figure. 5.6. Hammett plot of 8b with different para-substituted benzaldehydes in MeCN at 233 K.

alkoxide adduct during the nucleophilic attack at the carbonyl group (see, figure
5.6). The negative hammett slope indicates that the reaction proceeds via an
electrophilic pathway instead. After ruling out the electrophilic C,—H abstraction
and the nucleophilic iron alkoxide adduct formation, the only plausible pathway
for the electrophilic cyclohexanecarboxaldehyde oxidation to cyclohexane
carboxylic acid should involve C-H abstraction of aldehydic-hydrogen atom. To
confirm this reaction pathway, we now employed ald-D-CCA as a substrate, which
gave a classical KIE of 5 under identical reaction conditions. This pathway is very

similar to the oxidation of aldehydes by Fe'V=0 intermediates. To prove further
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that 8b reacts with aldehydes via the formation of Fe'V=0 species we now carried
out the reactions with a series of aliphatic aldehydes. The electrophilicity of 8b in
the reaction with aldehydes was further investigated by employing a primary
(Valeraldehyde for 1°-CHO), a secondary (2-methylbutyraldehyde for 2°-CHO),
and a tertiary (Trimethylacetaldehyde for 3°-CHO) aldehyde (See table 5.3). The
order of reaction rates (kz) was observed to be 3°-CHO > 2°-CHO > 1°-CHO,
which supports again the electrophilic character of 8b in the oxidation reaction of

aldehydes as well.

Generally, low-spin Fe'"'-OOR complexes experience homolytic cleavage of the
peroxido (O-O) bond, leading to the formation of a proposed Fe'V=0 moiety.*?*®
Lewis bases are typically employed to facilitate the peroxide bond cleavage, which
exerts a push effect by coordinating to the metal ion, thereby accelerating the
transformation from Fe'"-OOR to Fe'V=0 species.”>”> Upon the addition of
pyridine-N-oxide (10 equivalents) to 8b at 233 K, the existing LMCT band decays
rapidly with the formation of a new band at 500 nm in the UV/vis- spectrum, see
Figure 5.6. While the literature suggests that the push effect drastically accelerates
the decay of the Fe'"'-OOR LMCT band, such that the Fe'V=0 chromophore should
have been visible within seconds. But, in our case, no Fe!'V=0 chromophore was
seen upon the addition of a Lewis base to (L)Fe"-OOR. But there is a band at 500
nm which may be due to the conversion of Fe'!''-OOR to an highly unstable Fe'V=0
intermediate, which in turn self-decays to form the Fe'' complex, Which has been
validated with EPR spectroscopic methods. So, we have performed the EPR
experiment to get an idea about the spin-state of the decayed species after the
addition of an excess amount of pyridine N-oxide to 8b. From the EPR studies, We
found the decayed species to be the Fe(Il) complex with a trace amount of Fe(lll)

still present in it. Also, we performed the radical trapping experiment with CCI3Br

V/12

TH-3500_196122016



as a probe to check the reaction pathway through which the reaction is

progressing.8
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Figure. 5.7. UV—vis spectral changes of 8b upon addition of 10 equiv. of Pyridine-N-oxide in
MeCN at 233 K.

When 8b was reacted with triphenylphosphine as OAT substrate in the
presence of the radical trapping reagent CCIlsBr, we did not see the brominated
product, 2-bromo-2-methylpropane, but we did see the tertiary butanol as product.
This clearly establishes the homolytric O-O bond cleavage during the course of the
reaction to form a putative Fe'V=0 species, which is highly unstable in turn it

decays to give the Fe(ll) product.
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Table. 5.2. Pseudo first-order rate constants determined for the reaction of 8b (1 mM) with CCA
with a-[D1]-CCA and Ald-[D;]-CCA in CH3CN at -40°C.

Concentration kobs X 1072 for kobs X 1072 for a-[D1]- Kobs X 1072 for Ald-[D1]-
(mM) CCA CCA CCA
50 0.106 0.118 0.024
100 0.213 0.249 0.043
150 0.347 0.368 0.066
200 0.437 0.456 0.092

Table. 5.3. Pseudo first-order rate constants determined for the reaction of 8b (1 mM) with aliphatic
aldehydes in CH3CN at -40°C.

Concentration Kobs X 102 for Kobs X 102 for ~ kobs x 102 for
(mM) Valeraldehyde 2-Methylbutyraldehyde | Trimethylacetaldehyde
150 0.113 0.232 0.407

Scheme 5.1. Possible reaction sites on CCA with 8b.

6.3. Conclusion

We report here in this chapter, the generation of a novel sulfur ligated low-
spin (S = 1/2) Fe'"'-OOR species supported by a pentadentate N4S ligand backbone.
Generally, the low-spin Fe(lll)-alkylperoxide complexes are known for their
sluggish or no reactivity towards organic substrates. But here in, complex 8b is one
of a kind that shows electrophilic reactivity towards electrophilic oxygen atom

transfer substrates as well as aldehydes. A thorough experimental mechanistic
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study  confirms  the  abstraction  of  aldehydic-hydrogen  from
cyclohexanecarboxaldehyde to give cyclohexanecarboxylic acids. The detailed
DFT analysis implies that the reactions proceed via a O-O bond cleavage to form

a putative Fe'V=0 complex during the catalytic process.
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CHAPTER-VI

e Thesis Overview & Future Prospects

This thesis investigates the generation, characterization, and reactivity of
various sulfur-ligated high-valent non-heme iron intermediates. Specifically, it
focuses on the chemistry of non-heme iron(IV)-oxo, iron(IV)-tosylimido, and
iron(111)-alkylperoxo systems. Chapter Il demonstrates the significant impact of
substituting a sulfur ligand for an N-CH3 group on the reactivity of the iron(I1V)-
oxo species. Chapter 1V details the creation of a sulfur-ligated iron(1V)-tosylimido
complex and compares its properties with those of the iron(IV)-oxo analogue.
Chapter V presents the generation of a sulfur-ligated iron(l11)-alkylperoxo species

and introduces a novel mechanism for its reaction with aldehydes.

This field of bio-inorganic chemistry is both promising and challenging due to
its inherent uncertainties. Small modifications can lead to significant changes,
complicating predictions. For instance, in Chapter Il1, replacing the N-CH3 group
with a sulfur ligand alters the reaction mechanism for both sulfoxidation and C-H
bond activation. However, in Chapter IV, this substitution does not affect the
reaction mechanism. A new direction is explored in aldehyde deformylation
reactions, where Chapter V reveals a novel pathway involving the abstraction of
an aldehydic-H bond from CCA by a Fe(lll)-alkylperoxo species, which then
undergoes O-O bond cleavage to produce an iron(IV)-oxo species. Typically,
iron(l11)-peroxo complexes employ a nucleophilic mechanism for deformylating
CCA. Thus, the overall reactivity and mechanisms are influenced by various
interacting factors, making it an exciting journey to explore the specific effects that

differentiate each species.
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