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Preface

In the six chapters of the present book are considered both theoretical problems of
the functioning of homogeneous catalysts, including the role of transition metal
ions (mainly, iron, copper, and manganese) and their complex compounds, and
practical aspects of such catalysis in various fields, involving normal biochemical
and pathological (diseases) processes, oxyacids and natural polyphenols oxidation,
in environmental processes (atmosphere, water), in the chemical industry, and in
food chemistry. Naturally, the description of the homogeneous catalysis role in these
applied fields does not pretend to be comprehensive. The purpose is different—
to show, using certain examples, the influence, role, and mechanisms of catalytic
reactions with metal complexes participation, in the processes taking place in the
most important applied fields.

Another aim was to attract attention and raise the interest in scientific research
in this rapidly developing field of catalysis (homogeneous catalysis with metal
complexes) in various fields and to show the unlimited possibilities in both
theoretical and applied aspects.

The third intention was to illustrate the possibilities of a rapidly developing new
chemical concept—evolution catalysis, on model systems as the examples (mimetic
method), and to reveal the practicability and prospect of such an approach in many
applied fields.

It is an important task, in order to comprehend and to outline, from the enormous
amount of experimental and theoretic material, certain basic principles of redox
homogeneous catalysis, and especially, the mechanisms of processes, as soon as
their understanding makes it possible to control and manage them, changing their
direction, rate, selectivity, etc., within the required parameters.

In addition, in this book (in certain cases, deliberately) contradictory affirmations
and conclusions are often given and compared, with the aim of bringing about the
vivid perception of critical attitude of readers regarding the explanation of results,
proposed by one or other researcher (or author). It was also considered desirable
to show, very briefly, in certain cases (Chap. 1) some methodical approaches to the
clarification of the mechanisms of catalytic processes. These approaches are often
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viii Preface

used by researchers but are rarely described. This part would seem to be useful for
young researchers beginning work in the field.

The old proverb says that “a lot of knowledge brings a lot of grief.” Grief, because
it was impossible to explain everything in detail, that process mechanisms can be
treated in a different way, and, very often, they have been revealed, at best, only at
a satisfactory qualitative level, and that model systems cannot always explain real
processes in the environment, in the human organism, or in real technologies. But
this grief inspires action and encourages the researchers to penetrate deeper into the
essence of the studied processes to put their knowledge at the service of practical
activities, not just to satisfy their curiosity.

I cannot say often enough that this book has apeared as a result of long-term and
successful collaboration with Prof. Yu. Scurlatov from Russia.

I would like to thank my colleagues with whom I have collaborated: Dr. V. Isac,
Dr. M. Gonta, Dr. V. Covaliov, Dr. V. Gladchi, Dr. O. Covaliova, Dr. L. Romanciuc,
Prof. M. Duca (Republic of Moldova), as well as Dr. S. Travin and Dr. E. Shtamm
(Russian Federation).

Chisinau Gheorghe Duca
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Chapter 1
Introduction

1.1 Types of Homogeneous Catalysis with Metal Complexes,
Their Advantages and Drawbacks

The analysis of one of the most important materials—from both the experimental
and theoretical point of view—in the history of chemistry since Boyle’s times has
allowed us to systematize and reduce it to four conceptual systems: composition
doctrine (approximately since 1660), structural chemistry (approximately since
1800), chemical process doctrine (after 1880) and evolutionary chemistry (approx-
imately since 1960). Once we start to consider the nature of the substance, the
following hierarchy of its material carriers can be observed: (1) atoms of chemical
elements; (2) molecules of chemical compounds; (3) systems of reacting substances,
including using of catalysts and (4) highly-organized catalytic systems (enzymes) as
aresult of evolutionary development of living substances [1].

Therefore higher and higher consecutive levels of chemical knowledge can be
distinguished, each subsequent level incorporating the material of lower levels
(conceptual systems) in the transformed form. Such an approach serves as the
original guide in the strategic development of scientific and technical progress in
chemical production.

Nowadays, the fundamental science is not only the basis of current chemical
production—it also promotes other fundamental levels (on the new conceptual
basis), the creation of quite new production, characterized by sharp increases in
labour productivity and the enhanced quality of products obtained. In this regard,
the third and fourth conceptual systems —the doctrine of chemical processes and
evolutionary chemistry—have been developing very rapidly in last few decades,
promising really fantastic results in the fields of both fundamental and applied
research.

In these two conceptual systems the problems of redox homogeneous catalysis
with transition metals coordination compounds (metal complexes) occupy a very
important place.

G. Duca, Homogeneous Catalysis with Metal Complexes, Springer Series 1
in Chemical Physics 102, DOI 10.1007/978-3-642-24629-6_1,
© Springer-Verlag Berlin Heidelberg 2012



2 1 Introduction

Unlike other forms, homogeneous catalysis with metal complexes has some
peculiarities [2]:

1. The possibility of revealing the mechanism of catalyst action, its composition and
the identification of its intermediate forms on the qualitative, semi-quantitative
and sometimes quantitative levels.

2. The ability to obtain practically unlimited amounts of catalytically active and
specifically acting systems.

3. Improvement of catalyst specificity and directed change of its activity at the
expense of medium parameter variations (nature and number of metal ions,
ligands, character of solvent, etc.).

4. Use of the greater part or even of all the molecules of catalyst in catalytic activity,
which is impossible in the case of classical heterogeneous catalyst.

5. Decrease in rigidity of process conditions.

6. Comparative ease of the creation of continuous processes.

A characteristic feature of homogeneous catalysis with metal complexes is its
clearly expressed practical orientation. As early as the 1940s and 1950s, a series
of organic synthesis directions appeared (syntheses with metals carbonyls, catalytic
polymerization on Ziegler-Natta systems, cyclohexane oxidation into cyclohex-
anone, butane into acetic acid, etc.). The number of works on fermentology
increased at the same time and research on immobilized enzymes was started. The
rapid growth in the amount of work on the thermodynamics of complex formation
in solutions at that time promoted studies devoted to the role of coordination in
catalysis (approximately since the 1960s).

Homogeneous catalysis today is at the stage of rough development. Although the
leading position in the practical use of catalytic phenomena historically belongs
to heterogeneous catalysis, and its application is quite considerable from the
practical aspect, there are still considerable problem with understanding catalytic
processes mechanisms. The existing theories of heterogeneous catalysis mainly
have a qualitative character and can only explain some catalytic processes.

The situation with homogeneous catalysis is somewhat different. Its practical
applications are still considerably behind those of the heterogeneous version. This
is illustrated by the fact that systematic study of homogeneous catalysis at the mech-
anism level has only been active since the 1960s. Therefore it is not surprising that
heterogeneous catalysis has occupied the cardinal position in the chemical industry
and that the applications of homogeneous catalysis (in spite of rapid progress) have
not yet reached the appropriate level. Though heterogeneous catalysis in its practical
applications has built up a good start, theoretical understanding of this phenomenon
did not progress as quickly. Some homogeneous-catalysed reaction mechanisms
have became clear after 5—10 years study, whereas for some heterogeneous reactions
this has taken up to 50 years research.

This can apparently be explained by the fact that, up to the early 1960s, the
greatest successes have come in equilibria studies of homogeneous systems
(specifically regarding complex compounds of transition metal solutions). By
then it became possible to apply various modern physical methods (especially



1.1 Types of Homogeneous Catalysis with Metal Complexes 3

spectroscopy) to detect the intermediate compounds. The simplicity (absence of a
border surface) and reproducibility of homogeneous systems was also an important
factor.

On the other hand, fast successes in the study of homogeneous reactions
mechanisms will help to resolve certain problems in heterogeneous catalysis (for
instance, mechanisms of hydrogenization in solution and on the catalyst surface
are often similar, although there are also differences). In fact, within approximately
the two last decades, great theoretical successes have been achieved in this area,
and because of these the mechanisms of some reactions can be described semi-
quantitatively and even quantitatively (although quite rarely).

In the field of homogeneous catalysis with metal complexes, certain successes
were achieved in the explanation of catalytic activity during the transition from
activated metal ion to metal coordination compounds with various ligands. Thus,
it became possible to show that the essential importance involves a change in the
redox potential during the transition from activated metal ion to metal complexes.
Thus, the addition of EDTA to the system Fe'', /Fe’t,; EDTA changes the
potential from 0.771V to 0.143V, thus greatly reducing the initiation rate of H,O,
decomposition. Proceeding from the different lability of the coordination sphere
of a metal ion, one can explain the different process mechanisms (for example,
H,0, decomposition in the presence of Fe** complex and Mn>" ions, isoelectronic
with it, although quantum-chemical explanations of this difference have appeared
lately).

Nowadays the prospects of homogeneous catalysis with metal complexes are
fascinating. Its significant advantage is that it frequently provides a way for a
reaction which is either extremely difficult without the catalyst or cannot be realized
by other means. As such reactions proceed frequently under mild conditions, they
result in high selectivity products. Homogeneous catalysts are also potentially more
effective than heterogeneous, as in the former the reacting substrate interacts with
each molecule of catalyst but in the latter only with superficial atoms or ligands of
catalyst.

Varying the ratio between the concentration of ligand and metal it is possible
to create homogeneous catalytic systems in which all metal atoms are active and
act as catalysts. In its turn this leads to the possibility to use them in much lower
concentrations than in the case of heterogeneous catalysts, thus economizing on
compounds of rare and precious metals.

Comparative peculiarities of homogeneous and heterogeneous catalysis are given
in Table 1.1, and their types are described in details in certain papers [2—4].

The application of homogeneous catalysis in industry, despite its obvious
profitability, is complicated by various practical difficulties. For example, it is often
rather difficult to regenerate and to extract the catalyst from the reactionary medium,
and to separate it from the reaction products.

To solve this problem, another method of catalyst preparation can be used which
in essence is binding the transitionmetal complex in a properly prepared solid
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Table 1.1 Comparison of homogeneous and heterogeneous catalysis

Parameters Catalysis
Homogeneous Heterogeneous

Active centers All the metal atoms Surface atoms only

Concentration Low High

Structure Definite Indefinite

Stoichiometry Definite Indefinite

Reaction conditions Mild Strict (high T° and pressure)

Activity High Low

Determination of catalyst composition Rather complicated Easy

Stability Low High

Catalyst regeneration Complicated Easy

matrix. The matrix should have functional groups (ligands) which are bound with
the dissolved metal complex:

-L L L L. _L"
+ M — P M\ + 2L,
L/ \ LH L LH

-L
where L, L', L” are various ligands.

In this way, the advantages of homogeneous and heterogeneous catalysts are
combined, whereas the differences between them reduce considerably. Therefore,
it becomes clear that there is no principal difference between the mechanisms
of homogeneous and heterogeneous catalysis in many reactions. For example, in
the case of olefin and diene catalytic polymerization, irrespective of whether the
reaction proceeds in the solution or on the surface, the mechanism is the same—
incorporation of monomer occurs along the bond “transition metal-carbon.” The
difference is in the method of active center formation but not in the mechanism of
their action.

There is no generally accepted name for such catalysts. The most widely used are
“heterogenized,” “hybridized,” “immobilized homogeneous,” and “exact” catalysts.
The last name indicates that all the metal ions can be included in the composition
of active centers, and thus the equality between metal ion and active center
concentrations is observed. Unlike traditional heterogeneous catalysts, the role of
carrier is not reduced only to active component deduction on the surface. While
the catalyst is binding with the surface, the significant change in its chemical nature
occurs. In addition it becomes possible to preserve the catalyst in the dispersed form
and thus to prevent its aggregation.

The opportunity to create heterogenized catalysts by fixation of metal complexes
on a substrate (polymeric carrier) is very important [5, 6].

Enzymatic catalysis and the possibility of its modeling is no less interesting.
Currently, it has found broad industrial applications [7]. The main difference
between enzymatic catalysis and the other catalysis types is singularity of the
enzyme active centre structure (caused in particular by its albumen part) not
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present in other cases, for example in homogeneous solutions of low molecular
substances—complex compounds of transition metals, though the latter can also
be components or analogues of active centres. This is because in enzymes globula
the activation of molecular groups occurs (for example, metal coordination com-
pounds), which in the usual state are not very active catalysts.

The structure of active centres and influence of surrounding albumen determine
the unique properties of enzymes: (1) their high catalytic efficiency (sometimes
exceeding non-biological catalysts 10'°-10'3 times), (2) their exceptional selectivity
and (3) their ability to respond on the regulating interaction of small changes in
properties and medium structure [8].

Immobilized enzymes are used today when working at higher temperatures
(higher than 333 K) and for the convenience of their introduction and extraction
from the reaction medium. Immobilized enzymes are those connected with some
carrier. Immobilization consists of: (1) covalent joining of enzyme to polymer
carrier (cellulose, glass, polystyrol, polyaminoacids, etc.); (2) covalent joining of
enzyme molecules to each other with the help of added polyfunctional reagent; (3)
enzyme incorporating into three-dimensional network of gel of polymer; (4) enzyme
adsorption on water insoluble carriers (for example ionites); and (5) enzyme
incorporation into semipermeable microcapsulas or polymeric fibers. In these ways
a considerable increase in enzyme stability can be reached. Besides, it can be easily
separated from the products of catalysed reaction and thus catalytic processes can
be stopped at the required stage, and the catalyst can be used in a flow regime
or repeatedly. Immobilized enzymes have rather large advantages in their use in
medical applications since it is possible to avoid the allergic reaction of organisms.

As a rule, immobilization increases the effective lifetime and temperature
stability of enzymes, although there can be exceptions.

1.2 Perspectives of the Industrial Use of Homogeneous
Catalysis with Metal Complexes

High activity, specificity and possibility to modify metal complex catalysts—these
are the features that would determine their wide industrial applications.

High activity can be achieved due to the change in ligand nature, fastening of
an active centre on the appropriate carrier, creation of the multi-centered catalysis
structure, selection of solvent and certain process conditions, etc.

Because of the high efficiency of homogeneous catalysts, it became possible to
develop a highly effective technological process of olefin production by ethylene
polymerization. Synthesis of acetic acid is possible by methanol carbonylation (mild
conditions, rhodium complexes as catalysts, many times exceeding the activity of
cobalt or acid catalysts, which makes them competitive in spite of the high cost of
rhodium). The hydrogenase analogues were created via complex homogeneous and
heterogeneous catalytic systems of aromatic nitrocompound hydration (high rate,
mild conditions). Thus it became possible to realize the continuous hydration of
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aromatic nitrocompounds to corresponding amines such as aniline, toluidine and
chloraniline. Earlier, such processes were carried out under the hard conditions of
high temperature and hydrogen pressure, which often resulted in low yields of main
product, required complicated equipment and made the process expensive.

Until now, various complex catalysts and catalytic system types have been
developed that make it possible to hydrate the benzene into cyclohexane under mild
conditions and at a high rate (sometimes exceeding the corresponding values for
heterogeneous catalysts).

Another factor of homogeneous catalysis with metal complexes is its specificity.
It can be achieved by variation of nature and number of coordinated ligands, carriers
and solvent. So the process of tetralene production by naphthalene hydration was
developed using the highly-selective homogeneous complex catalyst, its selectivity
being tens of times higher than that of skeleton nickel one, usually applied in these
instances.

The use of enzymes and especially immobilized ones is varied. Thus, catalase is
used in cheese production as H, O, arrests decomposition after the cold sterilization,
in the production of foamy rubber and foamy cement, and also to accelerate fur and
feather bleaching.

In the early 1970s it became possible to carry out the covalent binding of
amyloglucosidase (a fermentation that ensures starch transformation into glucose—
starch sugaring) with porous glass. A multitonnage process using immobilized
enzymes is the transformation (conversion) of D,L-glucose (obtained from corn
starch) into D,L-fructose, in which the sugar contents is approximately 1.5 times
higher. For these purposes the immobilized enzyme glucoisomerase is used. Suitable
equipment with the capacity of 250,000 tonnes and more per year was developed in
the USA.

Using of immobilized enzymes makes it possible to transform cane sugar into a
glucose—fructose mixture. The economic benefit of such a transformation is quite
considerable.

The opportunity to develop the synthesis of heterogenized low-temperature
and efficient catalysts of ammonium and nitrogen-containing compounds from the
molecular nitrogen under ordinary pressure, using the principles of immobilized
enzymes and heterogenized metal complexes, is attractive.

Existing and possible basic areas for the use of homogeneous catalysis with metal
ions and complexes in various reactions are extensive, as can clearly be seen from
Scheme 1.1.

The field of homogeneous catalytic processes with metal complex participation
is comprehensive and universal. Therefore, it is necessary to put certain limitations
on subsequent consideration of the experimental and theoretical data discussed in
this book.

We should consider only the redox catalytic processes in the liquid phase (mainly
in polar solvents—basically in water—and in nonpolar solvents). This is because
of the exceptional importance of redox processes in relatively simple chemical
systems, in the reactions proceeding in living organisms, in environmental processes
(in atmosphere, water and soil), and in industrial technologies (especially in the
food-processing industries).
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Redox
reactions

Obta}ining of thin Hydrogenization
chemistry products
Methatezys Oligomerization
/" Homogeneous \ -7
Catalysis by
Hvd lati metal L.
ydroxylation & complexes ~ Polymerization
Isomerization / \ Carbonylation

Hydrocianation

Scheme 1.1 Applications of homogeneous catalysis with the transition metal complexes

Only the ions or complex compounds of iron, manganese, cobalt, copper (and
in part those of zinc and molybdenum) at different oxidation degrees will be
considered, these metal compounds being necessary for living organisms catalysing
redox transformations.

Many are involved as catalysts in the environmental redox processes. For exam-
ple, iron or manganese compounds are catalysts of the redox reactions proceeding in
the atmosphere with the formation of so-called “acid rain.” They—and also copper
compounds—are responsible for catalytic processes occurring worldwide in oceans,
seas, rivers and water basins. These elements’ compounds are used as catalysts in
various chemical technologies, and also in spontaneous processes, associated with
raw (food) or prepared materials.

Many substances can act as oxidizers in these processes. Only those catalytic
processes will be considered in which dioxygen or products of its reduction are
used as oxidants, in particular hydrogen peroxide, H,O,, as these oxidizers are
unique with regard to their biological activity, environmentally friendly behaviour
and adaptability to production. To a smaller degree, catalytic systems will also
be considered where hydroperoxides ROOH related to hydrogen peroxide, iodozyl
benzene and some other oxidants are used.

The solvent in such systems is usually water, but also possibly certain organic
substances. The temperature conditions of these processes are close to standard
ones (1 =25°C, p =1atm), although there can be small deviations from these
conditions.
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Despite these consciously chosen limitations, the circle of possible interesting
catalytic redox systems still remains huge. We will not be considering all these
systems here. For example, information on catalytic redox systems at the phe-
nomenological description level is omitted. Only the most important systems
examined at the process mechanisms level are considered (quantitatively, semi-
quantitatively and—in rare cases—qualitatively).

As a high number of special books, reviews and original works are devoted to
composition, electronic structure and functional properties of enzymes, here they
will be discussed very briefly, and only the most important of them which realize
the transformation of certain substrates under the action of O, or H,O (ROOH,
CsH5I0). Most attention is paid to the creation of these enzyme models and the
description of their catalytic properties. In addition, a certain amount of attention
is given to the behaviour of oxygen and products of its reduction (H,O,, free
radicals OH-, HO?™), superoxidized intermediates (of ferryl and manganyl particles)
in living organisms and the toxicity influence of all these substances on certain
biological processes (for example lipids reoxidation) and the occurrence of certain
diseases.

This book contains the brief theoretical description of the basic laws and
mechanisms of the redox reactions with O, and H,O, in association with water
compartments, catalysed by transition metal coordination compounds. There is
also a detailed discussion of these processes and their applications in various
fields of industrial chemistry, the food-processing industry, biochemistry, medicine,
analytical chemistry, ecological chemistry and other areas.

Nowadays it is mainly the compounds of twelve elements (Ti, V, Mn, Fe, Co,
Zn, Mo, Rh, Pd, W, Cu and Ni) that are used as catalysts in industry. Among
them, the extremely interesting and well studied catalysts are the coordination
compounds of manganese, iron and copper. Not only was the composition of these
complexes defined in the solutions, but also their stability constants and the formal
kinetics of various substrates redox transformations were studied. The mechanisms
of these processes were revealed on a good qualitative (and sometimes on semi-
qualitative and even quantitative) level, and quantum-chemical calculations were
made, confirming the probability of the occurrence of certain reactive intermediates.
All this creates the basis for further optimisation of important reactions.

Consideration of other metal complexes, other than those of manganese, iron,
copper and cobalt, as redox transformations catalysts is not expedient here for the
following reasons: (1) some of them are considered in detail in certain papers;
(2) experimental material and redox transformations mechanisms are often given
in literature only on the descriptive level.

Besides, as there is a great variety of catalytic redox reactions, some model
of these processes should be chosen, selecting those that will reveal the general
regularities and mechanisms of such processes. As oxidizers in such models the
particles were chosen which are the products of four-electron reduction of the
oxygen molecule:
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€ € hv,y-rays
02 HOZ' Hzoz 2HO*
H' H' NG

H,0 + 172 0,,

i.e., Oy, H,05, HO,®, OH® and also ferryl (Fe'V = 0%**) and manganyl (Mn"Y =
O?") ions or their complexes with ligands. The oxidizer in most cases was hydrogen
peroxide. The substrates were carbonic acids, alcohols, aldehydes, dyes, etc. The
ligands of metal coordination compounds were carbonic acids, alcohols, aldehydes,
dyes, etc. Thus, the summary scheme of processes to be considered further can be
presented as

M**L, + O, + SH, — P;

where ML, represents copper, iron, manganese, cobalt and sometimes other
elements coordination compounds, O, the oxidizer H,O,, ROOH, O,, HO,*, OH®,
etc., SH, substrates (more often organic compounds), and P; the reaction products.

Even such self-restriction of the reactions considered results in the necessity
to describe only the main material from the huge experimental and theoretical
information available from the scientific literature and from data obtained by the
authors. Therefore plenty of interesting experimental data are deliberately not given
in this book After a brief theoretical statement of basic laws and mechanisms of
the redox catalytic processes, the main regularities and mechanisms and their role,
and the possibility of their use are shown in biochemistry, medicine, environmental
chemistry, analytical chemistry (catalymetry) and, for practical purposes, in various
areas of industrial and food chemistry.
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Chapter 2

Homogeneous Redox Catalysis with Transition
Metal Compounds in Oxide and Peroxide
Systems

2.1 General Principles of Catalytic Redox Reactions
with Metal Compounds

Catalytic reactions are usually subdivided into homogeneous, heterogeneous, and
fermentative, which is conditioned not only by the existence of one- or many-phase
catalytic systems but also most probably, as it seemed earlier, by the completely
distinguished mechanisms of their action. As a result, the theories describing
the conduct of systems related to these three groups should be different [1].
However, the development of metal-complex catalysis acts as a bridge, and with
its help it is possible to connect all these three types of catalysis. The hope still
exists that in the future a general theory of catalysis will be created. Indeed,
during the last few decades many experimental and theoretical data appeared
confirming that coordination compounds of several transition metals which are used
in catalysis of certain reactions in homogeneous, heterogeneous, and enzymatic
conditions act in accordance with the same (or close) mechanisms. This is especially
specific for homogeneous and heterogeneous catalysis by metal complexes [2]. The
difference in the rate and selectivity of the same reaction course in homogeneous,
heterogeneous, and fermentative catalysis is caused by a number of specific features
such as the degree of optimum spatial arrangement of reagents [3].

With the ions’ transition from solvated transition metal to their complex
compounds with definite ligand (L), substantial growth of catalytic reaction rate
is often observed. Such a situation is stipulated by the fact that ligands coordination,
for example, in an equatorial plane, and central metal ion entry in internal
coordination sphere, and also substrate and oxidizer entry into an axial position,
create favorable opportunities of electron rearrangements within the coordination
sphere of the metal ion. Ligands, accepting or giving back a part of their electron
density to the central atom of the metal, thus reduce the compensating influence of
substrate and oxidizer. Therefore, the total energy of their interaction accompanied
by the breakage of old links and formation of new ones changes comparatively
little (original buffer effect of ligands producing the possibility of power expenses

G. Duca, Homogeneous Catalysis with Metal Complexes, Springer Series 11
in Chemical Physics 102, DOI 10.1007/978-3-642-24629-6_2,
© Springer-Verlag Berlin Heidelberg 2012
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compensation for bonds breakage by 80-90%). This effect of power compensation
frequently brings about the essential contribution to the reaction velocity increase on
introduction of the ligands into the catalytic system, although other effects (which
will be considered further in Sect. 2.3) also have a strong influence on the efficiency
of the catalytic system.

Substrate and oxidizer penetration into the inner coordination sphere of the
catalyst—metal complex and subsequent redistribution of electron density in this
sphere, resulting in catalytic redox transformation of initial substances into products,
provides the essential inner-sphere mechanism of the reaction course. Electron
transfer according to such a mechanism is much faster than in the case of the outer
sphere mechanism due to the formation of an intermediate in which electron transfer
is facilitated [4].

Another possible process is initial substances’ transformation according to an
outer-sphere mechanism. In this case, reacting substrates and oxidizer do not enter
the inner coordination sphere of the metal, overlapping of electron environments of
the metal complex and reaction of substances is insignificant, the coordination of
latter with metal being realized by means of hydrogen or donor—acceptor bonds’
formation. Though the energy of such bonds is insignificant (8—30kJ/mol), several
of them can be formed and even the insignificant reduction of the activation energy
(of the order of 10 kJ/mol) can cause a tenfold increase in the catalytic process.

Numerous attempts were undertaken in order to classify various reactions and
the transition metal compounds catalyzing them. As a basis of such classifications,
different attributes were considered and each of them was limited, and, therefore,
they will not be discussed here. Let us consider only the scheme of the metal with
ligands and substrates interaction in the solution (Scheme 2.1).

(€]

M* + nH,07=—=M" (H,0)n
Ll ©) (3) nL+yX

YX + M7 Lo(H20)mon 22 @, ML, X,

A NN

M* (H,O)m+ P’ S(m-n=0) M*L,S
1 h)

M®D+*(H,0), + P M“L,+P" M* Loy(H20) 0 +P "'

®)

Scheme 2.1 Interaction of metal with ligands and substrates in the solution

Here, L is generally a polydentate ligand, X an acidogroup or other ligand, S a
substrate, Z a solvent, P reaction product, and m — n = 0 for inner-sphere electron
transfer.

Brief explanatory notes to Scheme 2.1:

1. Hydration (solvation) occurs when a metal salt is introduced into the solvent.
2. Formation of coordination compound of transition metal by a replacement
reaction.



2.1 General Principles of Catalytic Redox Reactions with Metal Compounds 13

O8]

. Formation of coordination compound with mixed ligands.

. Reaction of hydration (solvation).

5. and 6. Under the influence of the metal ion, coordinated ligands are transformed
into the reaction products P and P/, with or without change of the metal ion’s
oxidation number.

7. Case of saturated coordination complex with outer-sphere electron transfer,
resulting in products P” formation.

8. 8'. Reaction products P”’ form as a result of unsaturated coordination metal com-

plex interaction with substrate, formation of an unstable intermediate between

them and its subsequent disintegration.

~

Each of these routes is a set of many stages (mechanism of reaction). A rather
complex picture of catalysis by complex compounds can be distinguished from this
scheme. To simplify the picture of catalytic processes and to provide their detailed
elaboration, only one group of processes—the ionic redox reactions—will be con-
sidered further, these being of fundamental importance in chemistry, biochemistry,
bioinorganic chemistry, medicine, environmental chemistry, analytical chemistry,
and technological processes.

In general, the majority of redox transformations can be presented in the form [5]

DH, + A 2 D + AH,.

Thus, redox reactions represent a general result of two H atoms or two electrons
and two protons transfer from the electron donor DH, (various reducers, of which
H, is the most elementary) to the electrons acceptor A (various oxidizers, the most
elementary of which is O,). It was considered earlier that such a simultaneous two-
electron transfer represents the reaction of the redox transformation:

DH, 2 DH™ + H™,
DH™ + A 2 (DHA)” — D + AH™ (ion-molecular mechanism),
AH™ + H' 2 AH,.
However, during the period 1921-1931, Michaelis has put forward the hypothesis

that such an ion—molecular mechanism is not general. Redox transformations can
also occur as a result of a one-electron transfer:

DH, 2 DH +H", A™+H 2 AH,
DH +A—-DH+A", D +AH—-D+ AH",
DH=D +H", AH +H" 2 AH, (ion-radical mechanism).
When the reactions of one-electron transfer take place, the realization of the radical—

chain mechanism, including the stages of chain initiation (i), continuation (1, 2) and
breakage (0), is possible:
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iDH +A—>DH+A", A +H' 2 AH,
I.LAH+DH — AH +DH, DH=Z= D +H',

_ H+
2.D” + A — AH,
o.AH + AH — A H,, (radical-chainmechanism)
o.AH+D~™ — AH™ +D.
These three processes essentially cover the whole set of ionic redox transformations.

The mechanisms of redox reaction catalysis by variable valency metal ions can
be summarized as follows [6]:

1. Ion-molecular mechanism of intermediate complex formation:
DH, 2 DH™ +HT,
DH™ + M?>" + A 2 DH " M?>*"A - M>T + AH™ + D,
AH™+H" 2 AH;

2. lIon-radical mechanism of compensating reactions:
DH, 2 DH™ + HY,
DH +M*" - DH+M*, D™ +M* - D+MT,
Mt +A—>M7T+A", M'+AH—> M + AH™,
AH +H' 2 AH,;

3. Radical-chain mechanism of compensating reactions:
DH, 2 DH™ +HT,
DH™ + M*t — M" + DH — initiation;
Mt + A - Mt + A7,
AH + DH™ — AH™ + DH, ; — chain continuation;
D™ +M*t 5> D4 M,
M" +DH — M** + DH" — chain breakage;
AH + AH — AH,, etc. £
4. Mixed mechanism—reaction rate is stipulated by the rates of ion-molecular and
ion-radical or radical-chain mechanisms.

Mechanisms of such kinds of redox transformations are frequently rather complex
and can be different, depending on the redox pair nature (electron donor—acceptor),
catalyst (metal ion or its complex), conditions of process course, solvent, etc. There-
fore, it is very important to choose as simple a reaction as possible as a model of
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redox transformation. The most suitable model appears to be the catalytic disintegra-
tion of H,O, for several reasons (simple molecule, the products of its disintegration
do not complicate the reaction, the course of reaction can easily be watched by the
disappearance of hydrogen peroxide and molecular oxygen evolving, the substrate
itself can be either oxidizer or reducer, intermediate reactive particles can be
identified, and their concentration in many cases can be measured, etc.).

These and other reasons which have resulted in the choice of the model
reaction as

2H202 e 2H20 + 02
catalyst

are described in [6]. Besides, it seems to be the only and the simplest reaction
that can take place depending on conditions in accordance with all the basic
mechanisms of redox transformations and it has been most thoroughly investigated
all, qualitatively as well as quantitatively. It is expected that, with transition from
this reaction to other redox transformations, the basic regularities will be retained.
Therefore, this redox process model will be widely used; it is also important for
understanding many of the processes taking place in living organisms or those
observed in nature around us.

Metal ions of variable valency are efficient catalysts of redox transformations.
In the case when metal ions provide stationary catalytic regimes, interactions are
inevitably carried out in the system which determines stationary concentrations of
the metal ion in various oxidation states:

1.M*f + DH™ — M* + DH,

2.MT + A > M+ AT,
DH  +A —DH+ A™.

Before giving the summary of metal ions influence, as catalysts, on redox processes,
it is important to compare proton catalysis with metal ions catalysis, and to reveal
the differences. In the line HY — M — ML,*" (1, number of ligands L), the
proton is an elementary and effective catalyst of many reactions. Its efficiency is
the result of an absence of electrons and a very small proton radius, only equal
to about 107> nm. The radius of other cations is of the order of about 10~ nm,
i.e., about four times the proton order magnitude. Due to its very small radius, the
proton exerts a high polarization action on adjacent molecules and ions. For the
same reason, the transition from one particle to another is especially simple. Thus,
there are no appreciable changes in the arrangement of electron environments of a
particle and essential steric difficulties do not arise. Therefore, its catalytic action
is not selective or specific and it catalyzes many reactions due to polarization of
certain bonds of the transformed molecules.

Peculiarities of metal ions and their differences from the proton consist in their
ability to do the following:

1. To coordinate with themselves various particles (substrates, ligands), forming
reaction complexes with different stability.
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2. To be in various oxidation states and to have a varying coordination number and
the ability to change it.

3. To bring together the reacting partners resulting in their favorable arrangement,
playing thus a role not only as certain matrix but also as bridge that can provide
the electron transfer from one reacting component to another.

4. To act in common with the reaction partners in removing the symmetry interdic-
tion observed in the case of noncatalytic reactions.

These differences between acid catalysis and metal ions (or complexes) catalysis can
also be explained by using quantum—chemical notions [7,8]. The proton (in the case
of Bronsted’s acids) delivers the low-level vacant 1s-orbital in catalytic systems, at
the expense of which structural-flexible electron-deficiency system reagent—catalyst
(proton) appears, thus facilitating the formation of bridge transition structures.
In the case when the base is the catalyst, the latter delivers, in contrast, high-
level undivided pairs of electrons, forming, with the reagent, the electron-excessive
system, thus facilitating bond dissociation. The peculiarity of metal-complex
catalysis is the fact that the catalyst contains both low-level vacant orbitals
(p-orbitals, for example), and high-level occupied orbitals (d-orbitals, for example),
which can interact with occupied and vacant orbitals of reagents, respectively, thus
weakening or completely breaking off certain bonds in the reagent. Such interaction,
on one hand, determines structural flexibility of metal-complex systems, and on
the other represents an opportunity of the broadest properties modification of the
catalyst itself by the replacement of one ligand with another.

In most cases, the redox processes in metal-complex catalysis proceed in a very
complex way and experimental identification of high-reactive particles thus formed
(such as free radicals, metal compounds in unusual oxidationstates, intermediate
compounds, etc.) is rather difficult and frequently simply impossible. The quantum—
chemical approach in such cases, at least with respect to the calculation of one or
another elementary act initiation, can give valuable information.

From the numerous quantum—chemical treatments available, regarding the
charge transfer on reagent coordination to catalyst, and its application to
homogeneous catalysis with metal complexes at different stages of such research,
we shall mention a few [6,9-12]. It was suggested in these works that, on catalyst—
reagent bond formation, due to the charge transfer, common molecular orbitals
with redistributed electron cloud will be formed in the system (joint Fermi level F,
er), thus facilitating the initiation of the catalyzed reaction. The charge transfer is
being realized due to the alignment of Fermi levels of initial catalyst and reagent
with general Fermi level formation in this system and is completely determined by
Fermi levels difference of system ingredients. The value of charge transfer Aq is
connected with the so-called catalytic capacity Ck (i.e., the opportunity of accepting
electrons without essential change of energy) by the following expression:

= aqK
depx

Cx
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Therefore, it is possible to calculate energetic levels of MO and v -function of
molecular complex MO, those of reagent, catalyst—reagent coordination compound,
active particles (free radicals, intermediate compounds), direction and size of charge
transferred from the catalyst to the reagent and vice versa, possible redistribution of
electron cloud in the reagent, resulting in the end in its transformation. The MO
LCAO method in its half-empirical variant (Malliken—Vosburg—Gelmholtz method
with charges self-coordination on atoms) was used for calculations.

2.2 Intermediate Compounds, O, Molecule Activation,
and Free Radicals in the Catalysis of Oxidation Processes

2.2.1 Nature of Forming Intermediate Compounds

An intermediate compound is a substance which exists during a certain time ranging
from several oscillatory periods to several seconds or minutes and which reacts
selectively with certain substances. An intermediate compound can be more or
less thermodynamically stable in comparison with the initial substances. Various
cases of potential energy (V') changes in instances of formation of intermediate
compounds of different stability are given in Fig. 2.1.

In case (2) with the appropriate choice of conditions (for example, with decreased
temperature) the intermediate compound can be extracted and identified. In case
(3), in contrast, the intermediate compound is characterized by the minimum on
the potential curve. It is less stable from a thermodynamic point of view than the
initial substances and, kinetically, is more inclined to be disintegrated. The higher
the minimum position on the potential curve, the less the stationary concentration
and lifetime of the intermediate compound. In this case the intermediate compound
is more difficult to isolate (extract). It can be determined in some cases only in

v AB* 1 AB/ 2) ABS 3
A+B \ 1\]3";g

J + C+D
C+D C+D

Fig. 2.1 Potential energy change during intermediate compound (AB) formation from A and B
and final products C and D via the first and the second transition states (ABI¢ and ABH¢) for
the following cases (1)—intermediate compound will not be formed; (2)—formed intermediate
compound is more stable than the initial components; (3)—intermediate compound is less stable
than the initial components
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solution. It can exist in solution in sufficient quantities to be discovered (for example
spectrophotometrically), when the minimum on the curve is not situated too high.

The nature of intermediate compound catalyst—substrate can be different. It can
be complex with the complete or partial charge transfer (CCT or PCT); binding
via the hydrogen bonds; “onium” complex (R—Cl 4+ AICl; < R—CI...AICl3).
Rather frequently, it is the complex with CCT. Thus, the formation of both - and
o-complexes is possible:

1. In the case of y-complex formation, the following occur: (a) occupied y-orbitals
of substrate (ligand) gain donor properties; (b) empty p- and d-orbitals of the
metal get acceptor properties:

(M Y-electron SHz)

Figure 2.2 shows both (a) and (b) cases. Such mutual bonding caused by
interaction of occupied and free orbitals of substrate and metal (catalyst) results
in a number of consequences such as weakening of C—C bonds and increase
of intermediate compounds stability with the reduction of the unsaturated
substrate’s y-electron density and increase of d-electron density of the metal.

2. In the case of o-complex formation between o-containing orbitals of substrate
and d-orbitals of the metal ion, weakening of the A—B bond takes place with its
further breakage (Fig. 2.3).

In a similar way, not only the breakage of such a bond as H—H or haloid—
haloid and haloid-H takes place, but also the breakage of C-haloid, C—H, and
even C—C bonds proceeds easily enough.

3. Unlike the most Bronsted or Lewis acids, the ions of transition metals or their
complexes can simultaneously join two identical or different substrate molecules
by means of o- or y-bonding to the same center. Thus, a very favorable
configuration for inner-molecular transfer appears:

Si
Sy

As a rule, such complexes are rather labile, though in some cases they can be
extracted and characterized. For example:

c\ H

(CgHs)3P - H ﬁ/
2 I'\ ..

(CeHs)sP lele) /C\

H (G
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Fig. 2.2 -Complex
formation

Fig. 2.3 o-Complex

A
formation M+A-B - M< B

4. y-Complexes of transition metals often turn into o-complexes easily enough.
For example, if in Fig. 2.2 the p-orbital of metal is filled with the electrons
passing from the ligand, the substrate y-electrons cannot pass to the metal and
the ¥-complex will turn into a o-complex.

5. The peculiarity of intermediate compounds formation with metal ion (complex)
is also the opportunity of not only coordination number but also the oxidation
degree of the latter changing. Thus, transition metal ions frequently act as
catalysts in redox reactions. The intermediate compounds of SH, with ML
which are rapidly formed or disintegrated, should include the labile metal ions.
Another distinctive feature of intermediate compounds formation is the need for
free coordination places present in the initial metal complex to undergo further
binding with the substrate. For Cr(II, III), Mn(II, IIT), and Fe(Il, III) ions the
coordination number is most often equal to 6; for Co(I), Ni(II), and Cu(Il), 4 or
6; and for Cu(I), 2 or 4. The number of free coordination places depends both on
the strength of L with M (from K) interaction, and on the ratio between ligand
and metal ion in the solution.

Intermediate compound formation is a fast reaction, although its mechanism, as
a rule, is unknown, and its disintegration is a slower reaction. The intermediate
compounds can be identified by various methods: spectrophotometry, eletron
parametric resonance, kinetic data, etc.
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2.2.2 Oxygen Molecule Activation: Intermediate Species,
and Free Radicals

2.2.2.1 Oxygen Molecule Activation

Molecular oxygen, playing an exclusive role in both animate and inanimate
nature, is formed in the Earth’s atmosphere as a result of solar energy interaction
with oxides and other oxygen-containing rocks of Earth crust and solar energy
accumulation during photosynthesis. Free oxygen is too chemically reactive to
appear on Earth without the photosynthetic action of living organisms, which use
the energy of sunlight to produce elemental oxygen from water. Elemental O, only
began to accumulate in the atmosphere after the evolutionary appearance of these
organisms, roughly 2.5 billion years ago [13]. Thus, in the modern atmosphere 70%
of oxygen has geological origin and only 30% photosynthetic.

The overwhelming majority of vital processes takes place using oxygen as an
oxidant. On O, to H,O reduction, the joining of four electrons to O, occurs,
accompanied by the evolution of 492 kJ/mol of free energy (AG = —492 kJ/mol)
for the process:

0, = 2H,0,
ant
i.e., the overall process of oxygen reducing to water is thermodynamically very
favorable. However, the first stage of this process, one-electron O, reduction to H, O,
is thermodynamically disadvantageous (AG = +16.3kJ/mol) and consequently,
under normal conditions, oxygen is inert in relation to many organic compounds
[14]. The evolution of huge amounts of energy with O, reducing to H,O in one act
is possible only in the case of x complex fermentative reactions. For example, O,
interaction with hydrocarbons (RH),

RH + 0, — R® + HO}

is a strongly endothermic reaction (AHpo, — AHruy = 200-390 = —190 kJ/mol).
Therefore in living organisms oxygen cannot directly oxidize hydrocarbons,
aminoacids, steroids, and other compounds.

In the long chain of reactions from O, to H,O,

H' H,O + 1/202
02+ H _’I_IIOZ._> H202
OH*+ OH®,

H,0; is the most stable intermediate product.

Transition from O, to H,O, (two-electron reduction) is accompanied by the
evolution of 151 kJ/mol of energy, while the subsequent transition from H,0, to
H,O0 evolves 341 kJ/mol of free energy. So H,O; is a stronger two-electron oxidant
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than O,. However, it should be noted that there are not many examples of one-stage
two-electron reactions of organic substances oxidation by oxygen and hydrogen
peroxide. Such processes can proceed only in the presence of catalysts—ions of
some metals.

From the practical point of view, processes taking place with self-oxidation
by oxygen are undesirable (for example in a number of food industry branches);
however, a wider use of molecular oxygen as oxidant is expected in the very
near future, as in normal conditions oxygen is rather inert (its apparent activity
as an oxidant of some part of a substrate is caused simply by the presence of
microimpurities of metal ions activating the molecular oxygen). Thus, the molecular
oxygen needs to be activated, i.e., to be transformed from basic triplet state into the
bound or exited (singlet) state [14]. H, R, M=T, and the surface of the reaction vessel
can act as bond partners.

To understand the problem of oxygen activation better, it is necessary to consider
its electron structure.

Electron Structure of the Oxygen Molecule

The scheme of O, energy levels in the MO LCAO method is presented below.

The bond between oxygen atoms is realized by one two-electron o-bond (3cyg)2
and by two three-electron ¥-bonds, (1 ¥,) and (1 ¥,*)!, each of them consisting of
two binding and one loosening electrons. As two of the least stable bound electrons
are located on degenerated 1/*-orbitals, their spins are parallel (S = 1) and the O,
molecule is in the triplet (25 + 1) state 3Eg. This is the lowest state in relation to
the energy (according to Hund’s rule), i.e., it is the basic state, and is characterized
by the most stable electrons arrangement in O,. In this state the O, molecule is
paramagnetic and quite often acts as a free radical.

The first exited state lAg will be formed with the transition of the second v/, *-
electron onto the orbital of the first ¥, *-electron (i.e., both ¥, *-electrons occupy the
same orbital). In this case, obviously, S = 0 and 25 + 1 = 1, i.e., the first excited

state is the singlet one A, (?f). Excitation energy * ¥, —! A, reaches 102 kJ/mol.
This state is rather durable and is used in organic synthesis.

The second excited state—when two 1/, *-electrons occupy different v, *-orbitals
(Y »* and ¥, ,*)—is also possible, but their spins are antiparallel. Transition to

this excited and also singlet state ' £, (#) from the basic one 3Eg is accompanied
by the consumption of 159 kJ/mol of energy. Singlet oxygen is the general name
of oxygen in the excited state, although frequently only ' A, is understood by this
name. Other excited states of O, are also known, but they will not be considered
here as they do not take part in normal chemical reactions. In the ' A, condition the

bond in o:mio is almost similar to that in ethylene CwC, as it is formed
by two pairs of o- and y-electrons. Electron affinity is very strong at the excited
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Table 2.1 Characteristics of O—O bonds

Frequency  Calculated bond Frequency of  Dissociation Bond length Electron
order = number of  valency energy A) affinity
binding/loosening fluctuations (kJ/mol) (EV)
electrons/2 (sM™

0, 2 1,555 489 1.21 0.43

0,(*Ap) 2

0,*~ 1.5 1,089 396 1.32-1.35

(for instance, in
KO,-1.28)

0, 1 880 (H,0,) 215 1.49 (Ba0,)

Fig. 2.4 Scheme of O, o - o

energy levels ) 3o,

o i T (17 )y
Zp{'?T__':'_‘: , Ty
==
; e (lnu)x,y
v 3o,
¢ 20,
2s : 2s
e 20,
T 16,
1s 1s
__H__ lcg

state of oxygen 'A,. Almost all the reactions of oxygen in the excited state (' A)
are related to its interaction with molecules containing -electrons (aromatic and
aliphatic unsaturated molecules). Usually peroxides are formed thus, which, being
unstable, lead to the formation of more stable secondary products of reaction.

The electrons joining to the O, molecule result in filling ¥*-orbitals, and bond
O—O order, frequency of valent fluctuation, and dissociation energy will be reduced,
while the bonds lengths will be increased (Table 2.1).

Besides, as for electron isolation from O, the energy of 12eV is needed, the O,
particle thus being very unstable and consequently rare. Due to the positive affinity
of electrons to O, (4-0.43eV), O3~ will be formed frequently and easily, including
in living organisms. For the same reason, O, easily joins on to metal ions.

As can be seen from Fig. 2.4, the O, molecule in its basic state is bi radical (O,
4 #) and therefore it easily interacts with many organic radicals R®, forming various
particles such as: ROO®, ROOH, and RO®; i.e., for hydrocarbons autoxidation
oxygen activation occurs without the unprofitable stage of electron transfer (H +
0, — HO,). Naturally, the initiation stage of organic radicals’ formation should
precede this process. In the absence of such initiation (in the absence of organic
radicals) the molecular oxygen can be activated only in the presence of catalysts,
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mainly transition valency metals and complexes, whose role is reduced either to O,
activation or R® generation.

2.2.2.2 Oxygen Interaction with Metal Ion and Substrate

In spite of the fact that many oxidation reactions are exothermal, few substances
interact at normal temperatures with oxygen without catalysts, generally metal
compounds.

With vast amounts of research being conducted into liquid-phase hydrocarbons’
oxidation mechanisms in nonpolar media, less work is devoted to the detailed
study of oxidation by oxygen in aqueous medium. The mechanism of oxygen
activation in water solutions, and the role of metal ions and their concentrations, is
not always clear.

The following mechanisms of organic substrate oxidation by molecular oxygen
are possible in principle in the presence of metal ions: “cyclic,” “activation,” and
“induced.” In the “cyclic” mechanism the SH, substrate oxidation occurs on its
interaction with metal (metal complex) as catalyst, and the role of O, is reduced
only to catalyst reoxidation:

2M>T 4 SH, — oMt 4+ S +2HT, .1
1
+
IM* + 0, % IM2F 4 2H,0,, (2.2)
2

where W and W, are reaction rates (2.1) and (2.2).

Whether the interaction of O, with MT or with M>*SH, takes place, it is
apparently dependent on the reaction conditions. This mechanism usually takes
place in the case of metal ions with not very high redox potential and easily
oxidizing substrates. The higher (M?*/M™), the more stable the M™ state, and
thus, the higher the oxidation rate of substrate according to the first reaction (2.1)
and the lower the rate of M2 regeneration on O, interaction with M+ according
to the second reaction (2.2). In this case (2.2) is the limiting stage, when the
reaction rate does not depend on substrate concentration and is proportional to O,
concentration.In contrast, on low ¢ values the reaction rate does not depend on O,
concentration and is defined by SH, and M2 concentrations.

An example of a cyclic process is the ascorbic acid oxidation by oxygen in the
presence of copper chloride and the compounds of Cu(II) and Fe(III). Schematically,
the electrons transfer from y-orbitals of ascorbic acid oxygen via d-orbitals of metal
on vacant {*-loosening oxygen orbitals is shown in Fig. 2.5.

The presence of sufficiently stable oxidation states of metal M@~D+, such as
the cases of copper [Cu(IT)—Cu(I)] and iron [Fe(III)—Fe(I)], facilitates the electron
transfer from M?T ion to O,. Therefore, it becomes clear that ions such as Zn(II),
Mn(II), Co(II), and Ni(II), which have no lower stable oxidation states, are inactive
as catalysts in this reaction. This “cyclic” mechanism of oxidation prevails when the
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CH,OH

I
CHOH

Fig. 2.5 Schematic representation of electrons transfer stage on the ascorbic acid oxidation with
the molecular oxygen in the presence of Cu(Il) and Fe(III) compounds

substrate possesses strong reducing properties, thus easily coordinating as a ligand
with metal ion or complex and transferring the electron to it.

Cyclic two-electron catalytic processes of substrate oxidation and reduction of
O, up to H,O, by joint action of electron pair of metals, for example “light-blue
oxidases,” in which the active center consists of an even number of metal ions (for
example, in lactase), are also possible:

Cu(II); + diphenol — Cu(I), + quinone 4 2H™,
Cu(I); + O, — Cu(Il); + H,0,.

Such a process is also possible with one-stage two-electron oxidation of substrate
(alcohols into aldehydes), for example, in galactosidase, containing one Cu™ ion in
its active center:

Cut + 0, — Cu*t + H,0,,

Cu’t + RCH,OH — Cut 4+ RCHO + 2H™.

An example of “cyclic” mechanism of substrate oxidation with two-electron transfer
is the Walker process of acetylene production from ethylene:

(C,H, + 120, =% CH,CHO)

The difference consists only of the stage (2.3), i.e., in the fact that Pd reoxidation
is easily done by the reduction of Cu®** ion, and only then is Cu™ reoxidized by
molecular oxygen:
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C,H, + PACl, + H,O — CH;CHO + 2HCI + Pd.
Pd 4 2CuCl, — PdCl, + 2CuCl. 2.3)

1
2CuCl + 2HCI + 502 — 2CuCl, + H,O.

Interaction of ethylene with palladium ion goes through the formation of monomer
[C,H4PdCl, (H,0)] or dimer [C,H4PdCl,] y-complexes (depending on the condi-
tions).
Alcohol’s oxidation into appropriate aldehydes runs in general in a similar
way [15]:
RCH,0H + PdCl, — RCHO + Pd + 2HCI

with subsequent Pd reoxidation by CuCl,, and then with CuCl reoxidation by
oxygen. Actually this reaction proceeds, apparently, in a more complicated way.

The same “cyclic” mechanism may be responsible for the reactions of oxidation
states, taking place on account of hydrogen ion detachment from two substrate
molecules:

2RH + M?" 5 R—R 4+ ME I+ 42T,
ME D+ £ 2HT + 120, — MET + H,0,

The overall reaction: 2RH + 1/20, - R — R + H,0.

An example of such a reaction is the interaction of aromatic compounds with Pd(I)
salts [15]:
2C¢Hg + PdX, — C¢Hs — C¢Hs + Pd + 2HX.

In the presence of oxygen the reaction becomes catalytic, since Pd is reoxidized by
oxygen to Pd>". The reaction of phenols combination proceeds similarly.

In the “activation” process, the role of metal ion consists in O, activation by its
coordination with metal. Thus the O, orbitals’ completion and composition changes,
corresponding to the electron excitation of O,. Such excitation occurs only at the
expense of coordination interaction, without using outside energy, that prepares the
oxygen molecule for subsequent interaction with substrate:

M* 4+ 0, — (MT0,) — (bound activated oxygen)(M*0,) + SH, — S + H,0,.

(For example, in colorless copper-containing oxidases copper ion exists in the
unique number and form of Cu®".) Thus, the triple complex metal ion—O,—substrate
will be formed, and the essence of catalysis by metal ion consists, apparently, in the
formation of a bridge inside this complex. Using this bridge, two electrons and two
hydrogen atoms are “‘synchronously” transferred from SH, substrate to O, oxidizer,
thus passing the thermodynamically unadvantageous stage of one-electron transfer.
Therefore, the bound oxygen in the triple complex is in the intermediate condition
between the anion radical O;* and the singlet oxygen 1A, or 1X,, and the metal
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ion—in the reduced form (for example, phenylidenamine oxidation in the presence
of copper ions).

The “induction” processes appear due to external free radicals inducing, for
example, in ascorbic acid simultaneous oxidation by oxygen and hydrogen peroxide.
Hydrogen peroxide takes part in OH® radicals induction, and then the chain is
continued:

OH® + SH, — R{H

Radical of OH joining to SH,

R{H + O, — R{HO,

R{HO, + CuSH' — Cu’* + OH* + 28

Generation of free radicals in the solution is frequently assisted by the transition
metal salts, which catalyze the decomposition of hydroperoxides formed in the
system, yielding free radicals.
In the absence of hydroperoxides, the role of metal ion can be as follows:
electrons transfer from substrate to metal:
X e
RH + M*———RH" + M“ ™ D*

RHT — R®* + HT

hydrogen detachment from substrate (in the presence of O,):
Mz+ + 02 N M(z+1)+o;—
@HD+oe— RE et .
M 0 —M"-0-0-H+R

and also generation of free radicals by the direct transfer of electrons from metal to

substrate:
MFX - MEDT 4 X*

X*+RH — HX +R*®

2.2.2.3 Ligand Properties of Oxygen

As the ligand protonation constant value is a relative measure of its capacity to form
the coordination bond, the absence of O, protonized forms testifies to the extremely
low o-donor capacity of O,, i.e., oxygen cannot be the donor of undivided pairs
of electrons, which could take part in the formation of coordination compound.
However, due to the low-level vacant y¥*-loosening orbitals, it is very easy to
accept the electrons from the completed tp,-orbitals of metal ion when the ionization
potential of the latter is less than O, affinity to electron. Thus, the molecular oxygen
is poor o-donor and good Y-acceptor.
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The strength of M—O, bonds depends on the metal ion capacity for transferring
the electrons from filled molecular orbitals of L,M complex (or metal ion) onto the
loosening orbitals of oxygen molecules.

Any factor increasing the electron density on the metal ion (for example, its
preliminary interaction with ligands possessing strongly expressed donor properties)
also increases the bond strength M—O, and weakens the O—O bond. Thus, for
example, the electronegativity reducing of o-donor ligand X (Cl > Br > 1) in the
complex IrX (CO)(PPh3),(0,) increases the strength of the Ir—O, bond. Therefore,
the increase of O—O bond length and the reduction of convertibility of oxygen with
iridium bouding takes place.

The scheme of inner complex electron transfer on oxygen coordination with
metal ions can be presented as follows:

Mt +0, 2 MT0, 2 MO," 2 M*T05™ 2 Mt + 05~

Necessary mutual orientation of ty,-orbitals of metal ion and oxygen y*-orbitals is
provided in M+ 0,, when electron transfer is possible. MO, is a complex with PCT
while M** O3 is an anion radical [0}~ is a typical ligand: pK4(HO,) = 4.88].

If MT is a one-electron donor, oxygen is monodentate in the metal-O, complex
(electron density transfer from M is relatively little) and bond M—O—O~ makes
an angle of 120-150° (distance in O—O~ is 1.3 A, v ~ 1,100-1,150 sm~! and
higher), i.e., the state of the oxygen atom corresponds to sp>-hybrid orbitals, and
ethyl-like reactive forms such as O2('Aq), O3~ and O3~ with sp?-hybridization
of orbitals can play certain part. Similar bond type (M—O—O7) can be found in
hemoglobin, myoglobin, and in some other compounds. This form of M and O,
bond is called Poling’s structure. In such a monodentate model the -bond in O,
remains localized (thus, the electron transfer is realized from the d-orbital of the
metal into the *-orbital of oxygen). Metal ions should have a good electron-donor
ability, and therefore metals in low oxidation degree provide sufficient electron
transfer and complex formation with O,.

It becomes clear from the aforesaid that the catalysis of oxidation by molecular
oxygen is facilitated in the case of processes, resulting in M+ formation proceed-
ing in the system (for example, when the substrate itself has strong reduction
properties). Complexes with porphyrin, phthalocyanine, and other ligands with
plain four-site coordination are single-nuclear complexes of this type. Coordinated
oxygen is close to O5™. Linear bond M—O—O has not been found up to now.

If M7 is a two-electron donor (electron density transfer from the metal is great),
the oxygen usually acts as a bidentate ligand and both oxygen atoms in O, are
located equivalently around the metal. Thus, delocalization of oxygen’s y-electrons
takes place on metal with o-bond formation (Fig. 2.6).

Such triangular coordination is characteristic for transition metals with low
oxidation degree (Pt°, Pd’, Ni’, Ir*!, Rh*!, etc.), for example, Pt(PPh3),0,,
Pd(PPh3),0,, IrC1(PPh3),0,, etc. In Pt(PPh3),0,, the condition of oxygen is close
to 022_.
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Fig. 2.6 Electron distribution in o complex: filled orbitals are shown as shaded, unfilled
ones are unshaded

(0]
M|
In the complex O named the Griffith’s structure, bound oxygen can be
formally considered as existing in the form of 0,>~, i.e., as peroxide anion. Bond
length O—O in such compounds reaches 1.4-1.6 A (v ~ 750-950cm™").
On two ions, M participation in coordination jL-peroxocomplex can be formed

M—=0~0-M, _in which oxygen is in the condition close to O or O3~. Quantum—
chemical calculations using Huckel’s method for molecular orbitals were performed
regarding the fragment M—O,—M (M from Ti to Ni) have given certain information
on the character of O, binding (for example, filling of bond M—O, is maximal in
the middle of the third-complex’s line). The calculation involved has shown that not
only completely filled d-orbitals can take part in oxygen activation but also partially
populated ones, that electron density value can serve the measure of activation,
that metal d-orbitals can interact with molecular orbitals situated higher than 1 v,-
orbital. Due to O, coordination to ion or metal complex of a, b, c type

a /O‘ b /O
M— O M~ |,
~0

c
M-0-0-M

it can be in condition from O, up to 022_, i.e., in more reactionary condition in
relation to many substrates than before the coordination.

Only for those metal ions which can interact with O, is the following inequality
correct: p(M3T/M?T), o(M?**/M™T), o(M**/MT) < ¢(0,/H,0,) = 0.69V.
Therefore, iron ions, for example, cannot interact with O,[p(Fe’t/Fe?*t) =
0.771V], and only iron complexes with redox potential value less than 0.69V
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N T S

Fig. 2.7 Cobalt ammonia jL-peroxocomplex

I7y(py)

1n, J .
o o 1my(py)

Fig. 2.8 Removal of two 1 ¥, MO-orbitals of O, degeneration

interact with O, and catalyze the reactions of oxidation by oxygen. It was shown
that with redox potential reducing ¢(M>* /M) the rate of self-oxidation of M+
increases, and the epikinetic order observed changes from 2 to 1, which is connected
with the disintegration of intermediately forming peroxocomplex MOOM>™ .
Oxygen as a ligand will form complex compounds with many metals belonging
to the VIII collateral (secondary) group (Ru, Os, Rh, Ir), especially in the presence
of other ligands such as triphenylphosphine or similar. But the most numerous are
its coordination compounds both with one-nuclear and more often with two-nuclear
cobalt(IT) complexes, for example, with the following configuration (Fig. 2.7):

2[Co(NH3)¢]*" + O, 2 [(NH3)5C00,Co(NH;3)s]*t + 2NH;.

Two-nuclear complexes will be formed by a two-step mechanism:

K,
Co' + 0, 2 Co'0,,
K

K
Co''0, + Co' & Co"0,Co.
K—»

Under the influence of the metal ion, the degeneration of two 1 7, MO-orbitals of
O,, on which there were two unpaired electrons, is removed. Thus, the energy of
these orbitals’ splitting is much higher than the energy of two electrons pairing, due
to the fact that they occupy a lower 1 7, (p,)—orbital (Fig. 2.8).

Thus, under the influence of the metal, the electron configuration of O, will be
similar to that existing in ethylene:

H _H
c=cC
H N H
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and, accordingly, the angles of

wfo X"

become close to 120° (sp>-hybridization). Using the EPR method it was shown
that the unpaired ey(d,2_2)-electron of cobalt is delocalized (passed) to the
oxygen molecule (into the loosening 1 ,*-orbital), thus weakening the O—O
bond and lengthening it. Similar reduction of the oxygen molecule practically
turns it into astructure similar to superoxide-ion O, and a structure similar
to Co'(0,7) appears. For instance, in the case of 4,4-ethylenedinitrilo-di-2-
pentanonatocobalt(Il), the ligand is situated in the

>0

Co—O

plane, the angle is 1.26 A, and the bond length of O—O reaches 1.26 A (close to the
bond length in O;).

The redistribution of electron density on the formation of a four-centered
molecular orbital in [(NH3)5Co—O—0—Co(NH3)s]*" or in similar complexes is
shown in Fig. 2.9.

With two electrons transferring from two cobalt ions to an oxygen molecule,
a structure will be formed similar to peroxide-ion 02, and the distance O—0O
increases even more than in the peroxide ion (1.65 A instead of 1.29 Ain 0,).

In similar complexes of transition metals with oxygen, v-binding is the
main factor. The higher the electron density on the metal, the more favorable
are the conditions for the formation of the complex. The increase of metal
electron density can be achieved by suitable choice of ligand. Thus, it was
shown that if phosphines with various donor capacity are taken as ligands
[(C6H4C1)3P < (C6H5)3P < (CH3C6H4)3P) < (CH3OC6H4)3P)], the better the
donor, the faster the O, binding, and the more stable the oxygen complex.

Fig. 2.9 Distribution of the electron density in cobalt ammonia |L-peroxocomplex



2.2 Intermediate Compounds, O, Molecule Activation, and Free Radicals 31

Therefore, along with O, coordination, its activation occurs, and consequently in
such condition it can take part in various oxidation reactions. The majority of these
reactions have radical-chain character and thus more often oxidation is not specific,
as many other by-products of the reaction will be formed. Specificity of oxidation
reaction, apparently, should be increased if both O, and substrate are coordinated
around one and the same metal ion.

For better understanding of O, condition in various natural complex compounds,
its convertibility in these compounds, and also possible creation of synthetic
oxygen carriers, numerous research projects on model systems, especially using
iron compounds, have been carried out.

2.2.2.4 Reactions of Oxygen Reduction Products (OH, O™, HO,),
Peroxyl- and Oxy Radicals

Consecutive four-electron reduction of O, to H,O proceeds with the formation of
certain free radicals and relatively stable molecules (H,0,):

OH(0*) H,0
Oy —— 02* (HOz*) ——HOy (H202)
H,O +0°

The reactions of H,O, with metal ions, their complexes, and various substrates
will be considered later.

10, is a singlet oxygen in 'A, condition. At usual temperatures, conditions,
and an oxygen pressure of 2 atm, its lifetime is 72 min [16]. It can be obtained
by electrical discharge in gaseous oxygen, with the help of substances photosensi-
bilizing the oxygen oxidation (illumination by light at the presence of methylene
blue, Bengalia rose, other sensitizers): by decomposition of hydrogen peroxide in
the presence of NaClO (H,0, 4+ OCI~ — '0, + H,0 + CI) and by other methods.
Especially convenient are photosensibilizing reactions of oxidation. 'O, obtained
by one method or another possesses very strong affinity to electrons. Almost all
reactions of O,, known nowadays are related to its interaction with the system of
Y-electrons. And the rate of such interaction is higher, as is the electron density
of the unsaturated bond. As an example, such a reaction can produce the so-called
ox-reaction with an olefin containing allyl hydrogen:

o o L
-Ci=G- C3— +102—’—C1—C2—C3—>—C2—C2: (G

| \ / | |
(@]

H H OOH
|

o
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or 1,2-joining to a double bond with high electron density:

L | v
-C=C-+ 0—-C-C——2C
| H
0-0 O

As 10, oxidizes the organic substances, it is neutralized in the organism by beta
carotene, greasy amines, etc., which transform it into 30, (X o) [17].

Reactions of OH Radicals

As a result of one-electron reduction of H,O, (rather weak oxidizer) during
photochemical (H,O, + hy) or catalytic (Fe>* +H,0,) decomposition of hydrogen

peroxide, and also as a result of water radiolysis (H,O ylay;), the OH radical—the
strongest oxidizer in aqueous solutions—will be formed.

In the latter case, among other primary particles, OH radicals and hydrated
electrons (e,q ) will be formed [18]:

H,0 225 OH® + ey + ...

Hydroxyl radicals will also be produced during hydrated electrons’ interaction with
nitrogen oxide or hydrogen peroxide:

€q + NoO+HO — OH® + OH™ + N,,
eaq_ + H,0, — OH® + OH ™.

Besides, the OH radical will also be formed in reactions of Fenton type:
Mt + H,0, — OH® + OH™ + MGD+,

where M¢t = Fez+, Mn?t, Cu™, i’ +, and others.

On OH reducing to H,O (one electron joining in the form of H), 263 kJ/mol
of free energy are evolved. Such a highly negative value of AG makes the
reaction of H detachment extremely thermodynamically favorable. All this, and
also the fact that the O—H bond is strong in water, which is the reaction product
(H 4+ OH — H;0) and reaches 499 kJ/mol, causes the oxidation of almost each
organic compound by the OH radical [19]. As AG has a highly negative value,
any thermodynamically possible way of organic substance oxidation can take place,
resulting in the formation of a variety of oxidation products (oxidant is not specific),
which is in many cases undesirable.

Basically, the high potential for reaction of OH is caused by small values of
the activation energy of hydroxyl radical interaction with organic compounds.
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Thus, for example, on OH interaction with benzene and its derivatives, it reaches
only 0.34-2.35kJ/mol. For many other reactions with OH radical participation, the
activation energy is within the limits of 4-21kJ/mol. OH radicals interaction with
subsequent joining of the OH-group to organic compounds is called the reaction
of hydroxylation [20]. The first stage of this reaction with aromatic compounds is,
apparently, the formation of intermediate oxycyclohexadienyl radicals:

R

R.
H
+ OH® —— ,
H
OH

but not hydrogen detachment with phenol radical formation as was thought earlier.

Having a high redox potential, the OH radical is the most powerful due to
its oxidizing capacity, interacting with the majority of organic partners with rate
constants close to those of diffusion. As a rule, OH radical oxidizes organic
molecules by the mechanism of H atom detachment, with the formation of water
molecules [21]:

| |
~C-H+ OH*— - C* + H,0

or, in general: RH + OH®* — R*® 4 H,0.

The oxidation of alcohols can serve as a typical example of such reactions.
Usually, the most poorly connected hydrogen atom is detached with high rate
constants, i.e., that situated in the o -position relative to the alcohol group, for
example:

k=12x10°M~"1 57!

C,HsOH + OH®* ——— CH3CH—OH+H,0.

On tertiary butyl alcohol oxidation, only B-alcohol radicals can be formed:

CH,
|
CH;—-C—-OH + OH*XZ

|
CH;

8 —1 -1
2310 M ¢ cH,),CH,C - OH + H0.

The same values have rate constants of H-atoms detachment from saturated
hydrocarbons (~108 M~!s71).

Still, the constants of OH interaction with carboxyl groups are lower, since in this
case oxidation occurs by the mechanism of electrons, instead of H-atom acceptance.
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Such reactions are less thermodynamically favorable as soon as hydroxide ions are
formed instead of water:

~ 7
CH;C00~ + oH* =%, CH,C00° + OH".

The oxidation of amines proceeds similarly (in accordance with the mechanism of
electrons’ acceptance) with rather low rate constants (M~ s™1):

NH; + OH® — NH;t + OH™,
~ 7
en + OH® ﬂ) ent + OH™.

OH radicals’ adhesion alongside the double bond occurs with high rate con-
stants [21]:

OH

100 |
L2100 |l cH- cH,- O,

=510 -~ OH
PhOH + OH
T H

OH

CHZ: CHfCHszH + OH

In the systems containing hydrogen peroxide and transition metal ion, the
following reactions should be taken into account [19]:

o 1.7x107 .
H,O, + OH®* —— HO; + H,0,

o o X108 o
HO; + OH®* —— O;™ + H,0.

as well as OH reactions with metal ions.
The OH radical interacts with activated metal ions by following the mechanism
of H-atom detachment from coordinated water molecule:

Mt (H,0), + OH® — Mt (H,0),_, OH + H,0 — M&*tD+ (H,0),_, OH™.

Therefore, such reactions proceed with similar rate constants (~108M~! s71),
irrespective of the central ion nature.

The OH radical interacts with complex metal ions by direct transfer of electrons
from the central atom, and the rate constants can be essentially higher than in the
case of metal ion with coordinated water molecule oxidation, for example:

~1010
Fe(CN)*~ + OH® 2 Fe(CN)>~ + OH".
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In general, OH radicals appear not only in metal—-peroxide systems but also in many
redox systems, for example, water radiolysis, photolysis of aqueous solutions of
many aromatic compounds, reactions of HCIO acid and other halogen-containing
oxidizers. The following rule can be formulated: for the reactions in aqueous
medium including formation of active intermediates of oxidizing nature, there is an
opportunity for hydroxyl radical formation in the secondary reaction of interaction
with water (or its dissociated form) [6]:

H,0 + OX — OH® + HT + OX~,
OH™ + OX — OH® + OX~,

where OX is an intermediate of oxidizing nature.

To date a significant amount of information about the hydroxyl radicals’ potential
of reaction has been obtained. The most direct way of obtaining data related to the
reaction rate constants with OH® participation is pulse radiolysis of water solutions.
Reliable data on rate constants can also be obtained by competitive methods with
the use of dyes having high reactivity toward OH and high extinction coefficients,
facilitating the analytical procedure of the dye concentration’s determination.

Methods of OH radicals identification in real redox systems have also been
developed well enough. High reactivity of hydroxyl radicals directly entails their
small stationary concentration, and also the impossibility of their detection by EPR
methods [22]. Therefore, all the methods that can prove OH presence in solution,
and can determine their quantity, are indirect, i.e., they are based on kinetic displays.

The main groups of OH detection methods are the following:

1. Methods based on various sorts of radical traps (of maleic acid type), i.e., on OH
radical transformation into less reactive radicals with subsequent tracing by EPR
methods [19].

2. Methods based on hydroxyl radicals using compounds with double bond, such
as allyl alcohol, phenol. The difference between this group of methods and the
previous one is that the whole EPR spectrum is not registered, but only changes
in kinetics or the main reaction stoichiometry on acceptor introduction into the
reaction medium. This group of methods is especially convenient and gives the
most distinct results for the systems in which radical-chain processes take place.

These methods are used in cases when it is more convenient to study the kinetics
of the acceptor consumption instead of kinetic characteristics of basic reaction. The
well-known example is paranitrosodimethylaniline (PNDMA) used as OH radicals
acceptor.

3. Methods based on determination of reactivity “spectrum” of an active interme-
diate particle and its comparison with values known from the literature. These
methods are applied rather seldom because of significant labour inputs; however,
they give quite reliable results.
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A version of these methods is the establishing of oxidation reaction products
distribution by their composition.

4. Methods based on the capacity of OH radicals to initiate the vinyl polymerization
chain processes are to be mentioned separately. To establish strictly the radical
character of the reaction, the analysis of edge groups of polymers is to be done
(namely, by IR or NPR spectroscopy methods). To establish qualitatively the
radical character of the reaction, the visual way of polymerization monitoring
is quite suitable. A well-known example of such a method involves methyl-
methacrylate polymerization in the systems generating OH radicals. Using
methylmethacrylate for mechanisms diagnostics in water solution is convenient,
when the monomer has good solubility in water, whereas the polymer will form
a separate phase.

The reactivity of the OH radical in alkaline media is toreceive special mention. At
pH > 12, acid-basic dissociation of hydroxide radicals proceeds: OH®* < O~ +
H* (pK = 11.85). As pK of the OH® radical is lesser than that of water, O~ +SH —
OH™ + S transition is less thermodynamically favorable than the transition OH® +
SH — H,0 + S. Because of this, the lesser activity of the hydroxyl radical ionized
form can be explained. However, in metal-containing systems the dissociation of
OH practically does not play any role, since usually metal ion hydrolysis essentially
limits the working range to lower pH values.

Chemically, O®~ can be exposed to the same reactions as the OH radical.
However, its negative charge considerably reduces its electrophilic capacity and,
therefore, the reactions of one-electron oxidation as well as the reactions of joining
will proceed less effectively. The reactions of the hydrogen atom will proceed more
often and in this sense it is more selective than OH®.

One of major radicals, especially in biological systems, generated in the presence
of H,0; is the superoxide radical [18, 20, 21, 23]. Its occurrence is connected to
hydrogen peroxide reactions with various oxidizers:

H202 + OH*® — HO; + Hzo,
H,0, + M** — HOS + M* + H*.

The HO,® radical can also be generated directly by hydrogen atom interaction with

the oxygen molecule: H + O, — H,O with rate constant k = 2 x 10'°M~! s
Unlike the hydroxyl radical, the dissociation of superoxide radical proceeds
within the working pH limits:

HOS 2 05~ + H', pK =4.88.

The O3~ radical can be obtained on activated electrons interaction with O, [23]:

€aq  + Oz — O3~ with rate constant 2 x 1010 M—! s_l.
Superoxide can also be generated by the reaction of electron transfer from the
CO;, radical to O, [24]:
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k= oN—1g—1
coy + 0, 2 T L 03 4 o,

or by means of a-hydroxy-peroxyl radical transformation:

OH

|
-C-00*——HO0,* + > C=0°

The superoxide anion radical in dissociated form is a relatively weak oxidant and
thus can react mainly with metal ions:

+ e -~
M* + 03" =5 M2 + HO,~.

Usually the rate constant of such reactions is defined by the lability of the
coordination sphere of the metal ion. On the other hand, the O, radical can easily
be exposed to oxidation up to molecular oxygen:

M2t +0,” > Mt +0,,

05~ + oxidant — O, + product.

Reactions of such type are used as a method to determine quantitatively the presence
of superoxide radicals in solution:

_ 9 nf—1 —1
C(NOy),+03~ Z20M ¥ 6(NO2)y~ +NO, +05 (A = 350 nm, & = 15,000).

The superoxide radical (HO,) in its protonized form is a strong oxidant. HO, radical
can detach H atoms from saturated hydrocarbons and alcohols. The rate constant of
such a reaction is—four to seven orders less than that of similar ones with OH
radical.

The reactions of superoxide radicals can play an essential role in the mechanism
of organic substrate oxidation [23], especially when the generation of more reactive
particles is for whatever reasons improbable. Such a situation occurs, for example,
in pesticides oxidation in natural conditions. The basic channels of organic matter
destruction will be thus the reactions of hydrolysis and direct interaction with
molecular oxygen:

RH + H,0 — products, 2.4
RH + O, — R* + HO3. (2.5)

In view of the low rate of initiation [reaction (1.5)] and absence of channels of
radicals linear destruction, chain development is inevitable:
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R*® 4+ O, — RO3,

ROS + RH — R® + ROOH,
ROOH — RO* + OH®,
RO® + RH — R*® + ROH,
OH® + RH — R* + H,0.

Breakage:

ROj +RO; —

HO5 + HO; — ¢ products.

R®* + HOS —
The superoxide ion O3~ has an unpaired electron in molecular orbital (1v,%),,
and, therefore, the distance between nuclei grows and becomes equal to 1.32-1.35A
and the bond is weakened. For example, in oxyhemoglobin the charge transfer
proceeds from metal ion to O, accompanied by O—O bond length increase. The
state of oxygen here is close to O5™. Besides, in living organisms, the formation of

O3~ was proved to proceed in oxidase and xanthynogenase reactions.
Reacting with Ht, O3~ is exposed to disproportioning:

205" 4+ 2H' — H,0, + 0,.

In general, O3~ is a stronger oxidizer than HO,. Therefore, a higher interaction rate
constant becomes clear:

Ix108 M~ 1!

0" + HO; —————— 0, + HO,™ (H,02)

in comparison with:
o 9XI0OMIs™!
2H02 —— > 0, + Hy0,.
Submarines and spaceships are provided with oxygen, formed in this reaction by
addition of water (HTOH™) to solid KO, (KT0, ).

As already mentioned, O, (HO;) activity is rather insignificant (in compar-
ison with OH). It can act both as oxidant and reducer and can take part in
nucleophylic reactions of replacement (RX + O,~ — RO, + X7), joining to a dou-
ble bond, (R- IC IC - R 420, —2RCO0), reactions of dehydrogenization,
(-CHy -+ 0O, —>—(|]H— + HOO),

b}
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(@» OH+ 0, ——((" ) }-0°+HO00"), etc.

etc., and others.

The last reaction proceeds slowly in the case of monophenols, but—in the
case of catechin, hydroquinone, and other polyvalent phenols—rapidly. Unlike
singlet oxygen, O, is a nucleophilic agent. In general, O, possesses rather good
reactivity both as oxidant and as reducer, and therefore it easily reduces organic
compounds with acceptor properties. Thus, for example, on its interaction with
quinone, the anion radical will be obtained:

o
v
0,* + Q—’ 0, +
/
(0]

In the presence of O™, tetrazolium and tetramethane salts will be reduced
rapidly. These sensitive reactions are used for O3~ detection. The higher the
alkalinity of solvent, the more stable O3~ becomes.

All the reactive particles discussed above may be arranged, according to their
activity, as follows: OH®* > O°®*~ > O > HOj5. Oxygen atoms are obtained as a
rule by ozone photolysis and HO,™ by electrolytic reduction of O,. The activity
of the dissociated form of O®~ is approximately 3—4 times lower, that of atomic
oxygen O about 300 times lower, and that of HO3 47 times lower than the activity
of the hydroxyl radical OH.

The products of O, reduction can display both harmful and useful action.

o

o

Harmful Action

1. Smog: represents a mixture of polycyclic hydrocarbons (PCH) and other sub-
stances [25]:
PCH ~> PCH* +° 0, — PCH +' 0
sensitizer
Along with 10,, OH®, HO,®, and O, other reactive particles may also be present
in photochemical smog.

2. Radiation sickness: on irradiation by y-rays H,O — OH® and other active
radicals.

3. Smoking: tobacco smoke contains many electron donors, which form with
O, superoxide radical O3”. It contains such carcinogens as benzapyrene,
and also highly dangerous mutagenic products of proteins and aminoacids
pyrolysis. Besides, it contains the whole family of tobacco alkaloids, which
interact with nitrogen oxides (NO) and are transformed into strong mutagenic
nitrozocompounds [26]:



40

2 Homogeneous Redox Catalysis with Transition Metal Compounds

CH;, H H
N N N N %
I

NO NO
NO
— Similar
ITI -NO Q N nitrosocompounds
O] o N=0
N
N N'-nitrosonornicotin

4-(methylnitrosoamino)-
1-(3-pyridyl)-1-butanone

All these compounds influence the DNA of cells. OH radicals also affect them.
As a result, DNA is damaged which leads to malignant cells instead of healthy
ones. Therefore, the risk of lung cancer is four times higher for smokers than for
nonsmoking people.

. At the end of the electron transporting chain in an organism, O, is usu-

ally restored by “peaceful” enzyme—cytochromoxidase acting in accordance
with the “wholesale” 4-electron mechanism (breath and photosynthesis). If
normal exchange in healthy organisms takes place, O}~ is usually formed
by xanthynogenase. Considering secondary methods of oxygen exchange, all
the same superoxides (xanthynoxidases, etc.) will be formed: in mitochondria
O3, HyO, (they suppress ATP synthesis), in cell walls of plants, in the
nuclei of tumor cells. How are the organisms protected from O3~ ? For this,
superoxidedismutase (SOD) is used: 0>~ + O~ + 2HT — H,0, + O,. There
are no superoxidedismutases in anaerobic organisms and, therefore, they do not
support O, and they are not protected against it. Smokers artificially introduce
O, into their system, thus destroying it.

Useful Action of Superoxides

1.

2.

O3~ in liver destroys toxic substances. It also participates in collagen formation
for wound healing.

Neonatal jaundice is treated by light: O, formed oxidizes the excess of yellow
bilirubine.
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O8]

. Bacteria produce O5~, thus regulating the density of bacteria colonies.

4. Phagocytosis—microbes are grasped by special cells (reactionary oxygen radi-
cals). The presence of O3~ in the outside walls of plants represents a barrier for
pathogenic microorganisms’ penetration.

5. Products of O, reduction are used to resolve problems of environmental

protection: the natural water of rivers and lakes contains 3 x 107 to

3 x 107 mol/L H,0,, 2 x 1073 to 2 x 107> mol/L 'O, and 10~'7 mol/L

and more OH®, O3~ will also be formed.

There are various ways of peroxide radicals formation:

— By interaction of carbon radicals with molecular oxygen:

| |
~C*+ 0, — -C-0-0°

— By the reactions of transition metal ions with molecular oxygen (peroxyl
complex will be formed):

Mt + 0, - MOO*T;
— By metal ions interactions with hydroperoxides (ROOH):
ROOH + M¢*tY+ — ROO + HT + MY,

Carbon peroxyl radicals formation proceeds quickly (k ~ 10°-10'""M~!s71),
while the joining of oxygen molecules to thiyl radicals (RS) occurs much slower
(k ~ 107108 M~ s71).

Peroxide radicals take part in the set of reactions, including those of hydrogen
atom separation from the carbon bond C—H:

| | k<10°M's™! | |
-C-0-0"+ H-C- -C-00H + -C°,
| | | |

transforming into hydroperoxides although with rather low rate constants. That
is why two peroxyl radicals interaction is possible with the formation of mostly

unstable tetroxide:
2 =C00s——=>CO000C< ,

which can be disintegrated in various ways:
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R,CHOOOOCHR,
RzCHOH + RgC:O + 02 2R2C:O + Hzo

or R,CHOOOOCHR;, — O, + 2R,CHO®. Interaction of the latter radicals can
result in peroxides formation:

2RCHO®* — R,CHOOCHR;
or in disproportioning:
2RCHO®* — R,C = O + R,CHOH.

Halogenated peroxyl radicals such as, for example, the 3-chloromethyl peroxyl
radical, will rapidly oxidize the electron donors (D) (tyrosine, methionine, vitamins
Cand E):

K~108M~ ¢!

CCl;00 + D ————— 5 CCl300~ + D°**

and hence they play an important role in the metabolism of hydrocarbons halogen
derivatives.
Oxyradicals can be produced in different ways [24]:

R—OOH + Mt — RO® + OH™ + MG+,
R—OH + OH®* — RO*® + H;0,
and manymore.

Oxyradicals usually have oxidizing properties and easily detach the hydrogen
atom:

RO*+ >CH-OH ——ROH + > C*- OH"

This reaction proceeds rather quickly and consequently only trace amounts of
oxyradicals RO® can be detected in the starting medium.

Phenomenal oxyradicals can also act as oxidizers. Free semiquinones are
oxyradicals existing in acid-base equilibrium:

(0N o

pK=4,0

D —
_— +H"

OH 3
(QHY) QM)
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They act as reducers which are easily oxidized up to the appropriate quinones
(Q), for example, in interaction with tetranitromethane (TNM):

K~108M~ 1!

Q" + C(NOy), —————— > C(NO,); + NO, + Q.

Unpaired electrons of oxyradicals can be delocalized (it is confirmed by EPR-
measurements), this fact being expressed as a resonance of two structures:

0 o*
= ~
>c-c —— >c-c_
H H
Such delocalized oxyradicals are called “crypto”’-oxyradicals. Although these
radicals can act chemically as oxygen radicals, in the physical sense they are not
the same [24].

2.2.3 Peroxocomplexes of Some Metals

In the systems Mz+aq —H,0, and M*tL,, — H,0,, the innersphere electron transfer
is often preceded by intermediate formation of active peroxocompounds.

2.2.3.1 Peroxocomplexes of Manganese

Intermediate compound Mn>T - HO, was detected by using the stop—flow technique
on A = 470nm. In general, the formation of numerous peroxocomplexes of
various compositions is possible: L,MH,0,*", L,MHO,“ Yt L,MO,“ 2,
L,M(H,0,) - (HO, )&+, L,M(H,0,),*", and L,M (HO,™)*". For instance, in
the system Mn”>* —phen—H,0, a peroxocomplex will be formed at A = 360 nm
having the composition Mn?t i H,0, = 1:1[27]:

[Mnphen,]** +H,0, — [Mnphen,HO,]" + H™,

_ [Mnphen,HO, "] [H*]  [Mnphen,HO,*] - K0,
“ [Mnphen,>*][H,0,] ~ [Mnphen,] [HO,"]

HO, | [H*
= KitofPCint,0;, a8 Ki0, = %

Indirect proof of peroxocomplex (PC) formation is the change of the reaction order
by H,0, in the course of the catalase process (Fig. 2.10).
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from1 to 0 or from2 to 0

[H,0:], [H:0:],

Fig. 2.10 Peroxocomplexes of different composition formation

When the stability constant of the peroxocomplex (K pc) cannot be defined
directly from the experimental data, it can sometimes be approximated using
correlation diagrams of the following type:

log Kyiout _ 108 K vont
log Kyjyoe+ log K vimor+

if all the values except of Kimmuo?T are known.

Under certain conditions, diperoxocomplexes of various compositions, active and
inactive, in the catalysis of H,O, decomposition can be formed from monoperoxo-
complexes.

Determination of the dependence of peroxocomplex concentration on the param-
eters influencing its formation (such as initial concentrations of M=t H,0,,HO,",
L, etc.) and thermodynamic consideration of system makes it possible to define the
PC composition, and the comparison of the latter with the process rate, to reveal its
role in catalysis.

2.2.3.2 Peroxocomplexes of Iron

Formation of iron(IIl) peroxocomplex in acid medium containing Fe(HO,)*" and
its participation in catalytic disintegration of H,O, has been proved by spectropho-
tometric methods [28-32].

Alcohols’ oxidation up to aldehydes and acids can proceed through the formation
of intermediate peroxocomplex Fe(H,0,)*":

FC3+ + H202

Fe(H202)

H/w

0O, RCHO — RCOOH
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Coordination of various ligands (for example, «, o -dipyridyl or 1,10-
phenanthroline) to Fe** ions in the presence of H,O, results in the formation
of intermediate iron(II) peroxocompound according to the following scheme:

rapidl;
[FeL]*" + H,0r —— [FeL - H,0,]*"

slowly 24+ limiting stage

T [FelL - (Hy0) P+ ™™ Re '+ + OH™ + OH"®

In the system Fe’™—EDTA—H,0,, various peroxocomplexes of the following
composition can be formed [Fe EDTA(OH)HO,]*~ [33].

2.2.3.3 Peroxocomplexes of Cobalt

Apart from simple cobalt peroxide [Co(O),] [34], there exist two-nuclear cobalt
peroxocompounds [35] which are unstable and are decomposed in water solutions.
Thus, single-nuclear intermediate complexes, such as [(H3N)sCo(HO,)]*",
will be formed. The system Co’tT—glycin (Gl)-H,0, generates the mixture of
stable red—violet complexes: cobalt(IIl) cis- and trans-hydroxobis (glycinate)
and unstable cobalt(III) p-peroxotetra(glycin) [GICo(O,)CoGl]. In the system
Co’T—EDTA—H,0, two-nuclear peroxocomplex will also be formed [36]. Using
a, o -dipyridyl (dipy), 1,10-phenanthroline (phen), and pyridine (Py) as ligands,
formation of such peroxocomplexes—[Co(Dipy)(HO,)]*", [Co(Phen)(HO,)]*",
[Co(Py)(HO,)]**—was detected at A ~ 330—400 nm [37,38].

2.2.3.4 Peroxocomplexes of Copper

Copper peroxide compounds of Cu(O,;)H,0O, Cu(OH)(HO;), Cu(O,)(HO,),
Cu’tLHO, ™, and [CuHLHOz_]2 composition were obtained long ago. Perox-

ocomplexes forming in the systems Cu>*—Phen—H,0, and Cu®*"—Dipy—H,0,
were considered in detail [39, 40]. The complexes involved are formed by the
following reactions:

[CuPhen]**+HO,™ 2 [Cu*"Phen (HO, )],
2 [Cu**Phen (HO, )| 2 [CuPhen (HO, )],
Monomer of peroxocomplex is an active intermediate compound in the catalysis of

H,0; decomposition [6].
Stability data on certain metal peroxocomplexes are given in Table 2.2.
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Table 2.2 Stability constants of transition metals belonging to the first period peroxocomplexes

Peroxocomplex Stability constant®, (L/mol) ~ Determination method  Reference
[Fe(HO,)*t 2% 10° Spectrophotometrical ~ [41]
[Cu(HO,)] T 5x 10° Calculated [42]
[Mn(Phen), (HO,)] ™ 3.6 x 107 Spectrophotometrical [43]
[Fe(EDTA)(OH)(HO,)]>~ 1 x 10* Spectrophotometrical ~ [44]
[Fe(EDTA)(0,)]*~ 2.4 x 10* Spectrophotometrical ~ [33]
[CoPhen(HO,))** 4.3 x10° Spectrophotometrical [38]
[CoDipy(HO,)]*t 3 x 102 Spectrophotometrical ~ [38]
[CoPy(HO,)]>t 5% 107 Spectrophotometrical ~ [38]
[CuPhen(HO,)]* 6.2 x 10° Spectrophotometrical [43]
[Cu(NH3)3(HO,)] T 2% 10? Calculated [42]
[CuDipy(HO,)]t 3x10° Calculated [42]
[CuDipy(HO,)] 1 x10° Calculated [42]
[Cu(Dipy), (HO)| + 1x10° Calculated [42]
[CuGlycin(HO,)]+ 3% 10° Calculated [42]
[CuGystatin(HO,)] 4 x 10* Calculated [42]
[Culmidazol(HO,)] 8.9 x 10° Calculated [45]
[Cu(Imidazol), (HO,)]+ 2.3 x10° Calculated [45]
[Cu(Imidazol); (HO,)] T 2.0 x 103 Calculated [45]

%Has been determined in water solutions

2.3 Theoretical Aspects of Catalysis with Metal Complexes

2.3.1 Influence of Complex Formation on Metal Ion Reactivity
and Catalytic Processes Mechanisms (Role of
Coordination in Catalysis)

The complete theory allowing one to predict the change of reactivity of transition
metal ions (manganese, iron, and others) due to complex formation with ligands of
various nature and structure has not yet been elaborated. However, it is known that
complex formation of metal ion with ligand can change its hydrolytical stability,
electrochemical properties, cause a change of electron transfer character (complexes
with partial electron transfer, one- or multi-electron transfer), and change the lability
of metal coordination sphere and the mechanism of redox reactions [6].

Revealing the mechanisms of redox catalysis with metal ions makes it possible to
outline the basic ways of complex formation’s influence on the catalytic properties
of metal ions of transition valency.

2.3.1.1 Effect of Metal Ions’ Hydrolytic Stability Increase

With the pH increase of water solution of M?™ salt, part of the M>* ions will pass
into the form of hydroxocomplex MOH™*:

24+ Kiyar + +
M~ + H,0 — MOH" + H".
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The consequence of M transition into MOH™ will be the decrease of redox
potential, since usually Kyp+ony > Kyi+on—)» and, therefore,

Kye+oH_)
@+ OH)MFOH)] = Povze ey — RT mW‘

Therefore, the rate of reaction:
M?** + DH™ — M* + DH"

will decline, as the oxidation state M2t will be stabilized and the effective rate
constant y will reduce.
If metal hydroxoform has not yet been formed (because of low pH value), then

W = x[M**],-[DH]

and up to pH < pKyissDH, the rate will grow because of [DH™] increase from DH,.

For characteristic complex forming metals, such as Fe(I) and Cu(II), the limit of
their thermodynamic stability is defined by pH value from 3 to 5.

When adding a salt solution of the bidentate ligand LH, to the metal, at low pH,
the dominant forms in the solution are LH,, LH™, and M?T. With increase of pH
and ligand excess, the share of other complexes will increase: LH,, LH ™, and M2t
which at high enough pH value may be hydrolyzed, forming the hydroxocomplexes
LMOH™, LM(OH),, and L,M(OH),, and two nuclear (polynuclear) complexes:

2LMOHT 2 L,M,(OH); ™.

Colloidal or residual M(OH), will be formed in the presence of a ligand at higher pH
values than in its absence. Obviously, the higher the stability constant of M?>* with
L, the higher the pH values that promote the residual metal hydroxide formation. It
means that the pH of a solution can be increased to higher values and the solution
homogenity may be kept. But at higher pH, the [DH™] will be increased, resulting
in a considerable increase of the reaction rate W = y[M?>*] - [DH™]. Therefore, the
first factor of influence of complex formation on metal ions’ catalytic properties is
the preservation of the system’s homogenity at higher pH by the prevention of metal
ions’ aggregation and their exclusion from the reaction area.

2.3.1.2 Change of Metal Electrochemical Properties Due to Complex
Formation

Due to complex formation, the redox potential of the metal ion will be changed.
Varying the number and nature of ligands makes it possible to change its value
within wide limits (~ —1/ + 1.5eV), leaving the nature of M?>* constant.
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Usually the initial stage of catalysis is a stage of substrate activation, resulting
in the formation of reactionary substrate particles characterized by low equilibrium
constants. In general, the activation stage can be presented as follows:

k
I LM**DH, = LM* + DH+H*  (AGY).
ka

Further, the active substrate particle DH® (electron donor) will interact with LMt
with high rate constant:

I. LM*" +DH* - LM* +H" + D (AGY).

With the substrate activation stage to be repeated again and again, another A oxidant
is to be introduced into the system (electron acceptor) transforming LM™ into
LMt

Ma. LMT +A - LM*T + A~ (AGY,).

Thus, to estimate the influence of complex formation on the metal ion’s catalytic
properties, not only the reaction of substrate DH™ activation reaction (I) should be
considered but also the catalytic cycle of reactions:

I. LM** + DH, — LM* 4+ DH® + H" (AGY)

+
Ma. LMY + A LM** + AH®  (AG,)

DH; + A — DH® + AH®* AG;

Here, AG; = AG} + AGy, is a change of free energy describing brutto-process.
AGy is defined by the nature of the substrate pair (DH, 4+ A), and AGy and AGp,
values by the choice of catalyst. Thus, the reversible process appears, yielding the
catalyst regeneration and its recurrence again and again:

DH,

A

Hence, for each substrate pair, an optimal complex catalyst could be found by
varying the ligand surrounding the metal ion.

The most active catalyst will be that which equally rapidly oxidizes DH, and
reduces A by reactions I and ITa. This can be achieved by altering the ligand
surrounding the central metal ion.
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2.3.1.3 Change of Electron Transfer Character (One- or Many-Electron)
on Complex Formation

In a number of cases of complex formation, the stabilization of metal oxidation
degree will be observed to differ from the initial one by two units. It can be done
either by two consecutive one-electron transfers:

Mt + DH™ — M&V+ 4 DH*
M(Z—l)+ 4+ DH — M(z—2)+ 4 DHQ

or as a result of simultaneous two-electron transfer:

ME2+ 1A T N 4 A

i.e., in the case of reaction without substrate radicals’ formation. This case was con-
sidered as an example of the reaction mechanism in the system Fe*™ —TETA—H, 0,
in which a two-electron transfer stage appears [46]:

Fe(II)TETA + H,0, — Fe(IV)TETA.

In general, in the case of a multistage process described by a number of one-electron
stages, redox potentials of each stage are unequal and the presence of oxidizer (or
reducer) is needed in order to perform the process, with a “power” equal to the most
difficult energy stage (for example, the stage Ila to provide the reversible redox
cycle).

If many electron processes may be realized in one stage, their redox potential,
being the average of the potentials of each one-electron stage, will be lower than
that necessary for the most difficult stage.

Thus it is possible to use a weaker oxidizer (reducer) and to save energy (as used
for the work of metal enzymes). In this case, the catalyst can play a role of original
“switch” of a one-electron mechanism into a multielectron one, accepting from the
electron donor DH; the electrons one by one and giving some of them back to the
substrate (acceptor A).

When such a switching of the one-electron mechanism into a multielectron one
occurs, the redox potential of the catalyst (connected with the change of its oxidation
number) must not be essentially changed. This is assured by the fact that the catalyst
represents a cluster or multinuclear complex compound including some weakly
bound metal ions, able to participate in the electrons exchange. Reacting with an
external reducer, such a catalyst can accept electrons one by one, not significantly
changing its redox potential. Then in the reaction with the substrate, which is in the
coordination sphere of the complex, the transfer of two or several electrons occurs
simultaneously. Thus, substrate radicals are not generated, and final products will
be formed at once:

DH, 4+ A =5 D + AH,.
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Thus, the selectivity of the redox reaction will be sharply increased. As the
multinuclear complex compounds canvary considerably, the routes of reactions can
be different.

2.3.1.4 Complex Formation Can Change the Lability of the Metal
Coordination Sphere

The lability of the metal coordination sphere represents the replacement rate of a
solvent molecule by one substrate molecule. Lability of a metal ion is characterized
by the rate constant of the above-mentioned replacement. When the aqua ion of
metal interacts with the substrate in accordance with the outer-sphere electron
transfer mechanism:

¥ €
M* 4y ... SH,

the increase of the metal coordination sphere lability as the result of complex
formation with the ligand can change the mechanism into the inner sphere one,
and lead to an increase of the effective rate constant:

LMt + SHy — LsM®" - SH; + agq.

An example of the same sort is the coordination sphere lability change with the
transition from Fe*™, to Fe> EDTA,,. The theory of complex formation influence
on the lability of metal ion coordination sphere is poorly developed.

2.3.1.5 Complex Formation Influence on the Change of Redox Reaction
Mechanisms

The mechanism of redox reactions can be changed with the transition from M3+aq
ion catalysis to catalysis by LM*™ complex.
The simplest mechanism is the ion—molecular one:

DH, 2 DH™ +H'

1. DH™ +M*" 2 (DHM)& Dt — (DM)@ 2+ L HT — D + MED+,

HT
2. MEDT 4+ A 2 (MA)EDT 2 (MAH)E D+ — Mt + AH,

AH™ +H" 2 AH,.

It can be presented either as a sequence of two fast one-electron transfers, or as one
two-electron transfer. This mechanism, which does not include substrate radicals
in catalytic cycles of transformations, represents the greatest technological interest,
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since it is the mechanism of selective catalysis. Complex formation of metal ion with
appropriate ligands favors the display of this mechanism, as it either brings two or
several metal ions together via the ligand, thus creating the conditions of collective
and simultaneous two- or many-electrons transfer, or changes the electron density
on the metal, so that two electron transfers can easily proceed.

Other mechanisms are radical and radical-chain ones, when metal oxidation
number changes by one unit. With such one-electron transfer, the redox reaction
proceedswith some difficulty.

A large number of reactions of metal ions of different oxidation numbers with
the initial DH, and A, and also reactions between free radicals and metal ions, are
chemically possible [6]:

M2t + DH™ — MT + DH®,
Mt + A - M*T + A°,
DH® + DH® — D + DH,,
AH® + AH® — A + AH,,
DH® + AH® — D + AH,,
DH® + A — D + AH®,
M2t + DH® - M+ + D+ HT,
MT + AH® — M2+ + AH™,
M2t 4+ A°~ > MT + A,
MT + DH® — M2+ 4+ DH™,
AH® + DH, — AH, + DH".

SOV X NN R WD =

—_—

Stages 4, 5, 8, and 11 result in the formation of the reaction product AH,(AH™),
and only in stage 11 does the regeneration of the active intermediate particle DH®
proceed, and due to it the radical-chain mechanism can be realised.

With the transition from M**,, to M?TL, the electron density value on M* will
be changed. If these changes are not significant, they will promote one-electron
transfer and the opportunity of radical or radical-chain mechanism. Therefore, the
results of quantum-chemical calculations [for example, made by the method of
MO LCAO in the approximation of Mulliken—Wolfsberg—Helmholtz (MWH) of the
stage of catalytic redox reaction’s initiation] sometimes help to find not only the
direction and size of charge transfer, but also the effects of the ratio between HOMO
and lowest free molecular orbital (LFMO) levels of the catalyst and substrate and
the possible course of the process (see Chap. 4). These are major factors of complex
formation influence on the metal-catalyst ion.

2.3.2 Qualitative Model of the Theory of PCT Complexes

As was previously shown, complex formation in catalytic redox systems and
processes plays an extremely important role. As a rule, a result of complex formation
is charge transfer. On the analysis of charge transfer processes, the inner-sphere
reactions of electron exchange have been considered more often. There are little
data available about the kinetics of inner-sphere electron transfer, though these
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processes represent the greatest interest for catalytic redox reactions. An attempt
was undertaken to create, at least on a qualitative level, the theoretical model of an
inner-sphere electron transfer reaction in polar medium, taking as an example the
general consideration of a bimolecular redox reaction with intermediate complex
formation [47]:

A+ D 2 (AD)*” — A + D,

where A is the acceptor, D~ the donor of PCT, and (AD)°" the intermediate
complex with PCT.

In inner-sphere reactions, the products occur not as a result of proper electron
transfer but as a result of dissociation of the above-mentioned intermediate complex.
During electron transfer over distances shorter than those of Van-der Waals (~<
5A), the dielectric permeability of solvent decreases and the role of Coulomb’s
interaction increases. The reduction of distance R in inner-sphere transfer results
in the decrease of solvent reorganization energy E;. Thus, the quantitative model of
inner-sphere electron transfer has been proposed.

The limiting case when E; — 0 was considered, when the intermediate complex
formed can be disintegrated either into to initial particles, being in the basic state
N, or to electron transfer products only on complex dissociation from the electron-
exited state E:

A+D 2 [(AD)N*” 2 (AD)s" | 2 A* +D.

An intermediate complex (AD)°™ is represented thus as the “superposition” of two
states:
(AD)*” = (AD*” < A" D).

The stages of two-electron transfer were considered similarly. In this case, in
contrast to inner-sphere transfer, whereas for inner-sphere reactions the probability
of electron transfers between the terms corresponds to the states without transfer
AD?*™ and two-electron charge transfer AD?® is close to one. The structure of the
formed complex can also be represented as a superposition of the states A and D
differing by two electrons:

(AD)*” = (AD*” < A*"D).

Similarly, as well as for one-electron transfer, the dissociation of this complex from
two-electron exited state occurs at two-electron transfer:

A+D*" 2 [(AD* 2 (AD)*" | = A™ +D.

Further simplification of the model involves the assumption that spontaneous
transitions between basic- and electron-exited complex states proceed much faster
than complex dissociation into the initial reagents or the products of electron
transfer. The basic postulates of this model of inner-sphere electron transfer have
been formulated. The existence of several conformation states of the initial products
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and the products of electron transfer is possible, this fact opening an opportunity
for the interpretation of properties and reactivity of metal complex ions in various
conformations and redox transformations. The consequences of this qualitative
model of inner-sphere electron transfer have been formulated.

If a third particle takes part in the interaction with intermediate complex, triple
(or multicomponent) charge transfer complexs can be formed.

This model was applied to the inner-sphere transfer reactions with metal complex
ions participation. Thus inner-sphere reactions of metal ions in reduced form
(M™) with two-electron acceptor (A) or metal ions in oxidized form (M>**) or
superoxidized one (M3™) with two-electron donor (D?~) can be of two types—with
the resulting one and two-electron transfer:

ky ky
M +A —— (Cy—— Cp) <=2 M*'+A,
kq ke
M +A (Cx Cp) ==== M+ A%,

M2++D27 — (CN<— CE) . M++ D-i’

-« —---

M*+ D" = (Cy ——=Cg) == M +D,

where Cy and Cg are basic and electron-exited states of the appropriate intermediate
charge transfer complex. The expression for rate constant of the resulting electron
transfer is as follows:
X ke kf- Ke.
ol = T 7% >
ki + ki - K

where K¢, is the equilibrium constant of the given redox reaction.
It is shown in this model that the binary intermediate complexes can be of
four types—with inner-sphere one- and two-electron transfer, with superposition

of structures:
MA); T = MTA & M?>TA7),

MA)T = MTA & M3TAZ),
MD = (M*TD?” < M*D*"),
MDT = (M*TD?*” <~ M'D).

With these complexes, interaction with redox ligand or with other metal ions, the
formation of triple charge transfer complexes of various types is possible, and also
of binuclear charge transfer ones.

Creation of a qualitative theoretical model allows the final result to be obtained
(for example, the rate constant of the resulting electron transfer K. ) without
performing difficult (and frequently inexact) quantum-chemical calculations, this
fact being important and practically valuable. Within the framework of this model,
it is possible to discuss the various phenomena of metal-complex redox catalysis.
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Using various experimental data obtained earlier, the proposed theoretical model
of inner-sphere electron transfer was confirmed. For example, in the case of
the reaction proceeding with intermediate formation of binuclear charge transfer
complex, the resulting process can be represented as follows:

(CuDFH)* + Cu®’t - 2Cu™ + DK + H™,

where DFH; is dihydroxyfumaric acidand DK diketosuccinic acid. The experimen-
tal values of rate constant of this reaction make 10.5L/mol s. Calculated value
ke = k{exp(—AGg/RT) ~ 151/mols is in accordance with the experimental data.
Numerous confirmations of the model and its various aspects were obtained on the
study of elementary interaction mechanisms of O, and H,O, with metal ions in the
reduced form and ions in the oxidized form with hydrogen peroxide, ascorbic acid,
its analog—dihydroxyfumaric acid—and also catechins [48].

All the aforesaid shows that the model and the concept of PCT can be
successfully applied for the analysis of different aspects of metal complex ions’
redox transformations.

2.4 General Principles of Redox Catalysis Mechanisms
Determination

2.4.1 Possible Mechanisms of Catalytic Redox Systems
F€Z+aq —H2 02 and Fez+L,,—H2 02

The display of any function of metal is more or less dependent on the electron struc-
ture of the metal ion, and on its change during coordination with ligand or substrate.
The detailed consideration of the results of system Fe”aq—HzOz (Fenton’s reagent)
and L,Fe’"-H,0, study, and also the mechanisms of the appropriate processes is
available in the form of a critical review [6, 10, 48]. According to these and other
data of kinetic regularities, study of H,O, decomposition in the system Fe’*-H,0,
made it possible to determine the rate constants of elementary stages and acid-basic
equilibria of various reactions in the system Fe?’T—H,0, (Table 2.3) [49], but also
has enabled development of the various schemes of H,O, catalytic disintegration
mechanisms.

General experimental data [10], partially given in Table 2.3 and Scheme 2.2
[49], made it possible not only to establish possible elementary stages of H,O,
decomposition by Fe?' aqua ions but also their sequence depending on the
experimental conditions.
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A. Processes with Fe?* participation

1. Fe** + H,0,—— Fe’* + OH- + OH,
2. Fe’* + H,0,—— FeO?" + H,0,
3. Fe** + H,0,—— Fe*" + 20H,
4. FeOH'+ H,0,— Fe*" + OH- + 20H,
5. FeOH' + H,0,—— FeO*" + H,0 + OH,
6. (H,0)sFe(H,0)*" + H,0, = (H,0);Fe(H,0,)*" + H,0,
7. (H,0)sFe(H,0,)*" — . (H,0),(OH)FeO*" + H,0,
8. (H,0)Fe(H,0,7>* —H'\ (H,0)(OH )Fe** + OH,

2+ 2+ -H'
9. (H,0)sFe(H,0,)*" + Fe**(H,0),

2(H,0)sFe’*(OH ) + H,0,
_SOH
10. Fe’* + HO, + H,S0, —— Fe +HY,
OOH
11. Fe**SO, + H,0, FeSO,(H,0,),
,SOH SOH
12. Fe + H,0, ——F¢ + H,0 + O,,
NOOH NoH

13. Fe?* + OH-—— Fe** + OH,
14. Fe?* + HOy —— Fe'* + HO,,
15. Fe**(H,0,)(HO,) —— Fe’*(HO,")(HO") + OH,
16. Fe?*(HO,")(HO") =—— Fe**(HO,")(HO"),
17. [Fe(OH),** + H,0,— [Fe,(OH),]** + 20H;

B. Processes with Fe* participation
18. Fe** + HO, —— Fe** + H' + O,,
19. Fe** + 0, —— Fe?* + 0,;
C. Processes with OH-, HO,  (O,") participation (besides those given above)
20. OH- + H,0,——HO," + H,0,
21. HO,' + H,0, 0O, + H,0 + OH;

D. Processes with Fe** participation
22. FeO?* + H,0,—— Fe*" + 0, + H,0,
23. Fe** + OOH ——Fe*" + 0, + H',
24. Fe*" + HO,” =—= FeOOH*" —— F¢’" + HO,,

25. (H,0),(OH)Fe**0 + H,0 —— (H,0),(OH"),Fe’" + OH-,
26. (H,0),(OH)Fe**0 + Fe?* —— 2Fe*"(OH)(H,0)s,
27. Fe** + Fe?* —— 2F¢™,

28. FeO** + H,0,—— HO,- + OH + Fe'**;

E. Acid-alkali equilibrium

29. Fe** + H,0—— FeOH" + H",
30. 2Fe?* + 2H,0 —— Fe(OH),*" + 2H",
31. H,0,——HO,* + H,
32. HO,, ——H" + 0,7,
33. (H,0)sFe? (H,0,)*" — (H,0),(OH )Fe(H,0,)*" + H*.

55

Scheme 2.2 Reactions related to H,O, disintegration process in the system F62+aq—H202 [10]
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Table 2.3 Rate constants of elementary stages and acid-basic equilibrium in the system
F€2+—H202

Reaction Constanta® References
Fe2t + H,0, — Fe’t + OH® + OH™ 68 (48]
76.5 (49]
62 (50]
53 [51,52]
58 (53]
66 [54]
79 [27]
49.5 [55]
73 [56]
76 [57]
56.2 (58]
41.7 [59]
61.7 [60]
60.3 [61]
50.1 [62,63]
Fe?t + OH® — Fe*t + OH™ 2.6 x 108 [64]
5.1 x 108 [65]
3% 108 [57,66]
5x 108 [67]
3.2 x 108 [67-69]
2.5% 108 [70]
2.7 x 108 [71]
3.3 %108 [72]
Fe?t 4+ HO,®* — Fe*T 4+ HO, ™ 7.2 x 10° [73]
1.5 x 106 [74]
Fe’t + OH® — Fe*t + OH™ 7.9 x 107 [10,70]
OH® + H,0, — HO,* + H,0 4.5 %107 [64]
1.7 x 107 [65]
3 x 107 [70]
OH® 4 OH® — H,0, 53 % 10° [57]
5.02 x 10° [75]
8 x 10° [64]
6 x 107 [76]
OH® + 0, - OH™ + 0, 1 x10'0 [10,70]
OH® + HO,~ — H,0 + 0, 1.4 x0'° [10,70]
HO,® + HO,®* — H,0, + O, 1.9 x 106 [77]
2.2 % 10° (78]
8.1 x 10° [79]
0,7~ +0, -~ H—+>02 + HO,™ < 0.35 [67]
HO,®* + 0, — HO,~ + 0, 8.5 x 107 [67]
HO,® + H,0, — H,0 + 0, + OH® 0.2 [10]
3.7 [10]
(H,0)4(OH")Fe?t (H,0,) — (H,0)4(OH)FeO*t + H,0 3% 10° [80]
(H,0)sFe(H,0,)>T — (H,0)5(OH")Fe3t + OH® 2.8x 103 (80]

(continued)
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Table 2.3 (continued)

Reaction Constanta® References
(H,0)sFe(H,0,)*T + Fe?t (H,0)s — 2(H,0)s 3% 10° [80]
Fe’T(OH™) + H,0
Fe*t 4+ 0,°~ MY peit + HO,™ 7.3 x 105 [73]
Fe’t 4+ H,0, — Fe’t + HO,®* + HT 9.1x 1077 [81]
Fe*t + H,0, & FeHO,>t + HT 2x1073 [82]
Fe*tTHO,™ — Fe?T + HO,® 2% 1073 [83]
1.6 x 1073 [48]
FeHO,?t + FeOH2t — 2Fe?t + H,0 + O, 5 [48]
Fe’t + HO,® — Fe?t + H+ 0, 7.3 x 105 [73]
2.1 %108 [84]
33%x10° [58]
Fe’t + 0, — Fe2t + 0, 4% 108 [76]
1.29 x 10° [84,85]
1.1 x 10° [83]
5x 107 [58]
1.9 x 10° [74]
H,0, 2 HO,~ +Ht 2.63 x 10712 [86]
HOS 2 HT + 0,°~ 3.55x 1073 [87]
HOS + HT 2 H,0,T (3.16/3.98) x 1075 [77,78]
OH 2 0*~ +Ht 1.02 x 10™12 [88]
Fe’t + OH™ = FeOH™T K =3.63 x 10° [89]
Fe’t 2 FeOH*T + HT 2% 1073 [90]
1.4x 1073 [91]
1.83x 1073 [92]
(H,0)5Fe*t (H,0) + H,0, 2 (H,0)sFe(H,0,)*T + H,0 1.8 x 1072 [80]
(H,0)5Fe(H,0,)*T 2 (H,0)4(OH )Fe(H,0,)>t + HT  6x 1073 [80]
Fe’T + HOj 2 FeHO,>" 2.1 x 108 [84]

Rate constants are given in L/mol s, disintegration constants in s~ !, and equilibrium constants in
mol/L

The following set of sequential stages in the system Fe?™ ag—H20; is considered
to be generally accepted (stage numbering is in accordance with Scheme 2.2) [93].

1. Fe*t + H,0, — Fe** + OH® + OH™,
13. Fe** 4+ OH® — Fe*t + OH™,
20. OH® + H,0, — HO,* + H,0,
14. Fe’t + HO,®* — Fe*t + HO, ™,
18. Fe’t + HO,®* — Fe*t + HT + 0,,
19. Fe*t 4+ 0,°” — Fe?t + 0,.

Such a set of stages will be realized under certain conditions: 0.5 < [(H,0;)/
(Fe**)] < 200, pH > 2. The process of H,O, disintegration proceeds according
to the ion-radical cyclic mechanism up to the ratio [H,0]/[Fe’t] ~ 3 x 10° (the
equality of rates of initiation and chain continuation stages is characteristic for this
mechanism), and in the case [H,0,]/[Fe’"] > 3 x 10°—according to the radical-
chain mechanism [only under these conditions that is it possible to reveal precisely
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the stages of chain initiation reaction (1), continuation (20, 21), and breakage (18
and/or 19)].

In the Ruff’s system (Fe**t,;—H,0,)H,0,, decomposition, catalyzed by Fe'™
aqua-ions, proceeds by radical-chain mechanism in acid medium at pH < 2 (this
and other mechanisms are considered in detail in [10]). Basic experimental proofs
of this mechanism are based on (1) inhibiting action of various organic substances
[42, 48, 74, 83, 94-102], (2) generation in the given system of OH® radicals
[100, 101, 103-110] and/or O, [42, 83, 94-96, 102, 110], and (3) experimental
data proving the presence of one-electron transfer stages which include the redox
cycle: Fe’t & Fe?t [42,48,105,111]. The supporters of ion-molecular mechanism
of H,O, disintegration in Ruff’s system [41, 82, 112—119] give as the main proof
the data on various intermediate compounds formation and in particular that
of peroxocomplex FeHO,>t [84, 118-121]. However, the formation of such an
intermediate does not contradict (as shown in [10]) the process running by the
radical-chain mechanism.

It was proved qualitatively and quantitatively [42] that, from all possible
reactions of H,O, decomposition in Ruff’s system, only a definite sequence of
stages is actually realized, as presented in Scheme 2.2. This scheme is considered
to be generally accepted for the description of H,O, decomposition mechanism by
Fe’t aqua-ions (radical-chain mechanism).

The nature of ligand interaction with the transition metal ion renders great
influence on the mechanism of H,O, decomposition that can be seen from Table 2.4
(Table 2.4 is taken from [49]).

Ligands coordination with transition metal ions (in particular, with Fe** ions)
results in many cases in the acceleration of H,O, decomposition [10,42, 46, 132—
137]. The greatest activity in H,O, disintegration reaction is displayed by iron(III)
cations with triethyleneamine (so-called inorganic catalase) [6].

The mechanisms of H,O, decomposition by coordinative compounds of Fe(III)
are various: radical chain (I), ion molecular (II), and chain nonradical (III). The
general scheme of mechanisms in the systems Fe** (Fe?")-ligand—H,0, is given in
Scheme 2.3 (the scheme and explanatory material are taken from [6] and [49]).

Such a mechanism is realized in the systems Fe3+—Dipy—H202 [10, 122, 137],
Fe’t-EDTA-H,0, [138, 139], Fe’*—H,LH-H,0, [10, 57], Fe’'-acidic
chromium dark-blue-H,0, [48], Fe’"T—ethylenediamine-H,O, [140], Fe’'—
glutamic acid—H;0,, and some other systems [141, 142].

In cycle II, basic processes do not include the reactions with the participation of
OH® and O, * radicals. The stage of two-electron transfer takes place:

—2e
LFe?t = L'Fe*t.
+2e—

This mechanism is realized, for example, in the case of H,O, decomposition
by coordination compounds of Fe* with triethylenetetramine [10, 46, 137] and
hystidine [10, 126, 143-145].

In cycle III, ionic- and diperoxocomplexes will be formed. The oxidation degree
of iron(IIT) compounds is not changed and OH® and HO,* (0,*") radicals are
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I—{iOz H,O0, OH
_SoH
F 4+L,
3+ Cv 347 \7 ¢
Fe''L HOZ Il Fe'L HOZ H202
tf Fe3+Lm 7)
I
H027 02, Hzo
LW 02, H+‘\ H202
T =
Fe'L" = Fe'+ Lg————>F"'L
H027 H027 ~—
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Fe L™
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H202
OH-—~—— HO, Fe'L
Fe*'L” OH"

OH- H,O

Scheme 2.3 Generic mechanisms of hydrogen peroxide decomposition with Fe(III) coordination
compounds

not generated into the reaction medium. Such a mechanism is observed on H,O,
decomposition by Fe’* complexes with 4, 4”, 4”-tetrasulfophthalocyanine [131],
N, N’-bis-(2-methylenepyridyl)-ethylenediamine [ 146], and tetrapyridyl [146].

Complex formation of various ligands with Fe>* results in the increase of its
activity in the reactions of hydrogen peroxide disproportioning (if pH value changes
thus to the favorable one), and the process of homogeneous H, O, disintegration can
proceed in weakly acid and neutral media. The oxidizing agent of Fenton’s type can
be obtained by introducing the ligand into the system Fe’* —H,0, for the organic
substances hydroxylation in weakly acid—and in some cases neutral—media. The
nature of ligand and pH of the medium considerably changes the mechanism of
H,0, disproportioning in the systems Fe?t—ligand—H,0,. In many cases, mainly in
weakly acid media (Table 2.4), on complex catalyst interaction with HO,, one-
electron transfer (from catalyst to substrate) takes place, and OH® radicals are
generated in the reaction medium (ion radical or radical-chain mechanism of H,O,
decomposition is realized).

Generation of OH® radical does not always proceed by means of the elementary
stage of H,O, disintegration. Hydrogen peroxide can form intermediate compounds
of L,Fe - HZO§+ type, or others, which, depending on conditions, will disintegrate
with the formation of OH® radical, or the process will proceed via the formation of
compounds of ferryl-ions type with generation, at the end, of the same OH® radicals.
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However, from the experimental data available at present, one cannot definitely
conclude when this may occur.

In certain cases, especially in neutral media, the process mechanism includes
the stages of two-electron transfer. It can be considered that ligands influence on
ions catalytic activity in the reactions of hydrogen peroxide disproportionation is
frequently connected to the initial redox potential. Therefore, to reveal the major
factors influencing the catalytic activity of a number of Fe’™ complexes and that
of other transition metals in the reactions of H,O, disintegration, first of all it is
necessary to find out the character of interrelation between the values of redox
potential and catalytic activity of Fe>™ complexes using various nitrogen- and
oxygen-containing compounds as ligands.

In the case of introduction of the ligand into the system Fe’™—H,0, the
following types of its influence on the process are possible:

1. The reducing capacity of Fe?" ions considerably increases in the forming
complex, which results in essential enhancing of the reaction rate of catalyst
interaction with H,O,. At the same time, such ligands stabilize the oxidation
state of Fe>T, and Fe’™ complexes will not react with hydrogen peroxide
(or the peroxide particles radicals). In such cases, the oxidation of complex-
bound Fe?" into Fe** actually occurs in the system Fe**—ligand—H,0, and the
disproportioning process thus ceases' (i.e., the catalysis of H,O, disintegration
should not be considered).

2. Another possible variant of Fe>* complexes interaction with H,O, is that the
direct reaction

(a) LFe’t + Hy0, — LFe3t + OH® + OH™ proceeds with extremely slow
rate, and the reverse one (b) LFe’t + HO,- — LFe?t + HO,e will be
realized rather effectively. In such systems, the process of H,O, catalytic
disproportioning is limited by the stage (a) and practically does not take place.

3. The rate of direct and reverse reactions will be increased, i.e., redox cycles will
be formed in the system:

Fet = LFe**,
The scheme of the aforementioned process mechanism involves many stages, and
only in such cases is catalytic disproportioning of H,O, by Fe?t coordination
compounds realized effectively.
Due to the fact that the choice of quantitative characteristic parameters of the
above-mentioned ligands having an influence on H,O, disproportioning by Fe?*
aqua ions represents a significant research and practical interest (it opens the way of

'In the consideration in question, the possibility of one-electron transfers realization is taken into
account only, since just such mechanism has been discovered in weakly acid media. At the same
time some conclusions are also acceptable for the cases of two-electron transfers stage realization.
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target choice of a ligand for catalyst obtaining with certain properties), the problem
involved is considered in detail below.

2.4.2 Stages of Revealing Catalytic Redox Reactions
Mechanism (Methodic Aspect*)

The occurrence of numerous new intermediate particles along with the initial
substances and the reaction products during the course of catalytic reactions
brings about great experimental and calculation difficulties in the revealing of
the reaction mechanism. Generation of each of these intermediate particles (free
radicals, intermediate compounds, complexes with changed oxidation degree of the
metal, substrate radicals, and other compounds) is characterized by the equilibrium
constant of elementary rate constant. The set of all these data is necessary for
revealing on a quantitative level (that practically is seldom possible) or even on
a good qualitative level (there are many more examples available) the mechanism
of the catalytic reaction. Actually, in order to study the mechanisms of catalytic
processes it is necessary to determine the structure, stability constant of metal
complexes-catalysts, separate equilibrium constants, initial substances concentra-
tion of the reacting system during process running, oxidation degree of metal
ion, oxidation degree of complex compound, concentrations of final substances,
nature of intermediate compounds formed, intermediate particles (free radicals),
oxidation degree of metal in these intermediate compounds, bond character change
in substrate on complex formation with catalyst, and other parameters. Hence,
the scheme of revealing redox reaction mechanisms occurring in the natural
environment or in model systems, with transition metals complex compounds as
catalysts, is given in Scheme 2.4.
Brief decoding of the six-stage scheme is as follows:

1. Thermodynamic study includes the revealing of structure and stage stability
constants of metal complex compounds as catalysts, determination of each
possible equilibrium which can take place in the reaction medium, calculation
of various complexes’ structures, and revealing the composition of the most
catalytically active metal complexes.

2. Study of formal kinetics including determining of the reaction orders by separate
components and recording the expression for experimental rate as the function
of the parameters determining it (Weyp.).

3. Defining and studying intermediate compounds and particles which will be
formed during the reactions. This is the central and frequently the most difficult
stage in revealing a reaction mechanism. Thus the change of oxidation degree
of central metal ion of complex compound is revealed, whether the various

2This section is intended basically for the beginning researchers in the field of study of
homogeneous catalytic redox reactions mechanisms.
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Scheme 2.4 Succession of revealing mechanisms of oxidation—reduction reaction

intermediate compounds will be formed as the result of catalyst interaction with
substrate and oxidant (reducer), appropriate structures and interaction constants
are determined, and various reactionary particles (free radicals) which can be
formed from initial substrates or oxidizers (reducers) are identified. The sequence
of their formation and concentration is defined, as well as interactions with
substrate and other parameters.

4. Identification of final reaction products, their composition, concentration (out-
put), and their influence on conditions of reaction realization (temperature, nature
of solvent, ratio between the initial components), catalyst modification (for
example, change of ligand nature), etc.

5. Definition of equilibrium constants and elementary rate constants of catalytic
process’ separate stages—necessary condition for the elimination of reactions
which do not proceed when processes run in the natural environment or under
the conditions of an experiment simulating a natural process.

6. On the basis of all previous experimental and calculation data, the probable
scheme of a catalytic reaction is to be being considered and the rate constant
may be found using it (Wycpem.). Bodenstain—Semenov’s method of stationary
concentrations can be used for this, for example. At this final stage of research,
the proposed mechanism scheme is checked on Wey,, . and Wicpem, comparison. If
the elementary rate constant of at least one mechanism stage is absent, only the
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qualitative reaction mechanism can be revealed. If the elementary rate constants
are known for every stage of the mechanism, it is possible to reveal the principle
quantitative mechanism of the catalytic reaction. It can be done by comparing
the specific rate constant y found from the expression for Wey,. with the set of
elementary rate constants found from Wchem. -

Numerous varieties of spectroscopic methods represent the most widespread, conve-
nient, and informative ways of determining many of the aforementioned parameters
and constants characterizing a catalytic redox process. Once the mechanism of a
catalytic reaction is discovered using these methods (more often, in combination
with other methods), it can be used for management of this reactions (in analytical
chemistry, in chemical technology or for environment protection).

The first stage of Scheme 2.4 is a thermodynamic study of the reacting system
involving the catalyst, substrate, and oxidizer in water medium. The catalyst can
be an ion or coordination compound of transition metal (the compounds of iron,
manganese, and copper will be mainly considered, since these compounds more
often act as catalysts both in biochemical reactions and environmental processes).
The substrate (playing simultaneously the role of oxidizer) can be represented by
hydrogen peroxide. This choice (as has already been mentioned) is not random, but
is stipulated by a number of factors [6]:

1. By the exceptional role of H,O, as substrate and oxidizer in biochemical (see
Chap. 3) and environmental processes (see Chap. 5)

2. By the relative simplicity of hydrogen peroxide

3. By the catalytic disintegration of H,O; to environmentally friendly molecules of
water and oxygen or to the reactionary radicals HO,* and OH®

4. By the opportunity of realization (depending on conditions) of basic (ion-
molecular, radical, radical-chain) mechanisms of homogeneous redox catalysis
in the presence of transition metal compounds (as catalysts)

5. By the ease of the concentration’s determination for both initial hydrogen
peroxide and products of its transformation.

Thus, the initial reacting system represents the following:
M (M*TL,) — H,0,.
In the solution containing a metal ion and a ligand, the equilibrium is established:
Mt 4 aL 2 ML 2 ML, 2 ... 2 METL, (D)

The problem arises of finding out which of these forms of complexes is catalytically
active (or the most catalytically active)? With this purpose it is necessary to
determine the possible composition of metal complexes forming in solution, their
preliminary stability constants, and then with the help of these constants to calculate
the shares of the complexes formed (¢; = [ML;]/Cy) and to compare their increase
or decrease with process rate changing.
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To determine the composition of metal complexes formed in solution, one of the
variants of Ostromyslensky—Job’s method of continuous changes may be used, in
which optical density is the property which varies with change of metal ion/ligand
ratio (from O to 100%) [6]. The optical density maximum at a particular wavelength,
while the metal ion/ligand ratio varies, corresponds to the composition of the
complex compound.

This method is used only when one complex is formed in the system. In the
case of metal complexes of various compositions being formed in the system,
a similar spectrophotometric study should be performed at various wavelengths,
corresponding to the absorption of complexes of various compositions.

There are many experimental and calculation methods for the determination of
formed metal complexes’ consecutive stability constants which are well described
in many works [147-151].

The second stage of Scheme 2.4 is a study of formal kinetics and finding the
expression for experimental rate (Weyp ) as a function of various parameters (usually
[M2T], [L1, [H205], [S], [HT]). As a rule, kinetic methods of determination of the
order of substances taking part in the reaction and of the effective rate constant
are used.

The third stage of Scheme 2.4 is fixation and research of intermediate compounds
and reactionary particles. In a catalytic redox reaction with O, or H,O, participation
in the natural environment (in the atmosphere, water, or soil) various intermediate
particles are formed during its intermediate stages, including oxygenated metal
complexes, peroxocomplexes, metal complexes in which metals are in higher or
lower oxidation degrees than the initial metal ions, free radicals of oxidizer (HO,*~
or OH® radicals), and substrate free radicals. Therefore, to reveal the stages of
such catalytic processes, i.e., its mechanism, these intermediate formations, their
concentration, and the sequence of their occurrence in reactionary system should
be identified, where possible. Intermediate stages of the general process frequently
pass very quickly, and are rather reactive while forming compounds. It means that
they cannot always be identified by the usual experimental methods. Frequently they
are detected using special methods of fast reactions study (for example stop flow
method, etc.), or their presence is proved by some indirect method (for example, by
kinetic methods).

An intermediate compound is a substance which exists for from several oscil-
latory periods to several seconds or minutes and interacts selectively with certain
substrates. Intermediate compounds formed can be thermodynamically more or less
stable than the initial substance.

Intermediate compounds can be identified by various methods: spectrophoto-
metrically, EPR, according to kinetic data, etc. To determine the structure and
reactivity of these compounds, different methods can be successfully used: electron
spectroscopy, Roentgen and infrared (IR) spectroscopy, EPR methods.

The study of transition metals’ oxygenated complexes can be considered as an
example of these methods’ utilization. The reaction of the formation of oxygenated
complex can be represented as follows:
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L, M*T + 0, 2 M*TL, - O,,

where n = 1 or 2. On such coordination, part of the electron density is transferred
from the central metal ion to O, and, depending on the value of such transfer in the
oxygenated complex, O, gets the properties of superoxide- or peroxide-ion.

The formation of an oxygenated complex can be proved by spectrophotometric
method. So, on manganese chloride and n-tripropylphosphine dissolving in tetrahy-
drofuran, the violet oxygenated manganese complex will be reversibly formed,
where the manganese has the oxidation number 34 and the oxygen state is close to
superoxide-ion O,°” . Reversibility of this complex was confirmed by the possibility
of realization of numerous oxygenation—deoxygenation cycles.On the basis of
electron, Roentgen electron and IR-spectroscopy, as well as EPR methods, it was
proved that all the ions of 3d-transition metals in low oxidation degrees will form
coordination compounds with suitable ligands capable of being bound reversibly
with O, [152]. With the help of Roentgen electron spectroscopy methods, it is
possible to determine the distribution of the electron density in the active center of
3d-transition metal complex with O, and oxidation degree of metal in oxygenated
complex. Thus, complete or partial electron transfer from metal ion to oxygen
molecule is observed.

Mass spectroscopy methods offer the opportunity to investigate the kinetics
and to calculate activation energy of thermal deoxygenation of coordination com-
pounds [153].

Electron spectroscopy gives the information on charge transfer strips (metal—
oxygen), metal-ligand, for example, in the case of oxygenated co-complexes with
various nitrogen-donor and also other ligands. Strips referring can be performed
starting from the simplified scheme of molecular orbitals (MO) for one-nuclear oxy-
genated complex. Spectrophotometric methods enable one to identify oxygenated
metal complexes and to obtain some data on their structures.

The results obtained by EPR allow one to draw qualitative conclusions about
the electron structure of oxygenated metal complexes, in particular to distinguish
low-spin one-nuclear oxygenated complexes from diamagnetic and paramagnetic
two-nuclear complexes, as super thin splitting of the first complexes strongly differs
from that of the second ones.

IR results enable the distinguishing of one-nuclear oxygenated complexes from
appropriate two-nuclear ones, as the frequency of valent fluctuations O—O for the
former usually lies in the range of 1000-1160 sm™', and for the latter in the range
of 790-910 sm™!. In two-nuclear oxygenated complexes these latter frequencies are
close to the appropriate values describing the peroxide-ion. Thus, the IR-spectra
provide important information on the character of an electron structure of the O,
molecule in oxygenated metal complexes.

Similar oxygenated complexes catalyze many reactions of organic substrates
oxidation by oxygen, as oxygen is already in an activated state in the complex.
So, for example, an oxygenated complex with o-phenanthroline or diethyl amine
catalyzes the reaction of hydrazine oxidation [152].
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Many reactions of 3d transition metals oxygenate complexes in solution or
on matrixes, which realize substrates oxidation, proceed catalytically. Therefore,
oxygen activation through the formation of oxygenated metal complex and catalytic
oxidation of various organic substances is rather widespread in the processes, for
example, of fresh water self-purification under the action of photocatalysis and with
the participation of air oxygen.

Another ecologically important reaction is the catalytic oxidation of SO, by
oxygen in the presence of complex compounds of cobalt(Il) and manganese(III)
with the derivatives of phthalocyanine and porphyrin,respectively.

Using metal porphyrins (Me“*P) as catalysts of S(IV) oxidation to S(VI) in the
treatment of emitted industrial gases has shown good prospects for the given method
[154, 155]. Pulse microsecond radiolysis with spectral registration of intermediate
products makes it possible to watch the intermediate particles ion radical generation
and their subsequent transformation [156]. The reaction of SO, catalytic oxidation
by oxygen was studied in the presence of catalysts—cobalt tetrasulfophthalocya-
nine [Co(I)TSP] and manganese tetratolylporphyrin [Mn(III)TTP]. Intermediate
compounds in these systems were determined spectrophotometrically. The stage
of initiation is the reducing of MtP, O,, or M*P...0,. The catalyst (M**P)
promotes the co-ordination and direct O, reduction to peroxide ions O2~, and also
generation of substrate active form (radicals HSO3®, being the initiators of S(IV)
self-oxidation).

The spectral electrochemical method allows one to prove the formation of a
number of free radicals and intermediate particles appearing in Scheme 2.4. In
the absence of catalyst Co(I)TSP, the O, spectrum has maximum adsorption at
A = 250 nm. Introduced 1 x 107> M Co(II)TSP into the system made the adsorption
maximum shift by 260 nm and correspond to the formation of intermediate super-
oxide complex Co(II)TSP...O, . Somewhat earlier, the formation of Co(II)TSP
structures was registered spectrophotometrically. Therefore, the following reaction
is possible:

Co(II)TSP...Os + e 5oy, = Co(IDTSP...05".

Further, the superoxide complex was turned into the peroxide one:
Co(I))TSP...05” — Co(IINTSP...03"

with Apax = 350 and 670nm, characteristic for complex Co(II)TSP. Similar
superoxide and peroxide complexes were registered spectrophotometrically. If
another catalyst—Mn(III)TTP—is introduced into the system, oxo-, superoxide,
and peroxide complexes Mn(III)TTP. . .05, Mn(III)TTP...O,”* and Mn(IV)TTP
...O%_ will be formed, respectively. Further, spectrophotometry showed the for-
mation of complex SO,...Co(II)TSP...O, if more SO, is added to the system.
Thus, SO, interacts with peroxocomplex till sulfate ion formation according to two
probable mechanisms:
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Co(II)TSP... 03~ + SO, — Co(II)TSP + SO; ™,
Co(IINTSP... 03~ + HSO3;~ — Co(III)TSP + SO}~ + OH™,

Co(IITSP... 02~ + SO~ 2% Co(IITSP + SO2~ + 20H"

or
SO;...Co(II)TSP... 0z + € o1v. = SO, ...Co(IDTSP...O0;” —

— S0,...Co(IINTSP...0% — Co(ITSP + SO~

Thus, the pathway complexity of the environmentally important reaction of SO,
oxidation by oxygen to SO~ (H,SOy) in the presence of catalyst Co(II)TSP
[and also Mn(III)MP] is proved by spectrophotometrical data of intermediate
oxo-, superoxo-, and peroxocomplexes’ as well as free radicals’ formation and
destruction.

Hydrogen peroxide is another oxidizer frequently participating in natural cat-
alytic and noncatalytic processes. Its activation (as well as that of O;) can also
be carried out by metal coordination to complex with the formation of a more
or less stable peroxocomplexes. As an example, peroxocomplexes may be taken,
intermediate substances being formed during H,O, catalytic disintegration:

Mn*t + HO,~ — Mn*T - HO,~ — Mn?t + HO,-

Intermediate compound Mn>* - HO,™ was detected spectrophotometrically using
the technique of stop-flow at A = 470nm. In the general case, the forma-
tion of numerous peroxocomplexes of different composition is possible in solu-
tion: L,MH,0,*", L,MHO,“ V" L, M0, 2% L, M(H,0,)(HO,* )& D+,
and L,,M(H202)21+. For example, in the system Mn2+—phen—H202 yellow—green
peroxocomplex will be formed at A = 360 nm having the structure Mn** : H,0, =
1:1:
[Mnphen,]*t + H,0, — [Mnphen,HO,]" + H™.

Other intermediate particles which appear in the course of redox catalytic reactions
in natural processes can be metal ions or complexes in other oxidation degrees than
the initial metal ion compounds (catalysts). Spectrophotometry or EPR methods are
often used for their detection and the determination of their concentration.

So, for example, Fe?" ions from the bottom sediments are again oxidized by
oxygen which is contained in water. In the case of their binding in complexes, the
latter (that is even more effective) can participate in the generation of intermediate
particles, which then will oxidize the pollutants. Thus, iron ions and complexes play
an important role in natural water self-purification (see Chap. 5). The mechanism of
O, activation by iron coordination compounds includes the formation of intermedi-
ate oxygen complex [10] and subsequent generation of hydrogen peroxide, free O,°
and OH® radicals, and iron compounds with oxidation number 3+.
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H+
Fe**+ L + H,0,
2Fe*"
LFe’™+ O,—— (LFe0,)*" 2LFe**+ H,0,
2H"
LFe’™+ O,

LFe’"+ Hy0, == (FeH,0,)*" -

3 Fé'+ L + H,0O
Fe?*
2Fe3++ H20

LFe3*OH + OH.

Fe?* ions (or compounds) can be identified and determined quantitatively on the
basis of the specific reaction of Fe** with o-phenanthroline.

Fe** ions concentration can also be determined spectrophotometrically in the
presence of dye (xylenol orange) or ammonia rodanin. Thus, for example, in the
case of ammonia rodanin dye, the compound will be formed with A;,,x = 550 nm
and e550 = 2.66 x 10*L/mols.

In the case of a catalytic process, the fixation of other oxidation degrees of
metal compound (catalyst) in comparison with the initial state is not always an easy
task, and—sometimes—impracticable. These difficulties become stronger when the
catalytic system activity increases and, as a consequence, the necessity of catalyst
content reduces. Nevertheless, sometimes the formation of higher oxidation degrees
of metal can be detected using spectrophotometrical methods. So, for some systems,
Mn(II)-L—H,O0,, the formation of Mn(III) and Mn(IV) compounds can be detected
using this method. Various agents (complexons), benzydine, pyriphosphate, and
gluconate can be used for Mn(III) detection.

The possibility of Mn(III) and Mn(IV) stabilization in the form of their gluconate
complexes in alkaline medium is of peculiar interest [ 157—159]. Such complexes can
be detected spectrophotometrically—Mn(IV) gluconate complex has the adsorption
peak at 280nm with ¢ > 10*L/molss, i.e., it is possible to work with a manganese
concentration of about 10~ g-ion/L).

However, for example, in the case of catalytic process with manganese com-
pounds’ participation (especially in the environment), the detection of various
manganese oxidation numbers is not always a simple task and is not always possible.
Thus, in the case of carbonates in natural water (in sufficient concentration) and of
hydrogen peroxide in neutral medium (pH 7-8), the system Mn?>T-HCO3; —H,0,
will be formed, in which carbonate complexes of manganese Mn(HCO3), are very
effective catalysts of H,O, decomposition. Thus, free O,~* and OH® radicals will be
formed, oxidizing the organic pollutants. This process is one of the possible ways
of water reservoirs self-purification. For manganese detection in higher oxidation
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degrees of oxidation than 24, gluconate is added to the system Mn>*—H,0, (neutral
medium). In these conditions, unlike those specified above in alkaline medium
[152-159] the formation of manganese(III) gluconate complex (Ayx = 227 nm)
proceeds slowly.

When the pH value increases to 8, a “hump” appears at 280 nm, along with a
spectrum of manganese(IlI) gluconate complex, which indicates the beginning of
manganese(IV) gluconate complex formation.

In the case of a more complex system Mn>T—HCO3; —H, 0, it is also possible
to identify a gluconate complex of Mn(III) and to study the kinetics of its formation
[160].

However, the direct detection of Mn(IV) gluconate complex in neutral medium
is impossible, though this does not mean that this complex cannot appear. It can be
rather quickly recombined with manganese(II) gluconate complex:

LMn(IV) + LMn(II) — 2LMn(III).

The difficulties of high metal oxidation degrees detection are proportional to their
reactivity in redox catalytic processes in solutions. As an example, the problem of
detection of assumed rather reactive particle—ferryl-ion FeYO?>*—in which iron
oxidation degree is 44- can be used (see Chap. 3).

Radicals of oxidizer or substrate are widespread reactive intermediate particles
in redox processes. When hydrogen peroxide or oxygen is the oxidizer in such
processes, HO,™* and OH® radicals can be generated in the catalytic system
(as already shown above), playing very important roles both in biochemical and
atmospheric processes, and also in the reactions occurring in natural and waste
waters.

For the detection and quantitative definition of free radicals in catalytic redox
reactions, the method of inhibitors is used more often [6]. An inhibitor (In) is
a substance, whose addition into the reaction medium at a concentration much
less than the concentration of substrate results in the essential increasing of the
reaction rate. The action of inhibitors is reduced to the reaction with active
intermediate particles (in particular with free radicals), chain carriers in the radical-
chain mechanism. Interaction of In with free radical R® is the only way of In’s
influence on radical-chain noncatalytic process rate.

In the case of catalysis of redox transformation in solutions by metal ions the
inhibition of the process may proceed in different ways. One of these ways is that
inhibitors are the acceptors of free radicals and metal ions with lower oxidation
numbers than the initial metal ions. For instance, in the case of catalysis by M>*
ions in one-electron transfer mechanism:

M>* + DH™ — M™T + DH®,

and further
Mt + A - M*T 4 A°.
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Fig. 2.11 Kinetic curves
character in radical-chain
reaction mechanism

A
VOZ, ml

The conclusion of the radical reaction mechanism can be made if M or free radicals
are detected.

The method of inhibitors can be used for deciding about the radical-chain
mechanism of redox catalysis. In this case, (1) well-defined induction period t
appears, (2) inhibitor consumption in the induction period occurs with constant rate
equal to the inhibition rate W; (W; = Wiitiation), (3) increasing of the induction
period is done proportionally to the concentration of inhibitor introduced, and (4)
after the inhibitor’s consumption the initial rate is restored. These attributes of the
radical-chain mechanism are well illustrated in Fig. 2.11.

Here,
T
where 71 is the number of radicals interacting with one molecule of inhibitor (usually
=1lor2).
The expression
W= f (CM, CL, Csmz, CH+, etc.)

in comparison with W, gives valuable information on the process mechanism.

With the help of spectrophotometric methods, it is possible to determine the
presence of HO,*® (0,°7) radical since the inhibitor interacting with the free radical
generates a colored compound. For example, if superoxide ion-radical O,”° is
formed in the system, the specific inhibitor can be TNM [C(NO;)4]:

— 9
C (NOy), + 03~ 2120l +NO,),™ + 0, + NO,.

The nitrophorm [ion C(NO;)3; ™ ] formed has an electron adsorption strip at A, =
350 nm.

In the case when OH® radicals will be formed in the reaction, the spectro-
photometric method can also be used for their detection, and paranitrosodimethy-
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laniline as the detector (Apma pnpma = 440nm, e440 = 3.4 x 10*L/mol s and
kpnpmatron = 1.25 x 10'° L/mol s) or other detectors.
Then d[PNDMA]/d
t
On _ __(PNDMA

1.25 x 10°[PNDMA]’

The fourth stage of Scheme 2.4 (the revealing of catalytic redox reactions mech-
anism) deals with the research of forming the final products’ chemical nature and
their quantitative determination. The spectrophotometric method, which can also
be used for these purposes, is based on the difference in the adsorption strips
placement of initial and final substance and on the change of their intensity during
the catalytic reaction. Thus, the final product of the reaction considered above of
TNM interaction with superoxide ion is nitrophorm ion, which is characterized by
the adsorption strip with A, = 350 nm. Its formation and accumulation kinetics
can be monitored spectrophotometrically.

The fifth stage of Scheme 2.4 is the determination of equilibrium constants and
elementary rate constants.

To get the quantitative characteristics of certain stages of the mechanism, it is
important to know the elementary rate constants of free radicals’ interaction with
all reacting substrates (Kr+s). There are many such constants in the literature,
determined by various methods, and in particular by the method of competing
acceptors (MCA). For example, the rate constant of OH® radicals interaction with
any substrate S(Kop+s) can be defined by this method by the comparison of
experimentally obtained constants with those available from the literature. For
this purpose, the number of chemically various substrates-acceptors (S) can be
chosen for which the constants of interaction with OH® are known. It is necessary
to investigate their influence on the PNDMA oxidation process in the system
Mn?t—HCO;~—H,0,—PNDMA—-S. PNDMA consumption during the reaction
can be followed spectrophotometrically.

The addition of S in certain concentrations results in the clear braking of PNDMA
oxidation rate caused by the competition of S and PNDMA for OH® radicals.
Calculation of Kop+s values is carried out according to the expression:

1 _ 4 (1 N k3[H205] + k4[HCO3 7] k1 [S] ) ’

ACppama k1 [PNDMA] k| [PNDMA]

where ACpnpma 1s PNDMA concentration change during H,O, catalytic decom-
position in the presence of certain amount of competing acceptor S and A is the
empirical coefficient identical to studied substances under constant experimental
conditions. It can be determined as a portion on an axis of ordinates of dependence
1/ACpnpma from [S]/[PNDMA]—the angle of inclination is equal to A - k»/ k. In
the given expression it is necessary to take into account the consumption of OH®
radicals not only in reactions:
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OH® + PNDMA =5 decolorizing (/q = 1.25 x 10" I/mol s) , (2.6)
k
OH® + S = products. 2.7

If other substances are present in the water solution besides PNDMA, the OH®
consumption will proceed in many ways, and the appropriate number of rate
constants and substrates concentration should generally appear in the formula for
Koun+s (in this case, k) calculation. Additional ways of OH consumption in this
system will be:

° ks . 7
OH* + H,0, —> HO$ + H,0 (k; = 1.7 x 10" I/mol s) , 2.8)
OH® + HCO;~ 25 CO3™ + H0 (ks = 1.5 x 107 Umols) . (2.9)

Hence, for Kop+s determination at neutral pH, the system Mn?t—HCO;~
—H,0,—PNDMA-S can be used. Proceeding from methodical reasons, as an
example, the opportunity to determine the elementary rate constant of koy+s has
been explained in enough detail.

The sixth stage of Scheme 2.4 describing the revealing of a redox reaction
mechanism consists in drawing up the probable scheme of the catalytic reaction
mechanism, reaction rate calculation (W) (using the method of stationary con-
centration), and Wy, and Wy, rates comparison. In the case of concurrence of a
specific rate constant y with a set of elementary rate constants, and also concurrence
of interacting components by the orders, it can be considered that the reaction mech-
anism was proved quantitatively. Concurrence of Wey,. and Wy, only by orders of
interacting components testifies that the mechanism is correct only qualitatively.

Further examples of reactions that can proceed in the environment are given
on a model level. Thus, in waste waters from textile manufactures residual dyes
can be present. The problem of dyes removal or destruction in waste water is
encountered all over the world. Besides, the reactions of oxidation by Ruff’s
system (Fe*T—H,0,) of organic dyes are important for the development of kinetic
methods of determination of iron micro amounts in weakly acid water. Taking as an
example the destruction (oxidation) of a dye—acid chrome dark blue (ACDB)—by
hydrogen peroxide in the presence of Fe(IIl) compounds, the method of revealing
the mechanism of this process will be shown. If this mechanism is known, it is
possible to operate this reaction. Certainly, in this (Fe’** —H,0,—ACDB) and in
other similar systems, the data obtained by other methods (mainly volumometric,
sometimes IR-spectroscopic and EPR) are also used along with the spectrophoto-
metric method. Nevertheless, the adsorption electron spectra frequently provide a
large (or essential) contribution into the revelation of reaction mechanisms.

Oxidation rate in this system is founded on the basis of formal kinetics [10]:

[ACDB]y - [H202]o
(1 +m- [ACDB]()) . (1 +n- [HQOQ]()) ’

I/VCXP.ACDB = y-[Fet]o -
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Initiation
K;
i. Fe** + ACDB =— Fe**ACDB — Fe** + R, (k;=20 I/mol-s),

Chain continuation

1. Fe*" + H,O, — Fe** + OH™ + OH- (k= 53 I/mol-s),
2. OH- + H,0, —— HO,- + H,0 (& =3-3-10" I/mol-s),
3. OH- + KXTC — R, (3= 1-10° Jmol-s),
4.OH- + Fe¥ ——Fe*'OH" (ks = 3-10% I/mol-s),
5.Fe** + HO,” —— Fe*" + HO,: (5= 2-1-10° Vmol-s),
6.R, + Fe’* —— Fe*' +R (k6= 10® Vmol-s),
Chain breakage

7. Fe*" + HO,» ——Fe*" + HO, (&7="7.2-10° Umol-s).

Scheme 2.5 Electrons transfer stage on the ascorbic acid oxidation with the molecular oxygen in
the presence of Cu(Il) and Fe(IlI) compounds

where m and n are constant values. By the method of inhibition (as described above,
using spectrophotometric methods), it was found that TNM and PNDMA brake
the reaction of ACDB oxidation, i.e., O,”* and OH® radicals are generated in the
studied system. On introduction into the reaction medium of TNM and PNDMA
simultaneously, PNDMA is consumed first, and only later the TNM. This testifies
that OH® radicals are generated in the system first, and HO,*(0,™*) will be formed
in later stages. ACDB possesses reducing properties and at its interaction with
Fe3t, Fe?T will be formed. The scheme of reaction is as follows (Scheme 2.5):

Such a scheme is confirmed by the following experimental data obtained by the
spectrophotometric method [10]:

— ACBD effectively interacts with Fe**, reducing it to Fe>*.

— First OH® and then HO,® radicals will be formed in the system.

— ACDB is oxidized by OH® radicals competitively with H,O,.

— Fe** ions interact with H,O,, instead of the complex Fe’* with ACBD
that follows from the study of systems Fe**—ACDB—H,0,(I) and Fe’t —
ACDB—H,0,(I). In system (II), the initial oxidation rate of ACDB is almost
twice as much, as in the case of system (I).

— The number of elementary rate constants has been calculated.

According to the above-mentioned mechanism scheme, using the method of
stationary concentrations, the following expression can be obtained:

1/2
WACED — (M) - [Fe**]o - [H,0,]05 - [ACBD],",
Ki

which is in qualitative accordance with Wey,. [10].
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Knowledge of catalytic redox reactions’ mechanisms makes it possible to choose
optimal conditions for the analysis of different substances (metal ions, inorganic
and organic substances), including those in natural objects. For analytical scopes,
the spectroscopic methods in catalymetry are especially suitable.

2.5 Mechanisms of Oxide and Peroxide Systems Redox
Transformations Catalysis with Transition Metal
Compounds

2.5.1 Mechanisms of O, Transformation in Oxide Catalytic
Systems

A detailed consideration of mechanisms of dioxygen transformation (activation) in
solutions was given briefly in Sect. 2.2.2, and also in [129]. Here the focus will be on
separate aspects of this problem and on examples of O, transformation mechanisms
catalyzed by manganese, iron, cobalt, and copper complexes.

The most favorable conditions for ML, interaction with O, are provided in
the following cases [129]: first, in tetrahedral or cubic symmetry configuration—
exited states of metal complex with electron configuration d°—d’; second, in Dy
symmetry—strong tetragonal distortion of octahedron (coordination number = 6),
formation of square prism structure (coordination number = 6) or square pyramids
(coordination number = 5), in the case when energy of one of ty,-orbitals (d,,)
increases, and the energy of one of e,-orbitals (d2) is lowered (in case of ions
with electron configuration d*—d'’—high-spin, and ions d°—d'°—low-spin). Other
types of symmetry distortions can also be efficient (for example, for ions with few
d-electrons). Besides, the formation of a complex of MO, ™ (or LMO, ™) type is
also influenced by thermodynamic factors. Mechanisms of interaction of transition
metals compounds of the first line with O, are considered below.

The mechanism of Cu™ compounds interaction with O, in the system
Cut—L—-0, (L = 2,2'-dipyridyl) was studied in some detail in weakly acid,
neutral, and alkaline media. The most complete mechanism of O, interaction with
Cutl, (L = 2,2 -dipyridyl) is given in [80, 161] (Scheme 2.6), where indexes
I and II refer to structures MO?>* according to Griffith and Pauling, respectively.
The reaction rate in acid and alkaline media is limited by the rate of L, (Cu02+)I
formation, and in neutral media by the rate of L, (Cu02+) - Complex L, (Cu02+) I
is an oxygen complex of “peroxide” type with equivalent O atoms:

0 0
Ly(CuO;) = Ly [Cu” || =— ™ I |,
0 o

and complex
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10°, M's™

Cu'L, + 0, Ly(CuO,"),

3,7-10% 57!
~1010, M5!

Ly(Cu0, ) +H' Ly(CuHO,)*" (—Cu*'L, + HO,),

310", M's™
Ly(CuO,"); + OH ——= L(OH'X( CuO," ) +L,
10°, s~
6-10%, s
LCu**(OH), + Oy~
L(OH )( CuO,") (OH)
710%™
L,Cu"0* + HO,,
@)
610°, s
L2(Cuo2+)l Lz(CuOZI')",
1,5-10°, s
~10°, M's!
Ly(CuO; )y + Cu'L, 2Cu*'L, + H,0,,
~10%, M5!
Ly(CuO, Yy +L Cu*L+ 0y +L,
5.10%, 5™
Ly(CuO; )y Cu*'L, + 0y,
Cu'L, + HO,(05") Cu*'L, + HO,,
Cu*'L, + 0, (HO,') Cu'L, +0,,

+

Scheme 2.6 Mechanism of O, interaction with CutL,

0=0 0-0
Ly(CuO,")y = L, |Cu” .-~ — O o ,

in which oxygen has only partially passed into the form O, * radical (complex
of “superoxide” type). Cu™ aqua ion can similarly form with oxygen complexes
of types I and II, and rate constants of its formation (and also that of oxygenated
dipyridyl complexes) are given in [129]. When an additional ligand [OH™, EDTA,
malonic acid (H,A), etc.] is introduced into the system where complexes of types I
or II are formed, the reaction of replacement proceeds and the mechanism of Cu™ L,
autooxidation corresponds to Scheme 2.7 [162].

Mechanism of iron ions and complexes interaction with O, was also studied in
detail. The sum of kinetic data on auto oxidation of YFe?>" (Y = EDTA tetra anion)
can be expressed, for example, by Scheme 2.8 [129], where x is oxidation product
of coordinated EDTA and B~ is anion of iron(Il) salt. Thus the high value of the
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100 M1
. ) 4-10°,M's ~ .
Ly(CuO, ) + A L(A)(CuOy ) +L,
~10°, M's™

1,3-10°, M's™
L,(CuO,"), + HA™ —W L(AH)(CuO,") + L,
» S

2,1.10°, M's™

Ly(CuO; )y + A” L(A)(CuO; )y + L,

L(A)(CuO, )y, 1 LCuA + Oy,

L(AH )(CuO;"), LCuA + HO,-.

Scheme 2.7 Mechanism of Cu™ L, auto-oxidation

2,3-10°, M7's™

1. YFe*" + 0O, Y(FeO,)™,

105, ¢!

~10", M'¢”!

2. Y(FeO,)* + H' Y(FeHO,)*" — YFe*" + HO,),
~10" Mgt

3. Y(FeO,)*" + YFe** 2YFe* + H,0,,

2H"

~10%, M5! YFe* +0,+B"
4.Y(FeO,)*" + B~ Y(FeO,)*... B {
YFe*'B™+ H,0,,

~1010 M~lsfl

5. YFe*'B™ + YFe*" 2YFe* + B,

6. YFe*'B™ XFe* + B,

Scheme 2.8 Mechanism of YFe2t auto-oxidation

rate constant of Y (FeO,)*" peroxide type complex interaction with the second iron
ion (stage 3) is observed.

Complexes of superoxide type with Co®>* (d7) [163-165] and Fe?" (d°) [166]
with salicylideneimine, porphyrins, and other macrocyclic ligands were obtained,
this fact testified by angles M—O—O in these complexes (118-138°), O—O bond
lengths (1.26-1.3 A) and IR-spectra frequencies (v = 1,100-1,150sm™"). On
Co’T oxygenation, oxygen complexes of only superoxide type will be formed which
on Co’™ ions excess in water solutions will form binuclear peroxocomplexes. Mech-
anism of oxygenation of Co®>" complexes in water solutions can be expressed as:

LsCo®tX + 0, 2 LsCoO3t + X,

X
LsCo0t + XCo?*Ls 2 (Co00Co)>" %) 2L5Co*TY + H,0,,
2H

where X is a bridge ligand.
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According to the PCT concept, binuclear oxygen-containing complexes can be
presented as follows:

‘ C02+ C02+
.0=0" 0O -0

Co00Co* = | Co* - — o

Similar two-nuclear peroxocomplexes will form natural O, carriers—gemetrin
(Fe**), and gemocyanin (Cu>"), [167]. Complexes of the same type were also
obtained in the case of Mn>* (d®) compounds with phthalocyanine [168].

The general scheme of typical formation mechanism (for different metal ions
and complexes) and further transformations of oxygen complexes of metals in the
absence of oxidized substrates under the influence of solvent, ions H and OH™,
free ligand (L), modifying ligand (BH), or bridge one (X-) can be summarized as
Scheme 2.9 [129].

) _»M** + H,0,

2M? + H,0, (MHO* =~
» /

\‘\ M2+ + HOz

. . /' MO* + HO,”
H,0", % OH~

MO + H,0, ¥ (MO;) 14___,_ (OHH)(MO; )1:’
AL -

M'@H") // H'

T M¥OH + 0y

LN ) v MB* + HO, (H,0,)
L B BHMO) T
AN

TTAMB* + 0,7 (HO))

MO

="

H0WM) iy
0y~ + M¥(L) =-> (MO, ) *

M_7 MO'+ (MOM)**
(MOOM)**_“_--—-» 2MO*

4 >
il—x @H) % 2M* + H,0,

/O:—O\ +
[M\X/MJ

Scheme 2.9 Typical mechanism of metal complexes formation and transformations
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Considering the reactivity of oxygen complexes of metals, the symmetry of
surrounding ligands should be taken into account (hence the presence of potential-
vacant places in the coordination sphere), the charge of metal ion (provides the
certain value of oxygen redox potential in the composition of complex or facilitates
the breakage of O—O bond), and lability of metal ion coordination sphere (in the
reactions of ligand replacement by substrate and triple complex formation of partial
carry electron transfer and its subsequent disintegration on the products of one- and
two-electron transfers).

Oxygen metal complexes of superoxide type can take part in the following
reactions [129]:

1. Outer-sphere electron transfer

(MO,*), + RH — M** + HO,™ + R*;
2. Inner-sphere redox transformations.

M** +HO, +R*
(MO, ) + RH == (MO,RH)" —— M + HO,- +R*
M’ +H,0,+P

Oxygen complexes of peroxide type can also be transformed by two redox
directions:

1. By the reactions of inner-sphere (one- or two-electron) oxidation of coordinated
redox-ligand.
2. By the reactions resulting in O—O bond breakage on substrate (RH) coordination:

(MO,*), + RH — MO" + ROH.

Similar rather important reactions of catalytic hydroxylation by metal oxygen
complexes of numerous organic compounds will be considered in detail in Chap. 3
(hydroxylation by monogenases and by their models).

As a model hydroxylating system on the basis of O,, the Udenfrind’s system
should bementioned:

Fe’" (orFe’*) — EDTA — O, — AK (or DHy) .

Here AK is ascorbic acid and DH, any suitable reducer, which hydroxylates the
aromatic compounds, olefines, and saturated hydrocarbons (pH 3.5-6.5) according
to the following reaction:

RH + DH; 4+ O, — ROH + D + H,0.

However, the mechanism of processes in this system and similar ones is rather
complicated, the stages realized depending on the ligand chosen, properties of
oxidized substrate, conditions of hydroxylation realization, etc. Literary data on
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the mechanism in Udenfrind’s system are rather inconsistent, it is insufficiently
developed even on a qualitative level, and therefore it will not be considered further
(the statement of the versions of mechanisms in system Udenfrind’s system can be
found in [129, 169—-171]. It should be mentioned that one of such versions is the
assumption that an active intermediate particle in hydroxylating Udenfrind’s system
is an oxygen complex of the peroxide type—Y (FeO,)>* [129].

2.5.2 Mechanisms of H, O, Decomposition in the Peroxide
Catalytic Systems

2.5.2.1 Active Intermediate Particles and Methods of Their Revelation

Despite the 100-year’s history of the study of H,O, catalytic decomposition in the
presence of transition metal’s ions or complexes, the interest in this research area
does not die away. It occurs not only because hydrogen peroxide is an intermediate
product of metabolic catalytic transformations in living organisms, takes part in
many atmospheric processes (for example, in the formation of “acid rains”), largely
causes natural waters’ self-purification, undergoes numerous transformations on
the realization of various industrial processes and many others (for details see
Chaps. 3-6), but also because our knowledge in understanding that elementary
catalytic redox act needs to become deeper all the time [129]. Revealing the nature
of the primary active intermediate particles in the reactions of electron transfer, i.e.,
discovering the number of electrons transferred in the elementary act (deeper insight
into the “elementary act” itself) is the dominating factor. With changing the notion
of the elementary act, the study of H,O, catalytic decomposition is continually
being renewed.

It is known that hydrogen peroxide is dual by nature: it is a strong two-electron
oxidizer in its undissociated form and an electron donor in the ionized condition.
Thus, on the one hand it reduces systems containing ions of transition metals, on
the other it generates a number of free radicals (OH®, HO,®), intermediate particles
of ferryl or manganyl type, and intermediate compounds of various composition.

On metal compound interaction in oxidized form M>T (here and later M?¥ is
metal ion or metal complex in the oxidized form, with M in the reduced form) with
hydrogen peroxide the peroxocomplex will be formed, undergoing acid-alkaline
dissociation and then decomposition:

M%* 4+ H,0, 2 (MH,0,)*" 2 HT + MHO,* 2 M* + HO»-

Peroxocomplex MHO, ", possessing reducing properties, either dissipates on the
products of one-electron transfer, or, interacting with the second metal ion, is
oxidized to O, or free radicals.

In the case of H,O, interaction with the reduced metal form M7, two different
mechanisms have been discussed. The first was identified by Gaber and Vilsteter in
1931 [172]:
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M* + H,0, — M** + OH™ + OH",
Mt 4+ OH® — M*OH.
The second was identified by Bray and Gorin in 1932 [173]:

Fe’t + H,0, — FeO>t + H,0,
+
FeO’t + Fe’t LR Fe*™ + Fe (OH)**

with intermediate formation of ferryl-ion Fe!VY = O?* (this situation from the
quantum-chemical aspect will be considered in Chap. 3).

Because of high reactivity, with both OH® radicals and particles of ferryl-ion
type, their stationary concentration in the system is very low and consequently the
presence of these particles is usually judged by the occurrence of their interaction
product with suitable acceptor. For OH® radical and ferryl ion, one such acceptor
is maleic acid which forms, with OH® Radicals, the sticking radical by the double
bond (R;).

With ferryl ion, the carboxyl radical (R,) will be formed:

H , OH
>C -C'-H
HOOC “COOH,

With ferryl ion, carboxyl radical (R,) will be formed:

y HC = CH N
HOOC (6(0]0)

R; and R, are much longer living particles and they can be detected by EPR
method in flow conditions.

The other method of intermediate particle detection is based on the analysis of
the reaction products structure (their ratio) that, in particular, was used for the proof
of the ferryl particle’s occurrence in biochemical processes.

Intermediates of ferryl ions and complexes in H,O, decomposition catalysis
were considered in detail in [93]. Here these data will only be briefly used for
the experimental confirmation of such high-reactive particles formation. There are
experimental data according to which OH® radicals are generated in Fenton’s system
at low pH, and at higher pH values in the presence of suitable ligand-stabilizing high
oxidation degree iron, not the OH radical; the reaction:

L,Fe’* + H,0, — (L,Fe"¥ = 0)*" + H,0

involves the less reactive ferryl complex (L,Fe!Y = 0)>* (although acting as
oxidant). The proof of either OH® radicals or ferryl particles’ formation can serve
the peculiarities of transformation products distribution of a number of substrates. In
acid media, the distribution is close to that taking place on OH® radicals generated
by radiolysis. In neutral and alkaline media, this distribution is more stereospecific,
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i.e., in the latter case ferryl iron presumably represents the oxidant [57, 174—178].
For ferryl particles’ detection and their differentiation from OH® radicals, various
experimental methods were used [179, 180]: pulse radiolysis, stop flow methods,
generation of Fe!¥ compounds by Fe(IIl) salts or complexes oxidation with free
OH? radicals, and others. On cyclohexanol oxidation by hydrogen peroxide in the
presence of Fe(Il) salts in acetonitryl, radioselectivity of products was observed,
this fact being explained by the generation of ferryl particles [181]. The same
ferryl complex was discovered in reactions of H,O, with iron(III) porphyrin in
water solution [182] and with complex Fe"EDTA [183]. The formation of ferryl
complexes was confirmed with the help of Raman spectroscopy and other methods
involving H,O; interaction with some enzymes such as peroxidases and catalases
[184-187].

Ferryl group formation experimentally was also proved in model systems,
simulating peroxide oxidation of lipids [188]. The investigated mechanisms of
olefins epoxidation by hydrogen peroxide and hydroperoxides involve the formation
of oxoporphyrin ¥ radical-cation PTFe!¥ = O [189, 190] as substrates oxidant.
It was proved by intensive strip occurrence in a resonant Raman spectrum at
A = 852sm™! (~15K) [191]. The ferryl group’s electron configuration (o2y*)
proves that there is a double bond Fe = O in it [192].

The source of oxygen, nature of axial ligand (L or L"), production method, nature
of solvent, and temperature conditions of oxotransfer (frequently below —50 °C) can
influence the formation of various intermediate compounds [193]. Ferryl particle
Fe!VO cannot be detected in water solutions or extracted in the form of appropriate
porphyrin complex; it is easier to discover it in a nonwater medium. Various methods
for its formation are given in Scheme 2.10 [104].

PFe"
0, 7/ \( R;NO, RNO
| 5 AH™

(PFe",0, —— L'PF'O — LP-'Fe''O

(red) (green)
)\ PFe" L X0
RFe" OH-
(PFe™),0 «— LPFe™"

Scheme 2.10 Methods of the ferryl particle formation

Here, PFe! is the porphyrin complex with Fe"', L'PFe!VO the complex with
additional ligand (L', methylimidazole or pyridine), LP**Fe'VO the same with
L = ClO,~, LPFe!! the complex of Fe(Ill), (PFe'™),0 the binuclear oxocomplex
of Fe(IlI), (PFe!"),0, the j-peroxodimer, AH™ an electron acceptor, and XO an
oxidizer (R3NO or R'NO)].



2.5 Mechanisms of Oxide and Peroxide Systems Redox Transformations Catalysis 83

In the processes realized by the enzymes, the formation of oxoiron(IV) porphyrin
cation radical is presumed. In particular, generation of such a particle is supposed
to take place in the reactions of alkanes hydroxylation, carried out by cytochrome
P-450 [194, 195]. Scheme 2.11 covers this process [196].

H—Cé
Fe"-0-0-H —Fe"V -0
I |
P p**
0)] 2

/
c.Z p
FeV-OH — >, Fe"+ HO-CZ
| AN
pe* p

3) 4)

Scheme 2.11 Hydroxylation of alkanes with cytochrome-450

Heterolytical breakage of the O—O bond in the hydroperoxo complex of Fe(I) is
assumed in this scheme with the formation of one-electron oxidized iron porphyrin
(2) (oxidant). Complex (2) interacting with substrate tears the hydrogen atom from it
and forms the hydroxocomplex Fe!V (3), interacting further with the substrate radical
which transforms it into the hydroxylated product with the initial ferryl-form (4) of
cytochrome P-450 regeneration.

On H,0, interaction with various peroxidases (Per), inner and outer sphere
intermediate compounds will be formed, and then the compounds PerO of ferryl
type (Fe¥—O or, more precisely, PTFe'VO) will be the following [197]:

Per + H,O, 2 Per-H,0, 2 (PerH,0;) — PerO + H,O0.

The energy barrier of Fe—O bond formation is insignificant (activation energy of
total process is approximately 14.7 kJ/mol). In the presence of reducers (DH) or
additional electrons, the final product becomes the compound of Fe!¥ O type which
can, in its turn, be reduced to the state Fe(III) of initial peroxidase [93]:

» Per
(Fe™y
H,0,

Compound (A)
DH Fe' -0

DH™

A 4

Compound (B)
FeV -0
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Compounds A and B can compete for the reducer; at low pH this competition is
won by the compound B, at high pH (pH 9) by compound A. The A compound is
oxoiron(IV) porphyrin v-cation radical PTFe'Y = O) [198], and the B compound
is a result of one-electron reduction of compound A:

P**FeY = O + DH™ — PFe!Y = O + DH°®

Numerous model systems of enzymes of PFe'—X—H,0, (ROOH) type (see
Chap. 3) help us to understand better the mechanisms of H,O, or ROOH interaction
with peroxidases, catalases, and cytochrome P-450. For example, in the model sys-
tem (PhsP)Fe(III)Cl-H,0, (ROOH) (Ph4P-5,10,15, 20-tetraphenyl-porphyrinate)
iron porphyrinates of oxoferryl type will be formed [199]:

(Ph4P)Fe"'(Cl) + ROOH [(PhyP)Fe"VO(C1)RO"

[(PhyP*")FeV O(Cl) + RO~
[(PhyP)Fe"VO(CI]) + RO®

Particles (Fe'V = 0)2T can be turned into OH® radicals in the conditions
of catalytic oxidation of some organic substrate (S), for example, in the systems
Fe’T (,9p—H20,—S, L,Fe’* —H,0,—S and enzyme-Fe(II1)—0,(H,0,)—S.

2.5.2.2 Mechanisms of H;O, Decomposition by Iron Coordination
Compounds

The mechanisms of H,O, decomposition by Fe?" and Fe*' aqua-ions were briefly
considered above in Sect. 2.4.1 according to the materials [93], where it was shown
that in the system Fe2+aq—H202 decomposition of hydrogen peroxide is realized
by ion-radical cyclic mechanism, and in the system Fe3+aq—H202 by radical-
chain mechanism. Detailed critical consideration of the problems connected with
revealing these mechanisms is given in [10]. The role of the ligand coordination
to central metal ion in general is considered in Sect. 2.3. Here some examples are
given of peroxide systems in which the influence of ligands complex formation with
ions Fe>™ and Fe®T resulted in the change of the mechanism of hydrogen peroxide
decomposition.

System Fe?* —ACDB—H,0,

Here, the oxidizing substrate simultaneously serves as a ligand. The catalyst is the
coordination compound Fe?" ACDB. Using the method of inhibitors, generation in
this system of OH® and HO,® radicals was revealed. The mechanism of process is
given in Scheme 2.12.
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Fe** + ACDB Fe**ACDB,
Fe?*ACDB + H,0, — Fe*’ACDB + OH: + OH,
OH- + H,0,— HO, + H,0,

OH: + ACDB —— products of ACDB oxidation,
Fe’’ACDB —— Fe?" + products of ACDB oxidation,
Fe**(Fe’* ACDB) + HO,: Fe**(Fe*’ACDB) + HO,
Fe**ACDB + HO,: Fe*’ACDB +H' +0,.

Scheme 2.12 Decomposition of hydrogen peroxide in the system Fe?+-ACDB-H,0,

The principal process of the mechanism is a cyclic radical one as in the case of
system Fe?™ aqg—H20,. ACDB here it plays a double role—as substrate and ligand.
The latter’s influence does not result in mechanism change compared to the case
when water is a ligand for Fe?" ion

System Fe>T —EDTA—H,0,

Ferryl complex YFeO?" (Y is deprotonated EDTA) is generated in the system due
to the inner-sphere transfer of two electrons from donor ¥,-orbital of iron into the
vacant o, *-orbital of H,O,. The scheme of the process is as in Scheme 2.13 [129].

YFe** + H,0, —— YFeVO¥,
YFeVO* + YFe** —— 2YFe™,
YFe'VO* —— XFe** (X - product of EDTA oxidation),

YFeVo* —H_, yFe* + OH..

Scheme 2.13 Decomposition of hydrogen peroxide in the system Fe?T-EDTA-H,0,

Hydrogen peroxide in this system is consumed for complex-bound Fe?" ions
and EDTA oxidation. The process (pH 4-6) is ion molecular and ceases on complex
transition into the inactive form. The peculiarity of Fe*t(d*) in the complex
YFeVO™ s the high lability of this complex which is one of the reasons for
its high reactivity in relation to various substrates and, thus, its short lifetime. In
water solution this complex is hydrolyzed and easily dissipates with OH® radicals
formation that will be consumed with EDTA oxidation.

System Fe3 ' —triethylenetetramine (TETA)—H,O

This system is extremely active in H,O, decomposition and, therefore, complex
Fe**tTETA is sometimes called “inorganic catalase.” Catalytic H,O, decomposition
by complexes Fe*t and TETA does not include free radicals in the main mecha-
nism (the latter just bring complications to the system by ligand oxidation). The
process involved proceeds by the mechanism of two-electron transfers, i.e., by ion-
molecular mechanism (Scheme 2.14) [46]:
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Initiation:
i. TETA(IIHOH + H,0,

TETAFe(IV)(OH ) + OH+ OH-;

Chain continuation:
1. TETAFe(Il) + H,O,
2. TETAFe(IV) + HO

TETAFe(IV) + 20H,
TETAFe(ll) + 0, + H";

Chain breakage:
0. TETAFe(Il) + H,0,

TETAFe(Ill) + OH + OH..

Scheme 2.14 Decomposition of hydrogen peroxide in the system Fe?T-TETA-H,0,

Redox potential (@rppapei+ /TETAFeer) = —0.07V, ie., the state of stabilized
Fe(IlI), and the transition Fe(IIl) into Fe(IV) becomes equally probable for Fe(III)
transition into Fe(Il). It provides the opportunity for the formation of both Fe(IV)
and Fe(Il) compounds and two-electron transition between them. Experiments on
ascorbate ion introduction into this system confirm the formation of TETA Fe(IV).
H,0, decomposition occurs that may be the result of ascorbate-ion interaction with
strong electrons acceptor [with TETA Fe(IV) or with OH®]. However, with pH
increasing it appears that the concentration of OH® decreases, while the oxidation
rate of ascorbate ion increases. It testifies that ascorbate ion being introduced into the
investigated system, interacts not with OH® radicals but with other strong oxidants
which can only be TETA Fe(IV).

2.5.2.3 Mechanisms of H;O, Decomposition by Manganese Coordination
Compounds

Coordination compounds of manganese are contained in active centers of
manganese-containing catalases and dismutases [200, 201] and in numerous
enzymes of redox transformations of organic tricarbonic acids (Krebs cycle) [202]
and other enzymes. The unique ability of the manganese ion to change rather
easily its oxidation degree from +2 up to +7 on stabilizing certain ligands and
oxidizers creates an opportunity for its coordination compounds to be used as
efficient catalysts of hydrogen peroxide decomposition in water solutions. The
methods and problems of such catalytic processes are described in detail in [203].
Detailed kinetic regularities of these processes running at the presence of catalysts—
manganese coordination compounds—are given in [6,204—224] and other works.
The revealed mechanisms of hydrogen peroxide decomposition in certain catalytic
systems are given here only briefly and in general form [225].

Coordination compounds of manganese with triethyleneamine [204, 205],
diethylenetriamine [214, 216], tetracthylenepentamine [226], «,a -dipyridyl
[221, 223], o-phenanthroline [221-223, 227], 2,2/,2"-tripyridyl [227], 2- and
3-aminodiamine [227], 2,9-dimethyl- and 4,7-diphenyl-1,10-phenanthroline
[227], ethylenediamine [227], diethanolamine [227], pyridoxalphosphate—
ethylenediamine [216, 227], N, N’, N”-trimethyldiethylenetriamine [227],
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acetylacetone [208, 209], gystidin [204], and glycine [217, 218], with a number
of aminoacids [219, 220] and some other compounds possess catalase activity.
Among all these coordination compounds, bicarbonate complex Mn(HCO3), is
extremely active in H,O, decomposition. According to their activity as catalases,
manganese(II) complexes can be put in the following order:

Mn (HCO3), > MnTrien®t > MnHis%+ > MnDien%+ > MnAcac%+ > MnEn%+ >

MnDipy;t > MnPhen3t > MnAla; > MnVal; > MnGly,; > MnSer, > MnAsp,,

where HCO;3;™ is the bicarbonate ion, Trien is triethylenetetramine, His histy-
din, Dien ethylenediamine, Acac acetylacetone, En ethylenediamine, Dipy a, o'-
dipyridyl, Phen o-phenanthroline, Ala alanine, Val valine, Gly glycine, Ser serine,
and Asp asparagine.

In the process of catalytic decomposition of hydrogen peroxide, the following
redox transformations of manganese coordination compounds can take place:

—2e —e +e
L,Mn(Il) 2 L,Mn(IV); L,Mn(Ill) 2 L,Mn(IV): L,Mn(IIl) 2= Mn(II).
+2e +e

Depending on the specific transformation, the process can proceed by ion-radical
(radical-chain or cyclic) or ion-molecular mechanism. The three mechanisms are
discussed below.

First, ion-radical (radical-chain) mechanism of H,O, decomposition proceeds in the
systems Mn(I)—=HCO3;~ —H,0,, Mn(II)—Trien—H,0,, Mn(Il)—His—H,0,—H3;BO3,
Mn(II) —Phen—H,0,, Mn(II)—Dipy—H,0, [204, 208, 210, 213, 222, 223]. Scheme 2.15
of such a mechanism in the most effective system Mn(I[)-=HCO3;~ —H,0, (reaction
effectively proceeds at pH 7-8 and with [HCO3;~]/[Mn?T] &~ 10°), can be given as
follows [203]:

Initiation:
i;. (HCO;3 ),;Mn(II) + H,O,
1. (HCO5),Mn(IV) + HO,™

(HCO5),Mn(IV) + 20H,
LMn(Ill) + 0~ +H;

Chain continuation:
1. (HCO; );Mn(IV) + Oy~
2. (HCO3_)2MH(IH) + HzOz

(HCO5 );Mn(II) + Oy,
(HCO;);Mn(IV) + OH. + OH,

3. OH: + H,0, 0,” +H + H,0,

4. OH- +HCO;~ COs;~ +H,0,
5.CO;~ +H,0, HCO;™ +0,” +H;
Chain breakage:

0. (HCO;);Mn(III) + Oy~

(HCO; );Mn(Il) + O,.

Scheme 2.15 Radical-chain mechanism of hydrogen peroxide decomposition in the system
Mn(Il)-HCO3
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Stages (4) and (5) in addition generate the initiating particle O,°~, that apparently
is one of the reasons for the extremely high efficiency of H,O, disintegration in
the presence of complex Mn(HCOj3),. On this basis the catalytic method of trace
amounts of Mn?" ions detection was developed [203].

Second, ion-radical cyclic mechanism (Scheme 2.16) [203]—here, W2 /W; = 1, and
manganese compounds in various oxidation degrees and free radicals take part in the
basic process. In such systems, Mn(IV) compounds react with HO,~® by one-electron
transfer, and Mn(III) complexes formed are capable of oxidizing hydrogen peroxide. Such
a mechanism is observed in the system Mn>T—En—H,O,.

L,Mn(II)
02 HZOZ

20H
0,

L,Mn(III) L,Mn(IV)

H*,0y~ HO;
Scheme 2.16 Ion-radical cyclic mechanism of hydrogen peroxide decomposition

Third, ion-molecular mechanism [203] of H,O, decomposition differs from the
previous one first of all by the fact that free radicals in reactionary volume will
not be formed, proved by the absence of process braking by the specific acceptors
of OH*™ and O,° radicals (PNDMA and TNM, respectively). The process can
proceed through the peroxocomplexes formation and redox reactions realized inside
the complex catalyst [6]. In the absence of peroxocomplex formation, the stages of
two-electron transfer from the catalyst to H,O, can be realized and, in contrast, the
process can also proceed by the following ion-molecular mechanism [203]:

1. MnL, + H,0, - Mn(IV)L, + 20H",
2. Mn(IV)L,, + HO,~ — Mn(I))L, + H" + O,.

The ion-molecular mechanism of H,O, decomposition was defined for the systems
Mn(II)-diethyleneamine-H,0, [214,216], Mn(II)-glycine (alanine, valine, serine,
treonine, asparagine)-H,0, [214, 215], and others. For example, in the system
Mn(II)—Dien—H;,0, inhibitors PNDMA and TNM do not influence the reaction
rate of H,O, disintegration which specifies the absence of OH®*™ and O,° radicals’
generation. The process mechanism consists of stages (1) and (2) (L, = 2Dien).

The general Scheme 2.17 of redox transformations mechanism of manganese
mononuclear complex compounds in the process of H,O, decomposition can be
given in the following form [199]:



2.5 Mechanisms of Oxide and Peroxide Systems Redox Transformations Catalysis 89

H,0, \_/v 20H

HO,:

20,,H"  2HO;,

0, ,H" HO,”

Scheme 2.17 Generic scheme of Mn complexes transformations on hydrogen peroxide decompo-
sition

The three mechanisms discussed above result from this scheme as special cases.

Coordination compounds of manganese catalyse HyO, decomposition in neutral
and weakly alkaline media (6 < pH < 11). Just within these limits of pH values,
the formation of catalase-active manganese complexes with various ligands occurs
more often. As against the neutral media, in weakly alkaline media manganese
hydroxocomplexes as a rule manifest catalase activity. With increase of pH the
properties of manganese complexes to realize two-electron transfers and those of
carrying out radical-free catalytic decomposition of hydrogen peroxide increase too.

2.5.2.4 Mechanisms of H,O, Decomposition by Copper Ions
and Complexes

The detailed review of the experimental proofs of appropriate mechanisms is given
in [6, 129]. Here, just the final results of the detailed study are provided.

Hydrogen peroxide can force out water molecules from the labile coordination
sphere of Cu™ ion, forming dihydroxocomplex Cu®* [Cu(OH), "], and then, due
to acid-basic transformations, not OH® radical will be generated (Cu(III) formation
was also shown in [5, 11]), but cupryl-ion (Cu™O™). In weakly acid and neutral
media it is exposed to hydrolysis with the formation of the particle (OH)CuO™ . The
mechanism of Cu interaction with H,0O, is as shown in Scheme 2.18 [228,229]:

Cu(III) ions —exhibit two to three orders less reactivity toward various substrates
than OH® radicals (i.e., approximately the same as atomic oxygen).

Taking as an example the study of bis-dipyridyl copper complex (Dipy),Cu™
with hydrogen peroxide interaction, the ligand influence on the process mechanism
has been shown (Scheme 2.19) [129].
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5-10%, Umol-s

Cu” + H,0; cu"(OH),',

10°, /mol-s )
Cu(OH)," + H' &=——=CuOH"",

Cu(OH)" + H" cu
3104 s

Cu"(OH)," Ccu"0" + H0,

~3.10%, s
cuOH)? ————Cu*" + OH-,
3.10%, /'mol s
Cu' —Cu”'OH +H',
H,O
H,0

cu"o” (OH)CuO" + H',
< ]03, I/mol-s
(OH)CuO"” Cu” (OH ), + OH-
H,O

~2-10%, I/mol-s
cu’ + '

20u™,

3107, V/mol-s
cu + Ccu’t 2Cu*" + H20,.
H:0 + 1/20,

Scheme 2.18 Mechanism of Cu interaction with H,O,

2-10%, I/mol-s
(Dipy),Cu™0",

(Dipy)ZCu+ + H,0,

3-10%, I/mol's
(Dipy).CuOH>,

(Dipy),Cu™0* + H"
H+
((Dipy),CuOH?*=—= (Dipy),Cu*"),

~10'°
(Dipy)ZCu3+((Dipy)2CuO+, (Dipy)ZCuOH2+) + (Dipy),Cu*

2(Dipy),Cu*”,
H+
10*, Vmol's

(Dipy),CuO* (Dipy),Cu**OH" + OH.,

H,0
(Dipy)2CuOH?*— (Dipy),Cu*" + OH..

Scheme 2.19 Effect of ligand on process mechanism on Cu™ interaction with H,0,

From mechanisms comparison of H,O, interaction with Cu™ and (Dipy)ZCu+
their certain similarity can be seen, especially in the cases of cupryl ion and cupril
complex formation. In the latter case, OH® radicals’ formation by the reactions of
water or hydride-ion oxidation is typical.

On alcohol (ROH) introduction into the similar system, “cupryl-ion” L,CuO™
formed will interact with it, generating RO® and R, ® radicals:
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L,Cu™O* + ROH — RO® + L,CuOH™,
L,Cu™O* + RHOH — R, + L,CuOH™.

Hydroxocomplex L,CuOH>** or unhydrolyzed ion L,Cu®* will interact with
primary alcohol groups forming the appropriate aldehyde:

L,CuOH** (L,Cu*") + RCH,0H — Cu™L, + RCHO.

For the systems L—Cu’"—H,0, (where L is bidentate ligand, in particular L =
, o’-dipyridyl) the process mechanism is radical-chain and can be given in the
following form (Scheme 2.20) [42].

i. DipyCuOH" + HO,” —— DipyCu" + H,0 + O,
1. DipyCu* + H,0, — DipyCu®*" + OH™ + OH.,
2.0H- +H,0, — 0,” +H' +H,0,

3. 0, + DipyCu** —— 0, + DipyCu",

0. Reaction breakage with OH- involvement.

Scheme 2.20 Radical-chain mechanism of H,O, oxidation in the system L-Cu®**-H,0,

2.6 Mechanisms of Organic Substrates (S) Oxidation
in Oxide and Peroxide Systems

2.6.1 Mechanisms of Organic Substrates Oxidation by Oxygen
[Systems M**(M**L,)—0,-S]

Oxygen coordinated with many transition metals compounds is already in the
activated state and can be used as oxidizer in catalytic reactions with many organic
compounds (S) that are of great practical importance. Thus, the coordination of the
O, molecule to metal ions or complexes is one of the most effective ways of its
activation; the causes of it have already been discussed above (Sect. 2.2). As
an example of systems of M*"(L,MT)—0,-S type, those systems in which
the catalysts are manganese ions or complex compounds will be considered
later. Manganese ions were used as catalyst in the reactions of aldehydes,
methylbenzens, methylbenzonitriles, n-pentane, acetophenone, 4,8-diamino-1,5-
dihydroxynaphthaldehyde of tiosemicarbazone, hydrazine, ascorbic acid, morine,
o-hydroxyphenylthiourea, and many other organic compounds’ oxidation by
molecular oxygen. However, fully proved mechanisms of such processes are seldom
provided.
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As an example of catalysis by manganese ions, the system Mn>*—0,—RH can
be taken, where RH signifies alkylaromatic compounds, and Mn** ions participate
in the initiation stage. The process proceeds by radical-chain mechanism, for which
the qualitative scheme is given in [230].

Aqua-ions of Mn?T usually catalyze the oxidation of chelate-forming organic
substances; manganese—substrate complex will be formed, which oxidizes the
substrate inside the coordination sphere by interacting with O,. Although the
mechanisms of similar processes are available in the literature [231,232], they are
not confirmed by sufficient experimental data and can be considered as speculative.
However, it is possible to agree with the opinion of these authors, that the substrates’
oxidation in such cases is realized by manganese ions in high oxidation degrees
[with Mn(IIT) or Mn(IV) formation] inside the coordination sphere of manganese
substrate complex. Proceeding from rather limited information about the kinetic
regularities and mechanisms of substrates catalytic oxidation by molecular oxygen
in the presence of manganese ions, some assumptions can be made [203]:

— The process can proceed by a radical chain or ion radical (nonchain) mechanism
with the reversible redox transformations of catalyst:

+e
Mn(III) = Mn(II).

— The substrate should possess chelate-forming capacity and should form metal—
substrate complex reacting with oxygen in an inner- or outer-spheric way (more
often inside the coordination sphere of such complex with one- or two-electron
transfer).

Catalysis by manganese complexes of the reactions of substrates oxidation by
molecular oxygen is more effective than by manganese ions and consequently will
be considered in more detail. As catalysts for such processes, manganese stearate,
some porphyrin, phthalocyanic, phenanthrolinic, dipyridylic, and other manganese
complexes are used. At the initial stage the intermediate compound of catalyst and
0O, will be formed; the activation of the latter proceeds, though the mechanism of
such activation is not always clear.

The interaction of such oxygenerated metal complexes with substrate proceeds
more often via the formation of a triple complex (catalyst—O,—substrate), disinte-
gration of which results in the reaction products. However, sometimes oxygenerated
complex interaction with the substrate is supposed to proceed without the formation
of a triple complex. For example, the oxidation of organic substrate (RH) was
investigated in the system MnSt,—O,—8-pentadecanone (St represents stearate)
[233]. Caprylic and enantic acids are the main products, the yield of which reaches
up to 60%. At the initial stages, the formation of free radicals occurs and the
mechanism of their appearance looks like:

MnSt+0, — MnSt,* ... 0,%",
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MnSt,®" ... 0, +RH —

93

MnSt,OH +RO*

MnSt,O0H +R*®

The oxidized form of manganese, reacting with ketone RH, generates free radicals
and starts the chain reaction with participation of Mn(II) and Mn(III) at the stage of

chain continuation. Thus, the triple complex
Manganese stearate also catalyzes the o
oxygen, and this reaction is autocatalytic

will not be formed.
xidation of hexadecane by molecular
[234]. Very frequently for the oxi-

dation of a large number of organic compounds the systems PMn-O,-reducer
(NaBHy4) are used, where P is porphyrin or its derivatives [235-240]. So, the most
probable process of cyclohexane oxidation in the system TPhPMn—O,—NaBHy—
cyclohexane (where TPhP is tetraphenylporphyrin) in benzene—ethanol solution on
room temperature is shown in the following form [239]:

TPhPMn(II) + O, TPhPMn(II) - O —

TPhPMn(IIT) + O,*

RH
L——— Oxidation products®

An example of effective catalysts of organic substances’ oxidation in water medium

are Mn(II) complexes with 1,10-phenanthr

oline [241-243]. Mn(III) compounds

forming in the reaction medium of the system Mn(I)-Phen—O,—methylethylketone
will oxidize the enol form (EnH) of methylethylketone (RH), generating free
radicals, and the mechanism of the chain process is shown in Scheme 2.21

[243]; here Mn(III) and Mn(II) are appropr:

iate manganese complexes with 1,10-

phenanthroline. On the basis of this scheme, the rate expression was obtained by
the method of stationary concentrations complying with the experimentally found
expression that confirms the applicability of the offered mechanism.

H'

RH+——EnH

Mn(I11) + EnH

Mn(II)

R+ Oy—

RO+ Mn(Ill) — R

+ H" + R- (initiation),
RO,
00 + Mn(IlI),

ROO +H'——ROOH,

H

ROOH—* CH;CHO + CH3;COOH (products),

ROOH + Mn(Il) —» RO
RH + OH-
R- + Mn(11I)

+ OH- + Mn(I1I),
R + H,0,

Products (breakage).

Scheme 2.21 Mechanism of organic substrates oxidation in the system Mn(II)-Phen-O,
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In general, the activation of molecular oxygen by ions and complexes of
transition metals is well known [129, 152, 167, 244, 245]. The mechanism of O,
activation includes the stage of the formation of oxygenated intermediate compound
of catalyst ®*O, type having high oxidizing capacity in relation to various substrates
(S). Oxidation of the latter usually proceeds through the formation of intermediate
complex of M[Mn(II)...0—O0...S] type [246-248]. The mechanisms including the
stages of O, reducing up to H,O, and Mn(II) compounds oxidation to Mn(III) and
even to Mn(IV) are also proved [157,249, 250].

One of the most detailed investigated processes of organic compound oxidation
in water media and in aerobic conditions is the effective photochemical oxidation
of leicobase [hydrochloric acid salt of diantipyril-dimethyl-aminophenylmethane
(LB) in the system Mn(IT)Phen(Dipy)-O,-LO] [251]. Among plenty of dyes having
different complex-forming capacities in relation to manganese (indigocarmine,
murexide, alizarine, neutral red, active light blue, o-dianisidine, some leico-bases
in the systems Mn(I[)-Phen(Dipy)-0,), only leico-bases and o-dianisidine will
be oxidized efficiently. In anaerobic conditions or in the absence of catalyst, the
oxidation of LB does not occur or (in the second case) occurs very slowly, which
shows that LB are oxidized by molecular oxygen, which is activated by complexes
of manganese(Il) with 1,10 phenanthroline (o, o-dipyridyl). It was found that the
complex having the composition of MnPhen%+ brings the main contribution into the
catalytic activity of the aforementioned system. Activating action of ultraviolet light
is caused, apparently by the manganese complex and O, molecules transition into
the excited condition (on system irradiation with light having A = 300-340 nm the
oxidation rate of LB increases 20-30 times).

Scheme 2.22 of the considered process is represented by the totality of the
following stages (L = Phen or Dipy):

MnL.,> + 0, MnL,0,",

hv

MnL,*" + 0, (MnL,0,").,

MnL,0,* (MnL,0,*")- + LB MnL,O,"...LB(MnL,0,*"...LB)-,

MnL,0,™...LB(MnL,0,*"...LB)- MnL,+ products of LB oxidation

Scheme 2.22 Photochemical oxidation of leucobase in the system Mn(II)-Phen(Dipy)-O,

The oxidation of leicobases proceeds through the formation of a triple interme-
diate complex. This scheme explains all the experimental data obtained:

— Direct dependence of LB oxidation rate (W™8) on [Mn>*], efficiency of process
(beginning from pH 5) due to ligand complex formation with Mn>" ion and
change of W'B with the change of concentration in solution of complex with
composition MnL%+

— Increase of WLB on ultraviolet irradiation

— Participation of O, in LB oxidation and its activation due to the formation of
compounds of MnLZO§+ (MnLZO§+)* type
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— Outer sphere mechanism of LB oxidation in these systems
— H0, and OH®*™, O,° radicals, and also Mn(III) nonparticipation in the process
of LB oxidation

The mechanisms of substrate’s oxidation by oxygen can be attributed not only
to the outer-sphere but also the inner sphere ones. In more detail, this problem
is considered on the examples when catalysts are the coordination compounds of
manganese [225].

In alkaline media manganese(Il) complexes with such ligands as gluconate
and sorbitol (pH 9.5-10.5), having interacted with O,, practically immediately
convert into the appropriate compounds of manganese(IV) (although complexes
of manganese(IIl) can be detected spectrophotometrically), which oxidize various
substrates (S) [157,252]:

1. L,Mn(I) + O, 2 [L,Mn(I)O,] — L,Mn(IV) 4+ 03",

2. LoMn(Il) + LoyMn(IV) — 2L,Mn(III),

3. LoMn(Ill) + S — LoMn(II) 4+ P; (products of one-electron oxidation of S).
Probably, in some cases in competition with (2), the following reaction also
proceeds:

2. L,Mn(IV) + S — Lo,Mn(Il) + S, (products of two-electron oxidation of S).

Therefore, the cyclic mechanism of substrate oxidation is realized in these
systems according to Scheme 2.23.

L,Mn(II) 0,
Py
P,
0"
L;Mn(IV)
S
S L,Mn(II)
L,Mn(IIL)

Scheme 2.23 Cyclic mechanism of organic substrates oxidation in the system involving Mn(II)
complexes

Summing up the brief consideration of transition metals oxygenated complexes
[129], it is to be noted that oxygen complexes of “superoxide” type (M02+)H
(complex of Pauling type—O, has only partially passed into the form of O,° radical)
can participate both in reactions of inner sphere electron transfer (hydrogen atom
isolation)

(MO,™), +RH — M** + HO,™ +R”",

and inner sphere transformations.
M +HO, +R®

M*" + HO,* +R®
M" + H,0, + products.

(MO, ") + RH —= (MO,RH)"
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In the case of oxygen complexes of “peroxide type” (M02+)1 (the complex of
Griffith’s type-O, has partially passed into the form O37), the transformations of
two types can also proceed: the reactions of inner sphere one-electron (two-electron)
oxidation of redox ligand or reactions with O—O peroxide bond breakage with
subsequent substrate hydroxylation:

(M02+) ; + RH — Intermediate compound — MO™ + ROH.

The transformations of the latter type are frequently realized in the cells of living
organisms by means of monooxygenases. Such reactions will be considered in
Chap 3.

2.6.2 Mechanisms of Organic Substrate’s Oxidation
by Hydrogen Peroxide [Systems
M**(M**L,)-H,0,-S]

The results of numerous pieces of research on the mechanisms of organic com-
pounds’ oxidation by the system Fe*™ — H,0, are reflected most fully in Walling’s
work [57]. However, subsequent development in this direction has shown that the
scheme involved does not cover the whole variety of such mechanisms. It was
necessary to take into account the nature of the substrate and the possibility of its
interaction with metal ion, nature of oxidizer (hydrogen peroxide, ROOH and O,),
and ligand influence. With this purpose, taking as an example the compounds of
iron(I), the classification of ferroperoxide systems has been developed [10,93]:

1. Fe’* —H,0,—S(S)) S(S1), noncomplexing or weakly complexing
substrate. Substrate S;, unlike S, possesses
reducing properties

2. Fe’t—H,0,—-S—0, Aerobic system

3. Fe’t —-L—H,0,-S Additional ligand L is introduced into the
system

4. Fe’T—L—H,0,—-S—0,  Aerobic system with additional ligand

5. Fe’t—H,0,—-SL Si, substrate and ligand at the same time

6. Fe’* —H,0,—SL—0, Aerobic system with S

7. Fe’t—L—H,0,—SL System including L and Sy

8. Fe’t —SL—H,0,—S System including Sy and S

9. Fe’t —SL—H,0,—-S—0, Aerobic system including S and S

All these systems can be divided into two groups. In the first group (systems
1-4), oxidizing substrate will not form a complex with Fe’T or will form it
very poorly. Thus, overlapping of electron orbitals Fe** and S will be little. The
reaction of oxidation in the systems of this group proceeds by outer-sphere way
(outside the first coordination sphere of Fe?t, i.e., within the reaction bulk). In the
second group (systems 5-9) the substrate also represents a ligand. Here we can
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expect the formation of intermediate compounds with substrate and inner sphere
electron transfer. These groups reflect only the extreme cases of complex formation
properties of ligands. All these systems are considered in detail and characterized
in [10,93]. The general scheme of mechanisms of H,O, disintegration and organic
substrates oxidation is given in Scheme 2.24.

Scheme 2.24 Generic scheme of substrates oxidation in the system Fe2t-H,0,

If the coordination compounds of iron(Il) serve as the catalysts, the overall
scheme of mechanisms, as a rule (mainly in acid and weakly acid media), has the
form similar to fragment I of Scheme 2.24 (instead of Fe?", Fe’*L, takes part in
the reactions).

For simplification, not all possible reactions of generated radicals OH® are given
in the fragments II, IV, and I (sequence C) (they are similar to the transformations
given in sequence E of fragment 1).
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Ferroperoxide systems can be classified according to various attributes: effi-
ciency of its action, complex formation capacity of substrate in relation to Fe**,
the mechanism of H,O, disproportioning, and substrate oxidation.

If substrate introduced (S) and substrate radical formed (R) do not possess the
reducing properties, the oxidation process will cease with time and will end after all
Fe’™ is transformed into Fe** (sequences D or C will be realized, see Scheme 2.24).
If substrate S; and/or forming substrate radical R,° is/are effective reducer(s),
quantitative substrate oxidation occurs in the anaerobic conditions, and the more
effective the higher is the reducing capacity of the latter (or that of appropriate
substrate radical). Such processes include sequences of reactions D (or C), E, and B
(Scheme 2.24). The formation of an active substrate radical increases the efficiency
of substrate oxidation in aerobic conditions due to the realization of sequences D (or
O), E, and B. In such cases, the role of hydrogen peroxide consists only of substrate
preparation (through the formation of R, ®) to its further interaction with O,. It can
be estimated—by which of the mechanisms one or another substrate will be oxidized
by ferroperoxide systems—only provided the rate constants of elementary stages of
substrates and substrate radicals’ interactions with OH® and O, are known.

The role of added inert ligand consists of strengthening the oxidizing capacity
of ferroperoxide systems and their action maintenance in weakly acid and neutral
media. It occurs due to the redox-potential of pair Fe>* /Fe?T and the oxidation state
of iron stabilization at higher pH. If one-electron transfers from complex catalyst to
substrate are preferable in the system, the basic mechanism of the process is, as a
rule, similar to that realized in the case of Fe”—HzOz—S system (Scheme 2.24,
fragment I) with the only difference being that complex-bound Fe?" ion becomes
the catalyst. If two-electron transfers are preferable, the mechanism, as a rule, will
be changed (fragments II and III). Hence, to increase the efficiency of ferroperoxide
systems, a suitable ligand is to be chosen and the conditions are to be established
at which cyclic or radical-chain process of H,O, disproportioning and substrate
oxidation is realized. If the reducing capacity of a substrate (or substrate radical)
is insignificant, the efficient reducers should be introduced into the system (such as
ascorbic, dihydroxyfumaric acids, etc.), which are able to regenerate the active form
of the catalyst (Fe?™).

S substrates that cannot form complexes are oxidized in the reaction bulk by OH*®
radicals (sequence D or C, Scheme 2.24), and those having reducing properties (S;)
are oxidized in sequences D (or C), E, and B, as well as ions (or complexes) of Fe3 ™.

S substrates forming complexes with Fe?", change the redox potential of
catalyst that can result in the increase of catalytic capacity of the latter, and
the basic mechanism of H,O, disproportioning and substrate oxidation can thus
remain practically constant (fragment IV, Scheme 2.24) or undergo some changes
(fragment II). Depending on the realizing mechanism, such substrates can be
oxidized the inner sphere way (by one- or two-electron transfer), and also in the
reaction bulk by generated radicals OH® or O,°". If Sy will form complexes
only with Fe’™, the mechanism of process will involve the sequence A instead of
sequence B.
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All the ferroperoxide systems can be divided into two groups with regard to the
mechanism of H,O, disproportioning and substrate oxidation: in the first group ion-
radical mechanism (cyclic or radical-chain) is realized, this fact being described by
fragments I, II, and I'V; in the second group—ion-molecular mechanism—fragment
IIT (Scheme 2.24).

The examples of organic substrates’ oxidation by Fenton reagent, complicated
by participation of oxygen (aerobic conditions), can call on the reactions of ethyl
alcohol oxidation [10,93,253,254] (Scheme 2.25).

1. Fe** + H,0,— Fe** + OH- + OH,

2. OH: + C;HsOH— R, + H;0,
3.Ry + 02 ROy,
4. RO, CH;CHO + HO;:,
5. RO, + ROH CH;CH(OOH)OH + Ry,

.
6. RO, + Fe -+ Fe?* + CH;CH(OOH)OH,
7. HOy + C;HsOH ——> Ry + Hy0,,

8. HOy + Fe'— L Fe¥* + H,0,,

9. HO, + Fe®* ——Fe* + 0, + H',

10. CH;CH(OOH)OH CH;CHO + H,0,.

Scheme 2.25 Oxidation of ethyl alcohol

A similar mechanism is realized on substrates oxidation and in the typical
systems Fe’*—S.—H,0,—0,, L—Fe’*—H,0,—S—0, with the only difference
being that the catalysts in this case serve the coordination compounds of Fe>* with
Sp. or L accordingly [10].

According to the experimental proofs of process, regarding the route in aerobic
conditions as described in Scheme 2.25, the following should be related:

1. Difference in oxidation rates of substrate in aerobic and anaerobic systems

2. Excess of oxidation product formed over the quantity of disproportioned H,O,

3. Generation of OH® radicals, Fe?T concentration decrease and the accumulation
of Fe3™ during the reaction

Therefore, it can be believed that the mechanism of organic substrates’ oxidation
in aerobic conditions by OH® radicals generated by ferroperoxide systems in the
cases when active radical (of R, ® type) will be formed is described by Scheme 2.25.
Hence, the role of H,O; in the process of aerobic oxidation of organic substrates
(particularly alcohols) is reduced to the preparation of the latter for their further
oxidation by oxygen (in the case of alcohols—to the transformation of ROH
into R,*®).
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Coordinative compounds of manganese(Il) are also effective catalysts of organic
compounds oxidation by hydrogen peroxide. Numerous data have been obtained on
the systems of Mn(II)-L—H,0,—S type from study and appropriate examples of
such systems are analyzed in detail in [203,225]. Only some generalizations are
given here.

Catalase-active coordinative compounds of manganese are at the same time
peroxidase-active too, caused by the formation of active intermediate particles
within the catalase process [HO,®, OH® radicals, manganese(ITI, IV) compounds]
which will oxidize the organic substances. H,O, decomposition in the presence
of Mn(Il) complexes proceeds by radical-chain or ion-molecular mechanisms.
Introduction of noncomplexing or weakly complexing substrates do not essentially
change radical-chain mechanisms, when substrate radicals formed in the reaction
are poorly active or have rather strong reduction properties. In this case, the scheme
of the peroxidase process differs from the catalase one only by the additional stage
of chain breakage:

OH® + S — Py(products of substrate oxidation).

O, participation in the peroxidase process brings complications into the scheme
of the mechanism. Some organic dyes (indigomonosulfate, indigocarmine,
indigotetrasulfate, murexide, carmine—stability of the latter with Mn(Il) falls
into the limits 1<pK<3) and also alcohols (ethanol, isopropanol, ethyleneglycol,
glycerine) in the systems Mn(I[)-HCO3;~ —H,0,—S. Mn(Il)-Trien—-H,0,—S and
Mn(II)-His—H,0,—H3BO3;—S are efficiently oxidized by such radical-chain
mechanism with OH® radicals’ generation. These substrates’ oxidation is done
by OH® radicals in the reaction bulk, i.e., outside the first coordination sphere of
complex catalyst. Such a process mechanism is “outer-sphere.”

In the case of alcohols oxidation (ROH) by OH® radicals, substrate radicals will
be formed (R,°), having rather strong reducing properties to interact with oxygen
in solution (in aerobic conditions). The mechanism of process thus includes the
following stages:

OH® + ROH — R + H,0,
RS + O, — RO},
RO} — RCHO + HOS,

+
RO + ROH - R® + RCHO + H,0,,
03~ + ROH — R + HO;..

Hereby, a certain similarity in mechanisms of alcohols’ oxidation by the systems
Fe(I)-L—H,0,—S and Mn(IT)—L—H,0,—S is observed. It is known that:
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— In the case of R, * formation O, will also take part in the oxidation process

— The process rate in the presence and absence of O, should be different, and the
quantity of oxidizing substrate should be significantly higher than that spent for
S oxidation by hydrogen peroxide

— The role of H,O, in such systems is reduced to the substrate preparation (in
the case of alcohols, their transformation into alkoxyradical R,*®) for its further
interaction with O,

— The mechanism of process can be qualified as outer sphere

If OH radical is not generated in the system Mn(II)-L—H,0,—S, substrate
oxidation can proceed in the outer-sphere way by the Mn(IV) compounds formed
[and possibly, in some cases, by Mn(IlI) compounds also]. For example, in
the system Mn(II)—diethyleamine(tridentate ligand)-H,0,—S (some organic dyes:
indigocarmine, indigomonosulfonate, indigotetrasulfonate, etc.) Mn(II)Dien, is a
catalytically active saturated complex, and substrates’ oxidation is provided in
the outer-sphere way by Mn(IV) compounds. The mechanisms of such sub-
strates’ oxidation in the systems Mn(II)—ethylenediamine-H,O,—S, Mn(II)-1,10-
phenanthroline-H,0,—S and in many others are similar. As a rule, in such systems
the substrate is competitive with hydrogen peroxide for the oxidized form of
catalyst, and as a result S is oxidized and the H,O, role is reduced practically to
catalyst transformation to higher oxidation degree.

Ion-molecular mechanism is realized in the systems where the substrate can
form rather strong complexes with Mn?t (pKstabitiy ~ 3-8). Thus ligand-substrate
complex or peroxocompound of L,Mn(II)H,O, (HO,™) type will be formed and
alternate oxidation of complex-bound Mn(II) ion proceeds to Mn(IV) by interaction
of the latter with the substrate:

L,Mn(ID)S + H,0, — L, Mn(IV)S + 20H",
L,Mn(IV)S — L,Mn(II) + P;.

The role of substrate oxidizer is played by the catalyst’s oxidized forms via the
formation of mixed ligand-substrate complex and substrate oxidation inside the cat-
alyst coordination sphere (inner-sphere mechanism). Such a mechanism takes place
in systems where the organic dyes are used as substrates: lumomagnezone, lumogal-
lione, alizarine, and alizarine C (substrates of St type, pKsabiliy >3). Such substrates
introduction alters the principle mechanism of hydrogen peroxide decomposition.
Hence, the specific inhibitors of OH® and HO,® radicals (paranitrosodimethylamine
and TNM, accordingly) do not affect the Sy, peroxidase oxidation rate in the catalase
process. It testifies to the advantageous realization in these systems of not radical-
chain and ion-molecular inner sphere mechanisms. The main reason for mechanism
change and the altering of catalyst redox potential should be considered because
of oxidizing substrate Sp coordination with Mn(II). The general mechanism of
substrates of S type in the systems Mn(II)-L—H,0,—S, can be expressed by
Scheme 2.26, where Si in Mn(IV)Sy. is oxidized yielding the reaction product P,
and the reduced form Mn(II) interacting with the excess of Sy, will be repeatedly
transformed into LMn(II) S;..
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P ‘\[ LMn(ID)S;, :|: H,0,
LMn(IV)Sy, 20H".
Scheme 2.26 Generic mechanism of substrates oxidation in the systems of Mn(II)-L- H,0,-S,,

Among the catalytic processes of hydrocarbons’ oxidation by hydrogen peroxide
with transition metal ions’ participation, the reactions of aromatic compounds’
hydroxylation are of special importance. The reactions involved can be carried out in
water, nonwater, and mixed solvent in mild conditions [248]. The study of similar
reactions with the use of elementary systems of Fenton’s type (Fe*™ + H,0,) is
important both for the many industrial products obtained (phenol, hydroxyquinone,
etc.) and for understanding the mechanisms of this reaction proceeding in living
organisms by enzymatic means (cytochrome P-450).

On using Fenton’s reagent, forming OH® radicals interact with aromatic substrate
and the general way of these transformations, with the formation of numerous final
products, looks as follows [255]:

— R—R

OH*
RH—— R*+R-OH——F—— RI(OH)Z + R2 -C- R3 uT.Aa.

o

— Polymerization products.

However, numerous pieces of research on benzene, phenol, toluene, and the

production of their derivatives by means of Fenton’s reagent or similar systems
with Cu?t, Co?*, and other transition metals have shown that in water medium
these processes proceed with poor selectivity, with small yield, and by radical
mechanisms. Such character of the mechanisms was judged, in particular, by
small values of NJH-shift (migration of hydrogen isotopes on marked compounds
hydroxylation), characteristic of just this kind of mechanism.

On the transition to aprotonic or water-aprotonic solvents, in some cases the
selectivity and hydroxylation products’ yield somewhat increases. Unusually high
values of NJH-shift thus observed, character of products distribution, and other data
specify that in aprotonic solvents hydroxylating particle can be not only OH® radical
but also another particle. This particle presumably can be ferryl-ion or complex:

Fe’*t + H,0, — Fe'VO?*T + H,0.

The particle’s generation can result in the increase of selectivity of hydroxylation
reaction. However, there are no precise experimental and theoretical confirmations
of such capacity that ion may have.
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From the metal ions used (Fe, Cu, Zn, Co, Cr, W, etc.), the most active catalyst
turned out to be Fe*t ions [255]. Thus, on benzene hydroxylation in a water—
acetonitryl medium, maximal activity was observed at pH corresponding to Fe>™"
ions existence in dimer hydroxoform [Fe,(OH),]**. Despite numerous works on
aromatic compounds’ hydroxylation, the detailed mechanism of this process is still
insufficiently investigated, and the data available are sometimes inconsistent.

One of the versions of unsaturated and saturated compounds’ hydroxylation
is opening up the opportunity of using a system of Fenton’s type with certain
updating. Such modified systems have allowed one to carry out reactions of olefins’
and saturated compounds’ catalytic chlorohydroxylation [256]. In these systems,
instead of hypochloric acid (HOCI) as olefin carrier in a noncatalytic process,
a modified oxidizer was used (mixture of HOOH/HCI in the ratio 1:1) and as
catalysts—complexes FeHL42+ [L = tetrakis-(triphenylphosphine oxide) (OPPhs)
or o, o’-dipyridyl (dipy)]. The reaction was run in acetonitryl (MeCN) or in water
acetonitryl (0.2 M H,O/MeCN):

Fell 2+
RCH = CHR’ + (HOOH/HCI) ——*— RCH(OH)CH(CI)R'.

Scheme 2.27 showing the mechanism of catalytic chlorohydroxylation of olefins
and hydrocarbons is given in [256].

PhH
Fe''(OPPh;),*" + HOOH <— [L,'Fe"OOH + H;0'}— »PhOH + HCl +
1 ®) Fe'L +2H,0
s (0} N HCl1

PhCHCHPh + Fe''L 2 NS2H,0 -C4H,,Cl + Fe''L 2

HCI © c-CeHy, H,0

PhCH = CHPh v (B)
|: ZT IV/ OH j| HZO |: 24+ IV /OH} HOOH Iy 2+
L4 € L4 Fe S .02+HC1+FC L4
“OH HCi (A) “a J omo
8 7
HCl1 H,0
(A3)
Ay
-CeHyo e-CsHjo
L Fe" }
v
¢-CgHo(OH), + Fe''L,**  ¢-CgH;o(OH)CI + Fe"'L, /

CsHm

-C¢H,o(OH), +Fe'L,>

Scheme 2.27 Mechanisms of transition metal coordination compounds interaction with hydrogen
peroxide

The interaction of hydroxocomplex (1) with HCl results in reactive intermediate
[L4>TFe!V(OH)CI] (7) formation, which chlorohydroxylyses olefins and saturated
hydrocarbons by various ways (Al, A2, A3, B, C, D), shown in Scheme 2.27
(chlorinating Fenton’s chemistry).
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That means that use of such an oxidizer as HOOH/HCI with certain catalysts
can replace such oxidizers as Cl,/HOCI in synthetic chemistry. The compound
(7) appeared to be more reactive than HOCI (produced in vivo with the help
of mieloperoxidase—see Chap. 4) in relation to organic substances in water
medium. Therefore, the most interesting assumption appears to be the possibility
of formation of reactive intermediates such as (7) for oxyradical damage realization
in biochemical systems. However, it is only an assumption.

On various coordinative compounds of transition metals’ interaction with hydro-
gen peroxide, hydroperoxocomplexes of M**L, (OOH™) type will often be formed,
which on one hand can act in the reaction of activation in water solutions, and
on other to provide the process of oxygen atom transfer to a suitable substrate.
The activation of pentacyano-(hydroperoxo)cobaltate(III), [Co(CN)sOOH]*~ (1) in
water medium and oxygen atom transfer from it on L-methionine with the formation
of L-methionine- S -oxide can serve as an example of such process realization [257].

The activation proceeds in acid medium according to the following reactions:

[Co(CN)sOOH]*™ + H;0™ 2 [Co(CN)sH,0,]>~ + H,0,
[Co(CN)sH,0,]*~ + H,0 — [Co(CN)sH,0]*~ + H,0.

Hydrogen peroxide coordinated in the complex [Co(CN)sH,0,]*~ is more labile
than H,O and especially HO, ™ (the order of stability changes in the line H,O, <
H,0 < HOZZ_), i.e., HyO, is a very weak ligand.

At neutral pH values complex (1) is an effective carrier of oxygen atoms on L-
methonine via the formation of intermediate [Co(CN);(L-methionine S-oxide)]*".
This intermediate then dissociates giving [Co(CN)]sH,O and L-methionine-S-
oxide. In these conditions, HO,™ bound in complex in (1) reacts with L-methionine
2 x 10* times faster than with free H,O, because of the greater basic capacity of the
complex (1). The supposed mechanism can be represented by Scheme 2.28 [257].

H :S — Meth S’ Meth
(CN)sCo™ -~ 0" — (CN)sCo**— O —— H,0 + (CN)sCo* - ——
N\, N A+ . .
O-H /O —H intermediate
(}\fmax =272 nm) H (Amax =314 nm)

———(CN)sCo°"H,0 + Meth— S = O.
Scheme 2.28 Mechanism of substrates oxidation with H,O,, catalyzed with the Co complex

Therefore, the substrate oxidation by hydrogen peroxide catalyzed by transition
metal labile ion can be presented as the following process:

M*t — OH, + H,0, = [M*F — OOH]* Y+ + H;0, (2.10)
Mt — OOH]“ " + H;0t +S > M —OH, + H,O+S=0 (2.11)

where S is the substrate.
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In contrast, the metal ion can reduce coordinated HOO— by a one- or two-
electron process, generating the new oxidants [258]:

M — OOH]“ Dt — [MEHDH = 0]+ 4 OR®, (2.12)
M — OOH]V* + HT — [MEH2* = OFF + H,0. (2.13)

High medium acidity prevents the reaction (1.10) running, while OH® radical
formation on H,O, reduction by uncoordinated metal ion is still possible:

H,0,+e~ + HT — H,O + OH". (2.14)

It proves to be true that the low pH value in Fenton’s system (Fe?>T—H,0,) favors
OH radicals generation in accordance with the reaction at (1.14). At higher pH and
high concentration of H,O, [it is favorable for reaction (1.10)], the yield of ferryl
particles increases (Fe!Y = O) [reaction (1.13)] which can proceed in accordance
with an inner sphere mechanism [257].

2.7 Ferryl Particles in the Catalysis of Oxidation Processes

2.7.1 Experimental Confirmation of Ferryl Particles Formation

Intermediate compounds of ferryl, manganyl, etc. type play an extremely important
role not only in the reactions of catalytic oxidation of various organic compounds
in solutions but also in a great variety of enzymatic and nonenzymatic processes in
vivo. The detailed review of this problem is given in [93]. But here some theoretical
possibilities of the existence of these intermediates are discussed briefly important
for further consideration of enzymatic processes mechanisms study and modeling
in which intermediates are involved.

Fenton reagent (system Fe?T—H,0,) from the moment of its discovery in 1894
has been known as one of the most “strong” liquid-phase oxidisers in acid media.
However, Fenton has ascertained at the end of the last century only that the traces of
iron(I) sulfate efficiently catalyse the process of tartaric, maleic, and other a-acids’
oxidation by hydrogen peroxide. A fundamental study of H,O, decomposition by
Fe?t ions performed by Gaber and Weiss in the 1930s, and also the variants of
the scheme of the radical-chain process in question made by Barb, Baxendale, etc.
[58], have contributed to the development of knowledge about the mechanism of
Fenton reagent action. The following stages can be included in the modified scheme
(Scheme 2.29).



106 2 Homogeneous Redox Catalysis with Transition Metal Compounds

Fe*" + H,O,— Fe*" + OH- + OH,
Fe?" + OH— Fe*' + OH,

OH + H202 H02 + H202>
HO, + Fe*— Fe? + H + 0,,
Fe*" + HO,- Fe*" + HO, .

Scheme 2.29 Radical-chain mechanism of H,O, oxidation with Fe?t jons

Such a scheme complies with the experiment and, as a matter of fact, has not
undergone essential changes till now. The revealing of the scheme of the H,O,
decomposition mechanism by Fe?" ions made it possible to reveal the active point
of Fenton’s reagent which turned out to be the OH® radical.

As shown earlier (see Sect. 2.5.2.1) in parallel with the concept of OH® radicals
formation in the system Fe>* —H,0,, the hypothesis of Gray and Gorin [173] has
appeared which in essence consists of “ferryl ion” (Fe!¥ — —O) formation in the
given system according to the following reaction:

Fe’t + H,0, — Fe!¥Y = 0 + H,0,

and only then, after its hydrolysis, will the hydroxyl radical OH® be generated.

The idea of Fe'YO** formation was supported by many researchers [80,129,131,
176,259-262], etc., which used the given approach for substantiation of the results
obtained with Fenton’s reagent action mechanism study.

The possibility of ferryl particle formation within the complexes composition
was also considered at pH 7 [263], but not in acid medium in which the system
Fe ™" ag—H20> can only exist. It is supposed that under certain conditions (suitable
pH, ligand, solvent, and temperature) the intermediate complex will be formed, and
then ferryl ions or ferryl complexes, hydrolysis of these resulting in OH® radical
formation:

—H* +
Fe’* 4+ H,0, & Fet (HO,™) 15 FelV = 0* 4+ H,0 — Fe’™ + OH™ + OH®.

If the hydrolysis of the ferryl particle proceeds at high rate, only OH® radicals can
be detected experimentally in the system [10]. Suitable ligands can stabilize a high
oxidation degree of metal (Fe'Y, Mn!Y). There are experimental and theoretical
proofs that in acid medium only OH® radicals will be formed in Fenton’s system,
and at higher pH, when iron ion is bound into the complex with a suitable ligand,
the possibility of less reactive particle formation L,Fe!Y = O?* (which is a more
specific oxidizer) arises.

At various pHs the oxidizing particles differing from each other can be formed,
following from the peculiarities of certain substrates transformation products
distribution. In fact, in acid solutions the distribution of products is approximately
the same as on using OH® radicals (generated by electrolysis), while in neutral and
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basic media it is more stereospecific. In the latter case the oxidizer is not OH® radical
and apparently ferryl iron [93, 264].

Such high-oxidized complexes of iron(IV) are similar to each other with their
basic parameters (A, =~ 430nm, ¢ = 900 £+ 100L/mols), the time of half-
transformation varies from 0.1 to 1 s [165,179,180], and they are more stereospecific
in the reactions of oxidation and hydroxylation [265], especially important in
biological systems. In general, the ferryl complex is somewhat weaker but is a more
selective oxidizer than OH® radical.

Experimental proofs of ferryl-complex generation in redox catalytic reactions are
as follows [93]:

1. The results of cyclohexanol oxidation by hydrogen peroxide in the presence
of iron(Il) salts (product radioselectivity was explained by the occurrence of
intermediate compound of ferryl type, transmitting the atom of oxygen) [181]

2. The data on hydrogen peroxide interaction with iron porphyrinate [182]

3. Results of Fe"EDTA complex interaction with H,O, and alcohols, aminoacids
and carbonic acids influence on this system [183]

4. Resonance Raman-spectra obtained on plants’ peroxidases protonation
[184,185]

5. The data on ferrimyoglobin interaction with HyO, [266]

6. Presence of ferryl group in model systems simulating ligands peroxide oxida-
tion [267]

7. Occurrence of so-called compounds I and II (see Chap. 3) in catalytic cycle of
peroxidases and catalases on their interaction with hydrogen peroxide [268]

8. Results of model systems of cytochrome P-450 of PFe'—H,0,(ROOH) [199]
type study where P is the general mark for porphyrins

Numerous experimental proofs of ferryl particles Fe!¥ = O>* generation or their
complexes L,Fe'¥ = O?T both in enzymatic processes (compounds I and II)
and in their modeling systems have allowed one—at the same time—to establish
their high reactivity (only a little less than that of OH® radical) and their large
specificity as oxidizers of various organic substances compared to such systems
as Fe”aq—HQOZ—S, L,,Fe”—HzOz—S and enzyme (or its model)-O,(H,0,)—
S (where S is an organic substrate). However, despite obvious successes, these
particles’ identification still remains a difficult problem for the specific system inves-
tigation, that causes numerous discussions about the generation of “superoxidized”
states of iron or manganese (manganyl particles).

2.7.2 Quantum-Chemical Methods of Ferryl (Manganyl)
Particles Formation Study

In spite of the fact that in many catalytic systems the mechanism of hydrogen
peroxide disintegration by ML, -catalysts have been investigated on qualitative,
semiqualitative, and (in rare cases) quantitative levels, a number of difficulties arise
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in the explanation of this process mechanism and especially of its initiation stages.
It is stipulated by the complexity of this reaction, despite its apparent simplicity:

2H,05 2 9H,0 + O,.

Actually the occurrence of numerous new intermediate particles during this reaction
brings out great experimental and calculation difficulties with revealing its mecha-
nism. Generation of each of these intermediate particles (intermediate compounds,
free radicals, complexes with the changed metal oxidation degree, and other com-
pounds) is characterized by the equilibrium constant or elementary rate constant.
The set of all these data related to the mechanism of this catalytic reaction needs to
be established on a quantitative level (practically that is seldom possible) or at least
at good qualitative one (there are considerably more examples available). In reality,
to study the mechanisms of catalytic processes, the composition, stability constants
of metal complexes-catalysts, separate equilibrium constants, initial substances
concentrations in the reacting medium during the process, metal oxidation degree
in the ion or complex compound, nature of intermediate compounds formation,
changing of bond character in substrate on complex formation with catalyst, and
other parameters should be determined.

On each of these stages, the number of experimental (impossibility of inter-
mediate particles definition) and calculation (some elementary rate constants are
unknown) difficulties arise; they are not always possible to overcome in the real
system under investigation. Therefore, in many cases supposed mechanisms of
H,0O, disintegration in catalytic systems, proceeding from the experimental data,
are subject to a certain degree of arbitrariness. This especially concerns the initial
stage of the mechanism—the initiation stage, on which the further course of process
largely depends.

Even in those rare cases when all the above-mentioned experimental and other
difficulties are overcome and the mechanism of the catalytic redox process is
revealed completely and reliably enough, the information obtained has ascertaining
character and does not explain different catalytic capacity of various transition metal
ions and ligands’ various influence on them, as well as the occurrence of different
intermediate particles (for instance, free radicals) at the initiating stage.

Despite approximation of semi-empirical quantum-chemical methods, their use
brings the above problems on the electron level. Statements of the molecular orbitals
theory (MO) can be used on the initiation stage consideration in the reaction of
substrate interaction with the catalyst (complex compound of metal). Revealing the
difference in energy levels of boundary MO reagents [mainly those of maximum-
filled molecular orbital (MFMO) and LFMO within the pair donor—acceptor] can be
useful with the most favorable ways of chemical reactions discussion, as the reaction
usually runs between two centers having the greatest difference in electron density
on boundary MO.

Quantum-chemical study of the systems manganese(iron) ligand—H,O, were
carried out with the purpose of substantiating additionally the possibility of



2.7 Ferryl Particles in the Catalysis of Oxidation Processes 109

elementary stages realization of H,O,, 0,°~, HO,®, OH® interaction with certain
coordination compounds of manganese(iron) in various oxidation degrees. The
systems including H,O, and manganese(iron) where the ligand is bicarbonate
ion, triethyleneamine (Trien), ethylenediamine (En), and phenanthroline (phen)
were studied in most detail. A quantum-chemical study was performed on the
basis of catalytically active complexes calculation [Mn**(HCOj3);, Mn*" Trien,
Mn“tEnp, Mn“*Phen,, Fe*** ], in which the charge of central ion changes from
+2 up to +4, and also that of molecules and particles of H,O,, HO,™, OH® and
0,°" types. Semi-empirical method MO LCAO in the approximation of MWH was
used to make calculations with self-coordination according to the charges of all
the atoms present in the system. On the basis of electron structure of catalyst and
reagents calculation, the estimation of their relative reactivity was done, which in the
Klopman’s scheme [269] serves the value of total energy of system catalyst-reagent
change on the appropriate transition state formation.

The main results of calculations have allowed one to make the following con-
clusions [203,261-272]. Calculated values showing charge transfer to H,O, from
Mn(II) complex and rather large for small molecules of H,O, change of energy,
testify to the essential O—O bond weakening in H,O, molecule and the possibility
of its further breakage. As a result, Mn(II) compounds are transformed into Mn(III)
ones and H,O, dissipates yielding OH® and OH ™. However, as the OH® formation in
the stage of initiation was not discovered experimentally, for example, in the system
Mn?t—HCO;~—H,0, (this radical was discovered only at the stage of chain contin-
uation), it was assumed that it, not leaving the coordination sphere of complex cat-
alyst, reacts with Mn(III) compounds forming complex-bound Mn(IV) compounds.

The realization of such a process can be given schematically by the following
scheme:

/O— H

Mn"...0 Mn™ ... OH | — [Mnm...OH'] —»[Mn(IV)]
| _OH
H L]

—-OH"™
OH

The value of electron density transfer (84) from HO,*~ to manganese(IV) com-
plexes in this system reaches ~ 0.7V, that makes the realization of one-electron
transfer of catalyst to Mn(III) possible. The process can proceed and through the
consecutive quick stages of one-electron transfer with practically simultaneous
coming of two O,° particles into the reaction bulk and regenerated Mn(II)
complexes formation. The data are given that testify to the possibility of initiation
mechanism realization in the systems considered via the sequence of two stages—i |
and i, in which two electrons transfer is realized from the catalyst to H,O, (i;) and
one electron transfer from H,O, to the catalyst (i3):

i;. LMn(I) + H,0, — LMn(IV) + 20H™,
i>. LMn(IV) + HO,~ — LMn(IIl) + O3~ + H™.
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Fig. 2.12 Energy levels of manganese complexes with ethylenediamine: [MnEn,(H,0)]**
(1), [MnEnz(HZO)]3+ (2), [MnEnz(HzO)]4Jr (3), triethylenetetramine [MnTrien(HzO)]2+
4), [MnTrien(H,0)]*T (5), [MnTrien(H,0)]*t (6), and also those of peroxide particles:
H,0,(7), 0,°7 (8), 1@4;;, HO,® (9)

In the system Mn?T—En—H,0, the catalase activity is provided by the complex
MnEn%+ [273,274]. When such a course of process is realized, intermediate-active
compounds En,Mn(IIT), En,Mn(IV), and O,°~ will be generated. Energy levels of
manganese complexes with ethylenediamine, triethylenetetramine, and also those
of peroxide particles H,O,, O,*~ and HOS were calculated by quantum-chemical
methods MO LCAO (Fig. 2.12) [203].

The results of total energy change in the intermediate state catalyst—oxidizer, and
also calculated values of redox capacities and charge transfers from one particle
to another on their interaction with common MO formation, are given in [275].
HOMO and LFMO levels of complexes with the charge +2 and those of hydrogen
peroxide are located close to each other (they are pseudodegenerated) (Fig. 2.12)
which provides maximal electron density transfer between the reagents. On electron
density transfer from complex to H,O,, the O—O bond is labilized which must
result in its breakage with free OH® radicals’ formation which has not been detected
experimentally [203]. It can be understood if inside the coordination sphere the
transfer of one more electron takes place from the central ion of complex onto OH®
(without the latter coming out from the coordination sphere) or spontaneous two-
electron transfer occurs from complex to H,O5.
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Scheme 2.30 Radical-chain mechanism of H,O, oxidation with Fe?t ions

Summarizing the experimental data and quantum-chemical calculations of
Mn(II)-ethylenediamine(En)-H,O, system, the scheme of H,O, disintegration
can be presented as follows (Scheme 2.30) [203]:

The analysis of decomposition mechanisms with complexes Mn(HCOs3),,
MnTrien2+, MnPhen§+, and MnEn%+ testifies that in the first two cases radical-
chain mechanism is realized with OH®~ and O,°" radicals’ generation. In the
system Mn(II)-Phen—H,O, the radical-chain process proceeds, but in the reaction
bulk only O,°~ radicals will be formed. The same radicals are intermediate-active
particles on H,O, disintegration by MnEn§+ complexes, but the mechanism in this
case is cyclic ion-radical. The results of quantum-chemical study of the above-
mentioned systems made it possible to reveal probable reasons for various sets of
consecutive stages’ realization in these systems, in spite of the fact that central
metal ion in the complexes MnTrien2+, MnEn§+, and MnPhen%+ is in the same
environment (four atoms of nitrogen; another two coordination places are occupied
by water molecules), and also to state the certain judgment of rather unequal activity
of these complexes (taking as examples MnTrien>" and MnEn§+) in the reactions
of H,O, disintegration, that emphasizes the specificity of the ligand and its influence
on catalytic activity of the transition metal ion [203].

The above-mentioned quantum-chemical methods were used to perform the
study of stages of H,O, catalytic disintegration initiation in Fenton’s system which
is one of the most effective liquid-phase oxidizing reagents in acid medium.

It was supposed that the stage of initiation of hydrogen peroxide disintegration in
Fenton’s system an is elementary one [3]. According to the opposite point of view,
OH"~ radical and Fe** ion generation does not serve the unequivocal proof of this
stage’s simplicity. Probably, as a result of two-electron transfer from the catalyst to
substrate, ferryl-ion will be formed first [173]:

[(H,0)5 Fe" (H,0)]"" + H,0, ——— [(H0); FeVOPt —
—H,0,—H*

S [(H,0)sFe(IIH)(OH)]** + OH®

Later on it was stated [80] that a peroxocomplex is generated first, from which later,
due to inner molecular electron transitions, a complex with ferryl ion will be formed,
which will then transform into the complex Fe(IIT) and OH®:
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2 2
[(H,0)5 Fe" (H,0)]"" + H,0, —— [(H,0)s Fe" (H,0,)] R
—H2

— [(H,0)4(OH)FeVOI* 22 [(H,0),(OH),Fe(ITI)]* + OH®

However, there are no convincing experimental proofs in the literature of the
proposed mechanisms of H,O, disintegration initiation as is already mentioned
above. On the contrary, according to the data available [262], in acid media OH®
radicals will be formed, and only in neutral and alkaline media (when iron ions are
bound in complexes) does the possibility of ferryl complexes occurrence increase.
Nevertheless, the idea of ferryl particle formation in ferroperoxide systems has been
discussed in many papers [10].

With the purpose of theoretical consideration of ferryl particles initiation possi-
bility in Fenton’s system, quantum chemical calculations of Fe(H20)6”+ electron
structure and those of certain hypothetical intermediate particles were made, and
also the calculation of all peroxide particles (H,O,, HO,™, HO,°*, OH) by the
method MO LCAO in approximation of MWH [276]. On the basis of these
calculations, the self-coordinated values of atoms and orbital fillings were found,
and also the values of electron energy levels of corresponding MO (Fig. 2.13).
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Fig. 2.13 Energy levels of MO of molecules’ active zone: 1 — H,0,, 2 — [Fe(H,0)4]*t,
3 —[Fe'' (H,0)s(H,0,)]* ", 4 —[Fe' (OH™)(H,0)4(H20,)] ", 5—[Fe'VO(H,0),(OH7)]*, 6
[Fe(IlT) (OH),(H,0),]t,7 — OH®,8 — HO,™,9 — [Fe''(H,0)s(HO, )]*,10 — [Fe'YO
(H0)s]**+, 11 — [Fe(II) (OH ™) (H0)s]**
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In addition, quantitative assessment was made of electron transfer from MO
complex on the MO of the peroxide particle and the values of charge transferred
(84) were determined.

The analysis of complexes energy levels testifies to the low probability of perox-
ocomplex formation having the composition [Fe!' (H,0)s (HgOz)]2Jr (set of levels 3)
and the impossibility of realization of such inner molecular transformations in which
[Fe''(OH™)(H,0)4(H,0,)]" (4) and [Fe™VO(H,0)4(OH)]* (5) are generated, for
the levels of high-filled molecular orbitals (HFMO) and LFMO of these particles
are much higher than the corresponding levels of both [Fe(H,0)s]*" (2), and
[Fe'' (H,0)5(H20,)]?" (3). Thus, in highly acid medium the formation of ferryl ion
is impossible, and this complies with the experimental data.

However, with the increase in pH the intermediate peroxocomplex having the
structure [FeH(HZO)5 (HOZ_)]+ can be formed, this fact being testified by the
analysis of the nature of HFMO and LFMO levels of [Fe(H,0)q]*" (2), HO,™
(8) compounds, and hypothetical complex [FeH(HZO)5 (HOZ_)]+ (9), and also
charge transfer calculation from Fe!! aquacomplex to H,O; and from HO, ™ to this
aquacomplex (accordingly 6, = —0.05 and 0.76 V).

The comparison of MO energy levels of peroxocomplex having the compo-
sition [Fe!l(H,0)s5(HO,™)]™ (9) on the one hand, and MO of the complexes
[Fe™YO(H,0)s]** (10) and [Fe(IlI)(OH™)(H,0)5]*>" (11) on the other, testifies to
the form of the stage-by-stage course of the process:

[Fe" (H,0)]"" + H,0, — [Fe" (H,0)5 (HO, )] —
— [FeVO(H0)s]*+ 22 [Fe(IIT)(H,0)s(OH)** + OH®.

Thus, quantum-chemical calculations confirm the possibility of peroxocomplex
[Fe''(H,0)s(HO,7)]* and ferryl-ion [Fe'YO(H,0)s]>* formation as intermediate
particles. Therefore, on the pH increasing in the system, this possibility is enhanced
too (H,O, dissociation increases). It is increased even more with the introduction
into the system of suitable ligands (porphyrin, etc.), able to stabilize the high
oxidation degree of iron (Fe'V). If the transformations considered proceed at high
rate, it is impossible to detect them at the present level of experimental techniques,
and only [Fe(IIT)(H,0)s(OH™)]*" and OH® radical can be detected in the system.
This shows the limitations of the available experimental opportunities and confirms
the importance of quantum-chemical calculations.
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Chapter 3
Biochemical Processes and Metal Complexes’
Role as Catalysts

3.1 Catalytic Influence of Transition Metal Compounds
on Biological Processes

In Chap.2, some theoretical problems of catalysis with transition metal ions
or complexes, oxidation of various organic substances with oxidizers such as
oxygen and hydrogen peroxide, and also the mechanisms of these processes were
considered. This provides the necessary basis for a search of possible fields of
homogeneous catalysis with metal complexes’ practical use. It can be said without
exaggeration that the advances reached in this field during the last 20 years made it
possible, to a great degree, to consider in a new way both the processes proceeding
in the world around us (atmosphere, water, and soil), and the processes within
the sphere of human activity (in the chemical industry, pharmacology, foodstuffs
production, biology, medicine, etc.). Having faced in the late 1920s the complex
problems resulting from his own activities (environmental problems, chemical
processes selectivity and optimization, agricultural problems, etc.), man was forced
to appeal more and more to living nature, and in particular to evolutional chemistry.
The great successes reached within the last few decades in the field of enzymatic
chemistry, revealing the action mechanisms of a number of important enzymes,
served as a good basis for numerous attempts on their modeling or analogous
systems creation, although less efficient than natural enzymes, but more simple and
convenient for practical use.

Advances in electronics and other related fields are dealing, in particular, with
the creation of new materials. The synthesis of these materials is often a catalytic
process as well.

At last, demographic problems in the twentieth century have sharply aggravated
the problem with the increasing population provision demands, primarily food and
other essential items. One of the consequences is great attention to revealing the
mechanism of nitrogen molecule activation and C—C and C-H bonds breakage in
hydrocarbons.

G. Duca, Homogeneous Catalysis with Metal Complexes, Springer Series 123
in Chemical Physics 102, DOI 10.1007/978-3-642-24629-6_3,
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Further in Chap. 3, only those fields in which metal complexes are used (mainly
those of copper, iron, manganese, and cobalt) as appropriate redox biological
process catalysts, in which the oxidant is O, or its reduction products are HOS,
H,0,, OH®, etc., will be considered.

3.1.1 Role of Transition Metal Ions in Biological Systems

To provide the normal proceeding of biochemical processes in humans and many
other animals and plants, in the main ten ions or metal compounds are needed. Four
of them (sodium, potassium, magnesium, and calcium) are metal compounds of the
main sub-groups of the periodic table. The character of the bonds they form with
ligands is mostly electrostatic. They are united by large mobility in the organisms;
therefore, sodium and potassium play an important role in nervous conductivity
and other important functions, and magnesium and calcium in muscular activity
and many other reactions. However, they are not practically involved in catalytic
processes in vivo (besides magnesium in plants), and therefore they will not be
considered further. The role of vanadium, chromium, molybdenum, niobium, and
cadmium will also not be considered because of their very low concentrations
in vivo and less important roles.

Six other elements (iron, nickel, manganese, copper, cobalt, zinc) belong to the
transition metals. These elements form more or less strong bonds, often of covalent
character, with numerous chemical parts of organisms or substrates and metabolites.
They form part of the reaction centers of various enzymes, metal proteins, in
formation of a plenty of various coordination compounds with organism’s chemical
substances, and their transformation products which can be considered as ligands.

Possible ligands with which metal ions interact (for instance, in an enzymes’
reaction center) can be: for manganese—carboxylates, phosphates, imidazole
(adenosinetriphosphatase, enolase); for iron—porphyrin, imidazole, other ligands,
and also the variety of protein parts of enzymes; for cobalt—benzimidazole and sugar
carbanion (vitamin B1,); for copper—different nitrogen bases (“blue” proteins); and
for zinc—imidazole or NH;-bases (dehydrogenases, carbonic anhydrase).

These metal ions can be catalysts in various model reactions (nonenzymatic).
For example, copper ions are catalysts of pyridoxal transformations, glycine
ether hydrolysis, acetodicarboxylate decarboxylation, and oxaloacetate decomposi-
tion; iron ions—dimethyloxaloacetate decomposition; manganese ions—glycine ether
hydrolysis.

To realize catalytic processes in living organisms, “trace” amounts of metal ions
are often enough, less than 5 x 107 g per g of living substance. About one-third of
enzymes studied have in their composition “trace” amounts of metals. Lack of these
metals results in various diseases. The need by living organisms was first established
for iron as long ago as in the seventeenth century, for copper in 1928, for manganese
in 1931, for zinc in 1934, for cobalt in 1935, and for nickel in 1973 [1]. Thus, anemia
(because of the lack in iron) has been known for a long time.
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The main function of trace metal ions in an organism is taking part in enzymatic
activity. Thus, rats fed with food low in Mn** ions (0.4 mg/kg of weight) compared
to normal contents of this ion (50 mg/kg of weight) resulted in significant diminish-
ing in catalytic activity of food arginine disintegration with liver arginase [1].

Manganese ions Mn”>* also take part in pyruvate carboxylase enzyme activity,
catalyzing the interaction of bicarbonate ion with acetyl coenzyme A, resulting in
oxaloacetate formation. Thus, a possible lack of Mn>" ions can be compensated
with Mg?* ions. In general, for normal activity of the human organism from 3 to
4 mg of manganese per day are needed. Galactosyltransferases are also dependent
on manganese in the human organism. The enzymes dependent on magnesium and
manganese, namely, glutathione reductase, glucose-6-phosphate dehydrogenase,
isocitrate dehydrogenase, and malic enzymes, are widely represented in reactions.
For enzymes such as copper-containing cytochrome oxidase, manganese ions
are also necessary; otherwise the enzyme becomes low-active. It seems that an
important role is played here by the eventual process of Mn?>" transformation into
Mn>*, and on this account, reduction of oxidative products of phenol substrates.

Manganese superoxide dismutase (MnSOD) is essential for life as dramatically
illustrated by the neonatal lethality of laboratory animals that are deficient in
MnSOD. Numerous studies have shown that MnSOD can be induced to protect
against pro-oxidant insults resulting from cytokine treatment, ultraviolet light,
irradiation, certain tumors, amyotrophic lateral sclerosis, and ischemia/reperfusion.
Moreover, overexpression of MnSOD has been shown to protect against pro-
apoptotic stimuli as well as ischemic damage. Also, several studies have reported
declines in MnSOD activity during diseases or pathological states such as cancer,
progeria, asthma, and transplant rejection [2].

In plants, manganese involvement in nitrogen exchange reactions is also impor-
tant. It can be shown by taking as an example nitrate assimilation by plants,
which will then be reduced to nitrite with subsequent formation of hydroxylamine.
Manganese participates in the stages of reduction of nitrates to nitrites and
hydroxylamine to ammonia. All these processes are catalyzed by manganese- and
molybdenum-containing nitrate-, nitrite-, and hydroxylamine reductases.

Detailed steps of manganese involvement in the respiration reactions
(O, absorbance) are not quite clear. It is supposed [3] that manganese presence
activates the number of reactions within the cycle of tri- and dicarboxylic acids,
and decarboxylation reactions as well. The presence of manganese can increase
demand for oxygen in the process of reduced nicotinamide adenine dinucleotide
regeneration, and also increase oxidation and decomposition processes, catalyzed
by peroxidase and peptidase, respectively [4].

Manganese influences the whole series of processes proceeding in plants,
namely, synthesis of ascorbic and other organic acids, and acceleration of plants
development and seeds maturing. Thus, for instance, it activates redox processes
in vine plant by increasing many enzymes’ activity (ascorbinase, peroxidase, and
polyphenoloxidase), increasing the contents of chlorophyll and sugar accumulation,
accelerating berries ripening, and enhancing the mean weight of grapes and
berries [5].
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Influence of lack in manganese and also its toxicity in living organisms is
well described, for example, in [6]. With its lack, convulsions are observed, level
of catecholamines in cerebrum changes, metabolic processes in bone growth are
changed, and many other factors dealing with obesity, atherosclerosis, and other
pathologic processes are observed.

Ions and compounds of these and other metals play a part in numerous functions
in an organism, as described in [7, 8]. Further, only the catalytic role of metal
ions or compounds in processes proceeding in vivo will be considered. Catalytic
processes proceeding in vivo can be conditionally separated into two groups—
without and with protein involvement. The first group includes the processes
of ligand peroxidation, reactions of Haber—Weiss type, influence of some drugs
(antibiotics) on ADN, etc., in which transition metal ions or compounds are
catalysts. The second group includes mainly enzymatic systems. Enzymes, their
structures, and functions are given in great and increasing amounts of the literature;
therefore, these problems will be only slightly touched upon when needed to provide
clear statements. Main attention will be paid to the mimetic approach—enzymes
modeling (imitation) and using data obtained for better understanding of enzymatic
systems’ functional action mechanisms and practical use of such model systems in
industry (see Chap. 7).

The main role of the aforesaid five transition metals, mainly that of iron,
manganese, and copper, consists of the realizing of catalytic redox reactions with
their participation in both nonenzymatic and enzymatic processes. Besides, these
metal compounds can slow down the proceeding of chemical reactions in vivo,
providing a blockage of certain active centers, by acting as toxicants and by
inhibiting radical chain processes or taking part, equally with enzymatic systems,
in electron transport.

In living organisms, the most important is the presence of iron ions which turn
part of numerous enzymes and oxygen-binding proteins into specific catalysts. The
capacity of iron to exist in several oxidation degrees (II, III, and IV), relatively easy
transformation into each other in the presence of the appropriate ligands and oxidiz-
ers, and the ability to join molecular oxygen make this element unique for further
catalytic activation of oxygen molecules, hydrogen peroxide, and hydroperoxides,
and realization of subsequent numerous reactions with free radical formation from
these substances. These properties of iron are widely used by electron transport
proteins in cells’ mitochondria, by hydroxylating enzymes (cytochrome P-450), and
by oxygen-transferring proteins (hemoglobin) [9].

Equally with these normal biochemical processes, the redox capacity of iron
compounds also represents a source of potential toxicity [10]. Under aerobic
conditions, uncontrolled redox transformations can proceed, resulting in H,O,, O3,
and OH® radical formation. The last radical is especially toxic, reacting with most
organic molecules exclusively efficiently (with rate constants close to diffusion
ones). OH® radical attacks the membranes, proteins, nucleic acids, and many other
cell components, and therefore, its formation in noticeable amounts in vivo is
undesirable.
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There is a number of protective means against its formation. The most important
is stable control over its absorption, transport, and storage inside the organism.
Additional means are protective enzymes (superoxidedismutase, catalase, glu-
tathioneperoxidase, and also vitamins C, E, etc.). However, when iron levels become
too high, toxicity is caused by initiation of formation of excessive amounts of free
oxygen radicals with iron compounds.

In the case of a healthy person, iron absorption through the gastrointestinal tract
is carefully regulated (about 1-2mg of iron is absorbed every day, and the same
amount is lost daily). While heme iron possesses large biological suitability, simple
inorganic iron salts and their complexes are poorly absorbed. Endogenic iron-
absorbing systems, apparently, accept iron(Il), but not iron(II), although reductases
bound with membranes are able to reduce iron(IIl) to iron(Il) [11, 12]. A recent
study has shown that ascorbate enhances iron uptake into intestinal cells through
the formation of FeCl3—ascorbate complex [13].

Iron is transported into human blood by transferrin (molecular weight about
80,000) [14]. Transferrin has iron-joining places with high affinity to iron(III)
(stability constant reaches 10°° M™! at pH 7.4) [15]. In the case of healthy people,
transferrin concentration reaches about 25-40 WM. In the presence of transferrin,
concentration of free iron(IIT) is less than 10~!2 M, and the latter is unable to realize
OH? radical formation and thus produce toxic damages in cells.

Iron compounds are transported by transferrin through the small intestine and
liver to tissues which need iron for normal metabolism, especially to the marrow—
the place of hemoglobin synthesis [16].

In transferrin, all the iron-joining places can never be busy (about one-third of
them only), which makes it possible, equally with its main function, to be involved
in the protection against infections, taking away iron ions from microorganisms
which is needed for their growth and reproduction [17, 18].

Provided the level of iron in cells is higher than that needed, its excess is stored
in two storage forms: soluble ferritin and insoluble hemosiderin [19]. These storage
iron forms are present practically in each cell, but there are especially many of them
in liver, spleen, and cerebrum. Its content in human blood is one of the diagnostic
indexes for various diseases. Ferritin (molecular weight ~450,000) contains iron in
the form of iron(IIl) phosphate hydroxide [20]. In such a form, iron(III) is practically
not able to generate free oxygen radicals.

It was considered that the main role of ferritin is to store (accumulate) Fe>™ ions.
However, equal with this function, ferritin can serve as biocatalyst of some redox
processes, for instance, with superoxide dismutase [21], and also by ferroxidase
(accelerates oxidation of Fe** to Fe>' ions with oxygen) and peroxidase activ-
ity [22]. Extremely important is the fact that iron of ferritin (FERR) is an initiator of
lipid peroxidation on account of Fe** reducing with various reducers to Fe*" ions
[23-25].

On ferritin peroxidase activity study, the rates of free radical initiation in the sys-
tems FERR-ROOH (H,0,)—-Ar, where ROOH is the hydroperoxide of tert-butyl or
cumyl, and Ar is various aromatic amines, namely, 3, 3’, 5, 5'-tetramethylbenzidine
(TMB), these being acceptors of radicals of hydroperoxides (peroxides), were
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determined. Free radicals are formed according to the following interactions of
ferritin (shown here as Fe3+) with ROOH (H,0,) [22]:

[Fe**...O0R] (1)
K.1 |

H

Fe** + ROOH

K !
[Fe3*...|00R] — & [FS'OH]+RO* (2)
H

Kz”
[Fe*"... ?OH] —— Fe’'+H'+RO," (2")
H

"

Fe?* +ROOH —2—[FeOH]** +RO*(2)

Active radicals RO®* (OH®) formed, and to a lesser degree, peroxide radicals
ROS (HO?%), will oxidize aromatic amines present in the system, thus realizing
the peroxidase process. It was thus shown that peroxidase activity of ferritin is
comparable with its feroxidase activity [22], which points to the numerous functions
of this protein.

The body of an adult person contains 4-5g of iron, mainly in the form of
hemoglobin (66%), and also in the form of myoglobin (~10%), various iron-
containing enzymes, transport protein transferrin in storage proteins (ferritin and
hemosiderin), and some other organ, tissue, and intercellular fluids [10]. In the case
of some diseases, blood transfusion accompanied with excessive iron introduction is
needed. On repeated transfusion, this excessive amount of iron becomes significant,
and is accumulated mainly in the liver in the form of ferritin and hemosiderin.

Under these conditions, an excess of iron is present also in low molecular
form inside the cells in plasma, which is accompanied by heart, endocrine tonsil,
and liver damage with free oxygen radicals. To such diseases which need regular
blood transfusion we can add thalassemia (inherited hemolytic anemia in children—
degenerative hemoglobin formation) which results in reduction of red cell lifetime
and, accordingly, anemia [16]. If excess iron is not removed with a chelate-forming
agent such as desferrioxamine, the patients will die.

3.1.2 Catalytic Reactions in the Initiation of Lipid Peroxidation

Catalytic activation of molecular oxygen is a necessary condition of free radicals
formation from it. Really, in physiological conditions, oxygen molecule, being
triplet (), is rather inert with regard to many organic compounds (RH), which,
as a rule, are singlet. Such behavior is caused by the Woodworth—Hoffman rule of
symmetry conservation, as well as thermodynamic obstacles in one electron joining
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to Oy (AG® ~ +15kJ/mol). Reactions of O, with most organic compounds

— R+ Hozo
RH + O, —

—— RH + 0,

2RH + O — 2R°*+H,0,

are endothermic and thus in physiological conditions proceed extremely slowly
without a catalyst (besides some substrates, for instance, flavines [26]).

Thus, necessity in O, catalytic activation with the reduced forms generation
becomes obvious. The reactions with the reduced forms of oxygen formation
(superoxide anion radical O5~, and perhydroxylradical HOS) proceed, for example,
in the case of lipid peroxide oxidation. The radicals are initiated with metal
compounds (iron) on their interaction with unsaturated aliphatic acids. Other forms
of reduced oxygen, such as hydrogen peroxide H,O, (or hydroperoxide ROOH) and
O3~ —are sources of free radicals in the presence in vivo of iron ions or compounds
(in physiological conditions often in concentrations of umol/L) in accordance with
the Haber—Weiss reaction:

Fe’t +H,0,(ROOH) — Fe** +HO3(RO3) + H*
Fe’™ + 05" — Fe’T + 0,
Fe’* + H,0,(ROOH) —> Fe** + OH™ + OH*(RO*).

Hydrogen peroxide is generated in many biological processes and in the presence of
transition metal compounds (especially iron). Such reactions play a significant role
in vivo.

Equally, with the reducing superoxide anion radical O3~ in vivo, other reducers
are also present (NADPH, NADH, cysteine, etc.), able to compete with it. Besides,
in physiological conditions, the presence of iron complexes with suitable ligand
(possessing sufficient donor properties and capacity to stabilize high oxidation
degree of iron) and hydrogen peroxide or OH® radical can result in active ferryl
particles formation. They can oxidize plenty of organic compounds in a more
selective way than hydroxyl radical:

LFe’t + OH® — (LFe"V = 0)*" + OH"-

For these and other processes in living organisms, as mentioned above, there are
enough iron compounds. However, only a small amount of Fe** ions is in the free
state in vivo, where it is mainly bound with various biological compounds such
as ADP and deoxyribonucleic acid (DNA) [27]. Within the system Fe*t-H,0,, in
the presence of ADP and in higher degree ATP, OH® radical generation increases
about 20-50 times compared to that with the lack of these nucleotides (AMP does
not accelerate this process). Substitution of Fe?t ion with Fe*" in these nucleotide
systems diminishes the efficiency about one order, and addition of the reducer
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(ascorbic acid), making the system reversible, results in H,O, decomposition to
OH* with high yield [28]. Highly reactive hydroxyl radical formed by Haber-Weiss
reaction or in another way, in physiological conditions can interact with any organic
substances (alkanes, alkens, aromatic compounds, etc.):

R™H + OH®* — R*+H,0

Iron ions and its complex compounds, such as Fe?t* ADP, Fe3t, ascorbate, or some
iron-containing proteins (ferritin, hemoglobin, and myoglobin), play an important
stimulating role in catalytic lipid oxidation, i.e., in the processes where aliphatic
acids are oxidation substrates. Lipids represent the complex of aliphatic acids,
especially polyunsaturated:

WW COOH - stearic acid
18

18 COOH - oleic acid

7 R VAVAVAV AR VAVAVAV
— — COOH - linolic acid
18 /\/\/_\/_\/\/\/\/

and many other similar acids.
Reduction reactions catalyzed by iron compounds can proceed in vivo under
certain conditions:

0,(H,0,) == 03, OH®, LFeV 0+

These reactive particles catalytically interact with ligands, forming numerous
products and initiating the whole chain of reactions, many of which are rather
undesirable for living organism normal functioning:

FeL,
0,”, OH", LFe"YO*" + LipH

Products (RCHO, RCO, ROH,
RCOOH, R - CH - CH,).
AN O/

Thus, this process renders noticeable influence on biological membranes and drug
toxicity, and brings in its contribution to carcinogenesis and other cases of oxidation
stress manifestation. A detailed review regarding many aspects of lipid peroxidation
is given in collection [29], as well as in subsequent numerous publications. Here,
the catalytic role of iron compounds in lipid peroxidation will be only briefly
described.

OH®™ radicals generated in one way or another can detach a hydrogen atom
from a lipid (LipH) and form a hydrocarbon radical of polyunsaturated aliphatic
acid (Lip®), which, having rapidly reacted with O,, will be turned into peroxy
radical (LipO3). The latter, interacting with lipid molecule, will generate lipid
hydroperoxide (LipOOH), which is rather stable in vivo. However, the presence of
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iron compounds (or some other transition metals) results in LipOOH decomposition
catalysis [30]. Ligands that are suitable for such iron complexes are phosphates,
phosphate ethers (ADP), and porphyrins. These iron complexes may be involved
in membranes’ lipid peroxidation chains with the formation of alkoxy and peroxy
radicals (LipO® and LipO3, respectively). The scheme of such radical-chain trans-
formations appears as follows [10,30]:

Initiation: LipH 4+ OH®* — Lip® + H,0
Lip® + O, — LipO;
Continuation: LipOj + LipH — LipOOH + Lip*®
LipOOH + LFe’t — LFe’T 4+ OH™ + LipO®
LipOOH + LFe*" — LFe*™ + H' + LipO}
Breakage: 2LipO5 —> [ROOOOR] non radical products + O3

Under relatively low partial O, pressure already, it is joined to Lip® with the
rate constant close to the diffusion one (~10°L/mol's). Thus, the main radical in
solution is LipO3, but not Lip® and therefore it is less probable that Lip® will be
involved in the breakage stage. Limiting is the stage of hydrogen atom detachment
from LipH.

Functions of iron complexes in lipid peroxidation are numerous. They initiate the
process, cause catalytic decomposition of hydroperoxides, and generate free radicals
(05—, OH®):

LEe*t + 0, 2 [LFe’T0, < LFe*T057] 2 LFe*T + 05~
charge transfer complex
205" +2HT — H,0, + O,
LFe’* + H,0, — LFe’* + OH™ + OH.

Catalytic decomposition of hydroperoxides which are unstable results in the
formation of numerous products containing aldehyde, keto, hydroxy, epoxy, and
carboxy groups. Aldehyde formation is often the cause of taste deterioration in
many foodstuffs (rancid taste of fats and oil). They (namely, 4-hydroxynonenals)
are also formed in vivo on lipid peroxidation of liver macrosomes, accumulate in
systems NADPH-Fe, and inhibit the synthesis of many substances important for
cells [31]. The O3 particle itself in the absence of iron ions cannot be lipids’
peroxidation initiator [32]; this fact is shown in vivo in the example of such particle’s
formation in adriamycin redox cycle (antibiotic used in tumor therapy) and in the
absence of its interaction with lipids. Only the presence of Fe** ions stimulates the
formation at first of Fe’t and then subsequent reaction of lipid peroxidation—Lip®
generation [33]:
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Fe’t + O;_Fez_ + 0,
LipH + O, + Fe’t + HT — Lip® + H,0, + Fe*™.

The initiator of lipid peroxidation could have been OH® radical [34]. However,
there is another point of view. According to this, such an initiator is the particle
preceding OH® radical formation, namely, ferryl. Really, OH® radical was not
detected with the help of the usual fixators [10]. Ferryl particle formation was also
supposed to take place in model processes of microsomal and xanthine oxidase
oxidation [35]:

ADP — Fe>t0, % ADP — [FeVOP** + H,0.

It was also assumed that these particles were also generated on complex ADP—Fe? ™"
interaction with H,O,, proceeding from the fact that introduction of mannitol
(OH® remover) into the system ADP-Fe’™-H,0,-LipH did not change the
rate of lipid oxidation. Similar statements were expressed regarding the ferryl
particle formation and its initiating role in lipid peroxidation and in other
systems, for instance, in the system Fe’>*—diethylenetriaminepentaacetic acid
(DETAPAC)-H,0,-LipH) [32]. But this point of view needs further confirmation.
Fe>*—H,0,-mediated lipid peroxidation is stimulated in the presence of Ni*"and
is inhibited in the presence of Co** [36].

The lipid peroxidation catalyzed by ferryl particle LFeO*" (or OH®) is shown
on scheme 3.1 [30].

Of course, it should be considered that there are plenty of other reducers in the
cells (ascorbic acid, NADH, and NADPH) which can also generate OH® and play
a more important role than O3 by interaction with H,O5 [37]. Besides, hydrogen
peroxide can oxidize complex ADP-Fe?" to ADP - Fe’™ (L = ADP), generating
OH®, although the latter does not initiate lipid peroxidation in these conditions
(mannitol-OH® remover, does not inhibit the reaction) [38]. All this testifies to the
fact that the problem of lipid peroxide oxidation is still disputable.

It is already clear that lipid peroxidation represents great danger for living
organism and, therefore, in vivo concentrations of lipid peroxides as free radical
reaction initiators must be low [39]. Nevertheless, protective systems against
lipid peroxidation do not possess unlimited possibilities. As a result of various
types of violations (such as alcohol introduction into the organism or unfavorable
environment, and for other reasons), especially during the aging process, radical
chain processes will be increased. This is manifested in particular in a large
amount of pigment formation (lipofuscin—old age pigment, cirrhosis), possessing
characteristic fluorescence. This seems to occur as a result of peroxidized lipids’
interaction with denaturated proteins (see Chap. 4). Thus, in vivo, due to free radical
processes with transition metal ions’ participation, membrane lipid deterioration can
proceed, this fact being connected with living organisms’ aging [40].
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3.1.3 Ligands Influence of Haber—Weiss Reaction

For the research of catalytic generation of OH® radicals from H,O, or their
formation in the process of lipids peroxidation, sufficiently high concentrations
of iron compounds (namely, FeADP) are often used, of the order of 50-200 wM,
although the concentration of iron available is much less and does not exceed 5 uM
in vivo, even in cases of living creatures organs intensive inflammation [41]. Here,
rather high amounts of O}~ and H,O, are accumulated, produced with activated
neutrophils, which in the presence of iron compounds can become sources of OH®
radicals.

Limitation of deterioration processes can be caused by the reduction of metal
catalytic ions supply to the places of O3~ and H,O, accumulation due to these
ions’ complex formation, diminishing their activity. Various ligands influence O3~
ability to reduce Fe* ions in a different way. Thus, specific ligands desferrioxamine
and batophenanthroline inhibit this reaction (Fe*™ ions are not reduced to Fe**
ions), and EDTA, ATP, and picolinic acid promote it. The use of specific complex-
forming agents which bind Fe>" ions (and thus prevent its reduction) can contribute
to oxidative deterioration, suppressing therapeutic treatment of heart, kidney, skin,
and other tissues by introducing drugs—specific ligands, and also weakening the
process of posttraumatic degenerations in cerebrum and spinal cord [42—44].

If OH® radical is still formed in vivo by the Haber—Weiss reaction, it will act
more directly and in a more destructive way than hydroxide radical, generated by
radiolysis in solution. In the first case, this radical interacts (because of its high
reactivity) with the nearest biological target, situated no more than 5-10 A from it.
In the second case, interaction proceeds in the bulk of solution, and, consequently,
at large distances.

Taking into consideration the Haber—Weiss reaction it is possible to understand
local-specific deterioration of biological targets, and also other processes realized in
vivo. Thus, on hemoglobin oxidation with peroxides, Fe>* ions will be released
which, in common with H,O,, can act as efficient catalysts of OH® generation
[45]. The same iron is released from hemoglobin on oxidation stress. Undamaged
hemoglobin is not an efficient catalyst of the Haber—Weiss reaction. However, it is
known that hemoglobin’s iron can efficiently support bacterial growth (often even
with lethal finality) in patients (as on bacterial introduction into the open wound),
and also, apparently, it can be used as biological Fenton’s reagent (jointly with
H,0,).

The second example is the role of ferritin (protein of storage iron(IIl)) in the
reactions of lipid peroxidation. Under physiological conditions, cellular reducers
such as ascorbate will reduce ferritin’s iron(IIl) to iron(II) which will then be
released from the cell’s mitochondrial ferritin in the form of phosphate complexes
and compounds with ATP and ADP, and take part in lipid peroxidation [46] in
accordance with general Scheme 3.1.

Another intercellular reducer—superoxide anion O3~ —can also liberate iron
from ferritin in the form of iron(II), which in the same way takes part in lipid
peroxidation [47-50]. Pulse radiolysis research of superoxide interaction with
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Scheme 3.1 Lipid peroxidation catalyzed by ferryl particle LFeO*T or OH®

ferritin made it possible to find the second order rate constant of this reaction,
which coincides with the rate constant of the reaction of O3~ with Fe(II)-EDTA
(k = 3 x 10°L/mol~" s7') [51,52]. The intracellularly occurring Cu(I)-glutathione
complex (Cu(I)-[GSH],) has the ability to reduce molecular oxygen into superoxide
radicals (O57). Based on such an ability, we addressed the potential of this complex
to generate the redox-active Fe?T species, during its interaction with free Fe** and
with ferritin-bound iron [53].

The aforesaid data lead to the conclusion that reducing cellular agents such as
ascorbate or superoxide anion radical interact with ferritin and supply transition
metals as catalysts for the Haber—Weiss reaction [54]. As to the possibility of
the Haber—Weiss reaction realization on O™ interaction with transferrin (iron-
transporting protein), discrepancies in the data exist which soon deny such possi-
bility [54].

However, the influence of chelate-forming agents is also to be considered,
which can greatly change the rate of the Haber—Weiss reaction. While the complex
of Fe(Ill) with EDTA is rather rapidly reduced with O™ to Fe(Il), DETAPAC,
forming chelates with Fe(IlI), it is non-active in Haber—Weiss reaction, although this
complex is active in Fenton reaction [54] Another ligand, desferal, is an important
clinical treatment means against iron excess in an organism. In patients who suffer
from iron excess, as a result of leukemia and not connected with transferrin, this
iron was found in plasma, accelerating radical reactions in it [55, 56]. Transferrin
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enters into the cells on endocytosis, and thus the pH value of vacuoles, which
contain transferrin, falls. This causes Fe3T ions’ release from transferrin protein,
which, interacting with superoxide anions O3~ present in the cell and then with
H,0,, according to Haber—Weiss reaction, will form highly reactive OH® radicals,
deteriorating various targets in the cell.

In reality, these reactions are complex, and dependent on conditions (pH of
environment, presence of one or another ligand, suitable temperature, and solvent),
first perferryl and ferryl particles may be formed:

LE’T + 05 2 [LEe*T + 05 « LFe’T0,] 5 F*t 4+ 0,

and
LFe’" 4+ H,0, — LFeVO* + H,0

and then OH® radical
LFeVO*" + H,0 — LFe** + OH™ + OH.

In the presence of O5~, desferral does not transform iron(IIl) into catalytically active
particles (iron(Il)) for the Haber—Weiss reaction. Desferral can inhibit membrane
lipid peroxidation, initiated with peroxide systems [57]; however, it can act sooner
as an electron or a hydrogen atom supplier, but not as an iron remover. Another
example, phytinic acid, present in large amounts in each plant, inhibits free radical
reactions catalyzed with metal ions [58-60], thus protecting the seeds against
oxidative deterioration during storage [61]. The Fe(IIT) complex with phytinic acid
reacts relatively slowly with O5~, which makes it harder for iron to be a good
catalyst in the Haber—Weiss reaction.

Although the majority of chelate-forming agents studied make the reaction
Fe3t + O3~ slower (i.e., this reaction is a rate-determining stage in the Haber—Weiss
reaction), it has still not been studied enough in physiological conditions to reach
any final conclusions. Nonetheless, the data available help us to understand better
the role of iron, copper, O5~, H,O,, ROOH, RO®, RO3 , and OH® in the problems of
human health connected with oxidation stress [54]. As soon as iron compounds are
contained mainly in storage, transport, or functional (enzymes) proteins, it is less
probable that iron joined to protein could catalyze OH® radicals formation outside
the protein (OH® radicals would immediately attack the protein itself) [62].

Therefore, it follows that real catalysts of OH® radicals formation are iron
ions or compounds released from protein [63]. Really, under certain biological
conditions, for instance, at low pH in micro-surroundings of activated macrophages
in rtheumatic inflammation of joints, iron can be released from transferrin [64].
Another cause of metal ions release from protein can be oxidation stress (see
Chap. 4) with subsequent formation of destructive OH® radicals [41].

Very often with lack of iron in plants, chlorosis can develop. Resolving this
problem is important for agriculture. In contrast, iron excess in an organism is
also a serious illness, which needs the use of suitable chelate-forming agents for
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its binding. The use of desferrioxamine (desferral) as a drug for iron excess removal
from an organism is limited for several reasons, namely, its high price, short action
time, etc. Therefore, relatively recently on the basis of three 8-hydroxyquinoline
subunits, water-soluble tripodal O-TRENSOX has been synthesized [65, 66] which
forms a strong complex with Fe* ion (Fe(Ill)* O-TRENSOX). In contrast to
iron(IlI) complexes with EDTA or citrate, compound Fe(Il1)* O-TRENSOX, in the
presence of a reducer such as ascorbate, does not induce damage in radicals (this
was shown on such a target as DNA) with hydrogen peroxide (the Fenton reaction
does not proceed). Complex Fe(IlI)* O-TRENSOX can prevent (or turn back) iron
chlorosis, while O-TRENSOX itself can be used for iron excess removal [66]:

NaO;S \\—N/\‘ /> SO;Na
—
NH HO
SO:Na

O - TRENSOX

3.1.4 Toxicity of O Reduced Forms with Regard to Biological
Systems and Methods of Protection

DNA deterioration in the cells of mammals which are subject to oxidation stress
(see Chap.4) is caused by local-specific formation of OH® radicals [67, 68] which
damage DNA [41]. Other particles such as ferryl apparently can also belong, under
certain conditions in vivo, to the class of such high-reactive particles deteriorating
DNA and other cellular targets [69, 70].

Complex compounds of transition metals not only influence in vivo biological
substrates of nonenzymatic systems but also can significantly influence functional
activity of enzymes themselves and enzyme chains. An example of the latter
is the influence of CO(II, III) and Cu(Il) complexes with 1,10-phenanthroline
(phen) and its substitutes (2,9-dimethyl-4,7-diphenyl-5,6-dimethyl-5-nitro-5-
aminophenanthroline) on the respiratory electron transporting cellular chain [71].
This respiratory chain is localized in cell mitochondria. Its substrates are organic
carbonic acids formed due to foodstuff metabolism. Respiration is electron transfer
from substrates of respiration to oxygen, proceeding by the chain of conjugated
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enzymatic reactions. In this respiratory chain, the substrates, coenzymes NADH
and ubiquinone, system of cytochromes (b, ¢ + c¢j, a + a3), and O;, which is
reduced to water, are included. The great amount of energy formed is stored in the
form of ATP.

Complex compounds of Co(II) with phenyl substitutes in 1,10-phenanthroline
significantly activated respiration of mitochondria, inhibited the synthesis of ATP,
and degraded the integrity of mitochondrial membrane. Copper complexes of 1,
10-phenanthroline and its substitutes also rendered significant activating influence
on mitochondrial respiration. In chemical reactions using respiratory chain ingre-
dients, a similar picture was observed. Biological activity of CO(IL, III) and Cu(II)
in 1, 10-phenanthroline complexes in the processes of respiration in mitochondria
is caused mostly by their catalytic activity in reactions of biological substrates’
oxidation (carbonic acids) [71].

The number of other influences of such complexes on biological systems is to
be noted. Thus, copper(Il) complex with 2,9-dimethylphenanthroline turned out to
be an efficient inhibitor of plasmodium and Mycoplasma gallisepticum growth—a
dangerous pathogen causing different diseases of living organisms, from humans
to plants. Thus, inhibition was caused by influence on the respiratory chain [72].
Complex [Cu(phen)]Cl, possesses strong bactericidal influence on gonococcus [73]
and fungicidal action [74]. [Mn(phen), (mal)] - 2H,O and [Ag, (phen);(mal)] - 2H,O
(malH, = malonic acid) were also found to exhibit fungistatic and fungicidal
activity against Candida albicans[75]. Although copper compounds are found in
all respiratory tissues [76], too high concentration levels are undesirable. Thus,
pathologic high copper concentrations were found in tissues of patients with
Wilson’s disease and in the cerebral fluid of patients with Parkinson’s disease [77].
Living organisms are forced to control copper content, preventing the accumulation
of its too high (toxic) concentrations. Otherwise, copper ion excess along with
highly reactive oxygen derivatives, biological reducers, and pharmaceutic agents
will oxidatively destroy nucleic acids, proteins, and lipids [78, 79].

Apparently, copper toxicity is caused with its catalytic oxidative redox cycle
between mono- and bivalent oxidation states according to the following reactions:

Cut +0, — C®T + (O (3.1)
205" +2HY — H,0, + 0, (3.2)
Cu™ + H,0, —> Cu’T + OH® + OH - (3.3)

Binding of Cu™ ions with some biological chelate-forming substances inhibits
OH® radicals formation. Thus, introduction of penicillamine and triethylenete-
tramine (drug used in Wilson’s disease’s treatment) inhibited free radical formation.
It is interesting that in reaction (3.3), an oxidant will be formed which behaves
similarly with OH®, but it is not excluded that it represents an intermediate of
superoxidized copper. Biological ligands such as cysteine, histidine, glutathione,
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and the above-mentioned penicillamine and triethylenetetramine prevent these
highly reactive oxidants’ formation [77].

Provided O3~ radical, much less reactive in relation to many biological targets,
is formed in vivo, it can be diffused on large enough distances, till it meets Fe(III)
complex with biological target (DNA, for instance). Thus, Fe(III) will be reduced to
Fe(IT). The latter, interacting with H,O,, generates OH®radical near the biological
target, being ligand for Fe(IIT) and substrate for OH®. These OH® radicals formed by
local-specific mechanisms act more efficiently and selectively than the same OH®
sradicals obtained directly within the cell.

Besides, OH® radical can be involved in epileptic pathogenesis induced with
iron(II) and iron(Ill) compounds. Introduction of iron or heme into the brain of
rats caused chronic epileptic nidus. Thus, the level of peroxide radicals, namely,
O35~ and OH®, increased significantly in brain, and were detected by EPR methods
(using spin-trap techniques) [80].

In its turn, OH® radical is responsible for membrane lipid peroxidation occur-
rence, in particular, for creatine oxidation; the product of this reaction can be
methylguanine (endogenic convulsant causing characteristic epileptic manifesta-
tions). Thus, OH® radicals, as well as O3, can be involved in epileptic pathogenesis,
induced with iron compounds, by its formation through the Haber—Weiss mecha-
nism. The same processes often result in epilepsy with head injuries.

In the same way, phagocytic mechanism of OH® action in cells can be described
as well. Phagocytes (neutrophils, eosinophils, and mononuclear phagocytes) are
able to generate a large amount of rather reactive oxidation agents (OH®, O3~,
etc.) for use in intruded pathogens’ deterioration. This remarkable property of
phagocytes is increased on the presence in these cells of respiratory destroying
oxidases, realizing oxygen reduction to O3~ with NADH participation:

oxidase

0, + NADH —— O3~ 4+ NADP* + HY.

The presence of superoxide dismutases in cells results in the rapid disappearance of
O3~ and H,O, accumulation.

The presence of O3~ and H,O, creates the possibility for phagocytes to produce
great amounts of various oxidants. Thus, in the presence of myeloperoxidase, a
strong oxidant may be formed—hypochloric acid [81]:

myeloperoxidase

H,0, + C1+ HY ———— 5 HOCI + H,0

transforming then into appropriate oxidizing radicals (see Chap.4). Besides, they
can generate OH® radicals using iron and copper compounds as catalyst, apparently,
by means of the Haber—Weiss reaction. The same process takes place if H,O; is
substituted with alkyl hydroperoxides:

iron or copper compounds

03~ + ROOH RO* + OH™ + 0,.
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Possessing the remarkable capacity to generate numerous oxidative particles,
phagocytes manage lipid peroxidation in inflammation places and at those parts
where the need for such oxidants appears (see Chap. 4). Thus, neutrophils produce
OH? radicals which realize hydrogen atom detachment from lipid (LipH) and thus
begin the radical reactions of lipid peroxidation considered earlier. Although the
mechanism of lipid peroxidation management by phagocytes is not quite clear, it
also seems to involve O3~ radicals [82, 83].

Besides, OH® and O3~ - free radicals, phagocytic systems, as supposed, can also
form another form of reactive oxygen particles. Thus, singlet oxygen 'O, can be
formed (it was detected in chloroplasts and in eye crystal thread lens). Besides, at
pH<5 (conditions that may be realized in some macrophages), HOS radicals can be
formed—stronger oxidants than O3~.

Finally, OH® radical formation, besides phagocytic activity, in H,O, presence
in a biological system, can be caused by transition metals’ catalytic influence, iron
complexes with adenosine, guanosine triphosphates, citrates, and DNA, with the
help of Fenton or Haber—Weiss reaction. Metal ion removal from sensitive places
by chelate formation with certain ligands can suppress tissue degradation with OH®
radicals. The most active in this relation is desferrioxamine:

R -NH HO O HO O
[ Il Lo
(CH2)5 /N-C\ /N-C\
| /(CHz)z (CH2)5\ (CHo), (CHz)s\
N-C N -C N-C-CH;,
Lol I Lo
HO O HO O HO O

where R is 2,3-dihydroxybenzoyl), the use of which can inhibit chronic inflamma-
tion [10].

Polymorphonuclear leukocytes generating free radicals of oxygen can provoke
cardiac muscle damages during ischemia (tested on isolated rat heart). Ischemic
insult consists in massive influence of polymorphonuclear leucocytes on regional
heart perfusion (blood passing through the heart extracted from the organism and
placed into the artificial medium) with superoxide radicals formation as part of the
phagocytic response (reaction) [84, 85].

For quantitative superoxide radicals determination generated with phagocytes
or polymorphonuclear leucocytes, the EPR method was used with 5,5-dimethyl-
pyrroline- N -oxide as spin trap [86, 87].

Low-density lipoprotein oxidation is related to early atherosclerotic damage (see
Chap. 4) [88]. This process is accelerated by the addition of trace amounts of CuCl,
to such lipids (LipH). A simplified scheme of this process in vitro is given in
Fig.3.1 [89]. Here, initiation of a lipid peroxidation chain reaction is shown, as
well as antioxidants’ influence on the process, secondary and tertiary reactions with
lipid hydroperoxides. It is supposed that initiation depends on lipid hydroperoxides
(LipOOH) proceeding in low-density lipoproteins. The process begins with these
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Fig. 3.1 Low-density lipoproteins oxidation

lipid hydroperoxides’ (LipOOH) decomposition with Cu>* ions to lipid peroxyl
radicals with a subsequent cascade of reactions:

Cu’* + LipOOH — Cu™ + LipOO® + H"
Cu™ + LipOOH — LipO® + Cu™ 4+ OH™
LipO°® + LipH — Lip® + LipOH
Lip® + O, ﬂ LipOO*
LipOO*® + a-tocopherol(antioxidant) —> LipOOH*®

Thus, a self-maintaining chain reaction occurs as shown in Fig. 3.1.

Destruction of LipOO® radicals by vitamin E shows low-density lipoprotein pro-
tection against oxidation. Only if the antioxidants are completely spent does rapid
accumulation of LipOOH proceed. However, the latter being a relatively unstable
compound, as a rule, it is subject to secondary and tertiary reactions catalyzed by
copper ions. Thus, LipOO® and LipO® radicals will be formed which compose
the chains. In their turn, LipO® radicals can attack both proteins (thus, peptide
bonds will be disintegrated) and be subject to a p-disintegration reaction (forming
aldehydes, joining LipH). Some of these aldehydes are rather reactive (namely,
malonaldehyde, 4-hydroxynonenal, and 2,4-alkadienals) and, having interacted with
LipH, will then change by various ways, including the formation of cell-toxic
substances.



3.1 Catalytic Influence of Transition Metal Compounds on Biological Processes 141

One of the reasons for the absence of a cells’ protection against the joint presence
of H,0, and Fe?T in them (OH® radicals are formed) is increased generation of
lipid peroxides inactivating some processes, such as synthesis of prostaglandin H
synthase (PGHS) [90]. Formation of Fe>" ions along with OH® radicals on Fenton
reaction

Fe’™ + H,0, — Fe*™ + OH™ + OH"

means that iron ions in the ratio Fe2t:Fe’3t =1:1, together with H,O,, will gener-
ate more lipid peroxides than the OH® radical alone. Really, in this case, perferryl
ion Fe2t00° « Fe3+O;_ can be formed, which can generate additional amounts
of lipid peroxides, deteriorating PGHS and, apparently, prostacyclin synthase [91].

Inner cellular damage caused by intercellular H,O, penetrating into the cells will
be decreased in the presence of Fe?" in the intercellular liquid. In the presence of
H,0, and Fe>* in amounts less than 250 and 500 WM, respectively, cell cytolysis
(deterioration) does not proceed. Thus, intracellular iron(II) compounds protect the
contents of cells against excessive H,O, penetration into them by its transformation
into OH® radicals which are mainly ruined on their interaction with intracellular
substances (proteins, amino acids, buffer salts, or antioxidants) [90].

Thus, general scheme of oxygen toxicity manifestation, represented in [92], can
be slightly completed, taking into consideration influence of specific (L) or non-
specific (L) ligands [93] (Fig. 3.2). In Fig. 3.2, electron donor D*~ reduces O, to O3~
and H,0,. The latter, interacting with L, Fe>*, will form ferryl particle L, Fe'¥ O%**,
which, being a strong oxidant, interacts with biological target RH, generating R®.
Radical R®, joining O,, will form RO;, which on reaction with RH is turned into
hydroperoxide ROOH and R®. Depending on ligand nature (L or L") and value
of redox potential ¢, either Haber—Weiss reaction (left part) or reaction of O3~
dismutation with the formation of H,O, (right part) can be realized.

substrates
D- D - D E enzymes
o—> ozru H:0,3-0,
L,FeX* 0,+ reaction of
r/ [l 3+ + 1
L'.Fe",2H superoxide
LnFe‘" 0y + 0y dismutation
(p< 0,32 B) (p> 0,32 B)
Gaber-
Weiss R RO+ ROH + O,
i
! reaction ? T
I
L,FeO* +RH —> R=—*RO; +—0,
0, T
R-
RH ROOH

Fig. 3.2 General mechanism of oxygen toxicity
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Lipids can also be biological targets of RH type. As soon as many reducers are
contained in the cell (namely, ascorbic acid) which can directly reduce Fe(III) to
Fe(II) with higher rate than superoxide ion O5~, determining the role of the latter
in oxygen toxicity manifestation, though not excluded, is considered as doubtful.
Actually H,O, and OH® radicals, but not O3~ radical, caused deterioration of phos-
pholipids of cardiomyocyte membranes and lipid peroxidation [94]. Thus, it was
shown that H,O, causes relatively large deterioration of membrane phospholipids
compared to OH® and O3~ radicals.

Oxygen toxicity is manifested on monosaccharide autoxidation (namely, glyc-
eraldehyde). Monosaccharide enediols formed are catalytically oxidized by iron
compounds generating ketoaldehydes, O5~, and OH®. Oxidation of monosaccha-
rides contributes to hyperglycemia (diabetes) occurrence, i.e., joint oxidation of
tissues by means of these highly reactive particles. Such tissue oxidation is often
accompanied by secondary processes—atherosclerosis, kidney disease, cataract,
and retinal pathology [95].

Thus, monosaccharide autoxidation can contribute to diabetic complication
development. Monosaccharide concentration is significantly increased in hyper-
glycemia and hence, concentration of H>O, and other reactive particles (O3~, OH®)
involved in monosaccharide autoxidation. For instance, the cellular toxic particles
mentioned above can be generated in erythrocytes and eye crystal lens.

Catalytic oxidation of monosaccharide enediols with iron compounds can be
accompanied by oxidation stress in hyperglycemia and atherosclerosis connected
with it.

Insulin being one of the main regulators of substance exchange within the
organism’s cells (exchange of hydrocarbons, lipids, proteins and amino acids,
nucleic acids and nucleotides) will decrease glucose level in blood due to the
increasing of glucose introduction into cells, intensification of glucose exchange
in various metabolic cycles, including it into glycogen and aliphatic acids [96]. On
diabetes (lack of insulin in an organism), a sharp increase in LPO level in blood is
observed, as well as significant increase in free radical concentration [97].

3.1.5 Role of Bleomycin and Its Models in DNA Deterioration

Among biological targets, DNA is one of the most important. Disintegration of DNA
threads can be realized by various systems, generating reactive oxygen particles
by y-irradiation (O5~, OH®), light influence (O,, O3), using Fenton reaction
(OH®) or systems of Fe(I)EDTA-O,, Cu(I)-phen-O, type, anti-carcinogenic drugs,
adramycin, streptomycin, etc. [96]. With the same purpose, antibiotics belonging to
the bleomycin series are used and applied in anti-carcinogen therapy in common
with iron compounds and dioxygen, efficiently and selectively disintegrating DNA
threads as is described in detail in review [98]. Their use in clinical oncology is
given in [99, 100], etc. Thus, DNA is the main target in the cell for bleomycins
[101-103]. They can disintegrate RNA as well [98]. Bleomycins are glycopeptides
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Metal-binding domain

DNA-binding
domain

Disaccharide
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Fig. 3.3 Structure of bleomycin and its domains

with a molecular mass of ~1,500. The structure of bleomycins (Blm-X) is as shown
in Fig. 3.3.

Here, X—NH(CH2)3S+(CH3)2 (Blm—Az),
—NH(CH2)3NH(CH2)4NH2 (Blm—As),
—NH(CH;)3SCH3 (DMBIm-A;: dimethylbleomycin),
—-NH,(BImB}), NH(CH,)sNHC(NH)NH, (BIm-B,),
—-NH(CH,)3NH(CH,)3N(CH,)4 (BIm-BAPP),

CH;

—NH(CH2)4NH—4_¢(IZH- Ph (peplomycin).
o

Numbers 1-6 are used to indicate nitrogen atoms coordinated with Fe?" ions and
occupying six coordination places in the complex.

Bleomycin can be bound strongly enough with DNA. In the presence of
dioxygen, Fe(I[)Blm binding with DNA results in the destruction of the latter
[104]. Molecule Blm can accomplish various functions, and thus was conventionally
divided into several parts (domains). Pyrimidoblaminic acid and B-oxohistidine
form a metal-binding domain [105, 106]. The remainder of dithiazole and edge
amine X is called DNA-binding domain. Disaccharide promotes O, binding for
oxidation disintegration of DNA [107]. Equally with Fe(II)Blm complex, complexes
Fe(Il)Blm, Cu(I)Blm, and Co(IIT)Blm will also be formed, which can join DNA at
different rates. Dioxygen O; joins Fe(II)Blm forming a triple complex (Oxygenated
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Blm), which is stable in the presence of DNA excess [108]. The structure of metal
(copper)-binding bleomycin domain can be given as in Fig. 3.4 [109]:

The most strongly bound with DNA are the dithiazole remainder and edge
amine of bleomycin, and the least strongly bound is the metal-joining center.
Thus, dithiazole is incorporated between the DNA foundations or is joined to the
small fissure of DNA. Selective adsorption of bleomycin on cancer cells in the
presence of sufficient amount of O,, with subsequent cellular DNA oxidation cutting
by Fe-bleomycin, results in the formation of propenal base and free nucleonic
bases [110, 111], which apparently cause specific actions of the drug. Initially,
it was supposed that DNA degradation mechanism has a free radical character
[112, 113], proceeding from the capacity of Fe(I)BIm complex to be formed in
the presence of O, to generate OH® radicals [114, 115], which can react with
DNA. But this was not confirmed by further tests, as the use of OH® radical traps
(such as tert-butyl-phenylnitrone, butylphenylnitrone, and dimethylsulfoxide) did

H,NCO

VLN Disaccharide
o o—

Fig. 3.4 Structure of metal-binding domain of bleomycin

Fe!' + Blm
\y, » Fe(IBIm o
ya ’ ’
e -——‘:,’
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oxidative
disintegration Fe(III)Blm(OOH )
DN “activated bleomycin”

Fig. 3.5 DNA degradation by iron complex with bleomycin
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Fig. 3.6 Supposed scheme of lipogenase-like reaction activated with iron(Il, IIT) complexes
with Blm

not provide inhibition of DNA disintegration. FeBlm also catalyzes oxo-transfer to
olefin substrates in a stereoselective way (such as cis-stilbene) in the presence of
phenyl hypoiodite (PhIO), H,O,, ROOH, and O, [116]. These FeBlm properties are
unique, since this is the first example of a mononuclear non-hemic system capable
of activating oxygen.

Proceeding from the results of electron spectroscopy, EPR, and Mdssbauer effect,
mechanism of bleomycin influence on DNA is represented as the result of formed
“activated bleomycin” which causes oxidative DNA degradation. The scheme of
DNA disintegration by iron complex with bleomycin and dioxygen is givenin [117].
In a somewhat different, cyclic, form it can be represented as in Fig. 3.5.

An additional electron for “activated bleomycin” formation can come either
from the reducer present in solution, or from other Fe(II)Blm molecule as a result
of disproportioning. “Activated bleomycin” is sooner low-spin iron (III) peroxo-
complex [Fe(IIHBIm(HOO™ than ferryl complex in hemic systems according to
mass spectrometric data [118, 119] (this has not been revealed definitely).

It can then oxidize DNA and be reactivated anew by hydrogen peroxide. It is
not excluded, but has not been proved, that in the presence of electron donors,
Fe(III)Blm can be partly reduced to Fe(I)Blm (in Fig. 3.5, it is shown by the dotted
thread). The details of DNA oxidative destruction are given in [98, 106, 120-122].
The destruction of DNA and RNA [123] results in disintegration of their lactose
phosphate frame in C,’ position and liberation of free bases (propenals) [124].

It can be seen from Fig.3.5 that hydrogen peroxide influences results in the
repeated regeneration of “activated bleomycin” and selective catalytic oxidation
of both relatively simple organic compounds and complex ones such as DNA and
RNA. Thus, complex of bleomycin with iron(II) acts as “proteinless enzyme.” One
molecule of this antibiotic is able to catalyze the reduction of 4,7 oxygen molecules
and destruct several DNA [88]. In its turn, DNA catalyzes auto-activation of some
oxidized metal complexes, thus efficiently protecting itself from deterioration [125].

Oxidative DNA deterioration results in the occurrence of inflammatory autoim-
mune diseases such as rheumatic arthritis and systematic erythematosus lupus
(skin reddening), and also cancer and aging [126]. This is apparently caused by
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changes in DNA, which can result in mutations yielding cell function change
[127]. According to another assumption, oxidative changes in DNA can make it
an antigenic substance, stimulating antibody release against DNA itself, detected in
the case of erythematosus lupus [128].

Increase in free oxygen radicals (O35, OH®) or oxygen peroxide contents in vivo
due to the common oxygen metabolism (and also because of radiation) reduces
the level of antioxidative enzymes (superoxide dismutase, catalase, and glutathione
peroxidase), which can result in the increase in DNA damage level and mutation
possibility, manifested in change of antigens themselves and autoimmunity [129].

One of the forms of DNA damage is breakage of DNA thread which is manifested
as a consequence of influence on oxidant cells (namely, H,O,). There is an enzyme
in the cell—poly-ADP-ribose polymerase, being the part of the system, repairing
the damaged DNA. On DNA deterioration, this enzyme will be activated, consuming
NAD™ and ATP. If the degree of DNA damage becomes too high, the amount
of NAD" and ADP is not enough to repair the damaged DNA that results in cell
ruin. Such damage is a “self-destroying response” of cells in the case of extensive
DNA damage so that it will be better for the cell to be ruined than endure the
appearance of somatic mutations (connected with body), resulting in malignant
consequences [129].

Iron compounds joining DNA, in the presence of oxygen oxidants (O,, H,0,),
catalyze OH® generation (see [130]) and, therefore, subsequent DNA damage. This
statement has been recently confirmed in a study of the complex [Fe"EDTA]*~ and
H,0, influence on DNA [131]. Thus, proof is given that it is OH® radical and not
ferryl complex that is responsible for DNA damage.

One of the numerous products obtained by oxygen radical attack on DNA
is 8-hydroxydeoxyguanosine (8-OHdG), which is a mutagen causing increase in
frequency of bases separation from DNA.

Many chemotherapeutic drugs, e.g., bleomycin, cause biological effects similar
to that from radiation. Bleomycin acts as an antitumor agent due to its capacity of
triple complex formation with iron and DNA. This complex can be activated with
cytochrome P-450 and, apparently, DNA deterioration also involves its interaction
with OH® radicals. This results in the breakage of simple and double DNA thread
with the production of free and propenal bases. Their further decomposition results
in the formation of malonic aldehyde. By its accumulation, the conclusion is made
on the presence of “catalytic” iron in biological liquids [129].

On activation, human granulocytes (leukocytes containing granula in cytoplasm)
produce a large quantity of free oxygen radicals in inflammation places in an
organism. Granulocyte activation with the tumoral promoter tetra-deconyl phorbol
acetate (TPA) causes an increase in 8-OHdG in cell and, hence, breakage of DNA
threads. The rate of such thread unwinding is significantly increased within the cells
of patients with rheumatoid arthritis compared to normal cells.

Chromosomal deviations of norm in the case of patients with sclerosis are
provoked by oxygen radicals inducing DNA deterioration [132]. Blood lymphocytes
in the case of patients with autoimmune diseases (rheumatoid arthritis, systematic
erythematosus lupus, and Bechets syndrome) turn out to be highly sensitive to the
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toxic effects of alkylating agents such as N -methyl-N -nitrosourea, compared to
normal patients [133]. All these point out that DNA damage with oxygen radicals
can be caused with various environmental mutagens and can play an important role
in somatic mutations yielding autoimmune diseases [129].

Like iron(IIl) interaction with bleomycin (Fe(III)BIm), cobalt salt interaction
with bleomycin results in the appropriate complex formation CO™BIm [134, 135].
Cobalt ion joins the metal-binding domain of bleomycin by means of five N-donor
primary and secondary amino groups, pyrimidine, and imidazole ring. CO"™'BIm is a
low-spin complex, strongly joins DNA [136], and, unlike Fe(III)BIm complex, does
not provoke DNA oxidative damage [137].

However, Co™ Blm can disintegrate DNA, provided it is irradiated with
visible light [138]. Cobalt salts form several complexes with bleomycin (orange,
brown, and green). Three model compounds [139] were revealed and studied,
namely [Co(PMA)(N -methylimidazole)]?* (1), [Co(PMA)(H,0)]*T (2), and
[Co(PMA)CI]T (3), imitating spectrophotometric properties of these three Co'™ Blm
complexes, photodisintegration of DNA by them on their UV irradiation. Under
their UV irradiation, in water solutions OH® radicals will be formed (from water)
[140] which induces the breakage of DNA threads. The bond of cobalt(IIl) from
these model compounds with DNA is weak (electrostatic), while cobalt(IIl) with
Blm forms a much stronger bond. Because of this, model complexes (1), (2), and
(3) do not realize DNA photodisintegration with the same efficiency as Co'"Blm.
DNA photodisintegration with model complexes (1)—(3) is the result of OH®
radical influence. However, model complex [Co(PMA)]** modification by stronger
(covalent) joining of acrydine or bithiazole promotes photodegradation of these
complexes, which is rather similar to that of Co™BIm [139].

“Activated bleomycin” [Fe(III)BIm(HOO™)] seems to be responsible for a
serious side effect—Iung fibrosis (benign tumor from joint tissue); bleomycin
therapy led to marked lung deteriorations which limits the drug usage. This process
can be reversed by introducing some antioxidants. Fibroma occurrence induced with
bleomycin apparently involves high-active oxidants’ influence on the components
of cellular membranes. As “activated bleomycin” is a peroxo-compound of iron(III)
with bleomycin, this complex easily realized oxo-transfer to the olefin compounds
of membranes. Hence, it becomes clear that interaction between cell lipids (olefins)
and Fe(III)BIm(HOO™) complex must result in lung deterioration.

Research in vitro has confirmed that iron ions bound in complex with bleomycin
and peplomycin (another member of the bleomycin group) catalyze lipid peroxida-
tion with oxidation products distribution, similar to that produced by lipoxygenase
[141]. Also, it was proved that bleomycin causes redox-sensitive activation of
phospholipase D [141, 142].

Earlier lipogenase activity and evolving of singlet oxygen (' A,), accompanying
it, were discovered under the influence of Fe(III)Blm and Fe(I)Blm-O, complexes
(supposing it is Fe(I[)Blm- O3™) on sodium linoleate (as lipid oxidation model) in
vitro [143]. Later on, the assumed scheme of such lipogenase activity mechanism
and 'O, formation was proposed [144]. This scheme can be represented in a
somewhat simplified and cyclic form as follows (Fig. 3.6):
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Complex Fe(II)Blm, interacting with linoleate anion, obtains electron and
Fe(II)Blm, and appropriate (Lip®) will be formed. Complex of Fe(Il)Blm with O,
forms the oxygenated complex Fe(I)BIm-O, (Fe(III)BIm-O35™). Equally O,, influ-
encing Lip®, will generate a new radical LipOO®. The latter, receiving the electron
from Fe(I)Blm-O,, will be transformed into a dissociated form of hydroperoxide
linoleate (LipOO™) and complex—into Fe(II[)BImO,. The oxygenated complex
Fe(IIT)BIm-O; on oxygen lacking can once again be transformed into Fe(IIT)Blm.
Singlet oxygen 'O, generation from hydroperoxide linoleate was proved to pro-
ceed, using a chemiluminescent method in visible (633 nm) and its more specific
variant—infrared (1,268 nm) fields [144], which confirmed the earlier assumption
on its formation [145]. It was also found that Fe(III)Blm complex stimulates 10,
generation (luminescence appears) in the system Fe(III)Blm-H,0,—-OCI™ as well,
which also catalyzes linoleate (Lip~) interaction with *O,, transforming the latter
into '0,.

Naturally, this supposed scheme of lipogenase-like reaction needs knowl-
edge of further details. It is possible that ‘“activated bleomycin complex”
Fe(III)BIm(OOH ™) will also be formed in vitro.

Provided Fe(II) is replaced with Co(II), the appropriate complex with bleomycin
will not disintegrate DNA even in the presence of O, and a reducer. However, if the
system Co(II)-Blm—0, is irradiated with UV light, it results in a DNA disintegration
reaction. It was shown [135] that initially formed complex Co(II)Blm-O, will then
be transformed into two intermediate CO(III) complexes:

Co(II)BIm-O, —> Co(IIT)BIm-OOH(green) + Co(IIT)BIm-H,O(brown)

which are able to take part in the DNA disintegration reaction under irradiation.
Complexes Co(Ill) (peplomycin)-OOH and Co(IIl) (peplomycin)-H,O interaction
with dodecanucleotide CGCGAATTCGCG turned out to be specific to the disinte-
gration place—near this nucleotide’s C3 and Cj;, although disintegration products
can be different [111].

Bleomycin is a very complex molecule. To clarify the mechanisms of DNA
oxidative and photolytic deterioration by bleomycin complexes with metal ions
(iron, copper, cobalt, or zinc), a model ligand PMAH has been synthesized [141]:

H
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PMAH
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which imitates the metal chelate part of bleomycin, and the appropriate com-
plexes [Fe'(PMA™)]CI:MeCN (a) and [Fe(IIT)(PMA™)](NO3),-DMSO (b) are
analogs of MBIm. Their structure was established by spectral methods. Oxy-
genated complexes (a) and (b) imitate all spectroscopic and chemical properties
of “activated bleomycin.” They represent iron(IIl) peroxo-compounds with PMA™—
[Fe(III)(PMA ~)(OOH )], which are active intermediates in both DNA destruc-
tion and reaction of oxo-transfer. Really, complex (a) catalyzes lipid peroxidation in
the presence of O, in the same way as Fe(I[)Blm [141]. It was also observed that
complexes (a) and (b) promote peroxidation of linoleic acid and arachidonic acids
with H,O,. On such ligand peroxidation, the same products were formed as those
in enzymatic peroxidation with lipogenase.

The scheme of lipid peroxidation with model complexes (a) and (b) is given in
[141] (Scheme 3.2).

0, H,0,
[(PMA)Fe"]'——— [(PMA)Fe""OOH] '«——[(PMA)F"**
H+ - _ H+

R-
w
©) R R-
Dien re-arrangement
A P
)
R R- R R-
Oxygenation Chain continuation
0, 00- OOH
3) LipH Lip- 4)
LipOOH

Scheme 3.2 Mechanism of lipid peroxidation

First, H atom removal from olefin substrates (O) proceeds with the help of
[(PMA)Fe(IIl) - OOH]* complex. Assumption on hydrogen atom removal with
oxo-iron superoxidized complex of ferryl-type (PMA)Fe!” = 0 or (PMA)Fe" =
0), forming from [(PMA)Fe(III) - OOH]* by bond O-O breakage, has not yet been
proved experimentally, although such an assumption has some ground. Thus, rapid
lipid peroxidation is promoted in the presence of O, or H,O,. In accordance with
Scheme 3.2, an H atom is removed from the methylene group of the olefin (linoleic
or arachidonic acid) with the formation of C-basic radical (1), then diene radical is
generated (2), and with the help of O,, peroxy radical will be formed (3). The latter
interacts with lipid (LipH) and forms lipid hydroperoxide (4).
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Fig. 3.7 Supposed H;N.__.O
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According to Scheme 3.2, the formation of all these products has been proved
experimentally. Introduction of a-tocopherol (vitamin E) into the reactive mixture
practically seized olefin’ peroxidation. Therefore, it was shown that these synthetic
analogs (a) and (b) can be good models of Fe(Il)Blm, promoting easy lipid
peroxidation in the presence of O, and H,0O,, thus explaining the occurrence of
lung fibrosis as a main side effect of cancer therapy with bleomycin, limiting the
use of this drug.

Proceeding from PMAH study as ligand, and its complexes (a) and (b), modeling
bleomycin and its complexes with Fe(Il) and Fe(IIl), and also experimental proof
that the solvent is coordinated by sixth place in model complex (a), where it is in
labile state and can be replaced with oxygen joined to the complex, the supposed
structure of Fe(II)Blm was proposed (Fig. 3.7) [118, 146].

Here, R; is the binding part, bithiazole part, and final amine; and R, is
mannose sugar.

Fe(Il) compound with bleomycin is the first example of a mononuclear non-
hemic iron complex with the considerable capacity to activate O, [147, 148]. Thus,
the problem appears of revealing which particles form O, complex with Fe(II)Blm,
and why it is them and not others. It has already been pointed out above that numer-
ous experimental data testify on “activated bleomycin” formation, representing
low-spin peroxo complex [BImFe(III)-O-OH]". To reveal why appropriate ferryl
complex in superoxidized iron state (4+) and oxene is not formed, equally with
PMAH, a number of other similar compounds were synthesized, in which imidazole
group or NH; group in PMAH was substituted with NHCH;3; or N(CH3)5.

Experiments with PMAH and similar compounds have shown that, for the
formation of low-spin complex [LFe(III)-O-OH]™, it is necessary that iron be
joined to five nitrogen atoms of primary and secondary amines, pyrimidine, and
imidazole rings of PMAH ligand. Like iron—porphyrin complexes [149], in these
non-hemic systems, the presence of strong field ligands is needed with spacious -
system in the main plane and that of one axial donor in order to bind and activate O5.
In case of iron porphyrin complexes, a high degree of electron transfer from Fe—O-O
to porphyrin r-system provokes the breakage of the O—O bond and the formation of
ferryl (Fe!Y = O) or perferryl (Fe¥ = O) complex [150, 151]. It is supposed that in
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the case of the Fe(II)-Blm system or model bleomycin analog PMAH, 7 -electronic
density existing in these systems is enough to form the hydroperoxo intermediate
Fe(I1I)([BImFe(II1)-O-OH] ™ or [PMAFe(III)-O-OH] ™" (Fig. 3.8), but not enough
to cause the breakage of the O—O bond like in the porphyrin system [152]:

EPR spectrum (g =2.27;2.18;1.93) of [(PMA)Fe(Il)-O-OH]" is identical
to that of “activated belomycin.” Peroxo complex [(PMA)Fe(IIl)-O-OH] ™" is
a very strong oxidant. In methanol solution, it produces CH,OH® radical by
hydrogen atom removal. This radical causes subsequent formation of formaldehyde
and OOCH;OH?® radical (established by the EPR method). The peroxo complex
involved promotes rapid deterioration of DNA by its sugar part deterioration and
propanol state formation. It can also realize stereoselective oxo-transfer to olefin
substrates [145], i.e., it possesses the same functional properties as “activated
bleomycin.”

Initial complex [Fe(III)(PMA)]** in acetonitrile easily realizes cyclohexane
oxidation with zerr-butyl hydroperoxide (‘BuOOH) or hydrogen peroxide (H,O,)
with cyclohexanone and cyclohexanol formation in the ratio 1:1. This means that
functionally this complex acts like the cytochrome P-450 model. Thus, the number
of rotations (quantity of moles of products per mole of catalyst per hour) reaches
80. A probable mechanism of cyclohexane oxidation in the presence of ‘BuOOH
and [Fe(III)(PMA)]*", based on the experimental data obtained, is presented as
Scheme 3.3 [153].

As can be seen from Scheme 3.3, the possible mechanism comprises the follow-
ing stages: intermediate [(PMA)Fe(I11)-O — O'Bu]™* formation, homolysis of O—O
bond with the formation of two oxidative particles [(PMA)Fe(II)-0°®]* and ‘BuO®,
initiation with ‘BuO® radical of H atom detachment from cyclohexane and promot-
ing with [(PMA)Fe(IlI)-O®]* radical H atom detachment from ‘BuOOH, cyclo-
hexanol and cyclohexanone formation, and intermediate [(PMA)Fe(I11)-O-O'Bu]*
formation by [(PMA)Fe(IlI)-OH] ™" interaction with ‘BuOOH. The use of ' BuOOH
instead of hydrogen peroxide yields the same mechanism of cyclohexane oxidation,
but with different product distribution. The intermediate [(PMA)Fe(I11)-O—O'Bu]*
has been identified spectrophotometrically under low temperature. In general,
[Fe(IIT)(PMA)](ClOy4), complex is an efficient non-hemic catalyst in the reaction
of alkane oxidation with fert-butyl hydroperoxide at room temperature.

Besides PMAH and its derivatives, other ligands can also be used, forming
complexes with the transition metal ions, able to promote DNA disintegration.
Such complexes involve [Cu(phen),]** [154, 155] and EDTAFe(Il) [156, 157].
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[Fe'(PMA)J*

'‘BuOOH
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l ‘BuOOH 'BuOOH
[(PMA)F" - OH]" + ‘BuOO® ‘BuOO- + C>.—>‘BuOOCy
(0J3
Cy00*

Cyclohexanole and cyclohexanone

Scheme 3.3 Mechanism of cyclohexane oxidation

Thus, free oxygen radicals are formed attacking the deoxyribose base of DNA.
Other complexes need photochemical activation for realization of the same function
(namely, [Cu(phen);]>*) [158].

However, other ligands were synthesized as well, forming complexes with
iron(Ill), able to realize catalytically one-thread oxidative disintegration of
plasmid DNA under physiological pH and temperature. Thus, a complex of
1,4, 7-trimethyl-1,4,7-triazacyclononane with FeCl; (LFeCl;) was synthesized,
which at low concentrations (~0.5 wM) in the presence of O, will efficiently disinte-
grate DNA. Addition of reducing agents (namely, dithiothreitol) increases this com-
plex efficiency about ten times (for DNA disintegration, only 0.05 wM is needed),
and its efficiency becomes closely comparable with that of Fe(Il) complex with
bleomycin (Fe(II)Blm). LFeCl; complex can be easily synthesized and is stable in
water solutions, which makes it an attractive agent for DNA disintegration [159].

In the process of plasmid DNA disintegration, generated free radicals of oxy-
gen (OH®) or iron-oxo particles react directly with DNA and do not come out
into solution, unlike the aforesaid iron complexes with other ligands, and also
Fe(I)-EDTA complex (methydiumpropyl) [160-162]. This last complex disinte-
grates DNA at concentrations similar to the LFeCl; complex; however, OH® radicals
will be formed fixed in solution. Therefore, in this case, the mechanism of DNA
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disintegration differs from that for LFeCls. It is unclear yet whether or not LFeCls
complex possesses antitumor properties, similar to those found in Fe(IT)Blm.

In double DNA threads, breakage can be either single (one thread is broken)
or double (both threads are broken). For cell survival, the latter breakage is more
pernicious, as in this case, “reparation” (reducing) of DNA is more difficult [163].
Study of the structure of the molecules that can cause such rupture of DNA
threads is important both for the appropriate drugs creation against carcinogenic
diseases, and for revealing the mechanisms of DNA reparation. With this in
mind, complex ((2S, 8R)-5-amino-2,8-dibenzyl-5-methyl-3,7-diasononandioato)
copper(Il) has been synthesized and studied (1), able to break orderly two DNA
threads, likewise iron complex with bleomycin [164]. Positively charged ammonium
group is fixed with the ligand, which can interact with DNA phosphates. Copper(Il)
is used for hydrogen-detaching active oxygen particles generation. The structure of
the complex is as follows [165, 166]:

%
o
Cu(II)

On (1) interaction with DNA in the presence of O,, OH®~ and O35~ radicals
will be formed. In the presence of a reducer (ascorbic acid (AH;) or others), (1)
will generate OH® radicals by Haber—Weiss reaction (5). Appropriate sequence of
reactions can be represented by Scheme 3.4.

1. Cu"L + é (from reducer) CulL
(1

2. CuL + 0, Cu''L*0,*

3. Cu'L* O, Cu''L +0y*

4. AH,+ 0" A + H,0,

5. 0x* + H;O, 0O, + OH+ OH".

Scheme 3.4 Interaction of DNA with Co complex in the presence of O,

Clearly, the same processes can be drawn as cyclic Scheme 3.5 [165].

Thus, the mechanism of DNA cutting consists of binding of (1) with DNA,
037, and H,0, formation, OH?® generation, OH® interaction with deoxyribose, and
hydrogen atom removal from it in the C,’ position. Interaction of the deoxyribose
radicals thus formed yields the products of DNA thread breakage (in particular,
propanol base formation). The scheme of DNA thread double rupture is shown in
Fig.3.9 [167].
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Scheme 3.5 Cyclic scheme of DNA interaction with Co complex
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Fig. 3.9 Supposed scheme of DNA threads double rupture

Reaction of DNA threads in the case of complex (1) use proceeds much slower
than in the case of iron or copper complex with bleomycin. The possibility of double
rupture of DNA threads with complex (1) and lethal deterioration of appropriate
cells makes its complex rather attractive in creating chemotherapeutic agents for
use against cancer.
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Fig. 3.10 Structure of O OH (0]
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The clinical use of other antitumor drugs, for instance related to anthracyclines—
doxorubicin (DOX, adriamycin), epirubicin, daunorubicin, etc.—is limited by a
dose-limiting cardiotoxicity. The latter is connected with oxidative stress which
is induced by oxygen free radicals (O3~ and OH®), catalytically generated in
vivo by very stable iron(Il) complexes with anthracyclines (stability constant
of Fe*T(DOX); complex is approximately equal to 103M~3) [168]. Among
anthracyclines, doxorubicin is one of the most efficient antitumor drugs. Its complex
with Fe(Il) catalyzes the destruction of cell membrane and is incorporated between
pair bases of DNA.

The structure of antitumor anthracyclines is presented in Fig. 3.10.

Complex Fe*T—doxorubicin can be subject to auto-reduction to Fe?'-
doxorubicin on account of electron transfer from the OH group of a-ketol part of
doxorubicin. Thus, generation of OH® radicals proceeds by preliminary formation
of O3~ and H,O, [168]:

Fe’t — DOX 4 0, — Fe’™ —DOX + 05~
2057 +2HY — H,0, + 0,
Fe’t — DOX + H,0, —> Fe’t —DOX + OH™ + OH*

Reducing of Fe**-DOX complex and lipid peroxidation by means of doxorubicin
are realized in parallel with their cardiotoxicity [169]. This is caused, apparently, by
OH?" radical generation and increased toxicity of anthracyclines such as doxorubicin
and epirubicin, as only their complexes with Fe** (but not of other anthracyclines)
are capable of auto-reduction [170].

3.1.6 Intermediates of Ferryl Particles Type in Biochemical
Systems

In biochemical processes, oxygen molecule transformation in vivo into more
reactive reduced forms and interaction of the latter as oxidant with various
endogenous substrates play an important role. In such transformation realization,
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Fig. 3.11 Structure of
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metal porphyrins occupy an important place in the metabolic processes of living
organism. A high degree of porphyrin cycle conjugation contributes to this,
providing relatively easy electron transfer both from porphyrin to central metal, and
vice versa. The structure of cobalt tetratolylporphyrin (TTPCo(Il)) and its oxidized
derivative (TTP**+Co(IlI)) is shown in Fig. 3.11.

Interaction of metal porphyrinates with O, results in highly reactive intermediate
forms of oxidant generation. The rate formation of such intermediates and their
reactivity are affected by many factors: nature of central metal ion, peculiarity
of substitutig groups in porphyrin macrocycle, influence of axial ligands’ nature,
and properties of solvent. Oxidation of metal porphyrinates proceeds through the
formation of oxygenated p-peroxo complex, ferryl intermediate Fe'¥ =0, and,
finally, p-oxydimer:

(¢} PFel! PFel!
PFe! = PFeO, —> PFe! — O — O — Fe(Il)P —> PFe!Y = 0 —> PFel — O — Fe(Il)P
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The most general reactions of hydrocarbon (RH), olefin, and aldehyde catalytic
transformations can be presented in the following form:

>C=0
PMZ+
RH + O, ROOH
ROH
PMZ+
>C=C<+ 0, — >C-C<
O

pM2+
RCHO + O, —— RCOOOH

where PM** metals complex with porphyrin. Catalytic transformation of hydrocar-
bons can be accompanied by the formation of free radicals, and the mechanism of
such processes becomes radical-chain:

Initiation:

TPPM2T + O, — TPPM>T - 0,°~
TPPM3T - 0,°~ + RCHO —> TPPM** . O,H 4+ RCO*®

Chain continuation:

RCO*®* + O, — RCOOO*
RCOOO® + RCHO — RCOOOH + RCO*

Breakage:
2RCOO0* — Products

I're where TTP—tetraphenylporphyrin

Thus, the participation of oxidation metal complex is admitted, although its pres-
ence in the reaction medium was not proved [171]. Nevertheless, some oxygenated
porphyrin complexes with Mn(II), Fe(IT), Cu(I), and other transition metals exist.

Low oxidation potential of Mn(II) and Fe(II) porphyrinates makes them rather
unstable in solution, and in the presence of oxygen they are subject to rapid
oxidation with the formation of final products with different structures. Irreversible
oxidation to dimer forms can also proceed [172].

The efficiency of metal porphyrinates and the processes’ course in catalytic
oxidation of organic substances with dioxygen depends to a great degree on
the absence or presence of an additional reducer (for instance, NaBH,), which
creates the necessary conditions for the formation of active intermediates in the
course of the reaction. Change of process mechanism can be seen as soon as the
various products of oxidation process are obtained in the presence and absence of
reducers [173]:
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It is supposed that formation of highly oxidized intermediates is complicated in
the absence of a reducer, and the reaction course will be different to that in their
presence.

On such two-electron oxidants being used as per-acids, phenyl hypoiodite
(CeHs-10), sodium hypochlorite (NaOCl), nitrogen oxides, and Mn(III) porphyri-
nates are transformed into oxo-manganese(V) complexes [161]:

1 CHs 1 CHs
o o
CeHs 10
G2 D —
cl X X

In the same way, iron(Ill) porphyrinates efficiently realize hydroxylation and
epoxidation reactions with these oxidants [173].

Nowadays at least three tens of enzymes (hemic and non-hemic) are known,
related to various sources and various classes (peroxidases, catalases, cytochromes
P-450, cytochrome oxidases, methane monooxygenases (MMO), etc.), functional
activity of which is manifested by means of ferryl intermediates’ formation [174].

Ferryl intermediate iron, bound with oxygen, is formally in oxidation degree
+5, but it is always present as Fe(IV) = O with one electron isolated from protein,
and therefore is represented in the form P** Fe(IV)=0-ferryl -cation radical (so-
called compound I). Its one-electron reduction generates ferryl particle PFe(IV)=0
(Compound II), and two-electron reduction results in initial iron porphyrinate
PFe(III). In hydrogen peroxide excess, PFe(IV) = O will be turned into intermediate
oxy-compound (compound III), the structure of which can be, apparently, defined
as partial charge transfer complex [Fe?tO, <> Fe’T 03] (compound III). The ratio
of these compounds looks as in Scheme 3.6.
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[Fe“Oz 1—»F93+02-'] S (compound III)
\-3 e
-2¢e
PFe(Ill) s——P"'Fe(IV)=0 -2¢  (compound I)
2¢
-
PFe(IV)=0 +~— (compound II)

Scheme 3.6 Formation of ferryl intermediates in the functioning of enzymes

These compounds (I-III) are formed as intermediates in the process of various
enzymes’ functioning. Thus, the difference in mammal peroxidases (myeloper-
oxidase, lactoperoxidase, saliva peroxidase, eosinophil, and thyroid peroxidases)
with regard to substrates oxidation consists in the value of redox potential of
the compound I [175]. Myeloperoxidase is used by neutrophils in phagocytosis
processes for bactericide HOCI formation from chloride and hydrogen peroxide
(see Chap.4), and neutrophil oxidase transforms compound III into compound I.
Prostaglandin H and synthase (peroxidase) form both compound I and compound IT
[176,177]. A rather interesting case is the use by catalase of its own substrate—
hydrogen peroxide—as oxidant (generating from PFe(III) compound I), and as
reducer (regenerating the initial active center of enzyme PFe(III) and evolving O5).
Such behavior is a rather frequent case in catalytic processes, thus illustrating what
is known in philosophy as the law of antipodes’ unity.

Ferryl intermediates are also generated on oxygenases and oxidases function-
ing. Comparative representation of substrates transformation mechanisms (without
detailed consideration) is given in Fig. 3.12 [174, 178-180].

With all these enzymes’ functioning, ferryl particles formation is observed for
compound types I and II.

In the case of enzymes with non-hemic active centers, there are no direct
spectrophotometric proofs of ferryl particle Fe(IV)=O0 involvement in the catalytic
process, possibly, due to its short lifetime and difficulties in its detection. However,
indirect proofs confirm its occurrence in non-hemic enzymes functioning. Oxo-
bound two-nuclear iron complex is the active center of these enzymes. The mecha-
nism of its action with ferryl intermediate participation is shown in Fig. 3.13 [181].

Here, X is an unknown group forming bridge bond between two iron atoms and
cation radical; TyrO® is tyrosine radical.

Thus, non-hemic enzymes can fulfill the functions characteristic of hemic
proteins, namely methane monoxidase can hydroxylate hydrocarbons like
cytochrome P-450, ribonucleotide reductase is capable of oxidizing phenols like
peroxidase, etc. Such similarity in functions gives grounds to support the generation
of intermediate ferryl particles in the process of non-hemic enzymes activity.
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Fig. 3.12 Comparison of approximate reactive mechanisms of peroxidase, cytochrome P-450, and
cytochrome oxidase (without details)
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Fig. 3.13 Mechanism of enzymes interaction with non-hemic iron

Mononuclear non-hemic active centers of some enzyme also involve ferryl iron into
the process mechanism. Thus, oxygen involvement does not proceed simultaneously
at some dioxygenases, which indicates the possible presence of ferryl particles as
intermediates [182].
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3.2 Enzymes and Their Modeling

3.2.1 Mechanisms of Some Enzymes’ Functioning and Their
Modeling: Modeling of Monooxidases in Alkanes,
Alkenes, and Other Substrates Hydroxylation and
Epoxidation

In the first chapter, O—O bond activation in dioxygen, hydrogen peroxide, and
hydroperoxides was mostly considered in the presence of transition metal ions and
coordination compounds as catalysts.

In this chapter, biochemical catalytic processes are described, the most important
role in which is played by oxenoids considered in the first chapter (O,, H,O»,
ROOH, etc.) as oxidants. Thus, only the enzymes are considered (briefly) and their
models (in more detail) with regard to the catalyzing oxygen atom or molecule
(monoxygenase or dioxygenase) entrance into substrate, hydrogen peroxide (super-
oxide dismutase) formation from superoxide anion radicals, decomposition of the
latter (catalase), various substrates (peroxidase) oxidation with hydrogen peroxide,
and four-electron reduction of the oxygen molecule to water (oxidase).

Metal enzymes, transition metal ions, and coordination compounds catalyze
biochemical processes most often. The structure, properties, and details of metal
enzymes’ work will not be considered here, as extensive and well-generalized
literature is devoted to these problems, namely, to monooxygenases [183-190].
Most attention will be given to generalizations on some of the most important
monooxygenases modeling (e.g., cytochrome P-450), catalytic properties of such
mimetic systems, their actitity, selectivity, stability, and comparison of metal
porphyrinates work mechanisms with those of their models. Creation of such
imitating (mimetic) catalytic systems has at least twofunctions: (1) to use the results
obtained on such systems study for a deeper understanding of the appropriate metal
enzymes action and (2) to use the results obtained, sooner or later, for creating
sufficiently active, selective, and stable systems for industrial production of certain
chemical products from the main alkanes sources—oil and natural gas. This is
especially important because from the approximately 1 billion tonnes of oil obtained
per year, several percent are subject to chemical processing, and direct alkanes
functionalizationrepresents a small percentage of this.

To achieve this, the most important requirement is to create such systems which
would activate C—H and C—C bonds in various hydrocarbons with sufficient rate
and selectivity, close to that of the appropriate metal enzymes (or exceeding them).
Activation of C—H bonds of alkanes under rather strict conditions (high temperature,
strong oxidants, superacids, free radicals, carbenes, etc.) has long been known.
Discovery of catalytic systems based on Pt(I) complexes able to activate the
C—H bond in methane at 120°C is reflected in the remarkable pioneering work of
Shylov and colleagues [191-194]. Reactions of H-D exchange in alkanes and their
oxidation in systems containing platinum complexes have been carried out later by
many researchers [195-198].
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Numerous reactions of alkanes with metal hydride complexes and metal organic
compounds were also discovered; the appropriate review is given in [199]. However,
in all these reactions of alkane activation, oxenoids (oxide and peroxide systems),
being the most important participants of C—H bonds activation in biological systems,
do not take part. Therefore, these systems will not be considered here.

Modeling of some oxygenases, dioxygenases, and oxidases will be considered
further. According to [26], difference between these factors are as follows. Oxyge-
nases activate molecular oxygen catalytically and introduce one (monooxygenases)
or two (dioxygenases) oxygen atoms into the substrate with electron donor partic-
ipation. Oxidases catalytically activate hydrogen, but not dioxygen, and realize a
variety of substrate oxidation by oxygen reduction with one, two, or four electrons
(products: HO3, H,0O,, H,0).

There is a number of conjugated reactions in vivo, successively catalyzed with
different enzymes: phenylamine hydroxylase catalyzing the reaction of phenylamine
hydroxylation into tyrosine; tyrosine hydroxylase—tyrosine hydroxylation to 3,4-
dioxyphenylalanine; dopamine-f-hydroxylase—truncated 3,4-dioxyphenylalanine
(without COOH group) hydroxylation—dopamine to noradrenaline:

CHZCH(NHZ)COOH CHZCH(NHZ)COOH
phenyldldmnhydroxy]dse tyrosmhydroxylase

Phenylalanine Tyrosine
HoCH(NHz)COOH CH,- CH, - NH,
—(COOH) dopamin-B-hydroxynase
3,4-dioxyphenylalanine Dopamine
HO CH- CH,- NH»
OH
HO

Noradrenaline.

It is evident from this chain of catalytic reactions that noradrenaline biosynthesis
proceeds (this substance is a mediator of nervous pulses in the synapses of
sympathetic nervous system). Change in noradrenaline contents in cerebrum under
the influence of some phsychothropic drugs, in particular its excess accumulation,
results in inhibition of dopamine hydroxylation. Imitation (mimetics) of some of
these enzymes (tyrosine, dopamine-f-hydroxylase) will be considered below.

Selective activation of C—H bonds under relatively mild conditions (temperature
close to room temperature, usual oxidants of oxenoids type) became possible only
recently. Such a possibility is caused by a number of reasons, the main one being the
use of suitable catalytic systems with metal complexes, the interaction of which with
oxenoids results in active particles formation, capable of introducing oxygen atom
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into the C—H bond of alkanes. Examples of such systems are enzymatic systems
of cytochrome P-450 type, MMO, etc. Such enzyme modeling is the concrete
embodiment of the IVth conceptual system of “evolution catalysis” [200].

One of the most significant differences between enzymes functioning in usual
catalytic chemical reactions and those with metal complexes’ participation is
their exclusive selectivity caused by the influence of protein surroundings and
rigid enough organization of their active centers. Such organization provides both
selectivity and stability of enzyme activity. Another peculiarity of enzymes consists
in their ability to work according to the conjugation principle, i.e., one active
compound can be involved in two reactions. Optimization of two conjugated
reactions can be reached on condition that active particles are formed in primary
reaction, initiating the secondary reaction in which they are consumed. After this,
one of the products enters into the reaction; as a result, active particles involved in
the final products of primary reaction formation will be regenerated [201].

One of the possible conjugation examples is mitochondrial processes of oxidative
phosphorylation [202]:

respiration process
CH3;COOH + 20, — 2CO; + 2H,0
H,0 " 2@ HT + OH™

oxidative phosphorylation process
ATP® +P3 4 2HT = ATP*" 4 H,0} secondary reaction,

primary reaction

where P3~ = PO,".

Primary and secondary reactions are conjugated. In the primary reaction, a highly
reactive intermediate compound will be formed, H™ ion as oxidant causing the
reaction of ATP oxidation. H' ion in its turn participates in both reactions’ product
formation (water molecules). Water molecule formed at once will be dissociated into
HT and OH ™ ions on mitochondrion membrane. Thus, OH™ anion will be desorbed
into cytoplasm, and H™ ion into matrix, where it takes part in water formation in the
final stage of the respiration process. Conjunction between respiration and oxidation
is realized by ATP-ase whose role consists in H* ion generation (from cytoplasm)
with subsequent reaction of ATP synthesis [201].

This example illustrates, on the one hand, the principles of conjugation action on
enzyme work, and points out and, on the other, possible ways of enzymatic activity
modeling with more simple systems.

3.2.1.1 Mechanism of Alkanes Hydroxylation with Cytochrome P-450

It is known that monooxygenases (in particular, cytochromes P-450 representing
the whole enzyme class) realize one oxygen atom entrance (oxene) from dioxygen
into C—H bonds of alkanes (hydroxylation) or C = C bonds of olefins (epoxidation).
In the first case, it corresponds to the reaction
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RH + O, + 2¢~ + 2H™ — ROH + H,0

in which source of electrons is conjugated oxidation of NADH or NADPH. These
electrons, reducing metal ions of enzyme’s active center, provide the possibility of
its joining to the molecular oxygen and, thus, its reactions with alkane activation.
Activation of Oy, resulting in metal oxo- and peroxo complexes formation, is one of
the main functions of monooxygenases [201].

In almost all living organisms (from bacteria to mammals), hydroxylation of C-H
bonds in alkanes is catalyzed by cytochrome P-450-monooxygenases (about 500 of
their representatives are known), containing iron protoporphyrin in an active center,
in which iron is bound to protein surroundings by means of a cysteine residue and a
hydroxyl group of a certain part of the protein (S~ and OH™ in Fig. 3.14, where RH

low-spin

high-spin

intermediates, according to
indirect data

+e
+e
-H,0 \ +H"

N
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RH O-OH
&
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Fig. 3.14 Mechanism of alkane RH hydroxylation with cytochrome P-450 active center
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is localized alkane on hydrophobic interaction with the protein part of the enzyme
and hydrogen bonds formation near the active iron—porphyrin center;—porphyrin. It
seems that the reason for porphyrin molecule choice as the main ligand of iron(II) in
cytochrome P-450 active center is its stability and high conjugation of double bonds,
which makes it possible to pass easily the part of electron density on iron or vice
versa, and thus to create suitable redox potential. However, some monooxygenases
able to hydroxylate C—H bonds of alkanes contain non-hemic iron—protein active
centers. Such monooxygenases involve MMO, etc., [203-207].

Cytochromes P-450 fulfill various functions in steroids, aliphatic acids, and
prostagladins biodegradation, drug metabolism, and removal of a number of toxic
compounds from the organism. Equally with R—H bonds hydroxylation, they are
able to transfer oxene on multiple bonds, aromatic rings, and heteroatoms of various
substrates [208-211].

Despite the different origin of cytochrome P-450-monooxygenases, the mecha-
nism of alkanes hydroxylation by them is the same.

In the initial state, two Fe(Ill) porphyrin complexes are in equilibrium: six-
coordination (low spin) with cysteine (S—), and ligands containing hydroxyl groups
(-OH), and five-coordination (high spin) with one axial ligand [212]. Alkane RH
fixation on the protein hydrophobic part near heme results in an equilibrium shift in
the direction of the five-coordination high-spin complex. The latter will be reduced
by one-electron action with NADPH or NADH (by means of the electron transport
chain). Its interaction with O, yields a new six-coordination low-spin complex, but
this time an Fe(II) one. These first relatively stable complexes were synthesized as
model intermediates and have been studied experimentally [213-215].

On further protonation, occurence of a hypothetical rather short-living intermedi-
ate (within dotted frame) is supposed, which cannot be detected by spectral methods
and which is transformed, joining the electron, into short-living high-spin iron (IV)
complex, oxygenating alkanes (within stroke frame). Its existence is supposed to
proceed from indirect data only. Such highly reactive particles, due to their low
concentrations, could have been studied in the tests, in particular, by the substrate
selectivity in forming products (stereo- and radioselectivity) and the isotope effect
[216]. This oxo-complex is formally PFe¥ = O (a similar model complex can be
obtained and studied). Its properties correspond to the m-cation radical of iron
porphyrin complex (P**Fe!¥ = 0), as soon as the electron of the porphyrin ring
passes to iron(V) (these two identical notions are often used in the literature).
Thus, dioxygen, but not substrate, will be activated by particle P**Fe!¥ = O
formation.

The mechanism of alkanes hydroxylation with PFe” = O complex (proceeding
from numerous experimental data) implies, first, hydrogen atom detachment with
this complex with pair [PFe'V—OH, R®] generation within the enzyme’s cell, and
then rapid recombination of R® with PFe!Y—OH, yielding the reaction products
PFe(IIT) and R—OH without R® radical coming out into the bulk.

However, details of the recombination mechanism and product formation are
still not quite clear, and there are various assumptions regarding this case [212].
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Recent research on reaction radioselectivity of methyl cubane interaction with fert-
butoxy radical enzymes, such as cytochrome P-450 and MMO, has confirmed that
the reactionary oxygen atom in the active centers of enzymes is arranged close
to the substrate’s carbon atom at the moment of introduction. Thus, the ferryl
particle Fe¥ = O under the influence of substrate will be turned, apparently, into
the radical particle Fe!¥—O®, which interacts with substrate RH. Non-synchronic
concept mechanism of oxygen atom detachment is supposed [217,218]:

H-R H-R H R* H R H R
N/ AN

AN AN
P S G
FelV Fe Fe F'e Felll

Thus, hypersensitive methods for radical detection were used, and it was found
that the lifetime of R® radical (shown with arrow) ~ 1.5 x 107%s (70fs), and
activation energy of oxygen atom detachment activation is equal to zero.

As the direct oxidant of substrate in cytochrome P-450, oxene complex of iron
(V) P*TFe!Y = O (P-450 Fe¥ = 0O) is being preferentially considered, similar to
the active intermediate compounds, occuring on peroxidase functioning, although
there are data available which do not comply with this assumption. This situation
has been considered in detail using a lot of sources [219], although the nature of
monooxygenating particles in cytochromes P-450 still remains disputable.

Under anaerobic conditions, cytochrome P-450 reacts with other donors of
oxygen atoms (phenyl hypoiodite C¢HsIO, hydrogen peroxide H,O,, hydroper-
oxides ROOH, and other oxenoids). Thus, the alkane hydroxylation process does
not proceed by the long route (Fig. 3.14), but much shorter—through intermediate
formation, resulting in the same high-valency iron oxoporphyrin (PFe¥O)—ferryl
intermediate. This way is known as the “peroxide shunt” (in Fig.3.14 this way is
shown by dotted arrows).

Thus, for example, hydroperoxides ROOH can substitute the usual oxidant
(le™ 4+ Oy + 1e™) with the intermediate. In such a shunting way, formation of
I-PFe" = O (P** Fe!Y = O) compound is supposed:

Peroxide shunt:

OH, ROOH, C¢HsI0 0

‘ or equivalent oxidants SH,

@ Products.
1 1
X X

Active center of
cytochrome P—450

where SH, represents Oxidized substances.

According to some data [210], the structure of active intermediate compounds
forming on PhIO interaction with cytochrome P-450 resembles that of peroxo
particles (Fe—O-0), rather than iron oxene (Fe = O), and proceeding from this,
it is supposed sometimes to use iron peroxide or hydroperoxide as intermediate
in shunting systems. The possible mechanism of O—O bond breakage in ROOH
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(homolytic or heterolytic) in this way in the case of cytochrome P-450, as well as
for catalases and peroxidases, will be discussed below.

It is to be noted that some of the reactions which are realized with Cyt P-450 can
be realized with other enzymes as well. Such reactions involve, for example, oxi-
dation dealkylation of N -alkylamines (horseradish peroxidase + H,O,; catalase +
H,0,) [220, 221], or aniline oxidation (cytochrome C + cumile hydroperoxide)
[222]. However, there are also differences in cytochrome P-450 and aforesaid
enzymes, i.e., not all the reactions catalyzed with cytochrome P-450 are catalyzed
with other enzymes (such are reactions of ether peroxide, O-dealkylation [223], and
steroids oxidation [224]). The main difference seems to be in the hydroxylation
reactions mechanism. The mechanism of P-450 action does not involve the stages
with free radicals participation, passing out into the bulk. Mechanisms of other
hemoproteins in this regard are more complex, and it is possible that in some cases
[220,221] such stages may be involved [26].

Besides possessing knowledge of alkanes hydroxylation mechanism with
cytochromes P-450, to create efficient model systems it is important to consider
their selectivity (regioselectivity and stereoselectivity), hydroxylation rate, products
yield of this reaction, and catalytic system’s stability.

Considering all experimental data on alkanes hydroxylation with cytochromes
P-450, the model system created on the basis of iron porphyrins must correspond to
the following requirements [211]:

1. With high valency iron oxo-compound (Fe¥ = O) generation in model system,
internal isotope effects must be high (kg /kp ~ 10), and hydroxylation of tertiary
bonds C—H (as the least strong) must be predominating.

2. Hydroxylation rate must reach from several up to 100 cycles per minute (in
cytochrome P-450, 670 cycles per minute) [225], yields calculated per oxidant
consumed are 50-100%.

3. Having changed the nature and spacial arrangement for substitutes in porphyrin,
one can reach certain arrangement of alkanes and subsequent limitation of
intermediate radical R® movement, which must provide good regio- and stere-
oselectivity. Besides these requirements, the most important for model system
is its stability, oxidant cheapness, working capacity in many solvents, and the
ability to introduce oxene in various substrates.

3.2.1.2 Modeling of Monooxidases Belonging to Cytochromes P-450 Class

All model systems of alkanes’ hydroxylation and alkenes’ epoxidation can be sub-
divided into two groups, namely, hematic and non-hematic systems. In cytochrome
P-450 models containing porphyrin complexes of iron(IIl), the complexes can be
the nearest to the structure of their active center. Iron(IIl), manganese(IIl), and
chromium(IIl) complexes are the most efficient in alkanes hydroxylation among
porphyrin systems. Their activity diminishes in the following sequence: PFe(III)
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> PMn(IIl) > PCr(IIl). Therefore, further model systems will be considered,
containing mostly iron(IlI) and manganese(IIl) porphyrin complexes.

Hematic Model Systems

Model systems of M(II1)-P-RH-0, type. In these systems, M(III) is Fe(I11), Mn(III),
Cr(lII), and some other metal ion, and P is more often tetraphenylporphyrin
(TPP), tetra(o-fluorine-phenyl)porphyrin (TFPP), tetra(penta-fluorine-phenyl)-S
-octabromporphyrin  (TPPF,o-8-Brg), tetra(3-chlorine-2,4,6-trimethylphenyl)-S-
Octachlorporphyrin (Cl;,TMP), tetramezytilporphyrin (TMP), tetra(2,6-dichlor-
phenyl)porphyrin (TDCPP), tetra(p-tolyl)porphyrin (TTP), tetra(penta-fluorine-
phenyl)porphyrin (TFsPP), tetramezytil-f-octabromporphyrin (BrsTMP), tetra(o-
pyvaloil-amidophenyl)porphyrin (TpivPP), tetra( p-hexadecyloxophenyl)porphyrin
(THDOPP), tetra(2,4,6-trimethyloxyphenyl)porphyrin (TTMPP), tetra(2,4,6-
triphenylphenyl)porphyrin (TTPPP), tetra(3-chlorine-5-sulfonato-2,4,6-trimeth-
ylphenyl)-S-octachlorporphyrin  (Cl;, TSMPP), tetra(4-pyridyl-phenyl)porphyrin
(TpyPP), tetra(4-N -methylpyridyn)porphyrin (T4-MPyP), or mezo-tetra-p-
metoxyphenylporphyrin (TMPhP).

Such a variety of substituted porphyrins used as ligands is due to the fact
that iron(II) complexes with porphyrins or its simple substitutes such as iron(III)
tetraaryl porphyrins represent the subjects to oxidative destruction in the reactions
of substrates’ hydroxylation. The use of halogen-substituted aryl groups introduced
into porphyrin has sharply decreased catalyst destruction (increased its stability)
and has resulted in a significant increase in rate, products yield, and selectivity
[226,227].

As reducers, borohydrides (such as NaBH, or (n-BugN)(BH,4)), sodium ascor-
bate, hydrogen H, (adsorbed on colloidal Pt), zinc amalgam Zn (Hg), and oth-
ers were used, and as oxidant, O, was used. Thus, as catalysts Mn(TPP)Cl,
Fe(TpivPP)Cl complexes were used with some additives. All these and similar
systems hydroxylated or epoxidized various substrates (cyclohexane, cyclohexene,
and 1,2-dimethylcyclohexane [228]) with the formation of appropriate alcohols,
ketones, and epoxides as products [212,229-234]. For cyclohexane hydroxylation,
other iron porphyrins were used as well in acetonitrilic solutions in the presence
of carbonic acids (proton donor) and zinc powder (as reducer) in the presence
and absence of viologen, making easier electron transfer from the reducer to
TpivPPFe(O,). Without methylviologen, dioxygen activation in these systems
proceeds almost like in cytochrome P-450 [235].

For oxene formation from dioxygen and its transfer to iron porphyrin com-
plex, it is important to bind the residue of water (O?~) with some acceptors.
A suitable acceptor is acetic anhydride. This anhydride interacts with O, and iron
porphyrin forming under —70°C complex PFe—O-O-Ac, which under -50°C will be
transformed into P*TFe!¥ = O [236]. Participation of this particle in the interaction
with alkanes and olefins was proved by numerous research (especially spectral)
[236-242].
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Fig. 3.15 Model system

Zn*
PFe’T—-0,-RH-Ac,0-MV2t_7Zn° ROH PE MV
functioning )/ o
Zn
RH 2+

MV
P-Fe'Y =0
2A¢0° PFe'
r\cz 02
PFe0,%, PFe''Q,
MV MYV-*
Zn" Zn**

One of the possible examples of such modeling catalytic systems is the system
involving one or another iron porphyrin complex (PFe(Ill)), electrons carrier
(methylviologen MV2+), acetic anhydride (Ac,0), O,, substrate (RH), and zinc
powder as reducer, functioning as shown in Fig. 3.15 [190].

Alkane hydroxylation in the presence of O, and electrons source proceeds under
normal temperature and pressure. Reaction selectivity and rate are dependent upon
the nature of the catalyst and electron and proton donor [216]. For example, by
catalyst Fe(TPPF,o-8-Brg)Cl using, isobutane hydroxylation (and that of alkanes
containing tertiary C—H bonds), it proceeds under room temperature with the
selectivity of 92% and about three cycles per minute, and catalytical activity is
preserved within about 3 days [243]. The efficiency is much lower for secondary
C-H bonds and disappears at all in the case of primary C—H bonds [219].

These model systems (especially in organic solvents), in general, qualitatively
imitate the main reactions of cytochrome P-450. However, as a rule, products
yield with regard to the reducer is low, compared to cytochrome P-450, because
active oxene complex of iron porphyrin forming on hydroxylation will readily react
with both substrate and reducer, which is in excess in the system. Thus, reactions
of metal oxo-complex (Fe, Mn) run quicker with the reducer than with substrate
[244,245]. Usually, this yield calculated with regard to the reducer falls within the
limits 0.01-0.5% for hydroxylation, and 0.1-0.5% for epoxidation in borohydric
or Hy(Pt) systems [246]. Catalytic activity, i.e., number of cycles per minute, is
also low. For example, in the system Mn(TTP)Cl-cyclooctene-O, with acylating
agent (PhCO),0, the rate of entering electrons is too low, and its activity in alkanes
epoxidation reaches only 0.03 cycles per minute [247]. Even the best model systems
of iron(IIT) and manganese(III) in the presence of dioxygen are only approaching the
appropriate indexes for cytochrome P-450 (for instance, by kinetic isotope effects);
by other indexes, they are below the enzyme [212].

The main difference of model systems of the appropriate enzymes is low stability
and selectivity of model catalysts, which is caused to a significant degree by radical
chain reactions predominating in them, having low selectivity. The model systems
of the basis of molecular oxygen and in the absence of reducers are still unknown,
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which would generate metal high-valency active oxo-compounds, reacting directly
with alkanes. In all these systems, alkane oxidation proceeds by free radical chain
mechanism [248].

A search of the ways of increasing model systems’ selectivity resulted in the
use of substituted porphyrins with volumic groups, causing steric obstacles near the
active center. Thus, the share of primary alcohols and ketones in oxidation prod-
ucts sharply increases, which is characteristic for hydroxylation with cytochrome
P-450 [249-252]. Increasing of catalyst selectivity and stability can also be achieved
on transition to the active center hydrophobic surroundings by metaloporphyrin
synthesis in phospholipid bilayer. In the same way, it became possible to synthe-
size Mn—tetrakis (O-cholenylamidophenyl)porphyrin, incorporated into the lipid
membrane [253]. This incorporated complex catalyzes the reactions of alkanes
and cholesteryne hydroxylation with dioxygen in the presence of ascorbic acid.
This model system is stable, though rather complex. However, only little is known
about model monoxygenase systems on the basis of manganese and iron porphyrin
complexes, in which substrates would be biologically active natural compounds or
medicine drugs. It was shown recently that model systems of PM—sitosterol type
(or N,O-diacylsolysidine)-O,—NaBH, (where P represents various derivatives of
tetraphenylporphyrin, and M represents Mn or Fe) hydroxylate with high stereo-
and regioselectivity the aforesaid steroid olefins (product yield regarding the initial
substrate reaches 40—100%). Thus, the product of sitosterol hydroxylation is its
5-a-hydroxyderivative:

C,Hs C,Hs
CH;

CH,

02, N‘dBH4,
metalporphyrin
CHCI3(EtOH)

HO :
sytosterol OH

HO

S-a-hydroxyderivative
of sytosterol.

It is supposed that hydroxylation mechanism in these model systems is similar to
the appropriate mechanism of cytochrome P-450 functioning, namely, reduction of
manganese(IIl) porphyrin complex to manganese(II), coordination of O, to it, and
formation of manganese(IV) high-valency porphyrin oxo-complex, which turns out
to be active in oxene transfer on substrate.

Under the same conditions as in the system TMPhPMn(III)-O,—NaBH4,, oxida-
tion of polynuclear aromatic hydrocarbons proceeds in the mixture CHCIl3/EtOH
(3:2), in particular, 2,6-dimethylnaphthalene with 61% conversion of initial sub-
stance. Thus, formation of seven main products proceeds [254]:
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In this system, it is possible to obtain polyoxidized tetramine derivatives; by
changing experimental conditions, the reaction can be directed mainly by way of
epoxyalcohols or 1,3-diols formation. Stereodirection of the process can also be
regulated. Stereoschematically individual epoalcohol (III) and 1,3-diol (VII) can
be obtained with yields of ~60%. Similar oxidation of substituted naphthalenes
can be used in the synthesis of bicyclic sesquiterpenoids and other cyclic natural
compounds [254].

The rate of reaction, product yield, and the number of turnovers in the case
of model systems with Mn(III) complexes participation are much higher than for
the same Fe(IIl) complexes. It is caused by the difference between metalporphyrin
orbital structures of Mn(IV)(TPP) and Fe(IV)(TPP) high-spin states. The results of
models research reveal the possibility of catalytic metalporphyrin systems usage
for steroid olefin modification and various hormonal drugs production. However,
in many cases, such as, for example, in the reactions of olefins epoxidation,
using dioxygen as oxidant is not always expedient. In this case, other oxidants
are used such as hydrogen peroxide (H>O,), organic hydroperoxides (ROOH), or
phenyl hypoiodite (PhIO), as on using O, as oxidant, these reactions either do
not proceed, or side products are obtained. However, if aldehyde is added to the
reaction model system containing transition metal complexes, dioxygen epoxidizes
olefins with high yields, with simultaneous aldehyde oxidation to carbonic acids
[255-259]:

metal complex

»=< o~ . & I

RCHO RCOOH

Mechanism of such a reaction with different olefins is given in [260, 261] (see
Scheme 3.7):
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LMY+ RCO-+ H'
RCO;5-

RCO;H + RCO-

L,M'*" 2" =0+ RCO:H

L,M" + RCHO

RCO- + Oy
RCO;- + RCHO

(route A)
L,M*" + RCO;H

L“M[z'li'zo‘ >:<

L,M* + epoxyde
Scheme 3.7 Mechanism of the reaction of transition metal complex with aldehydes

where RCO® and RC(0O)OO°® are acylic and acylperoxy radicals. Radical
RC(0O)OO0*® acts as a carrier in the chain mechanism on reaction with another
aldehyde molecule with the formation of peroxyacid (RCO3H) and acylic radical.
Formation of oxidation product (epoxide) proceeds through the high-valency metal-
oxo intermediate.

However, this mechanism scheme (route A) is not the only one possible.
On olefins’ oxidation (cyclohexane, cys-stybenem norbornene) with dioxygen
and aldehyde in the presence of metal complexes [Cr(TPP)Cl, Mn(TPP)CI,
Fe(TPP)Cl, Co(TPP), Ni(TPP), Cu(TPP), Zn(TPP), Mn(cyclam)>*, Fe(cyclam)>*,
Co(cyclam)>*, Ni(cyclam)?>*, Cu(cyclam)>*, or Zn(cyclam)?>*] in CI-CH,—CH,—
ClI solution for metal porphyrinates and in CH3CN solution for metal cyclam
complexes, the mechanism scheme can be different (route B). The general
mechanism of olefin epoxidation with dioxygen and aldehyde is supposedly as
Scheme 3.8 [261].

RCHO
M:+,07
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! i
0 RCHO Q M 0-C-R
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(route B) l
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Scheme 3.8 Generic mechanism of olefins epoxidation
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In this mechanism scheme, route B is usually more favorable than route A in the
experimental conditions [261]. Route B is realized through acyl peroxy radical

i
(R-C-0-0°%

interaction either with olefin with the direct epoxide formation, or with metal
complex with the formation of the first metal peroxide rather than that of epoxide.
Metal peroxide (by route B), having interacted with olefin, is directly transformed
into epoxide, or (by route A) forms metal-oxo particle (through the O-O bond of
peroxide breakage) which, having reacted with substrate, yields epoxide. Thus, the
competition is observed between the reaction’s routes A and B so that epoxide
formation is not the direct proof of high-valency metal-oxo complexes’ presence,
as metal alkyl peroxides [262] and metal peroxy acids [263] can transform olefins
into epoxides.

An example of route B realization (Scheme 3.8) is oleic acid epoxidation with
oxygen, with good yield in the presence of benzaldehyde and catalyst Co(TPP). The
result of this process can be used in commercialapplicatins, as the resulting epoxide
is a good stabilizer of polyvinylchloride and other polymers [264].

As has already been mentioned, hydroxylation and epoxidation with model sys-
tems M(III)-P-RH-0, are not very efficient for many such systems. Photocatalytic
activation is a new method of alkenes activation. Really, interaction of various
alkenes with dioxygen in benzene or toluene (but with admixture of some water)
is photocatalyzed with iron(IIl) complexes with 5,10,15,20-tetraarylporphyrins,
namely, iron(IIl) chloro (tetraphenylporphyrinate) (PFeCl) [265]. In the general
case of such photocatalytic (A = 350-440nm) substrate (SH) oxygenation in the
presence of free radicals CI® trap, the series of reactions proceed as follows:

precl s PR 4 CI°

2PFe'' + 0, —> PFe!! — O — O — Fe(III)P
PFe" — 0 — O — Fe(Ill)P — 2PFe'Y = O
PFe!Y = O + PFe!' = PFe!" — O — Fe(IIT)P
PFe" = O + RH - PFeOH + R*

Further oxygenation can proceed in various ways depending on alkenes used and
reaction conditions [265]:

1. By alkyl hydrogen removal from the substrate and subsequent recombination of
hydroxyl with alkyl radical within the cell of porphyrin complex with R®:

PFe"Y = O + RH — [PFe" —OH...R*] — PFe"' + ROH

with enantioselective formation of allyl alcohols.
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2. By diffusion of alkyl radicals R® from [PFe(III)” OH...R*] and their reaction
with O, yielding various products. Epoxides were formed from intermediate
hydroperoxide radicals (or hydroperoxides) by means of oxygen atom transfer
either from peroxyl radicals or from porphyrin complexes.

3. Direct epoxidation of deformed alkenes with oxoiron(IV) porphyrin complexes
proceeds similarly with the reaction P** Fe!¥ = O, although with less reactivity
in the sense of oxygen atom transfer compared to P** Fe!¥ = O.

Unlike less reactive P**Fe!¥ = O, which mostly epoxidizes alkenes, its PFe!¥ = O
complex reduced in the one-electron way realizes a wide spectrum of oxygenation
reaction routes, like microsomal cytochrome P-450, i.e., it occupies an intermediate
position in the reactions of cytochrome P-450 [265].

Synthetic iron complexes with porphyrins are widely used as models of catalysts
of olefins oxidation, with the scope to understand in detail the mechanisms of
enzymatic oxidation processes [150,266,267]. Such catalysts are model compounds
of iron(IIT) porphyrins, interacting with peracids at 78 K [268]:

heterolytic bond O — O breakage in CH,Cl,

(e} O
Il Il
X 0-0-C-Ar Por-" — FeV )
ArCOOOH |
PorFe ———Por — Fe'" —
(1) homolytic bond O — O breakage in toluene

Por—N-Fe""  (3)
\O/

where Por = a: TMP = 5,10,15,20-tetramesitylporphyrin;

B: TDCPP = 5,10,15,20-tetrakis(2,6-dichlorphenyl)porphyrin;

X = OH™ or RCOO™; ArCOOOH = ¢-BuCH,COOOH, etc.

Thus, porphyrin complex of acylperoxoiron(IIl) will be formed [(TMP)Fe(III)
(RCO3)] (1a), which on O-O bond heterolytic breakage in CH,Cl, will be trans-
formed into oxo-ferryl porphyrin 7-cation radical [(TMP**) Fe!¥ = O] (2a), and in
toluene, (TMP)Fe(IIT)N-oxide will be obtained (3a) [269]. Intermediate complexes
of Por** Fe!¥' = O type (2) even at —78°C will oxidize olefins into epoxides,
while complex (3) does not realize this reaction. However, it was proved that iron
porphyrin complex (1) can catalyze epoxidation, not involving in the process the
highly oxidized iron intermediates of type (2), as can be seen from Scheme 3.9

de=c< He¢<
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Scheme 3.9 Catalyzing of epoxidation with iron—porphyrin complex
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[268]. The process route through the formation of (2) or directly from (1) on higher
temperatures will be determined by the appropriate rate constants k; and k.

Model systems of Mn(Ill)-P-RH-H,0,(ROOH) type. Hydrogen peroxide is a
stronger oxidant than molecular oxygen. It is easily accessible and cheap, and it
was expected that model systems with its participation would be efficient enough.
However, in a system such as Fe(TDCPP)Cl-cyclooctane—H,0,, only rapid H,O,
decomposition proceeds, hydroxylation almost does not proceed, and epoxidation
of initial substrates proceeds only to a low degree (imidazole addition to this system
increases the epoxide yield only slightly in relation to the oxidant) [212]. Substitu-
tion of Fe(TDCPP)CI by Mn(TDCPP)Cl in this system in the presence of imidazole
results in considerable increase in epoxide yield, and slightly increases alcohol
(cyclooctanol) and ketone (cyclooctanone) yields. Model system Mn(TDCPP)CI-
H,0,-imidazole was able to oxidize various alkanes (cyclohexane, cyclooctane,
ethylbenzene, tetramine, etc.). On separate cyclooctene and cyclohexane oxidation
(substrates were taken in excess), products yield reached 95 and 60%,respectively.
Imidazole, apparently, contributes to the rapid breakage of the O-O bond in H,0,
(due to the formation of manganese—imidazole porphyrin complex with subsequent
transformation of the latter into the appropriate Mn"-oxo intermediate) and decrease
of H,O, decomposition to O, and H,O.

The above-mentioned results show that iron complexes with various porphyrins
are of low efficiency as model systems. They act somewhat better in alkenes
epoxidation with hydrogen peroxide. Thus, epoxidation can proceed by the various
reaction routes [270]: homolytic with OH® generation, heterolytic with oxoferryl
particles formation, and catalase with O, and H,O formation [270,271].

Besides, model systems with H,O, are of low selectivity. Thus, in the system
Mn(TDCPP)Cl-imidazole—-H,0,, cyclohexane is oxidized to alcohol and ketonein
the ratio 3:1 [272], and in the system Fe(TPP)Cl-cumylhydroperoxide in the ratio
2:1 [273]. However, the mechanism of alkanes hydroxylation is different to that in
cytochrome P-450 (active oxidation particle is not joined to metal—it appears to
be radical cumyl-O® or cumyl-OO®, obtained from hydroperoxide) [274]. Thus,
iron(V) oxoporphyrin will be formed as a preliminary, but it will react sooner with
hydroperoxide than with alkane [275]:

PFe(IIT) + ROOH —> PFe(IV) — OH + RO®
PFe(IlT) + ROOH —> PFe(V) = O

PFe(V) = O + ROOH — 2, PFe(IV) — OH + ROO"

This results in many products, and reduces the selectivity.

Addition of imidazole (Im) in catalytic amounts significantly improves alkenes
epoxidation (in particular, epoxide yield) in both systems of Fe(TPP)CI-RH-
cumylhydroperoxide type [276], and mostly in the systems of Mn(TPP)CI-RH-
cumylhydroperoxide (or fert-butyl-hydroperoxide) type [276, 277]. The possible
explanations of imidazole influence can be that the more probable becomes
heterolytic breakage of O—O bond in ROOH (it will contribute to high yield of
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Fig. 3.16 Mechanism of bond O-O heterolysis or homolysis in ROOH

PFe(V) = O compared to RO®), formed intermediate ImPFe(V) = O is less
reactive, compared to CIPFe(V) = 0O, in relation to ROOH rather than to alkene,
and manganese complex catalyzes oxygen atom transfer from ROOH on imidazole,
the product forming can transferring oxene on alkene [211].

It was also recently discovered [278] that porphyrin modification, namely, thyol
anion (—S—CH,—0O-CsH4—OCH;-) joining to iron porphyrin, results in considerable
increase in product yield (from 11% with Fe(TPP)CI to 88% with joined thyol
anion), and also in the selectivity of primary alcohol formation by adamantane
oxidation with p-chlorperoxybenzioc acid.

H,0O; substitution with hydroperoxides results in their deterioration with iron(III)
porphyrinate complexes on epoxidation as a result of homolytic decomposition of
ROOH with the formation of iron(V) oxo-porphyrinate complex and alkoxy radical
RO®[269,279]. The problem of revealing the epoxidation mechanism is complex.
Numerous works have been devoted to this problem; its critical review is given in
[280]. As model water systems [280], the following were studied: P(1)Fe(III)(X),—
ROOH, P(2)Fe(II1)(X),—ROOH, and P(1)Mn" (X),, P(2)Mn'"(X),, where P(1) is
mezo-tetrakis (2,6-dimethyl-3-sulfonatophenyl)porphyrin, X is H,O or OH™ axial
ligands, and ROOH is (Ph),(CH3;0OCO)COOH, Ph(CH;),COOH, or t-BuOOH.

Hydroperoxide interaction with catalysts Fe(Ill) and Mn(IIl) is possible by
means of homolytic or heterolytic breakage of RO—OH bond (Fig. 3.16) [281].

The yield of reaction products of ROOH interaction with calalysts Fe(III) and
Mn(III) testifies that the rate-determining stage is homolytic breakage, although
heterolysis of this bond can also proceed in the case of acyl peroxides and peroxides
in which the RO™ group is easily detached [281,282].

Certain arguments have been presented in favor of heterolytic break-
age of O-O bonds on H,O, or 7-BuOOH interaction with iron(Ill) tetrakis
(pentafluorophenyl)-chloride and other electronegative substituted porphyrins
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in dichloromethane/methanol mixtures (1:3) in cyclooctene, and norbornene
epoxidation with high epoxide yield of 60—100% [270].

Proof of O-0 bond heterolysis is the fact that epoxynobornane yield is obtained
with the same ratio of eco/endo-isomers as on using pentafluoorphenyl hypoiodite
as oxidant, which forms intermediate [P*+Fe!Y = O]+ characteristic of heterolysis.
Thus, these and other proofs are given of hydrogen peroxide and hydroperoxides
heterolysis in proton solvents.

Provided that iron(IIl) tetraphenylporphyrin chloride is the epoxidation
catalyst, the process proceeds with low epoxide yield and low stereospecificity.
Introduction of electronegative substituents into porphyrin in the case of
iron(IIT)—tetrakis(pentafluorophenyl)-chloride complex promotes epoxides yield
and increases their stereospecificity, due to the fact that the oxene particle
[P**Fe!Y =0O]* formed will preferrably interact with alkene, but not with
hydroperoxide ROOH.

Intermediate formation in model systems proceeds by means of both heterolytic
disintegration of oxidants (H,O,, ROOH, etc.)

> Fe*OOR + HR
0

3+ +”4+ - -
> Fe*’OOR + HX —— — “Fe*" + ROH (or RO) + X

DFe*™X + ROOH

and homolytic processes [200]

> Fe* OOR Fe*" =0 +RO*

If Fe>TOOR is formed at low temperatures in protonic solvents in the presence
of strong bases, intermediates formation (—**Fe*™ = 0) proceeds more often in
homolytic way [283]. In hydroxyl solvents, oxidants are usually disintegrated in
heterolytic way [284,285].

Thus, the problem of O—O bond heterolysis or homolysis in ROOH is still in
dispute, and it appears that in various cases and under different conditions (various
solvents), the mechanism can be different.

In the system P(3)Fe(IlI)(H,0),—t-BuOOH-water, where P(3) is synthesized
model ligand mezo-5,10,15,20-tetrakis (2,4,6-trimethyl-3,5-bis(0 — N, N,
N -trimethyl-ammoniummethyl) phenyl) porphyrin, on pH change from 0.9 to 12,
various intermediates can be formed: P(3)Fe(IIT)(H,O)(t — BuOOH), P(3)Fe(III)
(H,0) ( — BuOO™), and P(3)Fe(IlI)(OH™)(r — BuOO™).

Proceeding from products yield and other data on all possible mechanisms of O—
O bond breakage in -BuOOH (heterolysis, radical chain, P(3)Fe" and P(3)Fe(III)
states formation according to Fenton’s scheme, and homolysis), homolytic mech-
anism only fully explains all the experimental data obtained [281]. Its detailed
scheme in the case of (3) Fe(Ill)(X), interaction with (CH3);COOH looks as
follows (Scheme 3.10 is taken from [281]):

In general, PFe'(X), (where P is P(1) or P(2)) interaction with (CH3);COOH
looks as follows (Scheme 3.11) [280,286-292].
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Association:
P(3)Fe(X): + (CH;)COOH

Reactions in cell:
{1 PG)Fe"(X)(OH) + (CH3);CO| ——
———|| P(3)- "Fe""(X)(0) + (CH3);COH || },
[| PG3)Fe"(X)(OH) + (CH3):CO-|
——|| P(3)Fe"(X)(OH) + (CH;),CO + CH3-,
|| P(3)Fe'™Y(X)(OH) + CH3 || + H,0
——— || P(3)Fe"'(X)(H,0) + CH;0H ||;

Reactions outside the cell:
{ PG3)- "Fe'(X)(0) + P3)Fe"(X),
(CH})]CO‘ "_—’(CH])ECO + CHj-,
P(3)Fe'V(X)(OH) + CH3- + H;O0 ———

——— P3)F"(X)(H,0) + CH;0H;

|| P(3)Fe™(X)(OH) + (CH3):CO-[|;

2P(3)Fe'Y(X)(OH) },

Reactions of continuation:
P(3)Fe"(X)(OH) + CH;- + H,0
———P(3)Fe"(X)(H,0) + CH;OH,
2P(3)Fe"(X)(H,0) + O, P(3)(X)Fe'0 — ODe™(X)P(3),
P(3)(X)Fe"'0 — 0De"(X)P(3) 2P(3)Fe'V(X)(0),
P(3)Fe'(X)(0) + P(3)Fe"(X)(H,0)——2P(3)Fe" (X)(OH);

Hydroperoxide oxidation:
P(3)Fe™(X)(O) + (CH;):COOH
P(3)Fe"(X)(OH) + (CH1);CO0-,
(CH3);CO0: ———1/20; + (CH;):CO- (CH3),CO + CHy-,
{(CH3);CO0O- + CH3» ———(CH3);CO - O - O — CH3}.

Scheme 3.10 Mechanism of P(3)Fe''(X), with (CH); COOH
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Scheme 3.11 Interaction of PFe''(X), with (CH); COOH

The mechanism of active epoxidizing particle interaction with olefins was also
broadly discussed. It was supposed that the following intermediates are formed
on such interaction, namely, methoxyethane (I) [293], a derivative of 7 radical
cation alkene (IT) [286,289,294], carbocation (IIT) [286,289-292], carbonic radical
(IV) [295-299], and a coordinated entrance of oxene into alkene double bond (V)
[300-303].
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) (0 (1) av) V)

These intermediates’ occurence was supposed proceeding from data on epox-
idation products’ stereochemistry, although stereochemistry relates only to the
mechanism of epoxides formation, but not of other products. Critical assessment
[280] of epoxidation probability through these intermediates has shown that the rate-
determining stage is not the formation of intermediates I-IV, but that of the complex
(V) with charge transfer (CTC) with further rapid change of oxygen spin state in
P**Fe!Y = O from triplet to singlet, due to the mixing of P, and P, Oxygen orbitals
with dy, and dy, iron orbitals [304]. Subsequent transformation will be determined
by the relative rate of oxygen atom penetration from P**Fe!¥ = O into alkene,
and by the rate of alkene electrophyl attack by the same oxygen with the formation
of carbocation as intermediate. Formation of the latter favors the interlapping of
alkene p-orbitals with nitrogen atoms of porphyrin. Possible processes are shown in
Scheme 3.12 [280].

coordinated

mechanism o _
AT TRy R
spin N
change TO4 T

I}

F N i
- Fe- N +p QA
A /A
electrophile (? : (0]
joining T
— Fe - N —Fe-N

Scheme 3.12 Mechanism of active epoxidizing particle interaction with olefin

In general, processes following the rate-determining stage are caused by a
number of factors, namely oxidation potentials of alkenes and active oxidant
(P*TFe!Y = 0), reagents’ steric and electron structures, and capacity of various
substrates to be subject to re-construction [280].

Model systems of M(III)-P-RH-ArIO type (other oxidants with one oxygen
atom). A low enough efficiency of model systems (by their oxidation rate, products
yield, and especially, by regio- and stereoselectivity) in which O, H,O,, or ROOH
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were used as oxidant, resulted in the necessity to find these oxidants’ substitutes,
capable of forming the same oxoderryl porphyrin particles as O,. The results of this
search are given in reviews [150,219,228,305,306].

Model systems using active oxygen donors, containing one oxygen atom, espe-
cially phenyl hypoiodite (PhIO) and its perfluorated analogs, and also (to a lesser
degree) sodium hypochlorite (NaClO), potassium persulfate (KHSOs), amines,
N-Oxide, etc., turned out to be very efficient.

Grows and colleagues [307] were the first to discover that Fe(TPP)Cl Complexes
are able to catalyze oxene transfer from alkanes to PhIO in a rather similar way to
cytochrome P-450 (high isotope effects ky/kp =~ 13 [245, 306, 308, 309]), bond
C-H configuration is partly preserved [307,310], and tertiary bonds C—H react first
of all [308]. Thus, selectivity of Fe(TPP)CI-PhIO system in alkanes oxidation is
comparable with that of the enzymatic one. The process proceeds in an accelerated
(shunted) way, as shown with dotted arrow in Fig. 3.14.

Olefin epoxidation in this system is stereospecific: from cis-olefins only
cis-epoxides are obtained. In this system, oxoiron(IV) porphyrin m-cation radical
P**tFe!Y = O is obtained, which is a substrate oxidant (like in cytochrome P-450)
and which can in different ways interact with alkenes, generating intermediates due
to direct oxene transfer

_C—
(Fe"'=0...| , by free-radical ( [Fe'" — (l). ..C—C*—R]")
-C- o
or electrophyl alkene joining (Fe"-0-C-C"™-(C)
|
R

v :
through Fe™-oxetane formation  poIV _ (o

| |
(-C - C-R)

or through electron transfer with the formation of the alkene cation radical [150,242]

|
FeV-0 cCco).

I
R

As the rate-determining stage, decomposition of Fe'V-Oxanate to epoxide,
electron transfer to P*TFe!Y = O, and other processes were considered [150,311].
Scheme 3.13 was proposed [312,313] for metallocene intermediate formation [314]
on oxygen atom transfer from highly oxidized oxo-iron porphyrinates to alkenes
[306,312,313,315,316].
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Scheme 3.13 Intermediate formation of metallocene

Formation of an iron intermediate complex was not confirmed by spectral
methods (EPR, NMR) [315]. Distribution of reaction products served as proof of
its formation.

However, simple iron tetraarylporphyrins (such as Fe (TPP)Cl) deteriorate
on alkanes hydroxylation (oxidation destruction), i.e., catalyst stability is low.
Introduction of halogen-substituted aryl groups (pentachlorophenyl [317], 2,
6-dichlorophenyl [318], pentafluorophenyl, etc.) into such porphyrins makes the
catalysts with their participation much more efficient and stable. For instance, in
the system Fe(TDCPP)CI-Cg¢F510-alkene, the initial rate of epoxidation reaches
more than 300 cycles per second [319], and about 100,000 moles of epoxide are
formed per mole of catalyst without its destruction [212]. Use of steric complicated
catalysts, such as Mn (III)(TTPPP)CI, results in the enhancing of regioselectivity
and assymetry of alkanes hydroxylation. The highest selectivity is characteristic
for the systems with PhIO and similar iron(IIl) porphyrinates. Formation of
Fe'V-Oxetane in the process of cis-cyclooctene epoxidation within the system
(F2oTPP)F(III)ClI-RH-C4F510 is given in Scheme 3.14 [320,321].

== (F3oTPP)Fe"" — OIC4Hs,
(F20"TPP)Fe'Y O + CgHsl,

(FyTPP)Fe™ + C4Hs10
(F2oTPP)Fe'" — OIC:H;

(F-" TPP)Fe' O + alkene =——— Fe'-oxetane,

1

Fe'V-oxetane — (F;oTPP)Fe'" + epoxide.

Scheme 3.14 Fe!'Y-oxetane formation on epoxidation of cyclooctene

The last stage is rate-determining [321].

However, on a trans-cyclooctane and other alkenes oxidation study in similar
systems, epoxidation was considered not as the result of iron-oxetane intermediate
formation but as a result of electron transfer from alkene to P*TFeVO [242, 322~
324]. In other case, when ethylene played the role of substrate for epoxidation,
formation of an earlier biradical intermediate than iron-oxetane was supposed
[325]. Therefore, the possibility of epoxidation reaction proceeding in different
ways should be considered, especially as the proofs of metaloxetane formation are
incomplete. This situation somewhat resembles the consideration of the oxyferryl
ion occurrence probability [30]. If ironoxethane possesses high reactivity (hence,
it is a short-living compound), it is hard or impossible to detect it experimentally.
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Thus, the idea of metaloxetane generation in the course of epoxyiation remains to
be debated [326].

Many other similar systems based on iron [273,308,327], manganese [328,329],
and other metal porphyrins are described. Usually, the solvents are organic or
water-organic mixtures with inter-phase transfer catalysts. In mild conditions,
oxidation of alkanes to the appropriate alcohols, ketones, and, sometimes, other
substances proceeds with a rate close to the cytochrome P-450 oxidation rate and
products yield of about 60-90% [216].

One of the prospective ways of olefin selective epoxidation with iodobenzene
(PhIO), on using transition metal porphyrin complexes as model catalysts, is the
creation of special, sterically complicated porphyrins—so-called porphyrins in the
form of a “picnic basket” (PBP) [330]. PBP complexes have different sized rigid
space and the appropriate “hand” (-R—) on the surface of the porphyrin ring.
Such rigid conformation contributes to the formation of an active oxygenating
(epoxidizing) center inside porphyrin superstructure, and its interaction with olefin
results in selective epoxidation. Thus, large-sized cyclooctene will be epoxidized
into acetonitrile with the rate constant much lower than that of small-sized acyclic
olefins, like cis-2-octene (Fig. 3.17) [330].

Selectivity was also achieved by choosing a large enough axial ligand (L)—3,
5-di-tert-butyl phenoxide (OAr), which blocked access to the PBP open surface
(to the “bottom” of the picnic basket from the outer side) (Fig. 3.18) [330].

Comparison of epoxidation selectivity of many pairs of olefins using various
“picnic-basket” manganese(II) porphyrinates with the protective ligands OAr
and usual manganese porphyrinates (with the ligands of tetraphenylporphyrin
or tetramesitylporphyrin type) has revealed much higher selectivity (sometimes
1,000 times higher) of “picnic-basket” complexes of Mn(C¢PBP)(OAr) and

—R—— Porphyrine
= (CHy) -

n=2 C2PBP
4 C4PBP R
6 C6PBP / \
8 CSPBP o o
10 C10PBP o
Ky ﬁ
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ki >1000 ks
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e
o

Fig. 3.17 Selective competing epoxidation of the pair of acyclic cis-2-octene and cyclooctene with
iodosylbenzene in the presence of “picnic-basket” complex Mn(PXYLPBP)(OAr) [330]
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Fig. 3.18 Transformation of “picnic-basket” catalyst Mn"! with iodosylbenzene into Mn" = O

in the presence of OAr [330]

Mn(PXYLPBP) (OAr) types. This reveals the possibility to predict both
hydroxylation and epoxidation for a number of such synthetic model catalysts.
Perhaps it will soon become possible to realize highly selective epoxidation
of polyenes such as steroids and terpenoids using the collateral “picnic-basket”
porphyrinates as ligand [310].

With phenyl hypoiodite as oxygen atom donor, another strong oxidant can
be used in hydroxylation and epoxidation reactions—potassium monopersulfate
(KHSO:s):

\

0- 0 40
/S\
e} o,

in which the O-O bond is asymmetric, and its length is 1.46 A. On heterolytic
breakage of the O—O bond, detachment of sulfate group (SOﬁ_) proceeds.

Olefin epoxidation proceeds in the two-phase system water/dichloromethane
[329] as follows:

M (porphyrin)Cl/4—R—pyridin .
Olefin + KHSOs Epoxide.
agent of phase transfer, buffer HoO/CH,Cla

Here, M represents Mn or Fe; TPP, TMP, TDCPP, BrsTMP, F,sTPP, TPPS,
TMP, P mean dianions of meso-tetraphenylporphyrin, meso-tetramesitylporphyrin,
meso-tetrakis (2,6-dichlorophenyl)porphyrin, meso-tetramesityl-f-octabromopor-
phyrinate, meso-tetrakis (pentafluorophenyl)-S-octafluorOporphyrin, meso-
tetra(n-sulfonatophenyl)porphyrin, and meso-tetrakis (4-N -methylpyridinehumil)
porphyrin, respectively; phase transfer agent—tetraalkylammonium salt; 4-R-
pyridine—proximal ligand (usually pyridine derivative, R = Me or 4-fert-butyl),
significantly increasing catalyst efficiency. Olefin epoxidation proceeds with
high catalytic activity. Thus, cyclohexene epoxidation in the presence of
Mn(TPP)(OAc)/4-tert-butyl-pyridine compound reaches 80% within 5 min with
a circulation of 13 cycles/min. In these model systems, hydroxylation of tertiary,
and to a lesser degree secondary C—H bonds of alkanes, also readily proceeds. The
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most efficient catalysts are complexes Mn(TDCPP)CI and Mn(BrsTMP)CI. Hydro-
carbons with tertiary C—H bonds are quickly transformed mainly into alcohols with
a circulation number of 30—40 catalytic cycles/min, i.e., alkanes transformation rate
is ten times higher than that in the case of monooxidase cytochrome P-450 [329].

Manganyl complex is supposed to be a structure of active particles, hydroxylating
alkanes with the help of KHSOs in the presence of manganese porphyrin complexes
as catalysts:

/H
R 1 HSOs
NP
RH ;
+HSOs o, —_ .ROH.
L L

However, benzene and methane hydroxylation in these systems is still not very
efficient. It appears that using such water-soluble asymmetric derivatives of peroxide
(such as KHSO3) could help to overcome the activation stage needed to generate
highly oxidized metal-oxo complexes, efficiently realizing the processes of alkane
and alkene hydroxylation and epoxidation [329].

Influence of catalyst stability, metal complex with porphyrin on catalytic cycle
circulation number, as well as two-phase system influence on conversion and
selectivity, has been mentioned above. An example of the influence of these
parameters on the catalytic process is a model reaction of olefin epoxidation in
two-phase system H,O/CH,Cl,, catalyzed with manganese(IIl) complexes with
various porphyrin derivatives. Oxygen-containing hypochloric acid (HOCI) was
taken as oxidant. The most stable to oxidation, efficient, and selective turned out
to be manganese(IlI) complexes (I-III) with various electron-attaining substituents
in the porphyrin ring, providing steric protection of the catalyst’s active center and
its stability [331]:
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In complexes I-I1II, such substituents were, respectively:

X Y Z
I Cl H H
II Cl Cl CH;
I Br Br CH;j;

The epoxidation process is given in Fig. 3.19 [331].

At pH 9.5-10.5, maximal rates of alkenes rich in electrons (namely, cyclooctene)
epoxidation were observed. Initial ratio L:P = 1:1, where L is fert-butyl pyridin or
N -hexylimidazole. Stability of complex I was high, and on epoxidation, circulation
numbers reached 60,000-100,000, and the process was proceeding with very high
selectivity.

The totality of the above-mentioned material concerning oxygen atom transfer
with metal porphyrin complexes onto substrate C—H bonds in model systems,
mimeting cytochrome P-450, shows its complexity. Equally, with the molecular
and hidden radical detachment-recombination mechanism (likewise for cytochrome
P-450), in model systems the usual radical process can proceed by hydroperoxide
formation and its transformations. Oxidation reactions with the involvement of
non-selective OH® radical are characterized by low kinetic isotope effects—K IE
(ku/Kkp ~1-2). Higher KIE values indicate more selective intermediate involvement
as oxidant (namely, metallocene) [219]. Model systems of substrate C—H bond
hydroxylation (like cytochrome P-450) are often characterized by high KIE value
(kug/kp > 9), which apparently is caused by proton tunneling contribution to
the mechanism, and its increase is accompanied by the enhanced stereoselectivity
[332]. Many of the model metal porphyrin systems considered are imitating
monooxygenases not only in a functional way but also by the intermediate active
particles and mechanism of substrates oxidation [219].
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Non-Hematic Model Systems

Non-hematic monooxidases represent a rather large group of enzymes, among
which the most interesting are w-hydroxylase, tytosine hydroxylase and MMO. All
of them oxidize unactivated C—H bonds, introducing oxygen atoms in them, but the
active center of the first two hydroxylases involve mononuclear iron(III) complex,
and that of third hydroxylase—binuclear iron(Ill) complex. Modeling of certain
dioxygenases is also interesting, realizing the introduction of one oxygen atom O,
on hydroxylation and, conjugated with this, another oxygen atom introduction into
a suitable substrate such as dioxygenase ketoglutarate.

w—Hydroxylase and its model systems obtained from various bacterial sources
possess some functional peculiarities. They catalyze terminal hydroxylation of
methyl groups in alkanes and aliphatic acids, and oxidize n-alkanes (from Cs to
Cyo) into n-alcohols and then into n-acids. Separated w-hydroxylases not only
hydroxylate, but also epoxidate sulfides and demethylize ethers in a stereospecific
way [333] and with high KIE (ky/kp = 6-8) [334].

It is supposed that in the reactions of w-hydroxylase, a high-valency iron
compound of ferryl type (Fe¥ =0) is a possible oxidative intermediate particle
[249, 308], detaching hydrogen atom from alkane methyl group with subsequent
recombination of alkyl radical formed with iron hydroxo-complex (the situation
is very similar to that realized in alkanes hydroxylation process with cytochrome
P-450) (Fig. 3.14). Thus, the alcohol will be obtained:

R — CH; + O = Fe'"Y — [Fe!Y — OH, CH; — R] —> Fe(IIl) + R — CH, — OH"®

Many systems containing non-porphyrin iron complexes are able to hydroxylate
alkanes to alcohols, although with usual regioselectivity [188, 198,228, 335, 336],
i.e., first the weakest tertiary bonds C—H will be hydroxylated, then secondary ones,
and only then the strongest primary bonds.

There are few model systems in which selectivity in alkanes oxidation changes,
thus making these systems similar by this parameter to w-hydroxylases [337].
These models mainly imitate steric obstacles with the help of solid matrix—
clathrate compounds [338] or zeolites [339]. Thus, change in both substrate and
regioselectivity is observed. The activity of primary C—H bonds is higher compared
to the secondary ones in alkane [337].

Careful study of alkenes and alkynes oxidation process, catalyzed with
cytochrome P-450, has shown that in this process, as with substrates epoxidation,
alkylation of the porphyrin active center proceeds near pyrrole nitrogen, resulting
in cytochrome P-450 autoactivation. Such autoactivation is caused more often
by terminal alkenes. Synthetic models of cytochrome P-450 will also form
N -alkylhemins on their epoxidation of both terminal and non-terminal alkenes
[340-343]. However, these N -alkylamines in model systems are able to catalyze
alkene epoxidation, while on alkene epoxidation with cytochrome P-450, enzyme
autoinhibition proceeds [342].
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With high circulation and moderate concentrations of oxidant (pentafluo-
roiodobenzene (PFIB)) in model system PFe(III)-PFIB, epoxidizing alkenes, being
a model of cytochrome P-450, hemine PFe(IIl) will be rapidly and completely
alkylated with formation of a mixture of primary and secondary N -alkylhemines
[344]. They are catalysts of alkenes epoxidation with PFIB, although they are very
unstable and are disintegrated during the course of the reaction. As system PFe(I1I)—
PFIB mimics cytochrome P-450 well, it apparently will not be decomposed during
the process. Such behavior of the model is similar to the reversible inhibition of
cytochrome P-450 with ligands joined to iron of the active center.

Methane Monooxygenase and Its Models

There exists a large group of MMO, obtained from various bacterial sources, which
realize efficient methane transformation into methanol [345-348]. They rather
significantly differ by their activity in the process of methane hydroxylation. The
general reaction of inert methane hydroxylation with oxygen can be given in the
following form:

methane monooxygenase

CH; + NADH + H + O —————————— 5 CH;0H + H,0 + NAD™.

This reaction proceeds in many steps at low temperature with high activity and
selectivity [147,349-353]. Besides C—H bond of methane oxidation, they can also
oxidize edge methyl and adjacent to it methylene groups in n-alkanes (C,—Cg),
as well as epoxidize olefins and hydroxylate aromatic compounds. In subsequent
reactions, methanol formed from methane will be oxidized through formaldehyde
to formic acid and then to CO;. Due to this process, energy for bacterial vital activity
is obtained.

MMO Consists of proteins A, B, and C, the active center being in the first of
them. The active center includes binuclear iron(II) p-oxo (j-hydroxo) complex
(Fey-hydroxylase MMOH, 245kDa) [354]. The most probable hydroxo complex
is considered to combine both iron atoms. Besides, these iron atoms are linked
together with glutamine carboxylate as bridge. Three other glutation carboxylates
are monodentate ligands. Two histidine imidazoles are also ligands.

Each iron atom has coordination surroundings close to octaherdal. The active
center

H
|

(0]
(conventionally Fe''/ N pellly

is within the hydrophobic space, in which CH4 binding proceeds [355]. Using
EXAFS method [356,357], it was found that each of the two iron atoms in MMO
is surrounded by four to six O- or N-ligands. Length Fe...Fe (it can be slightly
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changed) is equal to 5.1 A, and they are linked between each other in oxidized or
semi-oxidized form with OH bridge

H
|

0
(Fe/ \ Fe)[356]

or oxygen from water [358].

In the reduced form in the active center, each of the iron atoms is five-
coordinated. With each iron(Ill) atom, five oxygen atoms (belonging to the car-
boxylate groups of glutamic and asparagic acids) and one nitrogen atom (from the
histidine imidazole group) are coordinated [359]. Two iron atoms in MMO active
center are bound to each other with pL-oxo-L-carboxylate bridges [360-363].

(0]
OH;
\/O\ /O_<
O O —Fe Fe —O (¢]
T RN
O

There are two Fe,O centers in hydroxylase component A (protein A MMOH),
situated symmetrically at 45 A distance from each other. Each iron atom is close
to octaherdal coordination surroundings. It is still unclear why the most inert
hydrocarbon-methane—is the most efficiently bound with MMO compared to
other alkanes. Active center redox properties are strongly influenced by its joining
to protein B. Functions of regulatory protein B (MMOB, 15.5kDa), containing
no metal or cofactors, are rather important; as they regulate electron transfer in
catalase from reductase to hydroxylase, this two-electron process proceeding only
in the presence of substrates [364]. It also increases substrate oxidation rate and
changes the regioselectivity of oxidation. This protein is situated in the Fe,O center,
apparently, conformationally changing its coordination sphere, which results in
change in spectroscopic, redox, and catalytic properties.

Protein C is reductase (Fe,S,-flavin reductase MMOR, 40kDa), and realizes
electrons transfer from NADH to hydroxylase. This transfer is controlled and
regulated by protein B.

All three proteins A, B, and C are closely connected with each other and are
needed for substrate efficient oxidation [365], as the presence of protein B increases
the rate of active center interaction with oxygen molecule

H
|
(Fe'Y © \Fe™),

and the formation of binuclear ferryl particle [Fe'Y—O-Fe'V] = O [366]. Protein
B also shifts the redox potential of the iron active binuclear center in the negative
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direction by 132 mV [367]. The formation of MMOH-MMOB complex changes the
conformation of

H
|

(0]
Fe'” ~ \Fe! -center,

so that the substrate can join this center more strongly than simple MMOH. Thus,
the space of the ligand surroundings of center Fe’. .. Fe" will also be changed.

The mechanism of methane oxidation in the presence of MMO, probable to a
great degree, although still not certain (similar to cytochrome P-450), is given in
Fig.3.20 [368,369].

In isolated MMO enzyme, two iron ions are in oxidation degree 3+, but can be
reduced to degree 2+ [370], and in this form the active center becomes capable
of joining oxygen molecules. On partial reduction, the active center can be in the
mixed-oxidized state

H
\

0
Fel /N Fell

with the distance between the iron ions equal to 3.1 A [370].

Processes proceeding in this cycle can be described in the following way [337].
The active center of protein B (1) joins methane (2) and NADH (3), after which, with
the involvement of proteins B and C, rapid two-electron transformation of this triple
complex (3) into L-hydroxo-Fe) complex (4) proceeds. The latter, interacting with
O, by means of two-electron transfer, will form hydroperoxide intermediate (5).
Then heterolytic breakage of O—O bond proceeds with the formation of water and
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Fig. 3.20 Supposed mechanism of methane oxidation in the presence of methane monooxygenase
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relatively long-living [Fe'VFe!V] = O intermediate of diferryl or iron (IV) bis-j1-0xo0
complex type (6) [337,371,372].

It was shown by the method of EPR-trap that OH® radical is absent in catalytic
MMO cycle [373]. Intermediate (6) is able to interact with alkane coordinated with
it by the mechanism of CHJ radical detachment (7) and its further recombination.
Intermediate disintegration (7) limits the process rate, and its structure is represented
as diferryl or bis-p-oxo complex [346, 374]. Recombination can proceed slowly;
therefore, complete preservation of configuration does not proceed on stereoisomers
of some alkane oxidation, namely, dimethylcyclohexane. This made it possible to
detect CHS radicals with EPR-traps. However, intermediate formation (7) and its
decomposition by the detachment—recombination mechanism are still disputable.

Direct introduction of oxygen atoms from diferryl complex (6) into C—H bonds
of methane with ferryl particle is also possible. Oxygen atom introduction into
C-H bonds of methane directly from peroxide intermediate (5) can also occur.
Generation of intermediates in this cycle remains hypothetical, but has lately
received confirmation [375-377]. In this research, consecutive formation of three
intermediates was confirmed, similar to some degree with intermediates (5), (6),
and (7).

However, the validity of the mechanism needs to be assessed, especially of
its last stages (stages 6, 7, and partially 5), as it explains neither preferrence for
methane as substrate compared to other alkanes, nor regioselectivity. Doubt is also
expressed regarding the possibility of ferryl particles formation under biological
conditions in the case of non-hematic systems [238, 263, 378-380], especially as
oxygen atom can be joined to two iron atoms at the same time in the form of Fe!¥
bis-p-oxo complex (I), which is oxenoid agent for both peroxide and acid, and is
the specific alternative to the ferryl particle [359]. On this basis, a new mechanism
of O, activation for binuclear comlexes was proposed [359,381].

0 0 - 0 0
Fe' - X — Fe" - Fel{ | Ee —>Fe'< F?VKT' Fﬁ Fe\"‘
-x o0 “~0 - CH, CH;0H

@ )

Activation of O, Proceeds with p.—n?, n?-peroxide (I) formation, which will then
be turned into bis-j1-Oxo-Fe}’ intermediate (I), interacting with methane and being
an alternative to ferryl (the difference is that O atom in intermediate (II) plays the
role of a bridge between two iron atoms, which provides its efficient stabilization
[219]). Hydrogen atoms of methane (or other alkane) joining to the L-Oxo-bridge of
complex (II) proceeds with the formation of an enzyme—substrate complex (through
the formation of a hydrogen bond with the H atom of methane, which in its turn
could explain the effect of proton tunneling on methane oxidation). Better joining
of methane with MMO compared to other alkanes is due to the same reasons, as
methane has the highest acidity: CH4 > primary CH > secondary CH > tertiary CH.

Transfer of O atom to C—H bond can be represented as electron attack of
substrate on C—H bond, realized through many-centers’ cyclic state [382]. Thus, the
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mechanism of substrate (CH,) transformation in the final stage of product formation
can be given as follows [359]:

H H
<

i 5 #  Ch o

0o_ _O N 0
/ AN | P PN
Fe'¥ FeV' — | EY C—|—F! F'= p" Fe''+ CH;0H.
\ / NO..H N\ ~o0—
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O\I/O H
Such a mechanism of O atom transfer is suitable only for CHs and terminal
CH3 group (primary bond C-H). For secondary and tertiary C—H bonds, this
mechanism is less probable because of steric obstacles, and it becomes clearer
why CH,4 hydroxylation proceeds more efficiently than for other alkanes, and this
new hypothesis needs further experimental confirmation. The need for binuclear

iron complex in the active MMO center is apparently caused by the following
circumstances [219]:

1. Possibility of two electrons’ simultaneous transfer onto O, molecule

Fell = 0 — Fell & Fe(Ill) — O — Fe(Il1)* 03~

2. Capacity to accept O*>~ (after heterolytic disintegration of O-O bond) with two
Fe(IIT) ions without preliminary protonation

3. Necessity to avoid unstable superoxidized state of iron(V) in conditions of non-
hematic surroundings

0~
Fe"'- 0 -Fe' =0 —Fe" Fe'v
~o0-—

The mechanism of methane hydroxylation with soluble MMO from the bacterial
source Methylococcus capsulatus (Bath), being the result of experimental data
available for the mid-1990s, is given (with certain simplifications) in Fig. 3.21 [383].

On protein A (active center of hydroxylase) the joining of substrate (CH,) and
electron transfer from reductase occurs, with the formation of the reduced form of
methamemomooxidase (MMOH) active center

CH,

of methane monooxidase, shown in Fig. 3.22 [384,385].
Two iron(Il) ions in the reduced MMOH are joined to each other with two
carboxylate groups of glutamate (Glu 144 and Glu 243). Coordination sphere of
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Fig. 3.21 Catalytic hydroxylating cycle of soluble MMO from Methylococcus capsulatus (Bath)

water
Glu 243

Glu 144

Fig. 3.22 Active center of the reduced form of MMOH causing O, activation

the active center also involves two monodentate glutamine residues (Glu 144 and
Glu 209), two weakly bound water molecules, and hystidine residues (His 147 and
His 246).

Oxygen molecule reacts with this reduced form MMOH with rate constant k;
and forms the peroxo-form (several possible structures are proposed). The latter
with rate constant k, is transformed into the intermediate Q with uncertain structure
(the possible structures are given in Fig. 3.23) [383].

It can be seen from this figure that possible structures can include FeIV = O and
FellI-O®—particles formed on homolytic breakage of O-O bond in peroxo-form.
There is also another possibility: when the oxygen atom in supposed Fe(IV)-oxo
or Fe(Ill)-oxyl radical particles are joined symmetrically between two iron atoms.
This can take place on bond O-O protonation and heterolytic breakage, resulting in
Fe(IV) = O or Fe(III)-O°®—particles formation. It seems that O—-O bond breakage
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e

Peroxoform of
hydroxylase

Fig. 3.23 Possible structure of intermediate Q

is the limiting stage in Q intermediate formation. Product of Q interaction with
substrate, being protonated, will be turned into the final product (CH;OH + H,0)
with the regeneration of hydroxylase center reduced form
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and the hydroxylation cycle begins again. In comparison with the data given in
Figs.3.21-3.23, the idea of Q intermediate structure is more detailed, although
nothing is said about the way of final product CH3OH formation. This problem
still remains rather unclear.

Usually two possible mechanisms are considered [219]:

1. Synchronous introduction of O by C—H bond with its detachment from methane
atom (concert, oxenoid)

2. Concealed radical (detachment-recombination mechanism), which is mostly
finally recognized

However, none of these mechanisms can explain all the experimental data for
hematic and non-hematic monooxidases. Therefore, a new hypothesis was put
forward of synchronous introduction of O atom by C—H bond, which is briefly as
follows [386, 387]. First, one oxygen atom of oxidation pariticle forms an active
oxygen intermediate with substrate (hydrocarbon) molecule. This intermediate has
an extremely distorted substrate structure with five-coordinated carbon, in which
two hydrogen atoms or hydrogen and deuterium atoms change places relatively
readily.

With this new two-staged hypothesis, such effects as isomerization, unusual
stereoselectivity, and sharp difference in isotope effects for similar substrates or
in the process of N-desalkylation can find a natural explanation [219]. For the latter
case, the first stage results in intermediate (I) passing into intermediate (II) with
five-coordinated Carbon, and the second stage results in formaldehyde detachment:

i
PFe = O..CNHCH,

1. PFe = O + CH3;NHCH;

2

@

., H.
2. PFe = 0...C ---- NHCH;
VRN

H H

HCHO + H,NCH;

1)

This hypothesis results in uniformity of atomic oxygen transfer mechanisms on
C-H bonds of aliphatic compounds, olefins, and aromatic compounds; however, it
requires further confirmations of its correctness.

Some binuclear iron complexes such as MMO structural and functional models
have been described recently in [337]. Functional MMO models able to epoxyi-
ate alkenes (model system (MeyN)[Fe,L(OAc),]-cis-stilbene-H,0,, where L—
is tripodal heptadentate ligand) [388] or to hydroxylate alkanes (model sys-
tem Fe,O(OAc),Cly(dipy),—alkane-fert-BuOOH in acetonitrile) [389], etc., [337]
turned out to be rather unstable.

In order to stabilize model systems, certain binuclear iron complexes were
synthesized on the surface of silica gel modified with imidazole [390], which were
active in methane and other alkanes’ oxidation, but the active particle turned out
to be OH® radical. In another model system [391], (Fe,OCl;(DTBC),-alkane-O,
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in the presence of hydrazobenzene as reducer, DTBC (di-fert-butyl catechol)—the
binuclear catalyst—was stable, and binuclear oxoferryl complex was supposed to
be the reducer. In general, reactions of the reduced form of MMO with O, proceeds
over many steps [349,350,352,353,392-397].

As has been mentioned above, the initial stage is two-electron oxidation of
di-iron(II) center, with unstable peroxo-particle formation further decomposed on
intermediates, which have not been studied well enough (these could be di-ferryl
or other kinds of particles). In spite of the fact that a number of model compounds
were synthesized, none of them reproduces the catalytic activity of MMO [398].
For example, three relative compounds were studied, each of them containing (j1-
alkoxo) (ju-carboxylato) di-iron(Il) coordinated with N, N, N’, N’-tetrasubstituted
1,3-diamino-2-hydroxypropane ligand. These model compounds interact with
O,, forming unstable p-peroxo intermediates at low temperatures, studied by
the stopped flow method. At ordinary temperatures, these intermediates are
decomposed with the formation of (L-oxo0) poly-iron(IIl) products. Decomposition
of all three peroxide intermediates resulted in tetranuclear particles’ formation in
transition state. All these peroxide particles are still unsuitable for the particles that
are convenient for oxygen transfer into MMO. A variety of O, joining ways to
produce binuclear MMO center or its models, in spite of numerous experimental
results, resulted in the attempt to resolve this problem on the basis of quantum-
chemical calculations using the enlarged semi-empirical Huckel method [399]. As
the initial experimental data, the results used were obtained by the EXAFS method
according to the bonds Fe—O and Fe—N lengths in active MMO center [352,400]. As
theoretic models for quantum chemical activity, those resulting from the numerous
research projects were chosen:

OH H OH NH H NH
HO. | .o._ | ..OH HN. | .O._ | _NH
"Fe Fé "Fe, Fe,
HO" \\0( /VOH N \Vo( /‘NH
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O\ e O\ e
C C
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These calculation models contain hydroxo-, carboxylato-, and aqua-bridges,
joining two iron atoms. Thus, OH™ and NH>~ ligands were used for the remaining
part of coordination sphere modeling. Each iron atom is in surroundings close to
octaherdal. Calculated d-Orbital disintegration of these molecules is characteristic
for two iron atoms octaedrically coordinated and weakly interacting. In the reduced
form of MMO center (Fe'...Fe'') which interacts with O, the block of low-
arranged d-orbitals is completely occupied, and only highly situated orbitals are
vacant. To overcome the spin obstacle between triplet dioxygen O, and singlet
organic substrate, oxygen molecule at the first stage reacts with the reduced form of
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enzyme, forming, apparently, di-iron(III) peroxide intermediate (II) [397]. By this
time, it was experimentally proven that there are several ways of O, joining to
the active MMO center [401]. For quantum chemical calculations, the following
important geometric arrangemnents were considered:
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It is difficult to determine, proceeding from the spectral data, which of these
structures is the most probable on O, interaction with the MMO active center.
Therefore, potential energy curves were calculated for these three binding structures
(3, 4, and 5) of the hydroxide model (1):
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Calculations have shown that structure (3) is characterized with the lowest
potential energy minimum, i.e., it is preferrable for O, joining to the MMO active
center, in which the L-aqua-bridge is removed. The results obtained for model (2)
are almost identical.

Figure 3.24 represents the MO diagram for the most preferrable way of bind-
ing (3).

A block comprising six ty,-orbitals of two iron centers is situated roughly on
-12eV value. These orbitals interact well with dioxygen 7 ¥ -orbitals. As double-
degenerated rX-orbitals in unbound O are filled with two electrons, it appears that
on the early stages of reaction two electrons are transferred from energetic higher
arranged Fe, Fe block of t,,-Orbitals to O,, reducing it to O%_. Thus, this way of
dioxygen binding (3) (u—n': 771—0%_) is preferrable for O, joining to the MMO
active center.

The number of model systems is described with iron binuclear complexes as cat-
alysts, and with peroxide oxidants (H,O,, fert--BuOOH) in organic solvents which
were able to oxidize methane and other alkanes [402—405]. Thus, involvement of
ferryl particles in hydroxylation process was supposed.

The influence of the substituents’ nature was also studied in model binuclear iron
complexes of [Fe;OL4(H,0);,](ClO4),u [Fe,OL, (PhCOO),(H,0),](ClOy)4 (L =
o, a/-dipyridyl, 1,10-phenanthroline and their various substitutes) type on alkanes
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Fig. 3.24 Diagram of the most preferrable binding interaction (3), of dioxygen with
Fe, (W—OH) (n—0,CH)(OH)6

oxidation (methane, ethane, hexane, and cyclohexane) with hydrogen peroxide or
tert-butyl hydroperoxide in acetonitrile [406]. However, a relatively low number
of circulations for alkanes oxidation was discovered, which, supposingly, can be
explained by competing processes of alkane (RH) oxidation and peroxides (R’"OOH)
decomposition:

Fe(111),0 + R'OOH — Fe}YO(0) + R'OH,
Fe)Y0(0) + RH — Fe(III),0 + ROH,
Fe)Y0(0) + R'OOH — Fe(Il1),0 + R'OH + O,

where R” = H,’Bu.

In the case of methane oxidation, the catalytic activity of model complexes
increases on substituent electronegativity increase in the ligand. On cyclohexane
oxidation, the inverse dependence is observed. Ethane oxidation takes intermediate
position. In general, substituent electrophilicity plays an important role in C-H
bonds in alkane activation with similar model binuclear iron complexes.

The weak part of these systems is binuclear complex instability on alkane
oxidation. It is also to be noted that ferryl complex participation is disputable. One
of the best MMO models which is stable enough is the system iron-containing
zeolite ZSM-5-methane—N,O, able to oxidize methane, benzene, and some other
compounds [407]. a-Centers of iron-containing zeolites ZSM-5 are surface hydrox-
ide clusters of iron (A). Oxygen atom detachment from N, O proceeds on them with
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the formation of active oxidant (B), which stoichiometrically oxidizes methane to
methanol at room temperature:

_0~_ _~OH HO (o) OH

HO -Fe Fe N,O Fe Fe CH,
~N0-— NO0OH

H H
(A) (B)

The cause of iron binuclear complex higher activity compared to mononuclear is
the capacity of the first to reduce O, to peroxo- or hydroperoxo-complex better
without the intermediate formation of superoxo-complex, and the ability of the
second Fe'Vatom, being close to Fe!¥ = O in Fe!Y—O-Fe!Y = O-center of type
(6) intermediate (Fig. 3.20), to promote the electrophil influence, which is similar to
the porphyrin 7 -cation radical’s formation in cytochrome P-450 [337].

As model complexes for alkane hydroxylation, such compounds as [Fe(salen),O]
[408], [Fe,O(HB(pz);)2(0Ac),] [409, 410], [FesO(OAc)s(Pys)] [411, 412],
[F620L4(H20)n] [413—415], [FGQO(OAC)z(bpy)QCh] [416, 417], [FGQO(Hzo)z
(tmima),](Cl04)4 [417], and [Fe(PA),] [418] were also described. Here, salen
= N,N/-ethylenebis (salicylideneimine), HB(pz); = hydrotris (pyrazolyl) borate,
OAC = acetate, PA = picolinic acid, Py = pyridine, bpy = bipyridine, phen = 1,
10-phenanthroline, tmima = tris ((1-methylimidazole-2-yl) methyl) amine, and
L = bpy, substituted bpy, phen.

These catalysts in the presence of oxygen donors or peroxides will hydrox-
ylate alkanes. An efficient catalyst of cyclohexane oxidation (with cyclohex-
anol, cyclohexanone, and other products) formation in the presence of ‘BuOOH
is (p-oxo) di-iron(IIT) complex [Fe,(TPA),O(OAc)](ClOy4)3 (where TPA = tris
(2-pyridylmethyl) amine) [419, 420]. However, the nature of these iron-containing
catalysts and the way of their action are still not quite clear.

To reveal the protein influence on MMO active center functioning, a model
complex of this center was synthesized [Fe,(BIPhMe),(O,CH)4] (la) (where
BIPhMe = 2, 2'-bis-(1-methylimidazolyl) phenylmethoxymethane), and a kinetic
study of this complex interaction with O, was carried out using the stopped flow
method. This reaction in CHCl; is a first-order reaction by [O,] and a second-order
one by [la].

The main peculiarity of such a supposed reaction mechanism is the bimolec-
ular way, involving the formation in transition state of four-nuclear (j*-peroxo)
di-iron(II) di-iron(III) particle (Scheme 3.15) [421].

Model complex (1a) reacts with O, in a different way than in enzymatic systems.
The initial stage of oxygen molecule binding is similar to peroxo-complex formation
in the active center

0. N
G
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Scheme 3.15 Interaction of Fe(Il) binuclear model complex with oxygen

(Fig. 3.21) of soluble MMO, but then in the case of model complex (1a), a number
of rapid reactions proceed, resulting in iron polynuclear particles formation. Protein
MMO protects the active center from such reactions by active di-iron center
surrounding with polypeptide. Under these conditions, the reactions, resulting in
substrate activation, become predominant [421]. Perhaps, in the systems modeling
MMO active center, ligands with more steric difficulties should be used, or a model
complex should be fixed on a suitable carrier, in order to make the formation of iron
polynuclear particles more difficult [421].

In reactions la—1;—I>—1¢& (Scheme 3.15), moving of the carboxylate group
proceeds, this process also taking place in the appropriate enzymatic systems, result-
ing in O, reactivity change. Carboxylate moving, creating pre-conditions for oxygen
joining to the active center, can be increased on protein B or reductase (protein C)
binding with MMOH active center, which to some degree explains the regulating
role of these proteins. To modelize the active center of MMOH reduced form, binu-
clear complexes of iron(II) with dicarboxylate ligands p-xelendiamine bis (Camp-
triacyd) imide (H,XDK) [Fe;(ju.—XDK)(u—0,CPh)(ImH),(O,CPh)(MeOH)] (1)
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and with more soluble |L-xylendiamine bis (propyl Camp-triacyd) imide (H,PXDK)
[Fe, (W—0,CCCH3)3().—PXDK)(N-Melm), (0,CC(CHj3)3)] (2) [390] were synthe-
sized. These ligands have the following form:

R, R
;_40. e HO: <
HO....... (6)
(0]
R/7—<O y‘\

g
n
. 1

H,XDK, R = CH,
H,PXDK, R = (CH,),CH,

Compounds (1) and (2) are good models of MMOH reduced form and under
interaction of O,-metastable peroxointermediate

0P
FeIH FeHI

react with MMOH (Fig.3.21). Using the stop flow method, it was shown that on
complexes (1) and (2) interaction in tetrahydrofuran (THF), rapid formation (with
rate constants ~ 74s~! for (1) at 202.5K and k ~ 300s~! for (2) at 197K) of
colored intermediates proceeds with A, &~ 660 and 670 nm, accordingly. These
values are characteristic for the bonds with charge transfer from peroxo-group to
iron and are similar to that of (-peroxo) di-iron(IIl) intermediate of MMO reaction
cycle MMO (pu. I1.21).

Thus, the problem of MMO modeling is far from being resolved: the nature of
binuclear complexes and their surroundings as catalysts are not always clear; little is
known about the nature of possible intermediates, and the stability of the complexes
needs to be assessed.

Model Systems of Tyrosine Hydroxylase

Another non-hematic monooxygenase, the center of which represents iron(II)
mononuclear complex, is tyrosine hydroxylase (TH). Tyrosine hydroxylase cat-
alyzes hydroxylation of L-tyrosine (HTyr)

enzyme

HTyr + O, + DH, ——— > HOtyr + D + H,0
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to L-3,4-dihydroxyphenylamine (HOtyr), which is the initial and rate-determining
stage in catecholamine neurotransmitters synthesis. However, the role of iron
compounds in O, catalytic activation and tyrosine hydroxylation has not been
revealed [422].

Model systems [423] imitating tyrosine hydroxylase were proposed: Fell
(DPAH), -O,—PhNHNHPh-RH, Fe'' (PA),-0,~PhNHNHPh-RH, and Fe'! (dipy),—
0O,—PhNHNHPh-RH, where DPAH is 2,6-dicarboxylpyridine, PAH is picolinic
acid, dipy is 2, 2/- dipyridyl, PANHNHPh is the reducer (DH;), and RH is
4-t—BuCg¢H4OH. The same systems but with other substrates RH [benzene
(PhH), phenol (PhOH), and substituted phenols 4-CIC¢H,OH, 4-MeOCcH4OH]
successfully realize hydroxylation reaction. Thus, the following transformations
proceed: PhH — PhOH, PhOH — o, p—C¢H4(OH),, 4-CIC¢H,OH —
4—C1C6H3(OH)2, 4—MGOC6H4OH —> 4—MGOC6H3 (OH)z, 4—I—BUC6H4OH —>
4—t—-BuCgHj3 (OH)Z

It was recently shown [418,424] that the interaction of iron complex compounds
with hydrogen peroxide (Fenton’s reagent) in the presence of the base (B) yields
nucleophilic adduct sooner than free OH® radical:

B
Fe''L, + HOOH ——[L, Fe"OOH(BH™)]

On aromatic compound hydroxylation with Fenton’s reagent, substrates reactivity
and distribution of hydroxylation products differ from what could have been,
provided the oxidizing particle was OH® radical.

Hydroxylation depends on transition metal, ligand, and solvent. It is supposed
that by OH®-particle transfer from (1) on substrate, carbonic radical (2a) will be
formed first by means of Fe—C bond, and then the hydroxylation product will be
obtained from it:

on OH
|
(1) + XPh ———| L,Fé"H_OH| ——— +Fe'L,
B H,O
H
X
X
(2a)

where X is H, Cl, MeO, or ¢-Bu.
In the case where the substrate is phenol (PhOH), the ortho-hydroxylated product
(catechol) will be the main product:

OH
_OH OH
(1) + PhOH ———— I«FQIV —_ + F'L,,
B, H,O O

(2b)
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If instead of H,O,, O,, reducer (DH,), and saturated hydrocarbon substrates
(RH) are introduced into the system, the reactive intermediate will appear during
the process (1c), the reactivity of which is close to that of intermediate (1), and
hydroxylation will proceed as follows:

F'L,+ DH,+ O,

_OOH

L ——— ROH+ FdL,
N D, H,0

(o)

where Fe''L, = Fe''(DPAH),, Fe" (PA),, Fe"(Dipy)3*, and DH, = PANHNHPh.

The scope of such systems study was to establish their correspondence as tyro-
sine hydroxylase models [423]. In the model system Fe!'(DPAH),-PhNHNHPh—O,
phenol hydroxylation reaches about 100% efficiency:

Fe'l(DPAH),

PhOH -+ DH,(PhNHNHPh) 4+ 0, —— > o, p — C¢H,4(OH), + PhN = NPh.

Hydroxylation of substituted phenols yields 4-substituted catechols
[4—XCeH3(OH);]. Substrates reactivity corresponds with their electron-removing
capacity: C1 > H > ¢ — Bu > MeO.

Proceeding from the research of the aforesaid model systems’ results, the
mechanism of phenol hydroxylation reaction and its substituents with the system
Fe!! (DPAH),-PhNHNHPh-O; in acetonitrile:pyridine (3:1) solvent [404] was
proposed (Fig. 3.25).

Complex (DPAH),Fe!! reversibly joins O, to DH, and is transformed into an
intermediate able to interact with substrate. Substrate intermediate formed is similar

(DPAH),Fe"
A H,0
n X 7 OoH 0,
(DPAH),Fe! ‘/ !

_OH P
(DPAH);Fe'V\ H ot (DPAH)ZFeI
H
X, 0 o
(DPAH), Fe" H 4 LD
lon
PMOH DH,
0O, H,0 OOH
4-XCsH,OH (DPAH), Fe

DH

Fig. 3.25 Mechanism of phenol and its substituents hydroxylation in tyrosine hydroxylase model
systems (system Fe'l(DPAH),-DH,-0,)
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to intermediate (2a) of Fenton system. Then, transfer of OH® radical from iron to
substrate’s carbon proceeds, arranged in the ortho-position. Finally, H atom transfer
follows from hydroxylated carbon of substrate, with the formation of product
(catechol) and initial catalyst regeneration.

The proposed model system with the involvement of (DPAH),Fe! as catalyst,
and substrate 4—1—BuCgH,OH, is apparently a suitable model, imitating the pro-
cesses proceeding on substituted aromatic compound hydroxylation with tyrosine
hydroxylase. This mechanism of phenol and its substitutes’ hydroxylation reflects
schematically the probable route for the enzymatic system as well. It follows from
the aforesaid that the role of the reduced iron form of enzyme consists in O binding,
phenoxy radical intermediate stabilization, and making easier hydrogen atom with
catechol formation [423].

3.2.2 Dopamine $-Hydroxylase and Its Models

Along with the above-mentioned monooxygenases and their model systems, the
active centers of which contained iron mono- or binuclear complexes, there
exist monogenases with copper compounds as active centers. To such enzymes
belong dopamine-f-monooxygenase (DBH), catalyzing benzene hydroxylation of
phenylethylamines, such as dopamine (DPa) (and phenylethylamine, thyramine, and
epyrine), turning it into noradrenaline (NAD) in the presence of ascorbic acid (AA)
and O;:

OH

HO HO
DBH
0,AA
HO NH, HO NH

DPA NAD

2

The molecular weight of the enzyme is 290,000. It consists of four identical
subunits, each of them containing two copper atoms. The enzyme contains two
non-equivalent copper atoms per catalytic unit (as confirmed on model com-
pounds) which perform different functions: one of them (Cua) is an electron
acceptor (joining ascorbate) and the other (Cug) performs substrate and O, joining
[425-429].

Two electrons were delivered to Cup of the active center, from ascorbate through
the Cuy center in the process of hydroxylation, and reduced dioxygen joining Cug
to peroxide complex Cu(II)~O—OH. On homolytic disintegration of this complex,
radicals Cu(II)-O® were formed, being active particles in hydroxylation reactions.
It was shown by the EPR method that, during this enzymatic process, the oxidation
state of copper was changed between Cu(Il) and Cu(I) [430].



204 3 Biochemical Processes and Metal Complexes’ Role as Catalysts

It was established later that DPA can be oxidized to NAD in the presence of O,
and Cu(I) ion, which was formed on Cu(II) ion reducing with ascorbic acid, although
product yield made only ~1% of DPA [431]. In the system Cu(I)-O,—-AK-DPA,
OH?° radicals were also generated as active particles (Scheme 3.16):

0
( OH O 0

+ 2Cu(ll) — + 2Cu(D+2H" (1)
JH )
H CHOH H CHOH
:-Lilg()ll E.'II:()II
ascorbic dehydroxoascorbic
acid acid
2Cu(l) + 0, + 2HT — 2Cu(ll) + H,0, )
Cu() + H,0, + HT — Cu(I) + H,O0 + OH*® 3)

Scheme 3.16 Generation of OH® radicals in the system Cu(I)-O,-AK-DPA

A much more successful attempt to create an efficient functional DPH model and
imitate this enzyme’s active center was the use of tridentate ligand Py2Phe (N, N -bis
[2-(2-pyridyl)ethyl]-2-phenylethylamine), in which phenylethylamine (introduced
into the second half of ligand) was the hydroxylated substrate [432]. Here, instead
of ascorbic acid, 1,2-enydolate was used (obtained from benzoyne and base) as the
electron donor model. Thus, Cu(Il) binuclear complex was synthesized (2) in which
selective hydroxylation of ligand substrate half (phenylethylamine) was realized in
benzyl position (Scheme 3.17):

Both copper ions have structures close to square-pyramidal. Product yield on
such hydroxylation made 100% related to the initial Py2Phe. Cu(Il) reducing to
Cu(I) was the rate-determining stage.

The same product of ligand hydroxylation, but with 33% yield, was obtained
after Cu(Il) complex (1) treatment with hydrogen peroxide (but not with O,) in
methyl alcohol under argon (hydroperoxides ROOH did not realize hydroxylation
process). Thus, according to different research results [433-435], the complex
(p-peroxo) dicopper(Il) was formed. It was supposed that Cu(I)-O® particles,
generated by O—O bond homolytic disintegration in the initially formed complex
(p-peroxo) dicopper(Il), can be responsible for ligand Py2Phe Py2Phe hydroxyla-
tion in this case. Cu(II)-O*® particles could remove hydrogen atom in the benzyl
position, generating Cu(II)~OH and carbon-centralized radical, which attacked
other Cu(Il)-/O°® particles with the formation of the final product. Thus formed,
Cu(I)-OH was reduced to Cu(I) state, which was once again able to take part
in hydroxylation reactions. As has already been mentioned, Cu(II)-O® particles
were also generated in the enzymatic system, which were active in hydroxylation
reaction.
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N Cu(Cl0y), 6H,0
_———

Yy Y
P,2Phe
Py
/
PRf---0O<r--"N NH,OH aq
— (1 T Ty _— OH
N-T--- Q- - - P, N
N N
Ph N
P, P,
2

100 % product yield
(CH,Cl, extraction)

Scheme 3.17 Modeling of phenylethylamine hydroxylation, catalyzed by DH

Therefore, the above-mentioned system can be considered as a model, imitating
(mimeting) dopamine-B-hydroxylase.

Another interesting model monooxygenating system imitating the influence of
dopamine-f-hydroxylase and secondary aminooxygenase was proposed, result-
ing from the synthesis of bis(jL-oxo) copper complex in high oxidation degree
[(LBCu™), (11-0,)]X>, under —80 °C in the presence of O, from initial compound
[LB"3Cu! (CH3CN)|X(LB™ is 1,4,7-tribenzyl-1,4,7-triazacyclononane, X is various
amines) 9435]:

Ph I+

XN N
Ph N N0\
2 “ N/ Cu-NCCH; _0, N/ Cu Cu \N—\
& J/ CH,Cl, Q’ /o7 Ph
N

N -80°C

ph ph _| ph !

This complex with the nuclei [Cu,(u—0,)]*" is thermally unstable, and will be
decomposed on heating to 425 °C.
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Ph
Ph N
‘*N(’\\/WN —
Ph
Ph s +
Ph
7 -80°C  25°C r
Ph 2.NHOH  Fh NI
& Cl{ 09u Ph : )\( N_I\’h
+
Ph | Ph J
0
ratio 3:2:2 — 90 % )k
mass regeneration
Ph H

This complex decomposition resulted in various particles’ formation (R,NCH; R/
and [Cu,(.—0,)]*>"), the interaction of which was identified as monooxygenase
reaction of oxygen atom introduction into one of the reaction products (R'"CHO):

R,NCH,R' + [Cus (u — 02)]*F + H,O — RoNH + R'CHO + [Cu, (u — OH,)]*T.

The mechanism of bis(j-oxo) dicopper complex decomposition is in accordance
with the inner-molecular cutting of o—C—H bond with electrophilic nuclei
[Cus(1—05)]*>), and is shown in Scheme 3.18 [436].

3.2.3 Model Systems of Dioxygenases

3.2.3.1 Models of Iron-containing Dioxygenases

Unlike numerous model systems of monooxygenases, considered above, on the
basis of iron coordination compounds, appropriate model systems of dioxygenases
are scanty. Dioxygenase itself, such as catechol 1,2-dioxygenase, belongs to
the group of non-hematic Fe(IIl) enzymes, catalyzing oxidative disintegration of
catechols to cis-muconic acids [437]. The active center of this enzyme is a high-spin
Fe(III) complex with two hystidine molecules, and also water molecule, as follows
from Raman spectroscopic, EPR, and other data [438].

Study of Mossbauer spectra of enzyme—substrate complexes [439-441] has
shown that, on interaction with the substrate, the active center of the enzyme
represents itself as Fe(III) complex, and UV and visible spectra obtained by stopped
flow method [442, 443] testify to the charge transfer from tyrosine to iron(III). It
was impossible to discover participation of iron(II) in the catalytic cycle.

The active iron-containing enzyme center with two coordination molecules of
tyrosine is characterized by low potential, and catechol’s appropriate coordination
to this center results in its further decreasing, so iron(IIl) reduction becomes
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Scheme 3.18 Mechanism of bis(j1-oxo)dicopper complex disintegration

impossible [444]. Proceeding from this, the proposed scheme of the substrate (S)
activation mechanism, contained in the center of the enzyme, looks as follows [445]:

Fe(Ill) + S — Fe(II)*S + O, —> Fe(IlI)* OOR — Fe(1II) + products.

Catechol 1,2-dioxygenase belongs to the class of the so-called inner-diol dioxy-
genases, the functioning mechanism of which involves anhydride intermediate
formation and Criegee rearrangement [446].

The representative of another class of the so-called out-diol dioxygenases is
iron(II)-dependent 2,3-dihydroxyphenyl-propyonate 1,2-dioxygenase (MhpB) from
Escherichia coli. They catalyze extra-diol disintegration of 2,3-dihydroxyphenyl
propionate (1) with product (2) formation [447], which is the substrate for hydrox-
ylase (MhpC) (Scheme 3.19).
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C027 C027
CO,R
N L 7
MhpC | O MhpC +
—_— —_—
0,, Fe** |
OH | RO O RO,C~ OR
@ 0, OH 3aR=H 4aR=H
Q?) 3b R=CH; 4b R = SiMe;
3¢ R =SiMe;

Scheme 3.19 Extra-diol disintegration of 2,3-dixydroxyphenyl propionate

The possible mechanism of MhpB functioning is given in Scheme 3.20 [448]. As
can be seen from this scheme, after catechol substrate and oxygen molecule joining
to iron(Il), electron transfer causes the formation of semiquinone—superoxide
iron(Il) complex. Furthermore, generation of two possible peroxo-complexes pro-
ceeds by means of carbon—oxygen bond formation between semiquinone and
superoxide. Peroxo-particles can then react either through the locking of the inner-
molecular ring, yielding dioctanite intermediate (5), or Criegee rearrangement with
the formation of unsaturated lactone (6), the formation of the latter being more pos-
sible. Intermediate (5) or (6) can then be disintegrated, yielding product (2) [448].

Criegee rearrangement

—

6 CO; H,0

Scheme 3.20 Possible mechanism of MhpB functioning
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Another non-hematic iron-containing enzyme is ketoglutarate-dependent dioxy-
genase [198, 236]. It realizes the catalytic process of C—H bond hydroxylation in
various organic compounds (substrates RH) [449]. Co-substrates are a-ketoglutaric
acid (or in general, a-ketoacids) and O,. The oxidation rate of various substrates
with this dioxygenase falls within the limits 3—50 cycles/s. Mechanism of catalytic
process, realized with ketoglutarate dioxygenase, can be presented as follows [199]:

Fé'+ 0,+ C=0——Fe-0-0..C =0 —Fe"V= 02" + C_+ CO,
C

7
¢ RH o/ OH
V2R VRN

O OH 0 OH I
re' + ROH

The homolytic breakage of the O—O bond and formation of succinic acid and CO,
proceed, thus making the formation of ferryl particle Fe'¥= 0> thermodynami-
cally easier, this particle being an efficient oxidant of hydrocarbon RH. In this chain
of reactions, one oxygen atom is introduced into the organic substrate, and another
into succinic acid. However, the activation mechanism of O, and the C—H bond of
the substrate is still not quite clear, and an active oxidant of substrate formation in
the form of ferryl particle is presupposed.

A model system of this dioxygenase, working at room temperature, is
Fe''(C104),-03—a-ketoacid-Zn(Hg)-methyl viologen-acetonitrile solution. Thus,
zinc amalgam is a reducer, and methyl viologen makes electron transfer easier.
Substrate cyclohexane is oxidized into cyclohexanol and cyclohexanone. Thus,
generation of ferryl particle Fe!¥ = O%* is supposed due to electrophilic contribution
of ketoacid a-carbonyl group, which apparently is an active oxidant of substrate
RH® OH® radical formation is also possible [450].

Another group of model compounds involves Fe(Il) complexes with a-ketoacid
of [Fe'L(PhCOCOO0)|CIO, type, where L represents tridentate ligands—tris
(2-pyridylmethyl)amine and its 6-methyl-2-pyridyl analog [451]. When these
complexes interact with O, and with substrate RH, decarboxylation of a-ketoacid
proceeds, with quantitative formation of benzoic acid. Thus, one oxygen atom is
introduced into substrate RH, and another into benzoic acid (like enzyme). In such
a way, interaction of a-ketoacid with active dioxygenase center containing Fe?™ is
modeled.

One more non-hematic iron-containing dioxygenase is lipoxydioxygenase which
catalyzes dioxygenation of polyunsaturated aliphatic acids [452]. The interest in
it was caused by the discovery that it is involved in leukotrienes biosynthesis,
which plays an important role in supersensitivity and inflammation processes
[453]. The active form of native monooxygenase-1 form soya beans contains
iron(Il), which in the course of the dioxygenation process is able to form
intermediate of organoiron. One of the lipoxydioxygenase models is the system
[FeCl, (cyclam)]C104—O,-linoleic acid (cyclam-1,4,8,11-tetraazacyclotetradecane)
[454]. This system possesses a high capacity to linoleic acid peroxidation and
simultaneous formation of 'O, (' A,). The supposed mechanism of dioxygenation
in general comes in the transformation of triplet O, ('Y o) weakly joined to iron(III)

complex into singlet ' O, and linoleic acid dioxygenation by the latter.
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3.2.3.2 Models of Copper-Containing Dioxygenases

One of the best models of copper-containing dioxygenases is the relatively simple
catalytic system CuL%+—Oz—substrate—OH_—solvent, where L is o-phenanthroline
or bipyridyl [455]. It is very active in ketone oxidation (cyclohexanone, a-tetralone,
acetyne, heptanone-3, methylnaphthylketone, etc.) in water—alcohol media at tem-
peratures up to 40-50 °C in the presence of bases (NaOH, Ca(OH),, etc.). The
maximal rate is observed at about PH=12, which testifies about substrate ionization
importance and its transfromation into carbanion.

Therefore, active forms of substrates in alkaline water—alcohol medium (1:1)
are carbanions, the negative charges of which are concentrated on carbon atoms.
The extreme activity of carbanions in joining reactions was mentioned earlier
[456]. They also play an important role in processes catalyzed with dioxygenases
[455, 457]. Copper(Il) complex with o-phenanthroline serves as an active form
of catalyst. Its composition depends on the ratio between ligand and Cu”*tion.
At ratio 1:1 u 2:1 and at PH8-11.5 it exists in the forms [Cu(phen)(OH_)]%+
and [Cu(phen),(OH™)] ™, accordingly. At PH> 12, significantly less catalytic active
dihydroxy complexes [Cu(phen)(OH™),] are formed. The main products of ketone
oxidation are appropriate acids. Rate and selectivity of ketones oxidation are
strongly dependent on oxygen partial pressure.

Ketone oxidation (anion form S7) proceeds within the triple complex
[05...L,Cu*t...S7] [455]; likewise this proceeds in pyrocatechol dioxygenases
[458], and also in the model systems of catechol-1,2-dioxygenase (bipyridyl Fe*"
Complexes with O, in 3,5-di-fert-butylcatechol oxidation) [459]:

L,Cu®* + S8~ — [L,Cu?*...57] -3 [0s.. L,Cu>"...S] —> products

In this triple complex, substrate oxidation proceeds by a two-electron concerted
mechanism, but not through the formation of free or coordinated radicals. Thus,
appropriate peroxo-complex formation is supposed as an active intermediate:

The same model system (Cu>*—phen—0,-S—OH™ solvent) is rather efficient in
primary (methanol, n-propanol, benzyl alcohol, etc.), secondary (isopropanol, flu-
orobutanol, cyclohexanol) and many-atomic alcohols oxidation (sorbitol, mannitol,
etc.) to acids and carbonyl compounds [455]. Many aspects here are similar to the
aforementioned ketones’ oxidation, namely, need of bases, alcohol transformation
into anionic form, o-phenanthroline, bipyridine, or their derivatives use as ligand,
use of the same central metal ion, similar (more similar than on ketone oxidation)
dependence of rate and oxidation selectivity of number of aliphatic alcohols
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on oxygen partial pressure, significant influence of solvent on rate change, and
selectivity of alcohols oxidation. Like in the case of ketones, on alcohol oxidation,
triple complex formation is supposed [Cu®T...S™...0,](S™—alcoholate-ion), the
activity of which depends to a great degree on the nature of the solvent.

This system with Cu(Il) complexes, efficiently catalyzing low-temperature
dioxygenation of primary alcohols and polyoles to acids, represents a chemical
model of dioxygenases. Thus, catalase efficiency in the model system (biomimetic
catalysts) is comparable (close) to dioxygenase efficiency.

In the process of alcohol dioxygenation, aldehydes are not final product
predecessors—acids; this fact indicates the non radical oxidation character. In
water solutions alcohol oxidation, proceeding much more slowly than for ketones,
is apparently caused by more difficult formation of carbanion (alcoholates) which
is a limiting stage.

Change in alcohol nature (one-atomic alcohols — polyols) will change (tens
and hundreds of times increases) not only the process rate but its mechanism as well,
and that is why, for example, mannitol and sorbitol oxidation in water solutions is
closer to ketones oxidation regularities and oxidation rate than those of primary
alcohols. This is explained by the fact that carbanions are formed much easier
from polyols than from one-atomic alcohols. Therefore, the mechanism of polyols
dioxygenation is close to that of ketones [455].

On passing from water to non-water media, alcohol oxidation rate is often
increased hundreds of times, and values of circulation numbers reaches 1-2 s~! and
higher, which is close to enzymatic processes. Thus, alcohols oxidation in alkaline
aprotonic media proceeds, in one stage, to acids. Dependence of oxidation rate and
selectivity on oxygen pressure apparently testifies to the fact that it takes part in
the limiting stage of the process and two-electron reducing of oxygen is realized,
proceeding by concerted mechanism without free radicals formation [455]:

OH
()}

L,Cu"(OH")H,0 + RCHO~ R-CH,- 0-Cu'L,

/'H\ H H,0

G
’
’

R-CH-O - Cu'L,

R-CH-0-Cu"L,

'0==20' 0-0

// 11 —
R-C] + L,Cu'(OH")(H,0).
o

Thus, the catalyst remains active in practise, and the substrate half-transformation
time reaches no more than 5-30 min under mild oxidation conditions (10-60 °C),
the number of catalytic cycles per one copper ion reaches 2—5 s ™!, which makes this
model catalytic system very efficient, selective, and rather similar to dioxygenase
by its functional influence.
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3.2.4 Model Systems of Catalase

Catalases, in great amounts, present in the animal, vegetable, and bacterial world,
realize an extremely important reaction of rather toxic hydrogen peroxide excess
removal from the organism:

2H202 —_—> ZHZO + 02.

Each catalase has a molecular weight of about ~250,000 and contains four equal
sub-units, which involve iron(III) and protoporphyrin IX. Three spacious enzymes
structures were established from mushrooms and beef liver [460—462]. Axial ligand
of reactive center is tyrosine; its hydroxyl group joins the fifth coordination place of
iron(IIl) porphyrin complex. The imidazole part of histidine neighbors the reaction
center. The role of the latter is apparently in being catalyst-base. The reagent is
undissociated H,O, at rather low PH [463,464].

High-valency oxo-iron particles were detected in catalases (like in peroxidases),
which were marked as compounds I and II [463,465,466]. Compounds I and II are
iron(IV)-oxo porphyrin 7-cation radical [P**(TyrO)Fe! O] (here iron is formally
in Fe" state) and iron (IV)-oxo porphyrin [P(TyrO)Fe'YO] (where P is porphyrin
and TyrO is tyrosine) [467,468]. Compound I is formed according to the following
reaction:

P(TyrO)Fe(IIl) + H,0, — P**(TyrO)Fe'¥ O + H,0.

Interaction of compound I with the second H,O, molecule results in the initial
iron(IIT) complex regeneration and H,O; reducing to O,:

P** (TyrO)Fe'Y O + H,0, — P(TyrO)Fe(Ill) + H,0 + 0.

The simplified mechanism of H,O, enzymatic decomposition and parallel process
of catalase inactivation, increasing with hydrogen peroxide concentration rising, is
represented in the following form [469—471] (catalase is marked as Fe3+):

Kj
Fe*" + H,0,4=—— [Fe’"...O0H]
I

H (3.4)
[Fe’"...O0H] [Fe*'O*] + H,0
I
H (3.5)
[Fe*T0%7] + H,0, —> Fe’t0, + H,0 (3.6)

Kin
[Fe’*...00H] +H,0,—— Fe’* + H,0 + OH® + HO,®

|
H (3.7)

FeS* 0% + 2H,0, —s Fe’* + H,0 + 20H® + HOS (3.8)
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Reaction (3.4) proceeds very quickly (k; = 0.6-1.1 x 107 M~!'s71) [472] and does
not limit the rate of the catalase process. Catalase peroxo-complex is turned into
compound I (reaction (3.10)), which, having reacted in a two-electron way with the
second molecule of hydrogen peroxide by reaction (3.5), results in products O, and
H,O generation (k; = (2-4)*10’ M~! s7!) [472]. Simultaneously with compound 1
heterolytic decomposition (reaction (3.5)), homolysis of catalase peroxide complex
also proceeds with active radicals HOS, and then OH® formation (reaction (3.7))
[473]. Free radicals formed attack porphyrin active center of catalase, resulting in
its inactivation [474, 475]. Free radical formation rates are increased with H,O,
concentration enhance, which is reflected in brutto-process (3.7). Thus, as can
be seen from the scheme, the process of H,O, decomposition to O, and H,O is
characterized most completely by the rate constant k,. Inactivation rate constant
(kin) determines the rate of catalase inactivation due to the unproductive H,O,
decomposition, influencing enzyme deterioration. These rate constants k, and ki,
can be determined simultaneously on kinetic curves linearization [471].

On H,0, excess, catalase compound I can be transformed into compound II
[471], and one more way of catalase destruction becomes possible (reaction (3.8));
thus the process of enzyme inactivation becomes more complicated. It was found in
the comparative study of catalase from bull liver and yeasts Candida boidinii that
enzyme stability is 35 times higher in the second case. Besides, the advantage of
yeasts catalase is cheapness of its formation source, and simultaneous obtaining
of alcohol oxidase, which opens up the possibility to apply such bi-enzymatic
preparation for methanol-polluted waste water treatment [471].

Numerous model tests were carried out in order to reveal in detail the mechanism
of H,O, decomposition with catalase. However, many of these research works,
carried out earlier, were made on the level of phenomenologic description, or
were incomplete. One of the model systems, which imitates rather successfully
the influence of catalase active center, is the system based on iron(III) complex
with [5,10,15,20-tetrakis(2,6-dimethyl-3-sulfonatophenyl)porphyrinate] iron(III)
hydrate [P'Fe(Ill)(H,O0)] instead of porphyrin complex with iron(IIl) as in
catalase [476]:

This complex is water soluble in the absence of protein, does not aggregate,
and formation of |L-oxodimer is sterically aggravated. It forms high-oxidation oxo-
complex of Fe(V) with H,O, (it can be detected by the appropriate agent trap),
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which corresponds to the requirements of catalase active center modeling. As agent
trap for iron(IV) oxo-complex detection, forming in the reaction with H,O,, 2,2’-
asino-di-(3-ethyl-benzthazoline)-6-sulfonate (ABTS) was used.

The rate-determining stage is oxygen transfer from H,O, or HO, to
[P'Fe(TIT)(H,0)] Complex with the formation of iron(IV) oxo-complex, which will
then rapidly oxidize ABTS tO ABTS®*" (peroxidase reaction type), and hydrogen
peroxide to O, and H,O (catalase reaction type). The rate constant of second
order (k) of such transfer on limiting stage was determined spectrophotometrically
by radical ABTS®*t (A =660nm) accumulation. At PH1-4, 7-9, and 11-12,
[P'Fe(H,0)(H,0,)]™ (I), [P’Fe(OH)(H,0,)] (II), and [P’Fe(OH)(HO,)]~ (1) will
be formed,respectively.

Proceeding from the dependence log k—pH, it became possible to identify three
transition states (on low, intermediate, and high pH), which yielded [476]:

Low PH (I):

|
H (6] (oN
NOXTON AN
OX. H QX. H
) . G
OH2 OH2
Homolytic and partially Heterolytic breakage of O-O
heterolytic breakage of bond on iron(IV)-oxoporphyrin
O - O bond, which can nt- cation formation and
result in iron (IV) water molecule
complexes. detachment.
Intermediate PH (II):
H (0) H*/H
NOXON N\ N
: x— H Ov H .OX\.
3 CED o 4 or 5 (F™
OH OH, OH
Thee same as for 1) The same as for 1) The same as for 2)

High PH (I1D):

OH
The same as for 1).
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Products of O—O bond heterolytic and homolytic breakage for the cases I-III are
Fe!V' oxo-complexes and m-cation radical complexes [P**Fe!YO(OH)]. The latter
complex will react with H,O, by a mechanism similar to the influence of catalase.
Addition of nitrogenous bases (namely, 2,4,6-collydine, etc.) at low and mean pH
value catalyzes oxygen transfer from hydrogen peroxide to [P’Fe(IIl) (H,0,)]. The
mechanism of nitrogenous bases influence implies not only heterolytic breakage of
0O-0 bond, but catalytic proton transfer to oxygen going away as water.

The model system was also studied, decomposing H,O, to O, and H,O on the
basis of manganese(IIl) complex with the same ligand, but in neutral (PH 7.6) and
highly alkaline (PH 12.1) media [477]. Thus, in dependence on pH, complexes
[P'Mn"" (OH) (H,0,)] (Ia), [P'Mn'"(H,0)(H0,)] (Ib), [P'Mn'!(OH)(HO:)] (ID),
and [P’Mn'!(OH),(HO,)] (IIT) will be formed. Products of oxygen transfer from
hydrogen peroxide (X = H,0,, HO5™) in complexes Ia and Ib are manganese(IV)—
oxo porphyrin m-cation radical [P*TMn!YO(Y)](Y=OH~ or (OH),), and
in complexes (II) and (IIT), manganese(V)—-oxo porphyrins [P’MnYO(OH) u
P’Mn"O(OH)j,, accordingly.

The following mechanism of hydrogen peroxide peroxidase and catalase decom-
position is proposed:

catalyst + X — catalyst - X

rate-determining stage

catalyst - X [catalyst(Mn") = O]" + H,O(or OH™)

idl
[catalyst(Mn") = O]" 4+ ABTS &[catalyst] + ABTS** + H"
rapidl;
[catalyst(Mn'Y)=0] + ABTS L)[catalyst(MnW)zO] + ABTS**+H,0
idl
[catalystMn") = O]* + X &)[catalyst] + O; + H,0.

Manganese(IV)-oxo porphyrin w-cation radical will better oxidize H,O,, while
manganese(V)—oxo porphyrin, forming at PH>11.5, will preferrably oxidize ABTS,
compared to H,O5 Mn(V)-oxo-porphyrin realizes two one-electron reductions
of ABTS (two ABTS®' cation radicals will be formed), while iron(IV)—oxo
porphyrin m-cation radical will more easily be subject to simple two-electron
reduction. Manganese(I'V)—oxo porphyrin formation at ~PH 11.5 is explained with
the interaction of manganese(V) with unreacted manganese(IIl) porphyrin:

P'Mn'"(OH), + P"Mn"(OH), — 2P’Mn'Y (OH),

Thus, ABTS oxidation (peroxidase reaction) is more favorable at high pH, and
hydrogen peroxide oxidation at lower pH. This system is a model of manganese-
containing non-hematic pseudocatalase that has been obtained from some microor-
ganisms and other bacteria, which are unable to synthesize heme [478]. It represents
six subunits, associated in a non-covalent way (molecular weight ~172,000),
Containing one manganese atom per subunit. The active center of the enzyme is
manganese binuclear complex, able to exist in four oxidation states: Mn(II), Mn(II);
Mn(II), Mn(11I); Mn(I1I), Mn(11I); and Mn(III), Mn(IV) [478-481].
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Other models of manganese-containing pseudocatalase from Lactobacillus plan-
tarum were also proposed, such as Mn>tT—ethylendiamine-N ,N'-diacetate (edda)—
H,0; systems. Reduction of H,O, to H,O was initiated by Mn'!(edda) reaction with
active binuclear p-oxo-bridge complex forming in this system

—~0
™M™ MAdY)L,,
\O P

which was characterized with the same EPR signal as the active center of Lacto-
bacillus [482], although its optic properties were different [478,483].

The mechanism of hydrogen peroxide reduction (or tert-butylperoxide) in
this model system is a two-electron one (without OH® radical formation). It is
similar to Lactobacillus and other manganese-containing bacterial catalases [484]
(Scheme 3.21)

| | H
>Mn"< >Mn" <
| I ()—-— OR
lll lV + ROOH — >Mnlll Mnlll< —
I I
I |
>an<
()
I o |
— 5 i v
>M|n \O/Mn <+ ROH
I

Scheme 3.21 Mechanism of peroxide reducing with Mn-containing catalase

where R = H or (CH3);C.

In this proposed mechanism scheme, Mn''(edda) complex reacts with the bridge
of mixed-valent complex, forming a three-nuclear structure, which interacts with
hydroperoxides (I—1I). Breakage of the O—O bond in hydroperoxides is het-
erolytic and becomes easier by oxygen introduction into the L-oxo-bridge between
Mn" atoms in structure IIT. However, there are no direct proofs that such structures
are really formed. Besides, it is unclear whether such structures occur in biological
catalases.

The influence of ligand nature, bound to the binuclear center of manganese model
complex, and also that of solvent, is apparently rather high and can result in different
mechanisms of hydrogen peroxide dismutations. Thus, in the case of [LMnII T —
CH3COO7)](ClO4), (where LH-N, N, N’, N’-tetrakis (2-methylbenzimidazole)-
1,3-diaminopropane-2-ol) in methanol or acetonitrile (under similar conditions)
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Fig. 3.26 Supposed mechanism of complex [LMnlzl (W — CH3C0O0)](C10y), catalase activity

using the complex as a model of catalase, the mechanism of hydrogen peroxide
dismutation is realized by means of two consecutive two-electron stages:

H,0, + 2¢~ +2HT — 2H,0
H,0, — 0, 4+ 2¢~ + 2H"

which are caused by oxidation degree change of model catalyst active cen-
ter Mn£I H(—)Mnm The scheme of the supposed mechanism of model complex
[LMn, (CH3COO)](CIO4)2 catalase activity is given in Fig. 3.26 [485].

Compound [LMnII H([L—CH3COO)]2+ (form (1)) is catalase inactive. Hydrolysis
(form (2)) transforms it into an active form, which, after interaction with H,O»,
forms the appropriate peroxo-complex (form (3)). Subsequent transformation (3)
results in HO—OH bond breakage on account of its reduction with Mn"Mn!!
complex formation. Within the area of system existence, neither MnlzI M MnlzILlV

formation was discovered in conditions of hydrogen peroxide catalase dismutation.
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X B
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BH

Fig. 3.27 Supposed mechanism of catalase process in model system (XMn""P),-H,0,-B~,
where P is appropriate porphyrin and B~ anion of nitrogenous base

It appears that [LMnIZI’H(u—CH3 COO7)](Cl04), complex is one of the best mimetic
models of di-manganese catalase [485].

It is important for the model of a system of manganese-containing catalase that
its active center contains manganese dimer complex. Manganese(III) dimer complex
with porphyrin, in which Mn—Mn length is not great, possesses high catalase activity
compared to the appropriate monomer, and catalyzes H,O, decomposition in the
presence of a suitable nitrogenous base [486,487]. This system was considered to
be a functional part of manganese-containing catalase, which also contains in its
active center two manganese ions. This model reaction proceeds via the formation
of an appropriate Mn(IV), complex involving homolytic breakage of the O—O bond
intermediate. Mn(IV), complex formation is the rate-determining stage.

The mechanism of this catalase process is given in Fig. 3.27 [488]:

Taking into account that for the model system a close approach of two man-
ganese(IIl) ions isrequired, dimanganese(Ill) complex was synthesized with 1,8-bis
[5-(10,15,20-trimesityl)porphyrinyl] anthracene (1) [488], which can be oxidized
with hypochlorite into the appropriate Mn(IV), complex (2):

D D
(O O A= s,

OMe

where Mn—(PhS)j3 is thrice-substituted triphenyl porphyrin, L = MeO or OH.



3.2 Enzymes and Their Modeling 219

On hydrogen peroxide influence on complex (2) (Amax = 422nm) in CH;CN
at a temperature of —40 to —20°C, the catalase process of H,O, decomposition
to O, and H,O proceeds, and complex (1) is reduced (A, = 468 nm). The rate-
determining stage is Mn(IV), dimer formation.

Another mimetic approach to pseudocatalase modeling is binuclear manganese
complex [Mn,L*#(0,CMe);] (a) and [Mn,L*3(0,CMe)s] (b), where L is a macro-
cyclic ligand Containing two 2,6-bis (iminomethyl-4-methyl) phenolate parts,
linked to each other (through nitrogen atoms of iminogroup) with bridges from
(CHy),, and (CHy), groups (m, n = 2,3;2,4;3,3;4,4—the amount of CH, groups
in the bridge):

Me

N O N
(CHy),, (CHy),
(N O N

Me

Two acetic groups O,CMe are arranged in axial position with regard to man-
ganese, and two phenol oxygens in equatorial position. Each surrounding man-
ganese ion is pseudooctaedric, and Mn...Mn distance is 2,978 A. It was thus
established that complexes (a), and especially (b), possess catalase activity, realized
by means of internal transformation between Mn"Mn'"" and Mn""™Mn'Y (= O) states
of binuclear center [489]. Evidence of the manganyl-like state Mn"Mn'Y (= 0)
occurence in the reaction course of H,O, decomposition is the appearance of a
charge transfer band at A = 530 nm [489] and fixing of bond Mn = O oscillation
frequency at 0 °C, equal to 730 cm™" [490].

3.2.5 Peroxidases and Their Model Systems

3.2.5.1 Functioning of Peroxidases and Their Models

Peroxidases represent a large group of enzymes, catalase relatives, widely dis-
tributed in animals, vegetation, and aerobic organisms, using hydrogen peroxide and
hydroperoxides [491] or peracids [492] for substrates oxidation (alcohols, phenols,
aromatic amines, ferrocyanide, and other compounds).

The active center of enzyme represents hematic iron(II or IIT) (ferro- or ferriper-
oxidase, respectively) bound to histidine (Ny;s). Within the hemtic iron’s interaction
with molecular oxygen, intermediates I, II, and III will be formed. The formula of
all three formations and their marks are as follows [493]:
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/"—/”/’7-

N\ /N N\ 111

Nl—hs
NHls NHIS
Ferroperoxidase Ferroperoxidase - Compound I
- native form
(Pctﬁ) (Pcr”) (Per®* or Co')

Compound IT Compound 111
(Per*" or Co") (Per® or Co'™)

In compound I, the formal oxidation degree of iron corresponds to 54, and
in compound II, 44-. In compound III, molecular oxygen in the reduced form is
bound to iron as axial ligand. For research, horseradish peroxidase is used more
often (HRP). In this case, compounds I and II are often marked as HRP-I and HRP-
ILrespectively.

Compounds I and II rapidly oxidize, for example, phenols and aromatic amines
(k ~ 10’ M~ . s71) [494] according to the following scheme:

HRP + H,O, — HRP —1
HRP -1+ RH — HRP-1II +R.
HRP —II + RH — HRP +R.

The supposed mechanism of compound I formation was based on the well-known
cytochrome C peroxidase (CCP) structure, and is shown in Fig. 3.28 [495,496].

Histidine and arginine play an important role in compound I formation. It was
thus found that hydrogen peroxide forms hydroxide bonds with histidine’s N,. Using
a quantum chemical method (INDO/S-ROHF/CI) [497], the electron structures of
two possible intermediates—one with HOOH and another with COOH ligand—
were calculated and compared with known spectral data. The possibility was shown
in these calculations of both peroxide and peroxoanionic intermediate formation
[495].

It appears that during the evolution, peroxidases appeared earlier than catalases,
and this is revealed via their composition. Thus, horseradish peroxidase has a molec-
ular weight of about 44,000 and contain one iron atom joined to protoporphyrin IX
and histidine, while catalase is made in a more complex way (molecular weight
is &~ 250000). The latter enzyme involves four subunits, each of them having one
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Fig. 3.28 Supposed stages of compound I formation

iron atom. In peroxidase the fifth place in the iron complex coordination sphere is
occupied by histidine imidazole, but in catalase by carboxylate group. There are
also other differences. A short comparison of these two enzyme groups will begiven
later.

Peroxidases (like catalases), unlike other enzymes, are much less specific
regarding substrate, although the reasons for such low substrate specificity are not
clear. They belong to a type of most active enzymes. Besides, some peroxidases
(namely, chloroperoxidase) manifest catalase activity with histidine ligand, and
catalase dissociated on monomeric subunits possesses peroxidase activity.

In the most often studied peroxidase, HRP, iron(IIl) complex with protopor-
phyrin IX (1,3,5,8-tetramethyl-2,4-divinylporphyrin-6,7-dipropionic acid) (proto-
heme PFe(Ill)) and with axial histidine ligand is non-equivalently joined to protein.
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Protein is covalently joined to oligosaccharide chains, containing glucosamine,
mannose, xylose, and fructose. The destination of carbohydrate chains is to protect
peroxidase against inactivation with radicals forming on enzyme and to increase
thermal stability [498, 500]. HRP consists of two domains between which there
is heme in a hydrophobic area [501]. The enzyme is characterized with light
absorption in the region of A = 403nm and extinction coefficient 493 =
102000 L/mol sm.

The oxidation state of iron in the enzyme’s reaction center corresponds to 3+,
and its change can be shown in Scheme 3.22 [502,503]:

K2 53
Hzo Pl intiniing ~4 K3 -4
PF e"lH20 +H,0, —— llF em(HOzO [PFeVO]3+’ “" T ~PF elV’
Tl o2 L ae--T -

Scheme 3.22 Peroxidase oxidation with hydrogen peroxide

where [PFe¥YO]’T = [P**Fe!VO)]*T; arrows refer to catalase and dotted arrows to
peroxidase reactions; their rate constants indexes correspond to the changes in iron
oxidation state.

In the case of catalase and peroxidase, protein rate constant k3 increases
10°-10° times, and equilibrium establishing rate 107 times, while rate constants
ki—4 and k4,3 in peroxidase are not significantly influenced by protein. In
catalase, protein influence is expressed via the 10° times rate increase.

Hydrogen peroxide is in dissociated form HO; in these enzymes’ active center
due to protein’s ability to join the proton of hydrogen peroxide to two different
centers, i.e., protein accelerates the process by a thermodynamic mechanism
(changing hydrogen peroxide and other substrates dissociation), but not by a kinetic
one.

Iron porphyrin in solution is rapidly degraded with hydrogen peroxide. One
of protein’s functions is, apparently, its protecting of deterioration by active
hydrophobic encircling of the iron porphyrin center [502, 503]. Due to the protein,
enzyme is able to limit and control small alkyl hydroperoxides (ROOH) and H,O,
access to the hematic active center. Enzyme is able to promote the heterolysis of the
O-0 peroxide bond and generation of oxoiron(IV) porphyrin 7 radical cation—
compound I, by acid-base catalysis and active center encircling. The result of
peroxidase’s active center encircling by protein is that subsequent one-electron
oxidation of substrate proceeds near the active center, without its direct involvement
in the oxoiron(IV) complex; it proceeds likewise in the case of cytochrome P-450
monooxygenase.

The general sequence of substrates (SH) oxidation reactions, catalysed with
peroxidase from horse, is the following [504]:
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HRP + ROOH — HRP —I 4 ROH,
HRP -1+ SH — HRP-114S
HRP —II + SH — HRP + S,

S® + S* — Products.

where R = H or alkyl group.

Reduction of HRP-II (Compound II) to HRP is usually the rate-limiting stage of
the process so that absorption spectrum of compound II is usually observed [505].
Reactions rates of peracids, alkyl hydroperoxides, and hydrogen peroxide with
HRP are similar, while in the case of peracid derivatives, the O—O bond is broken
much easier than with hydroperoxide derivatives. The difference in peroxidase
and cytochrome P-450 influence on substrate consists of the fact that peroxidases
remove electrons from their substrates at the same time with the accompanying
ferryl oxygen reducing to water, while monooxygenases transfer ferryl oxygen
atom onto substrate.

This confirms the earlier idea on breakage in the place of substrate joining in
monooxygenase (cytochrome P-450) and in peroxidase. Monooxygenase function
of transfer from ferryl particle to substrate is realized, provided that the substrate
is able to interact directly with ferryl oxygen, and peroxidase influence will
predominate if the protein structure prevents this interaction [506,507]. Thus, it was
confirmed that substrates transfer the electron, being close to heme, without direct
contact with ferryl oxygen. Therefore, substrate radical formed on electron transfer
is able to be removed more rapidly than if it had been bound to the radical-capable
atom of ferryl oxygen [S08-511].

The reason for peroxidase model systems’ study is the need for a more
detailed revealing of high-valency (intermediate) compounds, their structure, and
mechanism of their interaction with substrates. To reveal the mechanism of peracids,
hydroperoxides, and hydrogen peroxide interaction with peroxidases, model sys-
tems, resembling the HRP active center, were elaborated and studied in organic
(CH30H) and water organic solvents (with the aim of preventing porphyrin
complexes aggregation) [460].

The peroxidase model system involved various model derivatives of hemin
(catalysts), p-chlorperbenzoic acid (oxidant), and tri-fert-butylphenol (substrate).
Reaction of hemin derivatives with peracid RCOOOH or ROOH was proceeding
by heterolytic disintegration, with the formation of acid and two-electron oxidized
hemin, corresponding to the compound HRP-I. The limiting stage was oxidized
intermediate formation

0}

Base B (imidazole), bound to hemin complex, raises the possibility of electron
transfer from it to ROOH with subsequent formation of ferryl particle at the
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rate-limiting stage:

RO,

=

OH O
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CrRdD—— + ROH

rate
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stage

rapidly

+ ROOH
B

Rate of peracid (or ROOH) transformation by second-order reaction corre-
sponded to
—d[RCOOOH]
dt

Reaction rate of hemin derivatives with RCOOOH or ROOH increases with the
capacity of R increasing to detach the electron.

However, the rate constant of hydrogen peroxide interaction with hemin deriva-
tives in methanol (k;), compared to interaction with HRP, in the case of the model
systems turns out to be much smaller, than for peroxidase (k; = 12M~! - s~! and
1.8 -10"M~! - 57!, accordingly). One of the reasons can be a much lower possible
concentration of the base B (~0.2 M) in the model systems compared to its local
concentration in protein (>20M). In spite of this, the model systems demonstrate
functional similarity with HRP*¥.

The most often studied model systems of peroxidase are the systems of
PFe"L-H,0,-S type (where P is protoporphyrin IX or its substituted derivatives,
L is imidazole and other ligands, and S is substrate: phenols, aromatic amines,
etc.), in which oxo-iron(IV) porphyrin complexes are formed imitating compounds
I and II of peroxidase. Because of their low stability, they are usually used on low
temperatures and non-water media.

However, it was shown [512-514] that ionic oxo-iron(IV) porphyrins are stable
in alkaline water solutions. Therefore, the possibility to compare the process of syn-
thetic oxo-iron(IV) porphyrins oxidation with their enzymatic analogs has arisen.
Such oxo-iron(IV) complex is, for example, oxo-iron(IV) tetra (2- N -methylpyridyl)
porphyrin (O = Fe(IV)T2MPyP), which is rather stable, especially in water media.
Oxidation mechanism study of various phenols with this oxo-complex leads to the
conclusion that the latter, having no steric limitations for the reaction with ferryl
oxygen, will oxidize phenols by hydrogen atom removal from these substrates.

Phenols oxidation with the compound IT HRP, due to the steric obstacles, created
by protein surroundings, will be realized only near (on the edge of) the hematic ring
[504]. Thus, the study of compound II HRP helps one to understand the peculiarities
of peroxidase active center interaction with substrate.

Various oxidants containing oxygen atom, such as nadacids [515-518], imida-
zole [311, 518-520], hypochlorite [521], and also OBr—, CIO;, BrO3, 10, -
nitrobenzoic acid, etc. [522], transfer it onto the iron(III) complexes with porphyrin,
forming oxo-iron(IV) porphyrin rr-cation radical particles. Thus, intermediate com-
pound I of horseradish peroxidase and catalase is imitated, which is generated by

= k + 2[hemin][RCOOOH].
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these enzymes on interaction with hydrogen peroxide. Rate constant of peroxidase
interaction with these oxidants fluctuates within the range 108~10°L/mol s depend-
ing on oxidant structure (it was studied by the stop flow method [522]).

Compound I is the direct oxidant of many peroxidase substrates, and the reaction
proceeds more often by one-electron mechanism with the formation of compound
II, and the latter substance will regenerate the initial peroxidase by one-electron
mechanism as well.

As was already stated, iron is present as ferryl complex in compounds I and
II [523], and additional oxidizing equivalent in compound I is localized either on
porphyrin macrocycle, or on one of the protein functional groups [524]. Thus, the
properties of compounds I and II do not depend on the substrate nature. Substrates
can realize direct contact with heme (ferrocyanide, sulfite, nitrite, thyocyanate ions),
or do not realize it (aromatic phenols and amines, various organic compounds)
[525]. Substrates of the first type are electron donors and those of the second
type hydrogen atom donors. The nature of the first type substrates of peroxidase
with enzyme is not quite clear. With second type substrates (organic substrates),
peroxidic oxidation peripheric mechanisms of electrons transfer will be realized
with functional groups including the enzyme’s active center. These groups realize
transfer from substrates (adjoining the proteic globulae) on the hematic center [500].

It was shown in model peroxidase systems that electron transfer can proceed via
the heme periphery, even if the iron atom of heme is quite accessible [526]. Taking
this into consideration, it is supposed that oxidation with free radical formation
proceeds only in the case when outer-sphere mechanisms of electron transfer are
realized [500].

The study of model peroxidase reaction PFe"L-H,0,-S-B, (where PFe!!
is protohemin, L is histidin, S is substrate, B is various bases: imidazole, 1-
methylimidazole, 2-methylimidazole, 4-methylimidazole, or 1,2-dimethylimidazole)
have revealed the role of bases in this system activation [527]. In the absence of
bases, hemin manifests weak activity in potassium ferrocyanide (substrate) to its
ferricyanide in basic solutions (up to PH 10); in acid solutions (PHS5 and lower),
it is completely absent. It was shown that hydroxyl ion joining to iron(III) hemin
causes peroxidasic activity. Adding bases into the system has contributed to the
reaction rate increasing on basic pH values. It is caused by one base joining to a
highly oxidized iron state in intermediate porphyrin complex. Joined base, being
a good donor, induces electron transfer to the oxo-ferryl center, thus activating its
oxygen.

Thus, analogy can be traced with the action of peroxidase compound II. This,
being bound to histidin’s imidazole group, will also strongly activate peroxidase
reaction. On higher excess of the base, i.e., on two ions of base joining by fifth and
sixth coordination places, peroxidase reaction will be inhibited, which is caused in
this case by the complication of H,O, access to the active center. It was mentioned
above that peroxidases are characterized with much lesser specificity in relation to
substrates than other enzymes. One of peroxidase types, namely, chloroperoxidase,
is able to catalyze halogenation of substrate’s C—H activated bond. The active center
of this enzyme represents iron complex with protoporphyrin IX, and histidin of fifth
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coordination place is substituted with thiolate ligand. This enzymatic active center
is joined to protein by means of bridge hydrogens of two propionate side chains and
thiol ligand, coordinated with iron and bound through hydrogen with two amide
groups of peptide.

Chloroperoxidase, which has first been extracted from fungus [528], not
only catalyzes substrates halogenation, but also realizes many other reactions
characteristic for peroxidases, catalases, and cytochromes P-450 [529]. Unlike
these enzymes, the mechanism of halogenation with chloroperoxidase is still
not quite clear. Halogenation reaction with chloroperoxidase proceeds in the
presence of HO, and C1™ at PH 3. Substrates can, for example, be such diketones
as monochlordymedin (1), which on interaction with enzyme are turned into
dichlordymedon (2) (Scheme 3.23). Chlorination with the enzyme’s active center
proceeds in the following way [530]:
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Scheme 3.23 Mechanism of chloroperoxidase catalytic cycle
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via intermediate (3), which is formed by the initial active center of chloroperoxidase
(4) interaction with hydrogen peroxide, and its further reaction with CI™ and RH.

As identification of chloroperoxidase active states in chlorination reaction pro-
ceeding is still difficult, analogs of chloroperoxidase active center were synthesized
(model systems of heme-thiolate type), namely, compound (5) [531]. Complex
(5) is a high-spin iron(II) porphyrinate, the waterless form of which absorbs at
Amax = 400 nm, which is identical with the initial active center of chloroperoxidase
(Amax = 399 nm).

Model compound (5) limits the reaction mechanism of chloroperoxidase reaction
center, which is presented in Scheme 3.23 [531].

On hydrogen peroxide addition to compound (5), the new complex (6) will
be quantitatively formed at A,,x = 388 nm, similar to the chloroperoxidase active
state (3). Subsequent adding of Cl™ ions or the direct reaction of (5) with
OCI1™ yields compound (7). By this compound protonation, compound (8) will be
obtained, which, interacting with substrate (1), will realize chlorination reaction.
Final products of this process include the initial compound (5) and chlorinated
substrate (2). Therefore, intermediate compounds (7) and (8) were identified, and
it was shown that compound (5) is a model of heme-thiolate proteins [531]. This is
especially important, since the compounds of (7) and (8) type have apparently not
been identified in an enzymatic chlorination process because of their short lifetimes.
Introduction of benzyltriethylammonium salt (9) into the system promotes the
formation of sufficient OCl™ in CH,Cl, so as to transfrom (5) into (7) quantitatively.
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3.2.5.2 Model Systems of Peroxidase Systems as Oscillators

In real biological systems, regular chaotic oscillations of components concentrations
and presence of several stationary states are often observed. These oscillations are
caused by interaction of the autoregulated sub-systems of the complex. In the case
of oscillating systems with O, and H,O, participation, the presence of oxygen
oscillator can be spoken of, the main peculiarity of which is oxygen inexhaustibility
in the gaseous phase and the unlimited possibility of its passing into solution [532].
In the presence of reducers (or enzymatically in biological systems), hydrogen
peroxide may be formed, often playing the role of one of the components of an
oxygen oscillator. A review of similar oscillating biochemical systems is given
in [532]. A number of works [533, 534] are devoted to the study and review of
peroxidase—oxidase (PO) oscillator model in vitro (systems in which H,O, can be
substituted with O, on such substrates oxidation as NADH).

In the presence of NADH as hydrogen donor, the general stoichiometry of such
PO reaction will be

2NADH + O, + 2Ht — 2NAD2H,0

Among numerous biochemical systems in which oscillation processes the contents,
where a change of one or another components is possible, model reaction of
NADH oxidation with molecular oxygen catalyzed with various catalases in vitro
became especially attractive for the study. A wide range of dynamic behavior is
manifested in peroxidase—oxidase reaction, namely, bistability (occurrence of two
stable positions under equal conditions), periodic and quazi-periodic oscillations,
and various forms of chaotic behavior [534].

Correspondence between PO reaction models and experiment is being gradually
revealed in the case of peroxidase oscillation. However, the mechanism of the PO
reaction is still unclear [533].

In Fig. 3.29, the simplified biochemical model system NADH-O,-Mn**—Per**
of PO reaction is given, which presents (a) preliminary reactions producing hydro-
gen peroxide (H,0,) and superoxide ion (O57), supplied into the catalytic cycle,
and (b) main reactions in the catalytic cycle itself, in which peroxidase (Per’") is a
catalyst.

In this model system, H,O, is needed to initiate NADH oxidation with per-
oxidase in the catalytic cycle. The main source of H,O, is NADH reaction with
O, which proceeds spontaneously, but very slowly [535]. Methylene blue (MBH)
catalyzing this reaction is introduced additionally into the system.

Another way of H,O, productionis O3~ generation and NADH oxidation with it:

05~ + NADH + Ht — NA® 4 H,0,

which is catalyzsed with Mn?*[536] ions:
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Fig. 3.29 Simplified a 0,
biochemical model system % H,0,

showing (a) preliminary NAD-
reactions and (b) main PO § NAD*
reactions [533] o

0,
NADH /HE(W‘

2HT
Ml’l2+ + O; i) MH3+ + H202
Mn** + NADH — Mn*" + NAD® + H*
Mn?" acts here like superoxide dismutase, which agrees with Mn?" influence on
peroxidase—oxidase oscillator [84].
H,0, formed one way or another will be involved in the catalytic cycle b, in
which it starts the main reactions of this cycle:
Per’* 4+ H,0, —> col + H,O
col + NADH —> coIl + NAD®
coll + NADH — Per’* + NAD® + H,0
where CO I and CO II represent compounds I and II, accordingly.
Reactions of H,O; interaction with co I and co II turn out not to be involved in
this cycle:
col + H,0, —> Per*t + 0,
coll + H,0, — Per’™ + HO,
col + H,0, —> coll + HOS
and also many other reactions of co III, Per*", and other particles formation and

consumption, described in detail in [533]. Reactions of co III render a regulating
influence on NADH oxidation by Per** inactivation with oxygen.
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Fig. 3.30 Model of oscillator peroxidase-NADH. Numbers 1-6 represent the necessary sequence
of events, which will form the cycle on their interaction

Recently, new, so-called “detailed models” of PO reaction were created [528,
537, 538]. Among them, the so-called “Urbanolator” model is to be mentioned,
described in detail in [533], and also the model proposed in [528], in which not
only the influence of peroxidase itself is imitated, but also the totality of reactions,
comprizing the system, in which peroxidase is only one of the ingredients. It is
important to note that, under certain conditions, this model works as an oscillator,
as soon as periodic oscillations of the system ingredients contents are observed,
namely, increasing and decreasing of dissolved O, concentration, initial HRP,
compound III (co III), O5~, and H,O,. Initial ingredients of such a model system
were HRP, O, (gas), O, (solution), NADH, and MBH. The scheme of the model
peroxidase-NADH of oscillator functioning is given in Fig.3.30 (some of the
model work’s simplified scheme is taken from [531]). In this model, encircled
numeration of reactions corresponds to the sequence of their running, which creates
the oscillation. Numbers of reactions with indexes “a” and “b” are conceptual
bound. The brackets below and above the particles correspond to the resulting
stoichiometry. HRP is marked here as Per’t, peroxidase COmpounds I, II, III—
Per’t, Per*t, Per®™, respectively, gaseous 0,—05(g), dissolved in water 0,—05(aq).

Model construction begins from reaction Sa, in which initial peroxidase Per**
interacting with O3~ and H™, will be slowly turned into Per®", and via forming
short-living intermediates Per>™ and Per*™ which will be rapidly reduced back into

e’ (reactions 6, 3a, and 3b) [539].
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Hydrogen peroxide H,O, can at once oxidize Per’™ to Per’ " (reaction 2); and
Per’t will then react with NADH with the formation of Per** and NAD® (reaction
3a). Per*t, having interacted in its turn with NADH, will be transformed into Per’t
and NAD®, and therefore, the oscillation cycle of Per’™ contents in model system is
over. In this oscillation process, catalyzed with peroxidase, Per®* is the regulating
intermediate in NADH oxidation with oxygen and, thus, peroxidase starts to obtain
the capacity of self-regulation, by means of oscillation. Cyclic renewal of Per®" is
needed for periodic work of system. Reactions 5a and 5b function in common on
the basis of superoxide O3~ as switch, realizing the control over decreasing and
increasing of oxygen contents, which depends on O3~ reactivity.

Per’t oxidation to Per’t by reaction with O3~ proceeds until all Per** is
consumed. The rate of NAD® interaction with Oy(aq) (reaction 4) is rapidly
decreased during the process, and the result is that NAD® starts the cascade of
reactions in order to reduce Per®" to Per’*. Regenerated Per’™, interacting with
O3, starts the oscillation cycle anew.

Creation of schematical switches on the basis of enzyme intermediates was used
for finding suitable targets for new drugs [540,541], and also for switching behavior
study in biochemical processes [528]. In general, complex oscillation is apparently a
widespread phenomenon in biology. The peroxidase system is still the most studied
oscillating enzymatic system, although indications have appeared that catalase can
also manifest oscillator behavior under certain conditions [152].

3.2.6 Superoxide Dismutase and Its Models

During the biological reactions of O, reduction, free radicals can occur, in particular
superoxide radicals O3~ (as cellular respiration products), which represent a poten-
tial threat to the respiratory cells’ integrity. They take part as mediators in tissue
inflammation, ischemic damage and aging, and cellular degenerative processes
which are being promoted by AIDS [542-549]. Thus, O3~ occurence (in excessive
amounts) in living organisms represents a great threat to their normal existence.

This threat is removed by the special enzymes—superoxide dismutases (COD),
which realize the following reaction:

05" +2H" — H,0, + O,

The rate of this reaction rate remains constant within the pH range 5-9.5 [550].

Native superoxiddismutase contains in its active center Cu and Zn, or Fe, or Mn.
In the first case, the catalytic mechanism involves copper reduction and oxidation
with superoxide ion radical [550]:

05~ Cu"Zn"SOD — 0, + Cu'Zn"'SOD
0, + 2H"Cu'Zn"SOD — H,0, + Cu""Zn"SOD
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Rate constants of these reactions, and also general rate constant (Kgen), are close to
each other, and reach ki ~ k» ~ kgen = 2.0-3.7 x 10° L/mol s [551]. Copper-zinc
superoxide dismutase (CuZnSOD) is a dimer protein (molecular weight = 31,000)
with two identical subunits (each of them containing one Cu®" ion and one Zn>*
ion), realizing efficient dismutation of O3~ [552]. The high rate of O3~ dismutation
reaction, close to diffusion-controlled, points out that superoxide ion interaction
with enzyme is an electrostatically ordered process. It is realized by O3~ anion
brought to the Cu'! active center through the narrow positively charged canal [553,
554]. Independence of dismutation rate on pH within a certain range is provided,
apparently, by an imidazole bridge between Cu®* and Zn** in SOD and influence
of Zn>*. Removing of the imidazole bridge results in a pH-dependent rate of O
dismutation with Cu—SOD enzyme (without Zn).

It is supposed that the zinc-imidazole part of Cu"'-imidazole-Zn'SOD enzyme
plays an important role in the catalytic mechanism of enzyme functioning, thus
providing, by the respective protonation, rapid release of hydrogen peroxide (formed
as a result of O3~ dismutation) from the Cu" coordination sphere [555].

The role of zinc does not lie in enzyme activation but in the structural function
fulfilled by it. It contributes to active center stability, being bound to copper via
an imidazole bridge. It is also interesting that dimer SOD form (Cu,Zn,SOD)
can also be formed, possessing the same activity as the native enzyme. Copper
and zinc substitution on cobalt substantially decreases enzyme’s activity (rate
constant decreases by about three orders), although the mechanism is similar to
that characterizing (Cu, Zn)-SOD.

Fe(III)-SOD COnsists of two identical subunits. Catalytic mechanism is
described like (Cu, Zn)—COD [556]:

Fe(Ill) + O~ — Fe(l) + O,
_out
Fe(Il) + O3~ — Fe(IIl) + H,0,

With the general rate constant equal to 5.5 x 103 L/mols, it is constant within the
pH range 6.2-9.0 [551]. Mn—SOD activity is about one order lower than that of
(Cu, Zn)-SOD>¥".

However, superoxide dismutase activity is not the prerogative of the appropriate
enzymes only. Dismutase reaction is also realized by metal porphyrins and other
transition metal complexes. Thus, aqua-ions Cu(H20)§+ possess the appropriate
activity, twice exceeding that of native (Cu, Zn)-enzyme, while other copper
complexes, namely, Cu(II)-EDTa, do not possess activity at all, and Fe(II[)~-EDTa
possesses weak activity only [551]. As model systems, copper complexes with
histidine ([Cuhis,H]) were also studied, kgen = 3.4 x 108L/mols, 2 < PH < 7
[557].

Iron aqua-ions do not possess activity compared to copper aqua-ions. However,
various copper(III) complexes (and also of CO(III)) are active in superoxide dismu-
tation reaction [558-560]. Thus, iron(Ill) tetrakis (4-N -methylpyridyl) porphyrin
complex [Fe(IIHTMPyP] at PH ~ 8 will form an adduct with O5~, which reacts
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with the second O3~ [560]:

03~ + [Fe(Il) TMPyP| —> [Fe(II)TMPyP] - O3~

[Fe(IL)) TMPyP] - O~ + O3~ %[Fe(III)TMPyP] + Hy0, + O,.
4

where k3 = 2 x 10°L/mols and k4 = 2.3 x 10°LL/mols, i.e., this complex had
the same activity as (Cu, Zn)-enzyme, and in the reaction course, an intermediate
compound was formed—iron(IIl) peroxo-complex with porphyrin.

Transition metal porphyrin complexes can be arranged in the following line by
their activity [561]:

Fe(II)) TMPyP> >Mn(III) TMPyP>Co(IIl) TMPyP 2 Mn(II[) TAP>Fe(IIT) TPPS.

where TAP is tetra (4- N,N,N -trimethylanilinium) porphyrin and TPPS is tetra
(4-sulfonatophenyl) porphyrin.

Although many other iron and manganese complexes were also studied, which
act out the roles of (Cu, Zn)-SOD [562, 563], Fe-SOD [564-566], and Mn-SOD
[567,568], there is a number of problems, connected with the indirect methods of
superoxide quantitative determination, participating in reaction [569,570]. Because
of difficulties in intermediate compounds determination, the catalytic mechanism of
this process has still not been revealed.

In many cases of the aforesaid diseases, caused by the occurence of significant
O3~ amounts in an organism, addition of SOD enzymes produces a favorable effect.
However, for different reasons, use of these enzymes does not seem to be pos-
sible (cost, stability, immunogenity, etc.,) as pharmaceutical remedies. Therefore,
attempts are being made to find suitable imitating substances for these applications.

One of the most active SOD imitators turned out to be iron(II) complex with three
leg-like ligand TPAA (TPAA = tris [2-[N-(2-pyridylmethyl)amino]ethyl]amine)
[566,570,571].

With the same pharmacologicapplication, Mn(I) Complex with TPAA was
synthesized and studied by spectroscopy, electrochemistry, and y- and pulse-
radiolysis), as manganese is less toxic for the organism than iron, copper, and
other metals [571,572]. This complex is seven-coordinated (all seven atoms of the
ligand’s nitrogen are involved) and has the composition [Mn—-TPAA] (PFs),, where
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(PFs), = bis — hexafluorophosphate. This complex interacts well with O3~ (in a
stoichiometric but not catalytic way) with rate constant ~1 x 107 L/mol s. The pro-
cess proceeds via the intermediate [(Mn-TPAA)**-O5~]* formation. However, the
kinetic scheme of this complex superoxide activity is in the stage of elaboration now.

With the same application as possible pharmaceutical reagents, a number of
manganese(Il) complex compounds with macrocyclic ligands L were synthesized
and studied. The most active of them turned out to be Mn(II) Complex with
1,4,7,10,13-pentaazacyclopentadecane [Mn([15]aneNs) Cl,] (general rate constant
k = 4.13x107 L/mol s, under pH physiological value of 7.4). Here, (Mn[15]aneNs)
is macrocyclic ligand:

H\/ \N JH
EN
/NI\/ N-H
H N
\\)
H
[15]ane N5

The general process mechanism can be given by Scheme 3.24 [573].
Mn'(L) + HO; — Mn"(L) + HOO™
Ki

Mn"(L) + 0,7 —— Mn"™{(L)(00%)
K2

Mn"™{(L)(00%) + H——— Mn"(L)(O,H)

rapidly
H+
Mn"™(L)OOH + 0,,- —— Mn"(L) + 0,+ H,0,
K3
Mn"™(L) + 0, Mn'(L) + O,.
K3'

Scheme 3.24 Mechanism of Mn(II) complex interaction with HOS

Interaction of Mn'/(L) Complex with HOS is PH dependent and proceeds via
outer-sphere electron transfer with the intermediate Mn"™(L) formation. The next
pH-dependent stage leads to the formation of Mn'(L)(O0*~) peroxo-complexes,
and then Mn'""(L)OOH. Reactions of Mn'!(L)YOOH and Mn"(L) with O3~ yield
final products O, and H,O,. Thus, [Mn([15]aneNs) Cl,] complex, excellent imi-
tating (mimicking) SOD, is stable to dismutation and hydrolysis at physiological
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pH value. This complex behavior as model was studied in vivo in the case of
miocardium heart attack. It was found that it is an efficient remedy for damage
restoration, connected with superoxide during the ischemia [574].

With the scope to recieve even more stable and efficient SOD imitators, carbon-
substituted derivatives of [Mn([15]aneNs)Cl,] type complex were synthesized
[575]:

Rl R, R; Ry

\NC

"=\ \11/”

where R;=H, Me, -CH,CH,CH,CH,—-, -CH,CH,CH,-, -CH,CH,CH,CH,CH,-,
and —-CH,CH, (¢ — Bu)CH,CH,~ in various combinations. The most active in O3~
dismutation turned out to be the complex in which R; = R4 =-CH,CH,CH,CH,—
(other Ry = H). Its thermodynamic stability (log ky,, = 11.65) is about one order
higher than that of non-substituted manganese complex (log ks = 10.85), and the
efficiently was more than twice as high (general rate constants k = 9.09 x 107 and
k = 4.13 x 10’ L/mol s, respectively).

As has been already mentioned, enzyme’s (Cu(im)Zn)-SOD (where im is
imidazole bridge) activity is the highest (~ 3 x 10° L/mol's) among other metal-
substituted SOD. Hence, numerous attempts to create the appropriate model
complexes imitating (Cu(im)Zn)-SOD became clear. Thus, imidazole-bridge
binuclear copper(Il) complexes and imidazole-bridge hetero-binuclear copper(Il)—
zinc(Il) complexes with macrobicyclic ligand L (L =1,4,12,15,18,26,31,39-
Octaazapentacyclo[13.13.13.1.1.1.] tetratetracontan-6,8,10,20,22,24,33,35,37-
nonaene) were synthesized and studied by the methods of Roentgen structural
analysis, electrochemistry, magnetic susceptibility, EPR, and electronic spec-
troscopy (Fig.3.31) [576].

In Fig. 3.32, [(Cu(im)Zn)L]** complex is shown schematically [576].

Here, im is dissociated imidazole form (imH). The EPR spectrum is very close
to that of [CuyZn,SOD]. [(Cu(im)Zn)L]** also had a similar structure. In both
model complexes, copper and zinc were penta-coordinated with ligand. Bond metal-
N length falls within the limits 1.91-2.33 A, and Cu-Cu and Cu—Zn lengths are
equal to 5.95 and 5.93 A, respectively (that is only slightly shorter than for the
appropriate bonds in (Cu—Cu)SOD and (Cu-Zn)SOD). Both complexes are stable
within a wide pH range: for [(Cu(im)Cu)L]** within the pH range 4.5-12, and for
[(Cu(im)Zn)L]**, within the pH range 6-10.5.
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Fig. 3.31 Structural formula Ry R:R; Ry
of macrobiocyclic ligand L
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Both model complexes, being rather stable compounds, catalyse superoxide
dismutation on biological PH, and activity thus is kept in the presence of protein,
which usually extracts copper from almost all model compounds, and thus, the activ-
ity of such systems diminishes. [(Cu(im)Cu)L](ClO4)3 and [(Cu(im)Zn)L](ClOy)3
complexes are good model catalysts of dismutation, and the mechanism of their
action is under study now.

3.2.7 Models of Oxidases (Laccase, Cytochrome C,
and Galactose Oxidase)

Almost all the above-mentioned enzymes (monooxygenases, cytochrome P-450,
methane monooxygenases, catalase, peroxidase, etc.) activate oxygen (O;), hydro-
gen peroxide (H,O,), hydroperoxides (ROOH), or oxygen-containing compounds
of the iodobenzene type. All of them use iron porphyrinates as active centers.
Meanwhile, there exist many enzymes whose active centers involve copper ions.
They are oxidases, which catalyze reactions of various substrates’ oxidation due to
the direct reduction of dioxygen.
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The number of copper ions, making parts of these enzymes, and the enzyme
molecular weights reach 1-8 and 160,000-290,000,respectively. A characteristic
feature of these biocatalysts (“blue” copper-containing oxidases) is their capacity
to reduce O, to H,O in a four-electron and synchronous way, without intermediate
hydrogen peroxide formation. Such biocatalysts are laccase, cytochrome oxidase C,
ascorbate oxidase, and ceruloplasmin. We shall consider only the first two oxidases
and their models.

3.2.7.1 Laccase and Its Models

Laccases from different sources (they are widely distributed in plants and microor-
ganisms) have different molecular weight of 110,000-140,000Da, contain four to
six copper atoms and are able to oxidize phenols (in general, aromatic alcohols),
aromatic diamines, and a number of inorganic ions (namely, ferricyanide ion)
with molecular oxygen. Laccase catalyzes oxidation of substrates by the following
scheme:

2SH, + O, — 2S + 2H,0

The active center contains four copper ions with different properties. The first and
second copper ions are well detected by EPR method, though they differ from each
other. They both absorb light in the region of ~600 nm; however, the extinction
coefficient of the first copper ion (‘“blue” ion) is much higher than that of the second.
The third and fourth copper ions form EPR-undetectable dimer Cu?t—Cu?" with
unpaired electrons spins. This makes it possible to get or give away two electrons.
It is supposed that the enzyme’s active center has the following composition:

B

Cu2+
cut cu,

Cu2+
B

where B represents bases (imidazole groups of histidine, aminogroups of lisine,
etc.). Scheme 3.25 of functioning mechanism of active center is given in [577].

Stage I here is O, entrance into the active center; stage II one-electron reduction
of active center with the scope of better O, retention in it; and stages IIL, IV, VI, and
VII are stages of bases B protonation. The protonated form of two bases makes it
easier to transfer the electrons from donor on the two-electron acceptor, and is the
donor of two protons at the stage of water formation. Stage V is intermediate enzyme
particle formation, registered by an EPR method. Stage VIII is structural change of
oxygen O two-electron atom. It seems that at this stage Cu™ ion forms a common
electron system with dimer Cu?’t—Cu?", taking part in the stages of interaction
with O. The active center of laccase, consisting of four copper atoms, apparently
serves for mechanism switching from one-electron to two-electron working (stages
IIand V).
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Scheme 3.25 Mechanism of laccase active center functioning

3.2.7.2 Cytochrome C Oxidase and Its Models

Cytochrome C oxidases represent metal enzymes bound with membrane, which
are final products of the respiratory chain in mitochondrium and in many aerobic
bacteria [578]. Enzymes of this chain catalyze four-electron reduction of O, to
water:

0, + 4H" + 4e™ (from cytochrome C) — 2H,0

The functional active center serves the multi-nuclear system, which involves copper
complex of Culz,:|r type in the initial oxidized state, low-spin porphyrin complex
Fei"’, copper complex of CuB2+ type, and high-spin porphyrin complex Fea§+.
Culz,:|r and Fez'|r Complexes serve as mediators in the electrons transfer to the
binuclear center.

Structure of Culz,:|r complex is approximately as given in Fig.3.33 [579-581]. S
of methionine (Met 227) and C=0 of glutathione (Glu 218) are weakly coordinated
with copper atoms. A dotted line means possible bond Cu~Cu. Each copper atom
is bound with two sulfur atoms of cysteine (Cys 216 and Cys 220) and nitrogen of
imidazole in histidine (His 224 and His 181) (r ~ 2.25 and 1.95A, respectively).
CuCu length reaches ~2.55 A. Angle Cu S Cu reaches ~ 70° [579].

Such thermodynamically advantageous structures make the complete delocal-
ization of unpaired electron between two copper atoms easier (Cu(1, 5)Cu(1, 5))
even at 10K, which causes insignificant reorganization energy for electron transfer.
Perturbation of end-ligands at increasing pH or their substitution with others
(namely, substitution of His 224 or Met 224) causes non-equivalency of two copper
atoms with the formation of state Cu(I)*Cu(II). Complex Cui+ (forming part of
sub-unit IT of protein) obtains electrons from cytochrome C and transfers them to
low-spin complex Fei*':
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Fig. 3.33 structure of
cytochrome oxidase—Cufj—
complex Approximate

The latter, in its turn, transfers electrons to high-spin porphyrin complex Feif:

. . .. . 24,
making part of subunit I jointly with complex CuB+.

"
CuB2

/1N

His His His

Complexes Cuzt and Fel*t are in close to each other at a distance of 4.5 A
[581] and form paired center Fe(II1)-X—Cull [582], where X represents oxo (O%7),
hydroxo, chloro, sulfide, cysteinate, or imidazole group (sometimes X is completely
absent)[563]. O, reducing to water proceeds on this binuclear center Cu2B+. . .FeagJr
[583] by accepting electrons from cytochrome C (through CuzB+ and Fe' ). Proton
transfers limit the reaction in cytochrome C oxidase. Electron transfer is constantly
retarded in the course of reaction between O, reducing and electron transfer.
Thus, the concentration of oxygen intermediates (bound with iron oxy, peroxy,
ferryl, and hydroxyl particles) reaches such a level at which they can be detected
spectrophotometrically [578, 584-587].

The binuclear center in the reduced state acquires the capacity for O, binding.
Thus, the rate of electron transfer from Cu" and Fel* to Feaj™...Cuj" sharply
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Fig. 3.34 Supposed scheme of O, to H,O reducing mechanism with cytochrome C oxidase

increases. The mechanism of O, reducing to water with cytochrome C oxidase,
proposed in different works, is given in Fig. 3.34 [583,588-590].

By two-electron transfer from cytochrome C, via Cu?‘— and Fe2+— intermediate,
the initially unoxidized unactive center

X
N\
Feaf d Cug”

will be transformed into the active one

X
/N
Fe, 2" Cug',

a3

with which O, will interact. Oxo-complex formation proceeds rapidly with rate
constant k = 3.5 x 108 M~!*s~! [591] within first 10 us of reaction [592]. The
formed complexes,

2:SN

Fe. " Cug,

the maximal accumulation of which proceeds within approximately 30 ws [593],
will be rearranged, and O, is found near Fea§+. The process of O, position
rearrangement proceeds with the rate constant k = 9x 10*s™!. Then inner transfer of
two electrons follows on coordinated O, from Fea3t and Cu with the formation of
peroxo-iron(IIT) intermediate (k = 3 x 10*s™! [594,595]) which, after protonation
and third electron transfer from Fe}*, will be decomposed with oxo-ferryl particle
Feal¥ generation:

[ 4+/X\ + ]
Fe," = O Cus'..H,OJ.

On fourth electron transfer (also from Fei*‘) and protonation, two water
molecules will be formed, and the initial oxidized state of active center will be
restored.
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Thus, the mechanism of cytochrome C oxidase functioning (reduction of O,
to H,O), with the energy evolved used for ATN synthesis, is one of the variants
(additional involvement of Cui+ and Cu]23+) of hematic systems used by nature
for various reactions realization. Thus, on the basis of enzymatic systems choice
realizing various reactions, the principle of most economical use of construction
material available and creationof the maximal variety of processes is realized. In this
sense, this process is similar to that of such enzymes as peroxidase and cytochrome
P-450.

Modeling of the cytochrome C oxidase binuclear center could have helped
to reveal the mechanism of O, reduction to water in more detail. With this
application in mnd, attempts with such mixed iron(IIl)-copper(Il) complexes
modeling were undertaken. These were connected with each other by various
bridge ligands (oxo-, imidazolo-, etc.) and a study made of their interaction
with O,. Thus, oxo- and hydrooxo-bridge compounds [Fs—TPPFe'-(0?")
—Cu'(TMPA)]|* (1) and [(Fs—TPP)Fe(III)-(OH™)—-Cu" (TMPA)]** (2) [588, 596
598] (where Feg TPP = tetrakis (2,6-difluorophenyl)porphyrinate (2-), TMPa = tris
(2-pyridylmethyl)amine), were synthesized and studied by various methods, which
for many parameters (especially substance (2)) were similar to cytochrome C
oxidase active center:

En'

@w *@

Thus, hydroxo-complex (2) can be generated by protonation of (1), and vice
versa, by base triethylamine (Et;N) addition to (2), complex (1) will be obtained
[597].

The value of deprotonation pK, (2) reaches 8 & 2.5. Such acid-base transforma-
tion is important, as the center heme-copper is the site of electron transfer. Thus,
oxo-ligands, but not nitrogen atoms of pyridyl or porphyrin ligands, are sites of
protonation [590]. Structural, magnetic, and other properties of compound (2) make
it a possible candidate for active center imitation

(€]
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H
29N
Fe.’" Cug*"

of cytochrome C oxidase. However, there is a difference:

H
O
Fg3+ Eu2+

The angle of the group in model compound (2) is close to linear (~157°), while
in cytochrome C active center

H

|
0]

47N
Fea33+ CUBZJr

It is non-linear. There are other differences as well.
The structurally similar model compound (A) was also synthesized with the

center of native cytochrome C oxidase, which is supposed to be joining dioxygen
[599]:

Like the native enzyme, this model compound contains porphyrin iron(II)
complex and copper(]) situated near it. Copper(I) is bound to three tertiary amines
in a coordinated way.

Dissolution of this compound in toluene and treatment of this solution with
dioxygen leads to the formation of irreversible adduct A®O; in the ratio 1:1.
Copper(I) plays the determining role in O, binding. On this adduct A®O, treatment
with cobaltocene (electrons source), it turned out that four cobaltocene equivalents
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are needed (4e™) for complete oxygen reduction in adduct A®O,. Oxygen structure
in this adduct is represented as a bridge peroxo-particle. Thus, A compound turned
out to be one of model complexes of cytochrome C oxidase.

3.2.7.3 Galactose Oxidase and Its Models

Unlike mono- and dioxygenases, activating O, and introducing one or two oxygen
atoms into substrate, oxidases activate hydrogen, which accepts O, catalysing free
radical HO3, hydrogen peroxide, or water formation. Copper, iron, or molybdenum
can be an active center of oxidases. One of these oxidases is copper-containing
galactose oxidase. This enzyme, consuming oxygen, will oxidize galactose and
some primary alcohols, thus generating hydrogen peroxide:

CH,0OH CHO
HO galactose-oxidase HO O
OH +0, OH + H,0,.

OH OH

The copper of the enzyme’s active center is coordinated with two nitrogen atoms
from histidine imidazole ring with carboxylate or phenolate ligands, arranged within
the square plane. Water seems to be in an equatorial position [600]. There were also
earlier assumptions regarding the structure of the enzyme’s active center [601].

The mechanism of galactose oxidases’ influence is not clear now, although there
are two kinds of assumptions: either the Cu(Il) form is inactive and redox cycle
Cu(I)-Cu(II) [602] is important, or the Cu(II) form is active and it simply makes
easier sequential one-electron transfers from alcohol to O, [603].

Various model systems of galactose oxidase were considered. The most efficient
and at the same time relatively simple is Cut—o—phen—-0,~R-OH-OH™ solvent
[455]. In the case of primary alcohol oxidation at low degrees of conversion, and
also benzyl alcohol oxidation, selectivity of aldehydes and ketones formation in this
system is high and close to 100%. Secondary alcohols oxidation at primary stages of
the process yields high-selective formation of ketones, which are rapidly oxidized to
acids, especially on oxidation of alcohols with unsubstituted a-CH,-groups, namely,
cyclohexanol, butanol-2, etc.). Isopropionic alcohol in the presence of [Cu(phen),] ™
complex in basic medium is oxidized particularly rapidly and selectively (selectivity
is close to 100%). The number of catalytic cycles for this complex reaches 1-2s7",
which exceeds by thousands of times the activity of known oxidase models, and is
close to the activity of galactose oxidase [455].

In oxidation of both primary and secondary alcohols, catalytically active
particles are complexes [Cu(phen),]™. It is supposed that alcohol oxidation,
namely of isopropanol, proceeds by the formation of intermediate triple complex
[(phen),Cu'. . .(CH3),CH(O7)...05], and the limiting stage of the process is
hydride ion H™ transfer from alkoxy anion on O, molecule with acetone and
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hydrogen peroxide formation. This model system is similar to galactose oxidase by
its kinetic behavior, in which the active center also contains copper(I) compound
[455, 604]. High stability of o-phenanthroline in active complex [Cu(phen),]™ on
alcohols catalytic oxidation (it is not destroyed after several thousands of catalytic
cycles) makes it possible to deny both the participation of Cu' in the reaction
(which was established in [605]), and that of O3~ (which was supposed in [605]),
as the latter efficiently destroys o-phenanthroline.
The most probable supposed mechanism is as follows [455]:

0==0.,
/R’ 0, K ]g/R’
[(phen)zcu‘...o*—cg ] [(phen),Cu"...0" — N
RH RN
R
Cu'(phen), + ({ =C + HO,,
RH

in which reciprocal activation of O, and substrate anionic form (alcohol) in the coor-
dination sphere of copper(I) phenanthroline complex causes oxygen transformation
into one of the strongest oxidants in such reactions.

References

1. G. Rehner, Erndhrungs—Umschau 30(2), 35 (1983)
2. L.A. Macmillan-Crow, D.L. Cruthirds, Free Radic. Res. 34(4), 325-336 (2001)
3. ILA. Chernavina, Physiology and Biochemistry of Microelements (Vysshaia Shkola, Moscow,
1970) p. 77 [Russian]
4. Ya.V. Peive, Guidance on Microfertilizers Application (Selikhozgiz, Moscow, 1963)
[Russian]
5. V.K. Rita, Manganese influence on some biochemical processes in grapes, Ph.D. thesis,
Odessa, 1967, [Russian]
6. E.J. Unterwood, Trace Elements in Human and Animal Nutrition, 4th edn (Academic, New
York, 1977) p. 170
7. L. Wilson, Nutritional Balancing and Hair Mineral Analysis (L.D. Wilson Consultants, Inc.,
Prescott, AZ, 2005), p. 2010
8. K. Szentmihalyi, P. Vinkler, J. Fodor, J. Balla, B. Lakatos, Orv. Hetil. 150(15), 681-687
(2009) [Hungarian]
9. J.M. Wrigglesworth, H. Baum, in Iron in Biochemistry and Medicine, vol. 2, ed. by A. Jacobs,
M. Worwood (Academic, London, 1980), pt. 2, p. 29
10. A.S. Manoguerra, A.R. Erdman, L.L. Booze, G. Christianson, PM. Wax, E.J. Scharman, et al.
Clin. Toxicol. (Phila). 43(6), 553-570 (2005)
11. K. Raja, R. Simpson, T. Peters, Biochim. Biophys. Acta. 1135, 141 (1992)
12. M.A. Barrand, R.C. Hider, B.A. Callingham, J. Pharm. Pharmacol. 42, 279 (1990)
13. A.E. Thumser, A.A. Rashed, P.A. Sharp, J.K. Lodge, Food Chem. 123(2), 281-285 (2010)
14. P. Aisen, in [fron in Biochemistry and Medicine, vol. 3, ed. by A. Jacobs, M. Worwood
(Academic, London, 1980), pt. 4, p. 84
15. E.H. Morgan, Mol. Aspects Med. 4, 1 (1981)



References 245

16

17

18.
19.
20.
21.
22.
23.

24.

25

26.
217.
28.
29.
30.

31
32.

33.

34.

35

36.
37.

38.

39.
40.

41

42.

43.
44,

45.

. S. Singh, R.C. Hider, in Free Radical Damage and Its Control, ed. by C.A. Rice-Evans, R.H.
Burdon, (Elsevier Science B.V., Amsterdam, 1994), pp. 189-216

. J.J. Bullen, E. Griffiths, fron and Infection (Wiley, New York, 1987)

E.D. Weinberg, Drug Metab. Rev. 22, 531 (1990)

H. Munro, M.C. Linder, Physiol. Rev. 58, 317 (1978)

G.G. Ford, PM. Harrison, D.W. Rice, J.JM.A. Smith, A. Treffry, J.L. White, J. Yariv. Philos.

Trans. R. Soc. London Ser. B 304, 551 (1984)

L. Fridovich, in: Free Radicals in Biology, vol. 1., ed. by W. Pryor (Mir, Moscow, 1979), pp.

272-314. [Russian]

D.I. Metelitsa, G.S. Arapova, A.N. Eremin, Biokhimya [Biochemistry] 62, 460 (1997)

[Russian]

J.H. Ward, J.P. Kushner, J. Kaplan, in Current Hematology and Oncology, ed. by V.F.

Fairbanks (Medicina, Moscow, 1987), pp. 11-57 [Russian]

B.J. Bolann, R.J. Ulvik, Eur. J. Biochem. 193, 899 (1990)

. Yu.A. Vladimirov, O.A. Azizova, A.L. Deev, A.V. Kozlov, A.N. Osipov, ltogi nauki i tekhniki.

Biofizika [Sci. and Tech. Ser. Biophysics], vol. 29 (VINITI, Moscow, 1977), p. 51 [Russian]

D.I. Metelitsa, Oxygen Activation with Enzymatic Systems (Nauka, Moscow, 1982), p. 34

[Russian]

P. Hochstein, Isr. J. Chem. 21, 52 (1981)

R.A. Floyd, C.A. Levis, Biochem. J. 22, 2645 (1983)

D.C.H. McBrien, T.E. Slater (eds.) Free Radicals, Lipid Peroxidation and Cancer (Academic,

London, 1982)

C.A. Rice-Evans, in Free Radical Damage and Its Control, ed. by C.A. Rice-Evans, R.H.

Burdon (Elsevier Science B.V., Amsterdam, 1994), p. 131

A. Benedetti, M. Comporti, Bioelectrochem. Bioenerg., 18, 187 (1988)

K. Fukuzawa, T. Fujii, T. Todokoro, K. Mitsuta, J.M. Gebicki, in O. Hayaishi, E. Niki,

M. Kondo, T. Yoshikawa, eds. Medical, Biochemical and Chemical Aspects of Free Radi-

cals: Proc. of the 4th Biennial General Meeting of the Soc. for Free Radical Research, Kyoto,

Japan, 9-13 April 1988. Amsderdam: Elsevier Science B.V., 1989, p. 71

H. Kappus, H. Muliawan, M.E. Scheulen, in W. Bors, M. Saran, D. Tait, eds. Oxygen Radicals

in Chemistry and Biology: Proc. of the 3rd Int. Conf., Neuherberg, Federal Republic of

Germany, 10-15 July 1983. Berlin; New York: Walter der Gruyter, 1984, p. 359

Y. Hayashi, Y. Ueda, A. Nakajima, Y. Mitsuyama, Brain Res. 1025(1-2), 29-34 (2004)

. M. Tien, B.A. Svingen, S.D. Aust, in Oxygen and Oxy-Radicals in Chemistry and Biology,

ed. by M.A.J. Rodgers, E.L. Powers (Academic, New York, 1981), p. 147

M.G. Repetto, EN. Ferrarotti, A. Boveris, Arch. Toxicol. 84(4), 255-262 (2010)

L.B. Afanasiev, N.S. Kuprianova, A.V. Letuchaia, in W. Bors, M. Saran, D. Tait, eds. Oxygen

Radicals in Chemistry and Biology: Proc. of the 3rd Int. Conf., Neuherberg, Federal Republic

of Germany, 10-15 July 1983. Berlin; New York: Walter der Gruyter, 1984, p. 17

Aust, S.D., J.R. Bucher, M. Tien, in W. Bors, M. Saran, D. Tait, eds. Oxygen Radicals in

Chemistry and Biology: Proc. of the 3rd Int. Conf., Neuherberg, Federal Republic of Germany,
1015 July 1983. Berlin; New York: Walter der Gruyter, 1984, p. 147

E. Niki Free Radic. Biol. Med. 47(5), 469-484 (2009)

J.E. Mead, in Free Radicals in Biology, vol. 1,ed. by W.A. Pryor (Academic, New York, 1976)

. B. Halliwell, J.M.C. Gutteridge, in O. Hayaishi, E. Niki, M. Kondo, T. Yoshikawa, eds.

Medical, Biochemical and Chemical Aspects of Free Radicals: Proc. of the 4th Biennial

General Meeting of the Soc. for Free Radical Research, Kyoto, Japan, 9-13 April 1988.

Amsterdam: Elsevier Science B.V., 1989, pp. 21-31

J.M. Branghler, J.F. Pregenzer, R.L. Chase, L.A. Duncan, E.J. Jacobson, J.M. McCall, J. Biol.

Chem. 262, 10438 (1987)

J.P. Kehrer, Toxicology 149, 43-50 (2000)

Mladenka, P., T. Siminek, M. Hiibl, R. Hrdina. The role of reactive oxygen and nitrogen

species in cellular iron metabolism. Free Radic. Res. 40(3), 263-272 (2006)

J.M.C. Gutteridge, FEBS Lett. 201, 251 (1986)



246

46.
47.

48

54.
55.
56.
57.
58.
59.
. E. Graf, J.W. Eaton, Cancer 56, 717 (1985)
61.

62.
63.
. B. Halliwell, J.M.C. Gutteridge, D. Blake, Philos. Trans. R. Soc. London, Ser. B. 311, 659

64

65.
66.

67.

68

72.

73.
74.
75.

76.
77.

78.
79.
80.

81.
82.
83.

84.

3 Biochemical Processes and Metal Complexes’ Role as Catalysts

M.J. O’Connell, R.J. Lee, G.E. Cartwright, J. Clin. Invest. 229, 135 (1985)
P. Biemond, H.G. van Eijk, A.J.G. Swaak, J.F. Koster, J. Clin. Invest. 73, 1576 (1984)

. L.E. Koster, R.G. Slee, FEBS Lett. 199, 85 (1986)
49.
50.
51.
52.
53.

C.E. Thomas, L.A. Morehouse, S.D. Aust, J. Biol. Chem. 260, 3275 (1985)

P. Biemond, A.J.G. Swaak, C.M. Beindorff, J.F. Koster, Biochem. J. 239, 169 (1986)
G.R. Buettner, T.P. Doherty, L.K. Patterson, FEBS Lett. 158, 143 (1983)

J. Butler, B. Halliwell, Arch. Biochem. Biophys. 218, 174 (1982)

M.E. Aliaga, C. Carrasco-Pozo, C. Lépez-Alarcén, C. Olea-Azar, H. Speisky, Bioorg. Med.
Chem. 19(1), 534-554 (2011)

G.R. Buettner, Bioelectrochem. Bioenerg. 18, 29 (1987)

J.M.C. Gutteridge, D.A. Rowley, E. Griffiths, B. Halliwell, Clin. Sci. 68, 463 (1985)
B. Halliwell, J.M.C. Gutteridge, Mol. Aspect. Med. 8, 89 (1985)

J. Kanner, S. Harel, Free Radic. Res. Commun. 3, 309 (1987)

S. Muraoka, T. Miura, Life Sci. 74(13), 1691-1700 (2004)

E. Graf, J. Am. Oil Chem. Soc. 60, 1861 (1983)

E. Doria, L. Galleschi, L. Calucci, C. Pinzino, R. Pilu, E. Cassani, E. Nielsen, J. Exp. Bot.
60(3), 967-978 (2009)

H. Jenzer, H. Kohler, C. Broger, Arch. Biochem. Biophys. 258, 381 (1987)

O.1. Aroma, B. Halliwell, Biochem. J. 241, 273 (1987)

(1985)

M. D’Hardemare Adu, S. Torelli, G. Serratrice, J.L. Pierre, Biometals 19(4), 349-366 (2006)
P. Baret, C.G. Beguin, H. Boukhalfa, C. Caris, J.-P. Laulhere, J.-L. Pierre, G. Serratrice, J. Am.
Chem. Soc. 117, 9760 (1995)

T.U. Schraufstater, D.B. Hinshaw, P.A. Hislop, R.G. Spragg, C.G. Cochrane, J. Clin. Invest.
77, 1312 (1986)

. M.E. Hoffman, A.C. Mello-Filho, R. Meneghini, Biochim. Biophys. Acta. 781, 234 (1984)
. H.C. Sutton, C.F. Vile, C.C. Winterbourn, Arch. Biochem. Biophys. 256, 462 (1987)

70.
71.

C.C. Winterbourn, Free Radic. Biol. Med. 3, 33 (1987)

T.N. Novodarova, E.M. Kolosov, L.L. Kyseleva, M.Yu. Tuvin, M.E. Volpyn, in Problems of
Moderm Bioinorganic Chemistry: Mater. of field session, 26-28 March 1984. Novosibirsk,
1984, p. 67. [Russian]

NV. Gist-Brocades, I. Wateringseweg, Delft, Holland. Patent 2002746 (UK). 1978-06-16.
Chem. Abstr., 1979, 91, 39515

Patent 498201 (Australia). Chem. Abstr., 1979, 91, 33055

A. Sultan, G. Cade, L. Dumble, G.M. Laycock, Arzneim-Forsch 22, 154 (1972)

B. Coyle, K. Kavanagh, M. McCann, M. Devereux, M. Geraghty, Biometals 16(2), 321-329
(2003)

D.R. Winge, R.K. Mehra, Int. Rev. Exp. Pathol. 31, 47 (1990)

A. Samuele, A. Margagalli, M. T. Armentero, et al., Biochimica et Biophysica Acta (BBA)
1741(3), 325-330 (2005)

E.M. Messa, C. Giulivi, Free Radic. Biol. Med. 14, 559 (1993)

A.C. Fernandes, P.M. Filipe, C.F. Mensa, Eur. J. Farmacol. 220, 211 (1992)

A. Mori, M. Niramatsu, R. Adamatsu, M. Kohno, in O. Hayaishi, E. Niki, M. Kondo,
T. Yoshikawa, eds. Medical, Biochemical and Chemical Aspects of Free Radicals: Proc. of
the 4th Biennial General Meeting of the Soc. for Free Radical Research, Kyoto, Japan, 9-13
April 1988. Amsterdam: Elsevier Science B.V., 1989, p. 1249

M.J. Davies, J.Clin.Biochem. Nutr. 48(1), 8-9 (2011)

G. Calvin, K.E. Arfors, J. Free Radic. Biol. Med. 1, 437 (1985)

J. Bylund, K.L.. Brown, C. Movitz, C. Dahlgren, A. Karlsson, Biol. Med. 49(12), 1834-1845
(2010)

D.K. Das, R.M. Engelman