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1.1 Introduction

In nature, metalloenzymes carry out a wide range of biological and chemical reactions such
as oxygen transport, radical formation, redox reactions, rearrangements, signal transduction
proteins, storage and transport of proteins.* Metalloenzyme such as oxalate oxidase, catalase,
superoxide dismutase, cytochrome P450, Rieske dioxygenases involves manganese/iron-
peroxo.>”’ While isopenicillin, cysteine dioxygenases, peptidylglycine-a-amidating
monooxygenase, and dopamine B-monooxygenase have iron/copper-superoxo®** as reactive
intermediates, by the help of these intermediates many reactions are carried out such as
hydroxylation, epoxidation, halogenation, and N-dealkylation.** High valent metal-oxo
species are involved in oxidation reactions occurring in heme and non-heme iron systems and
also in water oxidation in photosystem-11.142®

Metalloenzymes are involved in dioxygen activation to form metal-oxygen intermediates, and
these act as a reactive intermediate in metal-mediated catalytic transformation in biological
and industrial processes.**?**? Cytochrome P450 is a heme enzyme; it plays an important
role in natural product biosynthesis, degradation of xenobiotics, steroid biosynthesis, and
drug metabolism. In the liver of the human body, cytochrome P450 is involved in metabolism
of xenobiotics and also involved in synthesis of estrogen and other hormones.”>? It is an
important biocatalyst in nature because of substrate structure and it catalyzes many regio and
stereo selective reactions such as hydroxylation, epoxidation, nitration, C-C bond coupling,
or cleavage.*** Side-on manganese(l11)-peroxo intermediate is involved in catalytic cycles of
a biological system such as photosystem-11 and superoxide dismutase.®**" In photosystem-11
manganese(l11)-peroxo catalyze photolysis of water and produce molecular oxygen and in
SOD these are involved in the biodegradation of toxic superoxide and lead to the formation
of hydrogen peroxide and water. In a catalytic cycle of Rieske dioxygenase, a non-heme

iron(V)-oxo intermediate is also an important reactive intermediate, and catalyzes many
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reactions such as cis-dihydroxylations, O/N-demethylations, and C-C bond formation.®!=%*#

Binuclear, non-heme iron enzymes carry out many reactions by dioxygen activation, most-
studied enzymes such as RNR1* (ribonucleotide reductase) which initiates radical chemistry
to generate DNA building blocks, methane monooxygenase® and helps in the hydroxylation
of methane to methanol. Desaturase®* inserts a double bond into fatty acids to produce lipid
precursors. Many metal ions such as Mg, Mn, Fe, Co, Ni, Cu, and Zn are involved as a
reactive intermediate in the hydrolysis process, radical-based rearrangement, electron transfer

reactions, oxidation-reduction process, and DNA processing.®33*°

These intermediates are short-lived and experimental evidence are available for their
existence. For understanding the catalytic mechanism of these enzymes there is a requirement
for the development of synthetic model complexes that mimic their catalytic activity and also

investigate electronic structures, and mechanistic pathways.*®

In biological studies,
bioinorganic chemists are dedicated to develope biomimetic model complexes which mimic
the reactivity of many catalytic reactions. All these provide a deeper insight into structures

and mechanistic details of metalloenzymes under analysis.
1.2 Biomimetic Catalysts

Chemical catalysis that mimics certain key characteristics of enzymatic systems are known as
“biomimetic catalysis”.®? In bioinorganic chemistry, structure of active sites, reactive
intermediates, mechanism of dioxygen activation, oxygenation reactions occurring at the
active site, and factors that affect catalytic transformation reactions are studied.**®® Natural
phenomena and reactive nature of intermediates involved in reactions such as water splitting,

biosynthesis of DNA, organic hydroperoxides®*®

cyt P450 and Rieske dioxygenase
enzymes®®®” have inspired scientist to develop synthetic biomimetic models which help us in
understanding the nature of active sites and mechanism of catalytic intermediates of these
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important enzymes and proteins. The catalytic mechanism of these enzymes can be
investigated by the development of a synthetic biomimetic model studying the structural,
electronic, and mechanistic pathways.**™° Several attempts have been undertaken towards the

development of synthetic complexes.®®’

Fortunately, several biomimetic complexes have been synthesized and characterized. Some of
the representative ligands which are functional models of mononuclear non-heme enzymes
are given in Scheme 1.1. “Biomimetic catalysis” refers to chemical catalysis that mimics the
main key features of enzymatic systems.®® "> Theoretical studies help to understand the
electronic structures of biomimetic complex and mechanism of metal-mediated catalytic
transformation reactions and can tune the reactivity and product selectivity of dioxygen
activation which can be governed by the interaction between metal and substrate.
Understanding the mechanism of C-H/O-H bond activation remains a key consideration, and
computational modeling provides insight into the process. Computational modeling of
mechanism pathway provides characteristics of the transition state (TS) and intermediate on
potential energy surface. It provides the assessment of energy barrier (E) and activation
barriers (G*). Transition state determination provides a better understanding of the reaction
mechanism and suggests rate-limiting steps and provides insight into the reaction mechanism.
Many reaction cycles have been proposed based on transition state and understanding of
mechanism provides helps to generate new reaction conditions and reagents. The electronic
structure of transition states facilitates the characterization of reaction mechanisms in terms
of bonds that are broken and which are formed.

Understanding of the biomimetic system not only enhances scientific knowledge but also
broadens the scope of cheap, efficient, selective, and environment friendly oxygenation

catalysts.
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Scheme 1.1. Representative examples of ligands employed in biomimetic non-heme model

complexes.

Where, 12-TMC= 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclododecane, 13-TMC= 1,4,7,10-
tetramethyl-1,4,7,10-tetraazacyclotridecane; 14-TMC=1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane, TAML= tetramidomacrocyclic ligand, N3Py,= N,N'-dimethyl-N-(2-
(methyl(pyridin-2-ylmethyl)-amino)ethyl)-N'-(pyridin-2-ylmethyl-)ethane-1,2-diamine,
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buea=tris[(N’-tert-butylureayl)-N-ethyl]-(6-pivalamido-2-pyridylmethyl)aminato],
TQA-=tris(2-quinolylmethyl)amine.

Biomimetic chemistry covers the synthesis and study of artificial enzymes. Metal-
superoxo/peroxo/hydroperoxo/oxo species have been synthesized and these acts as, a reactive

intermediate in metal-mediated catalytic transformation and industrial processes.

1.3 Metal-Superoxo

Metal-superoxo/peroxo are involved as an important intermediate in dioxygen (O) activation
by enzymes and metal-containing proteins, and dioxygen formation by photosystem-11.%%>4
In Rieske dioxygenases iron-peroxo is proposed as an active intermediate, which carries cis-
dihydroxylation of aromatic compound whereas manganese-peroxo helps water oxidation in
photosystem-11.3%4%%7% Metal-superoxo species are also reactive intermediates in enzymatic
reactions, like non-heme iron enzymes such as isopenicillin N synthase, 2,3-dioxygenase,
myo-inositol oxygenase, homoprotocatechuate, and cysteine dioxygenase along with copper-
containing enzymes peptidylglycine-a-amidating monooxygenase and dopamine -
monooxygenase.®**™ Iron(111)-hydroperoxo species is involved as a key intermediate and
involved in the catalytic cycle of bleomycin and Rieske dioxygenase.” " Metal-superoxo
species have gained more attention as iron(ll1)/copper(ll)-superoxo, are active oxidants in
hydrogen atom abstraction reactions.>***™ Dioxygen binding metal-complexes such as
superoxo (1 *; end on) and peroxo (1 % side on) have been synthesized with the help of X-ray
crystallography and several spectroscopic techniques binding nature of dioxygen and nature
of metal ions have been intensively investigated.>*°*#% Metal-superoxo species carried out

wide range of chemical reactions which play an important role in pharmaceutical industries

and environmental applications.?*®%%1% Non-heme iron(l11)-superoxo species, is also a
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precursor of iron-oxo which is an oxidant in enzymatic reactions.®**** Both iron-oxo and
iron-superoxo complexes are biologically important.'®*> Many iron containing heme
mononuclear enzymes use high-spin iron(Il) ions and react with dioxygen (O) and form the
iron(l11)-superoxo species and they are converted to iron(lll)-peroxo by one-electron
reduction. In heme system, iron(l1l)-superoxo complexes were well characterized and their
crystal structure was also studied.'®>*% Nam et al.®"***1% proposed iron(I11)-superoxo as a
short-lived ‘putative’ intermediate during dioxygen activation by non-heme iron(ll)

complexes, while Goldberg et al.*®

proposed that iron(l11)-superoxo species formation is
ease by sulfur ligand at the axial position of iron(ll) complex. Evidence for the existence of
side-on manganese(l11)-peroxo species are also found as a reactive intermediate in biological

catalytic cycle for example in photosystem-11 and superoxide dismutase.*’

Inspired by these natural processes, for understanding the catalytic intermediates involved in
proteins and enzymes, synthetic biomimetic models have been developed. Iron(l11)-superoxo
complex with TAML (tetramido macrocyclic ligand) is reported, and it is characterized as
side on (n°) iron(lll)-superoxo complex, both structurally and spectroscopically,'®
[(TAML)Fe"'(0,)]*. Bakac and co-workers reported mononuclear chromium(ll1)-superoxo
complex as chemical models in dioxygen activating metalloenzymes and acts as a reactive

intermediate in the oxidation of substrates.'®’*®

Chromium(lll)-superoxo complex,
[Cr''(0,)(TMC)(CN]* has been reported and characterized by X-ray and spectroscopic
studies along with C-H bond activation.'®**** A rare thiolate-ligated cobalt-superoxo species
Co(0,) has been synthesized and characterized by spectroscopic techniques.**? Cu(ll)-
superoxo is also synthesized and also participitate in C-H/O-H bond activation.®*****%
Formation of nickel(lll)-peroxo is characterized by UV-vis, electrospray ionization mass
116 In

spectrometry, resonance Raman, electron paramagnetic resonance and X-ray analysis.

literature studies, it is found that supporting ligands also play an important role in tuning the
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geometric and electronic structures, stabilities, and reactivities of oxygen-coordinating metal
complexes. One notable example among such types of ligands is N-tetramethylated cyclam
(TMC) and its derivatives.’*’ It has been proved as an accomplished ligand in the biomimetic
chemistry of dioxygen activation by metal complexes.

First row-transition metal-peroxo/superoxo (TMC) complexes have been synthesized and
they are involved in many oxidation reactions.'®*#? |t is also found that the nature of
metal ions and the size of the TMC ring alter the electronic structure of [M(n-TMC)(O2)]™

complexes.

1.4 Effect of Ligands

Dioxygen reacts with the metal to form either metal-superoxo or metal-peroxo species. From
the literature studies, it is found that some metals form superoxo species or some forms
peroxo species. As [Cr'(14-TMC)(CI)]* reacts with dioxygen (O,) or H,O in the presence of
a base such as triethylamine (TEA) or tetramethylammonium hydroxide (TMAH) to form
[Cr''(14-TMC)(O,)(CI)]" species and it is characterized by spectroscopic methods. Single
crystal structure of [Cr'"'(14-TMC)(O,)(CI)]" revealed that mononuclear end-on chromium-
superoxo complex is distorted octahedral geometry, in which N-methyl groups of 14-TMC
are oriented anti to the superoxo moiety and syn to chlorine ligand.'®*** By substiting
methylamino at pyridine ring of PDP ligand (2-((R)-2-[(R)-1-(pyridine-2-
ylmethyl)pyrrolidin-2-yl]pyrrolidin-1-ylmethyl) ~ pyridine)  the  catalytic  reactivity,

enantioselectivity towards asymmetric epoxidation increases.'?

Spin state of complex is affected by ligand, for it consider octahedral iron(I\V)-oxo complex,
where spin state of complex is determined by the energy gap between orbitals dy, and d”.

,2."%% This energy gap is larger than the spin-pairing energy, then S=1 complex is formed, and
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if the equatorial ligand is weak then it will give S=2 complex.**! From ortho hydroxylation of
aromatic compounds with [Fe"(BPMEN)(CH3CN),]** and [Fe'(TPA)(CHsCN),]** (where
TPA = tris(2-pyridylmethyl)amine and BPMEN = N,N’-dimethyl-N,N’-bis(2-
pyridylmethyl)ethane-1,2-diamine), it is found that complex [Fe"(BPMEN)(CHsCN),]** is
more reactive than the [Fe'(TPA)(CH3sCN),]**, and it because of ligand design as in complex
[Fe'(TPA)(CH3CN),]** pyridine ring is parallel to Fe(V)=0 bond that is formed during
reaction by which it mix with the mreaxy-0py Which in turn reduces the electrophilicity of ferryl
oxygen atom, whereas in [Fe"(BPMEN)(CH3sCN),]** pyridine ring is perpendicular to the
Fe(V)=0 bond."** For adopting the trigonal bipyramidal geometry dy, and dy>,* orbital will
be degenerate. Reactivity of cobalt(I11)-nitrosyl complexes bearing TMC ligands are studied
in NO-transfer and deoxygenation reactions are significantly influenced by the spin state of
cobalt(Il) center, caused by ring size of TMC ligands.*?******* From earlier studies, it is also
found that non-heme iron(IV)-oxo complexes with smaller TMC ligand it is more reactive in

both the HAT and OAT reactions.**®

1.5 Formation of High Valent Metal-oxo Species

Transition metals in higher oxidation states either co-ordinates to oxygen or nitrogen by
multiple bonds to form high valent metal-oxo or imido complexes. Metal-oxo are involved as
active intermediates in the catalytic cycles of enzymes and biomimetic compounds to carry
out oxidation reactions of organic substrates and water.!*?%13713% These also help in C-
H/N-H/O-H bond activation and oxygen atom transfer reactions, mediated by a biological

and chemical catalysts’#324360.140-153

and also play a very important role in pharmaceutical
industries. Studies of high valent metal centers have been a subject of great interest because
of their biological relevance and help to understand the structural and spectroscopic

properties of metal-containing enzymes. Modeling active sites of enzymatic systems and
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developing biomimetic alkane hydroxylation catalysts have become important and emerged

as a vast area, 4615

Mononuclear heme and non-heme enzymes have metal ions at active sites. Metal ions bind
with dioxygen, to produce metal-superoxo species, and by one-electron reduction, it gets
converted to metal-peroxo species, and protonation of peroxo species results in the formation
of hydroperoxo species. Alternatively, superoxo species can be directly converted to
hydroperoxo species by abstracting hydrogen atoms. This direct conversion occurs only in
non-heme iron enzymes. Heterolytic O---O bond cleavage in hydroperoxo species produce
metal(V)-oxo species®® whereas homolytic O---O bond cleavage produces high valent
metal(I\VV)-oxo species. In the non-heme system metal(l1l)-hydroperoxo species gets
converted to metal(l1)-hydroperoxo species by one-electron reduction and then via heterolytic

0---O bond cleavage it gets converted to metal(IV)-oxo species.” >

From the last decades, in biomimetic complexes, high valent metal-oxo species have been
intensively studied and synthetic terminal high valent iron-oxo and manganese-oxo
complexes have been reported.**>**® Heme and non-heme iron enzymes, terminal as well as
bridging high-valent iron-oxo are found as important oxidizing intermediates in activation of
molecular oxygen and these have spectroscopically characterized and found to be responsible
for a wide number of oxidative transformations such as, in catalytic cycles of monooxygenase

heme enzymes e.g. cytochrome P450, catalase,'*®*’

and peroxidase high valent iron(1V)-
oxo m-cationic radical intermediate is involved is supported by spectroscopic evidence by
UV-vis, EPR, and Magssbauer.”® Iron(IV)-oxo carries aliphatic hydroxylation, substrate
epoxidation, aromatic hydroxylation, desaturation, and heteroatom transfers such as

sulfoxidation reactions.’*®**® The capacity of iron to exist in multiple redox states and its

availability in abundance makes it one of the common transition metals acting as a key



Chapter 1

intermediate in many biotransformation reactions, occurring via C-H/O-H bond activation,
including biological O, activation.**®" The chief interest in high valent iron chemistry is due
to its ubiquitous nature, low toxicity, inexpensive, and its ability to carry out green catalytic
oxidations.®®**° The first, biomimetic metalloporphyrins catalysts, high valent iron(IV)-oxo
porphyrin z-radical intermediate was synthesized and characterized by Groves and co-
workers in 1981." [(TMP)Fe"(CI)] (TMP = meso-tetramesityl porphinate dianion) reacts m-
chloroperbenzoic acid at -78°C in a dichloromethane-methanol mixture, to produce a green
colored species, which was spectroscopically characterized as iron(1V)-oxo coordinated with
a porphyrin-n radical, [(TMP)Fe'(O)(CH3sOH)]". These species have the characteristic
features of cpdl present in P450, and found that it is an olefin epoxidation and alkane
hydroxylation.**>14314> After that many iron(IV)-oxo porphyrin 7 radicals having electron-
rich and electron-deficient porphyrins with different axial ligands have been reported to make
understanding of the effect of electronic effects of porphyrin and axial ligands. The first time,
non-heme iron(IV)-oxo intermediate was reported in 2000, during the reaction of
[Fe"'(cyclam-acetato)(CF3SO3)]" and Os in acetone and water at -80°C, spectroscopically
detected by Wieghardt and co-workers. Madssbauer analysis characterized it as an
intermediate-spin  Fe(IV)-oxo  (S=1)."° The First, well-characterized mononuclear
[Fe'V(O)(TMC)(NCCHs)]** was reported in 2003. It is characterized by many spectroscopic
methods such as and features a short Fe=O bond distance of 1.646(3) A.***1%®* Most of the
synthetic non-heme iron(IV)-oxo complexes have a triplet spin state (S=1) as the ground
state while a small number of complex have quintet spin state (S=2) as a ground state.*®*%
Along with Fe'V=0 species, Fe'=0 species also acts as a reactive intermediate in many
biological reactions. First, iron(V)-oxo complex was reported with TAML ligand. First time,
TAML ligand was characterized by the collines group in 2002. TAML systems have gained

importance as green catalysts because the chemistry mimicking these system performances is
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comparatively greener than the current technological chemistry based upon environment
degrading chemicals.*® Capacity of TAML to stabilize diverse iron-oxo species in the high
valent state such as: iron(IV) complex in the high spin state (S=2), iron(IVV) complexes in the
intermediate spin state (S=1), diiron(1V) dimers having an oxo-bridge and iron(l1l) (TAML-
radical-cation) complex in a singlet state (S=0) and Fe(V)-oxo has been reported.® Synthetic
Fe(V)-oxo complex with the tetra-amido ligand is well characterized by spectroscopic
techniques e.g. electronic, magnetic circular dichroism, Raman, electron paramagnetic
resonance (EPR), and Mdossbauer spectroscopy. It also acts as a reactive intermediate in
selective hydroxylation of aliphatic compounds, and carries reactions such as C-H and C=C
oxidation reactions. Many iron complexes carry out regio-selective hydroxylation
reactions.™®” The first example, published by Que and co-workers is [Fe"(TPA)(CH3CN),]**
(TPA = tris(2-pyridylmethyl)amine) and it is capable of performing stereoselective C-H bond
hydroxylation.® Reactivity of alkane hydroxylation and olefin epoxidation are greatly
affected by several factors, such as by nature of supporting and axial ligands, spin states of

metal iOnsl23,28,63,143,156,168—174

Along with, high valent iron-oxo, manganese-oxo complexes have also investigated and

d*#86.137 and these are involved in various oxidation reactions,

spectroscopically characterize
such as C-H bond activation, oxygen atom transfer (OAT), and electron-transfer (ET)
reactions.*** Terminal manganese-oxo complex with buea (tris(N’-tert-butylureaylato)-N-
ethylene) aminato) ligand in a tetragonal environment is stabilized by hydrogen bonding with
it is notable for its elegant and concise design.?”*”>*" Terminal or bridging manganese-oxo
is transient but not separable is supposed to be involved in a critical part of the energy
demanding O-O bond formation step. Terminal vanadium/chromium-oxo complexes have

also been synthesized to provide an additional chemical basis to understand the reaction

mechanism of metalloenzymes and also help to develop artificial oxidation catalysts.*® For a
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long time, many metal-oxo and imido complexes of the 7,8 group have isolated and
characterized.'%#182%8 High valent metal-oxo of earlier transition metal series are well
known, but in late transition series, a few are known. This is related to the “Oxo Wall”
concept proposed by Wray and Wrinkler. According to which “The high valent metal-oxo of
late transition series are not supported in tetragonal geometry”. Whereas, a few metal-0xo
species of late transition series are reported in other geometries. High valent metal-oxo
species of late transition series, mainly the cobalt-oxo is a reactive transit species involved in
the C-H bond activation and O-O bond formation.?*®?*! Cobalt(IV)-oxo species are proposed
as the reactive intermediate in many cobalt-mediated oxidation reactions,'®190192193
Catalytic oxidation of water to give molecular oxygen, remain a topic of intensive research
in developing artificial photosynthesis and water-efficient splitting catalyst (EPR), X-ray
absorption, and time resolved Fourier-transform infrared spectroscopic methods provides the
evidence for the involvement of terminal and bridging cobalt(I\VV)-oxo species as a key
intermediate in water oxidation reactions. Proposed cobalt(IV)-oxo intermediates are short-
lived and highly reactive it makes their chemical and physical properties in catalytic cycles of
cobalt-based oxidation catalysts. Even though these are considered more reactive than iron-

oxo species because of the weak bond between metal and oxygen, >

reactivity of metal-
oxo complexes is governed by the electronic environment about the metal center. Inspired by
enzymes such as NOD (nickel oxide dismutase), and its potential towards the activation of
small molecules such as H,0,,**%® mCPBA,?**" and NaOCI.?**??° Synthetic nickel
complexes have gained attention but these are less explored as compared to Fe/Mn-oxo
intermediates. There, many high valent Ni(111),>*#>?% and Ni(IV)?"*? intermediates

have been characterized spectroscopically, but the formation of Ni(lll), Ni(IV) oxido

complexes is controversial to Oxowall premise.??*?** Although a few high valent Ni(ll) and
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Ni(lll) oxido complexes formed with O, and H,O, have been characterized at low

temperature. 30?23

1.6 Dinuclear Metal Complexes

Apart from mononuclear species, Fe, Mn, and Cu dinuclear species which are bridged via
oxygen as {M-u(O)-M} are found in enzymes such as tyrosinase, catechol oxidase, methane
monooxygenase and play an important role in the biological system.?”® These enzymes use
dinuclear metal centers for catalyzing biological transformations. Dinuclear p-bridged
complexes play a very important role in biological systems such as binuclear, non-heme iron
enzymes carry out many reactions by dioxygen activation. In non-heme diiron enzymes such
as methane monooxygenase (MMO) and ribonucleotide reductase (RNR) high valent non-
heme intermediates are reported.”®?** MMO catalyzes the hydroxylation of methane to
methanol via diiron(IV) intermediate and the RNR catalyzes the conversion of
ribonucleotides to deoxyribonucleotides to produce a via Fe(lll)Fe(lV) intermediate and
initiates radical chemistry to generate DNA building blocks. Dinuclear iron-oxo species acts
as an active species in hydroxylating and dehydrogenating enzymes.?*’ From last few years,
many model complexes having dimeric p-oxo bridged metal ions coordinated with ligands

are investigated.

The coordination chemistry of Mn(Il) complexes is also very important because Mn is
involved in many metalloenzymes such as manganese peroxidase (MnP), manganese
thiosulphate  oxidase,”®* manganese catalase,"® ribonucleotide reductase,?®® acid

phosphase®®, and superoxide dismutase (MnSOD).**

Along with manganese many dinuclear
cobalt, nickel, and copper complexes, have been explored to mimic the various biological

metalloenzyme.®*?* From literature, the design, construction, and characterization of
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dinuclear transition metal complexes has become important because of their intriguing
structure and wide applications in magnetism, optics, electronics, catalysis, and
fluorescence.?*>%2 There has been also a great interest in polynuclear manganese and copper
complexes because of their wide application in the field of bioinorganic chemistry and

material science.

1.7 C-H/O-H Bond Activation

C-H/O-H bond activation in alkanes offers insertion of a functional group into a relatively
inert hydrocarbon in a cost-effective manner and these have a wide application in

indUStry_so,63,24o,253,254

Metal-oxo/superoxo/peroxo species play an important role in
hydroxylation, epoxidation, halogenation etc. Understanding the mechanism of C-H/O-H
bond activation remains a key consideration, and computational modeling provides insight
into the process.?

From the last several decades, many affords have been made for the selective transformation
of the C-H bond in other functional groups that have many practical implications. As the
prosperity of C-H bond functionalization has a very great impact in the industry for the
manufacturing of chemicals. Selective C-H bond activation affects the synthesis of
chemicals, natural products, polymers, and agrochemicals and these have boosted the
economy and efficiency.”® The direct C-H bond activation can thoroughly shorten the
possible routes in natural product synthesis by disconnecting the unknown steps and have the
potential for smooth schemes, by eliminating the need for preparation and separation. Two
factors regulate selective C-H bond activation one is inert and another one is selectivity
control. Challenge in C-H bond cleaving is due to its strong, unpolar, and unreactive nature.
The saturated alkanes are formed by C-C and C-H bonds, due to which neither empty orbital
of low energy nor filled orbital of higher energy are present to participate in the chemical
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reaction. This is different with alkenes, alkynes, and aromatics which provide m and m*
orbitals for reactions.?®” Their underutilization in chemical synthesis is may be because of the
higher thermodynamic stability of most of the C-H bonds. To overcome this thermodynamic
barrier, one has to use the regents that are oxidizing, nonselective, and also incompatible with
other functional groups. Some oxidants may have costly and toxic metal ions, their
expensiveness and environment incompatibilities makes limit their use. Thus the
development of new reagents which are efficient, environment friendly and easily accessible
towards the specific C-H bond is an important area in chemical science.

There are two possible approaches for cleaving the C-H bond to attack iron-oxo either may
attack from the top of the equatorial position. Both the possibilities have different electronic
structures and have different pathways. From, the orbital occupancy evolution diagram, in
triplet channel C-H bond electron, is transferred to dx, orbital (z mechanism), for maximum
orbital overlap in between electron donor and acceptor orbitals, the substrate may take a
horizontal approach to iron-oxo reactive center. This orbital overlap and Pauli repulsion lead
to the transition states having bent Fe-O-H angle. In the quintet state pathway, electron of the
substrate is shifted to d,? orbital (s-mechanism). To, the upwards pointing lobe of the Op,
orbital, for overlapping there should be a vertical approach of the substrate; thus transition

state has nearly collinear Fe-O-H-C arrangement (see Scheme 1.2).

C-H bond activation mechanism can occur in two possible ways, either by H-atom transfer
(HAT) or proton-coupled electron transfer (PCET), these are the fundamental process in the
biological and chemical process.'®+?%%8 HAT reactions take place via a two-step
mechanism, either proton transfer followed by electron transfer or electron transfer is
followed by proton transfer, while in PCET proton and electron are transferred

simultaneously such as in lipooxygenase and cytochrome P450 enzymes.?*% 2
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Scheme 1.2. Schematic summary of the electronic structure changes along with the reaction

Pathway in the triplet and quintet state of mononuclear non-heme iron(1V)-oxo complexes.

Sason Shaik has led the proponent notion of exchange-enhanced reactivity, where exchange
stabilization favors the pathway in which at a metal center number of an unpaired electron
during transition state increases.”®*?*’As the reactivity of Fe'V=O complexes towards C-H
bond, is found that S=2 state is more reactive than the S=1 spin state. While Solomon favors
the frontier molecular orbital (FMO) approach that states stereo electronic factors can affect
the C-H bond approach towards the Fe=O unit, it depends upon that whether the target C-H
bond interacts with 6* FMO or n* FMO of Fe=0 unit.”®*%’ The reaction may proceed via
single state or multi-state reactivity. The fundamental characteristic of TSR/MSR is that the
reaction proceeds at least on two potential energy surfaces with different spin multiplicity,
either they may cross each other or they may have approximate energy, and different spin
states produce different products.

Apart from C-H bond activation, O-H bond also play an important role. Diiron complex (p-

oxo)bis(m-carboxylato)) was proposed to cleave the strong O-H bonds of methanol and t-
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butanol. Reactivity of methanol is studied by this complex, and found that it occurs at spin
state of S=2, arised from the triplet state at individual iron center. Antiferromagnetic coupling
spin state is the ground state but during the transition state it shows ferromagnetic coupling. It
is due to enhance exchanged reactivity. It occurs via o-n/n-nt pathway through proton coupled

electron transfer mechanism.

1.8 Importance of Present Thesis Work

The main motto of this thesis is to study the electronic structures and reaction mechanisms
occurring during catalytic transformation reactions carried out by biomimetic model
complexes using computational tools. For understanding the reaction mechanism, it is very
important to study the structure and chemical bonding of the catalytic site. Rate of reactions
are affected by the electronic and steric factor, therefore it is essential/important to study how
these factors affect the rate of similar reactions. It is difficult to control the relative height of
the activation energy barrier to tune their catalytic selectivity experimentally, but
computationally it can be achieved. The computational study provides many ideas to
understand the important biological process that occurs in nature with the help of high valent
metal-oxo species. Additionally, it also helps the experimentalists to design new environment

friendly and cheap catalysts.

1.9 Aim of Current Thesis

Metalloenzymes are involved in a wide number of reactions. Many model complexes are
purposed that mimic the biological activity of metalloenzymes. The main aim is that these
model complex help to understand the reactivity of enzymes and get a catalyst with very high

efficiency, selectivity. In this context many heme and non-heme biomimetic models have
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been reported, where several catalytic reactions, electronic structures, mechanistic study and
reactivity pattern.

The second chapter presents an introduction to the methodology used in our investigations.
This assists in understanding the basic computational approaches in calculations. Transition
state theory provides a fundamental role in the analysis of chemical reactivity. In our third
chapter, we have focused on the electronic structures of TAML ligated mono/dinuclear
complexes. Mononuclear and dinuclear iron complexes are found as key intermediates in
many synthetic and bio-catalytic reactions. By computing all the possible spin states for these
species, we have predicted the ground state, structure-function relationships in their ground
states, and analyzed the bonding aspects of these species by employing MO analysis. We
have also discussed the shifting of iron centers out of the plane and magnetic coupling
between iron and iron/oxygen centers. In our fourth chapter, we have studied the mechanistic
study on allylic oxidation of aliphatic compounds cyclohex-2-enol to cyclohex-2-enone by
tetraamido iron(V)-oxo. Metal catalyzed allylic oxidations of aliphatic compounds are
attractive intermediates and these are very useful in pharmaceutical industries. We have
reported electronic structures and also a first-time mechanistic detail of selective allylic
oxidation of the cyclohex-2-enol by an oxidant non-heme iron-oxo species. The reaction can
be feasible via O-H (pathway a) and C-H (pathway b) bond activation. We have found that
the C-H bond activation is relatively preferable over the O-H and oxygen attack.
Additionally, we have also performed the epoxidation of cyclohex-2-enol by iron(V)-oxo
species.

In the fifth chapter, we have studied the metal-superoxo species, as it is of great interest
because plays an important role in carrying many metal-mediated catalytic transformation
reactions. Such catalytic reactivity is affected by many factors such as by nature of metal ions

and the ring size of ligands. We have reported the electronic structures of a series of metal-
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superoxo species (M=V, Cr, Mn, Fe, and Co) with two different ring size ligands i.e. 13-
TMC/14-TMC, and a detailed mechanistic study of C-H bond activation of cyclohexa-1,4-
diene followed by the effect of ring size of ligands. Our DFT results show that the electron
density at distal oxygen plays an important role in C-H bond activation. Computing
energetics of C-H bond activation and mapping potential energy surface, it is found that
initial hydrogen abstraction is the rate-determining step, with both the TMC rings with all
studied metal-superoxo species. A significant electron density at cyclohex-1,4-diene carbon
indicates that the reaction proceeds via a proton-coupled electron transfer mechanism. Here,
we have performed first and foremost theoretical studies on ring size, and found that TMC is
more reactive towards C-H bond activation and is also supported by structural correlation.

In the sixth chapter, we have studied the formation of high valent metal-oxo species. High
valent terminal metal-oxo species containing iron and manganese are involved in biological
and catalytic reactions. Terminal metal-oxo of earlier transition metals are well known,
whereas metal-oxo of late transition series are rare. This is related to the concept of the “Oxo
wall”. According to “Oxo Wall” late transition metals cannot support a terminal oxo ligand.
Here, we have undertaken the first and foremost theoretical initiative for the formation of
metal-oxo from metal hydroperoxo with 3d transition metal series (Metal= Cr, Mn, Fe, Co,
Ni, Cu) by calculations of the transition state barrier height of O-O bond cleavage with two
different octahedral and trigonal bipyramidal geometries. Our calculations show that the
barrier height for the cobalt/nickel/copper-oxo is higher than the corresponding chromium,

manganese and iron-oxo species, which is also supported by the concept of the “Oxo Wall”.

19



Chapter 1

1.10 References

1)

()

(3)

(4)

(5)

(6)

(7)

(8)
(9)

(10)
(11)
(12)

(13)

(14)

(15)

(16)

Chin, D.; Means, A. R. Trends Cell Biol. 2000, 10, 322-328.

Grove, L. E.; Brunold, T. C. Comments Inorg. Chem. 2008, 29, 134-168.

Opaleye, O.; Rose, R.-S.; Whittaker, M. M.; Woo, E.-J.; Whittaker, J. W.; Pickersgill,
R. W. J. Biol. Chem. 2006, 281, 6428-6433.

Borowski, T.; Bassan, A.; Richards, N. G. J.; Siegbahn, P. E. M. J. Chem. Theory
Comput. 2005, 1, 686-693.

Bull, C.; Niederhoffer, E. C.; Yoshida, T.; Fee, J. A. J. Am. Chem. Soc. 1991, 113,
4069-4076.

Hearn, A. S.; Tu, C.; Nick, H. S.; Silverman, D. N. J. Biol. Chem. 1999, 274, 24457-
24460.

Hearn, A. S.; Stroupe, M. E.; Cabelli, D. E.; Lepock, J. R.; Tainer, J. A.; Nick, H. S.;
Silverman, D. N. Biochemistry 2001, 40, 12051-12058.

Bollinger, J. M.; Krebs, C. Curr. Opin. Chem. Biol. 2007, 11, 151-158.

van der Donk, W. A.; Krebs, C.; Bollinger, J. M. Curr. Opin. Struct. Biol. 2010, 20,
673-683.

Prigge, S. T. Science 2004, 304, 864-867.

Klinman, J. P. J. Biol. Chem. 2006, 281, 3013-3016.

Rolff, M.; Tuczek, F. Angew. Chem., Int. Ed. 2008, 47, 2344-2347.

Ansari, A.; Ansari, M.; Singha, A.; Rajaraman, G. Chem. -Eur. J. 2017, 23, 10110-
10125.

Nam, W. Acc. Chem. Res. 2007, 40, 465-634.

Suga, M.; Akita, F.; Hirata, K.; Ueno, G.; Murakami, H.; Nakajima, Y.; Shimizu, T;
Yamashita, K.; Yamamoto, M.; Ago, H.; Shen, J.-R. Nature 2014, 517, 99-103.

Cox, N.; Pantazis, D. A.; Neese, F.; Lubitz, W. Acc. Chem. Res. 2013, 46, 1588-1596.
20



17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)
(26)
(27)
(28)

(29)

(30)
(31)

(32)

Chapter 1

Young, K. J.; Brennan, B. J.; Tagore, R.; Brudvig, G. W. Acc. Chem. Res. 2015, 48,
567-574.

Concepcion, J. J.; Jurss, J. W.; Brennaman, M. K.; Hoertz, P. G.; Patrocinio, A. O. T ;
Murakami Iha, N. Y.; Templeton, J. L.; Meyer, T. J. Acc. Chem. Res. 2009, 42, 1954-
1965.

Li, H.; Li, F.; Zhang, B.; Zhou, X.; Yu, F.; Sun, L. J. Am. Chem. Soc. 2015, 137, 4332-
4335.

Du, P.; Eisenberg, R. Energy Environ. Sci. 2012, 5, 6012-6021.

Joya, K. S.; Joya, Y. F.; Ocakoglu, K.; van de Krol, R. Angew. Chem., Int. Ed. 2013,
52, 10426-10437.

Karkas, M. D.; Verho, O.; Johnston, E. V; Akermark, B. Chem. Rev. 2014, 114,
11863-12001.

Nam, W.; Lee, Y.-M.; Fukuzumi, S. Acc. Chem. Res. 2014, 47, 1146-1154.

Fukuzumi, S.; Ohkubo, K.; Lee, Y.-M.; Nam, W. Chem. -Eur. J. 2015, 21, 17548-
17559.

Engelmann, X.; Monte-Pérez, |.; Ray, K. Angew. Chem., Int. Ed. 2016, 55, 7632-7649.
Hong, S.; Lee, Y.-M.; Ray, K.; Nam, W. Coord. Chem. Rev. 2017, 334, 25-42.

Neu, H. M.; Baglia, R. A.; Goldberg, D. P. Acc. Chem. Res. 2015, 48, 2754-2764.

Puri, M.; Que, L., Jr. Acc. Chem. Res. 2015, 48, 2443-2452.

Baik, M.-H.; Newcomb, M.; Friesner, R. A.; Lippard, S. J. Chem. Rev. 2003, 103,
2385-2420.

Holm, R. H.; Solomon, E. I. Chem. Rev. 2014, 114, 3367-3368.

Kovaleva, E. G.; Lipscomb, J. D. Nat. Chem. Biol. 2008, 4, 186-193.

Krebs, C.; Galoni¢ Fujimori, D.; Walsh, C. T.; Bollinger, J. M. Acc. Chem. Res. 2007,

40, 484-492.

21



(33)
(34)
(35)

(36)

37)

(38)

(39)

(40)
(41)
(42)
(43)
(44)
(45)

(46)

(47)

(48)

(49)

(50)

(51)

Chapter 1

Zhang, X.; Li, S. Nat. Prod. Rep. 2017, 34, 1061-1089.

Guengerich, F. P.; Munro, A. W. J. Biol. Chem. 2013, 288, 17065-17073.

Jackson, T. A.; Brunold, T. C. Acc. Chem. Res. 2004, 37, 461-470.

Streit, B. R.; Blanc, B.; Lukat-Rodgers, G. S.; Rodgers, K. R.; DuBois, J. L. J. Am.
Chem. Soc. 2010, 132, 5711-5724.

Siegbahn, P. E. M. Chem. -Eur. J. 2008, 14 , 8290-8302.

Ferraro, D. J.; Gakhar, L.; Ramaswamy, S. Biochem. Biophys. Res. Commun. 2005,
338, 175-190.

Wolfe, M. D.; Parales, J. V; Gibson, D. T.; Lipscomb, J. D. J. Biol. Chem. 2001, 276,
1945-1953.

Wolfe, M. D.; Lipscomb, J. D. J. Biol. Chem. 2003, 278, 829-835.

Barry, S. M.; Challis, G. L. ACS Catal. 2013, 3, 2362-2370.

Nordlund, P.; Reichard, P. Annu. Rev. Biochem. 2006, 75, 681-706.

Tinberg, C. E.; Lippard, S. J. Acc. Chem. Res. 2011, 44, 280-288.

Fox, B. G.; Lyle, K. S.; Rogge, C. E. Acc. Chem. Res. 2004, 37, 421-429.

Hirao, H.; Kumar, D.; Thiel, W.; Shaik, S. J. Am. Chem. Soc. 2005, 127, 13007-13018.
Costas, M.; Tipton, A. K.; Chen, K.; Jo, D.-H.; Que, L., Jr. J. Am. Chem. Soc. 2001,
123, 6722-6723.

de Visser, S. P.; Tahsini, L.; Nam, W. Chem. -Eur. J. 2009, 15, 5577-5587.

Olsson, E.; Martinez, A.; Teigen, K.; Jensen, V. R. Inorg. Chem. 2011, 2011, 2720-
2732.

Fish, R. H.; Konings, M. S.; Oberhausen, K. J.; Fong, R. H.; Yu, W. M.; Christou, G.;
Vincent, J. B.; Coggin, D. K.; Buchanan, R. M. Inorg. Chem. 1991, 30, 3002-3006.
Hirao, H.; Que, L.; Nam, W.; Shaik, S. Chem. Eur. J. 2008, 14, 1740-1756.

Jensen, M. P.; Lange, S. J.; Mehn, M. P.; Que, E. L.; Que, L., Jr. J. Am. Chem. Soc.

22



(52)
(53)

(54)

(55)

(56)

(57)
(58)

(59)

(60)

(61)

(62)
(63)

(64)

(65)
(66)
(67)
(68)

(69)

Chapter 1

2003, 125, 2113-2128.

Costas, M.; Mehn, M. P.; Jensen, M. P.; Que, L., Jr. Chem. Rev. 2004, 104, 939-986.
Que, L., Jr. Dalton Trans. 1997, 21, 3933-3940.

Tahsini, L.; Bagherzadeh, M.; Nam, W.; de Visser, S. P. Inorg. Chem. 2009, 48, 6661-
6669.

Bassan, A.; Blomberg, M. R. A.; Siegbahn, P. E. M.; Que, L., Jr. Angew. Chem., Int.
Ed. 2005, 44, 2939-2941.

Bassan, A.; Blomberg, M. R. A.; Siegbahn, P. E. M.; Que, L., Jr. J. Am. Chem. Soc.
2002, 124, 11056-11063.

de Visser, S. P. J. Am. Chem. Soc. 2009, 132, 1087-1097.

de Visser, S. P. Angew. Chem., Int. Ed. 2006, 45, 1790-1793.

de Visser, S. P.; Kumar, D.; Cohen, S.; Shacham, R.; Shaik, S. J. Am. Chem. Soc.
2004, 126, 8362-8363.

de Visser, S. P.; Oh, K.; Han, A.-R.; Nam, W. Inorg. Chem. 2007, 46, 4632-4641.

de Visser, S. P.; Rohde, J.-U.; Lee, Y.-M.; Cho, J.; Nam, W. Coord. Chem. Rev. 2013,
257, 381-393.

Marchetti, L.; Levine, M. Biomimetic Catalysis. ACS Catal. 2011, 1, 1090-1118.

Nam, W. Acc. Chem. Res. 2007, 40, 522-531.

Sheng, Y.; Abreu, I. A.; Cabelli, D. E.; Maroney, M. J.; Miller, A.-F.; Teixeira, M.;
Valentine, J. S. Chem. Rev. 2014, 114, 3854-3918.

Yano, J.; Yachandra, V. Chem. Rev. 2014, 114, 4175-4205.

Ortiz de Montellano, P. R. Chem. Rev. 2010, 110, 932-948.

Wackett, L. P. Enzyme Microb. Technol. 2002, 31, 577-587.

Breslow, R. J. Biol. Chem. 2009, 284, 1337-1342.

Breslow, R. Chem. Soc. Rev. 1972, 1, 553-580.

23



(70)
(71)
(72)

(73)

(74)

(75)

(76)

(77)

(78)

(79)
(80)
(81)

(82)

(83)

(84)

(85)

(86)

Chapter 1

Leete, E. Chem. Commun. 1972, 19, 1091a-1091a.

Burke, D. E.; le Quesne, P. W. Chem. Commun. 1972, 11, 678-678.

Breslow, R.; Dong, S. D. Chem. Rev. 1998, 98, 1997-2012.

Bassan, A.; Blomberg, M. R. A.; Siegbahn, P. E. M. J. Biol. Inorg. Chem. 2004, 9,
439-452.

Chen, P.; Solomon, E. I. Proc. Natl. Acad. Sci. 2004, 101, 13105-13110.

Chow, M. S.; Liu, L. V; Solomon, E. I. Proc. Natl. Acad. Sci. 2008, 105, 13241-
13245.

Decker, A.; Chow, M. S.; Kemsley, J. N.; Lehnert, N.; Solomon, E. I. J. Am. Chem.
Soc. 2006, 128, 4719-4733.

Liu, L. V; Bell, C. B.; Wong, S. D.; Wilson, S. A.; Kwak, Y.; Chow, M. S.; Zhao, J.;
Hodgson, K. O.; Hedman, B.; Solomon, E. I. Proc. Natl. Acad. Sci. 2010, 107, 22419-
22424.

Neibergall, M. B.; Stubna, A.; Mekmouche, Y.; Munck, E.; Lipscomb, J. D.
Biochemistry 2007, 46, 8004-8016.

Karlsson, A. Science 2003, 299, 1039-1042.

Yao, S.; Driess, M. Acc. Chem. Res. 2011, 45, 276-287.

Bakac, A. Coord. Chem. Rev. 2006, 250, 2046-2058.

Solomon, E. I.; Brunold, T. C.; Davis, M. I.; Kemsley, J. N.; Lee, S.-K.; Lehnert, N.;
Neese, F.; Skulan, A. J.; Yang, Y.-S.; Zhou, J. Chem. Rev. 2000, 100, 235-350.

Klotz, I. M.; Kurtz, D. M. Chem. Rev. 1994, 94, 567-568.

Cramer, C. J.; Tolman, W. B.; Theopold, K. H.; Rheingold, A. L. Proc. Natl. Acad.
Sci. U. S. A. 2003, 100, 3635-3640.

Cramer, C. J.; Tolman, W. B. Acc. Chem. Res. 2007, 40, 601-608.

Kunishita, A.; Kubo, M.; Sugimoto, H.; Ogura, T.; Sato, K.; Takui, T.; Itoh, S. J. Am.,

24



(87)

(88)

(89)

(90)

(91)

(92)

(93)

(94)

(95)
(96)
(97)

(98)

(99)

Chapter 1

Chem. Soc. 2009, 131, 2788-2789.

Schax, F.; Suhr, S.; Bill, E.; Braun, B.; Herwig, C.; Limberg, C. Angew. Chem., Int.
Ed. 2014, 54, 1352-1356.

Chiang, C.-W.; Kleespies, S. T.; Stout, H. D.; Meier, K. K.; Li, P.-Y.; Bominaar, E. L;
Que, L.; Minck, E.; Lee, W.-Z. J. Am. Chem. Soc. 2014, 136, 10846-10849.

Chen, H.; Cho, K.-B.; Lai, W.; Nam, W.; Shaik, S. J. Chem. Theory Comput. 2012, 8,
915-926.

Lee, Y.-M.; Hong, S.; Morimoto, Y.; Shin, W.; Fukuzumi, S.; Nam, W. J. Am. Chem,
Soc. 2010, 132, 10668-10670.

Mukherjee, A.; Cranswick, M. A.; Chakrabarti, M.; Paine, T. K.; Fujisawa, K.;
Mullinck, E.; Que, L., Jr. Inorg. Chem. 2010, 49, 3618-3628.

Cho, K. Bin; Chen, H.; Janardanan, D.; de Visser, S. P.; Shaik, S.; Nam, W. Chem.
Commun. 2012, 48, 2189-2191.

Neidig, M. L.; Solomon, E. I. Chem. Commun. 2005, 47, 5843-5863.

Solomon, E. I.; Wong, S. D.; Liu, L. V; Decker, A.; Chow, M. S. Curr. Opin. Chem.
Biol. 2009, 13, 99-113.

Abu-Omar, M. M.; Loaiza, A.; Hontzeas, N. Chem. Rev. 2005, 105, 2227-2252.

Itoh, S. Acc. Chem. Res. 2015, 48, 2066-2074.

Lee, J. Y.; Karlin, K. D. Curr. Opin. Chem. Biol. 2015, 25, 184-193.

Pirovano, P.; Magherusan, A. M.; McGlynn, C.; Ure, A.; Lynes, A.; McDonald, A. R.
Angew. Chem., Int. Ed. 2014, 53, 5946-5950.

Lee, J. Y.; Peterson, R. L.; Ohkubo, K.; Garcia-Bosch, I.; Himes, R. A.; Woertink, J.;
Moore, C. D.; Solomon, E. I.; Fukuzumi, S.; Karlin, K. D. J. Am. Chem. Soc. 2014,

136, 9925-9937.

(100) Peterson, R. L.; Himes, R. A.; Kotani, H.; Suenobu, T.; Tian, L.; Siegler, M. A,

25



Chapter 1

Solomon, E. I.; Fukuzumi, S.; Karlin, K. D. J. Am. Chem. Soc. 2011, 133, 1702-1705.

(101) Bruijnincx, P. C. A.; van Koten, G.; Klein Gebbink, R. J. M. Chem. Soc. Rev. 2008, 37
, 2716-2744.

(102) Phillips, S. E. V. Nature 1978, 273, 247-248.

(103) Collman, J. P.; Gagne, R. R.; Reed, C. A.; Robinson, W. T.; Rodley, G. A. Proc. Natl.
Acad. Sci. 1974, 71, 1326-1329.

(104) Hong, S.; Lee, Y.-M.; Shin, W.; Fukuzumi, S.; Nam, W. J. Am. Chem. Soc. 2009, 131,
13910-13911.

(105) Badiei, Y. M.; Siegler, M. A.; Goldberg, D. P. J. Am. Chem. Soc. 2011, 133, 1274-
1277.

(106) Hong, S.; Sutherlin, K. D.; Park, J.; Kwon, E.; Siegler, M. A.; Solomon, E. I.; Nam,
W. Nat. Commun. 2014, 5, 5440-5447.

(107) Bakac, A.; Scott, S. L.; Espenson, J. H.; Rodgers, K. R. J. Am. Chem. Soc. 1995, 117,
6483-6488.

(108) Bakac, A. J. Am. Chem. Soc. 1997, 119, 10726-10731.

(109) Cho, J.; Woo, J.; Nam, W. J. Am. Chem. Soc. 2010, 132, 5958-5959.

(110) Cho, J.; Woo, J.; Eun Han, J.; Kubo, M.; Ogura, T.; Nam, W. Chem. Sci. 2011, 2,
2057-2062.

(111) Ansari, A.; Rajaraman, G. Dataset Pap. Sci. 2014, 2014, 1-7.

(112) Gordon, J. B.; Vilbert, A. C.; Siegler, M. A.; Lancaster, K. M.; Moénne-Loccoz, P.;
Goldberg, D. P. J. Am. Chem. Soc. 2019, 141, 3641-3653.

(113) Maiti, D.; Fry, H. C.; Woertink, J. S.; Vance, M. A.; Solomon, E. I.; Karlin, K. D. J.
Am. Chem. Soc. 2007, 129, 264-265.

(114) Fujii, T.; Yamaguchi, S.; Hirota, S.; Masuda, H. Dalton Trans. 2008, 1, 164-170.

(115) Maiti, D.; Lee, D.-H.; Gaoutchenova, K.; Wirtele, C.; Holthausen, M. C.; Narducci

26



Chapter 1

Sarjeant, A. A.; Sundermeyer, J.; Schindler, S.; Karlin, K. D. Angew. Chem., Int. Ed.
2008, 47, 82-85.

(116) Kim, J.; Shin, B.; Kim, H.; Lee, J.; Kang, J.; Yanagisawa, S.; Ogura, T.; Masuda, H.;
Ozawa, T.; Cho, J. Inorg. Chem. 2015, 54, 6176-6183.

(117) McDonald, A. R.; Que, L. Coord. Chem. Rev. 2013, 257, 414-428.

(118) Kent Barefield, E. Coord. Chem. Rev. 2010, 254, 1607-1627.

(119) van Eldik, R. Coord. Chem. Rev. 2007, 251, 1649-1662.

(120) Himes, R. A.; Karlin, K. D. Curr. Opin. Chem. Biol. 2009, 13, 119-131.

(121) Gunay, A.; Theopold, K. H. Chem. Rev. 2010, 110, 1060-1081.

(122) Cho, J.; Sarangi, R.; Nam, W. Acc. Chem. Res. 2012, 45, 1321-1330.

(123) de Visser, S. P.; Rohde, J. U.; Lee, Y. M.; Cho, J.; Nam, W. Coord. Chem. Rev. 2013,
257, 381-393.

(124) Yokoyama, A.; Han, J. E.; Cho, J.; Kubo, M.; Ogura, T.; Siegler, M. A.; Karlin, K. D.;
Nam, W. J. Am. Chem. Soc. 2012, 134, 15269-15272.

(125) Cho, J.; Sarangi, R.; Nam, W. Acc. Chem. Res. 2012, 45, 1321-1330.

(126) Cho, J.; Jeon, S.; Wilson, S. A.; Liu, L. V; Kang, E. A.; Braymer, J. J.; Lim, M. H;
Hedman, B.; Hodgson, K. O.; Valentine, J. S.; Solomon, E. I.; Nam, W. Nature 2011,
478, 502-505.

(127) Cho, J.; Sarangi, R.; Annaraj, J.; Kim, S. Y.; Kubo, M.; Ogura, T.; Solomon, E. |;
Nam, W. Nat. Chem. 2009, 1, 568-572.

(128) Cho, J.; Woo, J.; Nam, W. J. Am. Chem. Soc. 2012, 134, 11112-11115.

(129) Wang, F.; Sun, W.; Xia, C.; Wang, Y. J. Biol. Inorg. Chem. 2017, 22, 987-998.

(130) Decker, A.; Rohde, J.-U.; Klinker, E. J.; Wong, S. D.; Que, L., Jr.; Solomon, E. I. J.
Am. Chem. Soc. 2007, 129, 15983-15996.

(131) Pestovsky, O.; Stoian, S.; Bominaar, E. L.; Shan, X.; Munck, E.; Que, L., Jr., Bakac,

27



Chapter 1

A. Angew. Chem., Int. Ed. 2005, 44, 6871-6874.

(132) Ansari, A.; Rajaraman, G. Phys. Chem. Chem. Phys. 2014, 16, 14601-14613.

(133) Kieber-Emmons, M. T.; Annaraj, J.; Seo, M. S.; Van Heuvelen, K. M.; Tosha, T.;
Kitagawa, T.; Brunold, T. C.; Nam, W.; Riordan, C. G. J. Am. Chem. Soc. 2006, 128,
14230-14231.

(134) Sarangi, R.; Cho, J.; Nam, W.; Solomon, E. I. Inorg. Chem. 2010, 50, 614-620.

(135) Garcia-Bosch, I.; Cowley, R. E.; Diaz, D. E.; Siegler, M. A.; Nam, W.; Solomon, E. |.;
Karlin, K. D. Chem. -Eur. J. 2016, 22, 5133-5137.

(136) Hong, S.; So, H.; Yoon, H.; Cho, K.-B.; Lee, Y.-M.; Fukuzumi, S.; Nam, W. Dalton
Trans. 2013, 42, 7842-7845.

(137) Krest, C. M.; Onderko, E. L.; Yosca, T. H.; Calixto, J. C.; Karp, R. F.; Livada, J.;
Rittle, J.; Green, M. T. J. Biol. Chem. 2013, 288, 17074-17081.

(138) Nocera, D. G. Acc. Chem. Res. 2012, 45, 767-776.

(139) Blakemore, J. D.; Crabtree, R. H.; Brudvig, G. W. Chem. Rev. 2015, 115, 12974-
13005.

(140) Svastits, E. W.; Dawson, J. H.; Breslow, R.; Gellman, S. H. J. Am. Chem. Soc. 1985,
107, 6427-6428.

(141) Lancaster, K. M.; Roemelt, M.; Ettenhuber, P.; Hu, Y.; Ribbe, M. W.; Neese, F,;
Bergmann, U.; DeBeer, S. Science 2011, 334, 974-977.

(142) Thorneley, R. N. F.; Lowe, D. J. Biochem. J. 1984, 224, 903-909.

(143) Thorneley, R. N. F.; Lowe, D. J. Biochem. J. 1984, 224, 887-894.

(144) Lowe, D. J.; Thorneley, R. N. Biochem. J. 1984, 224, 877-886.

(145) Lowe, D. J.; Thorneley, R. N. F. Biochem. J. 1984, 224, 895-901.

(146) Ertl, G. Angew. Chem., Int. Ed. 1990, 29, 1219-1227.

(147) Pierpont, A. W.; Cundari, T. R. Inorg. Chem. 2009, 49, 2038-2046.

28



Chapter 1

(148) Chakrabarty, S.; Austin, R. N.; Deng, D.; Groves, J. T.; Lipscomb, J. D. J. Am. Chem.
Soc. 2007, 129, 3514-3515.

(149) Friedle, S.; Reisner, E.; Lippard, S. J. Chem. Soc. Rev. 2010, 39, 2768-2779.

(150) Fujii, H. Coord. Chem. Rev. 2002, 226, 51-60.

(151) Groves, J. T. J. Inorg. Biochem. 2006, 100, 434-447.

(152) Groves, J. T.; Haushalter, R. C.; Nakamura, M.; Nemo, T. E.; Evans, B. J. J. Am.
Chem. Soc. 1981, 103, 2884-2886.

(153) Jung, C. Biochim. Biophys. Acta - Proteins Proteomics 2011, 1814, 46-57.

(154) Baldwin, J. E.; Bradley, M. Chem. Rev. 1990, 90, 1079-1088.

(155) Kleespies, S. T.; Oloo, W. N.; Mukherjee, A.; Que, L., Jr. Inorg. Chem. 2015, 54,
5053-5064.

(156) Chen, Z.; Yin, G. Chem. Soc. Rev. 2015, 44, 1083-1100.

(157) Rittle, J.; Green, M. T. Science 2010, 330, 933-937.

(158) Sono, M.; Roach, M. P.; Coulter, E. D.; Dawson, J. H. Chem. Rev. 1996, 96, 2841-
2888.

(159) Meunier, B.; de Visser, S. P.; Shaik, S. Chem. Rev. 2004, 104, 3947-3980.

(160) Grapperhaus, C. A.; Mienert, B.; Bill, E.; Weyhermiller, T.; Wieghardt, K. Inorg.
Chem. 2000, 39, 5306-5317.

(161) Rohde, J. U.; In, J. H.; Lim, M. H.; Brennessel, W. W.; Bukowski, M. R.; Stubna, A.;
Minck, E.; Nam, W.; Que, L., Jr. Science 2003, 299, 1037-1039.

(162) Sastri, C. V; Park, M. J.; Ohta, T.; Jackson, T. A.; Stubna, A.; Seo, M. S.; Lee, J.; Kim,
J.; Kitagawa, T.; Minck, E.; Que Lawrence; Nam, W. J. Am. Chem. Soc. 2005, 127,
12494-12495.

(163) Decker, A.; Rohde, J.-U.; Que Lawrence; Solomon, E. I. J. Am. Chem. Soc. 2004,

126, 5378-5379.

29



Chapter 1

(164) Pestovsky, O.; Stoian, S.; Bominaar, E. L.; Shan, X.; Minck, E.; Que, L.; Bakac, A.
Angew. Chem., Int. Ed. 2005, 44, 6871-6874.

(165) MacBeth, C. E.; Golombek, A. P.; Young, V. G.; Yang, C.; Kuczera, K.; Hendrich, M.
P.; Borovik, A. S. Science 2000, 289, 938-941.

(166) Lacy, D. C.; Gupta, R.; Stone, K. L.; Greaves, J.; Ziller, J. W.; Hendrich, M. P;
Borovik, A. S. J. Am. Chem. Soc. 2010, 132, 12188-12190.

(167) Makhlynets, O.; Das, P.; Taktak, S.; Flook, M.; Mas-Balleste, R.; Rybak-Akimova, E.;
Que, L., Jr. Chem. -Eur. J. 2009, 15, 13171-13180.

(168) Cook, S. A.; Borovik, A. S. Acc. Chem. Res. 2015, 48, 2407-2414.

(169) Denisov, I. G.; Makris, T. M.; Sligar, S. G.; Schlichting, 1. Chem. Rev. 2005, 105,
2253-2278.

(170) Yin, G. Acc. Chem. Res. 2012, 46, 483-492.

(171) Ray, K.; Pfaff, F. F.; Wang, B.; Nam, W. J. Am. Chem. Soc. 2014, 136, 13942-13958.

(172) Ray, K.; Heims, F.; Schwalbe, M.; Nam, W. Curr. Opin. Chem. Biol. 2015, 25, 159-
171.

(173) Nam, W. Acc. Chem. Res. 2015, 48, 2415-2423.

(174) Cook, S. A.; Hill, E. A.; Borovik, A. S. Biochemistry 2015, 54, 4167-4180.

(175) Song, W. J.; Seo, M. S.; DeBeer George, S.; Ohta, T.; Song, R.; Kang, M.-J.; Tosha,
T.; Kitagawa, T.; Solomon, E. I.; Nam, W. J. Am. Chem. Soc. 2007, 129, 1268-1277.

(176) Liu, W.; Groves, J. T. Acc. Chem. Res. 2015, 48, 1727-1735.

(177) Taguchi, T.; Gupta, R.; Lassalle-Kaiser, B.; Boyce, D. W.; Yachandra, V. K.; Tolman,
W. B.; Yano, J.; Hendrich, M. P.; Borovik, A. S. J. Am. Chem. Soc. 2012, 134, 1996-
1999.

(178) Taguchi, T.; Stone, K. L.; Gupta, R.; Kaiser-Lassalle, B.; Yano, J.; Hendrich, M. P;

Borovik, A. S. Chem. Sci. 2014, 5, 3064-3071.

30



Chapter 1

(179) Hong, S.; Lee, Y.-M.; Sankaralingam, M.; Vardhaman, A. K.; Park, Y. J.; Cho, K.-B;
Ogura, T.; Sarangi, R.; Fukuzumi, S.; Nam, W. J. Am. Chem. Soc. 2016, 138, 8523-
8532.

(180) Oloo, W. N.; Que, L., Jr. Acc. Chem. Res. 2015, 48, 2612-2621.

(181) Parsell, T. H.; Yang, M.-Y.; Borovik, A. S. J. Am. Chem. Soc. 2009, 131, 2762-2763.

(182) Gupta, R.; Borovik, A. S. J. Am. Chem. Soc. 2003, 125, 13234-13242.

(183) Gupta, R.; MacBeth, C. E.; Young Victor G.; Borovik, A. S. J. Am. Chem. Soc. 2002,
124, 1136-1137.

(184) Shirin, Z.; Hammes, B. S.; Young Victor G.; Borovik, A. S. J. Am. Chem. Soc. 2000,
122, 1836-1837.

(185) Lyashenko, G.; Herbst-Irmer, R.; Jancik, V.; Pal, A.; Modsch-Zanetti, N. C. Inorg.
Chem. 2007, 47, 113-120.

(186) Lu, E.; Chu, J.; Chen, Y.; Borzov, M. V; Li, G. Chem. Commun. 2011, 47, 743-745.

(187) Lu, E.; Li, Y.; Chen, Y. Chem. Commun. 2010, 46, 4469-4471.

(188) Hersleth, H.-P.; Ryde, U.; Rydberg, P.; Gorbitz, C. H.; Andersson, K. K. J. Inorg.
Biochem. 2006, 100, 460-476.

(189) Que, L., Jr. Acc. Chem. Res. 2007, 40, 493-500.

(190) Berry, J. F. Comments Inorg. Chem. 2009, 30, 28-66.

(191) Eikey, R. Coord. Chem. Rev. 2003, 243, 83-124.

(192) Fukuzumi, S. Coord. Chem. Rev. 2013, 257, 1564-1575.

(193) Borovik, A. S. Chem. Soc. Rev. 2011, 40, 1870-1874.

(194) Shi, S.; Wang, Y.; Xu, A.; Wang, H.; Zhu, D.; Roy, S. B.; Jackson, T. A.; Busch, D.
H.; Yin, G. Angew. Chem., Int. Ed. 2011, 50, 7321-7324.

(195) Betley, T. A.; Wu, Q.; Van Voorhis, T.; Nocera, D. G. Inorg. Chem. 2008, 47, 1849-

1861.

31



Chapter 1

(196) Berry, J. F.; DeBeer George, S.; Neese, F. Phys. Chem. Chem. Phys. 2008, 10, 4361-
4374,

(197) Berry, J. F.; Bill, E.; Bothe, E.; George, S. D.; Mienert, B.; Neese, F.; Wieghardt, K.
Science 2006, 312, 1937-1941.

(198) Chen, J.; Lee, Y.-M.; Davis, K. M.; Wu, X.; Seo, M. S.; Cho, K.-B.; Yoon, H.; Park,
Y. J.; Fukuzumi, S.; Pushkar, Y. N.; Nam, W. J. Am. Chem. Soc. 2013, 135, 6388-
6391.

(199) Fukuzumi, S.; Morimoto, Y.; Kotani, H.; Naumov, P.; Lee, Y.-M.; Nam, W. Nat.
Chem. 2010, 2, 756-759.

(200) Mehn, M. P.; Peters, J. C. J. Inorg. Biochem. 2006, 100, 634-643.

(201) Eikey, R. A.; Khan, S. I.; Abu-Omar, M. M. Angew. Chem., Int. Ed. 2002, 41, 3591-
3595.

(202) Danopoulos, A. A.; Green, J. C.; Hursthouse, M. B. J. Organomet. Chem. 1999, 591,
36-44.

(203) Cho, J.; Woo, J.; Eun Han, J.; Kubo, M.; Ogura, T.; Nam, W. Chem. Sci. 2011, 2,
2057-2062.

(204) Groysman, S.; Villagran, D.; Nocera, D. G. Inorg. Chem. 2010, 49, 10759-10761.

(205) Janas, Z.; Sobota, P. Coord. Chem. Rev. 2005, 249, 2144-2155.

(206) Waidmann, C. R.; DiPasquale, A. G.; Mayer, J. M. Inorg. Chem. 2010, 49, 2383-2391.

(207) Sousa, S. C. A.; Cabrita, I.; Fernandes, A. C. Chem. Soc. Rev. 2012, 41, 5641-5653.

(208) Mdosch-Zanetti, N. C.; Wurm, D.; Volpe, M.; Lyashenko, G.; Harum, B.; Belaj, F.;
Inorg. Chem. 2010, 49, 8914-8921.

(209) Fukuzumi, S.; Mandal, S.; Mase, K.; Ohkubo, K.; Park, H.; Benet-Buchholz, J.; Nam,
W.; Llobet, A. J. Am. Chem. Soc. 2012, 134, 9906-99009.

(210) Pfaff, F. F.; Heims, F.; Kundu, S.; Mebs, S.; Ray, K. Chem. Commun. 2012, 48, 3730-

32



Chapter 1

3732.

(211) Zhang, M.; de Respinis, M.; Frei, H. Nat. Chem. 2014, 6, 362-367.

(212) Limberg, C. Angew. Chem., Int. Ed. 2009, 121, 2305-2308.

(213) Cho, J.; Kang, H. Y.; Liu, L. V.; Sarangi, R.; Solomon, E. I.; Nam, W. Chem. Sci.
2013, 4, 1502-1508.

(214) Honda, K.; Cho, J.; Matsumoto, T.; Roh, J.; Furutachi, H.; Tosha, T.; Kubo, M;
Fujinami, S.; Ogura, T.; Kitagawa, T.; Suzuki, M. Angew. Chem., Int. Ed. 2009, 48,
3304-3307.

(215) Tano, T.; Doi, Y.; Inosako, M.; Kunishita, A.; Kubo, M.; Ishimaru, H.; Ogura, T.;
Sugimoto, H.; Itoh, S. Bull. Chem. Soc. Jpn. 2010, 83, 530-538.

(216) Morimoto, Y.; Bunno, S.; Fujieda, N.; Sugimoto, H.; Itoh, S. J. Am. Chem. Soc. 2015,
137, 5867-5870.

(217) Corona, T.; Pfaff, F. F.; Acufa-Parés, F.; Draksharapu, A.; Whiteoak, C. J.; Martin-
Diaconescu, V.; Lloret-Fillol, J.; Browne, W. R.; Ray, K.; Company, A. Chem. -Eur. J.
2015, 21, 15029-15038.

(218) Draksharapu, A.; Codola, Z.; Gomez, L.; Lloret-Fillol, J.; Browne, W. R.; Costas, M.
Inorg. Chem. 2015, 54, 10656-10666.

(219) Pirovano, P.; Farquhar, E. R.; Swart, M.; McDonald, A. R. J. Am. Chem. Soc. 2016,
138, 14362-14370.

(220) Corona, T.; Draksharapu, A.; Padamati, S. K.; Gamba, I.; Martin-Diaconescu, V.;
Acuna-Parés, F.; Browne, W. R.; Company, A. J. Am. Chem. Soc. 2016, 138, 12987-
12996.

(221) Corona, T.; Company, A. Chem. -Eur. J. 2016, 22, 13422-13429.

(222) Corona, T.; Draksharapu, A.; Padamati, S. K.; Gamba, I.; Martin-Diaconescu, V.;

Acufa-Parés, F.; Browne, W. R.; Company, A. J. Am. Chem. Soc. 2016, 138, 12987-

33



Chapter 1

12996.

(223) Gray, H. B.; Hare, C. R. Inorg. Chem. 1962, 1, 363-368.

(224) O’Halloran, K. P.; Zhao, C.; Ando, N. S.; Schultz, A. J.; Koetzle, T. F.; Piccoli, P. M.
B.; Hedman, B.; Hodgson, K. O.; Bobyr, E.; Kirk, M. L.; Knottenbelt, S.; Depperman,
E. C.; Stein, B.; Anderson, T. M.; Cao, R.; Geletii, Y. V; Hardcastle, K. I.; Musaev, D.
G.; Neiwert, W. A.; Fang, X.; Morokuma, K.; Wu, S.; Kogerler, P.; Hill, C. L. Inorg.
Chem. 2012, 51, 7025-7031.

(225) Mandimutsira, B. S.; Yamarik, J. L.; Brunold, T. C.; Gu, W.; Cramer, S. P.; Riordan,
C. G. J. Am. Chem. Soc. 2001, 123, 9194-9195.

(226) Weinberg, D. R.; Gagliardi, C. J.; Hull, J. F.; Murphy, C. F.; Kent, C. A.; Westlake, B.
C.; Paul, A.; Ess, D. H.; McCafferty, D. G.; Meyer, T. J. Chem. Rev. 2012, 112, 4016-
4093.

(227) Solans-Monfort, X.; Fierro, J. L. G.; Hermosilla, L.; Sieiro, C.; Sodupe, M.; Mas-
Ballesté, Dalton Trans. 2011, 40, 6868-6876.

(228) Balamurugan, M.; Mayilmurugan, R.; Suresh, E.; Palaniandavar, M. Dalton Trans.
2011, 40, 9413-9424.

(229) Wallar, B. J.; Lipscomb, J. D. Chem. Rev. 1996, 96, 2625-2658.

(230) Bollinger, J. M.; Edmondson, D. E.; Huynh, B. H.; Filley, J.; Norton, J. R.; Stubbe, J.
Science. 1991, 253, 292-298.

(231) Ravi, N.; Bollinger, J. M.; Huynh, B. H.; Stubbe, J.; Edmondson, D. E. J. Am. Chem.
Soc. 1994, 116, 8007-8014.

(232) Sturgeon, B. E.; Burdi, D.; Chen, S.; Huynh, B.-H.; Edmondson, D. E.; Stubbe, J.;
Hoffman, B. M. J. Am. Chem. Soc. 1996, 118, 7551-7557.

(233) Ansari, A.; Ansari, M.; Singha, A.; Rajaraman, G. Chem. -Eur. J. 2017, 23, 10110-

10125.

34



Chapter 1

(234) Cammack, R.; Chapman, A.; Lu, W.-P.; Karagouni, A.; Kelly, D. P. FEBS Lett. 1989,
253, 239-243.

(235) Nordlund, P.; Sjéberg, B.-M.; Eklund, H. Nature 1990, 345, 593-598.

(236) Sugiura, Y.; Kawabe, H.; Tanaka, H.; Fujimoto, S.; Ohara, A. J. Biol. Chem. 1981,
256, 10664-10670.

(237) Mathieu, E.; Bernard, A.-S.; Delsuc, N.; Quévrain, E.; Gazzah, G.; Lai, B.; Chain, F;
Langella, P.; Bachelet, M.; Masliah, J.; Seksik, P.; Policar, C. A Inorg. Chem. 2017,
56, 2545-2555.

(238) Singh, Y. P.; Patel, R. N.; Singh, Y.; Choquesillo-Lazarte, D.; Butcher, R. J. Dalton
Trans. 2017, 46, 2803-2820.

(239) Jana, M.; Majumdar, A. Inorg. Chem. 2018, 57, 617-632.

(240) Solomon, E. I.; Sundaram, U. M.; Machonkin, T. E. Chem. Rev. 1996, 96, 2563-2606.

(241) Cho, K.-B.; Cho, J.; Shaik, S.; Nam, W. J. Phys. Chem. Lett. 2014, 5, 2437-2442.

(242) Chakraborty, P.; Majumder, I.; Kara, H.; Chattopadhyay, S. K.; Zangrando, E.; Das, D.
Inorganica Chim. Acta 2015, 436, 139-145.

(243) Das, K.; Datta, A.; Roy, S.; Clegg, J. K.; Garribba, E.; Sinha, C.; Kara, H. Polyhedron
2014, 78, 62-71.

(244) Rompel, A.; Fischer, H.; Buldt-Karentzopoulos, K.; Meiwes, D.; Zippel, F.; Nolting,
H.-F.; Hermes, C.; Krebs, B.; Witzel, H. J. Inorg. Biochem. 1995, 59, 715-719.

(245) Gatteschi, D.; Sessoli, R. Angew. Chem., Int. Ed. 2003, 42, 268-297.

(246) Taguchi, T.; Wernsdorfer, W.; Abboud, K. A.; Christou, G. Inorg. Chem. 2009, 49,
199-208.

(247) Gamer, M. T.; Lan, Y.; Roesky, P. W.; Powell, A. K.; Clérac, R. Inorg. Chem. 2008,
47, 6581-6583.

(248) Albores, P.; Rentschler, E. Angew. Chem., Int. Ed. 2009, 48, 9366-9370.

35



Chapter 1

(249) Zhang, S.-H.; Tang, M.-F.; Ge, C.-M. Allg. Chemie 2009, 635, 1442-1446.

(250) Ma, L.-F.; Wang, L.-Y.; Huo, X.-K.; Wang, Y.-Y.; Fan, Y.-T.; Wang, J.-G.; Chen, S.-
H. Cryst. Growth Des. 2008, 8, 620-628.

(251) Zhang, S.-H.; Zhou, Y.-L.; Sun, X.-J.; Wei, L.-Q.; Zeng, M.-H.; Liang, H. J. Solid
State Chem. 2009, 182, 2991-2996.

(252) Zhang, S.-H.; Song, Y.; Liang, H.; Zeng, M.-H. Cryst. Eng. Comm. 2009, 11, 865-872.

(253) Punniyamurthy, T.; Velusamy, S.; Igbal, J. Chem. Rev. 2005, 105, 2329-2364.

(254) Shaik, S.; Lai, W.; Chen, H.; Wang, Y. Acc. Chem. Res. 2010, 43, 1154-1165.

(255) Balcells, D.; Clot, E.; Eisenstein, O. Chem. Rev. 2010, 110, 749-823.

(256) Bergman, R. G. Nature 2007, 446, 391-393.

(257) Labinger, J. A.; Bercaw, J. E. Nature 2002, 417, 507-514.

(258) Warren, J. J.; Tronic, T. A.; Mayer, J. M. Chem. Rev. 2010, 110, 6961-7001.

(259) Roth, J. P.; Mayer, J. M. Inorg. Chem. 1999, 38, 2760-2761.

(260) Wang, Y.; Chen, H.; Makino, M.; Shiro, Y.; Nagano, S.; Asamizu, S.; Onaka, H.;
Shaik, S. J. Am. Chem. Soc. 2009, 131, 6748-6762.

(261) Wang, Y.; Hirao, H.; Chen, H.; Onaka, H.; Nagano, S.; Shaik, S. J. Am. Chem. Soc.
2008, 130, 7170-7171.

(262) Tishchenko, O.; Truhlar, D. G.; Ceulemans, A.; Nguyen, M. T. J. Am. Chem. Soc.
2008, 130, 7000-7010.

(263) Hammes-Schiffer, S.; Soudackov, A. V. J. Phys. Chem. B 2008, 112, 14108-14123.

(264) Decker, A.; Clay, M. D.; Solomon, E. I. J. Inorg. Biochem. 2006, 100, 697-706.

(265) Decker, A.; Rohde, J.-U.; Klinker, E. J.; Wong, S. D.; Que, L., Jr.; Solomon, E. I. J.
Am. Chem. Soc. 2007, 129, 15983-15996.

(266) Hirao, H.; Kumar, D.; Que, L.; Shaik, S. J. Am. Chem. Soc. 2006, 128, 8590-8606.

(267) Shaik, S.; Chen, H.; Janardanan, D. Nat. Chem. 2011, 3, 19-27.

36



