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ABSTRACT

Metalloenzymes are known to play pivotal role in catalyzing a plethora of
biological and biochemical reactions. These transformations are directed by a
variety of high valent reactive intermediates that undergo crucial redox reactions
by atom transfer or electron transfer or radical reaction pathways. These high
valent reactive intermediates of non-heme model systems are being studied for
quite some time and are known to be influenced by factors like coordination motifs
and topology, ligand architecture, pH, spin states of metal ions, solvation and
temperature. However, designing efficient synthetic biomimetic catalysts remains
a major challenge due to the unattainability of physiological conditions. The
stability and reactivity of these metastable intermediates are hugely affected by
simple modifications in the ligand backbone. The factors that govern the reactivity
profiles are often associated with the mechanistic pathways followed. Hence in
order to have a clear idea, it is important to dig deep into the mechanistic details of

the reactions performed by these model systems.

Non-heme iron-oxo intermediates have been identified as potential reactive
intermediates in a variety of electrophilic reactions. It can catalyze C-H activation
reactions of active and inactive C-H bonds. Other than C-H activation reactions, it
can also undergo heteroatom oxidation reactions. Herein, subtle modifications in a
ligand skeleton can be seen to hugely accelerate reaction rates catalyzed by non-
heme iron-oxo complexes. Also with the help of a series of structurally tweaked
ligand frameworks, the governing factors that orchestrate the eccentric reactivity
trends of iron-oxo moieties have been brought to the forefront. With the help of a
couple of isomeric bispidine Mn(ll1)-peroxo complexes, a new mechanism for

aldehyde deformylation reaction has been established. A very basic keto-enol

VIl
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tautomerism in the reaction mechanism can be seen to trigger an electrophilic
pathway instead of the commonly portrayed nucleophilic mechanism in aldehyde
deformylation reactions. Another intended engineering in the bispidine framework
resulted in stabilizing a metastable non-heme iron(ll1)-alkylperoxo complex.
These complexes are generally non-reactive. Surprisingly, however, versatile
reactivity towards both electrophiles and nucleophiles have been observed for the

Same.
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X-band EPR spectrum of 10b at 5.3 K in CH3CN.
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following the reaction of [Fe''(L)(OTf)]JOTf (ImM)
with 30 equivalents tBuOOH in CH3CN at 277 K.
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thioanisole in CHsCN at 288 K.

(a) Second-order rate constant determined in the
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Second-order rate constants in the reaction of 10b
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A General Overview of Dioxygen Activation by
Heme and Non-Heme Metalloenzymes and their
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1.1. Introduction

Thousands of years of evolution and adaptation has led to clinical updates
and intricate modifications of the wonderful molecular machines that we live in.
Nature has employed specific tools and methods for each and every function
associated with life processes. One such vital role is played by the metalloproteins
that are responsible for a huge diversity of specified catalytic transformations.
Metalloenzymes are the subclass of metalloproteins that have been meticulously
used by Nature to mitigate the problems of various oxidation reactions under mild
and physiological conditions. VVarious biochemical reactions are catalysed by these
metalloenzymes that use metal ions as cofactors. These metal ions can exist in
multiple oxidation states thereby affording the possibility of redox biological
reactions. Enzymomimetics can be considered as a sub-set of Biomimetics and can
be coined as the efforts to mimic the potential active sites of the metalloenzymes
by the generation of synthetic model systems and reactive intermediates. This
thesis mainly focuses on the mechanistic details of the synthetic enzymomimetic

model systems and their reactivity studies with competent organic substrates.

1.2.  Dioxygen Activation

The atmosphere chosen by Nature for living organisms to thrive is an
oxidizing one.! The presence of oxygen in the atmosphere has been vital in the
evolutionary process of living beings on earth. The utility of dioxygen as an
efficient oxidant is mainly due to its peculiar electronic feature, i.e. having two

unpaired electrons, thereby making it a radical species. Thus, it requires a
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thermodynamically favoured reaction of the addition of four more electrons to
form water which is a universal solvent in living creatures.'?> This molecular
oxygen is usually activated by different metalloenzymes in order to perform
diverse oxidative reactions. Upon binding to the metal centre, dioxygen gets
reduced to different forms like superoxide (O2), peroxide (02%), oxide (0%) or
hydroxyl radical (OH*)3. Such species are coined as reactive oxygen species*
(ROS). These ROS are also associated with oxidative injuries to an organism;
mainly Parkinson’s disease, mutagenesis, etc.>® Indeed, the superoxide is very
much selective towards attacking substrates and thus is well known to be a toxic
substance towards the health of an organism.>’ These vulnerabilities are well dealt
with by Nature with the use of various metalloenzymes and hence the study of the
ROS is imperative. These enzymes, particularly the non-heme iron enzymes, can

act as a defence unit to detoxify these ROS.®

Although the metal ions in metalloenzymes contribute less than a percent
of the total protein weight, yet they are vital for the catalytic activity and to promote
various biochemical and biological reactions like oxygen activation with special
selectivity.® These metal ions are mainly coordinated by N, O or S of the amino
acid residues in the polypeptide linkages of the protein. They can effectively
stabilize various reactive intermediates, that are crucial in the catalytic cycle of the
metalloenzyme. In fact, the nature of the metal ion and coordination motifs plays
a huge role in determining the activity of the enzyme. The coordination geometry
of the metal centre along with its relative spatial orientation in a three-dimensional
configuration is responsible for the shape and structure of the active site of the
metalloenzyme and controls the accessibility and trajectory of the substrates
approaching nearby. The numerous reactions taking place inside a living body is
extremely synchronous to the surrounding and utility, but modelling the same

keeping the physical and chemical characteristics of the enzymes intact is equally
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difficult. Most of these reactions are multistep reactions within millisecond time
scale and the characterization of the reactive intermediates of such reactions is a
fundamental obstacle faced by researchers. Another approach is to freeze the
reactions at lower temperatures in order to mimic their reaction pathway and to
ascertain each step. That would imply the usage of a non-aqueous solvent system,
as water is not a proper solvent at lower temperatures. Again under organic
solvents, there is a high chance of rupture of the hydrogen bonding among the
protein chains thereby resulting in denaturation of the protein. Thus, the Kinetic
limitation is a major challenge faced by researchers while dealing with
enzymomimetics. These limitations were partly addressed by employment of
synthetic small molecular models that mimic the active site and primary
coordination sphere of the metalloenzymes.!® With the use of these molecular
model systems, researchers were able to mimic the reactions of the relevant
metalloenzymes by use of organic solvents and could exercise the ease of working

over a wide range of temperature scale.'

1.3.  Heme and Non-Heme Metalloenzymes containing Iron and Manganese
1.3.1. Heme Systems

Iron is the fourth most abundant element in the earth crust and its ability to
exist in a wide range of oxidation states like Fe(l), Fe(l1), Fe(l11), Fe(1V) and Fe(V)
makes it a suitable element for metalloenzymes.'!* Hence, it is found in different
types of enzymes like oxidases, hydrogenases, reductases, oxygenases and
dehydrogenases.? Systems like heme, iron-sulfur proteins and non-heme systems
with mononuclear and dinuclear centres contain and utilise the redox efficiency of
iron. These enzymes can be classified in a number of ways. If both the oxygen

atoms of dioxygen are incorporated to the substrate, they are termed as
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dioxygenases, while incorporation of one oxygen atom makes it a monooxygenase.
Again they can be structurally categorized as heme systems and non-heme systems.
Heme iron oxygenase mainly consist of a proto-heme IX prosthetic group as shown
in Fig. 1.1.

“00cC coo”

Fig. 1.1. Basic structure of Proto-heme IX.

Tryptophan dioxygenase, secondary amine monooxygenase'® and
cytochrome P450 super family!4 are heme containing iron enzymes that oxidize
substrates by activating molecular oxygen. Other enzymes like heme peroxidase,®
chloroperoxidase'® and horseradish peroxidase!’ (HRP) have structural
resemblance but uses hydrogen peroxide as the oxidant instead of dioxygen,
thereby, are not O activating enzymes. The iron(IV)-oxo or iron(V)-oxo or
(Por**)-iron(1V)-oxo are proposed to be the key activated species in the heme iron
oxygenases and in heme peroxidases. Hemoglobin is an iron-containing
metalloenzyme that constitutes four myoglobin units linked by protein chains. The
former is used for oxygen transport while the latter is an oxygen storage functional.

Synthetic active site modelling studies have been performed but the role of the
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globin protein cannot be discarded as its absence leads to the formation of a
binuclear dimeric Fe(lll) species, hematin, that is further incapable of oxygen

transport and storage.

One of the most remarkably diverse group of oxygen activating
metalloenzyme is the cytochrome P450 (CYP).* This is a versatile metalloenzyme
that exhibits a variety of oxidation reactions like alkane hydroxylation, olefin
epoxidation, heteroatom oxidation, N-dealkylation, etc. The mechanism of O
activation shown below (Fig. 1.2) has been accepted as the general mechanism for
the P450 super family.*8° The iron(I11) in its resting state is bound by four nitrogen
donors in the equatorial plane and is coordinated to the protein via a cysteine
thiolate linkage to the iron and a water molecule axially trans to the sulfur. Upon
approach of the substrate the labile water coordination is broken to form the
iron(111) species [A]. The ferric species is reduced by an electron from NADPH to
the ferrous form [B] that can activate dioxygen to form [C]. [C] is a ferric-superoxo
intermediate bonded in an end-on fashion. A second electron and a proton transfer
forms the ferric-hydroperoxo species [D] which is also known to be an active
oxidant for many epoxidation reactions.?®?* Heterolysis of the O-O bond as a
combination of the push effect of cysteine and pull effect of the distal protein results
in the formation of an iron(1V)-oxo cation radical species [E].?>%* Species [E] is
known as the compound I that abstracts a hydrogen atom from the substrate to form
a substrate based radical and the hydroxoiron(1V) species [F], which is similar to
compound Il in the catalytic cycle of chloroperoxidase.? [F] further liberates the
hydroxylated compound R-OH by rebound of the hydroxyl group to the substrate
radical.13%53% Thus, compound 1 is the active oxidizing species in the catalytic
cycle. This species has not been directly isolated hitherto, but similar iron(1V)-
oxo species of cytochrome C peroxidase have been successfully crystallised.®>*

The cytochrome P450 is one of the most vividly studied enzyme. More than 50,000
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distinct CYPs have been identified across all kingdoms of life. They are involved
in the biosynthetic processes of numerous compounds in nature including
hormones, cholesterol and vitamin D and are also crucial in detoxification of many
toxic compounds. For example, some human CYPs can breakdown quinine to its

less toxic hydroxylated form, 3-hydroxyquinine.

Fig. 1.2. General mechanism of dioxygen activation by cytochrome P450. Inset shows the heme-

binding in cytochrome P450 along with its cysteine linkage with the protein and the quinine

substrate in the background.
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1.3.2. Non-Heme Systems

A non-heme metalloenzyme that has a similar coordination motif as
cytochrome P450 is the superoxide reductase (SOR). It has a similar N4S donor
system in the primary coordination sphere, where histidine residues take place
instead of the heme prosthetic group. However, the structure-function relationship
slightly changes in SOR, where, the Fe-O bond in the ferric-hydroperoxide cleaves
to release hydrogen peroxide instead of O-O bond rupture in CYPs. Another
striking dissimilarity is in the spin state of the iron centre. Unlike in P450, where
the peroxo species contains a low-spin iron (S = 1/2), the spin state of iron in SOR
is high-spin (S =5/2). As can be envisaged from the occupancy of the bonding and
antibonding orbitals of iron, it can be predicted that the low-spin moiety in P450
would have a weak O-O bond and a strong Fe-O bond, while that in SOR indicates
strong O-O bond and a weaker Fe-O bond — thereby favouring Fe-O bond cleavage.
Another non-heme metalloenzyme is the superoxide dismutase (SOD). Superoxide
(O2) can be formed in vivo by a simple one-electron procurement by dioxygen.
Although superoxide is not that strong oxidant, it is an active precursor to the other
ROS. SOD enzymes undergo a disproportionation reaction of superoxide into
hydrogen peroxide and dioxygen via stepwise reduction and oxidation of the metal

cofactor as shown below:

MmNt 4+ 0, M-+ 4 o,

M-+ 4 o + 2HY

M* + H,0,

A particular coordination motif observed in many non-heme iron
oxygenases is the 2-His-1-carboxylate facial triad where a couple of histidines and

a carboxylate residue are coordinated in a facial manner to the metal (see Fig. 1.3).
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Fig. 1.3. Coordination motifs of few non-heme mononuclear iron enzymes.

Examples include enzymes like Aromatic amino acid hydroxylases, Arene
(rieske) dioxygenase, TauD, Isopenicillin N-synthase, etc.®+*° This leaves three
coordination sites vacant for exogeneous ligands to bind. These non-heme iron
oxygenases activate dioxygen and reduce it by four electrons. The source of these
electrons vary and sometimes the coordinated substrate acts as the supplier as in
the cases of biopterin dependent amino acid hydroxylases and a-ketoglutarate
dependent enzymes.*!#? Rieske dioxygenase functions by cis-hydroxylating arenes
like naphthalene by and contains two [Fe2S;] iron sulfur clusters nearby that act as
the electron source.**** Isopenicillin N-synthase extracts all four electrons from

the substrate.*>4

Direct characterization of an iron(IV)-oxo intermediate has been provided
by studies of several a-ketoglutarate (o-KG) dependent oxygenases (TauD) that
catalyze hydroxylation or halogenation of the substrates.*” The catalytic cycle as
shown in Fig. 1.4 is a consensus mechanism of oxygen activation by o-KG

dependent enzymes using TauD as the active site.*8
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Fig. 1.4. General mechanism of oxygen activation by TauD enzyme. Inset shows the active-site
architecture of wild-type TauD, from pdb 10S7 (23).3*

The introduction of a-KG displaces two water molecules from the primary
coordination sphere and binds to the iron centre in a bidentate fashion. Upon
approach of the substrate, the remaining water molecule is also displaced making
space for the dioxygen which then binds in an end-on fashion to form the iron(l11)-

superoxide species. The distal oxygen atom attacks the a-KG and decarboxylates.
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Subsequent O-O bond cleavage leads to the formation of the putative high valent
iron(1V)-oxo species,**>? that is mainly responsible for C-H bond hydroxylation.
In comparison to heme systems, the reactive intermediates in non-heme
metalloenzymes can be trapped with the help of rapid freeze-quench techniques.>
The first crystal structure of iron(ll) coordinated to a a-keto acid using
benzoylformate as the model a-keto acid was identified by Prof. Que and co-

workers.*?

In both heme system (cytochrome P450) and non-heme system (TauD), the
substrate hydroxylation process takes place by a ‘rebound mechanism’. The
iron(IVV)-oxo moiety abstracts an active hydrogen atom from the substrate thus
forming a one electron reduced iron(I\V)-hydroxo species and the corresponding
substrate radical. This is followed by rebound of the —OH group from iron to the
substrate radical thereby forming a new C-O bond and reducing the iron centre (see
Scheme 1.1).%5%¢

Scheme 1.1. Oxygen rebound mechanism of substrate hydroxylation by iron(1V)-oxo systems.

H---R R
RS
d 0
~— ” vV — ~ : [\
_—Fe '—_ _—Fe —_
H—R | _ _ |
*R HO —R
\" v — Hydrogen \l v — Oxygen ~ ll—
/Te —~ Abstraction /Te ~—~ Rebound -——"‘Te -
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Another non-heme histidine-containing glycopeptide antibiotic is
Bleomycin (BLM) that is a clinically useful antitumor agent (Blenoxane).%” This
catalyses dioxygen and Fe(ll) dependent oxidative DNA cleavage.>®%® Unlike
P450 and non-heme SOR, that offers a square pyramidal geometry with N4S donor
atoms, similar geometry | adopted by Bleomycin with the help of an N5 donor set
of atoms. As can be seen from Fig. 1.5, the iron in the centre is coordinated by five
nitrogen atoms from a histidine, a pyrimidine, a deprotonated peptide function, a
primary amine and a secondary amine in the primary coordination sphere.®*” Thus
one dioxygen unit can occupy the axial coordination site of the distorted square
pyramid to form an octahedral activated complex known as activated bleomycin
(A-BLM). This activated species has been characterised by EPR spectroscopy to
be a low-spin iron(111) complex (s = ¥2) with g values at 2.26, 2.17, 1.80. A-BLM
was also generated by treatment of BLM with hydrogen peroxide and was latter
characterised successfully by ESI-MS,*® MCD,”® EXAFS™ and Mdssbauer
spectroscopy.’? These spectroscopic tools inferred A-BLM to be a low-spin ferric-

hydroperoxide species.

%
Z,
v

N Sugar Moiety

N
—
&
0 NH/,,‘ ‘ N § Bithiazole tail
H,N )_‘?'i‘(‘r\] ?

Fig. 1.5. Distorted square pyramidal geometry of Fe-BLM (X being the vacant site).
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In order to know the influence of different donor groups that affect the

process of O activation in BLM and the various reactions at its active site, several

types of ligand scaffolds were studied over the years.
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Fig. 1.6. Ligand scaffolds with pentadentate N5 donor set to mimic BLM activities.
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Model systems to mimic the active site of BLM include ligand frameworks
with N5 donor set and can be either amidate based ligands or neutral N-donors. For
example, frameworks like PMAH,”® PMCH,’* PMDH,” PMEH,”® PYLM-4,7® and
HL'" were classified under the former category (see Fig. 1.6) that contain primary,
secondary and also tertiary amine groups other than heterocyclic N donors. The
other category consists of pentadentate N5 donor set of either heterocyclic pyridine
rings or tertiary amine groups (Fig. 1.6). The ligands N4Py’®8! and R-TPEN®2-8
are popular ligand scaffolds to generate and stabilize a number of high valent metal
intermediates. Bispidine frameworks are another class of ligands that can also
provide a pentadentate N5 donor linkage to a metal ion.8”°° Apart from that, its
adamantane type skeleton is an optimum balance of rigidity and flexibility,

thereby, offering the metal ions a suitable cavity size to sit upon.

Apart from iron, manganese-oxygen adducts are also highly significant
among the biological and synthetic systems. Those include dioxygen adducts like
superoxo-Mn(lI11) and peroxo-Mn(l11) species.®* These adducts are quite relevant
to synthetic model systems as well as to several Mn containing enzymes like Mn-
superoxide dismutase (Mn-SOD), Mn-catalase (Mn-Cat), Mn-ribonucleotide
reductase (Mn-RNR) and Mn-dependent catechol oxygenases (MndD). These
activated species are crucial in various functions like detoxification of ROS,%%
aromatic hydroxylation,® conversions of ribo- to deoxyribonucleotides,®>% and

formation of O, from water.’

For example, in eukaryotes, Mn-SOD is located in mitochondria. The one-
electron reduction of Oz is a thermodynamically favoured process. This is due to a
reduction potential of -0.16 V for the conversion of O2to O2".% Structurally the
Mn- and Fe-SOD are homologous. The Mn-SOD is either a homodimer or a
homotetramer while Fe-SOD is always a homodimer. The primary coordination
sphere around the metal ion (Fe or Mn) is occupied by three histidines, one
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aspartate and one water in a distorted trigonal bipyramial geometry. Mn-SOD is
the major antioxidant in the mitochondria and disproportionates O2™ via sequential
oxidation (Mn®") and reduction (Mn?*). At higher concentration of superoxide, the
catalytic activity of Mn-SOD is accelerated, whereas at lower superoxide
concentrations, the reaction is slowed down. The mechanism by which the Mn-
SOD performs can be of two types. Either it can be a ‘prompt protonation’
pathway, where instantaneous protonation and dissociation of the peroxo moiety
takes place, or it can be an “inner-sphere’ pathway where a potent side-on Mn(l11)-
peroxo species has been detected.®® This side-on Mn(l11)-peroxo species has also
been referred to as a ‘product-inhibited” complex. This species finally abstracts a
proton to complete the inner-sphere mechanism. Thus, the mechanism of reaction
adopted by these reactive Mn-intermediates has been subject of debate over the
years. Rapid reaction kinetics makes the characterization of the intermediates very

difficult.%1%

1.4.  Enzymomimetic Model Systems and Reactive Intermediates

There are several other non-heme metalloenzymes of Fe and Mn existent
and functioning in the biological system. From the survey of the library of
numerous such systems that constitutes the rich literature of non-heme
metalloenzymes, what has been perceived is the need of synthetic model systems
that could mimic their active site and biological functions. These synthetic model
systems are coordination complexes of metal ions which react with several
oxidants to generate the high valent reactive intermediates. Inspired by the
expertise of Nature, many researchers have devoted themselves to understand the
reaction profiles of the metalloenzymes by use of synthetic model systems.10%:102
The primary challenges involve the stabilization and characterization of the
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transient species and taming the fast reaction kinetics for some of those. The focus
of this thesis is the synthesis of relevant and appropriate model systems, that could
contain the metal ions like iron and manganese and generation of their oxidized
reactive state by interaction with suitable oxidants, followed by testing their
reaction kinetics with various types of organic substrates. Thus, different types of

model reactions were exercised and mechanistic investigations were done.

While dealing with the aforementioned processes, several types of reaction
intermediates were successfully generated and characterised, viz. iron(1V)-0xo,
iron(111)-alkylperoxo and Mn(lll)-peroxo. The reactivity profiles of those
metastable species were studied at either normal or lower temperatures depending

upon their stability and reaction kinetics.

1.4.1. lron(IV)-Oxo Mimics

The catalytic cycle of many non-heme iron enzymes are speculated to
contain iron(IV)-oxo species. The only mononuclear non-heme enzyme known to
have such species is the o-keto acid dependent TauD enzyme.*"1% This led to the
characterization of a number of iron(lIV)-oxo species belonging to model
systems.1%41% These oxo complexes were obtained by reaction of the precursor
complexes with oxidants like iodosylbenzene, peracetic acid or hydrogen
peroxide.® These complexes are quite efficient in affecting a number of oxidation
reactions.!'? The first example of catalytic hydroxylation of non-activated alkanes
by a mononuclear Fe(lll) complex of 5,10,15,20-tetrakis(phenyl)porphyrin with
iodosylbenzene (PhlO) was reported by Groves and co-workers in 1979.1! Upon
introduction of bulky, substituted arene units in the meso positions and electron-

withdrawing substituents to the pyrrole -position, the stability of the catalyst was
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increased under oxidizing conditions.!'? Thus, the nature of the ligand and the
oxidant significantly influence catalytic performance. In the early 1990s, Que and
co-workers reported catalytic activity of iron complexes, [Fe"(TPA)CIz](ClOa)
and [Fe"'(TPA)BI,](CIO4) towards cyclohexane.''3!14 Soon after that, a series of
TPA derivatives were studied and the p-oxo bridged diiron complexes showed
considerable turnovers in their reaction with cyclohexane in presence of tert-butyl
hydroperoxide (tBuOOH).!>16 The catalytic activity was also tested by
manifestations in the ligand skeleton as Hitomi et al introduced three nitro groups
in the TPA ligand framework but this led to lower yield and selectivity in
cyclohexane oxidation.!*"11® The effect of solvent was also significant as was
observed in the case of both TPA and N3Py based complexes, the selectivity in
oxidation reactions of cyclohexane and cis-1,2-dimethylcyclohexane was lowered
in acetone than in acetonitrile.*%2° The first non-heme iron(IV)-oxo species was
stabilised by a cyclam acetate ligand reported by the Weighardt group in 2000.1%
Maossbauer data (6 = 0.01 mm/s and AEq = 1.37 mm/s) obtained for the same were
consistent with heme iron(IV)-oxo model systems. The research groups of Prof.
Larry Que, Jr. and Prof. Wonwoo Nam reported non-heme iron(1V)-oxo complex
[Fe'V(0)(TMC)(CH3CN)]?* using the macrocyclic N4 ligand (TMC) by treatment
of the iron(ll) precursor with either PhlO or H20- at -40 °C in CH3CN, thereby,
producing a green solution with Amax at 820 nm (g = 400 Mt cm™). The formation
of iron(1V)-oxo was confirmed by Mdssbauer analysis (6 = 0.17 mm/s and AEqQ =
1.24 mm/s).1% Using the same TMC framework, later the effect of axial ligand
tuning was categorically studied by Sastri et al and with the use of CH3CN,
CF3COO", and N3 as the axial ligands interesting outcome were observed for
hydrogen atom abstraction (HAA) of phenols and hydrocarbons and oxygen atom
transfer (OAT) reactions of PPhs.'?? In fact, the effect of ring strain was also

established by the Nam group. A comparison of TBC and TMC framework shows
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the introduction of four benzyl groups instead of methyl groups and in spite of
added strain in the molecule, the [Fe'V(O)(TBC)(CH3CN)]?* shows >10? times
enhanced rates than [Fe'V(O)(TMC)(CHsCN)]** towards HAA and OAT
reactions.’?® A tetradentate ligand TPA was employed by Que and co-workers to
synthesize the [Fe'V(O)(TPA)(CH3sCN)]* complex at low temperature. It showed
a low intensity near-1R absorption band at 724 nm (g = 300 M cm™) which is also
supported by Mdssbauer and ESI-MS analysis.*** A number of other non-heme
mononuclear iron(IV)-oxo complexes have been synthesised and characterised,
but most of them are in organic solvents and contain low-spin S = 1 iron,07:108.125-
128 An exceptional high-spin iron(IV)-oxo complex [Fe'V(O)(OH2)s]?* was
reported by Bakac and co-workers that was formed in aqueous phase.*?*3! Que et
al reported another high- spin iron(IV)-oxo complex in TMGatren.
[Fe'V(O)(TMGstren)](CFsSOs)2 has a half-life period of 4.3 h at -30 °C and around
30 sec at 25 °C.**2 Later Nam and co-workers also reported another iron(1V)-oxo
complex that is even more reactive than the cytochrome P450 model compound I.
By the introduction of three N-methylbenzimidazole groups instead of pyridine
rings the reactivity profiles of the new iron(IV)-oxo complex was enhanced
manifold.*** But the high-spin character in an iron(IV)-oxo complex not
necessarily guarantee faster reactivity.3* By the introduction of steric crowding in
the pyridine a-position of TPA, Que and co-workers substituted the pyridine
groups of TPA by quinoline and synthesised a new iron(IV)-oxo complex,
[Fe'V(O)(TQA)]?". This restricted the formation of shorter Fe-N bonds required for
a low-spin species and thereby formed a high-spin S= 2 iron-oxo complex.!® Later
a handful of high-spin iron(IV)-oxo complexes has been reported in which the
metal centre is positioned in a sterically encumbered cavity with the forceful
occupation of a trigonal bipyramidal geometry.**¢1%8 The research group of Collins
have successfully been able to contain an iron(V)-oxo moiety with the help of
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ligation from the TAML framework.**%14% The electron-rich almost square planer
cavity provided by the TAML ligand stabilises S = %2 oxo complex. Various factors
that influence the structure-function relationships of iron(IVV)-oxo complexes like
ligand topology,1%133141 axial ligation,'?214? spin states of iron'3* and binding of
different metal ions and protons*3-1¢ to the iron-oxo moiety have been studied

over the years.
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Fig. 1.7. Ligand frameworks discussed above that can stabilize high valent iron-oxo complexes.

1.4.2. lron(l1)-hydroperoxo and Iron(l11)-alkylperoxo Mimics

Hydrogen peroxide is formed by two-electron/two-proton reduction of

dioxygen or of water can exhibit amphoteric properties, i.e. it can exhibit electron
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donor properties (reduction) and also electron acceptor properties (oxidation) to
produce O and HO respectively.*"148 This hydrogen peroxide when reacts with
Fe-complex in a methanolic solution, forms an end-on Fe(lll)-hydroperoxide
complex. These species are also termed as the ‘second electrophilic oxidant’ in
many oxygenation reactions.*1%" Abstraction of the terminal proton of the -OOH
adduct in the presence of base, generates a side-on peroxo moiety.*>® However, in
biomimetic chemistry, the iron(I11)-hydroperoxides were known to be sluggish
oxidants towards various oxidation reactions.*® Later however halide oxidation
abilities of ferric hydroperoxides were tested to be positive.1®%16! In enzymatic
reactions, the formation of metal-hydroperoxo intermediates is proposed to be
formed in HAT reactions of metal-superoxo species, followed by the subsequent
O-0 bond cleavage to form metal-oxo species.'®21%8 The iron(l11)-hydroperoxo
complex [Fe"'(14-TMC)(OOH)]** complex was formed by protonation of the
iron(I11)-peroxo complex [Fe"'(14-TMC)(O2)]* via a metastable side-on
protonated intermediate. The [Fe''(14-TMC)(OOH)]?* is then converted to the
corresponding iron(IV)-oxo complex [Fe'V(O)(14-TMC)]?* by the homolysis of
the O-O bond.*®®

The iron(l11)-alkylperoxo species has been reported to be involved in the
biological reactions of homoprotocatechuate-2,3-dioxygenase and purple
lipoxygenase.1’%1" Model systems of synthetic iron(l11)-alkylperoxo complexes
have been prepared and studied. These systems provided significant mechanistic
insights into the catalytic reactions of iron-containing enzymes.’2%8 However,
unlike other metal-alkylperoxido complexes, synthetic model systems of Fe(lll)-
alkylperoxide moieties have been reported to be sluggish oxidants towards a
variety of organic substrates.’®! The reluctance towards reactivity with organic
substrates originates from the competitive cleavage of the O-O bond, resulting in

the in situ formation of iron(IV)-oxo complexes that are reactive towards
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electrophilic reactions. In fact, the presence of an exogenous Lewis base like
pyridine N-oxide or thiocyanate is known to accelerate the conversion of Fe(lll)-
OOR to Fe(IV)-oxo by a ‘push effect” on the homolytic O-O cleavage for heme
and non-heme enzymatic models.!8218 These additives act as the sixth proximal
ligand in the Fe(111)-OOR adducts with tetradentate ligands that typically promote
the scission of the O-O bond.!3*18 Although a number of ferric alkylperoxo
systems have been reported among the synthetic models, most of their studies have
been limited to successful characterization.'?8172-178.185-200 The gpin state of the
metal centre is known to play a pivotal role in determining the reaction pathway
by modulating the bond strength of Fe-O and O-O bonds.'®" Quantum-chemical
calculations (generally density functional theory, DFT) have led to the conclusion
that the high-spin Fe(l1l)-alkylperoxido complexes preferentially cleave the Fe-O
bond, while low-spin Fe(l11)-OOR contains an activated O-O bond and eventually

undergoes homolytic O-O bond scission.?**78

1.4.3. Manganese(l11)-Peroxo Mimics

Manganese centres react with oxygen and its reduced derivatives play
important roles in biological systems, including the detoxification of superoxide
and hydrogen peroxide and the bioremediation of aromatics.%2100201-203 Many
synthetic Mn(l11)-peroxo intermediates have been generated by oxidizing Mn(ll)
complexes with hydrogen peroxide or potassium superoxide.?°+?1° However, the
interaction of dioxygen to form a high-spin (S = 2) peroxomanganese(l11) complex
has also been reported. It was reported to react with aldehydes.?!! Generally an O-
O bond length of around 1.40 A is found for the peroxo moieties.?%>2°":2%° Using
TMC ligand framework, Nam and co-workers have shown the formation of
peroxomanganese(l11) species, [Mn"'(O2)(TMC)]* using 5 equivalents of H202 in
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the presence of base triethylamine (TEA) at 25 °C.%%" This complex was unusually
stable probably due to steric crowding around the peroxo group from the N-methyl
substituents of the TMC macrocycle. A series of peroxomanganese(l11) complexes
supported by aminopyridyl ligands were synthesized using H2O2/TEA or KO3 in
acetonitrile at -40 °C.?%° Such Mn(l11)-peroxo complexes could also be generated
electrochemically.?'? The reactivity profiles of these intermediates were studied
previously and aldehyde deformylation is a standard reaction exercised by these
peroxomanganese complexes. However, most of these complexes were reported to
perform the same reaction in a nucleophilic fashion.?*?!® By tuning the axial
ligation using a series of axial ligands (X) like CN, NCS", CF3CO2", and N3 in
[Mn'"'(02)(13-TMC)(X)]", the rates of aldehyde deformylation could be controlled
and varied with X by three orders of magnitude.?*®

1.5.  Scope and Aim of the Thesis

As evident from the comprehensive literature survey delineated above,
exploring the lucrative field of non-heme enzymomimetic chemistry seems very
promising. Nature provides us with a plethora of diversely functional
metalloenzymes that operates through successfully tuned and manifested reaction
cycles. Researchers feel obligated to study and mimic these flawless molecular
machines and reproduce their performance, although, over the decades of extensive
research, artificially built molecular models of these metalloenzymes could
achieve very little of what the natural ones are enriched with. The stability factor,
phase issues, selectivity problems, turnover numbers and characterization of the
intermediate species inflict tough challenges to the research community. Subtle

modifications in the primary and secondary coordination spheres can lead to drastic
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changes in stability, spin states, reactivity and other structural aspects of these
synthetic models. This thesis is a small contribution to the huge literature of non-
heme mononuclear enzymomimetic model systems and their structure-function
relationships. Models of pentadentate N5 donor ligand sets have been synthesized
and complexes of iron and manganese followed. These Fe/Mn complexes were
precursors to a number of different high valent reaction intermediates. These
intermediates play crucial roles in the catalytic cycles of many metalloenzymes. In
order to stabilize these metal intermediates, special attention was given in
designing the ligand scaffolds, that were, in fact, primary reasons behind the
unorthodox reactivity trends. Reaction conditions were moderated using suitable
organic substrates to manoeuvre reaction Kkinetics. Mechanistic probes were
employed and procedures were customized to ascertain intriguing reaction
mechanisms in this study. Chapter-Il describes the usage of reagents, solvents,
oxidants and the synthetic procedures of different ligand frameworks, metal
complexes. Also, their spectroscopic characterizations have been discussed.
Chapter-111 depicts the effect of equatorial ligand field perturbations on the
reactivity of a new iron(lIV)-oxo complex. Subtle modifications in the ligand
framework resulted in dramatic changes in the reaction rates towards OAT and
HAA reactions. Chapter-1V analyses the influence of steric and electronic factors
on the reactivity of the iron(IV)-oxo complexes. Using a benchmark of new and
existing complexes, this study focussed on the substrate approach trajectory and
factors that influence the same. Chapter-V reveals a novel mechanism of aldehyde
deformylation reactions by Mn(lll)-peroxo complexes. Unlike the traditional
nucleophilic attack at the carbonyl centre, an electrophilic C-H abstraction initiates
the deformylation reaction. Finally, Chapter-VI provides the first example of
amphoteric reactivity of iron(l11)-alkylperoxo complex towards both electrophilic

and nucleophilic reactions.
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2.1. Introduction

The work presented herewith is an outcome of some meticulously designed
experimental procedures and careful observations. A thorough analysis would
categorically segregate each work into a set of tasks, viz. synthesis of the ligand
frameworks, synthesis of the oxidants and substrates (if not commercially
available), synthesis of the metal complexes, generation and stabilization of the
metal intermediates, optimization of the reaction conditions, kinetic study, product

analysis and finally interpretation and evaluation of the obtained results.

Proper safety measures were adopted before every experiment. Also, for
flawless experimental results, careful scrutiny of the purity of the chemicals is a
must. Procedures followed for the purification, synthesis, characterization and

instrumentation is discussed in detail below.

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
dried using either flame or kept inside hot oven for prolonged period of time before

use.
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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 (tBuOOH) (Aldrich Chemical Company). Oxidant that was
synthesized was PhlO.

Synthesis of lodosylbenzene (PhlO): lodosylbenzene was prepared by
following a literature method.? 32.2 g (100 mM) of finely grounded
(iodosobenzene)diacetate was placed in 250 mL beaker, then slowly 150 mL of
NaOH solution (3 N) was added over a 5 minutes period with vigorous stirring.
Then the lumps formed in the reaction mixture were ground for 15 minutes with
glass rod and spatula and the reaction mixture was stirred for another 45 minutes
to complete the reaction. Then 100 mL water was added to the reaction mixture,
stirred vigorously and filtered through a Buchner funnel. The crude solid
iodosylbenzene collected was returned to the beaker and triturated in 200 mL
water. The solid was again collected by Blichner funnel, washed with 200 mL of
water and dried over vacuum. Finally, it was triturated in 75 mL chloroform in a
beaker, filtered, dried and stored in a cold and dark place. Experimental yield: 19

g; m.p. 210 °C (caution: potential explosive).
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2.2.3. Substrates

Almost all the chemicals were procured from Sigma-Aldrich Chemical
company, were in the best available purity and used without further purification
unless otherwise stated. Thioanisole (THA) and its para-X-derivatives (X =-OMe,
-Me, -Cl), dibenzothiophene (DBT), benzyl alcohol, fluorene, toluene, 1,4-
cyclohexadiene (CHD), 2-phenylpropionaldehyde (2-PPA) and
cyclohexanecarboxaldehye (CCA) were purchased from Aldrich Chemical
company. Triphenylmethane and ethyl chloroformate (95%) were purchased from
Avra Synthesis Pvt. Ltd. 9,10-Dihydroanthracene (DHA), ethylbenzene and
cumene were obtained from TCI Chemicals Pvt. Ltd. H.'®0 (99.9% npure,
enrichment 97.1 atom %) was procured from Berry and Associates (Icon Isotopes).
o-[D1]-2-phenylpropionaldehyde (~ 90 %, D enriched) was purchased from RVL
Scientific & Engineering Pvt. Ltd. (Lucknow, India). Benzyl alcohol-D7,
ethylbenzene-D10 and toluene-D8 were purchased from Cambridge Isotope
Laboratories, Inc. Other deuterated solvents like CDClz, CD3CN, D,O, DMSO-D6
and CD3OD were bought from Aldrich Chemical Company.
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e Synthesis of a-D-cyclohexanecarboxaldehyde (a-D-CCA) :

The synthesis of a-D-cyclohexanecarboxaldehyde was accomplished by a
slight modification to a reported procedure3* To a solution of
cyclohexanecarboxaldehyde (17 mM) in D2O (6 mL), DMAP (1.7 mM) was added
and heated to refluxing conditions for 4 h. After cooling to room temperature the
mixture was diluted with CH2Cl> (20 mL). The organic layer was washed with 1M
HCI (10 mL), saturated NaHCO3 (10 mL) and brine (10 mL) successively. The
reaction mixture was dried over anhydrous Na,SO4 and solvent evaporation under
vacuum gave the resultant D-labelled crude product that was distilled by vacuum
distillation using Kugelrohr Distillation apparatus to give the desired compound as
a colourless liquid. (yield 65%). The purity was verified using H-NMR
spectroscopy to ensure 95% D-incorporation at the o-position. A comparative *H-

NMR spectra of CCA and a-D-CCA is shown below. (Fig. 2.1, 2.2).
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Fig. 2.1. *"H NMR (400 MHz) spectrum of cyclohexanecarboxaldehyde in CDClI; at 298 K. Solvent
peak is denoted by *.
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Fig. 2.2. 'H NMR (400 MHz) spectrum of o-D-cyclohexanecarboxaldehyde in CDCl; at 298 K.

Solvent peak is denoted by *.
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2.2.4. Ligands

Scheme 2.1. Ligand systems used and discussed throughout.

L4

L3

L7

L6

L5

L10

L9

L8
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e Synthesis of the ligand N4Py / L1 :

N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine (L1) was synthesized

following a reported procedure.®

Synthesis of PL1P : Di(2-pyridyl) ketone (°L1%) (27 mM, 5 g), hydroxylamine
hydrochloride (60 mM, 4.17 g) and ethanol (10 mL) were taken in a 100 mL round-
bottomed flask which contained NaOH (4 g) and 20 mL of water. The mixture was
refluxed for 3 - 4 hours. The excess ethanol was evaporated in vacuo and the
solution was diluted to 1 L; next the solution was neutralized (pH = 7) with dilute
HCI properly. A pinkish-white precipitate of Di-2-pyridyl ketone oxime appeared,

and then the precipitate was filtered off and dried for a day.

Synthesis of PL1¢ : The Di-2-pyridyl ketone oxime thus formed was taken in a
three-necked round-bottomed flask with ethanol (90 mL) and fitted with a reflux
condenser, 60 mL of Hydrazine hydrate and Zn powder were added in conjugative
steps over six hours. Then the solution was kept refluxing overnight. The reduced
product thus obtained was dissolved in 5N NaOH solution (40 mL). The alkaline
solution was extracted from ethyl acetate (3 x 200 mL) to obtain di(pyridin-2-

yl)methanamine as sticky solid.

Synthesis of L1 : Di(pyridin-2-yl)methanamine thus obtained was taken in an
alkaline NaOH solution (5N, 50 mL) and 2-(Chloromethyl)pyridine hydrochloride
(2.2 equivalents) was added to the solution and kept in reflux condition for two
days. A brown solution appeared which was neutralized by HCIO4 to get the
desired solid compound (yield: 3 g). (see Scheme 2.2).
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Scheme 2.2. Synthesis of ligand L1.
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e Synthesis of the ligand 2PyN2Q / L2 :

Synthesis of 1,1-di(pyridin-2-yl)-N,N-bis(quinolin-2-ylmethyl)methanamine (L2)
was done by slight modifications from the reported procedure.®

PL2Pand PL2¢ are the same compounds as PL1"and PL1C.

Synthesis of L2 : 2.2 equivalents of 2-(Chloromethyl)quinoline hydrochloride
was added to PL2° taken in 50 mL alkaline solution. The reaction mixture was
stirred for 10 days at room temperature. Upon continuous stirring a brown solid
appeared that was extracted with ethyl acetate (3 x 200 mL), washed with brine
and evaporated under vacuum to get the desired ligand in considerable yield. (yield
6.8 g) (see Scheme 2.3) *H NMR (600 MHz, CDCls): & 4.20 (s, 4H, CH>), 5.43 (s,
1H, CH), 7.14-8.04 (m, 18H), 8.58 (dd, 2H). 3C NMR (150 MHz, CDCls): 5 58.25,
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72.37, 121.30, 122.20, 124.33, 126.01, 127.22, 127.39, 128.99, 129.25, 136.14,
136.36, 147.51, 149.32, 159.88, 160.47. (Fig. 2.3, 2.4; solvent peaks are denoted

by *).

NMR Characterization of L2.
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Fig. 2.3. *H NMR (600 MHz) spectrum of ligand L2 in CDCls.
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Fig. 2.4. 3C NMR (150 MHz) spectrum of ligand L2 in CDCls.
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Scheme 2.3. Synthesis of ligand L2.
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e Synthesis of the ligand N4PyMe / L3 :
PL3Pand PL3¢ are the same compounds as PL1%and PL1°.

Synthesis of 2-(chloromethyl)-6-methylpyridine hydrochloride’ : A solution of
6-methyl-2-(hydroxymethyl)pyridine hydrochloride (5.00 g, 40.6 mmol) in DCM
(10 mL) was cooled to 0 °C under an inert atmosphere. Thionyl chloride (~25 g,
244.1 mM) was slowly added to the solution over a period of 1 h. The process is
an exothermic one along with evolution of HCI gas. The resulting mixture was then
allowed to slowly warm to room temperature overnight. The resulting volatiles
were sucked under vacuum using a glass trap containing liquid nitrogen to result
in a pink-white solid. It then re-dissolved in warm ethanol (30 mL) and slowly

layered with cold diethyl ether (100 mL) to cause the rapid precipitation of the
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desired compound as a white solid. The product was filtered and dried under
vacuum overnight (yield: 99%) *H NMR (400 MHz, CDCls): § 8.26 (t, 1H), 7.88
(d, 1H), 7.60 (d, 1H), 3.49 (s, 2H), 3.04 (s, 3H).

Synthesis of L3 : Similar procedure as the final step in L2 was followed in the
synthesis of L3. However, 2.2 equivalents of 2-(chloromethyl)-6-methylpyridine
hydrochloride was used instead of 2-(Chloromethyl)quinoline hydrochloride.
Similar procedure and purification gave ligand L3 as light brown solid (5.6 g). (see
Scheme 2.4) *H NMR (600 MHz, CDClg): § 2.49 (s, 6H, CHs), 3.93 (s, 4H, CHy),
5.34 (s, 1H, CH), 6.95-7.69 (m, 12H), 8.54 (d, 2H, 6-pyH). *3C NMR (150 MHz,
CDClg): & 24.33, 57.26, 72.26, 119.72, 121.30, 122.09, 124.03, 136.34, 136.56,
149.19, 157.54, 159.06, 160.07. (Fig. 2.5, 2.6; solvent peaks are denoted by *)

NMR Characterization of L3.
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Fig. 2.5. 'H NMR (600 MHz) spectrum of ligand L3 in CDCls.
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Fig. 2.6. 3C NMR (150 MHz) spectrum of ligand L3 in CDCls.

Scheme 2.4. Synthesis of ligand L3.
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e Synthesis of the ligand M®N4Py/ L4 :

Synthesis of PL42 : The synthesis of di(6-methylpyridin-2-yl)methanone (PL4%)
was adapted from the procedure reported by Newkome et al.8 n-Butyl lithium, 2.5
M in hexane (100 mM) was added dropwise to a solution of pre-distilled 2-bromo-
6-methylpyridine (110 mM, 19 g) in dry THF (150 mL) at -90 °C (using ethanol
bath and liquid nitrogen). After stirring it at -90 °C for an hour, a solution of
ethylchloroformate ¥ (50 mM, 5.5 g) in dry THF (15 mL) was added rapidly to the
reaction mixture. After stirring for 1.5 h at -80 °C, the reaction was left to stir
overnight as the temperature gradually rises to ambience. The reaction mixture was
quenched with 5 mL methanol as the colour darkens to deep brown. The solvent
was removed in vacuo and the resulting sticky liquid was extracted with
dichloromethane (100 mL x 3) and 15 % NaHCOs solutions several times and
washed with brine solution (100 mL). The combined organic extracts were dried
over NaxSOs, and concentrated to get a deep brown liquid. Column
chromatography (silica) with hexane-ethyl acetate (30% and 50%) gave the desired
product, di(6-methylpyridin-2-yl)methanone, in 50% vyield (5.9 g) as colourless
needles which freezes at 6 °C. *H NMR (400 MHz, CD30D): § 2.57 (s, 6H, CHs),
7.88 (dd, 2H, 5-pyH), 7.84 (dd, 2H, 3-pyH), 7.50 (t, 2H, 4-pyH).

¥ Purification of ethyl chloroformate : Ethyl chloroformate has a very toxic
odour and irritating for eyes. It is normally synthesized from commercial Phosgene
which contains traces of iron as ferric chloride, and also contains HCI dissolved.
During distillation, the presence of iron, along with the application of heat, causes
the ethyl chloroformate to severely decompose either to olefenic compounds or to
alkyl chlorides. A substantial amount of product is lost, and/or in many cases, the
alkyl chloroformates are completely decomposed. The pH of the ethyl

chloroformate was checked to be almost 1, i.e. highly acidic. So it was treated with
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20% NaOH solution in cold resulting in the formation of a salt, NaCl. This reduced
the acidity of the compound and also helped in the reduction of the Fe(lll) that
catalyzes the decomposition of the alkyl chloroformate. Further, it was washed
with brine several times to get a clear organic phase, which was distilled thereafter
using a fractionating column and short path condenser to get a colorless liquid.
Without removal of the iron contamination, alkyl chloroformates, typically ethyl
chloroformate, may decompose severely, where only 10-20 % of the chloroformate
remains after distillation. Thus obtained colorless ethyl chloroformate was stored

in cold for future use.

Synthesis of L4 ® : Di(6-methylpyridin-2-yl)methanone (26 mM, 5.5 g) was
taken into 10 N NaOH solution (20 mL) and hydroxylamine hydrochloride (4.6 g
in 10 mL water) was added to it and refluxed for 3-4 h. After removing the solvent
in vacuo the resulting solution was poured into large excess of ice-cold water (~800
mL) and stirred vigorously, as the pH was adjusted to 7. It was then filtered and
the resulting filtrate was extracted using dichloromethane (300 mL x 3), dried over
Na>SO4 and concentrated under vacuum to get the corresponding oxime, di(6-
methylpyridin-2-yl)methanone oxime, in 99% yield (5.5 g) as white solid. *H NMR
(400 MHz, CDsOD): ¢ 2.50 (s, 6H, CHs), 7.08 (dd, 2H, 5-pyH), 7.54 (dd, 2H, 3-
pyH), 7.91 (t, 2H, 4-pyH).

Synthesis of PL4°: The oxime (24 mM, 5.4 g) was taken in a double-necked
round bottomed flask and ethanol (100 mL) was added to it. One spoon full of zinc
dust and hydrazine hydrate (10 mL) was added to it under refluxing condition. 3
mL of hydrazine hydrate (every half hour) and one spoon full of Zn dust (every
hour) was added to it for 4 h and then left to reflux overnight. The residue was
filtered under hot condition and washed several times with hot ethanol. The filtrate
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was evaporated under reduced pressure the resulting solution was taken into 500
mL water where the pH was adjusted to 7 using conc. HCI and stirred for 20 min.
The precipitate was then filtered (if any) and the filtrate was made alkaline using
NaOH beads up to pH 12. Extraction of the alkaline solution from ethyl acetate (3
x 200 mL) and dichloromethane (3 x 100 mL) gave di(6-methylpyridin-2-
yl)methanamine (4.1 g) as yellow oil. *H NMR (400 MHz, CD3OD): § 2.50 (s, 6H,
CHz3), 5.18 (s, 1H, CH), 7.11 (dd, 2H, 5-pyH), 7.21 (dd, 2H, 3-pyH), 7.61 (t, 2H,
4-pyH).

Synthesis of L4 : 2.5 equivalents of 2-(chloromethyl)pyridine hydrochloride
was added to 6M NaOH solution (30 mL) in ice-cold condition and stirred for 30
min, and was later added to a heterogeneous mixture of di(6-methylpyridin-2-
yl)methanamine (19 mM, 4 g) in 6M NaOH solution (20 mL) and stirred at room
temperature for 10 days. It was then neutralized with perchloric acid and the
reaction mixture was left to stir overnight and filtered through a G4 crucible and
dried to get a powder-like compound. The perchlorate salt was then taken into 5M
NaOH solution and extracted from ethyl acetate (3 x 100 mL), washed with brine
solution (100 mL) and evaporated under vacuum to get the desired ligand L2 (0.9
g) as brown solid. (see, Scheme 2.5) *H NMR (600 MHz, CDCls3): § 2.50 (s, 6H,
CHs3), 3.97 (s, 4H, CHy), 5.26 (s, 1H, CH), 6.96-7.51 (m, 12H), 8.42 (d, 2H, 6-
pyH). 3C NMR (150 MHz, CDCls): § 24.47, 57.78, 73.66, 120.96, 121.58, 121.65,
123.32, 136.07, 136.43, 148.74, 157.74, 159.63, 159.95. (Fig. 2.7, 2.8; solvent
peaks are denoted by *).
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NMR Characterization of L4.
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Fig. 2.7. *H NMR (600 MHz) spectrum of ligand L4 in CDCls.
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Fig. 2.8. 3C NMR (150 MHz) spectrum of ligand L4 in CDCls.
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Scheme 2.5. Synthesis of ligand L4.
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e Synthesis of the ligand L8, L9 and L10 :

The bispidine ligand L8 and L9 were synthesized by following reported
procedures.”!? 10 was synthesized with slight modification from the reported

procedure.*®

General Procedure for the Synthesis of PL8, PL9 and PL10
Dimethylacetone dicarboxylate (7.35 mL, 50 mM) was taken in a round-bottomed
flask containing 20 mL methanol (for PL8 and PL9) or 20 mL ethanol (for PL10)
and was cooled to 0 °C in an ice bath. Subsequently pyridine-2-carboxaldehyde
(9.51 mL, 100 mM) and 50 mM of picolyl amine (for PL8) / benzyl amine (for PL9)
/ methyl amine (for PL10) were slowly added to the cold solution. After complete
addition of the amine, the resulting solution was allowed to come to room

temperature slowly and stirred overnight. An off-white thick precipitate was
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formed which was filtered and washed using cold ethanol several times and dried
in vacuum. The product was recrystallized from warm ethanol to get colourless
crystals in stoichiometric yields (84% for PL8, 80% for PL9 and 78% for PL10).

General Procedure for the Synthesis of L8, L9 and L10 : To the suspension of
the piperidone (°L8, PL9 or PL10) (36 mM) in 200 mL ethanol were added
formaldehyde (37%, 7.3 mL, 90 mM) and 40 mM of benzyl amine (for L8) / picolyl
amine (for L9) / N,N-dimethylethylenediamine (for L10) in a dropwise manner.
The reaction mixture was refluxed for 4 h. The resulting brown/yellow solution
was concentrated under vacuum and layered with diethyl ether and kept at -40 °C
for slow diffusion. White crystalline products were obtained after a few days.
(Yield: ~40% for L10, m. p. 143 °C) (see Scheme 2.6) *H NMR for L10 (600 MHz,
CDClg): 6 2.05 (s, 3H, CHa), 2.28 (s, 6H, CH3), 2.38 (2H, CH>), 2.46 (2H, CH>),
2.60 (d, 2H, CH>), 3.06 (d, 2H, CH), 3.85 (s, 6H, CHa), 4.75 (s, 2H, CH), 7.24
(2H), 7.79 (2H), 8.17 (2H), 8.53 (2H). (Fig. 2.9, 2.10; solvent peaks are denoted
by *).

NMR Characterization of L10.
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Fig. 2.9. 'H NMR (600 MHz) spectrum of ligand L10 in CDCls.
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Scheme 2.6. Synthesis of ligand L8, L9 and L10.
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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 using the following general
procedure. 100 mg ligand was taken in a glass vial and dissolved in CH3CN /
CHCI> (3 mL) inside a glove box filled with Argon. To this solution was added
1.2 equivalents of Fe(ll)-salts (triflates, perchlorates or tetrafluoroborates) in
CH3CN / CH2Cl> (2 mL) and stirred overnight to ensure complete metalation. The
resulting solution was filtered using 0.2 um PTFE syringe filters and crystallized
by slow vapour diffusion of diethyl ether into a CH3CN solution and stored at -40
°C. The complexes obtained were washed with diethyl ether and dried under

vacuum to obtain the desired metal complexes. (See Table 2.1).

e General Procedure for the synthesis of the Mn(11)-complexes.

Bispidine ligands L8 and L9 (100 mg) were dissolved in CH3CN and
Mn'/(C104), salt (1.2 equivalents) in CHsCN was added dropwise under inert
conditions. The pale yellow solution was refluxed overnight. After the end of the
reaction, the solution was syringe filtered and layered with diethyl ether to obtain

colourless crystalline products.
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Table 2.1. Synthetic parameters and characteristics of metal complexes.

Complex | Ligand Metal Salt Solvent | Colour Texture Yield
Dark )

la L1 Fe!'(CH3CN)z(OTf), | CHsCN ] Crystalline | 92%
re
Dark

2a L2 Fe''(CHsCN)2(OTf), | CHiCN Powder 95%
yellow

3a L3 Fe'"'(CH3CN)z(ClOs)2 | CH3CN | Yellow | Crystalline | 92%
Dark

Fe''(CH3CN)2(ClOs)2 Powder 85%

yellow

4a L4 CHsCN
Dark .

Fe'(BF4),. 6H,0O Crystalline | 90%

red
Colour- )

8a L8 Mn'"(CH3CN)2(ClO4), | CH3CN | Crystalline | 91%
ess
Colour- )

9a L9 Mn''(CH3CN)2(ClO4), | CH3CN I Crystalline | 90%
ess
Light

10a L10 Fe''(CH3CN)z(OTf), | CHsCN Powder 91%
Yellow

Caution! Although no accident while dealing with the perchlorate salts was
experienced, but they are potential explosives upon heating and should be handled

with care.
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2.3.  Characterization of the Fe(I1) Complexes
2.3.1. ESI-MS

The electrospray ionization mass spectra of all the Fe(ll)-complexes were
recorded in acetonitrile solvent, at room temperature. The concentration of the
metal complexes for ESI-MS was generally kept consistent at 1 mM. The samples
were thoroughly filtered through syringe filters before injecting into the mass

spectrometer.

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

100+ 211.43
231.95
% 50- 210 212 570 573 576
m/z
571.96
0 Ll o ) |
250 500 750 1000
m/z

Fig. 2.11. ESI-MS spectrum of [Fe"(L1)(OTH]* ; m/z 211.43, 231.95 and 571.96 corresponds to
[Fe"(L1)]#, [Fe'(L1)(CHsCN)]?* and [Fe"(L1)(OTH]* respectively. Inset shows the isotopic
distribution pattern for the m/z values of 211.43 and 571.96.
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e ESI-MS spectrum of [Fe'/(L2)(OTH)]* :

100
281.97
9% 504 260 262 670 675
m/z
671.97
0 " Lol L N
250 500 750 1000

m/z

Fig. 2.12. ESI-MS spectrum of [Fe'(L2)(OTf)]* ; m/z 261.49, 281.97 and 671.97 corresponds to
[Fe''(L2)]?*, [Fe"(L2)(CHsCN)]?>* and [Fe'(L2)(OTf)]* respectively. Inset shows the isotopic
distribution pattern for the m/z values of 261.49 and 671.97.

e ESI-MS spectrum of [Fe'(L3)(CI04)] ™ :

100 1
550.15
% 50 A “
LA
549 552 555
0 lnhl —iad .Llli.l. L., : -
300 500 700 900

m/z

Fig. 2.13. ESI-MS spectrum of [Fe''(L3)(CIO4)]* ; m/z 550.15 corresponds to [Fe"(L3)(ClO4)]*.

Inset shows the isotopic distribution pattern for the m/z 550.15.
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e ESI-MS spectrum of [Fe''(L4)(CIO4)]™" :

100 A
550.13
% 501 \ “
A
549 552 555
O_M‘JL
300 500 700 900

m/z

Fig. 2.14. ESI-MS spectrum of [Fe'(L4)(ClO4)]* ; m/z 550.13 corresponds to [Fe''(L4)(ClO4)]".

Inset shows the isotopic distribution pattern for the m/z 550.13.

e ESI-MS spectrum of [Mn'/(L8)(CIO4)]*

100+
322.97
% 50-
322 324 744 747
744.93
0 L . L
400 600 800

m/z

Fig. 2.15. ESI-MS spectrum of [Mn"(L8)(CIO4)]* ; m/z 322.97 and 744.93 correspond to
[Mn"(L8)]?* and [Mn"(L8)(ClO4)]*. Inset shows their isotopic distribution pattern.
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e ESI-MS spectrum of [Mn'(L9)(CIO4)]*

100 4
323.06
% 504
322 324 744 747
745.14
0 L T T : T
400 600 800

m/z

Fig. 2.16. ESI-MS spectrum of [Mn"(L9)(CIO4)]* ; m/z 323.06 and 745.14 correspond to
[Mn"(L9)]** and [Mn"(L9)(CIO,)]*. Inset shows their isotopic distribution pattern.

e ESI-MS spectrum of [Fe'l(L10)(OTH]* :

100+ 275.61
% 50- 274 276 278 696 700 704
m/z
296.15 200,25
250 500 750 1000

m/z

Fig. 2.17. ESI-MS spectrum of [Fe''(L10)(OTH)]* ; m/z 275.61, 296.15 and 700.25 corresponds to
[Fe"(L10)]?%, [Fe"(L10)(CHsCN)J?* and [Fe'(L10)(OTH)]* respectively. Inset shows the isotopic
distribution pattern for the m/z values of 275.61 and 700.25.

11/25

TH-2319 146122021



2.3.2. H-NMR

In general, NMR spectroscopy is conducted on diamagnetic molecules, but
paramagnetic molecules are also compliant to NMR analysis, which, however, are
associated with some unusual effects like broad spectral patterns and huge
chemical shifts. But *H-NMR of the metal complexes indeed provide important
structural information and significant insight into bonding patterns, although due
to low resolution, the coupling factors are seldom resolvable. Unlike normal
organic diamagnetic molecules, the proton NMR spectra of metal complexes are
informative of its overall spin state, thereby producing paramagnetically shifted
peaks over a wide spectral width of around 200 ppm. These shifted peaks are
designated as the isotropic shift, which is the difference between the chemical
shifts of a compound in the presence and absence of a metal ion. Due to the
presence of unpaired electrons in metal complexes, a coupled larger magnetic field
is generated which thereby produces huge isotropic shift values that can range from
-100 to +200 ppm. These abnormal shifts make peak assignments even more
complicated. The a-protons, that are closest to the metal centre, are shifted the
furthest (even sometimes not recognizable); in case of substituted a-position, the
B-protons are also highly affected by the metal ion. The coordination number,
geometry and spatial arrangement of the protons around the metal centre are highly
responsible for the different shift patterns in different systems. The c-mechanism
for the delocalization of unpaired spin density commensurate the downfield shift
of the pyridine protons in the a-H > B-H > y-H order.}*™®> Involvement of -
delocalization, however, generates a shift pattern of downfield 3-H and upfield a-

H and y-H.*
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Scheme 2.7. Numbering scheme for metal complexes containing substituted pyridine donors.

B

e H-NMR spectrum of [Fe'(L2)(OTf)]* :

27.82
- -0.45
57.49
23.56
54.79 ‘
9.55
27.26| |17.93
106.01 ; J2251 51.51
' L 3328 \
"o w0 % s 7 e s 40 a0 2 0 0 40 2 30 40 60 60 0

Fig. 2.18. 'H-NMR spectrum (400 MHz) of complex 2a in CDsCN at 298 K with a spectral width
of ~200 ppm (no. of scans = 82).
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e H-NMR spectrum of [Fe'(L3)(CIO4)]* and [Fe'(L4)(ClO)]*:

6.7(442| |-0.0

"H NMR of 4a 7.9

16.0
10.6

344 287 |
Al W S | O

uUuJJ IUE

'H NMR of 3a

-------------------------------------

Fig. 2.19. 'H-NMR spectrum (400 MHz) of complex 4a (top) and 3a (bottom) in CD3CN at 298 K
with a spectral width of ~200 ppm (no. of scans = 82).
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2.3.3. X-ray crystallography

e Crystallographic data for complex [Fe'(L4)(CHsCN)](BF4). and its

structure refinement parameters :

The crystal structure was recorded at 20 °C 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. CCDC
1876766 contains the supplementary crystallographic data for this complex. These
data are provided free of charge by The Cambridge Crystallographic Data Centre.
Dark red crystals were grown by slow vapour diffusion of diethyl ether into the
acetonitrile solution of the Fe(Il) complex. The refined structure shows binding of
a solvent (CH3zCN) molecule to the Fe(ll) and two non-bound BF4 counter-anions

and aqua molecules.

Fig. 2.20. ORTEP plot of [Fe"(M®N4Py)(CH3;CN)] (BF4), with thermal ellipsoid drawn at 30 %

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

Crystal identification

Fe-L16-BF4

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 ref (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 (%)

C27 H32 B2 Fg Fe Ng O2
702.06 g/mol
Deep red, block
293 K

0.71073 A

P 21/c

-P 2ybc

3322.2 (2) A3
C-C=0.0116 A
a=11.7022 (4) A
b=17.7265 (8) A
c=16.9574 (7) A
4

1.404

0.533

1440.0 (1442.24)
13, 21, 20

5834

5821

0.836 [0.402]

oa=90"
B=109.189 (4) °
vy =90°

0.894 [1.000]

Multi-scan
0.998

24.990
0.0858 (3652)
0.2175 (5821)
0.09

0.881

418

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

Bonds Bond-lengths
Fel-N1 2.049(5)
Fel-N3 2.043(6)
Fel-N4 1.974(5)
Fel-N5 1.981(5)
Fel-Nax 1.968(5)
Fel-N6 1.930(5)

Avg Fe-N 1.991
Angles Values
l\leq'Fe'Naxa 833
Neg-Fe-N62 96.6
Nax-Fe-N6 179.3

cis-equatorial bond angles (°)

cis-bond angle of equatorial Fe1-N with

Nax (°)
Z N1-Fel-N5 91.1(2) 2 N1-Fel-Nax 82.2(2)
2 N1-Fel-N3 86.4(2) 2 N3-Fel-Nax 82.5(2)
2 N3-Fel-N4 92.4(2) 2 N4-Fel-Nax 84.5(2)
Z N4-Fel-N5 87.0(2) 2 N5-Fel-Na 84.2(2)

trans-equatorial bond angles (°)

cis-bond angle of equatorial Fel-N with

N6 (°)
Z N1-Fel-N4 166.7(2) Z N1-Fel-N6 98.4(2)
Z N3-Fel-N5 166.7(2) Z N3-Fel-N6 97.7(2)
- - 2 N4-Fel-N6 94.9(2)
- - / N5-Fel-N6 95.5(2)

@ Average cis-bond angle of equatorial Fe1-N bonds with Nax and N6. Avg = average.

TH-2319 146122021
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The crystal structure (Fig. 2.20 and Table 2.3) shows clear penta-coordination of
the metal to the M®N4Py ligand in a structural orientation analogous to the reported
complexes [Fe'(N4Py)]?* and [Fe'(N4PyMe€)(CH3CN)J?*-2Cl04Y"*8 The Fe-N
bond distances, as shown in Table 2.3, are typical for low-spin Fe(ll) complexes

reported previously.1’-24

2.4. Generation of the Reactive Metal Intermediates

The formation of the Fe(1V)-O intermediate (1b) was achieved by vigorous
stirring of the Fe(ll) complex, (1a) with excess solid PhIO 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 2b, 3b and 4b were synthesized in situ from their respective Fe(ll)
precursor complexes at room temperature by the addition of 1.5 equivalents of
PhI(OAC): in acetonitrile. Side on manganese-peroxo complexes [Mn''(L8)(O2)]*
(8b) and [Mn""'(L9)(O2)]" (9b) were prepared by reacting their corresponding Mn"
complexes with 10 equivalents of H>O; and 2.5 equivalents of triethylamine (TEA)
in CH3CN at 15 °C. Complex 10b was formed upon addition of little excess (~30
equivalents) of tert-butyl hydroperoxide solution (70% in water) in acetonitrile at
room temperature. However, the rate of formation, stability and rate of self-decay
was highly influenced by the temperature parameter. Also, the formation of the
same was tested using other solvents like acetone and DCM, but the stability of the
—OOR adduct in both the solvents was not up to the mark as acetonitrile. The
stability of these intermediates are crucial considerations in order to successfully
characterize them using various spectroscopic techniques like ESI-MS, UV/Vis,

NMR, etc. The formation techniques, stability, characterizations and reactivity of
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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 |1l 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.

11/33

TH-2319 146122021



2.6. Reaction Kinetics

All the reactions were run in a 10 mm path length UV/Vis cuvette by
monitoring UV/Vis spectral changes of reaction solutions. The kinetics studies
were performed under pseudo first-order conditions with excess substrate
concentration. The reactions were monitored by following the decrease of the
absorbance of the characteristic peaks as a function of time. The rate constants
were determined by fitting the changes in absorbance of the intermediates under
study. Reactions were run at least in triplicate and the data reported represent the

average of those. Standard deviation was less than 10 % of the given values.

Kinetic experiments were performed by using the following procedures: 1
mM Fe(1V)-oxo complexes including [Fe'V(O)(L2)]%*, (2b), [Fe'V(O)(L3)]?**, (3b)
and [Fe'V(O)(L4)]**, (4b), were prepared from 1 mM solutions of their ferrous
precursor complexes 2a, 3a and 4a respectively by reacting with Phl(OAc). 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 2 mL was transferred into the quartz cuvette
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 uL. 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

of the Fe(IV)-oxo chromophore was monitored. Concentrations of the substrates
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used in each case varied and were adjusted to achieve convenient reaction time and

control.

2 mM solutions of [Mn"'(L8)(02)]* (8b) and/or [Mn"'(L9)(O2)]* (9b) were
prepared from 2 mM solutions of [Mn'/(L8)(C104)] (8a) and/or [Mn''(L9)(CIOa4)]
(9a) by reacting with H2O2 (20 mM) in the presence of triethylamine (TEA, 5 mM)
in CH3CN at 15 °C. Each time 2.5 mL of Mn(Il) complex solution was taken in a
4 mL glass vial, and 2 mL was of it was transferred into a cuvette and deoxygenated
with argon gas sealed with rubber septum and kept in UV/Vis spectrophotometer
cuvette holder which was attached to a low temperature cryostat and waited till
equilibrated at 1 °C, then slowly 50 uL of 10 equivalents of H,O, was added in the
presence of 2.5 equivalents triethylamine through a 250 uL. hamiltonian syringe,
immediately mixed with another 1 ml syringe until characteristic peaks of the
intermediates were obtained in the visible region. After it reaches the maximum
formation of Mn(l11)-peroxo intermediate a few minutes were given to equilibrate
the solution temperature. Then substrates were slowly added through a 250 pL
Hamiltonian syringe to the solutions, mixed with another 1 mL syringe and the

time course of the decay of the Mn(l11)-peroxo chromophore was monitored.

The formation of the alkylperoxo adduct was identified at normal
conditions when 10a was treated with tert-butyl hydroperoxide solution (70% in
water, 30 eq.). A new blue species (10b) was formed gradually. 1 mM solutions of
10a 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.
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Iron(IV)-oxo complex, 1b, was prepared at 25 °C, from 1 mM solution of
its ferrous complexes in CH3CN. Each time, a 2.5 mL portion of the iron(ll)
solution in a 4 mL glass vial was taken and excess solid PhlO was added and
thoroughly mixed by vortex for a couple of minutes affording the corresponding
oxo complex. The solution was filtered through 0.2 uM syringe filters into another
clean and dry 4 mL glass vial and deoxygenated with argon gas. 2 mL of it was
transferred into a cuvette and sealed with rubber septum and kept in UV/Vis
spectrophotometer cuvette holder. The substrates were then slowly added using a
250 uLL. Hamiltonian syringe to the reaction mixture and mixed with another 1 mL
syringe. The time course of the decay of the iron(IV)-oxo chromophore was
monitored. Concentrations of the substrates were used ranging from 0.005 M to

0.5 M and were adjusted to achieve convenient reaction times.

In general, reactions were monitored through a minimum of 5 half-lives
and the pseudo first-order rate constants (kons) Were determined by fitting the decay

profile of the UV/Vis bands for the respective intermediates to the equation:
[A] = [Ad] + b*(e™)

Plots of the kobs against substrate concentrations gave the second-order rate
constants for each system. The reaction mixtures were removed from the cuvette,
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 GC, NMR and ESI-
MS) spectroscopic techniques.
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2.7.  Product Analysis

Product analyses of the reaction mixtures were done by ESI-MS, NMR (*H
and 13C) with a Varian 400/100 MHz spectrometer and LCMS with WATERS
ACQUITY UPLC equipped with a variable wavelength UV-200 detector. The
products were separated on Waters Symmetry C18 reverse phase column (4.6 X
250 mm), and detection was made at 215 and 254 nm and product yields were

determined by comparison with standard curves of known authentic samples.
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CHAPTER —I1I

Dramatic Rate-Enhancement of Oxygen Atom
Transfer by an Iron(1V)-Oxo Species by
Equatorial Ligand Field Perturbations

Equatorial
ligand field
perturbations
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3.1. Introduction

Iron-containing metalloenzymes are well-known oxidants that carry out
metabolically vital oxidative transformations in the human body.}® High valent
iron(IV)-oxo complexes have often been identified as the key reacting species in
such oxidative transformations,’** and indeed have been characterized for several
non-heme iron dioxygenases.’>® Most non-heme iron dioxygenases display
typical facial iron coordination via two histidines and one carboxylate based
residue; usually from Asp or Glu. Many details on the catalytic reaction
mechanisms of heme and non-heme metalloenzymes remain unknown. Moreover,
many non-heme iron dioxygenases react with substrates in a stereoselective or
regiospecific manner. For instance, prolyl-4-hydroxylase activates a proline
residue in a peptide chain to give solely the R-4-hydroxyproline product as part of
its natural biosynthesis pathway.’® Recent QM/MM studies showed that even
though 5-hydroxyproline would be a thermodynamically more stable product, the
enzyme manages to avoid this product through substrate binding and orientation.*®-
20 In particular, the substrate is held in a tight binding pocket and can only approach
the active site through a narrow funnel lined up by a Trp and Tyr residue.
Moreover, key hydrogen bonding interactions hold the substrate in a tight
conformation and site-selective mutations of one of the residues in the substrate-
binding pocket leads to either loss of specificity or complete loss of activity. Other
enzymes with tight substrate binding pockets that catalyse a regioselective reaction
include the camphor hydroxylating heme enzyme cytochrome P450cam,?! and the
non-heme iron dioxygenase AIkB, which is involved in DNA base repair
mechanisms through the demethylation of methylated DNA bases.?>?2 Clearly, the
substrate-binding position and orientation in enzymes is important and can

determine and affect the product distributions.

/1

TH-2319 146122021



To understand the mechanistic aspects of metalloenzymes biomimetic
models have been developed that contain the coordination features of the metal but
lack the protein environment.?#28 Artificial/synthetic mimics of these biological
systems provide necessary information about their catalytic cycle and their mode
of operation. There are several reports in the literature regarding the tuning of the
primary coordination sphere of these high valent intermediates and the various
factors that affect their reactivity, such as ligand topology, axial ligation, spin state
of the metal atom, etc.2%% As changes in the primary coordination sphere can be
quite dramatic, research has also focused on the influence of secondary
coordination sphere modifications, where changes are more subtle.36-4
Noncovalent interactions in the vicinity of the active site, such as charge induction
or stereochemical perturbations influence reaction mechanisms and can change

bifurcation pathways.*>*4

A biomimetic iron(IV)-oxo species that has received quite a lot of attention
over the years is the [Fe'V(O)(N4Py)]** complex with N4Py = N,N-bis(2-
pyridylmethyl)-N-bis(2-pyridyl) methylamine: structure 1b in Fig. 3.1. The
complex was originally synthesized by Feringa and Que and their co-workers*® and
was one of the first biomimetic iron(IV)-oxo species that was characterized by
electron paramagnetic resonance, resonance Raman, Mossbauer, UV/Vis
absorption and nuclear magnetic resonance (NMR) spectroscopic methods as well
as by X-ray crystallography.*®**° In addition, many reactivity studies with
substrates have been reported, which showed it efficiently reacts through oxygen
atom transfer.>1®* Very recently Que and co-workers showed that substitution of
the three pyridine rings of the tetradentate TPA, tris-(2-pyridylmethyl)amine,
ligand by quinoline moieties enabled the synthesis of a high-spin (S = 2) iron(IV)-
oxo species.®? However, replacement of the pyridine rings by N-

methylbenzimidazole moieties, instead generated an S = 1 iron(lV)-oxo ground
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state.® Nevertheless, in both of these systems enhanced reactivity towards
substrates was observed. Interestingly, such ligand modifications are much less
explored in pentadentate iron(IV)-oxo intermediates. Nordlander and co-workers
have shown that a systematic replacement of the pyridine groups with N-
methylbenzimidazole in the N4Py ligand framework leads to enhanced reaction

rates.

7\ -

[Fe"(O)(N4Py)I**, 1b [FeV(O)(2PyN2Q)I**, 2b

Fig. 3.1. Ligand frameworks (top) studied and DFT-optimised structures of the corresponding

iron(1V)-oxo complexes.

In particular, the introduction of ortho-substituents to a pyridine ring is a
well-established design strategy to significantly affect the iron(IV)-oxo core by
weakening the Fe—Neq bonds. To gain insight into the influence of the equatorial
ligand perturbations in biomimetic complexes, we engineered the N4Py ligand
system to 2PyN2Q (1,2-di(pyridin-2-yl)-N,N-bis(quinolin-2-
ylmethyl)methanamine). The introduction of bulky quinoline moieties is expected
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to influence the electronic orbitals and spectroscopic features of the iron(IV)-oxo
oxidant and hence its reactivity with substrates. Specifically, we compare the
spectroscopy and reactivity of the two non-heme iron(IV)-oxo complexes 1b and
2b (Fig. 3.1), namely [Fe'V(O)(N4Py)]** and [Fe'V(0)(2PyN2Q)]**. In these
complexes, the equatorial ligand perturbations on the oxo group are different,
whereby in 2b the oxo group experiences two weak C—H---O hydrogen bonding
interactions that are absent in complex 1b. We predicted that the changes in ligand

coordination may give different spectroscopic and reactivity patterns.

3.2. Results and Discussion

3.2.1. Synthesis and Characterization

We started with a pentadentate non-heme iron complex
[Fe''(2PyN2Q)(OTf)2], 2a, supported by the 2PyN2Q ligand bearing quinoline
moieties.®®" Dropwise addition of an acetonitrile solution containing
Fe'l(OTf)2-2CHsCN to the ligand resulted in the formation of a dark yellow
compound (2a) in 95% yield that could be characterized with UV/Vis, ESI-MS and
NMR spectroscopy, (see Fig. 2.12 and 2.18, Chapter-11). Treatment of 2a with 1.5
equivalents of PhI(OAc). in CH3CN under ambient conditions generated the
corresponding iron(1V)-oxo complex [Fe'V(0)(2PyN2Q)]?*, 2b (Amax = 770 nm, €
=340 L Mt cm™, ti2 = 50 min at RT), Fig. 3.2. The UV/Vis absorption spectrum
of 1b when generated under the same experimental conditions gave an absorption
band at Amax = 695 nm with a half-life of over 60 hours typical of
[Fe!V(O)(N4Py)]**. Thus, the substitution of the pyridine rings in N4Py with
quinoline groups to form 2PyN2Q resulted in a bathochromic shift of the d—d
transition band by 75 nm and a significant loss of the thermal stability of the

complex.
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Fig. 3.2. (a) UV/Vis spectra of 1b (blue) and 2b (red) in CH:CN at 298 K; (b) ESI-MS of 2b in
CH;CN at 298 K. Inset shows the isotopic distribution pattern for [Fe!V(O%)(2PyN2Q)(OTf)]* (red)
and [Fe'V(O®)(2PyN2Q)(OTH)]* (blue).

The new iron(IV)-oxo complex was also characterized successfully with
the help of ESI-MS (Fig. 3.2). The ESI-MS gives a major peak at m/z 269.57
corresponding to [Fe'V(0)(2PyN2Q)]** and a minor peak at m/z 688.08
representing the [Fe'V(0)(2PyN2Q)(OTf)]* ion. The isotopic patterns for the two
species confirm the assignments of the two ions. The formation of

[Fe'V(0)(2PyN2Q)]** was further established by an isotopic labelling experiment
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using H2'®0, which leads to oxygen atom exchange with the oxo group. The
experiment with Hp®O moves the peak in the ESI-MS for
[Fe'V(0)(2PyN2Q)(OTf)]* from m/z 688.08 to m/z 690.08, while the peak
representing the [Fe'V(O)(2PyN2Q)]?* ion shifts by one unit. Hence the isotopic
labelling experiment with a positive peak shift of two units shows that one oxygen

atom is incorporated into the metal complex in the form of an iron(IV)-oxo species.

-CH;
1.15
8.19 7.59
7.79 7.70 7.9
7.42
83 81 7.9 7.7 7.5 73 71 é7654ll-32;
B
Yo 1173 B
2578 v 1251
Jt -4.49
27 25 23 21 19 17 15 13 1 2 % 8 10 -2 14
B. 53.80 44.96 B, M
80 70 60 s0 40 3 20 10 0 -0 20 30 40 50

& (ppm}

Fig. 3.3. 'H-NMR spectrum of complex 2b in CD3sCN at 298 K with a spectral width of ~200 ppm
(no. of scans = 64). Inset shows the individual expanded portions of the spectrum. Solvent peaks

are denoted by (*). The peaks have been assigned based on previously reported literature.

Further employment of *H-NMR helped us see the differences between the
two iron(IV)-oxo complexes (see Fig. 3.3). The *H-NMR spectra for complex 1b

as reported by Klinker et al. reveals the presence of mirror symmetry.>® However,
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for complex 2b, as expected, a more complicated spectrum with a larger number
of signals was obtained compared to 1b, due to the presence of quinoline groups
instead of pyridine rings. The observed range of paramagnetic shift in the *H-NMR
spectrum of 2b decreased with respect to its Fe(ll) precursor and gave a typical S
= 1 shift.36°0 To gain more insight into the electronic structure of 2b, we performed
a variable temperature NMR experiment over a temperature range from 233-298
K. With a lowering of the temperature, no upfield shift of peaks was observed in
the Curie plot, thereby confirming an S = 1 ferryl species as the ground state, see
Fig. 3.4 and 3.5. This observation was further supported by Rasheed et al. using

Mdssbauer spectroscopy.®®

N R J__JUJUJ U 233K

243K

__J\‘/\/JJ\J » 253K
__J\_J/UU { 263K

@
i

T T | T T T T
70 60 50 40 30 20 10 0 -10 -20 -30

O (ppm)

Fig. 3.4. VT-NMR spectrum of complex 2b in CD3CN recorded within the temperature range of
298 K and 233 K.
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The Fourier transform infrared spectral data of 2b showed a Fe=0 stretch
vibration at 834 cm™* which was at a lower frequency in comparison with 1b.%
Nevertheless, the lifetime of 2b is sufficiently long to enable us to do a detailed
kinetics and spectroscopy study at room temperature alongside those for the
analogous complex 1b, i.e. [Fe'V(O)(N4Py)]?".

80
70 T e AT @
60 1T e o T o
""""""""" - e
5 0 1 Y W—— & @
— 40 I ¥ -.
£
& 3 0 | @ e A g @ PR
104 o ° o o . .
-10- & L 9 @ ® S
....................... L .. P
-20- [ T N
30 . , , | |
3.2 34 3.6 3.8 4.0 4.2 4.4
1000 /T (K

Fig. 3.5. Curie plot showing the linear dependence of chemical shift of the *H-NMR signals of 2b

as a function of temperature.

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. Thus, we employed thioanisole
and benzyl alcohol as model substrates for heteroatom oxidation and alcohol
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oxidation reactions, respectively. Addition of thioanisole to 2b at 233 K led to the
decay of the iron(IV)-oxo characteristic band at 770 nm in the UV/Vis spectrum
concomitant with the appearance of its iron(IT) precursor (Amax = 475 nm) with an
isosbestic point at 605 nm, thereby generating methyl phenyl sulfoxide as the major
product (Fig. 3.6). We measured the change in absorbance from the UV/Vis spectra
at 770 nm and plotted it as a function of time, which enabled us to determine the
pseudo first-order rate constant (keps) for the reaction. Subsequently, these
observed rate constants were converted into second-order rate constants by plotting

kobs as a function of substrate concentration.

(a)
Q
Q
c
(3]
2
(o]
(/)]
0
<
500 750 1000
nm
0.18 (b)
10.7M' s’
< 012
ICJ
x° 0.06/
27x10°M' s
0.00 —0 0

00 03 06 09
[Thioanisole] (M)

Fig. 3.6. (a) UV/Vis spectral changes of 2b upon addition of 7 equiv. thioanisole in CH3CN at 233
K. Inset shows the decay profile of the 770 nm band; (b) second order rate constant determined for
the reaction of 1b (1 mM) (®) and 2b (1 mM) (M) with thioanisole at 233 K.
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The second-order rate constant (k2) for the reaction of thioanisole with 2b
was evaluated to be 10.7(4) Mt st at 233 K (Fig. 3.6.b). Previous work on the
reaction of thioanisole with 1b under the same reaction conditions,®® provided a

second-order rate constant of 2.7 x 10 * M1 s,

Consequently, under the same experimental conditions, the reactivity of 2b
with thioanisole is faster than that of 1b by a factor of almost 4 x 10* fold. This
rate increment is much higher than those observed for an analogous ligand system
with N-methylbenzimidazole substituents by at least 30 times.®* The enhanced
reaction rate probably originates from the introduction of the ortho-substituent on
the pyridine ring and consequent weakening of the Fe—Neq bonds relative to that in
1b. To gain insight into the mechanistic details of the reaction, we studied the
reaction of 2b with various para-X-substituted thioanisole substrates (X = OCHj,
CHa, H, CI) and measured their reaction rates (Table 3.1 and Fig. 3.7).74"°

Table 3.1. Pseudo first-order rate constants (kobs) determined for the reaction of 2b (1 mM
solution in CH3sCN) with 5 equivalents of para-X-substituted thioanisole at —40 °C in CH3CN?

xP o opt° Ef%x¢ Kobs © Kx ! kn ' log (kx/Kr)
OCHs | 027 20.78 113 0177(4) 3.29 0.52
-CHs3 -0.17 -0.31 1.24 0.088(2) 1.64 0.22

-H 0.00 0.00 1.34 0.054(2) 1.00 0.00

Ci 0.23 0.41 1.37 0.015(3) 0.28 -0.55

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. 9 Data taken from ref.
75. ¢ In s%. T Relative rate constant obtained by dividing the kops 0f p-X-thioanisole by kops of p-H-
thioanisole.
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Fig. 3.7. Hammett plot obtained against (a) ap (b) 6" and (c) E%x in the reaction of 2b with p-X-
thioanisole at 233 K, where kx and ky are the pseudo first-order rate constants of p-X-thioanisole

and thioanisole respectively.
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A plot of the logarithm of the rate constant ratio (kx/kn) as a function of the one-
electron oxidation potentials (E%x) of various para-X-substituted thioanisole
substrates gives a linear correlation with a slope of p = —3.77 (Fig. 3.7). The
negative p value and slope implicates that the reaction proceeds via atom transfer

through an electrophilic reaction mechanism.”

To compare the reactivity difference of 2b over 1b in C-H activation
reactions, we subsequently monitored the hydrogen atom abstraction ability of
both complexes toward benzyl alcohols. Upon addition of different concentrations
of benzyl alcohol to 2b in acetonitrile, the 770 nm band decayed in a pseudo first-
order manner as a function of time. Product analysis reveals the formation of
benzaldehyde in almost stoichiometric yields (>80% with respect to intermediate
formed). The second-order rate constant (k2) for the reaction of 2b with benzyl
alcohol is found to be 51.04(1) x 102 Mt st at 298 K (Fig. 3.8), whereas previous
work for 1b found a value of 8.27 x 102 M* s under the same reaction
conditions.” As such, [Fe'V(O)(2PyN2Q)]?* reacts with benzyl alcohol with rates
that are more than six times faster than [Fe'V(O)(N4Py)]?*. Therefore, the
equatorial ligand environment has significant effect on the reaction rates of alcohol
oxidation reactions. Its rate-enhancement, however, is not as strong as in oxygen
atom transfer (compare Fig. 3.6.b and 3.8.a), but clearly, both reaction processes
are favoured with 2b as an oxidant.

To ascertain that hydrogen atom abstraction is indeed the rate-determining
step in the reaction mechanism, we repeated the experiment with benzyl alcohol-
D7 or CsDsCD20H as the substrate. A comparison of the rate constants depicted
in Fig. 3.8.b (Table 3.2) clearly shows that the substitution of the active hydrogen
atom by deuterium reduces the reaction rate by a factor of about 8. Hence, we
determine a kinetic isotope effect (KIE) value of 8 for the reaction of 2b with
benzyl alcohol at 298 K. This KIE value is indicative of a rate-determining
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hydrogen atom abstraction step in the reaction mechanism. Our mechanism,
therefore, is in excellent agreement with that derived for 1b with benzyl alcohol

although an even larger KIE value is obtained upon replacement of hydrogen by

deuterium.’®77
40 (a)
51.04x10° M's”
_,:‘3 20/
«9: 10 827x10°M's"
T 0 . . .
0 20 40 60 80
[BzOH] (mM)
(b)
_ 40 51.04x10° M's)
"-__u_z‘ 30
X0 204
e 6.56x 10° M 5"
-S 10

0 30 60 90 120
[BzOH-H7/D7] (mM)

Fig. 3.8. Second-order rate constant determined for the reaction of : (a) 1 mM 1b (®) and 1 mM 2b
(m) with benzyl alcohol in CH3CN at 298 K; (b) 1 mM 2b with benzyl alcohol (®) and benzyl
alcohol-D7 (®) in CH3CN at 298 K.

Further evidence of the mechanism was obtained through studies of para-
X-substituted benzyl alcohols in a reaction with [Fe'V(0)(2PyN2Q)]?*, 2b. In
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particular, we monitored the influence of electron-withdrawing or electron-
donating para-X-substituents on the reaction rate of 2b with benzyl alcohols at 298
K. When we plot the log (kx/kn) values as a function of the Hammett parameters,
op, a linear trend was found with a slope of p = —0.27, Fig. 3.9 and Table 3.3. This
small Hammett p value implicates little electronic effects as a result of the addition
of para-substituents to benzyl alcohol. Mechanistically, therefore, 2b shows a
reactivity pattern close to that previously reported on 1b, where a p value of —0.10

was found under similar reaction conditions.’®

0.4 07 |@
~ 0.21 -ome
= 4\‘\t_
~. 0.0]
< * M
o -0.2 -Cl
o
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.0.24 -0.12 0.00 0.12 0.24
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::: 0.21 -oMe
-~ -Me -H
< 0.0 ye
2 0.2
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+
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Fig. 3.9. Plot of log (kx/kn) against (a) o, values and (b) " values in the reaction of 2b with p-X-
benzyl alcohol at 298 K, where kx and ky are the second-order rate constants of p-X-benzyl alcohol

and benzyl alcohol respectively.
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Table 3.2. Pseudo first-order rate constant (kons) determined in the reaction of 2b (1 mM
solution in CH3CN) with benzyl alcohol and benzyl alcohol-D7 at 25 °C in CH3CN.

[Benzyl alcohol — H7] 1073 X Kobs [Benzyl alcohol - D7] 1073 X Kobs
(mM) (sY) (mM) (s%)
20 9.83(2) 60 3.90(2)
40 20.29(1) 80 5.08(3)
60 30.76(2) 100 6.63(2)
80 40.89(2) 120 9.97(3)

Table 3.3. Second-order rate constants (kz) determined for the reaction of 2b (1 mM solution
in CH3CN) with various para-X-benzyl alcohols at 25 °C in CH3CN?

xP op° op'° ko kx / kn® log (kx/kw)
-OCHs -0.27 -0.78 0.648(3) 1.270 0.104
-CH3 -0.17 -0.31 0.484(2) 0.948 -0.023
-H 0.00 0.00 0.510(1) 1.000 0.000
-Cl 0.23 0.11 0.434(2) 0.851 -0.069

a All the reactions were followed by monitoring the UV/vis spectral changes of the reaction
solution. ® para-substituents in para-X-benzyl alcohol. ¢ Data taken from ref. 74. ¢ In M s7%.
¢ Relative rate constant obtained by dividing the kobs 0of p-X-benzyl alcohol by kqps of p-H- benzyl

alcohol.

We then studied the hydrogen atom abstraction ability of 2b and 1b with a
selection of substrates with known C—H bond strengths. Previously, it was shown
that reactions proceeding with a rate-determining hydrogen atom abstraction have
the natural logarithm of the rate constant linearly related to the C-H bond
dissociation energy (BDEc-n).”®8! We investigated the hydrogen atom abstraction

reactions of 2b with substrates including triphenylmethane, cumene, ethylbenzene

/15

TH-2319 146122021



and toluene (Fig. 3.10 and Table 3.4). These substrates span a range of C—H bond
dissociation energies (BDEc-+) typical for hydrogen atom abstraction reaction
rates.**82%1 As can be seen from Fig. 3.10, a linear correlation between the natural
logarithm of the rate constant versus BDEc-+ is found for the reactions of 2b/1b
with substrates. The linearity of the Bell-Evans—Polanyi plot (log k>’ versus BDEc-

H) provides evidence of a rate-determining hydrogen atom abstraction.

0.7 - 2b
0.7 PhyCH

Cumene

logk,’

BDE_ , (kcal/mol)

Fig. 3.10. Correlation between C—H bond dissociation energies of different hydrocarbons and log
k.’ for their reactions with 1b (®) and 2b (W) at 298 K; k»’ is the second-order rate constant divided

by the number of equivalent C—H bonds on the substrate that would react with the iron(IV)-oxo.

Product analysis of the dead reaction mixture after the decay of the
characteristic band in UV/Vis spectrum indicated the production of the
corresponding alcohols (and aldehydes) in variable yields (e.g. PhsC-OH, 88%);
PhC(OH)(CHs)2, 60%; PhCH(OH)CHs, 32% and PhCHO, 55%). It is not
surprising to see that the rate-enhancement for sulfoxidation is different from
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hydrogen atom abstraction as sulfoxidation generally is a concerted two-electron
reaction mechanism, whereas substrate hydroxylation is stepwise reaction via a
radical intermediate.%? Clearly, the change of the ligand and the introduction of
equatorial ligand perturbations do not affect the reaction mechanism of 2b/1b with
substrates. However, the change in ligand does affect their absolute reactivity.

Table 3.4. C-H Bond dissociation energies and second-order rate constant values for the
reaction of 1b (1 mM) and 2b (1 mM) with various substrates in CH3CN at 25 °C.

Substrate 2 BDEcH ? | Complex ko © ko’ cd log k2’
1b 0.043(2) 0.043 -1.37
PhsCH (1) 81
2b 0.376(4) 0.376 0.42
1b 0.003(3) 0.003 -2.55
PhCH(CHs). (1) 84.5
2b 0.125(3) 0.125 -0.90
1b 0.011(1) 0.005 12.26
PhCH,CHs (2) 87
2b 0.082(2) 0.041 -1.38
1b 0.0006(2) 0.0002 -3.68
PhCHs (3) 90
2b 0.015(4) 0.005 2.29

2 The number in parenthesis indicates the number of equivalent H-atoms on the substrate that would
react with the iron(IV)-oxo species. ® From ref. 49-50; in kcal mol™. ¢ In Mt s™%. 9 The k' values
are obtained by dividing kz values by the number of equivalent hydrogen atoms in the substrate that

would react with the iron(IVV)-oxo species.
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Fig. 3.11. Second-order rate constant determined for the reaction of 1b (®) and 2b (W) with
triphenylmethane in CH3CN at 298 K.
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Fig. 3.12. Second-order rate constant determined for the reaction of 1b (®) and 2b (W) with cumene
in CH3CN at 298 K.
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Fig. 3.13. Second-order rate constant determined for the reaction of 1b (®) and 2b (W) with
ethylbenzene in CH3CN at 298 K.
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Fig. 3.14. Second-order rate constant determined for the reaction of 1b (®) and 2b (M) with toluene
in CH;CN at 298 K.
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Finally, a reactivity study of 2b with cyclobutanol was performed, which is
often used as a mechanistic probe.”®’” In particular, the formation of
cyclobutanone as a product indicates a single step two-electron process, whereas
two sequential one-electron steps involve ring-opening of the substrate and the
subsequent formation of 4-hydroxybutyraldehyde. We find that 2b reacts with
cyclobutanol to give cyclobutanone as the major product, thereby, confirming that
alcohol oxidation by complex 2b proceeds by a direct two-electron transfer

pathway.

Scheme 3.1. Oxidation of cyclobutanol used as a mechanistic probe by product analysis.

Single step 0
two-electron process /

\/

."/// I

> 0]
Two sequential HO /W

one-electron steps

3.2.3. Computational Backup

In order to understand the rate-enhancement of 2b over 1b in oxygen atom
transfer reactions, we initiated a density functional theory (DFT) study®® using
methods and procedures calibrated against experimental rate constants for

[Fe'V(O)(N4Py)]* reactivities previously.’®%+% It was observed that the equatorial
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ligand perturbation has a major effect on the molecular orbital shapes and energies
that deviate dramatically from those typically found for pentadentate non-heme
iron(1V)-oxo complexes without these effects.%1% As a result the triplet—quintet
spin state gap is narrowed from 7.5 kcal mol™? for [Fe(O)(N4Py)]** to 2.8 kcal
mol ! for [Fe(O)(2PyN2Q)]?*. This result is in line with Nordlander et al who also
observed similar effect for hydrogen atom abstraction through equatorial ligand
field perturbations.®® In our particular system, the *>°2b complex has a small triplet—
quintet energy gap due to equatorial ligand perturbations that affect the structure
and molecular orbitals along the Fe-O axis. Particularly, the change in O—Fe—Naxial
angle will affect the 6,2/6*2 orbital interactions of the oxo with iron atoms and
specifically their energy levels and energy splitting. Since, the reduction of the
iron(1VV)-oxo complexes leads to filling of the 6*;2 orbital with one electron this
bending also should lower the energy of the complex to pick up an electron, i.e. its
electron affinity (EA). Indeed, we find a considerably lower electron affinity for
2b than for 1b as predicted: EAz = 123 kcal mol™* and EA1 = 134 keal mol ™.
Therefore, the change in electron affinity should affect the reactivity differences
with substrates as well in agreement with the experimental data reported above. To
further test the reactivity changes of 1b versus 2b with substrates for either
hydrogen atom abstraction or oxygen atom transfer, we calculated the reaction
mechanisms of 1b/2b with several model substrates, namely 1,3-cyclohexadiene
(CHD), toluene (Tol) and dimethylsulfide (DMS).

The dehydrogenation of 1,3-cyclohexadiene to benzene by *°2b and *°1b
were investigated and the results are given in Fig. 3.15. The reaction is stepwise
with an initial hydrogen atom abstraction via transition state TSya leading to a
radical intermediate Ina. In the next step, a second hydrogen atom abstraction
occurs via transition state TSgesat to form benzene products (PHa). During the HAT

a spin state crossing occurs from the triplet to the quintet spin state to give the
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quintet spin products. With 3°2b this spin state crossing is early and probably
happens before the hydrogen atom abstraction transition state, so that >TSpa 2o will
be rate-determining. Optimized geometries of the hydrogen atom abstraction
transition states are given in Fig. 3.15. The triplet spin structures are very similar
with C—H and H-O distances of 1.239/1.421 A for 3TSha 1 versus 1.260/1.381 A

for 3TSHa 2b.

TSpachp Toluene HAT:
11.4 (23.0)

TSyate - 79-8(22.8)
5TSpamo - 12-1(13.2) fe= 1161 [1.239)

Feep = 1.684 [1.748] 9 1.666[1.421]
B07.0(7996) . &N D
g -

52b + CHD
2.8(1.2)

0.0 (0.0) —

AEHZPE = 21.1 [11.6]

5TSHA CHD,1b [STSHA‘CHD,‘\ b]

-53.1 (~44.9)

—70.5 (-64.0,
ET8 0 crp) (-64.0)

5
Pchp

Fig. 3.15. Potential energy profile, AE + ZPE + Esoy and AG + Esqy (in parenthesis) with values in
kcal mol™ for CHD dehydrogenation and toluene hydrogen atom abstraction by 3°2b as calculated
at UB3LYP/BS2//UB3LYP/BS1 level of theory. Also shown are optimized geometries of
35T ShacHp,20 With bond lengths in angstroms, angles in degrees and the imaginary frequency in

wave numbers. The value for 5TSua crp Was estimated from the geometry scan.

Also given in Fig. 3.15 are the hydrogen atom abstraction barriers from
toluene by 2b. In general, the barriers are considerably higher than those seen for
1,3-cyclohexadiene as a significantly stronger C—H bond is broken in the process.
Indeed, triplet and quintet spin free energies of activation of 22.8 and 13.2 kcal

mol %, respectively for hydrogen atom abstraction from toluene are found. These
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values are in reasonable agreement with the rate constants reported in Table 3.4

above. Moreover, in comparison with the toluene hydrogen atom abstraction

102

barriers by [Fe'V(O)(N4Py)]?* reported previously,*%? it implies a substantial rate-

enhancement can be expected.

52b + DMS
2.8(1.2)
0.0 (0.0)
32b + DMS

2.151[2.026] % %f;
~

—13.6 (-6.7)
Fow: 2.130 [1.947] —16.0 (-8.5)

fou: 2.131 [2.339] Qﬁ

211.9 (-3.2) 15240

958.7 [1354.0]
AEHZPE = 42.5 [20.6]
Sr2(2r7) T850,1b TS50, 18]

5p
Fewo: 1.673[1.768] DMS
reo: 2.935 [2.069]

5'|'ssc)‘2b [3Tssov2b] i133.4 [i559] cm~!

Fig. 3.16. Potential energy profile (AE + ZPE + Esov) With values in kcal mol™ for sulfoxidation of
DMS by 3%2b as calculated at UB3LYP/BS2//UB3LYP/BS1 level of theory. Also shown are
optimized geometries of ®3TSso . with bond lengths in angstroms, angles in degrees and the
imaginary frequency in wave numbers. The inset gives the *°TSso 1 optimized geometries from
ref. 74,75.

To further understand the reactivity differences of 1b and 2b in oxygen
atom transfer (OAT), dimethylsulfide was used as a typical substrate. Fig. 3.16
shows the potential energy landscape of OAT by *°2b from DMS. As can be seen,
the reaction proceeds by forming a reactant complex (3>°Re) of oxidant and
substrate in a highly exothermic reaction step of —16.0 kcal mol %, which retains
the spin state ordering between triplet and quintet. Upon approach of the substrate

on the oxo group, an OAT transition state (TSso) is encountered prior to the
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formation of the sulfoxide product complexes (Powms). The quintet spin state barrier
is very small (1.7 kcal mol™ above °Re), whereas the triplet spin barrier is
considerably higher in energy. Therefore, the reaction will proceed through a spin
state crossing from triplet to quintet during the OAT reaction. Moreover, these
calculations imply much faster oxygen atom transfer than the bare N4Py complex,
whereas the reactivity differences between 1b and 2b are much less for hydrogen
atom abstraction in line with the experimental observations. Consequently, 2b is a
more efficient oxidant than 1b because of a lower-lying quintet spin state that
enables a fast spin state crossing from triplet to quintet.

3.3.  Conclusion

In conclusion, we have synthesized a room temperature stable iron(IV)-oxo
intermediate (2b) that acts as an efficient oxidant of substrates. Instead of
contributing to the steric fencing around the iron(I\V)-oxo core and prohibiting
molecular approach, the introduction of two bulky quinoline groups in the N4Py
ligand framework has notably enhanced the HAT and OAT reactivity of the
iron(IV)-oxo complex. We did a comparative study of thioanisole oxidation and
hydrogen atom abstraction reactions with various substrates. We show that 2b
reacts with substrates with increased rate constants with respect to those obtained
with oxidant 1b which is attributed to subtle changes in the ligand skeleton. These
engineered structures show that small perturbations on the equatorial ligand may
have major influences in substrate positioning and reactivity in line with what is
found for enzymatic reaction mechanisms. The work highlights how tweaking the
ligand architecture of a catalyst can affect its performance, which will help in
designing novel synthetic scaffolds for enzymatic mimics.
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CHAPTER - IV

Interplay Between Steric and Electronic Effects: A
Joint Spectroscopy and Computational Study of
Non-Heme Iron(I'V)-Oxo Complexes

® Adapted from Chemistry — A European Journal, 2019, 25, 5086-5098 with
permission from John Wiley & Sons, Inc. ®
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4.1. Introduction

Metalloenzymes play vital functions for human health and are involved in
the biosynthesis of essential compounds in the body as well as the biodegradation
of xenobiotics and damaging products.’™*® Due to the large natural abundance of
iron, metalloenzymes with either mononuclear or binuclear iron are relatively
common in biology. Studies on the details of enzymatic reaction mechanisms are
challenging due to the short lifetime of catalytic cycle intermediates and hence, it
is not always clear what the active species is that performs the transformations or
what features of the active site affect the rate-determining reaction step. To
understand the functional properties of these metal-containing active sites,
biomimetic models have been developed that comprise the metal with a similar
coordination environment but dissolved in an organic solvent.!**® Biomimetic
models give insight into the effect of the ligands on the chemical properties and
reactivity of the oxidant as well as the first and second coordination sphere on the

reaction mechanism and rate constants.

Often biomimetic models contain mononuclear iron embedded in a ligand
scaffold and pentadentate ligands have proven to be very popular because they
generally give few isomeric structures. One particular N5-based pentadentate
ligand that has been extensively studied is N,N-bis(2-pyridylmethyl)-N-bis(2-
pyridyl)methylamine (N4Py, Fig. 4.1).}%22 In the iron(IV)-oxo form, the
[Fe'V(O)(N4Py)]?* complex (1b) bears four equatorially bound nitrogen donor
atoms (Neg) perpendicular to the iron(IV)-oxo axis and an axial amine nitrogen
atom (Nax) trans to the oxo group. Structurally, this ligand framework offers a
perfect bowl-like cavity for the iron(I\V)-oxo for reactions with substrates. In terms
of bond-atom distances, all the equatorial Fe-Neq distances appear to be equivalent
and give the iron an octahedral symmetry. Over the years, the Fe(IV)-oxo complex

Iv/1
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(1b) has been thoroughly characterized and extensively studied, which makes it an
ideal candidate to engineer with substituents and ligands and study the interplay

between the steric and electronic effects on its properties and reactivity.

There have been quite a few reports on the derivatization of pyridine rings
that are bound to the iron(1V)-oxo core in 1b,%-3 particularly at the pyridine 6-
position, which is closest to the oxo group. However, most studies on modified
N4Py structures have focused on the two pyridine rings that are tethered to the
axial nitrogen atom (Nax atom) through methylene carbon atoms. Therefore, we
were wondering what the effect would be of ortho-substitution of the two pyridine
rings that bind through a methine carbon to the axial N-atom. Our study reveals the
in-equivalence of the four bound pyridine rings, which otherwise appear similar in
terms of equatorial ligand field perturbation when the pyridine C6 positions are

substituted and this results in dramatic changes in reactivity.

It has been shown that substitution of the sixth position of a pyridine ring
leads to the weakening of the equatorial field resulting in elongation of the Fe-Neq
bonds due to enhanced electrophilicity of the iron(IV)-oxo species.>’3? Thus, using
the tetradentate TPA ligand system [TPA=tris-(2-pyridylmethyl)- amine], Que and
co-workers showed that introduction of at least one methyl group in the ligand
framework (in the form of 6-MeTPA, 6-Me>TPA and 6-Me3sTPA) led to changes
in the electronic ground state of the ferrous and ferric species from low to high-

spin. 3

Introduction of bulkier quinoline groups instead of pyridine led to the
formation of a highly reactive high-spin ferryl-oxo intermediate with spectroscopic
features analogous to the active species of the enzyme taurine/a-ketoglutarate
dioxygenase (TauD).3* Furthermore, drastic improvement in catalytic reactivity

has been successfully achieved by replacement of pyridine groups in TPA by

Iv/2

TH-2319 146122021



bulkier heterocycles such as N-methylbenzimidazole.®® There are also reports of
other (S=2) iron(IV)-oxo intermediates, in which the metal centre is positioned in
a sterically encumbered cavity with forceful occupation of a trigonal bipyramidal

geometry.26-38

On account of steric bulk and better o-donor ability, these engineered
ligand frameworks can offer enhanced perturbations in the equatorial ligand field
that can make the iron(I'V)-oxo core more susceptible to approaching substrates.
Steric and electronic effects are two vital tuning probes that manifest the reactivity
profiles for these systems and a delicate borderline exists between the two
factors.3>4® It is understood that along with the stretched Fe-Neq bonds, the
distortion in the ferryl axis, specifically the Nax-Fe-O bond angle, plays a pivotal
role in their stabilities, spectroscopic properties and various oxidative
reactivities.3*2 These examples from the literature implicate that substitution of
the sixth position of a metal-bound pyridine ring leads to better hydrogen-atom
abstraction (HAA) and oxygen-atom transfer (OAT) reactivity. However, what
most of these metal complexes have in common is that the manipulations have
been done in the sixth position of two specific methylene bound pyridine rings in
N4Py, whereas any sort of engineering on the other two methine-carbon-bound
pyridine rings in the primary coordination sphere has rarely been reported. Hence,
an effort has been made by our groups to dig deeper into this issue. Both
experimental and theoretical studies reveal the intrinsic parity between the two sets
of pyridine rings, contributing to the overall reactivity profiles of the two catalysts.
Considering the frameworks shown in Fig. 4.1, the ligands are named 2PyNax2(6-
MePy) or N4PyMeé and 2(6-MePy)Nax2Py or MeN4Py in short and their iron(ll)
complexes are designated 3a and 4a, respectively.
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Fig. 4.1. Basic ligand framework and structures of oxidants discussed in this work
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The distinct spectroscopic properties and stability of the two complexes
[Fe'V(0)(N4PyM®)])?* (3b) and [Fe'V(O)(MeN4Py)]?* (4b) allowed us to pursue a
detailed Kkinetic analysis and probe the very definitive factors that govern the
reactivity and stability of these high valent metal-oxo species. Our studies concern
the fine line between steric and electronic factors that orchestrate the reaction rates
and selectivity, and also reveal the intricate details of second coordination sphere

effects related to substrate approach to a metal-oxo species.

4.2.  Results and Discussion
4.2.1. Synthesis and Characterization

Ligands N4PyMeé and MeN4Py were synthesized starting from di(pyridine-
2-yl)methanone or di(6-methyl-pyridin-2-yl)methanone and, in a reaction with
hydroxylamine, converted into an oxime, and subsequently over Zn, were reduced
further to their amine form. Upon addition of either 2-(chloromethyl)-6-methyl-
pyridine or 2-(chloromethyl)-pyridine in NaOH, we reacted the amines to form the
N4PyMe and MeN4Py structures, respectively, in good yield (detailed synthetic
procedures for ligand syntheses are discussed in Chapter-11). Subsequently, the
N4PyMe and MeN4Py ligands were reacted with [Fe'(CH3CN)2-2ClO4] in
acetonitrile to form the metal complexes [Fe''(N4PyM®)](CIO4). (3a) and
[Fe''(MeN4Py)](CIQ4). (4a), which were characterized with UV/Vis, ESI-MS and
crystallographic methods. High resolution ESI-MS spectrum of complex 3a and 4a
in CH3sCN at 298 K, showed prominent peaks at m/z 550 that were assigned to
[Fe''(L)(ClO4)]* (L=N4PyMe and MeN4Py). The isotopic distribution pattern
corresponds to the formation of the ferrous complexes (See Chapter-11, section
2.3.1)).
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Single crystals of 4a were obtained by vapour diffusion of diethyl ether into
an acetonitrile solution of [Fe'(MeN4Py)(CHsCN)]?*-2BF4. The crystal structure
(Fig. 4.2 and Table 4.1) shows clear penta-coordination of the metal to the MeN4Py
ligand in a structural orientation analogous to the reported complexes
[Fe''(N4Py)1?* and [Fe'(N4PyM®)(CH3sCN)]?*-2C104.4*8 The Fe-N bond distances
for 4a, as shown in Table 4.1, are typical for low-spin Fe'' complexes reported
previously.?323%48 |n comparison to the crystal structure of Feringa and co-
workers,*8 (Fig. 4.2.b, Table 4.1) the two metal complexes 3a and 4a indicate minor

differences.

Fig. 4.2. ORTEP diagram (30% ellipsoid probability) of complex (a) Fe'(MN4Py)(CH3sCN)](BF4)2
and (b) Fe'"(N4PyMe)(CH3CN)](ClO,)2.#8 Colour coding: Hydrogen (off-white), carbon (gray), iron

(green), nitrogen (violet). Counter-ions have been omitted for clarity.

In particular, the sixth coordination position, trans to the Nayx, iS occupied
by the solvent CH3CN in both the complexes, but there is a substantial bending in
the Nax-Fe-solvent axis for 3a (167.58), as compared to 4a (179.38). This is the
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largest bend observed among the fellow structures (Table 4.1) and is close to that
in 2a, in which a triflate counter-anion occupies the apical position instead of a
solvent molecule.®? The huge tilt accounts for an induced steric effect imparted by

the methyl groups in the structure of 3a.

Table 4.1. Selected bond lengths [A] and bond angles [°] for Fe!' complexes 1a—7a.

Complex la® 2a % gare 4a? 5a 25 6a 28 7a 2

Bonds Bond Lengths

Fel-N1 | 1.976(3) 2.199(6) 2.004(4) 2.049(5)  2.057(1) = 1.964(3) 1.963(8)

Fel-N3 | 1.967(3) 2.233(8) 1.981(4) 2.043(6) 2.031(1) 1.983(3) 1.971(8)

Fel-N4 | 1.975(3) | 2.223(6) 2.083(4) = 1.974(5)  1.979(1) 1.983(3) | 1.965(7)

Fel-N5 | 1.968(3) | 2.226(6) @ 2.078(3) @ 1.981(5) @ 1.966(1) = 1.979(2) & 1.984(8)

Fel-N. | 1.961(3) 2.192(6) 1.990(2) 1.968(5) @ 1.967(1) 1.983(3) = 1.959(7)

Fel-N6 | 1.915(3) 2.045(6) 1.959(3) 1.930(5) 1.931(1) 1.901(3) @ 1.918(7)

Avg Fe-N 1.960 2.186 2.016 1.991 1.988 1.965 1.960

Angles Bond Angles
Neg-Fe-Nax® 84.0 77.2 82.7 83.3 83.5 83.6 84.0
Neg-Fe-N6° 96.0 102.6 97.1 96.6 96.6 96.4 96.0

Nax-Fe-N6 177.3 168.3 167.5 179.3 175.5 175.7 176.9

2 This work; bAverage cis-bond angle of equatorial Fe-N bonds with Nax and N6. Avg = average.
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Another interesting observation is that in 4a, the Nax-Fe-solvent axis is
close to 180° in agreement with 1a (177.3°). Thus, in the absence of any substituent
the bond angle deviates from 180° to an acute value (177.3° in 1a), and substituents
in the methylene bound pyridine rings (168.3° in 2a, 167.5° in 3a, 175.7° in 6a and
176.9° in 7a) as well as methine bound pyridine rings (as in 5a) display the same
tilt. By contrast, in 4a, the steric effect acts from the opposite direction thereby
making the axis almost as straight as 180°. The <Neg-Fe-Nax and <Neq-Fe-N6
angles (compiled in Table 4.1) give a measure of the position of Fe in the equatorial
plane inside the ligand framework and signifies the depth to which the metal centre
is located inside the cavity. Again, complex 3a and 4a both have the lowest <Neg-
Fe-Nax and highest <Neg-Fe-N6 values compared to the rest, indicative of the strain
inside the cavity (although there are intrinsic differences in ligation ability for the

sixth donor, which is N for 3a and O for 2a).

Furthermore, the average Fe-N bond distance is higher in 3a (2.016 A) than
that in 1a (1.960 A), 4a (1.991 A), 5a (1.988 A), 6a (1.965 A) and 7a (1.96 A). This
Is suggestive of a weakened equatorial ligand field in complex 3a. Considering the
cavity provided by the N5 donor centre in all the ligand systems, the sixth
coordination site is occupied by the solvent molecule that is susceptible to be
replaced by the oxygen atom during the formation of the oxo species. Indeed, the
fragility of the Fe-solvent bond is indicated by the Fel-N6 bond length, which is
also longer in 3a (1.959(3) A) compared to 1a (1.915(3) A), 4a (1.930(5) A), 5a
(1.931(1) A), 6a (1.901(3) A) and 7a (1.918(7) A). The Fe-Oott bond length in 2a
(2.045(6) A) is even longer than the Fe-N6 bond in 3a. The higher bond length
values in 2a are most probably due to the high-spin nature of the complex, as a
result of anion binding (triflate) to the sixth coordination site instead of CH3CN,
which generally results in low-spin complexes. Thus, notwithstanding the intrinsic

differences between the Fe-N and Fe-O bonds, the quinoline groups impart a strong
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influence on the vertical Nax-Fe-O axis, which is obvious from the huge OAT

rates.3! Clearly, the positioning of the methyl groups is responsible for similar

steric effects in 3a that can be anticipated for the corresponding oxo complex (3b)

as well.
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Fig. 4.3. (a) UV/Vis spectra of 1a (green line), 3a (red line) and 4a (blue line) (0.25 mM each) in
CH3;CN at 298 K; inset shows the expanded region for 3a. (b, ¢, d) UV/Vis spectra of 1a (b, green
line), 4a (c, blue line) and 3a (d, red line) respectively at 298 K. Black dotted lines in (b, ¢ and d)
represents corresponding spectra at 233 K.
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Unlike in the solid state, structural tuning of the ligand skeleton of such Fe'
complexes often leads to spin equilibrium in the solution phase. The absorption
spectra of all Fe!' complexes 1a, 3a and 4a, show two MLCT bands with notable
differences in their epsilon values (1a, € = 8120, 6600 L M cm™; 3a, £ = 880, 400
L Mt cm™; and 4a, & = 5360, 4920 L M cm™; see Fig. 4.3.a. The low ¢ values are
speculative of substantial spin crossover in 3a and 4a, which is absent in 1a. Steric
hindrance of the methyl groups increases the bond lengths in the solid state;
however, in the solution state, the spin equilibrium is mostly shifted towards the
high-spin form that also rationalizes the low € values of the new complexes. As the
temperature is lowered to 233 K, the population of the low-spin state increases

effectively in 3a and 4a thereby increasing their absorbance values, see Fig. 4.3.

The H-NMR spectra of 3a and 4a further support these findings and
expectedly, paramagnetic shifting of the peaks was observed in both the cases (see
Fig. 2.19, Chapter-11). However, the extent of peak-shifting and broadening is more
in the case of 3a than in 4a, thereby confirming larger contribution of the high-spin
form in 3a in equilibrium with the low-spin species. Similar paramagnetic shifting

of proton resonances for ferrous complexes was also observed for 2a and 6a.31:2

Complexes 3b and 4b were generated in situ, as 1b, by treating the iron(l1)
precursor complexes with 1.5 equivalents of PhI(OAC); in an acetonitrile solution
at room temperature. These ferryl-oxo complexes were characterized by UV/Vis,
ESI-MS and *H-NMR spectroscopy. Upon addition of oxidant to the Fe'' species,
the Fe'V=0 chromophores were formed almost instantaneously for both 3b and 4b,
as observed from the UV/Vis spectrum. Subtle differences in the absorption
spectrum were seen for the iron(IV)-oxo complexes 1b, 4b and 3b (Fig. 4.4).
Cumulative bathochromic and hypochromic shifts range from 695 nm (g = 400 L

M1 cm?) for 1b to 750 nm (e = 340 L Mt cm™) for 4b to 775 nm (e = 200 L M™*
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cm™) for 3b. These changes in the d—-d transition bands are indicative of the
sequential increment of the equatorial ligand field perturbation along the series and
weakening of the same. Furthermore, this also leads to distortions in the bell-
shaped absorption curve of 4b and 3b due to the appearance of shoulder humps in
the NIR region as compared to that of 1b. The stability of these complexes also
follows the same trend with half-lives of 3600, 130 and 30 minutes for 1b, 4b and
3b respectively.

0.5

1b:695 nm
0.4-

4b: 750 nm
0.3

0.2

Absorbance

0.1-

0.0-

iy

450 600 750 900 1050

Wavelength (nm)

Fig. 4.4. UV/Vis absorption spectrum of 1b (green), 4b (blue) and 3b (red) in CHsCN at 298 K.

The relatively less stable nature of the new oxo complexes (as evident from
their half-lives) made it difficult to record their ESI-MS spectra at room
temperature. Therefore, the ESI-MS spectra for 2b and 3b were recorded at lower
temperatures by infusing cold samples directly into the source. Both complexes
gave a major peak at m/z 233.6 corresponding to [Fe'V(O)(L)]** (Fig. 4.5).
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Fig. 4.5. Positive ESI-MS spectrum of complex (a) 4b and (b) 3b in CH3CN recorded by infusing
pre-cooled samples directly into the source. The signal at ~233.6 corresponds to [Fe'V(O)(L)]*".

Inset shows the isotopic distribution pattern for the Fe=0*¢ and Fe=018. The latter was obtained by

exchanging the terminal oxygen by H,*80 after an incubation period of 10-15 min.

To further confirm the existence of iron(IV)-oxo, we did an isotope-

labelling experiment. The iron-oxo complexes are known to exchange oxygen from

water.*® Thus upon addition of H2!80 to the new iron-oxo complexes, a positive
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peak shift of one unit for the M/2 ion-cluster was observed in the mass spectrum
after an incubation spell of 10 — 15 minutes thereby confirming the existence of

iron(IV)-oxo complexes.

We also carried out *H-NMR spectroscopy experiments to discriminate
between the two new iron(IV)-oxo species, 4b and 3b, (Fig. 4.6) and compare the

spectra with the existing *H-NMR spectrum of complex 1b.>

4b
Ba
47.8
3b
Ba
Bb'u 4

5 (ppm)

Fig. 4.6. *H-NMR spectra of 4b (top) and 3b (bottom) in CD3CN at 298 K.

Clearly, there are shifting of peaks resulting from the typical S = 1 ferryl species
that unequivocally exists in the octahedral environment.®%2 The low-spin Fe'!V

centre in 4b exhibits more relaxation properties compared to 3b, thereby producing
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sharper signals although both the complexes give rise to paramagnetically shifted
proton resonances. As compared to the *H-NMR spectra of 2b, the same for 4b and
3b appears less complex due to the absence of the quinoline ring protons.-32 The
'H-NMR spectra for 4b and 3b were recorded over a spectral width of 200 ppm at
298 K temperature. Both complexes show a unique shift pattern for the pyridine
protons of low-spin Fe'V centres, with one B-proton shifted upfield (-17.2, -8.6 ppm
for 4b and -12.4, -8 ppm for 3b) and one B-proton shifted downfield (43.6, 47.8
ppm for 4b and 32.8, 43.9 ppm for 3b), as observed previously for analogous

complexes.?*2750-52 However, in the case of Fe'"

-pyridine complexes, both the -
protons shift downfield with comparable paramagnetic shift.>® The difference in
the extent of paramagnetic shifting and peak integrations in the NMR spectra of 4b
and 3b justify the unequal interaction of the two different sets of pyridine rings

with the Fe d-orbitals that have an uneven load of unpaired spin density.

4.2.2. Reaction Kinetics

The reactivity of these complexes was investigated for the oxygen-atom
transfer (OAT) and hydrogen-atom abstraction (HAA) reactions from substrates.
Thioanisole was employed initially for OAT reactivity, whereas HAA properties
were tested using a range of substrates having varied C-H bond dissociation
energies and active hydrogen availability. Addition of substrates to a solution
containing 3b or 4b in acetonitrile led to the first-order decay of the characteristic
d—d transition band in the respective UV/Vis spectrum. The second-order rate
constants (k2) were determined by plotting the pseudo first-order rate constants
(kobs) as a function of the proportional increment of substrate concentration. In the
case of OAT, the sulphur atom of the organic substrate acts as the active recipient
of the oxygen atom and eventually forms the oxidized product in the form of

Iv/14

TH-2319 146122021



sulfoxides or sulfones.>**®! [Fe!V(0)(N4Py)]?* (1b) reacts with thioanisole with a
k2 of 50 x 10° M s at 273 K.%*%° Under identical conditions, complex 4b shows
around 25 times enhanced reaction rates with a second-order rate constant of 1.24
M st see Fig. 4.7.a.

50 (a)
o 40 4b: 1.24 M s
aﬁ 30-
wx 201
S 10- 16:50x 10 M s
0 = ————— .
0 20 40 60 80
[Thioanisole] (mM)
0.8- 0.301e (b)
0.6- §o.15 '.
2 04 eenes
4- 0.00 00 o%eeeed
< 0 30 60 90
0.2- Time (s)
0.0-

400 600 800 1000
Wavelength (nm)

Fig. 4.7. (a) Second-order rate constants determined for the reaction of 1b (1 mm, ®) and 4b (1
mm, @) with thioanisole at 273 K. (b) Decay profile for the reaction of 3b with THA (5 equivalents)
at 233 K; inset shows the time trace for the decay of the 775 nm band.
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However, upon addition of 10 equivalents of thioanisole to 1 mm solution
of 3b, the 775 nm band vanished in less than 20 seconds at even lower temperatures
(233 K), see Fig. 4.7.b. As such, complex 3b reacts with thioanisole at even faster
rates than the [Fe'V(0)(2PyN2Q)]?* complex (2b) under identical conditions: for 5
equivalents THA at 233 K, the kobs Values for 2b and 3b are 5.4(2) x 102 s and
8.9(4) x 102 5% respectively.®! Therefore, to procure a comparative analysis for S-
oxidation under identical conditions, we employed dibenzothiophene (DBT) as the
model substrate for OAT reactions for all three oxidants. DBT has two benzene
rings fused to thiophene, in conjugation with the heteroatom, and delocalizes the
electron density through a number of canonical structures thereby making the
reaction slower compared to thioanisole.®! Thus, it is a more suitable substrate for

a comparative study of all three complexes than thioanisole.

—~ 401
v 3b:4.1M' s

i 30+
xO
20 4b:9.5x10° M s°
> 10 16:3.2x10° M s
e

0 e s p—— 5

00 01 02 03 04 05
[Dibenzothiophene] (M)

Fig. 4.8. Second-order rate constants determined for the reaction of 1b (1 mm, p), 4b (1 mm, @)
and 3b (1 mm, ®) with DBT in CH3CN at 298 K.
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Table 4.2. Pseudo first-order rate constants for the reaction of 1b, 3b and 4b with Thioanisole

in CH3CN.
1b @ 3pb 4p 2
Thioanisole 1073 x Kobs Thioanisole 1072 x Kobs Thioanisole 1073 x Kobs
(mM) (s? (mM) (s?) (mM) (s1)
20 0.95 10 13.12
40 1.80 5 8.94 20 25.01
60 3.22 30 35.98
80 4.00 40 50.60
Recorded at 233 K
k,=1.24 M1st ko =50 x 10 M1s?

a Kjnetics at 273 K; ? kinetics at 233 K.

Table 4.3. Pseudo first-order rate constants for the reaction of 1b, 3b and 4b with
Dibenzothiophene in CHsCN at 298 K.

1b 3b 4b
[DBT] 1078 x Kobs [DBT] 1073 x Kobs 1078 x Kobs
(mM) (s?) (mM) (s) [DBT] (mM) (s7)
200 0.62 5 19.52 80 0.79
300 0.96 7.5 29.22 120 1.06
400 1.28 10 42.55 160 1.45
500 1.61 - - 200 1.93
k,=3.2x103M1s1 ko=4.1M1s? ko =9.5x 103 M1st
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Fig. 4.9. UV/Vis spectral changes of (a) 3b (1 mM) and (b) 4b (1 mM) upon addition of DBT [(a)
10 and (b) 80 equivalents] in CH3CN at 298 K. Insets shows the decay of the 775 nm and 750 nm
band respectively as a function of time.
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Complex 3b transfers an oxygen atom to DBT about a thousand times faster
(k2=4.1 Mt s) than 1b (k2 = 3.2 x 10° M s1),1 whereas 4b (k2= 9.5 x 10 M?
s could only triple the rate of 1b (see Fig. 4.8) at 298 K. These rates agree with
the fact that complex 3b, compared to 4b, has an underlying weaker equatorial Fe-
N bonding and more ferryl-oxo distortions thereby making the catalyst more
susceptible towards heteroatom oxidation reactions. Hence, the introduction of
methyl groups at the two methylene bound pyridine rings exerts a prolific effect
on the iron-oxo core compared to the one containing methyl groups on the pyridine
rings connected by the methine carbon in the case of OAT reactions.

To verify the sustainability of this reactivity trend for HAA, we evaluated
the C-H activation abilities of the complexes under study. The conversion of
ethylbenzene to 1-phenylethanol was tested with 1b, 3b and 4b. Reaction rates with
3b (k2 = 155.3 x 103 M s'1) was around twenty times faster than 1b (k2= 7.9 x 10-
3 M1 sy, whereas 4b (k2 = 9.7 x 10 M s1) almost mirrors 1b in terms of C-H

activation rates at 298 K (see Fig. 4.10).

Table 4.4. Pseudo first-order rate constants for the reaction of 1b, 3b and 4b with
Ethylbenzene in CH3CN at 298 K.

1b 3b 4b
Ethylbenzene | 10 xkos | Ethylbenzene | 103 xkos | Ethylbenzene | 1072 x Kobs
(M) (s (M) (s (M) (s)
0.1 0.79 0.03 3.69 0.12 1.08
0.2 1.62 0.06 8.19 0.18 1.70
0.3 2.36 0.09 13.84 0.24 2.44
0.4 3.21 0.12 19.55 0.30 3.10
ky=7.9x10°M1s? k,=155.3 x 103 M*s? k;=9.7x10%M1s?
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Fig. 4.10. Second-order rate constants determined for the reaction of 1b (1 mm, »), 4b (1 mm, @)
and 3b (1 mm, W) with ethylbenzene in CH3CN at 298 K.

As evident, complex 3b reacts much faster as compared to 1b and/or 4b.
This trend was again verified with cumene as a substrate (Fig. 4.11). Second-order
rate constants thereby obtained (Table 4.5) established that 3b is much more
susceptible to react with C-H bonds of hydrocarbons than 1b or 4b. Therefore, the

trend observed for OAT was also applicable to HAA reactions.
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Table 4.5. Pseudo first-order rate constants for the reaction of 1b, 3b and 4b with Cumene in
CHB3CN at 298 K.

1b 3b 4b
1073 x Kobs 1072 x Kobs 1072 x Kobs
Cumene (M) (sY) Cumene (M) (sY) Cumene (M) (sY)
0.2 0.66 0.05 8.47 0.2 0.79
0.4 1.19 0.10 15.89 0.4 1.62
0.6 1.62 0.15 22.18 0.6 2.34
0.8 2.24 0.20 30.39 0.8 2.91
ky=2.8x10°M?s? ko =152.2 x 103 Mgt k»=3.8x10%M's?
32+
- 241 3b:152.2x10°M's™
‘0
S
/]
)
= 16
b
o 4b:3.8x10°M' s’
-« 8 i
16:2.8x 103 M's?’
0 ) 1 T 1
0.0 0.2 0.4 0.6 0.8
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Fig. 4.11. Second-order rate constants determined for the reaction of 1b (1 mm, »), 4b (1 mm, @)
and 3b (1 mm, ®) with cumene in CH3CN at 298 K.
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Fig. 4.12. UV/Vis spectral changes of (a) 3b (1 mM) and (b) 4b (1 mM) upon addition of
ethylbenzene [120 equivalents] in CH3CN at 298 K. Insets shows the decay of the 775 nm and 750
nm band respectively as a function of time.
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Fig. 4.13. Comparison of second-order rate constants determined in the reaction of (a) 3b (W) and

(b) 4b (m) with ethylbenzene and ethylbenzene-D10 (®) at 298 K in CH3CN.

To ensure that HAA is the rate-determining step, we repeated the

experiments with ethylbenzene-D10 (see Table 4.6).2° The isotopomers react
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differently due to vibrational differences in the C-H and C-D bond frequencies,
and kinetic isotope effect (KIE) values of 13 and 14 were obtained for 3b and 4b,
respectively. Hence, C-H bond cleavage was confirmed to be the rate-determining

step in the HAA reactions.

Table 4.6. Pseudo first-order rate constants for the reaction of 3b and 4b with ethylbenzene
and ethylbenzene-D10 in CH3CN at 298 K.

For 3b
[Ethylbenzene-Hao] 103 x Kobs [Ethylbenzene-Dio] 1073 x Kobs
(mM) (s (mM) (s
30 3.93 90 1.11
60 8.99 120 141
90 13.84 150 181
120 19.55 180 2.12
ko =155.3 x 10° Mt s? k=118 x10° M1 st
For 4b
[Ethylbenzene-Hao] 1073 x Kobs [Ethylbenzene-D1o] 1073 x Kobs
(mM) (s (mM) (s
60 0.55 300 0.28
120 1.08 400 0.30
180 1.70 500 0.32
240 2.44 600 0.42
k»=97.6 x 104 M*s? ky=72x10*M1s?
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A more pragmatic approach was taken to study the effect of the methyl
groups towards substrate approach and reactivity using the conventionally
available substrates with varying C-H bond dissociation energies (BDE).?%° In the
Bell-Evans—Polanyi plot, the log ko’ values for five different complexes (1b, 2b,
3b, 4b and 6b) are portrayed against the C-H BDE of the sacrificial C-H bond(s)
ranging from 77-90 kcal mol™ (see Table 4.7). As is evident from Fig. 4.14, 1b
and 4b display comparable reaction rates for all the substrates. The only exceptions
being 9,10-dihydroanthracene (DHA), fluorene and triphenylmethane, in which 4b
happens to react very sluggishly compared to 1b. Clearly, the steric effect imparted
by the methyl groups in 4b during the approach of these three bulky substrates can

be perceived.

Other complexes, such as 3b, 2b and 6b, have substantially higher reaction
rates than 1b/4b for all the substrates irrespective of the C-H bond strength, one
specific case, again, being the reactivity of 3b with triphenylmethane, in which a
significant drop in reaction rate was observed. All the points in the plot shown here
have been recorded under similar reaction conditions. Therefore, the sudden drop
in reactivity for 3b and 4b with triphenylmethane can only be attributed to the steric
factor between the oxo complex and the approaching substrate. The only active
hydrogen atom in PhsCH is deeply embedded inside its “propeller-shaped”
structure, the abstraction of which by 3b and/or 4b is highly hindered by the steric
fencing provided by the methyl groups in both the complexes. This observation
portrays the steric effect of Fe(IV)-oxo complexes with bulky substrates like
PhsCH (also 9,10-DHA and fluorene), whereas all other complexes (like 1b, 2b
and 6b) follow the thermodynamic trend of bond strength versus reactivity and the
corresponding points for BDE 81 kcal mol™ falls close to the best-fitted line. For
substrates other than PhsCH, the active hydrogen(s) is/are easily accessible to all

the complexes depending on the geometry and approach pathway.

IV/25

TH-2319 146122021



14 » 1b
¢ 2b

0 g

- DHA CHD
-1 -

™ Y
< Fluorene W
(@)
o -2
.‘
-3
Ph,CH
-4- Toluene

T

78 81 84 87 90
BDE,_, (kcal Mol")

Fig. 4.14. Bell-Evans—Polanyi plot for their reaction of 1b (»), 2b (@) 3b (M), 4b (®) and 6b ()
with different substrates at 298 K in CH3CN; k2’ is ko divided by the number of equivalent C-H
bonds on the substrate that would react with the iron(IVV)-oxo species. Best-fit lines exclude points

for Ph3sCH to show the deviation.

Complexes 2b and 6b have almost similar reactivity profile to 3b but no
reluctance towards PhsCH was observed; as such, the influence of the added
substituents in the pyridine-6 position is primarily electronic, thereby enhancing
their reactivity compared to 1b.283 The longer Fe-N bond length in Fe(IV)-oxo, in
general, gives rise to a more reactive complex. The average Fe-N bond lengths in
2b and 6b are 2.053 A and 1.999 A, respectively, whereas the same for 1b is 1.972
A 20 Again in complex 3b and 4b, the introduction of the methyl groups in the

ortho-position of the pyridine rings leads to a flagpole-like interaction with the oxo
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moiety, and the sp3-hybridization of the methyl carbon thus adds up to the
flexibility in terms of C-C bond rotation and bending. In 2b and 6b, however, the
added bulk is tethered to the ortho- and meta-positions of the pyridine ring and that
to the immediate vicinity of the binding N is an sp?-carbon, thereby restricting its
free movement and rotation (see Fig. 4.1). Thus, in 3b and 4b, the steric factor
precedes the electronic factor to determine the fate and rate of a reaction, and
triphenylmethane (in spite of having a lower BDEc.+) is an ideal substrate to make

such an inference.

Scheme 4.1. Substrates used in this work.

e -
AT

o

H) (H
1,4-Cyclohexadiene Cumene
BDE, ,:78.0 kcal/mol  BDE_,,:84.5 kcal/mol
Reaction : HAA Reaction : HAA
9,10-Dihydroanthracene Fluorene
BDE_,,: 77.0 kcal/mol O BDE_,,: 80.0 kcal/mol
Reaction : HAA Reaction : HAA

‘\\\H

SIS

Triphenylmethane
BDE_,,:81.0 kcal/mol
Reaction : HAA

Ethyl benzene Toluene
BDE_,,: 87.0 kcal/mol BDE_,,: 90.0 kcal/mol
Reaction : HAA l! iS] .! : (SA_ Reaction : HAA

Dibenzothicphene Thioanisole
Reaction : OAT Reaction : OAT
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Table 4.7. Bond dissociation energies and second-order rate constants for the reaction of 1b,
2b, 3b, 4b and 6b with different substrates at 298 K in CH3CN.

e Substrate
e BDEcHinkcal/mol @ Complex ke o log k2’
(M1s?) (M1st)b

e no. of active H atoms
1b 9.853(3) 2.463 0.392

e 9,10-DHA 2b NR ¢ - -

e 77.0 3b NR - -

o« 4 4b 1.429(6) 0.357 -0.447
6b NR - -
1b 3.385(3) 0.846 -0.072

e 14-CHD = R - -

o 780 3b NR - -

s 4 4b 2.034(4) 0.509 -0.294
6b NR - -
1bd 0.697(5) 0.348 -0.458

e  Fluorene 2b 2.131(5) 1.065 0.027

e 80.0 3b 3.653(3) 1.825 0.261

o 2 4b 0.159(4) 0.079 -1.098
6b NR - -
1b@ 0.037(2) 0.037 -1.432

e  Triphenylmethane 2be® 0.376(3) 0.376 -0.424

e 810 3b 0.069(5) 0.069 -1.161

o 1 4b 0.002(2) 0.002 -2.699
6bf 0.270(10) 0.270 -0.569
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e Substrate
e BDEcHinkcal/mol @ Complex ke o log k2’
(M1s?) (Mtshyb
e no. of active H atoms
1b® 0.003(2) 0.003 -2.538
e Cumene 2be 0.125(3) 0.125 -0.902
e 845 3b 0.152(4) 0.152 -0.818
o 1 4b 0.004(2) 0.004 -2.420
6b 0.060(1) 0.060 -1.222
1ba 0.008(1) 0.004 -2.403
o & EthyliEnzene 2be 0.083(5) 0.041 1.384
o 870 3b 0.155(3) 0.077 -1.114
e 2 4b 0.009(7) 0.004 2319
6bf 0.048(1) 0.024 -1.620
1b® 0.0006(2) 0.0002 -3.685
o Toluene 2be 0.015(4) 0.005 -2.299
e 900 3b 0.019(4) 0.006 -2.201
e 3 4b 0.001(3) 0.0003 -3.478
6bf 0.012(5) 0.004 -2.398

a Ref 20, 59; © k.’ is the ko divided by the number of active H atoms on the substrate that would
react with the oxo species, ¢ “NR” stands for “Not Recorded”, ¢ Ref 60, ¢ Ref 31, f Ref 28.
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4.2.3. Computational Backup

To understand the anomaly in reactivity among 1b, 3b and 4b, a theoretical
investigation was conducted.®? From a comparative geometry optimization of the
complexes under study, it was observed that in all the cases, the triplet spin state
was the ground state and well-separated from the nearest quintet spin state. Also,
the methyl substituents have a small effect on the spin state energies of 1b, 3b and

4b but do not change the spin state ordering (Fig. 4.15).

2.208 (2.370)  2.020 (2.118) 2,263 (2.377) 2.267 (2.391)

FeO: 1.651 (1.649) FeO: 1.654 (1.646) FeO: 1.654 (1.647)
FeN,. 2.067 (2.079) FeN,,: 2.057 (2.073) FeN,, 2.063 (2.081)
Aorenax: 180 (180) Aorena 172 (174) Aorenac 177 (177)
31b (*1b) 33b (°3b) *4b (°4b)

Fig. 4.15. Optimized UB3LYP/BS1 geometries of 51b, 353b and *%4b with bond lengths in

angstroms and the O-Fe-Nax angle in degrees with Nax the axial amine nitrogen atom.

Upon addition of the methyl substituents to the pyridine scaffold, no dramatic
changes in iron(IV)-oxo distances were observed. Similarly, the distances of the
iron atom to the axial amine nitrogen atom (Nax) did not vary a lot between the
individual complexes. The only structural change that was seen was a modestly
bent O-Fe-Nax angle in 3°3b to 172° (triplet) and 174° (quintet), respectively, that

was envisaged from the crystal structures for the ferrous complexes (Fig. 4.2).
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Again it was computed that the addition of methyl substituents to the N4Py scaffold
nearby the oxo group in the iron(1V)-oxo species has little effect on the electronic
configuration of the oxidant and the orbital energies and shapes. Thus, any change
in reactivity must, therefore, come from differences in the substrate approach
through electrostatic interactions. Moreover, the thermochemical parameters of the
three iron(1V)-oxo complexes, 1b, 3b and 4b were calculated and as portrayed in

Fig. 4.16, similar physical-chemical properties were obtained for all the three

complexes.
BDEon
1b:91.6
0 3b:92.4
Fe{ . 4b: 90.9 Fe'"
U +H _— U ’\Hacid
1b: -286.3
3b: -285.6
EA +eo 4b: -285.6
1b:119.3
3b:120.7
4b:119.2
e e
Fell (II? 1
e IEy=313.9 e
U +H° L. +H®
o
—-e

Fig. 4.16. Thermochemical analysis of the differences of structure 1b, 3b and 4b in electron affinity

(EA), gas-phase acidity (AHacid) and O-H bond strength (BDEow) with values in kcal mol™2.,

Therefore, external perturbations must be at play that influences the reactivity of
these oxidants with substrates. Most likely the reaction rates are affected due to
differences in the approach of the substrate to the oxidant, which must show
structural and electronic differences. The structural differences between the rate-

determining transition states is evident from an overlay of >TSso,3» and °TSso.4p as
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O-Fe-N,: 175.6/ 171.5\ 7
I P oo

N,-Fe: 2.185/2.248 N,-Fe:2.131/2.200
N,-Fe: 2.175/2.255 Ny-Fe: 2.128/2.203
N,-Fe: 2.249 /2,229 N,-Fe:2.214/2.187
N,-Fe: 2.264/2.217 N,-Fe:2.218/2.182

Fig. 4.17. Overlay of optimized geometries of the quintet spin transition states for OAT and HAA
by °3b and 54b. Bond lengths are given in angstroms (A) and the O-Fe-Nax angle is in degrees.

can be seen from Fig. 4.17, where the substrate is located in roughly the same
position with respect to the oxidant. However, the metal centre has shifted slightly
within the ligand scaffold. Thus, in °TSso 3» and °TSeg,3» the metal is located nearby
the centre of the four pyridine nitrogen atoms that give Fe-N distances within a
range of 0.038 and 0.021 A, respectively. By contrast, for the structures originating
from 4b the Fe-N distances are much wider apart (0.089 and 0.090 A), so that the
metal is not located in the centre of the ligand scaffold. Overall, the calculations
showed that the methyl substituents affect the positioning of the metal in the ligand
framework such that it is pulled back into the centre of the four pyridine rings
during the rate-determining transition state. This has a dramatic effect on lowering
the activation barrier height and consequently affect the reaction rate. As such, the
methyl substituents masquerade the oxidant and effectively position the substrate
and oxidant for ideal HAA or OAT reactions.

Iv/32

TH-2319 146122021



4.3. Conclusion

With the benchmarking of existing and new iron(IV)-oxo complexes in
oxidation reactions, an experimental overview of the various reactivity trends has
been provided. Understanding the fine interplay between electronic and steric
effects generated by substituents is crucial that can be utilized as guidelines for a
more rational synthetic approach for developing more efficient and selective
systems. Overall, the intricate details of subtle modifications to the primary- and
secondary-coordination sphere of mononuclear non-heme iron(IV)-oxo model
systems in an octahedral environment have been projected that brings forth the
competitiveness of electronic and steric factors that influence their reactivity. With
the synthesis and characterization of two new pentadentate ligand frameworks that
are isomeric in mass and geometry, we have evidenced that the corresponding
iron(1VV)-oxo complexes possess differences in reactivity profiles towards HAA
and OAT reactions. In fact, this study is unique in that regioselective substitution
by methyl moieties in the same ligand skeleton thereby provoking substantially
different reactivity of the oxo species. In addition, the methyl groups shield the
bulkier substrate viz. triphenylmethane, to make the catalysts reluctant towards
these substrates. Computational modelling rules out the electronic features of the
complexes under study and establishes that a steric factor is the driving force
behind this eccentric reactivity. Indeed, the methyl groups employed at the
specified positions act as shafts to position the substrate and oxidant in a definite
orientation in space. These substituents direct the corridors of substrate approach

to the active site thereby tuning the efficiency of HAA or OAT reactions.
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CHAPTER -V

Keto—Enol Tautomerization Triggers an
Electrophilic Aldehyde Deformylation Reaction by a
Non-Heme Manganese(I'll)-Peroxo Complex

Keto-Enol Tautomerism

® Adapted from J. Am. Chem. Soc. 2017, 139, 18328—18338 with permission
from the ACS Publications Support; further permissions related to the material
excerpted should be directed to the ACS. @
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5.1. Introduction

Metalloenzymes are powerful oxidants in nature that catalyse important
reactions for Biosystems.!® Most of these metalloenzymes utilize iron as their
central cofactor, due to its high natural abundance. Another transition metal in
relatively large abundance in the earth crust is manganese and, as such, nature has
found key uses of it in various biological transformations.®! Thus, manganese
complexes are strong oxidizers, and consequently, the active site of superoxide
dismutase (SOD) contains a central Mn atom.!?® SOD is involved in the
biodegradation of superoxide radicals and converts them on a manganese centre to
hydrogen peroxide. Often SOD enzymes are anchored to a catalase enzyme that
reacts and detoxifies hydrogen peroxide. Another biological system with
manganese coordination is the Photosystem Il (PSII) active cluster, which contains
four manganese atoms held together with bridging oxygen atoms and a dangling
Ca?" ion in a cubane-type Mn4OsCa cluster.'®2? This cluster binds water molecules
and reacts them to one molecule of molecular oxygen with the release of four

protons.

In biomimetic chemistry, synthetic manganese-containing models of SOD
and PSIlI have been created and studied for their chemical properties and
reactivity.?>2% In several of these studies, a manganese-peroxo was investigated
and the spectroscopic features of the complexes were established with UV/Vis,
resonance Raman, infrared absorption and electron paramagnetic resonance (EPR)
spectroscopy.?’*" Furthermore, the reactivity of manganese-peroxo with respect to
substrates was investigated and efficient conversion to aldehyde products via
deformylation was obtained.>®*? However, the exact details of the mechanism
remain a mystery. Therefore, manganese(l11)-peroxo shows interesting reactivity
patterns with substrates that are still poorly understood.
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Recently, an interesting result was reported that shows a bispidine ligated
manganese(l11)-peroxo reacts with aldehydes through a rate-determining hydrogen
atom abstraction reaction as evidenced from a large kinetic isotope effect (KIE) for
the replacement of the a-hydrogen atom by deuterium.*® Radical trapping
experiments and density functional theory calculations further confirmed the rate-
determining hydrogen atom abstraction and rationalized that this is originating
from a more feasible electron transfer from peroxo to Mn as compared to substrate
carbonyl. The question, therefore, is how the ligand system of the metal influences
the bifurcation pathways between hydrogen atom abstraction (i.e., the electrophilic

pathway) versus a nucleophilic pathway.

To test the effect of the ligand architecture on the bifurcation pathways, we
followed up a detailed study on two functionally isomeric pentadentate
manganese(l11)-peroxo complexes, resulting in different orientations of two
pyridine groups with respect to N3 nitrogen of the bispidine backbone. In
particular, we synthesized manganese(l11)-peroxo complexes with bispidine ligand
systems (see Fig. 5.1), namely [Mn'"'(O2)(L8)]* (8b) and [Mn""'(O2)(L9)]* (9b) with
L8 = dimethyl-2,4-di(2-pyridyl)3-(pyridin-2-ylmethyl)-7-benzyl-3,7-diaza-
bicyclo[3.3.1] nonan-9-one-1,5-dicarboxylate) and L9 = dimethyl 2,4-di(2-
pyridyl)-3-benzyl-7-(pyridin-2-ylmethyl)-3,7-diazabicyclo[3.3.1] nonan-9-one-
1,5-dicarboxylate). Thus, ligand L8 has three pyridine groups pointing upward
(i.e., along the molecular z-axis with the ortho C—H groups in hydrogen bonding
distance to the sixth ligand), whereas in ligand L9 only one of those points upward
and the other two are aligned with the xy-plane. Our combined experimental and
computational study gives evidence of a novel reaction mechanism starting with a
rate-determining hydrogen atom abstraction reaction and followed by a reshuttle
of the hydrogen atom through a keto-enol tautomerization to set up a low-energy

nucleophilic attack of peroxo on an olefin bond of the substrate. Our observations
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are confirmed with computational modelling that rationalizes the reaction

mechanism.

o nl o
~o o’
3
~ N ~

[Mn™0,)(L8)I", 8h [Mn"(0,)(L9)T", 9b

Fig. 5.1. Ligand frameworks and Manganese(l11)-peroxo complexes investigated in this work.

5.2. Results and Discussion
5.2.1. Synthesis and Characterization

In this work, we describe the synthesis, characterization and reactivity
patterns of two novel side-on manganese(l11)-peroxo complexes with pentadentate
bispidine ligands, i.e., [Mn'"'(O2)(L8)]* (8b) and [Mn"'(O2)(L9)]* (9b), Fig. 5.1.
These two ligand systems have their equatorial pyridine groups either axial or
equatorial to the manganese(l11)-peroxo group and, hence, interact differently with
an approaching substrate. The weak intermolecular interactions separating the two
complexes may incur in functional differences due to the way substrate can
approach to the catalytic centre and/or the stability of the reactant complex.
Therefore, these models may give insight into the properties and functions of

enzymatic catalysts where substrate approach is often tightly controlled.**4
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The piperidone backbone of the ligands L8 and L9 were prepared according
to a literature protocol*®*° and used to generate the [Mn'(L8)](ClO4). and
[Mn'(L9)](CIO4), complexes. These Mn(ll) complexes were synthesized using
previously reported procedures and characterized accordingly.*®

0.60 (a)
8b
0.45-
9b

Abs 0.30-

0.15-

0.00 . T ; .

450 600 750 900

Wavelength (nm)

100+ 682.29 678.28 (b)
% 50 s78 680 678 681 684
m/z
(Y S — - .
200 400 600 800 m/z

Fig. 5.2. (a) UV/Vis spectra of the formation of [Mn'"'(O2)(L8)]* (8b) and [Mn"'(O2)(L9)]* (9b) (2
mM) upon addition of [Mn(L9)]?* in the presence of TEA (5 mM) and H,0, (20 mM) in CH3CN
at 15 °C. (b) ESI-MS spectrum of [Mn"'(O2)(L9)]* in CHsCN at 15 °C. Mass peak at m/z = 678.28
is assigned for [Mn(L9)(**O2)]* . Inset shows observed isotopic distribution patterns of
[Mn(L9)(**02)]* (left panel) and [Mn(L9)(*80,)]* (right panel).
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Upon addition of 10 equivalents of H20- to the Mn(1l) complexes (8a and
9a, i.e. [Mn'(L8)(Cl04)2]?" and [Mn''(L9)(Cl04)2]%" respectively) in the presence
of 2.5 equivalents of triethylamine (TEA) at 15 °C in acetonitrile, blue*® and brown
intermediates were formed respectively with distinctive absorption features, Fig.
5.2a. Such considerable absorption features are indicative of the fact that subtle
changes in the ligand skeleton could impart notable changes in the spectral
features. The ESI mass spectra of 8b and 9b were recorded by infusing pre-cooled
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. Prominent peak at
m/z 678.28 was obtained and an isotope distribution pattern indicates the formation
of [Mn"'(02)(L9)]*. When H2'%0, was added instead of H2'°O; to the reaction
mixture, the mass of the parent ion shifted by four-unit to the right (m/z 682.29)
indicating the formation of a dioxygen-bound complex (Fig. 5.2.b).

5.2.2. Reaction Kinetics

We investigated the deformylation behaviour of compounds 8b and 9b in
their reaction with 2-phenylpropionaldehyde (2-PPA). This was done by
monitoring the changes in the UV/Vis absorption spectra as a function of time after
the addition of substrate. In particular, the aldehyde deformylation reaction and the
mechanism of substrate activation by side-on manganese(lll)-peroxo was
investigated experimentally from the reactivity of [Mn'!'(O2)(L8)]" and
[Mn''(O2)(L9)]* with 2-PPA under the same reaction conditions (Fig. 5.3).
Addition of 2-PPA to 9b in acetonitrile at 15 °C led to the immediate decay of the
intermediate and the formation of acetophenone as identified by NMR. The pseudo
first-order rate constant (kobs) for the decay of 9b increased linearly with increasing
concentration of 2-PPA.
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Fig. 5.3. UV/Vis spectral changes of (a) 8b (2mM) and (b) 9b (2 mM) upon addition of 2-PPA (160
mM and 120 mM for 8b and 9b respectively) in the presence of TEA (5 mM) and hydrogen peroxide
(20 mM) in CH3CN at 15 °C. The insets show the time course for the decay of the respective
absorption bands. (c) Plot of ke against the concentration of 2-PPA and the derived second-order
rate constants for the reaction of 8b (®) and 9b (®) with 2-PPA in CH3CN at 15 °C.
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This enabled us to measure the second-order rate constants for the reaction
of 9b with 2-PPA: k, = 1.42 x 10t Mt s™1. For comparison, the second-order rate
constant for the reaction of [Mn'"'(O,)(L8)]* with 2-PPAwas 2.74 x 10 2M 1514
Therefore, it appears that small tweak in the ligand skeleton has induced subtle
changes in the reactivity and consequently [Mn''(O2)(L9)]* reacts with 2-PPA
about five times faster than the isomeric oxidant with ligand L8. These results
were, in fact, opposite in trend to those obtained in the reactivity of the
corresponding  manganese(lV)-oxo  complexes  [Mn'Y(O)(L8)]** and
[Mn'V(0)(L9)]?*.*° A possible reason for the change in rate constant ordering is the
shape of the ligand system, whereby the L8 ligand (see Fig. 5.1) has protons
pointing upward toward the peroxo group, whereas in the L9 ligand the pyridine

moieties are in the xy-plane and will not interact with the approaching substrate.

To understand the details of the rate-determining step for the reaction of
[Mn"(O2)(L8)]* and [Mn"'(O2)(L9)]" with 2-PPA, we decided to investigate the
kinetic isotope effect (KIE) for replacing the a-hydrogen atom with deuterium (Fig.
5.4). Thus, upon addition of a-[D1]-PPA (~90%, D-enriched) to 9b in acetonitrile
at 15 °C, the absorption spectrum for the intermediates started decaying by which
we determined a second-order rate constant of k, = 2.67 x 10> M1 s™%. Hence, the
reaction between 9b and 2-PPA proceeds with a KIE = 5.3, and it can be concluded
that the reaction has a rate-determining hydrogen atom abstraction step. A
comparable KIE value of 5.4 was determined for the reactivity difference of 8b
with  2-PPA/a-[D1]-PPA*#  Consequently, both [Mn'"'(O2)(L8)]* and
[Mn''(O2)(L9)]* react with 2-PPA through a rate-determining hydrogen atom
abstraction as evident from their KIE values and most likely their reaction

mechanisms will be similar.
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Table 5.1. Second-order rate constants for the reaction of 8b and 9b with 2-PPA and a-D1-2-

PPA at 15 °C.

Catalyst k2 (2-PPA) k2 (a-D1-2-PPA)
[M"(0)(L8)]" (8b) 0.0274 M s* 0.005M*s™
[Mn"(O2)(L9)]" (9b) 0.142 Mgt 0.0267 M* st

0.6 03 (a)
3
o 0.4 <02
o T 0.1
< 0 300 600 ‘900
0.2 Time (s)
400 600 800
Wavelength (nm)
201 (b)

15 1.42x 107" M7 57
2.67x10° M’ s’

k.. (x107)s"
E

0 60 120 180 240
[2-PPA-d ] (mM)

Fig. 5.4. (a) UV/Vis spectral changes of [Mn"'(O,)(L9)]* (2 mM) upon addition of a-D1-2-
phenylpropionaldehyde (120 mM) in the presence of TEA (5 mM) and hydrogen peroxide (20 mM)
in CH3CN at 15 °C. Inset shows the time trace during the course of the reaction. (b) Plot of Kobs
against various concentrations of 2-PPA (®) and a-[D1]-PPA (~90%, D enriched, m) in their
reaction with 9b in CH3CN at 15 °C.
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To test whether the manganese(l11)-peroxo can react efficiently through
hydrogen atom abstraction, we decided to test alternative substrates with weak
C—H bonds. Spectroscopic features after addition of 1,4-cyclohexadiene to either
8b or 9b showed no decay in the absorption bands of the manganese(l11)-peroxo
complexes, hence [Mn''(O2)(L8)]* and [Mn"'(O2)(L9)]* are unable to react via
desaturation pathways. This is surprising as the deformylation reaction described
above appears to have a rate-determining hydrogen atom abstraction step from 2-
PPA to [Mn"'(O2)(L9)]*. Moreover, the mechanistic probes ruled out the more
commonly seen nucleophilic attack on the carbonyl group. Computational
modelling established the reasons behind the lack of reactivity toward 1,4-
cyclohexadiene as resulting from an energetically high second hydrogen atom

abstraction.

Finally, we employed another mechanistic probe to establish the proposed
reaction mechanism with conviction. A radical trapping experiment with
bromotrichloromethane was performed to establish that the reaction mechanism of
manganese(l11)-peroxo with aldehydes proceeds through a radical intermediate

species. 43505

Scheme 5.1. Reaction of [Mn'"'(O2)(L9)]* with radical trapping substrate.

Ij», CH, Br CH,
AP o-0 “L 0
M
L .
CCL.Br/ CBr,
CH.CN
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Addition of 2-PPA to intermediate 9b in the presence of excess CBrCls or
CBrg in acetonitrile at 15 °C leads to the formation of a-brominated product of the
2-PPA exclusively, Scheme 5.1, which was confirmed by NMR analysis (Fig. 5.5).
Consequently, our radical trapping experiment confirms a radical mechanism that

most likely starts with hydrogen atom abstraction from the a-position of 2-PPA.

0 @ M WO O 0L NG N
o o NN GG min Ng®g s s 3
= [=] =] 1< A > 4
=] & FRRAEZERR N8 od o0 %} <
N — R Annininknkn L N -] i ~N —~

| S SN | I ‘

gr CH,

A

L

e L e T A . T L T e R |
210 200 190 180 170 160 150 140 130 120 ,51(1[' ) 100 90 80 70 60 50 40 30 20 10 0
ppm

Fig. 5.5. 3C-NMR spectrum of 2-bromo-2-phenylpropionaldehyde. The product was formed by
the addition of 2-phenylpropionaldehyde to the intermediate [Mn"'(O)(L9)]* in the presence of
excess CClsBr (or CBry4) in CH3CN at 15 °C.
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5.2.3. Reaction Mechanism

To explain the experimentally obtained results on the reactivity of side-on
manganese(lll)-peroxo with aldehydes, we embarked on a density functional
theory study on the possible reaction mechanisms leading to aldehyde
deformylation by these complexes.®® Although many possible mechanisms
(including the common nucleophilic attack at the carbonyl position by the side-on
peroxo moiety) and spin states were tested, the lowest-energy pathway leading to
the first oxygen atom transfer was found on a quintet spin state (see Scheme 5.2).
The reaction starts with a hydrogen atom abstraction via a transition state and forms
a manganese(ll)-hydroperoxo with a radical intermediate 11. In the quintet spin
state, a barrier of 19.2 kcal mol ! was obtained and the reaction was endothermic
by 7.0 kcal mol ™.

Rather than a radical rebound, however, as is common in typical hydrogen
atom abstraction reactions,®>> actually the hydrogen atom is bounced back to the
substrate to give the enol form of the substrate and manganese(ll11)-peroxo via a
subsequent barrier of 4.5 kcal mol . The enol form of the reactant is slightly less
stable than the keto form (by 5.4 kcal mol™). Once the reactant is in the enol-form,
the manganese(l11)-peroxo part of the reactant complex attacks the substrate olefin
bond via a nucleophilic transition state to form the radical intermediate ..
Energetically, I2 is close in energy to 11 and enol, and reacts via an O—O cleavage
barrier to form a manganese(lll)-oxo complex and an epoxide (I3) in a highly
exothermic process. As such, the computational studies implicated that probably
the first steps in the reaction mechanism could be reversible, but the step from I,
to I3 should be irreversible. In order to give the final deformylation products from
the epoxide, the manganese(l11)-oxo group abstracts a hydrogen atom in I3 from
the alcohol position of the substrate, which breaks the epoxide ring to form a

complex between manganese(ll)-hydroxo and a radical (l4). The subsequent OH
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rebound leads to the simultaneous epoxide ring-opening, C—C bond cleavage and
the formation of formic acid and acetophenone products. The overall reaction
mechanism has two highly exothermic reaction steps, namely the formation of the
manganese(lll)-oxo species (Is) and the final reaction step leading to
methylphenylketone and formic acid products. These two steps will be irreversible,

although other reactions steps may be reversible.

Scheme 5.2. Reaction mechanism as computed by DFT analysis and energy levels of the
respective possible intermediates and products in kcal mol* (calculated against the keto form

of the reactant complex taken as 0.0 kcal mol™?).
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In summary, the lowest-energy pathway for aldehyde deformylation by
side-on manganese(lll)-peroxide of 2-PPA is a-hydrogen atom abstraction
followed by reshuttle and tautomerization to form the enol form and nucleophilic
attack on the olefin bond. Oxygen atom transfer then gives epoxide that through a
low-barrier hydrogen atom transfer gives formic acid and methylphenylketone

products.

5.3.  Conclusion

Herein, we report a study on aldehyde deformylation reaction by side-on
manganese-(111)-peroxo complexes. We identify a novel reaction mechanism that
starts with a hydrogen atom abstraction and reshuttle to give a keto-enol
tautomerization in the substrate as the rate-determining step. Subsequently, a
nucleophilic attack on the olefin bond in the enol form leads to a low-energy
mechanism to products. Alternative pathways were tested and ruled out. Thus, in
the enol form, the olefin -bond is easy to break, whereas breaking the carbonyl 7-
bond is more energetically demanding. As the reaction starts with a hydrogen atom
abstraction from aldehyde, we also considered the manganese(l11)-peroxo species
as a general oxidant for substrate hydroxylation and desaturation reactions.
Unfortunately, high reaction barriers for radical rebound are encountered and
substrate hydroxylation and desaturation are unfeasible pathways at room
temperature. Various mechanistic probes were employed to experimentally
establish the mechanism. A positive KIE value of ~5 is indicative of the a-C-H
bond cleavage. Also, a radical trapping experiment was conducted and the product

identified again supports the newly proposed mechanism.
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56. The computational modelling was done in collaboration with Dr. Samuel
P. de Visser and his research group. This theoretical study was pivotal in
this work to understand the reaction mechanism in detail. Also detailed
thermochemical and valence bond analysis of the structures of
intermediates and reactants explains the need of the keto—enol
tautomerization; see, DOI: 10.1021/jacs.7b10033.
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6.1. Introduction

Over the past decades, extensive research has been carried out on metal
dioxygen adducts, that are known to be key species in many biological
transformations and catalytic oxidation reactions.* Synthetic complexes for Cu''-
alkylperoxo sites served as models for lipid peroxidation reactions.*” These Cu''-
OOR species are in general electrophilic in nature. Recently, however, few cases
have been reported where the Cu'-OOR species act as active oxidant towards
nucleophilic aldehyde deformylation reactions.®° These alkylperoxido complexes
of copper mainly reacts via a concerted homolytic cleavage of the O-O bond.!! As
an example of amphoteric reactivity, a Ni"-alkylperoxo has been reported that can
oxidize a heteroatom (P in PPhs) by an electrophilic pathway, while the same
oxidant attacks the carbonyl carbon of benzaldehyde in a nucleophilic fashion.?

Again like few other reported metastable Mn""!

-alkylperoxo complexes, a thiolate-
ligated Mn'""'-OOR has also been isolated but it is reportedly irresponsive towards
excess of organic substrates.’* Another Mn'!-dioxygen adduct have been recently
observed by Nam and co-workers to exhibit amphoteric reactivity as well.** In
biological reactions, iron-dioxygen adducts are known to be pivotal in the catalytic
cycles of dioxygen activation by various heme and non-heme enzymes.*>2?° For
example in “activated bleomycin’, the oxygen ligated Fe(111) complex is reportedly
competent to initiate DNA cleavage.?*?® There is also evidence for the influence

of a Fe'"-alkylperoxo complex in Purple Lipoxygenase and homo-protocatechuate-

2,3-dioxygenase.?42

Several synthetic analogues of iron-containing enzymes have been
prepared and characterized. However, unlike other metal-alkylperoxo complexes,
Fe'll-alkylperoxo moieties have been reported to be only sluggish oxidants towards
a variety of organic substrates.?’?® The reluctance towards reactivity with organic
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substrates stems from the competitive cleavage of the O-O bond, resulting in the
in-situ formation of Fe'V=0 complexes that reportedly are reactive in electrophilic
reactions. In fact, the presence of an exogenous Lewis base like pyridine N-oxide
or thiocyanate are known to accelerate the conversion of Fe''-OOR to Fe'V=0 by
a “push effect” on the homolytic O-O cleavage for heme and non-heme enzymatic
models.?®32 However, these additives act as the sixth proximal ligand in the Fe'"-
OOR adducts with tetradentate ligands that typically promote the scission of the
0-0 bond.?32 There is a handful of literature reports of synthetic models of Fe'''-
alkylperoxo systems.?31"%° Studies of these adducts have led to their successful
spectroscopic characterization. However, the nature of these short-lived species
still remains elusive. The oxidative reactivity of these species has always been a
debatable topic due to their competitive nature towards bifurcated reaction
pathways. Over the past few decades, reports have emerged of either homolytic or
heterolytic O-O bond cleavage.**-° The spin state of the metal centre is known to
play a pivotal role in determining the reaction pathway by modulating the bond
strength of Fe-O and O-O bonds.>? Quantum-chemical calculations (generally
density functional theory, DFT) have led to the conclusion that the high-spin Fe'''-
alkylperoxo complexes preferentially cleave the Fe-O bond, while the low-spin
Fe'''-OOR contains an activated O-O bond and eventually undergoes homolytic O-

O bond scission.41-4453-54

6.2.  Results and Discussion
6.2.1. Synthesis and Characterization

Here, we report the synthesis, characterization and reaction kinetics of a

novel Fe'"-alkylperoxo moiety as the first example of amphoteric reactivity by a

ferric alkylperoxo complex towards electrophilic and nucleophilic reactions.
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Although a handful of reports on the successful characterization of Fe''-
alkylperoxo complexes is available in the literature, detailed kinetic studies are
lacking, owing to the poor thermal stability of these complexes and their sluggish
nature.33-4453-5% Unlike previously reported tetradentate ligand systems like TPA
and TMC, where short-lived intermediates could only be stabilized at low
temperature, the bispidine derivative used here offers secondary interactions that
stabilizes the dioxygen adduct.®® The bispidine L10 employed here (Scheme 6.1)
shows an optimum balance of rigidity and flexibility, as the pendant N,N-dimethyl
substituent is part of a flexible chelate ring, tethered to N’ that, together with N3
and the equatorial pyridine rings are part of the rigid bispidine backbone.®* Overall,
L10 enforces a square pyramidal geometry with N’ occupying the apical position,
trans to which is the accessible coordination site for a labile solvent molecule or
oxygen adducts (see Chapter-I1 for detailed synthetic procedures of L10).

Scheme 6.1. Synthetic procedures for the formation of the ligand L10, the metal complex 10a
and the intermediate 10b.

o O 0
\O O/
+
2 =0 EtOH
0°C
+
CHy—NH,

N7
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\\_ e e
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_ (a)
100 275.61

% 504 274 276 278 696 700 704
m/z
296.15 700.25
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m/z
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Fig. 6.1. (a) ESI-MS spectrum of complex 10a in CH3sCN at 298 K. Inset shows the isotopic
distribution pattern corresponding to ion clusters [Fe'"(L)]?* (left, m/z 275.61) and [Fe"(L)(OTH)]*
(right, m/z 700.25). (b) UV/Vis spectrum of 10a (concentration increases as 0.0625, 0.125, 0.25,
0.5 and 1 mM) in CH3CN at room temperature; inset shows the silent nature of Fe(l1) in the X-band
EPR spectrum of 10a in CH3CN at 77 K.

The iron(11) complex [Fe''(L10)(OTf)](OTf) (10a) was synthesized under
inert conditions by addition of 1.2 equivalents of [Fe"(CHsCN)2](OTf). in

acetonitrile solution. The complex obtained was washed with diethyl ether and
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dried under vacuum to obtain pure 10a as a light-yellow powder. It was further
characterized spectroscopically by ESI-MS, UV/Vis and X-band EPR
spectroscopy (Fig. 6.1). When 10a was treated with tert-butyl hydroperoxide (70%
in water, 30 eqg., CH3CN, room temperature), it forms a new blue species 10b.
Complex 10b exhibits an intense absorption band at 598 nm (€ = 1000 L M cm’
10°C, see Fig. 6.2).

Abs

600 1200
time (s)

T T T T
400 600 800 1000

Wavelength (nm)

Fig. 6.2. UV/Vis spectrum for the formation of 10b from 10a at 0 °C in CHsCN (inset shows the

time trace for the absorbance at 598 nm).

The peak maximum and molar absorptivity are affirmative of the formation
of [Fe"'(L10)(tBuOO)]?* and characteristic of the alkylperoxo to Fe'"' LMCT 6263
Under identical conditions, such spectral features were absent when the pendant
aliphatic chain tethered to N’ was replaced by a picolyl group, that further
reinforces the importance of the aliphatic side-chain fastened to N’. In fact,
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complex 10b exhibits sufficient stability with half-lives of 40 and 100 min at 15°C

and 5°C, respectively.

(a)
1.0 r
084 2
[ ]
0.6 °..|!—
Abs . 4
041 4
A
0.21 o . Tk
A 278K
0.0 A
0 300 600 900 1200 1500
Time (s)
(b)
B 298 K
® 288K
A 278K

Abs

A
A

OAO T T T T T
0 5000 10000 15000 20000

Time (s)

Fig. 6.3. Temperature dependent (a) formation and (b) self-decay of 10b using 30 equivalents of

oxidant and a 1 mM solution of 10a in CH3CN at different temperatures.
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The positive ESI-MS spectrum of 10b showed major peaks at m/z 284.12,
320.18 and 717.29, corresponding to the fragments [Fe"'(L10)(OH)]?,
[Fe''(L10)(tBuO0)]?* and [Fe''(L10)(OH)(OTf)]", respectively, and a minor peak
at m/z 789.62 corresponding to the ion cluster [Fe""'(L10)(tBuOO)(OTH]* (Fig.
6.4). The isotopic distribution patterns confirmed the existence of the Fe-

complexes.
100- 284.12 320.18 717.29
kN\(L\\,___,\MU\L
% 50 318 321 324 714 720
320.18 717.29
789.62
0 ] : 1 : Al l“.l lll :
250 500 750 1000
m/z

Fig. 6.4. Positive ESI-MS spectrum of 10b recorded from pre-cooled samples, inset shows the

observed isotopic distribution pattern corresponding to the [Fe(L10)(OOtBu)/2]* fragment.

The negative ESI mass spectrum of 10b gave prominent peaks at higher
mass range of m/z values 998.15 and 1015.11, corresponding to the fragments
[Fe!''(L10)(tBuOO)(CH3CN)(OH)(OTf),] and [Fe"(L10)(OH)(OTf)3],
respectively (Fig. 6.5). The source of hydroxyl ions observed in the mass spectra

can either be the fragmentation of tBuOO™ or of the water molecule from the
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oxidant solution. The possibility of seven coordination cannot be ruled out and has

been observed for similar Fe'"' complexes.®5-%°

100+
998.15

% 504
1015.11

O-ﬁ———-———Al—'—l_
990 1000 1010 1020

m/z

Fig. 6.5. Negative mode ESI-MS spectrum of complex 10b in CH3CN obtained by infusing pre-

cooled samples directly into the source.

g=4.295

600 1200 1800 2400
Field (G)

Fig. 6.6. X-band EPR spectrum of 10b at 5.3 K in CH3CN. EPR parameters: microwave power:
1.994 mW, receiver gain: 60 dB, modulation frequency: 100 kHz, modulation amplitude: 0.1 mT,
microwave frequency: 9.636926 MHz.
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The X-band EPR spectrum of 10b obtained at 5 K shows a broad spectral

feature at g = 4.295, suggestive of the presence of a high-spin Fe'"

(Fig. 6.6).

-OOR complex

/t/'v * (f)

I
- Y (d)

gy -’ (b)

poamrnces (a)

! I ' 1 ! 1 ! 1 ' 1 ! |
0 1000 2000 3000 4000 5000

Field [G]

Fig. 6.7. Time dependent X-band EPR spectra at 5.3 K following the reaction of [Fe''(L)(OTf)]OTf
(2mM) with 30 equivalents tBuOOH in CH3CN at 277K.

Shown is the spectrum of the starting material [Fe''(L)(OTf)JOTT (a) as well as the frozen solution
spectra of the reaction mixture frozen after 45 s reaction at 277 K (b);110 s (c); 300 s (d); 2.5 h ()
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and 8.5 h (f). Spectra were obtained with a microwave power of 1.994 mW, receiver gain of 60 dB,
modulation frequency of 100 kHz, modulation amplitude of 0.1 mT and a microwave frequency of
9.639621 MHz (a); 9.636698 MHz (b); 9.63998 MHz (c); 9.637177 MHz (d); 9.636926 MHz (e);
9.637755 MHz (f).

* s Fe(l11) signal with g = 2.0345; 2.0082; 2.0018.
* hs Fe(l1) signal with g ~ 4.295; 2.021.
* Species with a multiplicity >2 (g = 8.69; 4.99; 3.60).

Samples of the oxidation of [Fe'(L)(MeCN)]?* treated with tBUOOH in a
similar way were frozen after various time intervals (45s <t < 8.5h) to 5.3K for
EPR spectroscopy. These spectra show initial fast formation of a low-spin Fe(l1)
component was observed that decays at 278 K over a period of time. This can be
interpreted as a low-spin meta-stable [Fe'''(L)(MeCN)]3* precursor, formed by
outer-sphere electron transfer from 10a with 0.5 eq. of tBuOOH, and the relatively
slow ligand exchange (MeCN / tBuOO"), expected with a low-spin Fe(lll)
complex, then forms the alkylperoxido complex 10b. This is supported by a shift
of the electronic transition of initially approx. 550 nm to 598 nm (see Fig. 6.2) and
by the observation that the formation of the alkylperoxido complex 10b is much
faster in CH2Cl, (Fig. 6.8). However, the complex of interest, [Fe""'(L)(tBuO0)]*
(10b), unambiguously is a high-spin alkylperoxido complex with moderate

stability.
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Fig. 6.8. UV/Vis spectrum for the formation of 10b at 278 K in DCM; inset shows the time trace

of the formation spectra.

6.2.2. Reaction Kinetics

The unusual stability of this Fe(lll)-tBuOO complex (10b) prompted
further investigation for its reactivity with organic substrates. The self-decay rate
of the complex 10b was observed to be 1.76(7) x 10* s at 283 K. However,
addition of organic substrates drastically improved the rate of decay of the
corresponding LMCT band, thereby approving the reaction of the substrates with
complex 10b. Addition of excess substrate leads to the decomposition of 10b under
pseudo first-order condition as monitored with the 598 nm band in the UV/Vis
spectrum. Oxygen atom transfer reactivity was tested using thioanisole as the
model substrate. A linear dependence between kons and thioanisole concentration
was obtained at 15 °C in CH3CN, giving a second-order rate constant ko = 7.8 x 10°

2 M1s? Interestingly, this Fe(111)-OOR species have comparable reaction rates in
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thioanisole oxidation as reported for similar Fe(I1V)-oxo complex.” To further
understand the intrinsic details of the oxygen atom transfer (OAT) reaction, we
decided to study para-substituted thioanisole substrates and created a Hammett
plot (see Fig. 6.9.b).58-%9

0.8 o (a)
: E
o .
(%] 0.6+ =< oo"ooo
0 0.0 °22293902000000
<L 0.4 0 150 300 450
Time (s)
0.2
0.0
400 600 800 1000
Wavelength (nm)
0.3 1
-OMe p=-0.73 (b)
""'\I 0_2 _
X -Me
\>< 0.1
-H

:-!4 0.0 ]
m -
O 011 o -Cl

-0.2 1 . . . .

03 02 -01 00 0.1 0.2 0.3

Fig. 6.9. (a) Decay profile of 10b upon addition of 200 equivalents of thioanisole in CH3CN at 288
K. Inset shows the time trace for the decay of the 598 nm band as a function of time. (b) Hammett

plot for the reaction of 10b with para-X-thioanisole in CH3CN at 288 K.

VI/12

TH-2319 146122021



This Hammett plot reveals that the reaction rates are not greatly dependent
on the para-substituent and both electron-donating and electron-withdrawing
groups produced similar reaction rates. When the reactions rates were plotted as a
function of op (para-substituent Hammett parameter), a linear trend was found with

a small Hammett p value (-0.73).

301
m p-Cl (a)
254 ® pH
—_ A p-Me
'-—m 20- v p-OMe
x° 154
X
= 101
- v
5_
0 T T T T T
0.00 0.05 0.10 0.15 0.20 0.25
[ p-X-Thioanisole ] (M)
064 ¢ (b)
= . p-Cl
® p-H
2 p-Me
0449 « v p-OMe
] .
0 .
< v
024 v =,
v'_'. : H = . .
OOH vvvvvvavy‘-'v!M’ﬂn"“,_‘,_‘" P
0 150 300 450 600
Time (s)

Fig. 6.10. (a) Second-order rate constant determined in the reaction of 1 mM of 10b with para-X-
thioanisole, X =-OMe, -Me, -H, -Cl in CH3;CN at 288 K. (b) Comparison of time trace for the decay
of the 598 nm band during the reaction of 10b with para-X-thioanisole, X = -OMe, -Me, -H, -Cl in
CHsCN at 288 K.
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Table. 6.1. Pseudo first-order rate constants determined for the reaction of 10b (1 mM) with
para-X-thioanisole at 288 K in CH3CN.?2

Substrate Pseudo first-order rate constants (s*) x 10
Concentration

(mM) para-OMe para-Me para-H para-Cl
50 8.37(2) 5.70(1) 3.81(4) -
100 14.37(2) 11.62(3) 7.77(3) 6.74(4)
150 21.17(4) 17.34(3) 12.03(4) 10.10(2)
200 27.61(3) 21.73(3) 15.75(5) 12.76(4)
250 - - - 15.49(4)

& All the reactions were followed by monitoring the UV/Vis spectral changes of the reaction

solution.

Table. 6.2. Second-order rate constants and Hammett parameters determined for the reaction
of 10b (1 mM) with para-substituted thioanisole at 288 K in CH3CN.?

i Second-order rate
para-X-thioanisols op° kx/ ki © log (kx/ kn)
constant (k2) (Ms?)
-OMe -0.27 0.14 1.795 0.254
-Me -0.17 0.11 1.410 0.149
-H 0 0.078 1 0
-Cl 0.23 0.06 0.769 -0.114

2 All the reactions were followed by monitoring the UV/Vis spectral changes of the reaction

solution; ® Ref. 55; ¢ Relative rate constant obtained by dividing the kops of p-X-thioanisole by Kobs

of p-H-thioanisole.

TH-2319 146122021
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This implied little electronic effect due to the addition of para-substituents
to thioanisole (Table 6.1 and 6.2). The negative p value and slope in Fig. 6.9.b.
indicates that the reaction proceeds via an electrophilic atom transfer pathway ®° as
observed in non-heme Fe(1V)-oxo complexes.®” Thus, against the common cliché,
Fe(I11)-OOR complex (10b) is reactive enough with thioanisole and the linear
dependence in the Hammett plot is indicative of the fact that an oxygen atom
transfer takes place during the oxidation. However, 10b was found to be non-
reactive with other oxygen atom acceptors like cyclooctene or styrene, thereby

precluding the study of olefin epoxidation reactions.

In general, homolytic cleavage of the peroxo (O-O) bond results in the
formation of a putative Fe(I\VV)-oxo moiety. However, such mechanism is usually
narrated for low-spin Fe(111)-OOR complexes.>*>* Also, the Lewis bases (viz. 4-
picoline, pyridine-N-oxide, thiocyanate, 2,6-lutidine, etc.) coordinate to the metal
ion of such Fe(l11)-OOR complexes and promotes the scission of the peroxo bond
by a push effect thereby accelerating the conversion of Fe(l11)-OOR to Fe(IV)-oxo
species.?®32 Such effect is also very well established for heme systems.’%"
However, upon addition of pyridine-N-oxide (12 equivalents) to 10b, the existing
LMCT band was monitored to decay very slowly, (comparable to its self-decay
rate) and no formation of any other band (corresponding to an Fe(IV)-oxo
formation) was observed in the UV/Vis-NIR region of the spectrum. Previously
reported literature suggest that the push effect drastically accelerates the decay of
the LMCT band and formation of the Fe(IV)-oxo chromophore was visible within
seconds. This phenomenon interdicts the possibility of O-O bond cleavage and
generation of an Fe(IV)-oxo species. It also serves as a secondary evidence that the
OAT reactivity of 10b was not that of an Fe(I\V)-oxo species. Another possibility
is the heterolytic cleavage of the O-O bond thereby producing an Fe(V)-oxo

moiety; however, no spectroscopic evidence was detected to infer such
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phenomenon (although such species may be extremely transient to be detected
under normal conditions). Also, the Fe-oxos are, in general, irresponsive towards
nucleophilic reactions. Therefore, we tested the reactivity of 10b towards aldehyde

deformylation reactions.

The metal-dioxygen adducts in the form of peroxo, hydroperoxo or
alkylperoxo complexes are known as efficient aldehyde deformylating agents. The
majority of these deformylation reactions proceed via direct attack of the oxidant
at the electrophilic carbonyl carbon atom.’®84 Recently, however, an alternative
electrophilic pathway was established in the reaction of manganese-peroxo species
with aldehydes having an a-hydrogen atom.%5-% A similar a-C-H abstraction was
also identified in the reaction of a Cu'-alkylperoxo intermediate towards
aldehydes.®” To ascertain the nature of reactivity of the Fe"-alkylperoxo species
presented here towards aldehydes, we did a thorough kinetic study with 10b as the
catalyst and cyclohexanecarboxaldehyde (CCA) and 2-Phenylpropionaldehyde (2-
PPA) as the model substrates.

Upon addition of CCA to 10b in CH3CN at 15 °C, the intermediate decayed,
giving cyclohexene as the major product (Fig. 6.11). The rate of decay of the 598
nm band in the UV/Vis spectrum increased linearly as a function of time indicating
a bimolecular reaction mechanism. The resulting second-order rate constant (k2)
for the deformylation of CCA by 10b at 288 K is 1.6(4) x 10 Mt s™. Thus, 10b is

a unique example of a Fe"'-alkylperoxo species that exhibits amphoteric character

and reacts efficiently towards both electrophiles and nucleophiles.

Irrespective of the mode of reactivity, in aldehyde deformylation reactions,
an identical set of products are usually encountered. Hence product analysis is not

a decisive tool to confirm the reaction mechanism. Therefore, we used the kinetic
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isotope effect (KIE) as a mechanistic tool to mitigate the conflict of the reactivity

pathway.
0.91
w 0.6-

2 . , , .
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Fig. 6.11. (a) Decay profile of 10b in its reaction with CCA (60 equiv.) at 288 K in CH3CN; the
inset shows the comparative time trace of decay of the 598 nm band upon addition of 60 equivalents
of CCA (red circles) and D-CCA (blue circles) to 10b in CH3CN; (b) Second-order rate constants
in the reaction of 10b with CCA (®) and a-[D1]-CCA (®) in CH3CN at 288 K.
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Replacement of the a-hydrogen atom in CCA by deuterium, therefore, acts
as a mechanistic probe to identify the rate-determining step in the deformylation
reaction. The reaction profile of 10b was studied under similar conditions with -
[D1]-CCA and a second-order rate constant of 1.4(2) x 10 M s was obtained at
288 K. Thus, no substantial deceleration in the reaction rate was observed upon
incorporation of deuterium instead of hydrogen at the a—position of the aldehyde
group (Fig. 6.11). A KIE value of 1.1 is indicative of a nucleophilic attack at the
carbonyl position of the aldehyde by the oxidant, resulting in the deformylated
products. Upon repeating the same with 2-PPA and a-[D1]-PPA, a similar trend
was observed with a KIE value of 1.0 (see Fig. 6.12).

Table. 6.3. Pseudo first-order rate constants determined for the reaction of 10b (1 mM) with
CCA and a-[D1]-CCA in CHsCN at 15°C.

Concentration (mM) kobs X 102 for CCA kobs X 1072 for a-[D1]-CCA
20 0.48(3) 0.46(2)
40 0.80(7) 0.73(7)
60 1.12(9) 1.04(3)
80 1.44(8) 1.29(4)

Table. 6.4. Pseudo first-order rate constants determined for the reaction of 10b (1 mM) with
2-PPA and a-[D1]-PPA in CH3CN at 10°C.

Concentration (mM) kobs X 107 for 2-PPA Kobs X 107 for a-[D1]-PPA
50 2.02(4) 2.09(3)
100 3.37(2) 3.18(3)
150 4.26(3) 4.19(4)
200 5.45(3) 5.34(5)
VI/18
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Fig. 6.12. Second-order rate constants in the reaction of 10b with 2-PPA (M) and a-[D1]-PPA (®)
in CH;CN at 283 K.

Scheme 6.2. Possible reaction sites on CCA and 2-PPA by 10b.

R /"\H,D
M\Hﬁv - D

Cyclohexanecarboxaldehyde 2-Phenylpropionaldehyde

Further evidence of nucleophilic reactivity was obtained from the reactivity study
of 10b with aromatic aldehydes. Upon addition of benzaldehyde to 10b the 598 nm
band was observed to deplete. This encouraged us to study the effect of substitution
at the para-position of benzaldehyde with electron donating and withdrawing
groups. The reaction rates thus obtained were plotted against their para-substituent

constants (op), @ Hammett plot with a positive slope (p= +0.23) was obtained (Fig.
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6.13). This is assertive of a nucleophilic attack at the carbonyl center of the

substrates by complex 10b.

log (k /k,)

-0.04 4

-0.08

0.16 -

0.12 4

0.08 4

0.04

0.00

0.6

Fig. 6.13. Hammett plot for the reaction of 10b with various para-X-benzaldehyde derivatives (X
= OMe, H, Cl and CF3) in CH3CN at 283 K.

Table. 6.5. Pseudo first order rate constants determined for the reaction of 10b (1 mM) with
various para-substituted benzaldehydes (100 mM) at 10 °C. @

-3 e _
para-X o 107 x Pseudo lel;iﬁs)()l(’gle)r rate constant | | /. log (Ke/ kn)
-OMe -0.27 5.56(2) 0.931 -0.031
-H 0 5.97(3) 1 0
-Cl 0.23 7.34(4) 1.228 0.089
-CF3 0.54 8.36(4) 1.400 0.146

a All the reactions were followed by monitoring the UV/Vis spectral changes of the reaction

solution; ° data taken from ref. 68; ¢ Relative rate constant obtained by dividing the Kobs Of p-X-

benzaldehyde by kons 0f p-H-benzaldehyde.
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6.3. Conclusion

In summary, a new iron(lll)-alkylperoxo complex was successfully
synthesized and characterized. Unlike other Fe(l11)-OOR species, this complex
was extraordinarily stable due to non-covalent secondary interactions from the
ligand skeleton. Variable temperature EPR characterization established the high-
spin character of the ferric moiety. Against the notion, this Fe(l11)-OOR species
was observed to be reactive towards oxidation reactions of organic model
substrates. OAT reactions to thioanisole and Hammett analysis confirmed the atom
transfer pathway in the reaction mechanism. Aldehyde deformylation reaction was
also tested positive and nucleophilic attack at the carbonyl centre was revealed
from mechanistic investigations. Thus, this complex appears to be the first

iron(111)-alkylperoxo species that exhibits amphoteric reactivity.
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CHAPTER-VII

e Thesis Overview & Future Prospects

This thesis has aimed to explore the generation, characterization and reactivity
of high valent non-heme metal intermediates of iron and manganese. In particular,
the chemistry of non-heme iron(IV)-oxo, manganese(lll)-peroxo and iron(ll)-
alkylperoxo systems have been discussed. Here in Chapter-I1l, it has been shown
how subtle modifications in the ligand skeleton induces a substantial effect on the
reactivity of the corresponding iron(I\V)-oxo species. In Chapter-1V, the factors
that lead to such drastic effects have been identified. Thus, intricate detailing is
necessary while designing ligand scaffolds for containment of highly reactive
systems. In Chapter-V, a new mechanism has been established in detail that leads
to aldehyde deformylation reactions by manganese(lll)-peroxo moieties. Thus,
blind-fold assumption of nucleophilic mechanism in an aldehyde deformylation
reactions can be misleading, given, there is active hydrogen residing in the a-
position of the carbonyl centre. In Chapter-VI, a new bispidine-based iron complex
has been synthesized and successful generation of a comparatively stable iron(l11)-
alkylperoxo species has been achieved. This iron(I11)-OOR species exhibits
amphoteric properties towards electrophilic and nucleophilic reactions and hence,

is a versatile intermediate.

This field of bio-inorganic chemistry is promising as well as challenging in
terms of the uncertainty it inflicts. Very minute modifications can lead to dramatic
ramifications and thus, the presumption becomes very difficult. For example, the
substitution of the pyridine rings by bulkier quinoline groups in TPA makes the
resulting iron(1V)-oxo complex, [Fe'V(0)(TQA)]J?*, high-spin in nature. While the
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same modifications in N4Py fail to alter the spin state of the iron(IV)-oxo species,
[Fe'V(0)(2PyN2Q)]?*, that retains its low-spin character. Thus, the enhancement
in reactivity cannot be attributed to a change in spin state, which is solely due to
enhanced perturbation in the equatorial ligand field. Again, in MesTPA, all the
three pyridine rings are substituted in the ortho-position, results in high-spin nature
of the ferrous and ferric species. While the same experiments in BnTPEN ligand
framework fail to reproduce similar effects as the three methyl groups block the
passage of the incoming oxygen, thereby, blocking the formation of the iron-oxo
species. Also, the quest for the formation of high-spin iron(IV)-oxo moieties in

non-heme model systems always remains an enigma.

In the case of aldehyde deformylation reactions, a new frontier has been
explored. A brand-new pathway of electrophilic a-C-H bond abstraction from 2-
PPA has been discovered that goes via keto-enol tautomerism (Chapter V).
However, the presence of active hydrogen atom in the a-position does not promise
the attainment of this pathway, as was seen in the case of iron(ll1)-alkylperoxo
species (Chapter V1), that undergoes nucleophilic mechanism while deformylating
CCA. Thus, this effect can be speculated to be metal-ion dependent, as there has
been a change in metal ion from Chapter V to VI. Also, the mechanism can be
manifested in terms of the stability of the resulting radical that is formed after the
a-C-H abstraction. The radical formed in 2-PPA is more stable than that in CCA,
and thereby enabling the possibility of keto-enol tautomerism in 2-PPA, unlike in
CCA. Thus, the overall reactivity and mechanisms can be reliant on several factors
that act in tandem. It would be a nice journey to explore such effects that segregate

each species from the other.
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4. Gourab Mukherjee, Oral Presenter at International Conference: “New
Frontiers in Chemical Science” (NFCS), IIT Bombay, Bombay, India, on
December 13-14, 2018.

5. Gourab Mukherjee, Poster Presenter at International Conference:
“Frontiers in Chemical Science” (FICS), IIT Guwahati, Guwahati, India,
on December 06-08, 2018. (awarded the Best Poster Prize)

6. Gourab Mukherjee, Poster Presenter at National Conference: Research
Conclave 2018, IIT Guwahati, Guwahati, India, on March 8-11, 2018.

7. Gourab Mukherjee, Poster Presenter at International Conference: “Modern
Trends in Inorganic Chemistry” (MTIC-XVII), CSIR-NCL, 1ISER-Pune,
Pune, India, on December 11-14, 2017.

8. Gourab Mukherjee, Poster Presenter at National Seminar: “Recent

Developments in Synthesis and Catalysis” (RDSC), Dibrugarh University,
Assam, India, on March 10-11, 2017.
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~: Short Biography :~

Gourab Mukherjee is a post-graduate researcher at the Department of
Chemistry, IIT Guwahati. He was born to Shri. Amar Sankar Mukherjee and Smt.
Smita Mukherjee in the city of Durgapur, West Bengal, India. He did his schooling
from Modern High School, Durgapur, and graduated in 2012 with Chemistry
(Hons.) from Durgapur Government College. He completed his Master’s Degree
(M.Sc.) in Inorganic Chemistry from the University of Burdwan, West Bengal in
2014. Later that year he joined the research group of Prof. Chivukula Vasudeva
Sastri at 1IT Guwahati and enjoyed his Ph.D. research work based on the
mechanistic elucidations and reaction kinetics of high-valent enzymomimetic
model systems. Also as a part of the DST-UKIERI project, he has twice visited the
research group of Dr. Samuel P. de Visser at the University of Manchester, UK,
where he gained research experience in computational modeling. In the future, he

is quite inquisitive about exploring other areas in Chemistry.
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