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FOREWORD

Oxygen atom transfer reactions have been widely explored in biological systems and
chemical synthesis studies. This volume outlines some basic mechanistic understanding and
recent achievements in the study of the oxygen atom transfer reactions catalyzed by transition
metal-oxo complexes. The influence of the nature of the central metals and the coordinated
ligands on mechanisms of oxygen atom transfer reactions are summarized. In the first chapter,
the type of oxidation reactions and the general classification of oxygen atom transfer reactions
are introduced in detail. It is very useful for readers to be acquainted with the catalytic
oxidation reaction via oxygen atom transfer of organometallic complexes. The following
chapters of this volume are reviews involving the study of different aspects of oxygen atom
transfer reaction mechanisms, such as O, activation driven by transition metal complexes and
oxygen atom transfer reactions catalyzed by nickel-based organic complexes. These chapters
provide readers with some efficient catalytic strategies for the activation of O, and the
functionalization of C-H bonds and C=C bonds. This volume not only offers the basic
knowledge of oxygen atom transfer reactions but also introduces the main development of
this field. This book is promising to play an important role in motivating the interests of
chemists and biology scientists from all over the world to further develop oxygen atom
transfer reactions. The knowledge obtained in this field should also serve other oxidation
reactions.

Jincai Zhao

Professor, Ph.D.

Member of the European Academy of Sciences
Member of the Chinese Academy of Sciences
People's Republic of China



SERIES PREFACE

The investigation of the reaction mechanism plays a central role in chemistry. The overall
chemical transformation of substances is a complex process that often involves elementary
chemical reactions, the sequence of which composes the reaction mechanism. Modern
perceptions of the mechanisms of chemical reactions are based on both experimental and
theoretical investigations in physics, chemistry, and biology. The study of reactions and their
mechanisms requires periodic adjustment, detailing, and permanent perfection in the light of
new experimental data and theoretical perceptions. The discovery of new reactions and
investigation of their kinetic peculiarities change the perceptions of the existing reaction
mechanisms. Sometimes, over a long period, perceptions of how the reaction occurs can be
changed so much that only the historical significance of their initial version of the mechanism
may remain in science. The introduction of new ideas and new concepts in science and the
changes related to the reaction mechanism is a permanent process. However, usually, this
information is scattered across various specialized periodicals and scientific reports. It is clear
that for a certain period, it becomes necessary to collect and summarize information about the
reaction mechanisms in more general editions in the form of book series.

In this context, the aim of the creation of this Book Series is to present a certain part of the
modern achievements in mechanism investigations in some important fields of chemistry and
biology. The mechanisms of various classes of chemical reactions will be the subject of
separate volumes of this book series. The first two volumes are devoted to the mechanisms of
oxidation reactions.

The first volume is entitled as:
Mechanisms of Oxidation Reactions: Volume 1. Oxygen Atom Transfer Reactions
I am grateful to Bentham Science for this opportunity to create and edit this Book Series.

Robert Bakhtchadjian

Institute of Chemical Physics

National Academy of Sciences of the Republic of Armenia
Yerevan, Republic of Armenia



PREFACE

Understanding the reaction mechanism is one of the keys to achieving controllable processes
in chemistry, biology, and some applied sciences. Obviously, this refers to oxidation
processes that are so widespread in nature, including living cells, and in manmade systems,
including the chemical industry. Oxidation processes in the chemical industry are mainly
catalytic reactions, in general, using metals, their oxides or organometallic compounds as
catalysts. In living systems, enzymes, natural complex catalysts, also containing metallic
elements, most of which are organometallic complexes of transition metals play a similar role.
From the viewpoint of the reaction mechanism, the reactions occurring via the transfer of
oxygen atoms to the substrate are one of the widespread types of oxidation processes,
observed both in manmade chemical and natural biological systems. Currently, the high
efficiency and selectivity of enzymatic oxidation under very mild conditions are not yet
available in manmade chemical systems. What and how can we learn from Nature? Two very
close and, at the same time, different approaches may serve this purpose. They are known as
bio-inspiration and biomimicry. In this regard, the present volume, discussing different
catalytic strategies, also involves certain achievements obtained both in bio-inspired and
biomimetic systems in comparison with the application of traditional organometallic catalysts
of transition metal elements in oxidation reactions.

The intended audience of this book may comprise not only researchers in the fields of
chemistry, physics, and biology, but also practitioners in the fields of chemical and biological
engineering, pharmaceutical industry, medicine, as well as students at different learning
levels. For this reason, the first chapter is written mainly for scientists and engineers, as well
as other interested specialists, undergraduates, and postgraduates, who are not familiar with
the problems of oxidation processes occurring by the mechanism of oxygen atom transfer
reactions to substrates. This chapter acquaints the reader with some fundamentals related to
the kinetic peculiarities of these reactions, which may be useful for understanding the state-
of-the-art in this area of investigation. Present developments in at least two main branches of
catalysis are based on achievements in this area of investigation. One of them is catalytic or
enzymatic oxidation of organic substrates by the participation of transition metal-oxo
compounds in the presence of different oxidants, including dioxygen. The second important
area is considered the catalytic or photocatalytic oxidation of water using transition metal-oxo
complexes. Both of these branches are of fundamental importance in biology. As a part of the
biological evolution of life, Nature carries out these chemical transformations using enzymes,
through the reactions of oxo-atom transfer in photochemical formation of oxygen (oxygenic
photosynthesis), on the one hand, and its reduction in the respiration processes, on the other
hand. In this chapter, the main types of oxidation reactions and the place of oxygen atom
transfer reactions in their general classification, from the point of view of the mechanisms,
have been discussed. Modern perceptions of the mechanism of oxygen atom transfer reactions
in oxidation processes by the participation of transition metal-oxo complexes permit to
distinguish at least two main types of reactions. Here, a brief description of these has been
presented. The first group of mechanisms involves inner sphere reactions of transition metal-
oxo complexes forming an intermediate complex with the substrate with the direct
participation of the metallic centers. Then, this intermediate decomposes into an oxygenated
product and a reduced form of the initial metal in a complex compound. For the second type
of mechanism, named the outer sphere reaction mechanism, it has been considered that the
intermediate complex is formed due to the interaction between the oxo-ligand of transition
metal complex and the substrate. This chapter addresses the different aspects of the problems
of the functionalization of C-H bonds of organic compounds in oxidative catalysis by
transition metal-oxo complexes. According to the accepted mechanism, the catalytic cycle
involves either the direct transfer of oxygen-atom from the catalyst to the substrate or the
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hydrogen atom abstraction from the substrate, hydroxylation of metal-ion and subsequent
formation of oxygenated products. To perform this catalytic cycle, the reduced metal-ion
returns to its initial state being oxidized by another oxidant in the reaction medium.
Thermodynamic and kinetic analyses of the catalytic cycles indicate that the major factors
determining the reaction mechanism are the energy required to rupture the C-H bonds in oxo-
atom transfer reactions and the energy of metal-oxygen bond in re-oxidation of metal. For a
successful catalysis, these two energy values must be comparable. These problems are briefly
discussed in this chapter. In the last section of the mentioned chapter, the mechanism of oxo-
atom transfer reactions has been discussed in light of the phenomenon of multiple spin-state
reactivity. It has been exemplified by the reactions of “bare” transition metal-oxo cations
(MO)", where M is a transition metal, with inorganic (H,) and organic (CH,) compounds. A
great number of theoretical calculations and experimental results indicate that the
relationships between the spin states of transition metal-oxo complexes and their reactivity
are common for the majority of oxo-atom transfer reactions in the catalysis. In chemical or
biological systems, changes in the spin state in transition metal-oxo complexes and,
consequently, changes in the reaction pathways permit to explain some of the unusual kinetic
features observed in oxo-atom transfer reactions.

The following two chapters of the present volume are scientific reviews devoted to the
different aspects of some modern problems of the mechanisms in oxygen atom transfer
reactions mainly related to the biological systems. Chapter 2 discusses the mechanisms of
oxygen atom transfer reactions related to the bio-inspired activation of dioxygen and its
subsequent reactions. The mechanisms of enzymatic oxidation are compared with the
schemes of catalytic cycles in oxidation by transition metalorganic complexes as synthetic
models of enzymes. In general, this chapter, to some extent, summarizes different catalytic
strategies (bio-inspired, biomimetic, synthetic models of enzymes, industrial catalysts) in the
activation of dioxygen and its further reactions, including oxygen atom transfer reactions
from transition metal complexes to substrates. The bio-inspired activation of dioxygen is
exhibited in examples of substrate oxidation by some popular enzymes, such as P450s,
monooxygenases, and dioxygenases. Here, the catalytic cycle for P450 is based on the heme-
Fe(Ill) complex, which forms the key intermediate Fe(IV)=0" and carries out the hydrogen
atom abstraction from RH and further transfer of OH to the substrate. This is a classic
example of the oxygen rebound mechanism activating the C-H bonds via the radical pathway.
A number of other examples demonstrate the widespread importance of oxygen rebound
mechanisms in biomimetic chemistry. The analogies and differences of the catalytic cycles of
monooxygenases and dioxygenases in bio-inspired oxidation of substrates have been
discussed using numerous examples. Here, the discussion is also centered on comparable
descriptions of the differences in the enzymatic cycles of dioxygenases with respect to the
structural and chemical peculiarities of substrates. For example, according to the proposed
schemes, when the pyrrole ring of L-tryptophan is cleaved and two oxygen atoms are inserted
into the structure, in the case of tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3
dioxygenase (IDO), the supplier of four electrons to the oxygen atoms is the same substrate,
but in schemes for intradiol ring-cleaving dioxygenases and extradiol dioxygenases, the
activation of oxygen requires two electrons from external donor(s) other than the substrate.
Special attention has been paid to oxidation systems which are of interest to the chemical and
pharmaceutical industries. Among them, the cleavage of C=C bond and stereoselective or
asymmetric epoxidation of olefins catalyzed by synthetic transition metalorganic complexes
is one of the important areas in modern catalysis. The final section of this chapter covers new
catalytic strategies for the activation of dioxygen in oxidation reactions. Among the numerous
factors influencing the catalytic activity, the structure of the first coordination sphere of the
metal-ions and the surrounding hydrogen bond network is crucial for the successful oxidation
of substrates. Apparently, hydrogen bonds play a stabilizing role in the generation of
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superoxo radicals and promote the cleavage of the O-O bond via the formation of metal-oxo
moieties. Lewis acids play an analogous role in chemical systems. These perceptions have
been demonstrated by the example of vanadium(IV) complexes oxidation schemes.
Summarizing the literature data presented in Chapter 2, the authors remark that the creation of
efficient industrial catalysts, particularly, in olefin epoxidation, may be achieved using
dioxygenase-type enzymes that do not require extra electron suppliers.

Unlike the previous chapter, the third chapter is a review highlighting the peculiarities of
oxygen atom transfer reactions from the viewpoint of biomimetic chemistry on the examples
of only nickel organometallic complexes. On the occasion of the preparation of this chapter,
one of the authors, pr. Sankaralingam, wrote: In synthetic biomimetic model chemistry, iron
and manganese complexes are the most exploited catalysts in the realm of organic
transformations reactions. In contrast to a large number of high level and comprehensive
reviews reported based on Mn, Fe and Cu oxygen species in various oxidation reactions,
relatively less emphasis has been put on nickel oxygen species in oxo-atom transfer reactions.
This chapter aims at summarizing the noteworthy attempts in oxo-atom transfer reactions
catalyzed by nickel complexes. In this regard, thorough data are available involving the
methods of synthesis, characterization, and revelation of the electronic and geometric
structural features of the nickel organometallic complexes, as well as reaction intermediates in
the activation of dioxygen and further oxygen atom transfer reactions to substrates.
Considerable attention has been paid to the effects of the stereoelectronic properties of the
ligand structure on the catalytic efficiency in oxo-atom transfer reactions. Chapter 3 consists
of three main paragraphs involving the reactions of oxygen atom transfer and hydrogen atom
abstraction catalyzed by nickel organic complexes separately, as well as reactions exhibiting
both oxygen atom transfer and hydrogen atom abstraction reactivity jointly. The catalytic role
of Ni ions of enzymes, such as glyoxylase I, nickel superoxide dismutase, urease, NiFe
hydrogenase, CO dehydrogenase, acetyl-CoA synthase and, methyl-CoM reductase, among
others, was the subject of a great number of investigations in biomimetic chemistry. In
oxidation processes, involving oxo-atom transfer reactions, as has been shown in this chapter,
the active forms of complexes mainly contain Ni(I) and Ni(IlI), and often Ni(0) and Ni(II)
species. In the activation of dioxygen, different nickel oxo, peroxo, superoxo intermediates
may be formed, the majority of which are active in oxygen atom transfer or hydrogen
abstraction reactions. Of particular interest is the section of Chapter 3 devoted to the
discussion of the Ni-complexes exhibiting both the oxygen atom transfer and the hydrogen
atom abstraction reactivities. Apparently, these observations are related to the electromeric
states of Ni-complexes, (i) Ni"-O" and (ii) Ni"'=0, exhibiting different reactivity depending on
the nature of substrates (for example, the electrophilicity with PPh, or CO and nucleophilicity
with ArCHO). This review also emphasizes the importance of the ligand architecture in the
reactivity of organometallic oxo, dioxo, peroxo superoxo, and hydoperoxo Ni-organic
complexes. Usually, their reactivity in oxo-atom transfer reactions correlates with the stereo-
electronic properties of the ligands.

The aim of Chapter 4 is to acquaint the reader with the reactions of oxygen atom transfer in
the oxidation of organic compounds with dioxygen or other oxidants that occur under visible
light or UV irradiation in heterogeneous catalytic systems. Usually, heterogeneous
photocatalytic redox reactions occur in multicomponent systems consisting of at least a
substrate, oxidant, catalyst, catalyst support, solvent, often also sensitizer. Visible light or UV
irradiation may be adsorbed by one or more component(s) of the system, which become
electronically excited species. Subsequently, they may enter different physical and chemical
interactions, transferring energy or electrons to other components involving the catalyst or
nominal catalyst. Often, the photochemically generated intermediates, active oxygen species,
act as catalysts, for example metal-oxo moieties in transition metal complexes in oxidative



vi

catalysis. Two main classes of reactions, namely the photogenerated and catalyzed photolysis,
are known in heterogeneous photoredox systems depending on the type of catalyst
functionality. Examples of heterogencous photocatalytic redox reactions, given in this
chapter, involving mainly the reactions of organic compounds on TiO, or TiO,-based
semiconductor catalysts, demonstrate the predominant role of oxygen atom transfer reactions
in the mechanisms of a great number of oxidation or oxidative decomposition processes.
Discussing some aspects of the determination of the type of heterogeneous photocatalytic
systems, it was concluded that, seemingly, the majority of known heterogeneous
photocatalytic reactions on TiO,, in particular, oxidation through oxygen atom transfer
mechanisms, are photoassisted (catalyzed photolysis) processes. Among the oxygen atom
transfer agents, transition metal-oxo complexes constitute the main class of compounds
widespread in living nature and synthetic chemical systems. Some peculiarities of the
photoassisted transfer of oxygen atom in oxidation reactions are discussed in this chapter.
Using molybdenum metal-oxo complexes as an example, a significant enhancement of the
catalytic activity in oxygen atom transfer on the heterogenization of the homogeneous catalyst
was observed. Mo-oxo complexes anchored on TiO, with covalent chemical bonds, exhibit
improved photocatalytic activity in selective oxidation and oxidative destruction reactions,
such as the interaction of O, with DDT (dichlorodiphenyltrichloroethane) or other
chlorophenyl substituted alkanes, which may not be oxidized at so mild conditions even other
strong oxidants. All the examples of photocatalytic reactions mentioned in this chapter also
indicate that oxidation occurring by oxygen atom transfer is one of the effective pathways for
the creation of new catalytic systems that are economically advantageous and
environmentally benign.

Generally, all chapters of this volume introduce not only some fundamentals and state-of-the
-art, but also the main directions of development in investigations leading to the revelation of
the reaction mechanisms in oxygen atom transfer reactions. For obvious reasons, a separate
volume cannot address most of the problems in this field. However, I hope that this volume
will be of interest to a wide range of readers, from researchers to students. On the other hand,
the discussion of certain problems will apparently give rise to new problems and new
interests. This is one of the main aims of creating such a volume.

I am very grateful to academician Jincai Zhao for the foreword for this volume. I would also
like to acknowledge the valuable contributions of all authors preparing this volume during a
very difficult time for humanity, caused by Covid-19 in the world.

Robert Bakhtchadjian

Institute of Chemical Physics

National Academy of Sciences of the Republic of Armenia
Yerevan,

Republic of Armenia
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CHAPTER 1

Introductory Notes on Mechanisms in Oxygen
Atom Transfer Reactions of Transition Metal
Complexes

Robert Bakhtchadjian"”

! Institute of Chemical Physics, National Academy of Sciences of the Republic of Armenia,
Yerevan, Republic of Armenia

Abstract: Investigations of the mechanisms of oxygen atom transfer reactions of
transition metal organometallic complexes are mainly related to their abundance in
chemical syntheses and biological oxidation processes. They are important stages in the
catalytic and enzymatic oxidation cycles of substrates, as well as in the catalytic
oxidation of water.

These brief notes on the mechanisms of oxygen atom transfer reactions involve certain
fundamentals (geometric and electronic structures, spin states and reactivity of oxo-
complexes), as well as some specific peculiarities of the oxo-atom transfer reactions of
transition metal complexes (hydrogen atom abstraction and oxygen rebound
mechanisms, intra- and intermolecular types of oxo-atom transfer, multistate
reactivity). This chapter introduces readers to the categorization and place of oxo-atom
transfer reactions in the classification of catalytic oxidation processes in the context of
general problems of the mechanisms in this area. The chapter also provides readers
with certain data on the activation of dioxygen and the functionalization of C-H bonds
in oxidation processes via the oxo-atom transfer reactions of transition metal
complexes. The role of the two and multiple spin states reactivity in the mechanisms of
these reactions has also been discussed.

This chapter is written mainly for non-specialist readers in this area and serves as a
general introduction to the next chapters of this collection of works.

Keywords: Oxygen atom transfer, Catalytic oxidation of water, Multiple spin
state reactivity, Oxo-atom transfer in catalytic oxidation, Transition metal-oxo
complexes.

" Corresponding author Robert Bakhtchadjian: Institute of Chemical Physics, National Academy of Sciences of the
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Robert Bakhtchadjian (Ed.)
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INTRODUCTION

This chapter of introductory notes on oxygen atom transfer reactions is devoted to
the reaction mechanisms of oxidation processes by the participation of transition
metal-oxo compounds (transition metal oxides, metalorganic complexes with
different ligands, and salts of transition metals). Compared to the next chapters of
this volume, it is addressed primarily to readers who are not specialized in this
area of investigation. The availability of scientific information to readers
unfamiliar with the mechanisms of oxidation reactions requires a preliminary
acquaintance with the scientific outlines of general problems. Therefore, this brief
chapter, in my opinion, may be useful for researchers, engineers, or students
working in neighboring fields, as well as for readers who are first acquainted with
the catalytic oxidation reactions by transfer of the oxygen atom of transition metal
organometallic complexes.

The revelation of the reaction mechanisms of oxygen atom transfers of transition
metals is of pivotal importance for understanding, influencing, and even,
controlling the catalytic oxidation of organic or inorganic compounds, including
the biological oxidation processes. Oxygen atom transfer reactions are basic
stages in the two main domains of oxidation catalysis: (1) oxidative addition of an
oxo-atom of transition metals or their complexes with different ligands to organic
and inorganic compounds (substrates), and (i1) oxidation of water by the catalysts
or enzymes. These catalytic processes are widely used in chemical syntheses on
both laboratory and industrial scales and are also basic in understanding the
natural biological processes of oxidation occurring through the participation of
enzymes. According to the opinion of Gray [1, 2], a pioneer in the area of the
electronic structure of metal-oxo complexes, from the point of view of the
biological evolution of life on our planet, these two chemical transformations may
be considered “top reactions,” since one of them is related to the photochemical
oxidation of water forming oxygen, and the other is a reduction of oxygen to
water during respiration. To carry out these reactions, nature has created complex
“machines,” enzymes, using transition metal elements. Oxo-atom transfer
reactions play an essential role in both basic biochemical transformations. In this
regard, the great importance of investigations in this area is evident in the biology,
chemical synthesis, medicine, chemical and pharmaceutical industries, etc.

Transition Metal-oxo Complexes and their Formation

According to the IUPAC nomenclature, the chemical entities containing one
(single) oxygen atom doubly bonded (=O) to the atom of another chemical
element are termed oxo-compounds [3]. If that chemical element is carbon, the
oxo-compounds can be aldehydes, ketones, carboxylic acids, and so on. In another
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case, if that element is a metal or semimetal (or their ions), the formed chemical
entities are metal-oxo (M=0) compounds, for example oxo-molybdenum; oxo-
tungsten, etc. Here, formally, O* is a ligand bonded to a metal or metal ion (M™).
Compounds of the d- and f-block transition metals of the periodic table containing
oxo ligand(s) and various organic and inorganic ligands, constitute a large class of
transition metal-oxo coordination complexes [4, 5].

In oxo-complexes of transition metal elements, an oxygen atom can be bonded to
one or more metallic centers. If it is bonded to only one metal atom, the
compound is named mononuclear and the oxo-atom is named “terminal-oxo”. If
the complex is binuclear, the oxo-atom is named double bridged-oxo [4].

M=0 M-0-M

terminal-oxo double bridged-oxo (-oxo)

Depending on the number of oxo-atoms, the compounds are named mono-,di(bi)-,
tri-, polyoxometallic or organometallic complexes. Moreover, the fragments of
the chemical structures presented below can be moieties in organometallic
complexes of different geometries.
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—M — O0—M— —m 7 M— ~ M —O0—M—
| | NG \ |
6)
I | TN Noe )
I I VN RPN
0=—M — 0—M—O —M  M— 0=M M=0
‘ | | (0] | | \0/|



4 Oxygen Atom Transfer Reactions, Vol. 1 Robert Bakhtchadjian

Similarly, organometallic peroxo compounds may also be either mononuclear or
polynuclear, on the one hand, and, “end-on” (") or “side-on” (#?) structures, on
the other hand,

M-O-O- M-0-0-M
“side-on” (#7%) “end-on” (1)
mononuclear peroxo binuclear peroxo

One of the general methods for the syntheses of transition metal-oxo compounds
may be presented by the following reaction scheme (1-3) [6, 7].

LM"+ O, —» LM ®V* -0-0O-

1
Superoxo M
LM ™D*.0-0- + LM™ — LM™D*.0-0 - LMMD* — 2L M(™2* =0 @)
H-peroxo 0X0
0 0
n n2 3
LMT+ 0y — LM "=y g

where L is ligand.

The high-valent metal-oxo M=0 may be formed by a direct reaction between the
metal ions and O, or O, in an aqueous solution (for instance, Cr**with O,, Fe*
with O;). In organometallic complexes, the combination of the early transition
metal ions with dioxygen and the consequent formation of metal-oxo moieties is
favored for two main reasons: first, the central ions of the complexes have high
electropositivity, and, second, the partially or entirely empty orbital of metal or
metal-ion is available for a m-donation from the ligand L [8].

A great number of high-valent metal-oxo compounds may be obtained by the
reaction of oxygen donor molecules with LM™. The most suitable oxidants may
be amine N-oxides (R;NO), iodosobenzene (C,H,IO or analogs of PhIO), sodium
periodate (NalO,), peroxyacids (RC(O)OOH), etc [9]. For instance, the following
reactions (4-6) are an example of the synthesis of nonheme-Fe=0 [9].

L Fe(II) + PhIO — L Fe(IV)=0 + PhI @)

L Fe(I) + ROOH — L'Fe(III)-OOR —L'Fe(IV)=0 + RO* 5)
2 L Fe(Il) + O, — [L Fe(IlT)-0-O-Fe(IlI) L] — 2L Fe(IV)=0 (6)
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Application of the Redox Concept in Oxidation Reactions

In general lines, the basic thermodynamic and kinetic principles of heterogeneous
or homogeneous-catalytic reactions do not differ from those for enzymatic
oxidation processes.

Before examining the peculiarities of oxo-atom transfer reactions in different
systems, let us determine their role and place in the classification of the reaction
mechanism for catalytic and non-catalytic oxidation processes. These brief notes
may be useful for understanding the principal differences between the
mechanisms of oxo-atom transfer reactions of different types in oxidation
processes.

Note an important peculiarity of the application of the redox concept related to the
oxidation reactions in particular cases. The classical concept of oxidation-
reduction (redox) reactions in organic chemistry, according to Breslow [10], is not
“well defined” and often encounters difficulties in understanding the reaction
mechanisms. An obvious example of this is the oxidation reaction of hydrogen
with dioxygen in the gas phase. According to the redox concept, here, hydrogen is
a donor of electrons and a reductant, whereas oxygen is an acceptor of electrons
and an oxidant. However, it is well known that in the gas phase reaction between
dioxygen and hydrogen, the main intermediates of the reaction, H, OH, O and
HO, species, are free radicals, but not ions formed by the direct electron transfers.
Therefore, in the given case, the direct application of the redox concept to the
reaction

2H, + 0, — 2H,0 (7)

where

2H, - 4e — 4H" oxidation of hydrogen atoms according to the redox concept

and

O, + 4e — 20* reduction of oxygen atoms according to the redox concept

from the point of view of the reaction mechanism, is a formality that has no
certain physical meaning.

It is obvious that the insertion of an oxygen atom into a molecule and the
formation of an oxygenate is not always oxidation or oxidative addition of
oxygen, as in the following reaction (8):
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CH,=CH, + H,0 — CH,-CH,-OH 8)

Here, there is no oxidation or reduction, this is a reaction reminiscent of
hydrolysis.

This “incomprehension” in the applications of the redox concept may be
overcome if the type of the reaction mechanism and its steps, including the steps
of electron transfers, were precisely determined. In general, the redox concept is
useful and directly applicable to a large number of reactions, including many
oxidation reactions that occur through oxo-atom transfer mechanisms. Note that,
in general, oxo-atom transfer reactions have either concerted or stepwise
mechanisms. They occur by radical (or so-called “rebound”) mechanisms when
metal-oxo species exhibit properties inherent to oxyl radicals [5].

Types of Reaction Mechanisms in Oxidation Processes and the Place of the
Oxo-atom Transfer Reactions within their Classification

The general classification of chemical reactions and their mechanisms may be
based on various physical and chemical properties of the systems under study
[11]. From the point of view of the phase states (gas, liquid, solid) of the initial
reactants and products, all chemical reactions can be divided into heterogeneous,
homogeneous, and bimodal (complex reactions consisting of both heterogeneous
and homogeneous constituents) [12]. If all reaction components of the system are
in the same phase, the reaction is homogeneous, and if they are in different phases
the reaction is heterogeneous. In turn, the overall reaction may be either catalytic
or non-catalytic. According to Sheldon et al. [13 - 15], from the point of view of
the reaction mechanisms, the oxidation reactions (heterogeneous or homogeneous,
as well as catalytic, non-catalytic, or autocatalytic) may be divided into three main
types. Oxidation of a very great number of inorganic and organic compounds
occurs by free radical mechanisms (1), which are essentially different from two
other types of catalytic oxidation reactions: metal or semimetal (ions) coordinated
substrate oxidation (2), and oxygen atom transfer reactions (3). The latter also
includes the mechanisms of oxo-atom transfer reactions of transition metals and
their organometallic complexes. Both the second and third types of oxidation
mechanisms related to the participation of metals or metal ions interacting with
the substrates were named heterolytic by Sheldon [14], in comparison with the
chain-radical reactions often named homolytic (taking into consideration the
formation of radicals by the homolytic cleavage of chemical bonds) [15].

1. In oxidation reactions occurring by radical and chain mechanisms, the active
intermediates are free radicals, the reactions of which in the fluid phases are chain
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processes [16]. A chain reaction can be initiated by the generation of free radicals
in the reaction medium through the application of catalysts (initiators), heating,
light irradiation, or electromagnetic waves of different lengths. One of the
peculiarities of the chain-radical oxidation reactions, particularly, with dioxygen,
may be considered the feasibility of the autocatalytic progression of reaction, due
to the degenerate branching of chains via the radical decomposition of main
intermediates. Usually, in the oxidation of hydrocarbons or oxygen-containing
organic compounds with dioxygen, hydrogen peroxide or organic peroxides are
intermediates responsible for the degenerate (partial) branching of chains.

In a homogeneous reaction system, the oxidation can be accelerated by the
addition of variable-valence metal ions (including transition metals or their
complexes with organic or inorganic ligands). They accelerate the decomposition
of peroxy compounds by the formation of free radicals, which partially participate
in the propagation and branching of radical chains. Usually, the following reaction
pathway may be taken into consideration in a homogeneous reaction environment
in the presence of metal ions [14]:

ROOH + M™ — ROO + M(*"* + H* )
ROOH + M®™" — RO + OH + M™ (10)

In particular case, if the peroxide compound is H,0, and M is Fe* ion in an
aqueous solution, which is known as the Fenton reagent [17], apparently, the
formation of radicals occurs according to the reaction mechanism first proposed
by Willstatter, Haber and Weis in the early1930s [18, 19]:

Fe* + H,0, — Fe* + HO" + OH (11)
Fe*" + H,0, — Fe*" + HOO" + H (12)
2 H,0, — HO" + HOO" + H,0 (13)

Note that this categorization of oxidation reactions given by Sheldon [13, 15] is
mainly based on data obtained in homogeneous liquid phase chain reactions of
oxidation. However, it may be extended to heterogeneous systems involving
oxidation reactions occurring through radical-like intermediates because, in this
case, there are profound similarities between the mechanisms of heterogeneous
and homogeneous oxidation reactions [12]. Examples of the formation of radicals
in the decomposition of hydrogen peroxide and organic peroxy compounds by the
heterogeneous pathway on the surfaces of solid substances, and their further
participation in the gas phase chain-oxidation reactions have been revealed by
Nalbandyan and Vardanyan in the 1980s [20].
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One example of homolytic oxidation by the radical pathway is the reaction of
arylalkane with O, in the presence of Co(Ill) acetate, the mechanism of which is
represented in a simplified form by Sheldon and Koshi [21] as the following
sequence of reactions:

ArCH, + Co(IIT) — Ar [CH,]"* + Co(II) (14)
Ar [CH,]" — Ar [CH,] + H' (15)

Ar [CH,] + O, — Ar CH,00’ (16)

Ar CH,00" + Co(II) — Ar CH,00Co(I1I) 17
Ar CH,00Co(IIT) — ArCHO + HOCo(IIT) (18)

In this scheme, reaction (17) can be represented as a sequence of the following
reactions (17a-17c).

Ar CH,00" + ArCH, — Ar CH,00H + Ar [CH,] (17a)
Ar CH,00H + Co(IT) — Ar CH,0" + HO" + Co(III) (17b)
Ar CH,00" + Co(II) — Ar CH,00 Co(III) (17¢)

Why are the radical mechanisms so widespread in oxidation chemistry? Since
most organic compounds under normal conditions are in a singlet electronic state
and dioxygen is in a triplet electronic state, the formation of oxygenates by the
direct combination of organic compounds with dioxygen in a concerted reaction is
spin-forbidden by the rules of quantum mechanics (see the section “Spin state and
reactivity”). One way to circumvent this restriction is the stepwise occurrence of
reaction as a chain-radical process. Note that the chain-radical reaction comprises
at least three main stages: initiation, propagation and termination of chains. In a
reaction medium, the homogeneous and heterogeneous catalysts play different
roles participating in one or more stages of the chain-radical process [12].

Some authors use the so-called oxidizability parameter k /(2k,)"” (where k, and k,
are the reaction rate constants of the chain propagation and termination stages,
respectively), when comparing the reactivity of different substrates [22]. This is a
kinetic parameter that depends on the reaction conditions. Note also that this
approach is applicable, if the reaction occurs only according to the “purely”
chain-radical mechanism, mainly during the liquid phase oxidation.

2. The second type of mechanism comprises the oxidation reactions of organic
compounds by the participation of metal ions or metal complexes. Their
characteristic peculiarity is the formation of an intermediate coordination complex
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with the substrate, which in turn can be decomposed to an oxidized product and a
reduced metal. The process may become catalytic if the reduced metal or metal
ion undergoes oxidation under reaction conditions with another (“second”)
oxidant agent. A classic example is the Wacker process (19-21) [23, 24].

R-CH=CH, + Pd*+ H,0 — R-C(0)-CH, + Pd’ + 2H" (19)

In the Wacker process, Pd can be re-oxidized indirectly, in the presence of CuCl,
and O,.

Pd° + 2CuCl, + 2CI' — [PACL,]* + 2CuCl (20)

2CuCl + 1/20, + 2HCI — 2CuCl, + H,0 (21)
The following scheme presents the proposed mechanism of an important reaction
(19) of the coordination of ethylene with Pd ions and the subsequent formation of
acetaldehyde [24, p.65 - 67].

OH

H H H H H H H H OH " 0
NS NS N/ H N NS N4
¢ i € n MO ¢ c i C ~ pa" ¢ pd" a
[| +Pd — ||---Pd - |/Pd”*> [|—Pd"— | P& — | + | —> Pd'+ CHCHO
N AN AN S N ats "
~
H H H H H H H H H/\H H H \H H

According to this mechanism, the process begins with the coordination of
CH,=CH, with Pd*" ions, partially replacing CI ions in the coordination sphere of
[PACL,]* (note that PACl, is insoluble in water, while [PdC1,]* is soluble). OH and
H,O can also enter the coordination sphere of the central Pd(II) ion. Apparently,
the nucleophilic attack of water on ethylene leads to the formation of an
intermediate, hydroxylethylpalladium, which is accompanied by the displacement
of H', although this intermediate has not been experimentally identified. Then, the
formation of vinyl alcohol can occur via the B-hydride elimination. Finally, the
abstraction of a proton with the formation of unstable palladium hydride results in
the formation of acetaldehyde. Here, the essential role of the coordination of the
metal ion with the substrate in the oxidation process is obvious [24, p.65].

The palladium (II) catalyst is also successfully used in other reactions, for
example, in the oxidative dehydrogenation of alcohols. The reaction mechanism
involves the coordination of the substrate by the complex metal ion, the formation
of an intermediate product, and further dehydrogenation, which leads to the
formation of aldehydes or ketones [25].
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3. The third type of reaction mechanism in oxidation processes, which is of
particular interest from the point of view of this work, is catalytic oxygen transfer
(this term was also proposed by Sheldon [14]). This includes oxidation reactions
with strong oxidants in the presence of metals, metal oxides, or their coordination
complexes with different ligands.

The first simplest examples of catalytic oxygen transfer reactions may be
considered the oxidation reactions of alkenes with a mixture of metal oxides
(0sO,, M00,, V,0;, CrO,) and hydrogen peroxide in tert-butanol solution, since
the1930s referred to as the Milas reagents [26].

OH OH
H,0,+ 050, N\ % (22)

YR

In general, oxidants are metal-oxo or metal-peroxo compounds that interact with
the substrates under homogeneous or heterogeneous conditions.

MX + H,0, (RO,H) — M-0-O-H (MOOR) + HX 23)
MX + H,0, (RO,H) — XM=0 + H,0 (ROH) 24)
M-0-O-R + S — SO + MOR 25)

XM=0 + S — SO + MX (26)

In this scheme, MX is a transition metal compound that forms metal-oxo or
peroxo moieties with H,O,. In the reaction with an alkene, metal-oxo or metal-
peroxo compounds transfer an O-atom forming an epoxide compound. It was then
transformed into vicinal diol, apparently by hydrolysis. Thus, this type of reaction
also includes oxo- or peroxo-type of oxygen atoms transfer to the substrate,
catalyzed by metal ions (metal oxides, organometallic complexes).

In heterogeneous catalysis, this type of mechanism is similar to the Mars-van-
Krevelen mechanism [12, 27] which may also be included in the Sheldon
classification of oxidation mechanisms. Obviously, the determination of the type
of oxidation mechanism is more complicated in biological systems, in a complex
heterogeneous-homogeneous environment, where various factors play an
important role in the formation and reactions of intermediates.

It should be noted that the division of the suggested mechanisms of oxidation
reactions into the above-mentioned types, is somewhat conditional. In the
following sections, it will be shown the feasibility of the appearance of the so-
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called multistate reactivity that is related to the existence of multiple spin states of
the metal-oxo moieties. For instance, FeO" complexes in the functionalization of
C-H bonds of hydrocarbons in the gas phase can exhibit two-state reactivity. The
spin states of the reactants can be changed during the reaction. As a result of the
changes in the spin state, the reaction mechanism also changes, passing from one
potential energy surface to another, energetically more favorable one. The FeO"
species in the reaction with methane in the gas phase, subsequently exhibit either
biradical properties, and the reaction occurs as a stepwise radical process, or the
properties of ordinary nonradical species, and the reaction occurs as a concerted
process. Thus, in certain cases, there is no “purely radical” or “purely non-radical”
reaction in oxygen atom transfer processes.

Finally, let us mention another peculiarity of the mechanism of oxidation
reactions. In the study of oxidation reactions, the overall process cannot always be
divided into “purely” homogeneous or “purely” heterogeneous reactions
occurring by free radical, electron transfer or other mechanisms. In a great number
of cases, the oxidation reactions exhibit a bimodal character involving both
homogeneous and heterogeneous constituents, each of which may be described
using different reaction mechanisms [12].

The Role of Oxo-atom Transfer Reaction in Catalytic Oxidation Processes

As mentioned in the introduction, the two main areas of catalytic oxidation
processes involve oxo-atom transfer reactions of transition metal complexes.

I. Catalytic or enzymatic oxidation of organic substrates via transition metal-oxo
or peroxo compounds in the presence of oxidant(s) other than the oxo-atom of
metal (ion) in the reaction medium [4 - 8],

II. Catalytic oxidation of water by the participation of transition metal-oxo
compounds.

I. In the case of heterogeneous or homogeneous catalytic oxidation of substrates
by metal-oxo compounds, the following catalytic cycle takes place,

[M=O]" + 8 — M + SO @7)
M®"?" +[0] — [M=0]" (28)

where S is an organic substrate.

The sources of oxygen atoms [O] can be O,, H,0,, DMSO, HJO, ROOH, lattice
oxygen, etc. Here, they may be referred to as the second oxidant with respect to
the primary oxidant [M=0]". A number of oxidation processes in the chemical
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and pharmaceutical industries are based on this scheme [28]. Some important
details of this catalytic cycle are provided in Chapter 4.

II. The summary reaction of water oxidation using transition metal-oxo
compounds as catalysts is as follows [29 - 31]

2[M=0]"+2H,0 — 2M"?* + O, + 4H" + 4¢’ 29)

From the point of view of practical use, the splitting of water is a source of
hydrogen, usable in different areas, including energy production.

2H +2e— H, (30)

The best catalysts for this reaction, presently, may be considered Ru, Co and Ir
organometallic complexes containing pyridine ligands [29]. There are catalytic,
photocatalytic and electrocatalytic pathways of water splitting [29, 30]. For
instance, in homogeneous catalysis, [Ru"(bipy),(H,0),0]* complex can oxidize
H,O [29 (p.42), 31]. In heterogeneous catalysis a number of metal oxides, such as
Ru, Ir, Fe, Co, Mn, are good catalysts for water oxidation [29]. Among them, IrO,
is known to be a catalyst with higher turnover numbers [29].

Electronic Structure and Nature of the Metal-oxygen Chemical Bonds in
Metal-oxo Complexes

The chemical properties of transition metal-oxo complexes in oxidation reactions
are related to the specificity of the chemical bonding between the metal ion and
the oxygen atom in the ligand- or crystal-field. As it has been mentioned above,
formally, an oxo-complex may be regarded as a compound in which oxy dianion
O is bonded with the metal ion M™?*. As a rule, O* ions are nucleophile species.
However, many experimental results indicate that oxygen atoms in oxo-atom
transfer reactions exhibit either electrophilic or nucleophilic reactivity [32 - 34].
The explanations of these observations are related to the concept of partial or full
electron transfer from the metal (metal-ion) to oxygen by the formation of
different resonance structures of the metal-oxo moieties under certain conditions
[32, 33]. According to Yamaguchi et al. [34], the transfer of the following
resonance forms of oxo-complexes from one to another may be observed
depending on the nature of the metal, ligand and reaction environment:

Lm M*0* & Lm MO LmM=0 & Lm M- O < Lm M O" @31)

Lm is ligand.
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For a metal ion M™, these variable resonance forms of the metal-oxo species (31)
can be rewritten as

L M(n+2)+ 02» - L M(n+l)+ O- - L Mn+: O <L (Mn+)._ Oo oL (Mn+)- OJr (32)

L is a ligand other than the oxo-atom, and M is a transition metal. As an example
of the mentioned resonance forms, taken from this row, let us consider LM'- O°
complexes containing metal-oxyl moieties. Recently, their formation, electronic
structure, properties and reactivity, particularly, their possible role in the oxidation
reactions, have been presented in detail in a review article by Shimoyama and
Kojima [33]. According to these authors, -O’ is a radical-ligand that can be formed
from a metal-oxo compound in the (n+1)+ oxidation state of transition metal and
represented as:

M= Q > M™- O (33)

Examples include metal-oxyls Zn(II)-O"; Fe(IV)-O" and Ru(II)-O’. Moreover, the
appearance of the triplet biradical form of an oxo-atom reminding O(CP) is
postulated in a number of investigations [33, and within].

Transition metals or their cations, with some exceptions, have partially filled d- or
f-subshells (elements of the d- and f-blocks of the Periodic Table). For example,
divalent cations of transition metal elements have the following electronic
configurations of the d-atomic orbital (in this row Zn is considered as a transition
metal) [35a]:

Sct T V¥ Cr¥* Mn* Fe” Co* Ni#* Cu* zZn*
3d? 3d? 3dd 3d* 3d° 3d° 3d” 3d® 3d° 3d¥°

For example, Fe*" ion has an electronic configuration d° and the following spin
state.

(4 + + ++)

In the octahedral crystal field (as well as in the ligand field) the five degenerate
atomic orbitals of a d-metal or metal-ion are split into two energetically different
groups of orbitals: e, (high energy): d;, d; ; and t,, (low energy): d,, d,,, d,,.
(Fig. 1) [35 b.36].

Xz
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Fig. (1). Energy diagram of the splitting of d orbitals of transition metals in the crystal field [35 b].

Two important parameters determine the probability of the appearance of these
energetic states. One is the crystal field splitting energy (A) and the second is the
spin pairing energy (P). If A>P (strong-field), the electrons tend to occupy lower
energy orbitals. If A<P, the electrons tend to occupy the orbitals of higher energy
levels [35, 36].

Two energy diagrams of the molecular orbitals of different metal-oxo moieties are
presented in Fig. (2). It is obvious that in complexes with the electronic
configuration of metal d°, the chemical bond between the metal and oxygen is
double and consists of ¢ and © molecular orbitals (Fig. 2a). In the case of d*-
metal, the triple bond between the metal and oxygen dianion consisting of ¢, &
and & molecular orbitals for octahedral complexes is shown Fig. (2b). The
sequence of molecular orbitals with respect to their energies is the following: ¢ <
T <d, oy < T <oc*... Then, when n>2 in the electronic configuration of the
metal (d"), the electrons will also fill the next non-bonding and antibonding 7" and
o molecular orbitals [36]. This leads to a decrease in the bond order and a gradual
destabilization of the complex. Therefore, it is not surprising that transition metal
complexes with electronic configurations d°, d', d?, such as terminal oxo
complexes W(VI, V, 1V), Mo(VI, V, 1IV), V(V, IV), are thermodynamically
stable, while in the case of the electronic configurations d°, d* ... they are less
stable and more reactive. In general, a comparison of the chemical properties of
the early (elements of 3-7 groups) and later (elements of 8-12 groups) transition
metal oxides show that, for octahedral complexes, the corresponding metal-oxo
bonds are stronger for most of the early transition metal compounds than for the
later transition metal compounds containing an oxo-ligand weakly bonded to the
metal. In other words, the oxo-complexes of early transition metals are
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thermodynamically and kinetically stable. The difference between the metal-oxo
bond energies of these two groups of elements is about twice (Table 1) [37].

2-
M(d°) M=0 0 M(d?» =0 o

—_— — — — — nonbondin ;
G e o _ _ __ nonbonding
n* i a*
Ty e —— — — nonbonding i 7777777 ___ mnonbonding
o sndys dy. dw, dy
tau ‘ NN
PP P, b P, P,
***** [ — — — O
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a b

Fig. (2). Energetic diagrams of the metal-oxo moieties of the complexes, where metal ions have: (a) d°
electronic configuration and form double chemical bond with oxygen dianion; (b) d” electronic configuration
and form triple chemical bond with oxygen dianion, in octahedral crystal field. (Adapted from Ref [36].).

Table 1. First Row Transition Metal-oxo Bond Strengths (kcal/mol)*.

Metal D,(M"- 0) D,(M-0) Metal D,(M"-O) D,(M-0)
Sc 159 +7 161+ 3 Mn 5743 85+4
Ti 161+5 15842 Fe 69+3 93+3
% 131+ 5 146 + 4 Co 64+3 87+4
Cr 85+1.3 110 +2 Ni 45+3 89+5

D, is energy of chemical bond between the metal (M) or metal ion (M+) and oxygen
*Taken from the work: Kang H., Beauchamp J. L. J. Am. Chem. Soc. 1986,
v.108, p. 5663, and references therein, they were represebted also in Ref. [37].

Thus, one may state that, in general, the electrophilic properties of metal-oxo
species are related to the relatively low negative charge of oxygen, compared to
the case of a simple double bond. The weakness of the chemical bonding of
metal-oxo often leads to the formation of atomic oxygen, a biradical in the triplet
electronic state ‘O° (°P), as it has already been mentioned above. The properties of
metal-oxo complex compounds depend mainly on the formal oxidation number
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and charge of the metal-ion [3, 6, 7]. For the first time the nature of the triple
chemical bonding between the early transition metals V** and Mo*" and oxygen
was established by Ballhausen and Gray in the 1960s [1, 2, 35a, 38]. This finding
permitted him to give an explanation to a phenomenon named “oxo-wall.” It is an
empirical observation showing that the terminal metal-oxo complexes of elements
from 9 toll groups are very rare, and they have square-pyramidal, trigonal-
pyramidal, and square-planar, but not octahedral, geometries. The observed
phenomenon divides the transition metal elements between 8 and 9 groups as an
“oxo-wall” (Fig. 3).

sc| Ti| Vv | cr|Mn|Fe = Co| Ni|Cu| zn

Y | Zr [Nb[Mo| Tc [Ru [T T|Rh|Pd |Ag|Cd

Lu| Hf|Ta|W |Re |Os ] Ir | Pt [Ag|Hg

Fig. (3). Oxo-wall.

In other words, the existence of stable complexes with terminal oxo ligands is not
possible in the field of tetragonal ligand for elements with more than 5 electrons
in the d orbital. However, oxo complexes beyond the oxo-wall, as intermediates
are often postulated to be involved in the mechanisms of oxidation reactions [33].

General Types of Reactions of Metal-oxo Complexes

In general, the chemical reactions typical of metal-oxo compounds can be divided
into at least three main groups: oxo-atom transfer, hydrogen atom abstraction,
and oligomerization (so-called olation or condensation) reactions [39]. In the
present work, we focus mainly on the oxo-atom transfer reactions, which are also
related to the hydrogen atom abstraction reactions.

Mechanisms of Oxygen Transfer Reactions of Metal-oxo Complexes

According to Holm [4], oxygen atom transfer reactions have been known since
1912 based on the work of Hofmann, who investigated the oxidation of maleic
acid with OsO, and the in situ oxidation of OsO, by aqueous chlorate to initial
metal oxide.

The two main groups of oxygen transfer reactions are known as intra- and
intermolecular transfers of oxo-atoms in oxidation [40].
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Oxygenation of arene C—H and C-F bonds into C-O by tetranuclear iron
complexes [LFe,(PhPz),0Fe]*" and [LFe,(FArPz),OFe]*" in interaction with
oxygen atom transfer reagents (PhlO) is an example of an intramolecular-type
reaction, apparently, occurring through the formation of the terminal iron-oxo
intermediate species and further transfer of the oxygen atom [40, 41].

The second group of oxo-atom transfer reactions, intermolecular reactions, is
more widespread than the intramolecular reactions [42].

M=0 + M’ — M-O-M’ (u-bridge) (34)

where M=0 is oxygen donor and M’ is acceptor. This type of oxo-atom transfer
reaction (34), according to Holm [4], is incomplete, in comparison with the
following reaction (35) named complete transfer of oxo-atoms

M=0 + M’ — M + O=M" (35)

Reaction (34) is typically two-electrons transfer redox process, whereas reaction
(35) involves a net one-electron transfer [42]. Note that reactions (34) and (35)
may more often be consecutive steps of the oxidation process.

The reactivity pattern of the intermolecular oxo-atom transfer is especially rich for
the compounds containing high-valent transition metal oxides [4 - 7]. For
instance, [Fe(IV)=0]*" complexes (as complexes of [(N,Py) Fe(IV)O]*) are
capable of oxidizing phosphines, organic sulfides, alkenes (cycloalkenes), cis-
stilbene, and even some saturated hydrocarbons as cyclohexane [43].

The mechanisms of oxygen atom transfer from metal-oxo complexes in the
oxidation of organic or inorganic compounds and substrates in chemical and
biological systems may be conditionally divided into two main types [44]:

1. The chemical compound or substrate interacts directly with the metal center to
form an intermediate complex, the decomposition of which provides an oxygenate
product and a reduced form of the metal in an organometallic complex. Thus, the
primary reaction involves the inner sphere of the metal-oxo complex. Obviously,
depending on the nature of the interaction of the substrate with the coordinated
metal, the reaction mechanisms may be different. Examples of inner-sphere
interactions include o-bond metathesis, oxidative addition of a substrate or
electrophilic substitution of a substrate to the metal center, and others. In
electrophilic substitution reactions, a cation coordinated three-center intermediate
may be formed.
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H-—R - 36
LM=0 + R—-H — . +0 |=> LM + ROH (36)

LM

2. Oxygen atom transfer takes place during the interaction of the substrate with
the oxo-ligand of transition metal complex. Therefore, this may be referred to as
an outer-sphere oxo-atom transfer reaction. There are two different reaction
mechanisms related to the oxo-atom transfer: concerted (37) and stepwise (radical
or oxygen rebound mechanism, 38) occurrence of the oxygen atom transfer.

R
LM=O + R_.H — |[IM O |— LM + ROH
“H 37)
) (38)
LM=0 + R-H — LM—0\+ R|— LM + ROH
H

Note that radical reactions are usually not very selective processes, and different
byproducts (such as LM-OR, RHO and others) can be expected to be formed.

In the case of the catalytic oxidation by the participation of high-valent transition

metal organometallic complexes, the summary reaction corresponds to the scheme
[7, 8].

LM+[0]+S —LM=0+S—LM+SO (39)

L, is ligand S substrate and [O] is O,, H,0,, DMSO, HJO, ROOH, efc. Among
these oxidants, dioxygen is the most available and cheapest reagent. In the case of
dioxygen, the oxidation has some peculiarities observed for high-valent transition
metal-oxo and dioxo (Mo, W, Ru, efc.) organometallic complexes used as
catalysts or intermediates. Let us consider one of these. Experimental data
indicate a quantitative compliance to the stoichiometry of the reaction (40),
occurring through oxo-atom transfer to the substrate in the oxidation of a number
of chlorinated aryl alkanes, using Mo-dioxo organometallic complexes (for
example, dioxo-molybdenum(VI)-dichloro[4,4'-dicarboxylato-2,2'-bipyridine],
anchored on TiO, support) [45].

0
I (40)
IM=0 + § —» LM=0 + SO

In the presence of dioxygen in the reaction medium, oxidation of the substrate
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becomes catalytic. A significant self-acceleration of the reaction and an almost
two-fold increase in the turnover number and the yield of oxygenated products
were observed. One of the possible explanations for these observations may be the
consideration of the following reactions (41-42) of the formation of intermediate
oxo-peroxo moieties, in the mechanism of the overall process:

0-0
L O-0 % (41)
LM=0 » LM=0O —» LM=0
9
0-0
N/ + § —» LM=0 + SO (42)

LM=0

In general, there is a good agreement between the experimental data and the
stoichiometry of reactions 40-42. Thus, this reaction is an example of oxidation
when both oxygen atoms of dioxygen are fixed and used in the catalytic
oxygenation of substrates without by products.

Functionalization of the C-H Bond via Abstraction of a Hydrogen Atom.
Oxygen Rebound Mechanism

One of the central problems in the chemistry of transition metal-oxo complexes is
the revelation of the mechanism of C-H bond functionalization in substrates under
conditions, providing high selectivity that is available only in certain enzymatic
processes. Hydrogen atom abstraction from the substrate is a reaction of
fundamental importance in transition metal-oxo chemistry. There are two possible
mechanisms for hydrogen abstraction from the substrate [46 - 48]. First, the
reaction involves electron transfer from the substrate to the metal center of the
metal-oxo complex and a combination of proton to an oxygen atom, also known
as proton-coupled electron transfer (PCET) [46]. The second mechanism is a one-
step and direct transfer of the hydrogen atom from the substrate to the metal-oxo.
Usually, in both cases, the overall reaction leads to the formation of an
oxygenated substrate via the elimination of OH species and oxygen rebound to
form ROH. For example, the high-valent transition metal-oxo porphyrinoid
complexes, such as -Cr¥(0), -Mn"¥(O) and -Fe"(O), exhibit high reactivity in
hydrogen atom transfer reactions from substrates [47]. Studies on the
thermodynamic aspects of hydrogen atom abstraction reactions show that
synchronicity or asynchronicity in the case of H'/e transfer is a determining
factor in a two-step reaction [48]. These two types of mechanisms may be
differentiated by applying the method of the primary kinetic isotope effect in
investigations [46, 49].
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The so-called “oxygen rebound” reaction mechanism [50] has been suggested in
many enzymatic oxidation processes via the abstraction of hydrogen from the
substrate and the formation of radical R.

LM"=0 + RH — LM®"*~ OH + R’ 43)
In this mechanism, the primary reaction of H-abstraction from C-H occurs by the

formation of the so-called “intermediate cage” [50]. If the central ion is Fe"' the
formation of the following “caged” intermediate is suggested,

[Fe (-D*_OH .... ‘R] (44)

cage

This intermediate can undergo different transformations. One of them is oxygen
rebound to form the product

[Fe (n_l)+— OH ecee R] —) ROH + Fe(n-2)+ (45)

cage

or rebound to a heteroatom (non-oxygen atom) affording R—X,

[Fe" " OH ... -R] % RX + Fe™ " OH (46)

Other pathways include the electron transfer of the incipient radical to yield a
carbocation R", and desaturation to form olefins,

[Fe™ " OH .... -R] & [Fe(™*~OH +R*] > R’ +[Fe®2"—0H] (*7)

and radical cage escape,

[Fe®@D* OH .... .R] % [Fe™?*- 0] + ROOH (48)
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Here, the ratio of the metal-oxo and C-H bond strengths is the major factor that
determines the type and direction of the reaction.

The catalytic cycle in the oxidation of the substrate by the participation of ferryl
Fe™ ions is presented in Fig. (4) [50].

' X

Fig. (4). Ferryl-mediated catalytic cycle of an oxidation reaction of the substrate (S), X is a heteroatom (non-
oxygen atom), adapted from the ref [50].

Thus, the oxygen atoms of transition metal-oxo organometallic complexes can
exhibit two different types of reactions with organic substrates: first, direct
oxygen-atom transfer to the substrate; second, hydrogen atom abstraction from the
substrate, hydroxylation of the metal ion, and formation of the products [51]. The
occurrence of these reactions depends on at least some main factors including the
redox potential of the metal center, the strength of the C—H bond broken and the
energy of the new bonds formed [46]. The electrophilicity or nucleophilicity of
oxo-complexes, which are expressions of the strength of the M-O bonds, may be
considered as determining factors in these processes. In the case of the high-valent
metal-oxo species, usually, the predominant reaction pathway in the enzymatic
activation of the C-H bond is the H-atom abstraction and the oxygen rebound
mechanism [52]. The primary, secondary, or tertiary C-H bonds, as well as C-H
bonds in saturated and unsaturated hydrocarbons have different electronic
structures, therefore, the mechanism of their functionalization can also be
different [53].

There is known a correlation between the strength of the metal-oxo bond and the
redox potentials of oxo-complexes defined relative to a normal hydrogen
electrode (NHE) [54]. Other parameters that are essential for the cleavage of C-H
bonds are the equilibrium constants between the metal-oxo and metal-hydroxo
(conjugated acid) species, which also correlate with the C-H bond energy data of
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the substrate. Combining these data in a thermodynamic cycle, the bond energy
E,,; can be estimated with an error of about 10% (Fig. 5) [54]

M"=0]- E°-M"Tl= ot

E :
p I|<a / T p I’(a
M- OH] - Fo- M lom] 2+

Fig. (5). Relationships between the thermodynamic parameters of C-H cleavage of a substrate during its
interaction with the metal-oxo moieties [54].

where K, is the constant of acid-base equilibrium for metal-hydroxo species
(conjugate acid for metal-oxo) under the given thermodynamic conditions and p**
= -1g K,. Egy 1s the bond dissociation energy of the OH bonds.

The thermodynamic analysis based on this cycle leads to the following equation:
Eoy =23.06 E° +p*+ C

where E° is the redox potential of the one-electron reduction of the metal center, C
is a constant depending on the nature of the solvent and the redox potential of the
system and p** = -1gK, About 10% of the possible inaccuracy may be expected in
the estimation of E., according to this equation in the oxidation of substrates.
Applying this equation, Borovik [54] examined manganese-oxo complexes
((Mn'"YH,buea(O)] and [Mn'YH,buea(O)]* complexes with 9,10-di-hydro-
anthracene), and concluded that basicity or acidity plays a crucial role in the C-H
bond functionalization in oxidation processes. Data obtained for systems with
different metal-oxo species of transition metalorganic complexes show that the
energy required to rupture the C-H bond must be comparable to the energy
produced to form the MO-H bond [54].

Mechanisms of Catalytic Water Oxidation by the Participation of Transition
Metal-oxo Moieties

Water oxidation catalysis by transition metal complexes usually begins with the
formation of oxo or oxyl species by different reaction pathways. The summary
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reaction is the following
[M=0]" + H,0 —» M™»" + O, + 2H" + 2¢: (49)

In this reaction, two different mechanisms have been suggested [55] depending on
the predominant resonance form in the metaloxo-metaloxyle equilibrium:

[M=0]" « [M-O """ (30)

I. According to the first mechanism (Scheme I), the formation of O-O bond
occurs as a result of a nucleophilic attack of either water or hydroxyl group on
the oxo moieties [55]. The intermediate is a hydroperoxide, the reactions of
intra- or intermolecular deprotonation of which lead to the formation of
dioxygen and a reduced metal ion. The final stage is the recovery of the catalyst
in a reaction medium, performed by some ways. A brief mechanism of water
oxidation, in this case, may be presented by the following scheme consisting of
three stages (Scheme I, reaction stages 1-3) [55].

Scheme I

1. a. Nucleophilic attack of water on the metal-oxo moieties

H\O P|I

-H

¥ o

0 H 0 0 H
AN —» |

11|4n+ + o-H —* 1l|4“+ (-2

b. Nucleophilic attack of hydroxyl ions on the metal-oxo moieties

H
|
0O

s/

0]
]l|/[n++ (O-H” — ]\|/[(n-2)+

2 a. Intermolecular deprotonation assisted by compound A (base)
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b. Intramolecular deprotonation

" i
\ _H

' 0 /O /H

O (I) — O 0

IU[H* R [|\A(n-2)+ l|1

c. Deprotonation of second hydrogen and release of dioxygen

!
9] O
s 7 +

0 — 0 — M"+0,
+
- H RRSIS

3. Regeneration of the oxo/oxyl moieties of a transition metal

~.H
H 0 0
2)+ H

¢
MO 1,0 > MO — o+

-2HT

II. According to the second mechanism of the water oxidation reaction (Scheme
II), the radical coupling of two adjacent metal-oxo/oxyl moieties produces
peroxidic compound that hydolyses into M-OH and M-OOH in the reaction
medium. Consequently, dioxygen is released by the formation of M-O-M
(Scheme II).

Scheme 11
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Spin State and Reactivity of Metal-oxo Complexes. Two Spin State and
Multiple Spin State Reactivities in the Mechanisms of Oxo-atom Transfer
Reactions

The chemical reactivity of oxo-complexes depends on a large number of factors
and parameters of the chemical systems and, the first, on the nature of their
electronic structure. In this regard, the spin states of chemical entities are
fundamental to wunderstanding their reactivity under certain conditions.
Historically, the first important attempt to reveal the role of the spin state in the
reactivity of reactants was the application of the conservation rules related to the
orbital angular momentum and spin in the chemical reactions of diatomic
molecules by Wigner and Witmer in 1928 [56]. These rules, based on symmetry
considerations, state “that transitions between the terms of the same multiplicity
are spin-allowed, while transitions between the terms of different spin-multiplicity
are spin-forbidden” [3]. In other words, the chemical reaction may be either spin-
allowed or spin-forbidden depending on the molecular terms of the reactants and
products. Later Woodward and Hoffmann, as well as Fukui formulated more
general rules of the conservation of orbital symmetry in the chemical reactions
[57]. These rules make it possible to theoretically predict the occurrence of certain
reactions based on the electronic configurations of chemical entities participating
in the reaction. In a spin-forbidden reaction, the spin angular momentum is not
conserved, and the reactants have a spin multiplicity that differs from the spin
multiplicity of the products, while in a spin-allowed reaction, the total spin of the
reactants is conserved. However, despite the restrictions imposed by the spin
conservation rules, many reactions, formally referred to as spin-forbidden, are
ubiquitous [8, 58 - 60]. How can these restrictions be overcome during the
reaction?

The same chemical compound or substrate may have different spin states. Each of
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them has its own potential energy surface for a certain chemical transformation. If
the potential energy surface corresponding to the given spin state of the reactants
has no points of intersection (crossing) with other potential energy surfaces
corresponding to other spin states of the same reactants, the pathway is termed as
single-state reactivity (Fig. 6a) [58, 59].

A A
o 25 .
z Transition state = Transition state
= =
2 =
o
Spin inversion
point .
/ ™ C+D+
; -
(A+B)y,”
-
A+B A+B
=7
Single-state reactivity Two-state reactivity

Fig. (6). Reaction profiles showing changes of the potential energy of reactants A+B to products C+D in an
endothermic reaction: (a) single state reactivity (solid line) ; (b) two-state reactivity (solid and dashed lines).
(A+B)* is excited state of A+B reactants. The crossing (intersection) point of two profiles is the spin
inversion point. Flashes indicate the movement of reactants corresponding to the minimum energy reaction
pathway, involving a part of A+B reaction profile (solid line), till the spin inversion point, and a part of
(A+B)* reaction profile (dashed line), after this point. Adapted and modified from Ref [59 (p.106)].

If there is at least one point of intersection (crossing) between the two potential
energy surfaces, the resulting reaction pathway is known as a two-state reactivity
pathway. According to the thermodynamic principle of minimum energy, for a
given chemical transformation, the reaction occurs along the minimum energy
pathway. Therefore, the initial reaction pathway may change during the reaction,
passing to other pathway with a lower potential energy surface, when the potential
energy surfaces intersect. The profiles of the two reaction pathways intersecting at
one point are shown in Fig. (6b). The number of crossing points of two reaction
pathways can exceed one. If one or more transitions from one reaction pathway to
others take place in the reaction system, the phenomenon is characterized as two-
or multi-state reactivity, and the intersection (crossing) point(s) is termed the
point(s) of crossing of the minimal energy [58]. As it has been appeared by the
DFT calculations [60], in chemical systems, the spin states can be changed during
the reaction as nonadiabatic spin inversions, transition from one spin state to
another (“rearrangement” of states). This can happen if there is a certain
mechanism of interaction for coupling two potential energy surfaces at minimal
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energy crossing points. The theory of electronic structure does not predict any
mechanism of interaction between different potential energy surfaces. In a spin-
forbidden reaction, the spin-orbit coupling, as well as spin-spin interactions, can
play such a role serving as a “mechanism for coupling of two potential energy
surfaces” [58, 60].

The parameters of the induced spin-orbit coupling depend not only on the crystal
and ligand fields, but also on the nuclear charge of metal atoms. Therefore, they
are more significant and larger for the elements of the third row of the periodic
table, than for those of the first and second rows. Usually, the splitting magnitude,
originating from the spin-orbit coupling, becomes significant, when the maximum
of the vibrational energy of the bond(s) at a given molecular geometry becomes
close to the minimum energy at the crossing point of the two potential energy
surfaces [60]. Here, the crossing probability, in other words the probability of
transition from one spin state to another, can be obtained by quantum mechanical
calculations. By inserting the probability parameters into the rate equations, the
rate constants can also be calculated and compared with experimental data [60].

In certain cases, the concept of multistate reactivity permits to understand the
unusual kinetic features of oxo-atom transfer reactions [58 - 61]. As a classical
example of two-state reactivity may be considered the reactions of FeO" in the gas
phase with different substrates [62, 63]. Let us consider the electronic
configuration of this late transition metal-oxo compound. Fe’ (or Fe(I)) ion has
the following electronic configuration [Ar]3d®4s'. An electronic diagram of the
molecular orbitals of FeO" is presented in Fig. (7). The molecular ion FeO" has 25
electrons and the following electronic configuration of the molecular orbitals [62].

Gz(nJr)z(ﬂ:_)z dlxy dle-yZ (/}fr)*1(1.5-)*1’/127451
In [61] it is presented as,
20 I(m) 1(m,)* 13", 18, 2(n,)' 2(m,)'3c"

Its ground state molecular term is sextet °X’ corresponding to the high-spin state
[63].

The electronic configurations of the next higher energy levels relative to the
ground state are states with quartet and doublet multiplicity. The lowest
energetically excited state (higher than the sextet energy level (ground state), but
lower than the doublet state level) has the following electronic configuration:

o’ (n') ()’ &’y d'y, (n)" (m-)"
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This is a quartet spin state (it has the term *® or “A), and corresponds to the
excited low-spin state compared to the ground sextet state. Note that the
theoretical predictions [62] and experimental data [63] of the electronic structure
of FeO" were in satisfactory agreement (Table 2).

Fe+ FeO

3d
dw dudye deyedy

Fig. (7). Energy level diagram of the molecular orbitals of FeO" in the ground and high-spin state electronic
configuration (nb is a nonbonding molecular orbital). In this diagram the energetic position of 4s-atomic and
nb(4s)-molecular orbitals have been chosen arbitrarily [61, p.109].

Table 2. Electronic structure, spin state and molecular terms of FeO" ions.

Electronic State Electronic Configuration Spin State Term Refs.
FeO" ground state (Y (wy d'e, d', () (n-) "'nbdsc' high-spin o [61, 63]
FeO" excited state o’ () (w) &pp d'y, ()" (n-)" low-spin ‘@ or*A | [62, 63]

As it has been mentioned by many authors [59, 61(p.104)], there is an obvious
analogy in the reactivity of sextet FeO" (high-spin ground state) and triplet
dioxygen in reactions with organic compounds. On the other hand, FeO" species
are radical-ions with the resonance structure Fe"— O * rather than molecules with
Fe'™=0 double bonds. Therefore, in the ground state of FeO", the pathway of the
stepwise radical reaction in the interaction with organic compounds is significant
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and often more expected than the concerted reaction with the same substances.

The peculiarities of the reactivity of FeO" and other metal-oxo species in oxygen
transfer reactions may be obviously exemplified by two reactions: the first with
hydrogen [64, 65] and the second with methane [59] or, more generally, with
hydrocarbons RH [61(p.104)]. They are relatively more investigated by both
theoretical and experimental methods and can be considered prototype reactions
in biology from a didactic point of view.

A priori the reactions of FeO" both of in the sextet and quartet spin states with the
hydrogen molecule in the gas phase are as follows:

FeO' (°T) + H, — Fe'(‘D) + H,0 (49)
FeO' (“D) + H, — Fe'(F) + H,0 (50)

Both reactions 49 and 50 are highly exothermic and, at the first glance, spin-
allowed for the transformations of reactants to products. Therefore, it seems that
there are no restrictions limiting the rate of these reactions. However, the reaction
of FeO" with H, is very slow. The reaction pathways obtained by quantum
mechanical calculations for reactions (49 and 50) are shown in Fig. (8).

FeO' + H,
Crossing points

low spin — — -

high spin

Energy

Fe*+ H,0
_____ low spin

high spin

Fe(OH,)"

Fig. (8). Energy profiles of the reaction pathways for FeO" + H, system [64, 65].

These two reactions proceed by different mechanisms. The reaction pathway (50),
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which corresponds to a low-spin state but a relatively high-energy (electronically
excited) state of FeO" (“®@), can be started as a concerted and spin-allowed
reaction. Conversely, in the initial interaction of FeO" (°X") and H, (reaction 49),
as it was mentioned above, the reaction can have a radical mechanism. The
occurrence of the reaction is related to two changes in the spin states of the
reaction system. Based on the presented pathways in Fig. (8)., and taking into
consideration the thermodynamic principle of minimal energy, the reaction starts
as an interaction of high-spin state FeO™ with hydrogen. Then, at the crossing
point with the low-spin state pathway, the reaction continues by the pathway
corresponding to the system with the low-spin state, changing the mechanism of
the interactions. At the second crossing point, the system again changes its spin
state and returns to the high-spin state pathway. Therefore, the final product was
obtained in the sextet spin state. Thus, according to this description, the overall
reaction pathway exhibits two-state reactivity. It is also evident that both changes
in the spin states significantly lower the activation barriers during the reaction.
Apparently, due to the overcoming of the very high energetic barriers for the
reaction (49), the overall reaction of FeO" with H, becomes possible, although the
extent of the reaction is not high [61]. However, experimental investigations of
the gas phase reaction showed that the predominant product of this reaction was
the quartet spin state Fe"(‘F), but not the sextet spin state Fe*(°D) [65]. It is also
obvious that the potential energy surfaces obtained in early quantum mechanical
calculations do not completely agree with the experimental kinetic data for this
reaction [65].

The formation of the product Fe* (*F) occurs by the following reaction:
FeO" (°T") + H, — Fe'(°F) + H,O (51)

At the same time, it was revealed that in a reaction with high energy reactants, the
predominant reaction was the hydrogen atom abstraction with the formation of
FeOH", and at intermediate energies, the radical (“rebound”) mechanism was
more significant. According to the authors [64], the two-state reactivity in this
system is pronounced as a spin inversion in the initial reaction complex from the
sextet to quartet and as “a much less efficient quartet-sextet back-inversion in the
final reaction complex”. In any case, the kinetic data of the reaction (51) indicate
the usefulness of the multistate reactivity concept for understanding the
peculiarities of the reactivity of a metal-oxo compound in an oxygen atom transfer
reaction.

Let us return once again to the above-mentioned analogy in the reactivity of
dioxygen and metal-oxo species, from the point of view of the reactions of these
reactants with hydrogen. Triplet dioxygen (biradical) does not react with
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hydrogen in the absence of external factors generating radicals in the system
(heat, irradiation, the addition of catalyst or excited species, efc.). An isolated
gaseous mixture of hydrogen and oxygen can be stored practically infinite under
certain conditions. This spin-forbidden reaction occurs as a stepwise process via
the radical and chain mechanism, if it is initiated in any way. On the other hand,
the reaction between hydrogen and singlet oxygen ('A) is a spin-allowed reaction,
as both the initial reactants and the product of reaction H,O are in the singlet state.
However, according to the experimental results, in the gas phase, the reaction of
O, ('A) with hydrogen also occurs predominantly by the chain-radical mechanism,
but not as a concerted reaction [66]. Apparently, singlet oxygen participates in the
initiation stage of the chain radical process, reducing the induction period of the
chain initiation reaction. Thus, in the reaction of singlet O, with hydrogen, the
possibility of the two-state reactivity and the existence of at least two minimum
energy crossing points on the potential energy surfaces may be hypothesized: the
first is the transfer from the low-spin state (exited state) pathway to the high-spin
state (ground state) pathway; the second is the reverse transfer since the final
product is in a singlet spin state. Unfortunately, to the best of our knowledge,
there are no extended DFT quantum-mechanical calculations or experimental
investigations related to this hypothesis.

These observations are also evidence of the specificity of the electronic structure
and reactivity of metal-oxo species. Two-state reactivity was also revealed in the
gas phase reaction of FeO" cation with methane [59 (p.154)]. The profiles of the
potential energy surfaces of sextet and quartet FeO" are shown in Fig. (9).
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Crossing poinis

FeO' + CH, +
. Fe' + CH ,OH

lowspin _ _ _ _ N
> high spi
&I) 18 spin _ low spin
[P} high spin
=
54

Fig. (9). Energy profiles of reaction pathways for FeO'+ CH, system [67].

The reaction mechanism for the system FeO™+ CH, can be based on two different
pathways. Taking into consideration all the above explanations related to the
electronic structure of FeO", these two pathways for the primary interaction may
be represented by the following scheme [61].

Tt i1 1 oo

ézh High-spin Fe* - O + CH3- H — CHs. . . .Fe* - O - H (52)

I i oo
(‘D) Low-spin  Fe* -O +CHs - H —» CHs-Fe*-O-H
I

There are two crossing points on the pathways of reactions 52 and 53, which
indicate the changes in the spin states and reaction mechanisms in this system.
The computational data show that due to the two-state reactivity phenomenon, the
energy barriers of transition states of (CH,FeOH)" are significantly lower for
reaction 53 than for reaction 52 [67]. The formation of (CH,FeOH)" is more
probable by a low-spin reaction pathway than by a high-spin pathway, as at a
low-spin state, there are energetically low-lying empty molecular orbitals of FeO",
which can be used to form new chemical bonds. In the sextet state of FeO", these
molecular orbitals are filled.

(33)
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In the general case, the phenomenon of two-state or multistate reactivity is
exhibited in many reactions of transition metal-oxo compounds with saturated and
unsaturated hydrocarbons. For instance, the reaction pathways corresponding to
the early transition metal-oxo compounds, such as ScO’, TiO", VO, CrO", and
MnO" in reactions with alkanes usually have only one crossing point,
corresponding to the spin inversion from a low-spin (ground state) to a high-spin
state pathway in the reacting system [59].

SOME CONCLUDING REMARKS ON MECHANISMS OF OXYGEN
ATOM TRANSFER REACTIONS

This brief presentation of the mechanisms of oxygen transfer reactions of
transition metal-oxo complexes demonstrates their diversity and specificity in the
oxidative catalysis of substrates and in the oxidation of water, which are of great
theoretical and practical importance in chemistry and biology.

As has been shown above, there are two general types of reaction mechanisms in
oxygen atom transfer processes. One of them is based on a direct and, apparently,
concerted oxygen atom transfer reaction from the metal-oxo moieties to the
substrate, and the second is revealed as stepwise, more often radical, or according
to the terminology accepted in this area, “rebound” mechanisms of interaction
with the substrates. A more detailed molecular mechanism each of them also has
its peculiarities. For instance, the transfer of an oxo-atom can be either an inner
sphere or an outer sphere reaction.

A successful catalytic cycle in oxidation processes by the participation of the oxo-
atom of transition metals depends not only on the oxidizing ability of the metal-
oxo0 species towards the substrate but also on the re-oxidability of the metal center
with the oxidant agents in the reaction medium.

One of the key features of the mechanisms in the transfer reactions of oxo-atoms
is the high probability of the appearance of two-state or multi-state reactivity
related to the changes in the spine states in a reaction system. This phenomenon
has been observed in a great number of oxo-transfer reactions in chemical and,
chiefly, biological systems with the participation of transition metal ions or their
organometallic complexes in enzymes. It may be considered that one or more
spin-crossovers are nearly common for systems involving transition metal oxo-
atom transfer reactions.

The main factors determining the rate of oxo-atom transfer reactions and their
mechanisms are the driving forces of the processes and intrinsic energy barriers.
Therefore, the reaction conditions, on the one hand, and the geometric structure
and nature of the ligand, on the other hand, become “tools” that influence or even
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control the oxidation process.
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CHAPTER 2

Bio-Inspired Dioxygen Activation and Catalysis By
Redox Metal Complexes

Guangjian Liao' and Guochuan Yin"’

" School of Chemistry and Chemical Engineering, Huazhong University of Science and
Technology, Wuhan 430074, PR China

Abstract: In nature, redox enzymes mediated dioxygen activation with oxidations
proceeds smoothly and highly selectively under ambient temperature, whereas in the
chemical industry, versatile oxidations are commonly performed at elevated
temperature, which leads to the occurrence of radical chain process, thus causing low
product selectivity and environmental pollution. This chapter will first introduce the
strategies of enzymes including P450s, methane monooxygenase, dioxygenases in
dioxygen activation and catalysis, thus illustrating how enzymes activate dioxygen and
selectively transfer the resulting active oxygen to their substrates. Then, inspired by
enzymatic dioxygen activation, the progress in biomimetic dioxygen activation with
related catalytic oxidations by synthetic redox metal complexes will be presented, and
its current challenges will be discussed as well. Finally, a recent new strategy for
dioxygen activation and catalysis, that is, Lewis acid promoted dioxygen activation by
redox metal complexes, will be introduced; this new strategy may have more closely
biomimicked enzymatic dioxygen activation than those traditional strategies, thus
shedding new light on catalyst design for industrial oxidations.

Keywords: Bio-inspired O, activation, Catalytic oxidation, Enzymatic O,
activation.

INTRODUCTION

Oxidation is one of the most significant processes in nature and the chemical
industry. In biological cells, versatile redox enzymes can highly efficiently
activate dioxygen and transfer the resulting active oxygen to the substrate with
high selectivity at ambient temperature. To achieve this target, the co-enzymes,
the active sites of proteins combined together with the electron transfer chain, if
needed, synergistically catalyze dioxygen activation and oxygen transfer.
However, in the chemical industry, most of the oxidations are performed at eleva-
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ted temperature for achieving reasonable oxidation efficiency, and radical chain
processes are hardly avoided, which leads to the low selectivity of the targeted
products with resource loss and environmental pollution. Even more seriously, the
stoichiometric oxidants are employed in certain cases. For example, the
production of adipic acid, a significant monomer for polyamide-6,6 synthesis,
represents one of the most important, but also most polluted oxidations in the
industry [1]. Commercially, adipic acid is mainly produced through air oxidation
of cyclohexane to cyclohexanol and cyclohexanone (KA oil), followed by nitric
acid oxidation. The first process in Dupont’s is performed at 155-165 °C and 8-10
atm with Co-Mn catalyst, and the oxidation proceeds through a classic radical
chain process [2]. To achieve an 85% selectivity of KA oil, the conversion of
cyclohexane needs to be controlled below 5-7%. The next nitric acid oxidation of
KA oil can achieve 95% selectivity with 100% conversion by using Cu-V
catalyst, however, it suffers severe drawbacks including the use of corrosive nitric
acid as the oxidant and the unavoidably leaching of N,O to the atmosphere, which
contributed a significant content in the global N,O emissions. Up to now,
industrial oxidations still face serious challenges in dioxygen activation and next
selective oxygen transfer to the substrate when compared with those biological
oxidations. Currently, the catalytic cycles of dioxygen activation and oxygenation
by redox enzymes have been mostly interpreted for some significant oxidation
events in nature, and many bio-inspired strategies for dioxygen activation have
also been explored for chemical oxidations [3, 4], however, the applications for
these biomimetric oxidations in large scale industry is still scarce. This chapter
provides a brief summary of the dioxygen activation mechanisms of some popular
enzymes with their inspired catalytic oxidations by redox metal complexes.

Dioxygen Activation and Catalytic Oxygenation by Cytochrome P450,
Methane Monooxygenases With Their Synthetic Models

1) P450 Mechanism

The cytochrome P450 enzymes represent a superfamily of hemoproteins, which
are responsible for the metabolism of xenobiotics and the biosynthesis of critical
signaling molecules used for control of development and homeostasis [5, 6]. The
active site of the P450 enzymes consists of a heme-iron with a fifth proximal Cys
ligand, and the sixth coordination site of the iron center is the site for dioxygen
activation with related oxygenation reaction. A simplified mechanism for P450
mediated substrate hydroxylation is illustrated in Scheme 1. The catalytic cycle
starts from the substrate RH binding to the resting state of P450, that is a heme-
iron(IIl) complex, which triggers the change of the spin state of the iron(III) from
LS to HS. Next, the electron transfer from NAD(P)H to the iron(III) reduces it to
iron(II). Dioxygen activation by the resulting iron(II) generates an iron(I1l)-OO~
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superoxo radical species. Further electron and proton transfer to this iron(II1)-OO~
species yields an iron(IIT)-OOH" species, which is called the compound 0. Then,
the proton assisted hetero-cleavage of the peroxide leads to the formation of the
iron(IV)=0" cation radical intermediate, which is called the compound I, an
formal iron(V)=0 species. This iron(IV)=0" functions as the key active species
for coming substrate oxidations. After the hydrogen atom abstraction from the
substrate RH by the iron(IV)=0", it generates a substrate radical, R-, with the
iron(IV)-OH species, which is called compound II. Next, the iron(IV)-OH
transfers the OH group to R- to give the resting state of the catalytic cycle, the
heme-iron(III) complex, with the oxygenation product ROH. This oxygenation
mechanism by compound I is called as oxygen rebound mechanism, which was
coined by Groves [7]. We may see from Scheme 1, and will further discuss it in
the future, that the electron transfer from NAD(P)H plays a key role in triggering
dioxygen activation through reducing the iron(IIl) to the corresponding iron(II).
The hydrogen bond network around the active site also play a crucial role in
stabilizing the resulting iron(IIT)-OO~ superoxo radical species after dioxygen
activation, and in driving the next O-O bond cleavage in the iron(III)-OOH
species to generate the compound I, which is responsible for substrate oxidation.
In addition, you may also see that P450 enzymes are monooxygenases, which
transfer one oxygen atom from dioxygen to their substrates to generate the
oxygenation product with another oxygen atom from dioxygen released into the
surrounding water.
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Scheme (1). A simplified catalytic cycle for P450 mediated substrate hydroxylation reaction.
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2) sSMMO and pMMO Mechanism

The methane monooxygenases are another category of monooxygenases, which
are responsible for methane hydroxylation to methanol in nature [8]. There exist
two categories of methane monooxygenases including soluble and particulate
methane monooxygenases, abbreviated as SMMO and pMMO. Unlike the P450s,
in the active site of SMMO, it consists of a diiron cluster having carboxylate
bridge from glumate residue in the protein. A simplified catalytic cycle of sMMO
is illustrated in Scheme 2 [9], and the catalysis also starts from the electron
transfer from NADH to the oxidized diiron(Ill) state for reducing it to the
diiron(IT) state, which further activates dioxygen to give a putative Fe"Fe™
superoxo species, and next evolves to a peroxo bridged diiron(IIl) cluster, called
the intermediate P*. Then, proton transfer followed by PCET transforms the
intermediate P* to the intermediate Q, which was popularly identified by EXAFS
as a diamond diiron(IV) core having two p-oxo bridges. This intermediate Q plays
the key role in methane hydroxylation as well as the compound I in P450.
Although the identified structure by EXAFS for the intermediates Q was in a
diamond diiron(IV) core, the active structure of the intermediate Q for methane
hydroxylation is still in question, and the latest evidence implicated that it could
be in an open-shell rather than a close-shell structure [10]. Further discussion
about the reactivity of the close-shell and open-shell structure in oxidation will be
presented later.
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Scheme (2). A simplfied mechanism for sMMO mediated methane hydroxylation.



Bio-Inspired Dioxygen Activation Oxygen Atom Transfer Reactions, Vol. 1 43

While the mechanism of sMMO has been relatively well-understood, the
mechanism of methane hydroxylation by pMMO is far less understood yet [11].
At the active center of pMMO, there exists one single copper site and another
dicopper site. Although the clear evidence is still not enough, it generally prefers
that methane hydroxylation happens in the dicopper site. Up to now, the active
intermediate for methane hydroxylation is still in argument, in which both the
mixed-valent oxodicopper(II/IlI) and simple oxodicopper(Il) centers were
proposed as the candidates [12]. It is worth mentioning that pMMO , as well as
sMMO, needs an electron transfer chain to provide external electrons for reducing
the plausible dicopper(Il) cluster, if it was the active center for methane
hydroxylation, to a dicopper(I) cluster prior to dioxygen activation.

3) Coreductant Involved Catalytic Oxidation

Because of the high efficiency of monooxygenases with their powerful oxidizing
capability, their biomimetics abstracted much attention with the proceeding of
their mechanism studies. As shown in the above mechanisms of monooxygenases,
to achieve efficient catalysis, three key items are essential, including the active
center, like heme-iron in P450 and diiron cluster in sMMO, electron supplier, that
is, NAD(P)H, and dioxygen. In biomimetics, Tabushi demonstrated an early
example of aerobic cyclohexene oxygenation with manganese(IIl) porphyrin
complex as a catalyst in the presence of NaBH,, which selectively provided
cyclohexanol as the product [13]. In this system, NaBH, functioned the role of
NAD(P)H in monooxygenases to reduce their Mn(IIl) catalyst to the
corresponding reduced Mn(II) complex, which triggers dioxygen activation as
that in P450. The formation of cyclohexanol as the product was rationalized by
that P450-type oxygenation of cyclohexene by their catalysis yielded cyclohexene
oxide as the product which was further reduced to cyclohexanol in the presence of
NaBH,. Mansuy demonstrated another example of P450-type oxygenation with
ascorbate as the electron supplier, which achieved efficient alkane hydroxylation
and olefin epoxidation in benzene at 20°C [14]. The authors found that ascorbate
not only played the role of NAD(P)H in P450, but also acted as an efficient
inhibitor of the autoxidation, since in the absence of ascorbate, oxidation of
cyclohexene provided cyclohexenone, cyclohexenol and epoxycyclohexane in a
ratio of 79:20:1, a characteristic of autoxidation, while, with ascorbate, it provided
solely epoxycyclohexane as the product. Using acetaldehyde as an additive,
Murahashi demonstrated a highly efficient oxidation of cyclohexane with only
2.5x10™ mol% of metalloporphyrin catalyst under O, atmosphere in ethyl acetate
[15]. Unlike the above introduced oxidations, here, the role of acetaldehyde was
explained as to generate peracid, which next oxidized the metalloporphyrin
catalyst to its active oxometal species for oxygenation, a route of peroxide shunt
in the P450 cycle.
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Clearly, as biomimetics of monooxygenases, using exogenous electron supplier to
trigger the dioxygen activation is the key step for efficient catalysis, because the
resting state of the catalyst in a chemical system is generally in a stable form
which cannot bind and next activate dioxygen as well as those in
monooxygenases. The challenge is that such a strategy of using sacrificial
reductant in a catalytic oxidation process is extremely expensive in the industry,
except the targeted product was highly valued. Alternatively, to avoid the
employment of sacrificial reductant for dioxygen activation in P450 type
oxygenation, pre-activated oxidants like hydrogen peroxide are popularly
employed as the terminal oxidants for redox metal complexes mediated catalytic
oxidations [16], a peroxide shunt in the P450 cycle, which is not be covered in
this chapter.

4) The Reactivity of sMMO Like Diamond Core and its Lewis Acid Promoted
Oxygenation

The methane monooxygenases represent another category of redox enzymes that
demonstrates powerful oxidizing capability, that is, direct hydroxylation of
methane to methanol. In the chemical process, such an oxidation is still called the
Holy Grail in chemistry. Currently, the industrial production of methanol is
performed by first partial oxidation of methane to syngas (CO+H,) followed by
catalytic reduction, a process of low atom efficiency with low energy efficiency.
Therefore, the identified diiron(IV) diamond core of the intermediate Q for
methane hydroxylation is quite attractive, however, the active structure of the
intermediate Q is in question up to now. In the DFT calculations carried out by
Siegbahn and Crabtree, it was found that the close-shell structure of diiron(IV)
core can further evolve to an open-shell structure (Scheme 3), that is,
Fe"'-O-Fe"=0, which can abstract hydrogen atom from methane via a low-energy
transition state [17]. In the synthetic model, Que demonstrated that the presence
of substrate may trigger the collapse of the [Fe"'Fe"(u-0),] diamond core to an
open-shell Fe"'-O-Fe'V=0 clusters, and the latter was much more reactive than the
close-shell precursor, demonstrating a million-fold faster in C-H bond cleavage
[18, 19]. Yin also found that the presence of a Lewis acid like Sc** can trigger the
collapse of in-situ generated [Mn'",(u-0),] diamond core in a catalytic process to a
Lewis acid adduct of monomeric O=Mn"" species [20, 21]. The latter was highly
active for olefin oxygenation, whereas the diamond precursor was very sluggish.
In an iron(Il) complex catalyzed olefin epoxidation with H,O,, Yin also found that
the presence of Lewis acid can substantially improve the catalytic efficiency in
olefin oxygenation, and further DFT calculations disclosed an O=Fe''-O-Sc**
species, generated in situ, was the active species for oxygenation. The occurrence
of this Lewis acid adduct of the iron(IV)=0 species substantially decreased the
activation energy barrier of the iron(IV)=0 species in olefin epoxidation from
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24.8 to 12.2 kcal/mol, whereas in the absence of Sc**, the oxygenation proceeded
by the iron(V)=0 species, which has an activation energy barrier of 17.9 kcal/mol
[22]. Thus, the presence of a Lewis acid like Sc** shifted the active species for
oxygenation from the oxidation state of iron(V) to that of iron(IV), thus also
substantially decreasing the barrier for oxidation of the catalyst to its active state.
Notably, the DFT calculations also disclosed that the linkage of Lewis acid like
Sc’* to the Fe'Y=0 unit caused the natural bond orbital (NBO) charge on Fe
increasing from +1.05 to +1.14, thus making it more electrophilic, accordingly
more active in oxygenation.
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Scheme (3). The simplified close-shell and open-shell structure of the intermediate Q in sMMO.

Particularly, the latest HERFD-EXAFS characterizations of the intermediate Q in
sMMO by DeBeer disclosed that the distance of Fe-Fe in Q was 3.4 A, a distance
observed in open-shell synthetic models [10]. In viewing the sharply different
reactivity between the close-shell and open-shell unit in synthetic models, an
open-shell structure of the intermediate Q in sMMO is highly possible for
methane hydroxylation, since the C-H bond in methane is the most robust one in
all of those C-H bonds. In addition, the open-shell structure of the intermediate Q
is in a Fe"-O-Fe"=0 form in the DFT calculations. Apparently, methane
hydroxylation occurs on the Fe¥=0 site, while the Fe" site may modulate the
reactivity of the Fe'=0 moiety, which resembles the recent works on Lewis acid
promoted catalytic oxidations as introduced above. Notably, the studies on Lewis
acid modulated oxidative reactivity of active metal ions have abstracted much
attention in recent years [23, 24]. The current data disclosed that the interaction of
the Lewis acid with the active metal ions may positively shift their redox
potentials, thus accelerating their rates in electron transfer. Consisting with the
improved electron transfer capability, even in the oxygenation process, the
presence of Lewis acid can shift the direct oxygenation of an active oxometal
moiety to electron transfer followed by oxygen transfer, and in hydrogen
abstraction process, it can also shift a hydrogen atom transfer process of an active
oxometal moiety to electron transfer followed by proton transfer. These Lewis
acid modulated reactivity changes of the active metal ions have inspired a new
strategy for redox catalyst design, which has been applied in versatile oxidation
processes [20 - 22, 25 - 27].
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Dioxygen Activation by Dioxygenases

1) Dioxygenase Mechanism

Different from the monooxygenases, the dioxygenases transfer both oxygen atoms
from dioxygen into the substrate or a primary substrate plus a co-substrate. Even
for dioxygen activation, it could also be different from monooxygenases;
dioxygenases either take all of the four electrons needed for dioxygen reduction
from the substrate, or two from the substrate with two from external electron
donor, for example, NADH. Tryptophan 2,3-dioxygenase (TDO) and indoleamine
2,3 dioxygenase (IDO) are the heme-iron dioxygenases that cleave the pyrrole
ring of L-tryptophan and insert both oxygen atoms from dioxygen into the
substrate. Several mechanisms were even proposed for TDO and IDO
oxygenation, and the one based on DFT calculations by Morokuma received the
most attention, which is shown in Scheme 4 [28]. In this mechanism, the heme-
iron(IT) in the active site first activates dioxygen to generate an iron(IIl) superoxo
radical, which attacks the 2-position carbon in pyrrole ring to generate a C=C
bond broken substrate radical intermediate. Next, the cleavage of the O-O bond in
iron(III)-O-OR gives an epoxide intermediate with the formation of a heme-
iron(IV)=0 species. Then, an acid-assisted ring-opening of the epoxide yields the
next intermediate with the carbon cation at the C2 position which is next attacked
by the nearby iron(IV)=0 species. The C-C cleavage between C2-C3 position of
this intermediate gives the dioxygenation product with the release of the heme-
iron(IT) center to achieve the catalytic cycle. As shown, both the two oxygen
atoms from dioxygen are incorporated into the product, and no external electron is
needed for dioxygen activation by TDO dioxygenases.

Scheme (4). Proposed dioxygenation mechanism of TDO and IDO based on DFT calculations.
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Unlike TDO and IDO dioxygenases, catechol dioxygenases are nonheme-iron
containing enzymes, and they have two distinct dioxygenation activities [29]. The
extradiol dioxygenases start the catalytic cycle with an iron(II) center, whereas the
intradiol dioxygenases start with an iron(IIl) center (Schemes 5 and 6). In
extradiol dioxygenases, the iron(Il) ion is coordinated with two histidines, one
glutamate, and one hydroxide with two water ligands in an octahedral structure.
The catalysis starts from catechol coordinating to the iron(II) center by the
bidentate mode, followed by dioxygen activation to generate an iron(Ill) superoxo
radical species. The intra-molecular electron transfer of this catechol ligated
iron(I1I) superoxo radical intermediate yields an iron(Il) superoxo radical species
with another radical located at the aromatic ring. Then recombination of two
radicals (carbon radical at the aromatic ring and the superoxo radical at the
oxygen) in this intermediate yields an alkylperoxo intermediate. Next, the base
assisted decomposition of this alkyperoxo intermediate with the O-O cleavage of
the alkylperoxide gives a 2,3-epoxide intermediate with the original two oxygen
atoms from catechol still ligated to the iron(III) center. The epoxide undergoes a
rearrangement to form a seven-membered e-lactone intermediate which is still
ligated to the reduced iron(I)-OH moiety. Finally, catalyzed by the nearby
iron(I)-OH moiety, hydrolysis of this e-lactone intermediate produces the
extradiol product with the release of the iron(Il) species to achieve the catalytic
cycle, meanwhile, the hydroxide from the iron(Il), in which its oxygen atom was
originally from dioxygen, was incorporated into the extradiol product, achieving
the dioxygenation activity.

| w0
Crl
Gluy, 1 . (‘ ~o"
CFe
His /‘ 1,
R
R His
OHC™ ™Y
HOOC.
on” |
OH “m,, | 0
R Zil G
0= °
3H,0 on )
Z
o /
1O R
,"'i?" :B
C
=
u) L
BH R ////,,u 0
‘) R el
e w§ ~o
l I ‘\w"i
o
o
T | 4, ‘ .0 H
i, |V i
. il ¢

Scheme (5). Proposed catalytic cycle for extradiol ring-cleaving dioxygenases.
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Scheme (6). Proposed catalytic cycle for intradiol ring-cleaving dioxygenases.

Different from the extradiol dioxygenases, the intradiol dioxygenases have an
iron(I11) center before the start of the catalytic cycle (Scheme 6) [29]. The
iron(III) center is coordinated with two histidine and two tyrosinate residues with
the fifth hydroxide in a trigonal bipyramidal structure, which is different from the
octahedral structure in the extradiol dioxygenases. Apparently, the iron(III)
species is not able to activate dioxygen directly. To initiate the catalysis, catechol
binds to the iron(III) center by a bidentate mode with the release of one tyrosinate
residue. Next, the intra-molecular electron transfer of this catechol bound iron(III)
species yields the iron(Il) center with a radical located at the aromatic ring of
catechol. Next, dioxygen activation by the resulting iron(II) center generates the
iron(I1T) superoxo radical intermediate, which undergoes intramolecular radical
recombination, including carbon radical at the aromatic ring and the superoxo
radical at the oxygen, to produce the alkylperoxo intermediate. The collapse of
this alkylperoxo intermediate with the O-O bond cleavage occurs via a Crigge
rearrangement to yield a cyclic anhydride intermediate, meanwhile, an iron(III)-
OH moiety was generated. Finally, the iron(IIT)-OH catalyzed hydrolysis of this
anhydride generates the muconic acid product, which is different from the
extradiol product, with the release of the iron(III) center to achieve catalytic cycle.

While the alkylperoxo intermediates occur in both extradiol and introdiol
dioxygenases, the cleavage of the aromatic ring happens differently at this stage,
possibly due to their difference in the detailed structures in the alkylperoxo
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intermediate. In extradiol dioxygenases, both of the catecholic oxygen atoms
bound to the iron(II) center, whereas in intradiol dioxygenases, one of the oxygen
atoms from catechol is released from the coordination sphere of the iron(III)
center. This structural difference changes the alignment of the O-O bond of the
peroxo with the bonds of the aromatic ring, thus altering the insertion site of
oxygen after the O-O bond cleavage. The extradiol cleavage occurs via 1,2-
alkenyl migration to give a lactone, whereas the intradiol cleavage occurs via 1,2-
acyl migration to give an anhydride, thus leading to different oxygenation
products. In addition, the intradiol dioxygenases are special ones, which start the
catalytic cycle from an iron(IIl) center, and they utilize the coming catechol
substrate to reduce the iron(III) species via intra-molecular electron transfer to the
iron(Il) moiety for dioxygen activation. A similar strategy for dioxygen activation
occurs in flavonol 2,4-dioxygeanses, in which the copper(I) center for dioxygen
activation was generated starting from flavonoid coordinating to the copper(Il)
site, followed by intra-molecular electron transfer to yield the copper(I) center
with bound flavonol radical, which triggers dioxygen activation by the resulting
copper(I) moiety [30].

2) Dioxygenase-type Dioxygen Activation and Catalysis by Redox Metal
Complexes

As described earlier, the biomimetics of the monooxygenases for catalysis
requires exogenous electron suppliers like NaBH, and ascorbate to facilitate
dioxygen activation, which is commercially expensive and causes plenty of co-
product formation. Here, in certain dioxygenases, all four electrons required for
dioxygen reduction come from the substrate, which avoids the employment of an
external electron supplier. Up to now, many redox metal complexes mediated
dioxygen activation towards olefin oxidations have been reported. In 1985,
Groves reported a Ru“(TMP)(O), (TMP: tetramesitylporphyrinat) catalyzed
olefin epoxidation using dioxygen as the terminal oxidant without a reducing
agent added (Scheme 7) [31]. At 25 °C in benzene, cyclooctene was selectively
transformed to its epoxide, and 2 mol of epoxide were produced for each mole of
dioxygen consumed. Combined with other control experiments, the authors
proposed that Ru"'(TMP)(0), is the active species for olefin oxygenation. After its
oxygenation, the reduced Ru"'(TMP)(O) proceeds through a disproportionation
reaction to regenerate the active Ru"'(TMP)(0O), with another Ru"(TMP)(O). The
reduced Ru"(TMP)(O) next activates dioxygen to generate Ru"(TMP)(O). In this
catalysis, no external electron supplier was required for dioxygen activation, and
both oxygen atoms from dioxygen are incorporated into olefin. With a similar
concept, Che developed a chiral trans-(D,-prophyrinato)Ru"'(O), catalyst and
achieved aerobic enantioselective epoxidation of olefin in CH,Cl, [32]. The
proposed mechanism for this enantioselective epoxidation was similar to that of
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Groves. Later, Che further explored an aerobic oxidation of terminal aryl olefin to
aldehyde with Ru"(TMP)CI, catalyst in the presence of NaHCO, [33]. In this
catalysis, while the Ru complex catalyzes olefin epoxidation as well as described
above, NaHCO, catalyzes the isomerization of in sifu generated epoxide to
aldehyde. Katsuki later disclosed a chiral Mn(Salen*) complex -catalyzed
asymmetric epoxidation with air, which provided the ee value as high as 91%
[34]. Although further mechanistic information was not disclosed, it may
resemble their previous photo-irradiation dioxygen activation with a similar Ru
catalyst, and no reducing agent was applied in catalysis [35].
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Scheme (7). Proposed catalytic mechanism for aerobic epoxidation of olefin by Ru complex.

In nature, the abundant and low toxic iron is the most preferred metal source in
redox enzymes for oxygenation process, which is also central for biomimetic
dioxygen activation, however, the related catalytic oxidation was not very
successful until recently. In 2015, Xiao demonstrated an iron(IIl) complex
catalyzed aerobic C=C cleavage reaction of aryl alkene, which provided aldehyde
or ketone as the product (Scheme 8) [36]. In the mechanism, the authors proposed
an iron(IIl) based alkene ligation followed by dioxygen activation to generate an
iron(I'V) superoxo radical intermediate. This superoxo radical proceeds a radical
cyclization with the ligated alkene, affording a five-member peroxo-metallacycle,
in which the iron moiety is at the +5 state. The latter reductive elimination of this
intermediate gives the dioxetane, which readily decomposes to give the carbonyl
products including aldehyde and ketone, depending on the structure of the alkene
substrate. The occurrences of the high valent iron(IV) superoxo and iron(V)
metallocycle were attributed to the n-donation ability of the amido ligands which
may stabilize the iron species at the high valence.
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Scheme (8). Proposed catalytic mechanism for iron(III) complex catalyzed aerobic alkene C=C cleavage.

New Strategies in Dioxygen Activation and Catalysis

1) The Role of Hydrogen Bond in Enzymatic Dioxygen Activation

Up to now, even though the biological oxygenation mechanisms have been
extensively studied, and biomimetic dioxygen activation has also been extensively
investigated with versatile synthetic models, their applications in practical
chemical oxidations are still limited. There may exist several factors which
severely block the applications of biomimetic oxidation. One is that, if the
oxygenation is in a monooxygenation process, such as a hydroxylation reaction,
generally, the extra electron supplier is required to provide two electrons for
dioxygen activation as well as those in monooxygenases. Although such a process
is very popular in nature, in which the atomic economy can be controlled
perfectly through a series of enzyme-mediated domino reactions, it is not
controllable in a chemical plant whose functions are far less than that of a
biological cell. The second comes from the dioxygen activation by synthetic
redox catalyst. Generally, the most stable form of a redox metal complex in
solution is not able to activate dioxygen. For example, in nature, the redox
enzymes utilize an iron(I) or copper(I) to activate dioxygen, otherwise an
iron(I1T) or copper(Il) in the resting state needs to be reduced by NAD(P)H
through an electron transfer chain prior to dioxygen activation. In a chemical
oxidation environment, the stable iron(III) or copper(Il) species are also not able
to activate dioxygen efficiently except in the unusual case described by Xiao [36],
and the synthetic iron(Il) or copper(I) catalyst may be feasibly oxidized to its
resting state, that is, iron(III) or copper(Il), when exposed to air, leading to its
deactivation in dioxygen activation. In certain cases as well as those in intradiol
C-C cleavage dioxygenases and flavonol 2,4-dioxygeanses [29, 30], if the
substrate can in situ reduce the iron(IIl) or copper(Il) center to an iron(Il) or
copper(I) moiety through intra-molecular electron transfer upon the substrate
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binding, a synthetic catalyst at its resting iron(III) or copper(Il) state may catalyze
substrate oxidation, however, the challenge is that these reactions are not so
valuable in current industrial productions. However, with the depletion of fossil
resources, exploring catalysts to utilize renewable biomass as the carbon source of
the chemical industry has attracted much attention. For this purpose, an introdiol
dioxygenase inspired lignin oxidation with synthetic iron(IIl) catalyst to the
aromatic ring opening products would be very attractive, because in this case, an
intramolecular electron transfer from lignin based catechol to the synthetic
iron(III) catalyst can trigger the dioxygen activation directly. The last one, in
addition to the above mentioned challenges in biomimetic oxidations, is that the
dioxygen activation efficiency of a synthetic catalyst is far less than those in
native enzymes. A classic example is dioxygen binding and dioxygen activation
of heme-iron in different enzymes. In Hemoglobin, the hemeiron(II) only binds
and carries dioxygen, but does not activate it to superoxo radical, whereas in
P450s, dioxygen is activated to the superoxo radical for catalysis [5]. Even more,
in carotenoid cleavage dioxygenases, it was proposed that the dioxygen binding
and activation to a superoxo radical could be reversible in catalysis [37].
Apparently, the dioxygen binding and activation can be smoothly controlled by
redox enzymes, therefore, the strategy to drive the equilibrium from dioxygen
binding to dioxygen activation by the synthetic catalyst is also crucial for an
efficient chemical oxidation.

H
H*d\ D140 é)@ HN-RI136

H, H ©
H\ H
.0 .0
o--H o-H

o e o’

- @ —» product
Not to break O-O bond
N N
w0 &,

L 0,/e”
P450

R186~
RI86~Np NH
P XNHPO
NH,--0 H,N 2
HyN B © D251
D251 HO I
HO ' H-N
JH-N L’ \
ol N\ S
TR " . T252
O/(‘)\~H/\O/T252 o O\H—O/
@ e — > product
- -
To break O-O bond
S EN

Scheme (9). The hydrogen bond network involved dioxygen activation in P450 and hemeoxygenase.
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Actually, in nature, not only the first coordination sphere, for example, the heme
and the axial histinate residue in P450s, of the redox metal ions plays a crucial
role in dioxygen activation, the hydrogen bond network surrounding the active
site also plays a significant role in stabilizing the dioxygen activation
intermediate, thus driving the dioxygen activation proceeding as shown in Scheme
9 [38, 39]. However, in traditional synthetic models, only the first coordination
sphere of the redox metal ions was mimicked for dioxygen activation. In this case,
dioxygen may be bound to the metal ions and activated to a certain content,
however, the activated oxygen species, that is, the superoxo radical, may not be
stabilized due to the absence of hydrogen bond network in the synthetic model,
and even more, the next hetero-cleavage of the O-O bond to generate an active
oxometal species for catalysis was also not promoted, unlike those in enzymes as
shown in Scheme 9.

In 1998, Masuda demonstrated an early example of copper(Il) hydroperoxide
complex having bis(6-pivalamide-2-pyridylmethyl)-(2-pyridylmethyl)amine
(bppa) ligand, in which the copper(Il) hydroperoxide was generated from
hydrogen peroxide binding rather than dioxygen activation (Scheme 10) [40]. The
presence of the intra-molecular hydrogen bond between the oxygen atom of the
hydroperoxide with the NH group of the bppa ligand stabilized the copper(II)
hydroperoxide, which facilitated crystal growth and made it stable in solution for
more than one month at room temperature. Later, they further prepared a (u-
peroxo)dicopper(Il) species through dioxygen activation with a copper(I) complex
having {[6-(pivalamido)pyrid-2-ylJmethyl}bis(pyrid-2-ylmethyl)amine (MPPA)
ligand. The thermal stability of this dioxygen activation derived (p-
peroxo)dicopper(Il) species was also attributed to the formation of the
intramolecular hydrogen bond between the NH group of the ligand with the
peroxide group [41].

Scheme (10). Hydrogen bond stabilized hydroperoxide in synthetic copper(II) complex.
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Scheme (11). Hydrogen bond stabilized superoxo radical in synthetic copper(Il) complexes.

In another study, Karlin demonstrated how the intra-molecular hydrogen bond
stabilizes a copper(Il) superoxo radical species, which was generated through
dioxygen activation with the corresponding copper(I) complex, and next affects
its reactivity in hydrogen atom abstract from phenolic C-H bonds (Scheme 11)
[42]. In a series of TMPA-based copper(I) complexes (TMPA; tris(2-pyridy-
-methyl)amine), through ligand modifications, the ligands can provide a
progressively enhanced hydrogen bond ability to stabilize the copper(Il) superoxo
radical, thus modifying its reactivity. The dioxygen activation by the copper(I)
complexes with different TMPA-based ligands at -135 °C disclosed that the
modified TMPA ligand having a strong hydrogen bond site can stabilize the
generated Cu(Il) superoxo radical intermediate, and a stronger hydrogen bond
provides better stability of the Cu(Il) superoxo radical species. Remarkably, the
hydrogen bond bound Cu(Il) superoxo radical reacts more efficiently in hydrogen
abstraction from phenolic O-H bond, thus resembling those hydrogen bond
network modulated dioxygen activation and reactivity in redox enzymes [38, 39].
Using the biotin-streptavidin (Sav) technology, Borovik developed the artificial
copper proteins to stabilize a Cu"-OOH complex through a hydrogen bond
network inside the artificial protein, where the Cu"-OOH moiety was generated by
treating Cu" complexes with H,O, [43]. Through correlating the changes in the
reactivity of the Cu"-OOH species with modulation of the hydrogen bonds, the
authors highlighted the crucial role of the hydrogen bonds in regulating the
stability and reactivity of the Cu"-OOH species, that is, the single hydrogen bond
linked to the proximal oxygen atom of the Cu"-OOH species can stabilize the
Cu"-OOH species within the protein host, while the hydrogen bond at the distal
oxygen atom activates the Cu"-OOH species to oxidize the substrate like 4-
chlorobenzylamine.
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2) Lewis Acid Promoted Dioxygen Activation and Catalysis

Above pioneering works in dioxygen activation with synthetic models have
highlighted that not only the first coordination sphere of the redox metal ions
plays a crucial role in dioxygen activation, but the surrounding hydrogen bond
network may also play the key role in stabilizing the in-situ activated superoxo
radical intermediate, and further modify its reactivity in oxidations, thus driving
the catalysis forward. Therefore, both the first coordination sphere of the metal
ions and the surrounding hydrogen bond network are essential for achieving an
efficient dioxygen activation and catalysis. However, the challenge is that the
hydrogen bond network in a chemical reaction environment is more difficult to
control than those in the proteins. Accordingly, alternative strategy may need to
be explored to play the role as well as the hydrogen bond network in redox
enzymes to drive the dioxygen activation in a synthetic model.

One significant role of the hydrogen bond network in dioxygen activation is that
the electrostatic interaction between the proton and the superoxo radical can
stabilize it, and drive the equilibrium of dioxygen activation forward to the
superoxo radical side, and next drive the O-O bond cleavage to generate the active
oxometal intermediate for oxidation in enzymes [38, 39]. In addition, the
enhanced electrophilic properties of the superoxo radical by binding a proton
through hydrogen bond may also improve its reactivity for oxidation as disclosed
in synthetic models [42]. Resembling the hydrogen bond interaction, a Lewis acid
may also interact with the superoxo radical through electrostatic interaction
(Bronsted acid vs Lewis acid), and the choice of the Lewis acid would be more
flexible than Bronsted acid. An interesting fact is that, in investigating the
electron transfer between electron donor (D) and acceptor (A), Fukuzumi found
that, the presence of a metal ion as Lewis acid can drive the electron transfer from
the donor to acceptor, because it stabilizes the A~ anion (Scheme 12) [44].
Similarly, dioxygen activation by a redox metal ion to generate the superoxo
radical is also one category of electron transfer between electron donor and
acceptor. After the dioxygen activation, the generated superoxo radical
intermediate is also an anion; accordingly, a positively charged Lewis acid may
interact with the superoxo radical anion and stabilize it through electrostatic
interaction, resulting in the dioxygen activation smoothly.
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Scheme (12). Lewis acid promoted electron transfer between electron donor and acceptor.

Based on this concept, in 2017, Yin explored a Lewis acid promoted dioxygen
activation by vanadium(IV) complex for catalytic hydrogen abstraction reaction
[45]. Using 1,4-cyclohexadiene as a testing substrate, in CH,CN, the presence of
Lewis acid substantially accelerated V'"(TPA) complex (TPA: tris-[(-
-pyridy)methyl]amine) catalyzed hydrogen atom abstraction from 1,4-
cyclohexadiene to benzene with O, balloon as the oxygen source at 40 °C, and the
catalytic efficiency was highly Lewis acidity dependent of the added non-redox
metal ions. Mechanistic studies revealed that the presence of Lewis acid can
stabilize the VY(TPA)-O,” superoxo species, which was generated through
dioxygen activation by V"(TPA) complex, thus driving the equilibrium of
dioxygen activation towards the formation of the V¥(TPA)-O," superoxo species,
and next accelerating hydrogen abstraction from the substrate (Scheme 13). In the
absence of Lewis acid, such a hydrogen abstraction reaction was very sluggish.
This is an early example of Lewis acid promoted dioxygen activation by redox
metal ions towards catalytic oxidation; although it is an oxidase-type biomimetics
of dioxygen activation, it has already illustrated a novel strategy in mimicking
dioxygen activation towards efficient catalysis.
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Scheme (13). Lewis acid promoted dioxygen activation by vanadium(IV) complex towards catalytic
hydrogen abstraction.

CONCLUSIVE MARKS AND PERSPECTIVE

Because of the complexity and high synergy of enzymes in electron transfer,
dioxygen activation and next oxidation, event that the mechanisms for enzymatic
dioxygen activation and oxidations have been much clearly elucidated than
before, the progress in biomimetic oxidations with simple synthetic metal
complex is far less than successful for industrial applications, and most of the
chemical oxidations in the industry with dioxygen are still performed at elevated
temperature with low selectivity. Typically for those monooxygenases, the
requirement of extra electron supplier has badly prevented its biomimetic
applications in industry. After its early biomimetics with NaBH,, ascorbic acid,
etc., as the reducing agent, its further tests for industrial applications have almost
disappeared. The viewable light for biomimetic oxidation may come from
dioxygenase-type oxidation, which does not need an extra electron supplier in
certain cases, and some biomimetic examples in olefin epoxidation and C=C bond
cleavage have evidenced its validity. To improve the efficiency in dioxygen
activation, a strategy of Lewis acid promoted dioxygen activation by redox metal
complexes was also proposed recently, and demonstrated a high efficiency in
catalytic hydrogen atom abstraction reaction. Possibly, introducing Lewis acid
promoted dioxygen activation strategy into the dioxygenase-type biomimetics
may have the opportunity to improve its catalytic efficiency, thus leading to an
industrial application. However, biomimetic dioxygen activation toward efficient
catalysis is still at its infant stage, and plenty of works are still underway in
improving the efficiency of dioxygen activation and in controlling the reactivity
and selectivity of these active oxygen species in catalysis.
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CHAPTER 3

Highlights of Oxygen Atom Transfer Reactions
Catalysed by Nickel Complexes

Anjana Rajeev' and Muniyandi Sankaralingam"”

" Bioinspired & Biomimetic Inorganic Chemistry Laboratory, Department of Chemistry, National
Institute of Technology Calicut, Kozhikode, Kerala-673601, India

Abstract: Oxygen atom transfer (OAT) reactions catalyzed by metal complexes have
been a subject of intensive research over the century, owing to the prevalent
involvement of OAT in organic transformations mediated by several biologically
important enzymes such as methane monooxygenases, cytochrome P450, etc as well as
in synthetic chemical reactions. In biomimetic model chemistry, iron and manganese
complexes are the most exploited catalysts in the realm of oxygen atom transfer
reactions and many of these metal complexes produce very short-lived reactive metal-
oxygen intermediates during the catalytic reactions. Characterization of such reactive
intermediates of numerous heme and non-heme iron and manganese complexes and
comparing them with their natural enzyme analogous have emerged as a promising
approach toward understanding several intricate enzymatic mechanisms. Considerable
research advancements in the studies of OAT reactions involving late transition metal
complexes such as cobalt, nickel, and copper have also been recognized in the past few
years. In this account, various reports have been published, demonstrating catalytic
oxidation of organic substrates by the active nickel-oxygen species generated either via
heterolysis or homolysis of O-O bond of oxidant bound nickel complexes. This book
chapter aims at a comprehensive summary of noteworthy attempts contributed towards
nickel catalyzed OAT reactions and various implicated or well-characterized nickel-
oxygen active intermediates. The effect of stereoelectronic properties of ligand
architecture on catalytic efficiency and various characterization techniques used to
identify the catalytically active nickel-oxygen species are also discussed.

Keywords: Oxo atom transfer reaction catalyzed by nickel complexes, Hydrogen
atom abstraction reaction catalyzed by nickel complexes.

INTRODUCTION

In nature, enzymes are the most complicated yet fundamental molecules.
Apprehending the intricate catalytic processes involved in enzymatic reactions
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has remained a challenge until the emergence of biomimetic chemistry by
bioinorganic chemists. Biomimetic chemistry involves the design, synthesis, and
reactivity studies of model systems of biological molecules and it has become an
effective approach to comprehend complicated enzymatic reactions [1 - 10].
Rigorous research on various model complexes of non-heme and heme enzymes
has paved the way for reinforcement of our understanding of the detailed
mechanism and the process of dioxygen activation in various enzymes [11 - 22].
Iron is one of the main protagonists in the field of oxo atom transfer reactions and
cytochrome P450 (CYP 450) is the most celebrated and studied enzyme in this
area. Identification of the involvement of a high-valent iron(IV)-oxo porphyrin
cation radical species (Compound I) generated via putative heterolytic cleavage of
O-O bond in the catalytic cycle of CYP 450s has attracted great research interest
among biomimetic chemists [23]. Intensive research efforts to examine the
chemical and physical properties of compound I to compare this intermediate with
other such enzymatic analogous have always been a matter of interest. Organic
transformation reactions especially oxidation reactions such as epoxidation,
sulfoxidation, hydroxylations, carbonylation, etc. have fascinated a lot of
researchers because of their biological and industrial importance. Epoxides are
useful intermediates in the production of polyurethane, polyamides, polyesters,
resins, and in bioinspired oxidation to produce drug metabolites. Sulfur-
containing compounds are well known for their antimicrobial activity and
hydroxylated compounds are widely used in petrochemical industry [24]. The first
synthetic iron(Ill) porphyrin complex catalyst for olefin epoxidation and alkane
hydroxylation was reported in 1979 by Groves et al. [25] and, iron porphyrin
chemistry has been a subject of study since then. Various metalloporphyrins
models of CYP450s capable of catalyzing the oxidation of hydrocarbons,
alcohols, sulfides, and olefins have been reported over the past three decades [26].
Rahimi and co-workers demonstrated a CYP450 model reaction by a Cu(II)
meso-tetraphenyl porphyrin in the oxidation of benzyl alcohols to corresponding
carbonyl compounds [27]. Nam et al. reported the reaction pathways of O-O bond
cleavage in hydrogen peroxide and tert-alkyl hydroperoxides using iron(III)
porphyrin complexes. On the one hand, electron rich porphyrins and
hydroperoxide having electron-releasing substituents tend to favor the homolytic
cleavage of O-O bond. On the other hand, heterolytic O-O bond cleavage is
facilitated by electron-deficient porphyrins and electron-withdrawing group
substituted hydroperoxide. Moreover, analysis of the products obtained after iron
porphyrin catalyzed the epoxidation reaction of olefins in the presence of
hydrogen peroxide or alkyl hydroperoxide can be used to distinguish the mode of
0O-0O bond cleavage. The heterolytic cleavage results showed the formation of
stereospecific epoxide with high yields, whereas homolytic cleavage afforded less
stereospecific epoxide in lower yield [28]. Very recently, Nam et al. reported the
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remarkable reactivities of Mn(IlI)-iodosylarene porphyrins in C-H bond activation
and oxygen atom transfer reactions. Interestingly, unlike the iron-oxo porphyrins,
the reactivities of these complexes are found to be independent of the electronic
nature of the porphyrin ligands [29].

Despite being a trace element, nature prefers nickel center as an active site in a
few enzymes such as glyoxylase I, nickel superoxide dismutase, urease, NiFe
hydrogenase, CO dehydrogenase, acetyl-CoA synthase, and, methyl-CoM
reductase [30]. After the discovery of the first-ever nickel-containing
metalloenzyme urease, many researchers have been interested to uncover the
involvement of nickel in biologically important molecules. Flexibility in its
coordination and redox chemistry draws a lot of research interest towards nickel.
The presence of nickel center in a few biologically available enzymes such as Ni-
superoxide dismutase and quercetin 2,4-dioxygenase that are involved in
oxidation reactions has gained considerable research interest in the area of nickel
mediated oxidation chemistry [31]. However, when compared to iron and
manganese, reports on oxidation reactions involving nickel chemistry are sparse.
A number of comprehensive and high-level reviews and book chapters have been
published over the years notably concerning the use of iron, manganese, and
copper complexes as bioinspired catalysts for the variety of oxidation reactions in
biomimetic chemistry [32 - 65]. However, less emphasis has been put on the oxo
transfer reactions using nickel complexes but related approaches are developing
fast [1]. So we took an opportunity and advantage to summarize the nickel-
mediated oxidation chemistry.

Oxygen Atom Transfer Reactions

Oxygen atom transfer reactions such as sulfoxidation, phosphine oxidation, and
epoxidation reactions are very important and the resulting products are very useful
in many industrial processes. Long ago in 1969, Otsuka ef al. demonstrated the
oxygenation of alkyl isocyanides and triphenyl phosphines by a Ni(Il)-peroxo
complex derived from the oxygenation of zero-valent nickel isocyanide complex,
Ni(RCN), (R=tert-butyl or cyclohexyl). After that, a few articles on CO fixation
by a series of nickel complexes such as Ni(NO,),(PMe,), (1), Ni(NO,),(PEt,), (2),
Ni(NO,),(DPPE) (3) (where, PMe,, trimethylphosphine, PEt,, trimethylphosphine,
and DPPE, Ph,PCH,CH,PPh,) have been reported. During the reaction of these
complexes with CO to form CO,, a pentacoordinated intermediate is likely to be
involved. The source of oxygen atom was found to be NO, ligand as evident from
the '"O-labeling experiment. Enhanced reactivity of 1 compared to 2 also
supported the notion of involvement of a pentacoordinated intermediate,
Ni(CO)(NO,),(PR;), owing to the ability of more basic PMe, to stabilize
pentacoordinate monocarbonyl complex [66]. In 2004, Riordan ef al. identified a
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side-on nickel-dioxygen intermediate prior to the generation of the bis((u-
oxo)dinickel(IIT) complex during the reaction of a Ni(I) complex, [PhTt*!]Ni(CO)
(PhTt*, phenyl-tris((1-adamantylthio)methyl)borate) and dioxygen. Spectro-
scopic studies, DFT calculations, and isotopic distribution in ESI-MS data of the
dioxygen adduct suggested the formation of a side-on dioxygen adduct which was
again confirmed by EXAFS studies. For instance, Rhombic signals obtained in the
EPR spectrum of active oxygen intermediate were found to have three g values of
2.24, 2.19, and 2.01. The absence of a short M-M vector in EXAFS data
ascertained the mononuclear nature of the dioxygen adduct. The side-on adduct
with a square pyramidal geometry was understood to be a Ni(Il)-superoxo
complex with a high spin Ni(I) center antiferromagnetically coupled to the
superoxide radical to possess d’ ground state electronic configuration.
Interestingly, this superoxide species was found to be efficient in the transfer of
an oxygen atom to triphenylphosphine (PPh,) and dioxygen to nitric oxide [67]. In
2008, Driess et al. reported the crystallographically characterized first superoxo
nickel complex 4a (the chemical structure is shown in Fig. (1a) and its oxygen
atom transfer reactivity towards PPh;. This square planar Ni(Il) complex with an
unpaired electron sitting on the superoxide ligand was obtained from the dry O,
exposure of precursor [(Ni'(B-diketiminato-(toluene))] complex and characterized
using IR and X-band EPR spectroscopies with the backing of DFT studies.
Interestingly, oxygenation of PPh, by employing 4a afforded a paramagnetic,
dinuclear {(Ni"),(u-OH),} complex (4b) (the chemical structure is shown in Fig.
(1b) having planar and tetrahedral Ni centers along with triphenylphosphine oxide
(O=PPh,). Even though insight into the detailed mechanism is not provided, they
proposed that the presence of a nickel-oxo species capable of scavenging
hydrogen and a subsequent dimerization is likely to be involved during the
formation of 4b [68]. In a subsequent paper, the author explored the reactivity of
4a towards various types of substrates such as alkanes, alkenes, sulfides, etc and
found that it is not capable of transferring an oxygen atom to these substrates but
oxidizes O-H (2,6-di-tert-butylphenol (2,6-DTBP)) and N-H (1,2-diphenyl-
hydrazine) bonds readily. '*O-labeled studies revealed that the oxygen atom
incorporated in the oxidized product of 2,6,-DTBP is from 4a, and thus this
complex is acting as an oxygenating reagent. As proposed in the case of PPh,
oxidation, this oxygenation is also likely to be proceeding via the formation of a
Ni"'-oxo species [69]. In 2015, Company et al. reported the trapping of a Ni''-O
species generated via heterolytic O-O bond cleavage of meta-chloroperbenzoic
acid by using a square planar Ni(II) complex (5) of a dianionic macrocyclic N4
ligand, L5 (Fig. 2) below 250 K. Enhanced reactivity of Ni"'-oxyl species towards
the oxidation of various organic substrates such as olefins, sulfides, and activated
methylene C-H bonds is presumably due to the involvement of Ni-oxygen species
which in turn point towards the influence of fine-tuning of ligand architectures on
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the reactivity of complexes. The negative value of the reaction constant p = —0.86
obtained after employing a series of para-substituted thioanisoles and styrenes as
substrates indicated the electrophilic character of Ni"-oxyl species. The +3
oxidation state of the transition state was ascertained by intense pre-edge 1s—3d
transition around 8333.5 eV at the metal K-edge of XAS study and higher rising-
edge energy (1.5-2 eV higher than Ni" species).

4a 4b
Fig. (1). The chemical structures of 4a and 4b [68].
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Fig. (2). The structure of L5 [70].

Kinetic and thermodynamic feasibility for the formation of different plausible
catalytic intermediates have been probed using DFT studies and that suggested the
formation of a high-valent nickel species through O-O heterolysis (9 kcal
mol™) [70].

Oxidation Involving Hydrogen Atom Abstraction Reaction

Schroder, and Schwarz, et al. published a series of articles based on the reactivity
of bare first-row transition metal-oxide species, MO" in gas phase towards
methane oxidation among which NiO" species was found to be the most
promising oxidant in terms of efficiency and selectivity [71 - 74]. Later in 2000,
Yoshizawa et al. discussed the energetics and reaction pathway behind methane to
methanol conversion by first-row transition metal-oxide species by employing
density functional theory (DFT) calculations. Based on this study, two feasible
spin inversion taking place during the entire reaction is proposed to be responsible
for better efficiency of FeO", NiO" and CuO" species in methane conversion when
compared to less efficient conversion mediated by the early transition metal-oxide
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species with a single crossing point [75]. In 2001, Itoh, Kitagawa, Fukuzumi and
their co-workers reported the generation of a series of bis(u-oxo)dinickel(III)
complexes of mono and dinucleating bis(pyridylalkyl)amine ligands (L6* and L7-
L10 respectively) (Fig. 3) by the reaction of corresponding [Ni'(«-OR), Ni"] (R=
H or OMe) complexes with an equimolar amount of hydrogen peroxide in acetone
at low temperature. The bis(u-oxo)dinickel(IIT) complexes exhibited a distinctive
UV-vis absorption band at 410 nm and a resonance Raman (rRaman) band at 600-
610 cm™'. Based on the investigation of the formation of [Ni"(x-O), Ni"
complexes, it is proposed that a rate-determining isomerization of [Ni"u-OR),Ni"]
complex preceding H,O, attack is likely to be involved in the process which is
followed by the formation of a (u—m*n’—peroxo)dinickel(Il) species and its
eventual rapid decomposition to form the bis(u-oxo)dinickel(II) complex. Also,
the comparison of the formation of oxygen intermediates by nickel and copper
complexes of the aforementioned ligands revealed that Ni ion facilitates
homolysis of O-O bond of peroxo intermediate to form bis(u-oxo)dinickel(III)
species, conversely, Cu ion produces a stable ((u—n*n’-peroxo) complex. The
[Ni"'(u-O), Ni"'] complexes of ligands (L6* and L7-L9) are found to be stable at
low temperature but slowly decomposes at elevated temperature and carry out the
aliphatic hydroxylation reaction at the benzylic position of the ligand sidearm.
However, the reactivity of complexes supported by dinucleating ligands (L7-L9)
was lower than that of complexes stabilized by mononucleating ligands (L6%)
owing to the difficulty in the isomerization of [Ni"(x-OR), Ni"] complexes of
former due to the presence of long alkyl straps. While probing the oxidation of
external substrates such as 2,4-di-tert-butylphenol, 2,6-di-tert-butylphenol, 1,4-
cyclohexadiene, triphenylphosphine and thioanisole it was found that
[Ni"'(«-O),Ni""] complexes of L6* and L7-L9 were efficiently abstracting the
hydrogen atom from phenol and cyclohexadiene substrates and oxidizing them to
corresponding diphenols and benzene respectively but did not oxidize
triphenylphosphine and thioanisole. Moreover, these [Ni"'(4-O), Ni''] complexes
did not oxidize aromatic substrates as evident from the absence of ring
hydroxylated product during the product analysis after the decomposition of
bis(u-oxo)dinickel(IIT) complex of dinucleating ligand L10 [76].
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Fig. (3). The structures of mononucleating and dinucleating ligands (L6* and L7-L10), Reprinted with
permission from ref [76], Copyright 2001, American Chemical Society.

In 2000, Suzuki et al. demonstrated that the reaction of a bis(u-
hydroxo)dinickel(I) complex supported by the ligand Me,-TPA (L11) (Fig. 4)
with H,O, results in the formation of a bis(u-oxo)dinickel(III) complex and that in
turn reacts with an excess amount of H,O, to afford a bis(u-superoxo)dinickel(II)
complex. The decomposition of these complexes in the presence of O, resulted in
the oxidation of methyl groups of L11 to form carboxylate and alkoxide ligands
[77]. In a subsequent paper, the author reported the formation of a bis(u-
alkylperoxo)dinickel(I) complex by the reaction of a bis(u-hydroxo)dinickel(1T)
complex supported by Me,-TPA ligand (L12) (Fig. 4) with H,0O, and O, and this
alkylperoxo species was found to be the plausible intermediate in the oxidation of
methyl groups of L12 into carboxylate and alkoxide ligands. Single-crystal XRD
study of the alkylperoxo species transpired that it has a Ni(u-OOR), core in
which one of the methyl groups of each L12 ligand is oxidized to a ligand-based
peroxide and the resulting two peroxides link to two nickel(II) ions (the chemical
structure is given in Fig. (5) [78].

X N
B T
N\ N N\ \N N/ \N N/
SO SO CD
| N N N N
F / /\_/\ /\—\
L11 L12 L13 L14

Fig. (4). The structures of ligands L11-L.14 [77 - 80].
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Fig. (5). The chemical structure of bis(u-alkylperoxo)dinickel(II) complex [76].

After that, Solomon and Nam et al. characterized a side-on peroxo complex, 13b
Fig. (6a) having a Ni(IIl) center, prepared from the reaction of H,O, with a Ni(II)
precursor, 13a stabilized by the 12-TMC ligand (L13) (Fig. 4). Thermally stable
13b adopted a distorted octahedral geometry and it was found to be inactive
towards electrophilic reactions such as oxidation of PPh, and activated C-H
substrates. However, 13b was effective in carrying out nucleophilic reactions such
as deformylation of aldehydes like 2-phenylpropionaldehyde (2-PPA) and
cyclohexane carboxaldehyde (CCA). Moreover, a complete intermolecular
transfer of O, was observed when [Mn(II)(14-TMC)]** was added to 13b as
evidenced by the ESI-MS as well as spectroscopic analysis. The reaction in the
presence of labeled 'O confirmed that O, incorporated in [Mn(III)(14-TMC)(O,)]"
is not molecular oxygen [79]. It has been observed that the electronic, as well as
the geometric structure of the Ni-O, complex, varies with the ring size of the
TMC ligand. For instance, 14-TMC ligand facilitates the formation of a Ni(II)-
superoxo complex whereas 12-TMC ligand favors the formation of Ni(III)-peroxo
species [36]. However, a few years later, Nam et al. prepared mononuclear Ni(II)-
superoxo (14a) and Ni(Ill)-peroxo (14b) complexes of 13-TMC ligand (L14)
(Fig. 4) by treating Ni(II) precursor complex, [Ni"(L14)(CH,CN)]** with H,O, in
the presence of bases tetramethylammonium hydroxide (TMAH) and
triethylamine (TEA), respectively. End-on coordination of O, in 14a (Fig. 6b) and
side-on coordination of O, in 14b (Fig. 6¢) was confirmed by both theoretical and
spectroscopic studies. Similar to the previously reported superoxo complexes, 14a
was found to be active in electrophilic oxidation reactions such as oxygen atom
transfer to PEt, to form O=PEt,. On the other hand, 14b was observed to be active
in nucleophilic oxidation reactions such as deformylation of aldehyde like 2-
phenylpropionaldehyde to form acetophenone [80].
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Fig. (6). The structures of (a) [Ni"'(L13)(O,)]" (13b), (b) [Ni"(L14)(0,)]" (14a) and (c) [Ni"(L14)(0,)]" (14b)
[79, 80].

In 2006, Itoh et al. reported the hydroxylation of alkanes using a Ni(I) complex,
[Ni"(L15)(OAc)(H,0)]BPh, (15) of a tripodal ligand, L15 (Fig. 7) and m-CPBA
as oxidant. High turnover numbers and excellent alcohol selectivity obtained after
employing substrates such as cyclohexane, cyclooctane, adamantane, and
ethylbenzene suggested the involvement of a NiO" (nickel-oxo) type catalytic
intermediate. However, shreds of experimental or theoretical evidence to support
the formation of suggested catalytic nickel-oxygen species were not provided.
Complex 15 was found to be the most promising catalyst with respect to the
turnover number as well as alcohol selectivity when compared with activities of
Mn", Fe", and Co" complexes of the same ligand, L15 [81]. In a subsequent paper
from the same group, the author illustrated the ligand effect on catalytic activities
of the complexes by employing Ni" complexes of a series of pyridylalkylamine
ligands, L16-L20 (Fig. 7) for cyclohexane hydroxylation in the presence of
m-CPBA as oxidant. In order to study the effect of coordinated co-ligands, they
synthesized a set of acetate complexes (15a-20a) and a set of nitrate complexes
(15b-18b). Crystallographic studies revealed that the complexes except 15b
adopted distorted octahedral geometry with a mononuclear center whereas
complex 15b displayed a dimeric structure with distorted octahedral arrangement
around the nickel center. Electronic absorption spectral behaviour (*A,,—T, (F)
transition in the range 917-1010 nm, *A,,—°T (F) transition in the range 537-606
nm and, shoulder band of *A,,—'E, (D) transition in the range 770-800 nm) of all
the complexes except 20a in CH,Cl, confirmed the octahedral geometry of the
complexes in solution as well. However, 20a adopted a square pyramidal
geometry with five weak d-d absorption bands ("B,—’E = 389 nm, *B,—’E = 634
nm, °B,—’B, = 796 nm, B,—’A, = 831 nm, and °B,—’E = 1350 nm) in a non-
coordinating solvent like CH,Cl,. The pyridylmethylamine ligand complexes
(15a,17a, and 19a) were found to be more catalytically active than
pyridylethylamine ligand complexes (16a, 18a, and 20a) and the enhanced
catalytic activity of shorter alkyl chain bearing complexes is attributed to the more
electron-donating ability of such systems. However, the alcohol selectivity
obtained was much higher in the case of complexes with ethylene linker chain
(16a, 18a, and 20a) than the complexes with methylene linker chain (15a,17a,
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and 19a). Electron donating ability of phenol-containing ligand systems was
higher than ligands bearing pyridine donor moieties and hence the complexes of
former ligand systems (17a, 17b, 18a, and 18b) exhibited better catalytic
efficiency. Denticity of the ligands also plays a crucial role in the catalytic activity
of complexes. Complexes with tridentate ligands (19a and 20a) were found to be
less efficient than the complexes with tetradentate ligands (15a and 16a). While
investigating the effect of co-ligands on the catalytic efficiencies, the appearance
of a lag phase was observed for the catalysis catalyzed by nitrate complexes.
Although insight into the mechanistic features of the catalysis is not provided,
Ni"-O" species generated via homolytic cleavage of m-CPBA adduct of Ni"
complex is proposed as the likely catalytic intermediate [82].
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Fig. (7). The structures of ligands L15-L.20 [81, 82].

In 2011, Palaniandavar and co-workers probed the influence of stereoelectronic
effects of ligands on the catalytic efficiency of a series of Ni" complexes of
tetradentate tripodal ligands (L21-L27) (Figure 8) in alkane oxidation reactions
using m-CPBA as oxidant. X-ray crystallography revealed that complex
[Ni(L22)(H,0)(CH,CN)](Cl0O,),(21a) and complexes 22, 23, and 24 having a
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general formula [Ni(L)(CH,CN),](BPh,), (L22-L24) adopted a distorted
octahedral environment around the nickel center in which each tripodal ligand is
coordinated to the metal center through four nitrogen atoms and solvents such as
CH,CN or H,O are occupied at the cis positions. Electronic spectra of all the
Ni(IT) complexes (21a and 21-27) in a 3:1 solvent mixture of DCM:CH,CN
showcased the appearance of d-d bands in the visible region owing to the
octahedral geometry of the complexes in the solution. Metal-ligand covalency and
thus stereoelectronic properties of ligands, as well as Lewis acidity of the nickel
center, play a pivotal role in the catalytic efficiency and product selectivity of
oxidation of alkanes such as cyclohexane, adamantane, ethylbenzene, and
cumene.
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Fig. (8). The structures of tetradentate tripodal ligands (L21-L27) [83].

Variation in alcohol selectivity in accordance with the employment of catalysts
21-27 in oxidation reaction ascertained the involvement of metal-based oxygen
intermediate rather than a free radical species. The plausible reactive intermediate
[(L)(CH,CN)Ni-O']" was assumed to be formed from the homolysis of O-O bond
cleavage of oxidant bound adduct [Ni"(L)(CH,CN)(OOCOCH,CI)]". Complex 21
was found to be the most efficient catalyst among the family and catalytic
efficiency was found to be decreasing with the introduction of bulkier substituents
such as -NEt,, quinolylmethyl group, and benzimidazolylmethyl group (L22, L.25,
and L26 respectively) in the ligand architecture. Also, the replacement of n-
accepting pyridine donors by o-bonding imidazole groups (L23-L24) to reduce
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the Lewis acidity of Ni(Il) center resulted in a decrease in the catalytic
performance of complexes (23-24) owing to the destabilization of nickel bound
oxygen species. However, in the case of adamantane oxidation, a high selectivity
ratio was observed while employing nickel complexes bearing sterically
demanding substituents such as quinolylmethyl group or benzimidazolylmethyl
group (L25-L26) [83]. Later, a combined experimental and theoretical study on
alkane oxidation by employing a series of Ni(Il) complexes supported by N5
ligands (L28-L32) (Fig. 9) in the presence of m-CPBA [5].
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Fig. (9). The structures of ligands L28-L32. Reprinted with the permission from ref [5], Copyright 2014,
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

All the complexes with an octahedral geometry in solution catalyzed the oxidation
of substrates such as cyclohexane, adamantane, and cumene with appreciable
selectivity and high TON. However, when compared to the catalytic activity of
previously reported tetradentate N4 nickel complexes, nickel complexes of
pentadentate N5 ligand series were found to be less efficient and this observation
indicates that two coordination sites may be needed for better catalytic
performance. The stereoelectronic effect was shown to affect the catalytic
efficiencies as evident from the promising catalytic performance of complex
stabilized by the ligand having n-back donating pyridine nitrogen atom (28) and
the least performing complex bearing c-donating imidazole nitrogen atom (32).
DFT study of the catalytic mechanism has been demonstrated using cyclohexane
and suggested that the oxidation occurs via a crucial pathway with the presence of
a high-spin [(L)Ni"-O"]" species and two transition states, ts1, and ts 2, . [5]-

Subsequently, they have reported another interesting study discussing the
stereoelectronic effect of the ligand and solvent coordination on the catalytic
potential of complexes. A family of Ni(II) complexes of tetradentate N4 ligands
(L33-L37) (Fig. 10) was isolated and studied for the alkane oxidation reaction. It
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is found that the complexes possessing diazacyclo ligand meridionally coordinate
with Ni(II) and have only one labile axial site available for oxidant exchange, but
catalyze cyclohexane and adamantane oxidation with high TON and selectivity.
On the other hand, complex stabilized by ethylenediamine backbone (L37), which
adopts cis-a or cis-fp octahedral geometry depending on the solvent of
coordination, supply two cis labile sites resulting in a better catalytic performance
[10]. Hydroxylation of alkanes such as cyclohexane, adamantane, and cumene
using a series of simple mixed ligand Ni(Il) complexes and m-CPBA as an
oxidant has also been demonstrated by the same author in which, picolinic acid
(L38) is used as the primary ligand and bidentate N,N-
tetramethylethylenediamine (L39), 2,2’-bipyridine (L45), 1,10-phenanthroline
(L47) and 2,9-dimethyl-1,10-phenanthroline (L48) and the tridentate
N,N’,N "pentamethyldiethylenetriamine (L40) as an ancillary ligand (Fig. 10 and
Fig. 17). Computational and electronic spectral studies revealed that all the
complexes with a solvent (CH,CN) coordination adopt a distorted octahedral
geometry. However, octahedral geometry in the case of complex bearing 148
ligand is quite unstable and tends to adopt a stable square pyramidal geometry as
evident from the more distorted cis- and trans- computational structures of this
complex and a high g value of 20.7. Homolysis or heterolysis of O-O bond of m-
CPBA-Ni(IT) complex adduct to form high-valent nickel oxygen active species is
proposed similar to the aforementioned reports. Also, the catalytic performance of
complexes has an influence on denticity and steric encumbrance of the ligand.
The complexes with tridentate L40 ligand or strongly n—back bonding planar L50
ligand exhibited an enhancement in the catalytic activity owing to the stability of
the intermediate and a rapid ligand exchange process with oxidant as a result of a
decrease in the Lewis acidity of Ni(II) center. On the other hand, among the
complexes with bidentate co-ligands, the complexes with a non-planar L48 or L51
with sterically restraining methyl groups resulted in a decrease in catalytic
performance [4].

In 2009, Suzuki and co-workers demonstrated the oxidation reactivity of a series
of bis(u- oxo)dinickel(IIT) complexes (41-43) of dinucleating ligands (L41-L43)
(Fig. 11) toward hydroxylation of aromatic ring strap in the ligand architecture.
The generation of oxo complex having Ni,0, core during the reaction of bis(u-
hydroxo)dinickel(II) complexes of same ligands and one equivalent of H,0O, was
confirmed by the characteristic absorption band at 409 nm and vibrational rRaman
spectral band at 616 cm™ for Ni,0, core. Product analysis after the decomposition
of 41-43 revealed the formation of hydroxylated ligands which was confirmed by
'H NMR spectral studies. The decomposition rate of bis(u- oxo)dinickel(III)
complexes was found to increase with an increase in the electron-releasing ability
of the substituent attached to the aromatic ring of the supporting ligand,
suggesting the involvement of intermediate during the oxidation reaction.
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Moreover, the absence of a noticeable kinetic isotope effect (KIE = 1) also
ascertained that the electrophilic aromatic substitution pathway is more likely to
occur rather than the hydrogen atom abstraction process [84].
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Fig. (10). The structures of ligands L33-L40. Reprinted with the permission from refs [4,10], Copyrights
2017, and 2013, Royal Society of Chemistry and Elsevier B.V.
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Fig. (11). The structures of ligands L41-L43 [84].

In 2015, McDonald and co-workers reported oxygen atom transfer and hydrogen
atom abstraction reactivity of a thermally unstable, low-spin (S=1/2), square
planar Ni"'-oxygen adduct, 44a (Fig. 12) derived from the 1:1 reaction of a Ni'-
bicarbonate complex (44) bearing a pyridinedicarboxamidate ligand (L44) with
tris(4-bromophenyl)ammoniumyl hexachloroantimonate. The species 44a was
characterized by the appearance of two electronic spectral signatures at 520 and
720 nm irrespective of the solvent used, suggesting the absence of solvent
coordination. An average g-value (g, =2.17) obtained from the X-band EPR
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analysis indicated that the unpaired electron is occupying the nickel center rather
than in the ligand moiety and this observation of g. >> g, suggested a square
planar geometry for 44a. XAS edge energy of 8345 eV obtained also supported
the +3 oxidation of 44a. Moreover, all the experimental findings were well
supported by DFT calculations. Oxygen atom transfer reactivity of 44a towards
PPh, to form O=PPh, was detected by ESI-MS and *'P NMR analysis. Also,
oxidation of O-H bond of 2,6-di-tert-butyl phenol and the C-H bond of 1-benzyl-
1,4-dihydronicotinamide (BNAH) was efficiently carried out by 44a via hydrogen
atom abstraction (HAA) as evidenced by a KIE value greater than 1 [85].

Fig. (12). The structure of 44a [85].

In a subsequent paper, the author has illustrated the preparation of two other
metastable high-valent nickel oxidants [Ni"(OAc)(L44)] (44b) and
[Ni"'(ONO,)(L44)] (44c¢) bearing the same pyridinedicarboxamidate ligand (L44)
by the addition of one-electron oxidant, magic blue to the corresponding Ni(II)
square planar precursors and probed their reactivity in C-H bond activation. It has
been observed that the oxidation of the OAc precursor complex could also be
done using NaOCl/acetic acid and that of ONO, precursor could be done by the
addition of cerium ammonium nitrate (CAN), which results in the formation of -
OAc ligated 44b and -ONO, ligated 44c. A similar EPR and XAS spectral
behavior to 44a was observed for both 44b and 44¢ suggesting a similar geometry,
as well as the occupancy of unpaired electron in the metal-based molecular orbital
(d,, or d,). While probing the oxidative reactivity of these three complexes
towards 2,6-di-fert-butylphenol, complex 44c¢ with electron-poor “'ONO, was
shown to have a 15-fold higher activity than 44a and 44b. Because of the
influence of electronic properties of ancillary ligands (-OAc, -CO,H, -ONO,) on
the reactivity of the corresponding Ni"" complexes towards phenols, it is proposed
that the association of the concerted proton-electron transfer pathway is also
equally possible along with classical HAT mechanism (Fig. 13). Among the three
complexes, 44b was found to be effective in oxidizing hydrocarbons with high C-
H bond dissociation energy via a HAT mechanism as evident from a KIE value
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greater than 1 and a linear correlation between reaction rate and C-H bond

dissociation energy [86].
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Fig. (13). (a) Classical HAT mechanism. (b) Concerted proton coupled and electron transfer. Reprinted with
the permission from ref [86], Copyright 2016, American Chemical Society.

In 2017, the author illustrated the generation of a Ni"'-oxyl species by reaction of
a Ni" complex, [Ni"(NCCH,)(L45)] (45) of a modified pyridinedicarboxamidate
ligand, L45 (Fig. 14a) and m-CPBA. Electronic absorption spectra with bands
around 560 and 760 nm like the previously mentioned L44 supported complexes
ascertained the formation of a Ni"" species and further studies using mass and EPR
spectra (1:1 mixture of axial signal and rhombic signal) alluded to the formation
of [Ni"'(OOCCH,CI1)(L45)] (45a). Similar to the preparation of 44a-c by the one-
electron oxidation process, 45a could also be prepared by one-electron oxidation
of OOCCH,CI possessing Ni" complex. GC-MS analysis of the reaction mixture
of 45 and m-CPBA revealed the formation of m-CBA in high yield and thus
indicated the two-electron oxidation of complex 45 by m-CPBA resulting from
the heterolysis of O-O bond and 45a is most likely to be derived from transient
high valent nickel-oxygen species Ni'V=0/Ni"-O" formed during the heterolytic
O-O bond scission. This notion of O-O heterolysis is well supported by DFT
calculations which also suggest that the Ni-oxygen species formed would be
relatively stable Ni'"'-O" (S=1) rather than Ni""=0 (S=0). Organic product analysis
after demetallation in the reaction mixture revealed the formation of a ligand
oxidized product (Fig. 14b) implying the promising oxidative power of this Ni"'-
oxyl species towards a strong C-H bond. A crucial step in the formation of ligand
oxidized product is the generation of methine radical resulting from the hydrogen
atom abstraction of putative Ni"'-O" from the methine position of the iso-propyl
group [87]. Later, they synthesized a series of modified Ni" complexes (44d-i)
(Fig. 15) bearing pyridinedicarboxamidate ligand as well as different ancillary
ligands and performed one-electron oxidation of these complexes to form
corresponding Ni"' complexes with S=1/2 state. While probing the reactivity of
these Ni"' complexes towards phenol oxidation (2,6-di-tert-butylphenol), it is

found that there exists a correlation between the oxidizing power of Ni"" oxidants
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and electron-donating ability of ancillary ligands.
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Fig. (14). The structure of ligand L45 (a) and ligand oxidized product (b) [87].
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Fig. (15). The structure of Ni" complexes of L44 with different ancillary ligands [88].

Complexes bearing highly basic supporting ligands were found to be inactive
whereas those with neutral donors were active and thus the charge of the metal
centre plays a crucial role in the reactivity [88]. Mechanistic investigation of this
oxidation reaction was further executed using another Ni" complex, [Ni"("**-

terpy)(L44)] (44j)  (““-terpy =4,4',4"-tri-tert-butyl-2,2';6',2"-terpyridine).

11

Reactivity of the corresponding Ni! complex (44j) was probed using
para-substituted 2,6-di-fert-butylphenol and GC-MS analysis of post-reaction
mixture suggested proton-coupled electron transfer (PCET) reaction pathway
owing to the presence of phenoxyl radical and proton accepted 44 (44-H") in the
reaction mixture. However, unlike the previously mentioned Ni'! analogous, 44j
was found to be inactive towards hydrocarbons indicating its kinetic and

thermodynamic inertness [88].

In 2017, Hartwig et al. demonstrated hydroxylation of polyethylenes (LDPE,
HDPE, and LLDPE) by employing Ni catalyst of phenanthroline ligand (L52) and
m-CPBA as oxidant. Among a series of nickel complexes, the selection of the
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most efficient complex [Ni(Me,Phen),](BPh,), (52) was done by evaluating the
catalytic potential of all the complexes of bi and tridentate nitrogen donor ligands
(L46-L52) (Fig. 16) in the oxidation of alkanes such as cyclohexane and
n-octadecane. Complex 52 catalyzed the oxidation of cyclohexane with high
alcohol to (ketone+tester) ratio of 10.5:1 and a TON of 5560 and the oxidation of
n-octadecane with alcohol to ketone ratio of 15.5:1 and a TON of 660. The higher
catalytic activity of complex 52 is attributed to the easy dissociation of
phenanthroline ligand from the complex to coordinate m-CPBA. The application
of this most efficient catalyst in polyethylene hydroxylation was successful with
the incorporation of 2.0 to 5.5 functional groups (alcohol, ketone, alkyl chloride)
per 100 monomer units.

L46
R R
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77—\
N\ /" \ 7
L48: bpy, R =H L50: phen, R; =R, =R; =H

L49: t-Bu,bpy, R=t-Bu L51: Ry =Me, R, =R;=H
L52: Ry =H, R, =R3=Me

Fig. (16). The structure of ligands L48-L52. Adapted from ref [90].

The advantage of nickel catalyzed polyethylene hydroxylation over the
conventional radical hydroxylation process is the absence of chain cleavage and
cross-linking and thus a noticeable molecular weight change in the resulting
polymer product is not observed [90]. Very recently, the same author has
published an article on mechanistic investigation of nickel catalyzed oxidation of
unactivated C(sp’)-H bonds with m-CPBA. Contrary to several reports on the
involvement of high-valent nickel oxygen species in the oxidation of C-H bonds,
this mechanistic investigation points out that nickel complex only facilitates the
decomposition of m-CPBA to form m-chlorobenzoyloxy radical, and thus the
process of C-H bond oxidation of unactivated hydrocarbons is proceeding through
the free radical mechanism. They employed a nickel complex of nitrogen-based
ligand for the oxidation of cyclohexane and adamantane and it is observed that the
stereoelectronic properties of ligands do not affect the yield or selectivity but as
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the steric constraints increase the time required for oxidation also increases. The
formation of m-chlorobenzoyloxy radical responsible for C-H bond cleavage is
indirectly identified by comparing the selectivity of this reaction with the
selectivity of reactions mediated by other radical species such as hydroxyl, 3-
chlorophenyl, and 3-chlorobenzoylperoxy. Hydrogen atom abstraction from the
C-H bond of alkane by 3-chlorobenzoyloxy radical results in the formation of a
carbon-centered long-lived radical as evidenced by CCI, trapping and radical
clock (cis- and trans-1,2-di-methylcyclohexane) studies. Trapping of alkyl radical
species by m-CPBA results in the formation of C-O bond and
m-chlorobenzoyloxy species and thus continuing the propagation of radical chain
[91].

Recently, Shanmugam et al. isolated a terminal trivalent Ni-OH complex, derived
from the reaction of a nickel precursor, [Ni(COD),] (COD=cyclooctadiene) and a
pincer ligand (L53) (Fig. 17) in the presence of a trace amount of O,. Multiple
spectroscopic studies revealed the presence of terminal —OH group and
paramagnetic nature and S = 1/2 ground state. Hydrogen atom abstraction of
dihydroanthracene and dihydrobenzene by this high-valent oxidant also
corroborated the presence of a proton bound to the terminal oxygen [92].
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Fig. (17). The structure of ligand L53, Reprinted with permission from ref [92], Copyright 2019, American
Chemical Society.

Complexes Exhibiting Both Oxygen Atom Transfer and Hydrogen Atom
Abstraction Reactivity

In 2012, Ray et al. reported the spectroscopic trapping of two metastable Ni(III)
oxygen intermediates derived from the reaction of a Ni(Il) complex,
[Ni"(TMG;,tren)]*” (54) of N4 tripodal ligand, TMG;tren, (tris[2-(N-
tetramethylguanidyl)ethyl] amine) (L54) with m-CPBA at low temperature.
Electronic spectral absorption bands at 464 nm, 520 nm, and 794 nm, along with
two rhombic S = 1/2 EPR signals with g, > g, values suggested the formation of
high valent oxo species and generation of Ni(IIl) species, respectively. Ni(III)-
oxo/-hydroxo intermediates are understood to be generated from the homolytic
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cleavage of O-O bond of terminal bound m-CPBA adduct of Ni(II) precursor
complex (54). This high-valent nickel-oxygen intermediate was found to be
reactive towards PPh, in oxygen atom transfer and efficiently abstracted the
hydrogen atom from substrates such as 9,10-dihydroanthracene, 1,4-
cyclohexadiene, xanthene and1-benzyl-1,4-dihydronicotinamide [90]. Recently, a
theoretical study about the structure, bonding, and reactivity of this putative Ni"
species has been reported and the oxyl radical character of the species has been
revealed. Also, the radical nature of this species plays a major role in its robust
reactivity towards hydrocarbon oxidation. Moreover, the possibility of
involvement of two electromeric states, (i) Ni-O" and (ii) Ni"'(O) differing mainly
in Ni-O bond distance is also suggested [94].

In 2013, Hikichi et al. explored the influence of stereoelectronic properties of
ligands on the catalytic activity of complexes by employing a series of Ni(Il)
complexes supported by tridentate substituted hydrotris(pyrazolyl)borate (Tp)
ligands (L55-L58) (Fig. 18) in cyclohexane oxidation with m-CPBA. A nickel(II)-
acylperoxo complex ([Ni"(OOC(=0O)CH,Cl)(Tp*)] derived from the
stoichiometric reaction of nickel(II)-bis(u-hydroxo) complexes of L55-L58 with
m-CPBA was assumed to be the active oxidant species in the catalysis by
analyzing the UV-Vis spectra with an absorption band around 386 nm and an IR
spectral peak at 1644 cm™'. These putative acylperoxo complexes were found to be
thermally unstable as evident from the disappearance of the UV-Vis band and IR
peak at a higher temperature. The incorporation of an electron-withdrawing group
like bromine on the pyrazolyl backbone of ligand (L58) resulted in an
enhancement in the electrophilicity of active oxidant as well as an increment in
alcohol selectivity.

R, L55: R;=R3='-Pr,R,=H
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L58 : R, =R, = Me , R, = Br
3 L59: R,= Me, R, = H, R = CF,

Fig. (18). The structure of ligands L55-L59, Reprinted with the permission from ref [97], Copyright 2013,
American Chemical Society.

Ni(II) complex bearing most sterically encumbered ligands LS55 and L56
exhibited almost no catalytic activity towards cyclohexane oxygenation whereas
less sterically demanding L57 and L58 bearing complexes displayed higher
catalytic activity to yield hydroxylated cyclohexane. However, a 'H NMR signal
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at 16.5 ppm of the putative acylperoxo complexes of L55 and L56 revealed the
intramolecular ligand hydroxylation at the methane portion of the isopropyl group
of L55 and L56 [95]. An alkylperoxo complex, [Ni"(OOzBu)(Tp™)] 55b derived
from the reaction of [(Ni"Tp™),(u-OH),] with a stoichiometric amount of zert-
butylhydroperoxide was found to exhibit either electrophilicity (with PPh, or CO)
or nucleophilicity (with ArCHO) depending on the nature of substrates and
oxidizes alkanes such as cyclohexane presumably via a radical mechanism to
afford alcohol and ketone with low alcohol to ketone ratio. The generation of
radical species through O-O and Ni-O bond homolysis was proposed in the
mechanism [96]. In a subsequent paper, the author modified one of the alkyl
substituents on the pyrazolyl backbone to an electron-withdrawing, oxidation
resistant, and moderately sterically restrained trifluoromethyl groups (L59)
(Figure 18) and successfully isolated corresponding acylperoxo Ni(II) complex
59. Complex 59 was found to be in a distorted square pyramidal geometry (t =
0.26) with a high spin (S = 1) Ni(Il) center and unlike the previously reported
acylperoxo Ni(Il) complexes of Tp ligands (L55-L58) displayed thermal stability
even at 70° C owing to the steric hindrance around the Ni center as well as the
electron-withdrawing nature of CF,. To probe the oxidizing reactivity of complex
59 in detail, external substrates such as sulfides, phosphines, alkenes, and
hydrocarbons with activated C-H bonds were employed. The complex 59 with an
electrophilic nature was found to be efficient in transferring an oxygen atom to
various p-substituted thioanisoles, phosphines, and alkenes such as cyclohexene
and styrene. The absence of absorption band around 800 nm in the UV-Vis
spectrum obtained during the oxidation of activated C-H bond having
hydrocarbons like 1,4-cyclohexadiene, 9,10-dihydroanthracene, xanthene, and
fluorene suggested the absence of O-O homolysis in complex 59 to from high-
valent Ni-oxygen species. On the other hand, oxidation of unactivated C-H
substrates like cyclohexane was expected to occur mainly via the formation of
high-valent oxygen species by homolytic cleavage of O-O bond in the acylperoxo
nickel complexes of L55-L58 [97].

CONCLUSION

In this book chapter, we have summarized noteworthy attempts in oxo atom
transfer reactions catalyzed by various nickel complexes in the presence of
oxidants such as m-CPBA, H,0,, --BuOOH, and molecular oxygen. Interestingly,
most of the complexes exhibited promising reactivity in either electrophilic
oxidation (hydrogen atom abstraction, oxygen atom transfer) and/or nucleophilic
oxidation reactions. The importance of ligand design is evident from the observed
reactivity of complexes as reactivity is correlated to stereoelectronic properties of
ligand architectures. In the case of dinuclear nickel complexes, bis(u-
oxo)dinickel(IIl), bis(u- peroxo)dinickel(Il), and bis(u- superoxo)dinickel(II)
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complexes are proposed to be the plausible intermediate and in mononuclear
complexes putative high-valent nickel-oxo/-oxyl species generated via heterolysis
or homolysis of O-O bond of oxidant adduct of precursor nickel complex is
proposed to be the likely intermediate. However, elucidation of the actual species
and providing a clear-cut mechanistic description still remains elusive. Also, the
recent finding states that oxidation of unactivated C(sp*)-H bonds do not involve
metal-based oxo/oxyl species, which is contrary to the previously reported
oxidation mechanisms and thus draws a great deal of attention as well as urge the
scientific community to bring forth the strategies to isolate or completely
characterize the putative intermediate species in such reactions.
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Abstract: Insights into the mechanisms of oxygen atom transfer in the photooxidation
of organic compounds for heterogeneous photocatalytic systems have been presented.
These reactions have a wide variety of practical applications in chemistry, biology, and
applied sciences. The role of the oxygen atom transfer mechanism in homogeneous
photocatalysis has been investigated for nearly a century. Relatively little attention has
been paid to the disclosure of oxygen atom transfer reactions in heterogeneous
photocatalytic systems. This chapter discusses some problems related to the catalytic
oxygen atom transfer in the oxidation of organic compounds, mainly with dioxygen,
under UV irradiation or visible light, in heterogeneous reaction systems. Various active
oxygen species, including oxygen atom transfer agents, as reaction intermediates can
be generated in these systems. Depending on the nature of the active oxygen species,
including metal-oxo compounds, the photoassisted catalytic oxygen atom transfer can
occur mainly by the primary photoexcitation of either the catalyst or its photosensitive
solid support, in rare cases, also the catalyst/support complex. The peculiarities of the
mechanism of photo-driven oxygen atom transfer were mainly exemplified by the
reactions occurring in heterogeneous catalytic systems containing transition metal
oxides, their metalorganic complexes, and other photosensitive solid materials,
including heterogenized homogeneous photocatalysts on the different supports, such as
the transition metal-oxo complexes on the semiconductor materials. Special attention
has been paid to the chemistry of TiO, and TiO,-based semiconductor photocatalysis
from the point of view of the reaction mechanisms, including oxygen atom transfer
reactions.
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INTRODUCTION

Photo-driven catalytic reactions are divided into two main branches:
homogeneous and heterogeneous photocatalysis [1, 2], although each of them can
often be expressed as a bimodal reaction sequence when the key reaction
intermediates are transferred from one phase to another [3]. Both heterogeneous
and homogeneous photochemical oxidation of organic compounds with dioxygen
or other oxidants, more often called photoredox reactions, as a rule, are complex,
multistage, and sometimes even multiphase processes occurring via the formation
and further reactions of different intermediates [4].

The mechanism of photoredox reactions is principally different from the
mechanism of thermal reactions, although sometimes the reaction intermediates
can be the same in both cases. In a photochemical system that absorbs light
energy, one or more components are transferred into excited states, and their
further interactions lead to the formation of reaction intermediates and/or
products. In this regard, photoredox systems can produce such intermediates (by
relaxation of the energetically excited intermediates from a higher energy state to
a lower energy state), which may not be generated during thermal oxidation due
to energy inaccessibility [5].

Homogeneous photochemical reactions of the oxidation of organic substances,
particularly, with dioxygen, in the absence of metal ions or organometallic
complexes, are usually radical and chain, often autocatalytic processes. In the
presence of metal ions in homogeneous reaction media, the predominant
mechanisms of photochemical oxidation are similar to those of reactions with the
Fenton reagents, known as photo-Fenton reactions [6]. In the case of the
participation of transition metal ions or their organometallic complexes catalyzing
oxidation reactions under UV irradiation or visible light, the transfer of electrons
or atoms depends mainly on the nature of the central metal ions and their
coordination environment [7]. Oxygen atom transfer occurs either by direct
insertion of the oxygen atom into the substrate or by the so-called oxygen rebound
(radical) mechanisms, via the primary abstraction of hydrogen atom from the
substrate. The transfer of oxygen atoms can occur either as a stepwise or as a
concerted reaction [7].

In heterogeneous photocatalysis, the light energy is absorbed by the solid phase
photosensitive component(s) of the chemical system that transforms it into the
chemical bond energy. If this transformation takes place on the surface of the
catalyst, the photocatalytic process is named “direct”, and, if it occurs through the
absorption of light energy by the substrate or substrate-catalyst complex, as well
as by another reaction component capable of transferring it to the catalyst or
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substrate, it is named “indirect” [8]. The majority of the heterogeneous
photocatalysts are semiconductors (TiO,, CuO, ZnO, NiO), dyes, organic or
inorganic polymeric materials [2, 4, 9]. Among them, the exceptional usefulness
of the photocatalytic application of “bare” and surface modified TiO, hasbeen
revealed in a large number of investigations in recent decades. Taking into
consideration the wide application and practical importance of TiO, and TiO,-
based photocatalysts in wastewater treatment (AOP technologies), elimination of
certain atmospheric pollutants, disinfection of surfaces, etc [6, 9, 10], this chapter
is mainly devoted to the problems of the mechanism of oxidation in these and
analogous systems. Here, we will discuss mainly the problems of “direct”
photocatalytic reactions [8].

Investigations of the oxygen atom transfer in heterogeneous photocatalytic
reactions are related to the determination or estimation of certain kinetic
parameters (rate constant, quantum yield, turnover number, photonic efficiency),
the accurate measurement of which is often complicated caused by the complexity
of the multiphase and multicomponent photochemical systems. In this regard, it
will be shown that the existing data often provide limited possibilities to make
summarizing conclusions about the prevalence of one or other mechanisms in
oxidation via oxygen atom transfer reactions.

Special attention will be paid to heterogeneous photocatalytic systems, where the
transfer of oxygen atoms to substrates occurs from transition metal-oxo
complexes anchored on the surfaces of semiconductors or supported by non-
photosensitive materials. The revealing of the mechanisms of oxo-atom transfer
from transition metalorganic complexes may serve as a functional model for
enzymatic oxidation, as well as a key to the creation of new photocatalytic
redox systems, corresponding to the requirements of “green” and sustainable
chemistry.

Photocatalytic Oxidation Reactions Occurring via Oxygen Atom Transfer

Heterogeneous photocatalytic oxidation reactions of organic compounds on the
surfaces of metals, metal oxides, organometallic complexes, and other
photosensitive solid substances occur through the formation of intermediates of
different nature (radicals, ions, excited species, metastable compounds, efc.) and,
therefore, in general, they have different reaction mechanisms. For example,
according to the more or less generally accepted mechanisms for the oxidation of
alcohols to aldehydes with dioxygen on the noble metals, usually, the main
intermediates are alkoxy species adsorbed on the surface of the catalyst, the
dehydrogenation of which leads to the formation of aldehydes (Scheme 1) [11].



94 Oxygen Atom Transfer Reactions, Vol. 1 Robert Bakhtchadjian

H\/CHR H>C/R
/o H >o H H
Pd+RCH,OH —»Pd-H —> Pd-H — RCH-O +Pd
2ol o
Pd

Scheme (1). Pd-catalyzed oxidation of alcohols with dioxygen [11].

Here, the essential role of the oxidizing agent, dioxygen, is the regeneration of the
catalyst by the dehydrogenation reaction that produces water.

Other analogous examples of the mechanisms involving the metal-alcoholate
species, and f-hydride elimination from the alcoholate, are Ru/Al,O, catalyzed
oxidation of alcohols, diols, and amines [12].

Completely different mechanisms are predominant in the case of the transition
metal oxides in photochemical oxidation with dioxygen. Particularly, in the
photocatalytic oxidation of organic compounds on TiO, with dioxygen, the most
accepted mechanism is related to the formation of the active (or reactive) oxygen
species as the main intermediates. They consist of a great number of chemical
entities of different classes: oxygen radicals (O, O, O,), singlet oxygen ('O,), and
radicals or molecules containing not only oxygen but also a number of other
elements (OH, HO,, NO, CO,, RO, H,0O,, organic peroxide compounds),
including also metal(M)-oxygen moieties, as M=0* or M-O*-M [11, 13]. Active
oxygen species, such as O, O, O,, O,*, usually exhibit electrophilic properties,
while the terminal and bridging metal-oxygen species, in general, are nucleophilic
or amphoteric [13]. All of these and a great number of other species formed as a
result of photocatalytic reactions on the surfaces of solid substances are
candidates for key intermediates in the oxidation of organic compounds,
depending on the reaction conditions in the chemical system. As oxidant agents,
they exhibit different reactivity in the fluid phases and in the adsorbed state on the
surfaces of solid substances [3]. The adsorbed species on different surfaces, which
are free radicals in the fluid phases, are often classified as radical-like species [3].
Among the above-mentioned oxygen active species, the chemical entities that
include oxygen atom(s) combined with a metal element(s) and compose moieties
of different inorganic or organometallic compounds (metal oxides; metal-oxo,
oxyl, or peroxo complexes) are of particular interest in both chemistry and
biology, in homogeneous and heterogeneous photocatalysis, as oxygen atom
transfer agents [7, 11, 13].
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The primary action of light on the surface layer of semiconductor photocatalyst
(A>360 nm for Ti0O,), called photoexcitation, leads to the separation of charge
carrier pairs: h™ (holes in valence band) and e (electrons in conductive band) [2, 4,
5, 7]. There are at least three possible pathways for further interactions of holes
and electrons: recombination; trapping in defect sites in the bulk and on the
surface of solid substances; and interactions with chemical compounds by charge
transfer reactions. It is obvious that only the third pathway is significant in
photochemistry, because two other pathways are chemically unproductive. For
example, the generation of radicals OH" and O, on TiO, in aqueous media and in
the presence of dioxygen may occur via the following interactions:

h“+ OH — OH’

e+0,— 0/

The formation of the active oxygen species and their role in oxidation on TiO,,
under UV irradiation are discussed in nearly every modern review and handbook
devoted to the problems associated with the photocatalytic redox reactions. In
most mechanisms of the oxidation of organic compounds on the surfaces of TiO,,
it was considered that the actual oxidants were mainly holes h’, radicals
OH’, O,’, HO," or H,0, and organic peroxides. In principle, they may continue the
reaction through different pathways, including:

(i)-generation of other radicals, radical like or other surface-active species;
decomposition and/or transfer of them from the surface to the fluid phases
(ii)-reaction with the substrate and the formation of final products via the transfer
of electrons; transfer of oxygen atom; abstraction of hydrogen atom, etc.

Note that the photoexcitation or primary action of light at the surface level of
semiconductors is essentially different from that in the case of the surface metal-
oxo complexes supported by different materials. If the support is not a
photosensitive material, under appropriate conditions, part of the UV irradiation
or light energy may be absorbed by the metal-oxo complex and used to transfer
electron(s) from the metal to oxygen with the formation of M"™-O" (metal oxyl)
intermediates. The photoexcitation of semiconductor materials used as supports of
metal-oxo complexes in photocatalytic reactions is discussed in the following
section.

It is also important to note an essential peculiarity observed in many
heterogeneous photocatalytic reactions that can often remarkably change the
perceptions of the progression of photochemical processes after the formation of
radicals or radical-like species on the surfaces of semiconductor catalysts,
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particularly on TiO,. In the early stages of the development of heterogeneous
photocatalysis, the mechanisms of oxidation reactions were usually related only to
the primary chemical reactions on the surfaces of semiconductors under the
influence of light or UV irradiation. For example, in the “classical” photocatalytic
reaction, the splitting of water on a semiconductor electrode (Ti0,, in the presence
of Pt-electrode), the following “purely” heterogeneous reactions on TiO, have
been suggested [8].

TiO2 electrode (TiO2) +hv — (TiO2)(e + h")
2H20 + 4h* —» O2 + 4H"

Pt electrode 2H" + 2" > H>

And the summary reaction is:

2H 0+ 4hv® 2H2 + 02

However, the accumulation of experimental data on the oxidation of organic
compounds driven by UV irradiation on TiO, revealed the impossibility of
accurately describing these reactions within the framework of models of “purely”
heterogeneous processes. For example, it was clearly shown experimentally that
the photogenerated OH radicals (reaction of holes with water or hydroxyl ions),
which were considered key intermediaries in many photocatalytic oxidation or
oxidative destruction reactions of organic compounds on the TiO, surface, can be
of at least two types: surface-bonded hydroxyl OH, and surface free hydroxyl OH;
[3 (chapter 4), 15, 16]. These two types of intermediates have very different
reactivity on the surface. Moreover, a great number of investigations have
confirmed that a part of OH; radicals can be desorbed from the surface and
diffused to the bulk of the fluid phases. It has been considered that OH, is bonded
with only one Ti-atom, and OH, with two Ti-atoms [16 - 18]. The OH radicals
appeared in the fluid phases are capable of continuing the oxidation by the radical
pathway. This transfer of radicals from the solid surface to the gas or liquid
phases was confirmed by data obtained using a number of modern experimental
methods, such as laser induced fluorescence spectroscopy [17], EPR-method [19],
ATR-IR (attenuated total reflection in infrared spectroscopy) [16], CRDS (cavity
ring down spectroscopy) [20]. The brief review of the heterogeneous-
homogeneous photocatalytic processes is presented in monograph [3]. All these



Mechanism of Heterogeneous Photocatalytic Oxygen Atom Transfer Reactions, Vol. 1 97

experimental investigations clearly demonstrate that in a great number of
heterogeneous photocatalytic oxidation reactions, the overall reaction can be
described only by taking into consideration the bimodal reaction sequence [3, 21].
A nearly analogous conclusion was drawn by the authors of the work [8], stating
that “some photocatalytic reactions have been reported wherein the
photocatalytically produced compounds are not the final products. In fact, they
react in the solution bulk or catalytically on the surface of the semiconductor with
other species, thus producing the target compounds”. Therefore, “investigating
and proposing mechanistic insights, the concepts of photocatalysis and catalysis
or reactions in bulk solution or adsorbed phase may often overlap and it is useful
to analyze them according to an interdisciplinary over-view”.

Returning to the oxygen atom transfer reactions in understanding the mechanism
in photocatalytic oxidation of organic compounds on TiO, surfaces, note that they
were revealed in a number of investigations [22 - 29]. Zhao and coworkers [23],
applying the isotope labeled technique, clearly showed the transfer of oxygen
atoms in photocatalytic oxidation of organic compounds on the TiO, surface, for
example, via oxygen atom transfer from O, to alpha-carbon of alcohol forming
aldehydes in benzotrifluoride (BTF) solution. The predominant overall reaction
has been presented as follows:

R 160 /BTF R'\
S CHBoH — cu="%0 + H'S0"oH
R” TiO,, hv g7

The following reaction scheme (Scheme 2) demonstrates the suggested
mechanism of oxygen atom transfer in photocatalytic oxidation of alcohols with
dioxygen [23].

B N B i 5 1{2
R
R? R? 1 Rr? / C/
| L. Ry 7 _-Cx R =0
C hv C C~ R— S0 oH'
- (0} O
PR <« 17| 2

R R0 7 N S M 0 oH
O @) 0~ N HO™
| v Ti ™ L N /w
T 1 Ti Ti

Scheme (2). Oxygen atom transfer in the photocatalytic oxidation of alcohols with dioxygen on a TiO, [23].

According to the perceptions developed by Zhao et al. [23 - 25], in the case of
Ti0,, the electron transfer to the substrate is an interfacial process between the
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bulk of the liquid phase and the surface of the solid phase. Particularly, this
concept has been experimentally evidenced by the application of the mentioned
isotope labeled technique, when the solvent was water [24]. The following
example demonstrates a peculiarity of the hydroxylation of the aromatic ring with
dioxygen on the surface of TiO, in a water medium (Fig.1):

16 18
OH OH
UV/TIO,
RN
H 0,0,
Rutilc: 20-40% 60-80%
Anatase: 70-90% 10-30%

Fig. (1). Photocatalytic oxidation on TiO, of benzene to phenol in aerated aqueous solution (Adapted from
Ref [24].).

Zhao et al. [24] also investigated the photocatalytic reactions of hydroxylation of
other aromatics, oxidative cleavage of aryl rings, and photocatalytic
decarboxylation of saturated carboxylic acids on the TiO, surface in the presence
of dioxygen. According to the authors [24], the activation of oxygen in
hydroxylation occurs by the interaction of dioxygen with conduction band
electrons. In the oxidative cleavage reaction, the insertion of O-atoms takes place
through the so-called “site-dependent coordination of reactants”. In the
decarboxylation of acids, O, is activated by conduction band electrons and
incorporated into the pyruvic acid intermediate.

All of the above results confirm the general conclusion that oxygen atom transfer
in heterogeneous photochemical oxidation or oxidative decomposition
(destruction) reactions with dioxygen on semiconductors is one of the main
pathways in the mechanism [28, 29].
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About Two Classes of Heterogeneous Photocatalytic Reactions:
Photogenerated Catalysis and Catalyzed Photolysis

In classifying the photocatalytic reactions, Salomon differentiated two main
classes of these processes [30, 31]:

1. Photogenerated (photoinduced, photoinitiated), when the light-generated
catalyst is in a ground state electron configuration and it “interacts with the
substrate to carry out the thermodynamically spontaneous catalytic step” [30],
(Fig. (2a). It is also known as true catalysis.

2. Catalyzed photolysis (photosensitized), (“Catalyzed photolysis” is a term that is
currently not widely used), when the molecular entity (substrate or reactant)
absorbs light and “induces a chemical and physical alteration of another chemical
entity (photosentizer, catalyst).” During the catalyzed photolysis, the catalyst or
substrate, or the catalyst and substrate together, are in an electronically excited
state (Fig. (2b) [31].

Nominal _hy
Catalyst

l

Catalyst Nominal ,']1"
Catalyst
Product Product

Heat or hv -..

Substrate
Substrate

Catalyst

a b

Fig. (2). Schemes of the catalytic cycles in (a) photogenerated catalysis; (b) catalyzed photolysis; according
to Serpone and Emeline (Adapted from the work [31]).

In a homogeneous photogenerated (photoinduced) catalytic reaction, the precursor
of a catalyst or a nominal catalyst that absorbs and transforms light energy,
becomes an electronically (chemically) modified real-catalyst that carries out
chemical transformations. The photoinduced formation of free radicals or ions
capable of initiating a chain reaction can be considered a particular case of the
photogenerated reaction [32]. Theoretically, one or two photons may generate
either radicals, which, in turn, can develop chain reactions, or other reactive
species performing catalytic cycles with a high turnover number. In the case of
the catalyzed photolysis (photosensitized), as well as photoassisted reactions in
homogeneous media, photons are the initial quasi-reactants participating in every
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catalytic cycle of the chemical transformation. The two main categories of
photocatalytic homogeneous processes have also been attributed to the
heterogeneous photoredox reactions, and have been named: heterogeneous
photogenerated (photoinitiated, photoinduced) and heterogeneous catalytic
photolysis (photosensitized, photoassisted) processes [31, 33]. It should be noted
the principal differences between the two mentioned classes of heterogeneous
photocatalytic reactions, as the activation mechanism of the catalysts and kinetic
parameters of the systems are different. As mentioned in [32], in this case, “we
deal with different catalysts”. In the case of the catalyzed photolysis, under
irradiation, the Fermi level of the semiconductor (catalyst) is split into two quasi-
Fermi levels. Contrary, in the case of the photogenerated catalysis, the Fermi level
is unique, although it is shifted in comparison with the initial state, and the
reaction may occur in the dark after the preexcitation of the nominal catalyst [32].

The mentioned classes of photochemical reactions, in general, can be
differentiated by measuring or estimating values of the quantum yield of reactions
(®). In homogeneous or heterogeneous reactions, the quantum yield is the
following ratio [31]:

O=A(substrate)/ number of photons absorbed by system

A(substrate) is the number of consumed molecules of the substrate. Obviously, ®
can be compared per photon and per unit time, and in a heterogeneous system, as
well per unit surface. Other expressions of @ are given in [31 - 33]. Certain
considerations related to the definition of the quantum yield in multiphoton
elementary processes were discussed in [34]. In a homogeneous photoinduced
chain-radical reaction ®>>1, as in the case of the reaction of H, with Cl,, ®>>1
(800-3000) in the gas phase. In a homogeneous photoassisted (photosensitized)
reaction, the values of the quantum yield or quantum efficiency of reaction may
be ®<1 or <100% [35]. Unlike homogeneous systems, the experimental
determination of quantum yield in heterogeneous photocatalytic reactions is more
complicated. Since the 1990s, it has remained a subject of much debate in the
scientific literature [36 - 43]. Unfortunately, the values of the quantum yield and
quantum efficiency in heterogeneous photocatalytic systems, according to
Serpone [37], usually, “are ill-defined” and any reference to quantum yields is
“ill-advised unless the actual number of photons absorbed by the light harvester
(the photocatalyst) has been determined.” In general, light scattering in
heterogeneous photocatalytic systems is very significant and depends on different
experimental conditions (light sources, reactor geometries, sizes of the suspended
particles, etc.) [38]. The loss of photon flux as a result of the scattering and
reflection of light by the suspended particles may be 13-76%, according to data
[38]. In this regard, it has been proposed an alternative for the comparative
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determination of quantum yields by measuring the so-called apparent quantum
yield or quantum efficiency, which is defined as a relative photonic efficiency ¢,
[38]. For instance, the apparent quantum yield can be determined from ¢ = (@ .00
where ¢, is the quantum yield of the reaction of oxidative disappearance of
phenol (as a standard secondary actinometer), in photocatalysis on TiO, (Degussa
P-25), or using the so-called ISO-recommended oxidation of NO, or acetaldehyde
on TiO, [38]. IUPAC also recommends to use the apparent quantum yield to
describe heterogeneous photocatalytic systems [39].

A method for the experimental determination of the quantum yield in a
heterogeneous photocatalytic system was described by Machuca et al. in [40].
They estimated the quantum yield of the TiO,-based photocatalytic oxidative
degradation of dichloroacetic acid (DCA) in the so-called differential perfect-
mixture reactor in the range of 275-580 nm.

hv, TiO 5
CHC12 COQOH + O2 _—> 2CO2 + 2HCI

The average value of the so-called “global” quantum yield for this photocatalytic
system was 0.48+ 0.20 [mol ¢ einstein']. Experimental estimation of the photonic
efficiency and quantum yield of the formation of formaldehyde from methanol in
the presence of various TiO, photocatalysts showed that they depend on the p" of
the suspension [41]. The maximum photonic efficiency was 10.4% and the
quantum yield 0.08 when the absorbed photon flux was 4.9 x 10® Ein/L s. A
comparative study of the kinetics of triphenylphosphine oxidation reactions with
three compounds: [Mo(VI)O,X,]L (complex compound, where X and L are
ligands); H,M00O,; and MoO,, anchored on the surfaces of TiO, [43], under UV
irradiation (A=360 nm) showed that only the bipyridine dioxo-Mo anchored
complex provides the conversion of the initial reactant to triphenylphosphineoxide
in stoichiometric quantities, with nearly 100% selectivity of the product. It was
found that MoO, anchored on the surfaces of TiO, was inactive, and H,MoO, was
less active than the dioxo-Mo(VI) complex, in more or less comparable conditions
of these reactions. An estimation of the quantum yield (®) for the reaction of the
anchored complex showed that ®<1 (0.67 Ein s™), and the increase in the reaction
rate correlated with the photonic flux to the surface. These data indicate that the
overall photochemical reaction can be characterized as a photoassisted process
occurring via oxo-atom transfer from the Mo-center, which is facilitated by the
electronic flux from photosensitive TiO, to the metallic center of the anchored
complex through the covalently bonded ligand with the surface.

In heterogeneous photocatalytic redox reactions on TiO,, the estimation of the
quantum yields (or analogues parameters) shows that usually ®<1. This indicates
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a photoassisted heterogeneous catalytic reaction. Regarding the photoinitiated
(photogenerated) reactions with a possible chain-radical mechanism, it can be
noted that theoretically, the expected values of the quantum yields, in this case,
must be greater than unity. To the best of our knowledge, there are no data in the
scientific literature concerning heterogeneous photocatalytic systems with the
quantum yields (or apparent quantum yields) greater than unity or quantum
efficiency greater than 100% [44]. However, there are experimentally well-proven
examples of the photoinduced (photoinitiated) heterogeneous chain-radical
reactions, such as hydrosilylation of hexene, benzaldehyde and allylamine on
silicon surface, photoinitiated by UV irradiation [45], oxidation of H-terminated
silicon in the presence of O, and H,O initiated by UV-irradiation [46], in
atmospheric chemistry, the so-called particle-to-phase reactions for example, OH-
initiated reactions of oxidation of NO to NO, on the aerosol surface [47]; and
many others under sunlight or UV irradiation [3]. Apparently, the lack of quantum
yield values for these and analogous photocatalytic processes is related to the
experimental difficulties in determining them, as already mentioned above.

Thus, it seems that most of the known reactions of oxygen atom transfer are
photoassisted or photosensitized processes, although today, the problem does not
have an exhaustive answer. Finally, it should be noted that in the scientific
literature, terms related to photochemistry are not always used precisely, in
particular, they do not always correspond to the peculiarities of these two classes
of photocatalytic processes and their reaction mechanisms [3 p.197, §].

Oxygen Atom Transfer from Transition Metal Oxo-complexes in
Heterogeneous Photocatalytic Redox Systems

Organometallic complexes containing transition metal-oxo moieties constitute an
important part of compounds capable of transferring an oxygen atom in
photoredox systems. They are becoming increasingly important in the chemical,
biochemical, pharmaceutical and electronic industries [48]. A number of redox
processes catalyzed by transition metal-oxo complexes, including photocatalytic
reactions, in homogeneous conditions, often provide very high selectivity of the
formation of target products, for instance, some reactions of the photooxidation of
organic compounds catalyzed by porphyrins, reviewed in [49 a, 49 b]. However,
the homogeneous catalytic reactions have a number of limitations on an industrial
scale [3, 49b]. Some of these are related to the problems of the separation of
catalysts from the reaction mixture which is economically disadvantageous.
Another important limitation is related to the thermal regimes of reactions in
solvents. In general, the majority of the solvents used on an industrial scale are
stable in heating until 100-150°, in rare cases, even at high pressures, until about
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200°C. Moreover, in a number of reactions, there are essential differences related
to the lifetimes of certain key intermediates affecting the kinetics and yields of
products. For instance, some metal-oxo complexes tend to oligomerization (or
polymerization) under certain conditions. This will be shown below on the
example of an oxo-Mo complex.

The limitations arising in homogeneous organometallic catalysis owing to the
mechanism of oxygen atom transfer can be overcome by applying an appropriate
heterogeneous reaction system [50]. Often, the use of the heterogeneous support
adsorbing catalyst can remarkably improve the photocatalytic activity [50]. For
example, an improved heterogeneous photocatalyst (FePc/Si0,) in the degradation
of phenol, in an aqueous medium can be obtained by the adsorption of iron(II)
phthalocyanine (FePc) onto silica [51]. Heterogenization of homogeneous
catalysts by immobilizing transition metal-oxo complexes on the surfaces of
different synthetic and natural materials in the solid state via chemical grafting
with covalent bonds is a very efficient approach for certain reactions [50]. One of
the best examples among a great number of others, is the immobilization of Schiff
base complexes of transition metal ions (Fe*, Co**, V**, Cu*") onto graphene oxide
sheets by covalent bonds [52]. The anchored copper (II) Schiff base complex
exhibited improved catalytic properties when styrene was oxidized to epoxide
with BuOOH (94% conversion and 99% selectivity).

In [53], it was shown that the catalytic activity of transition metalorganic
complexes by oxo-atom transfer mechanisms could be significantly increased due
to the heterogenization of the reaction system and the subsequent change of the
photoexcitation mechanisms. In the asymmetric epoxidation of trans-stilbene to
epoxide with dioxygen in the presence of immobilized manganese porphyrin on
graphene-oxide (GO-[Mn(T2PyP)(tart) (tart)], a nanocomposite involving a
covalently bonded catalyst, also coordinating of the imidazole molecule with the
metal center [53], in a reaction driven by visible light (LED light source) provides
a high turnover number (approximately 3000) and selectivity (approximately
100%) [53]. It is interesting that the photochemical oxidation and isomerization
reactions of stilbene in the presence of dioxygen were first discovered by
Ciamician (one of the pioneers of modern organic photochemistry) and Silber, in
the early years of the last century [54].

The oxygen atom transfer reaction of oxo-Mo complexes plays an essential role in
understanding the biochemical mechanisms of many enzymatic processes [55].
Previously, the reactivity of terminal dioxo-molybdenum(VI) organometallic
complexes, bearing different ligands, in photoassisted reactions towards
arenes, aryl alkanes and alkenes, alcohols, phosphines and their derivatives, under
UV irradiation, were shown in a great number of investigations, which were
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reviewed in [56, 57]. For example, the dioxo Mo-complexes [(O=Mo(VI)=0)X,]L
where L is an organic bipyridine ligand, and X = CI, Br, SCN, exhibit catalytic
activity through the transfer of an oxo-atom to the substrate in the presence of
second oxidant agents, such as (CH;),SO, H,0,, N,O, O, (Fig. 3) [56].

S SO

O 0O

I It

Mo = O(X) Mo (X)

/\ 2 N N N N3
N N N N H = N/ N/
VAR TNy Y Y Y Y

Fig. (3). Dioxo-Mo organometallic complexes in the catalytic cycle of the oxidation reaction, where X = Cl,
Br, NCS; Y = CH,, (CH,),C, COOH, COOCH;, N,0, OCH,, CI; S = phosphine, alcohol, alkane, olefin; [O] =
(CH;),S0, H,0,, N,0, O, S is a substrate [57].

The catalytic cycle in the presence of dioxygen consists of the following reactions
(D-(111):

substrate + dioxo—Mo(VI)—compIexll oxygenated substrate + oxo-Mo(IV)-complex @

OXO—MO(IV)-complexo—2> oxo-proxo-Mo(VI)-complex (1)

h
substrate + oxo-peroxo-Mo(VI)-compIexl» oxygenated substrate + oxo-Mo(IV)-complex (1I])

Crystallographic analysis revealed that each of the mentioned dioxo-Mo(VI)-
complexes also contained trace amounts of the p-oxo (M-O-M) structures [58]. It
appeared that p-oxo (M-O-M) existed in the form of two conformers in the
solution. Moreover, H' NMR-spectroscopic data clearly showed that in the
solution, their quantities were in chemical equilibrium [58].
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Scheme (3). Formation of dimer species from dioxo-Mo(VI) organometallic complex compound [58].

Both conformers exhibit oxidizing capacity towards many organic compounds.
Further detailed investigation of the transfer of oxygen atom from these
complexes, mainly by the method of UV spectroscopy accompanied by NMR-
and X-ray-crystallographic analyses [59], revealed the following interesting
detail. Unlike reaction of dioxo-Mo(VI)-complex (M=0) with the substrate that
results in the formation of Mo(IV) species, the reaction of p-oxo-Mo(VI)-complex
(M-0O-M) results in the formation of Mo(V) dimer species (Scheme 3) which are
inactive as oxygen atom transfer agents to organic compounds. They are
paramagnetic species that are prone to oligomerization in reaction conditions:
From these facts, it becomes clear that owing to the presence of p-oxo (M-O-M),
referred to as species 1 in the equation below, in the solution, the overall reaction
of [(O=Mo(VI)=0)X,]L with a substrate (for instance, Ph,P) may not be
complete:
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Depending on the reaction conditions, part of the initial dioxo-Mo(VI)-complex at
the end even of the first reaction cycle (3) becomes unreducible by a second
oxidant, for example, dioxygen. Therefore, the improvement of the oxidation
process may be achieved by preventing the dimerization (oligomerisation) of the
dioxo-Mo(VI)-complex in the reaction. In this regard, among the different
approaches to solving this problem, the heterogenization of the dioxo-
Mo(VI)-complex by grafting it onto a photosensitive solid support is one of the
most effective solutions. The Mo-complex anchored on the surface of
nanostructured TiO, (P25) is presented in Fig. (4).
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Fig. (4). Dioxomolybdenum(VI)-dichloro[4,4'-dicarboxylato-2,2'-bipyridine] complex, covalently anchored
on the TiO, (P25).

The methods of synthesis and characterisation of this complex have been
described in [60, 61]. As it has been shown later, it exhibited exceptional capacity
to transfer the oxygen atom to different organic compounds under UV-irradiation
[60 - 64]. From our point of view, at least two main factors determine the
enhanced photoassisted reactivity of the anchored complex on TiO, in redox
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reactions [63]. The first of them is the isolation of each Mo-centre from the others
through the attachment of the ligand on the surface of TiO, by covalent bonds.
Evidently, this kind of molecular structure of the anchored complex (Fig. 4) either
prevents or at least hinders the dimerization of the oxo-Mo monomer. The second
important factor is related to the redistribution of the electronic density in the
anchored complex under UV-irradiation. The energy of UV irradiation absorbed
by the surface layer of TiO,, is used to create pairs of electrons and holes.
Electrons diffusing to the surface can notably change the electronic density
around the Mo(VI) coordination centre through the ligand, contributing to their
enhanced reactivity in oxygen transfer reactions.

We investigated the photocatalytic oxidative degradation of some chlorophenyl
substituted alkanes (Fig. 5) with dioxygen in the presence of the anchored Mo-
complex on TiO,, under UV irradiation (A= 253.7 nm) [65]. These compounds are
of interest from the point of view of some problems in environmental chemistry.

Cl

cl cl
Cl/‘@\ Cl/ ‘g “ \Cl a al
1 2
Fig. (5). (1). 1-chloro-4-ethylbenzene (CEB); (2). 4,4'-dichlorodiphenylmethane (DDM); (3). 1,1,1-trichlor-

-2,2-bis(p-chlorophenyl)ethane (DDT).

In the case of all three compounds, the main reaction products were corresponding
alcohols formed by oxygen atom transfer reactions to the substrate. Other
products of the reactions were compounds formed mainly by the decomposition of
alcohols and oxidation of their products in the secondary reactions. The kinetic
peculiarities of oxygen atom transfer from dioxo-Mo(VI) moieties and their
reduction to oxo-Mo(IV) are shown in [63, 64].

Among these compounds, DDT (dichlorodiphenyltrichloroethane) deserves
special attention because it is a persistent organic pollutant that contaminates soil
and water [66]. In ordinary conditions, it may not be oxidized with air or
dioxygen and even with some strong oxidants, such as chromic oxide in glacial
acetic acid, and nitric acid [67]. However, it has been shown that the direct
oxidation of DDT with molecular oxygen might be carried out at room
temperature by applying the mentioned dioxo-Mo(VI)-complex anchored on TiO,,
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under UV-irradiation in acetonitrile [66]. The overall process was carried out in
two reaction periods. The first period involved the interaction of dioxo-Mo(VI)-
complex with DDT under UV-irradiation, practically in the absence of dioxygen
(argon atmosphere), and the second period without UV-irradiation and in the
presence of dioxygen. The second period was intended to oxidize the reduced
form of the complex to its initial state, in a “dark” reaction. During 4-5
experimental cycles, consisting of the two mentioned periods, about 33-35% of
the initial DDT may be oxidized to chlorinated and non-chlorinated products of
oxidation. The main product of the reaction was dicofol (alcohol), and most of the
other products were formed as a result of further oxidation and decomposition.

Experiments on the oxidation of chlorophenyl substituted alkanes revealed some
important peculiarities of oxygen atom transfer in these systems [65]. From the
experimental results obtained on the oxidation of chlorophenyl alkanes, it follows
that the transfer of an oxo-atom from Mo(VI) to the substrate under UV-
irradiation leads to the selective oxidation of benzylic or bi-benzylic C-H bonds
with the formation of the corresponding alcohols [65]. On the other hand, they
indicate that the regeneration of reduced Mo(IV) to Mo(VI) occurs with dioxygen
even in a “dark reaction”, mainly, by the formation of oxo-peroxo-Mo(VI)-
complex/ TiO, intermediates, finally producing the initial dioxo-Mo(VI)-complex
Ti0,, according to the reaction (/I) in the below scheme.

In the case of the oxidation of DDT [64], the following scheme of the catalytic
cycle (Scheme 4) has been suggested:

cl Cl

Cl

Cl\w 0 \

i // A \Y

TiO, / L-Mo + CH- c(;|3 — TiO,/L-Mo =0 + HO—C-— CCl,

/ \O /

Cl cl
cl Cl

where L is 4,4'-dicarboxylato-2,2"-bipyridine
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Scheme (4). Catalytic cycle of the oxidation of DDT with dioxygen catalyzed by dioxo-Mo(VI) complex
anchored on TiO,.

There are also other examples demonstrating the successful use of anchored
dioxo-Mo(VI)-complexes as oxygen atom transfer agents in the oxidation
reactions [68 - 70]. The application of the same complex anchored on TiO,
nanotube, resulted in a selective epoxidation reaction (>90%) of olefins (a-pinene
[69], as well as monoterpenes, such as B-pinene, camphene, (R)-(+)-limonene and
(S)-(-)-limonene [70]).

Consideration and review of the above-mentioned and other experimental data
show that the heterogeneous photocatalytic reaction of the transfer of oxygen
atoms from the transition metal-oxo moieties to substrates can be induced in the
following cases:

(1) when the process occurs by photoexcitation of transition metal-oxo
compounds, or more precisely by photoexcitation of the M=0O moiety, on an
“inert” (non-photosensible) support material, often, resulting in the photoinduced
partial electron transfer from the metal to the oxygen atom

hv
M=0 ->M"-0O

It is named local excitation. M™-O is an active oxygen species that can easily
transfer an oxygen atom to different substrates [31],
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(2) when the process occurs by photoexcitation of a photosensible support
material, particularly, a semiconductor, supporting an “inert” (non-photosensible)
metal-oxo compound (combined mainly with chemical bonds to the surface) as a
result of which an electron/hole pair appears, which in turn changes the electronic
distribution in metal-oxo moieties and activates it in the oxygen transfer reaction,

(3) when photoexcitation takes place in both the metal-oxo catalyst and the
support material, facilitating the transfer of oxygen atoms to substrates. However,
this is a rare case.

In all these cases, the overall process can be characterized as a photoassisted
catalytic reaction under heterogeneous conditions.

CONCLUSION

As a general conclusion, it is obvious that light of a certain wavelength in a
heterogeneous photocatalytic system generates or induces the generation of such
active oxygen species, which can promote oxygen transfer reactions in the
oxidation of organic compounds.

The above-described experimental investigations of the oxidation of a great
number of organic compounds (mainly with dioxygen and, often, also by other
oxidants) are evidence that oxygen atom transfer reactions in heterogeneous
photocatalytic systems may be either the main or one of the essential pathways in
the reaction mechanism. The fundamental importance of the oxygen atom transfer
reaction in the oxidation processes on the most investigated heterogeneous
photocatalyst Ti0,, including in aqueous media, was shown by the application of
different experimental methods, particularly the isotopic labelling technique.

According to generally accepted perceptions, the uncertainties in the experimental
determination of quantum yields in heterogeneous photocatalytic systems do not
allow the unambiguous characterization of the reactions of oxygen atom transfer
as either photogenerated (photoinduced, photoinitiated) or catalytic photolyzed
(photosensitized) processes. However, it seems that the majority of oxygen atom
transfer reactions in heterogeneous photocatalytic systems are photoassisted rather
than photogenerated.

The improvement of the oxygen atom transfer capacity of transition metal-oxo
complexes in photocatalytic processes by heterogenization of reaction systems,
grafting the catalyst onto photosensitive solid substances through chemical bonds,
is one of the perspective pathways for the development of selective oxidation
reactions in chemical syntheses and efficient mineralization processes in
environmental chemistry.



Mechanism of Heterogeneous Photocatalytic Oxygen Atom Transfer Reactions, Vol. 1 111

The revelation of a detailed mechanism of oxygen atom transfer reactions opens
up new opportunities for creating well-controllable photocatalytic processes
corresponding to the requirements of “green” and sustainable chemistry, as well
as to create appropriate models of oxygen atom transfer processes in enzymatic
photocatalysis.
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