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Abstract. The experimental data on the oxidation—reduction
catalysis by coordination compounds of manganese(II) of reac-
tions involving the decomposition of H>O, and the oxidation of
organic substances by hydrogen peroxide and molecular oxygen
are surveyed and modern ideas on these topics are described. The
bibliography includes 170 references.

1. Introduction

Coordination compounds of transition metals are known to pro-
mote the occurrence of many industrially important technological
processes under milder conditions than traditional heterogeneous
catalysts, sometimes with a much greater activity and selectivity.
The role of the active centre also in enzyme-like (analogue)
systems designed to effect particular catalytic processes in
homogeneous media has been attributed to the coordination
compounds of transition metals. The study of the oxidation—
reduction catalysis by transition metal compounds has made a
definite contribution to the development of the theory of
homogeneous catalysis. Homogeneous catalysis by coordination
compounds in the liquid phase is a rapidly developing field of
physical chemistry.

The interest in the study of the catalase, peroxidase, and oxidase
properties of coordination compounds of manganese has been
aroused by the presence of the latter in the active centres of
manganese-containing catalases'-2 and also by the discovery of the
role of manganese in the oxidation of H,O, to O, (in the photosystem
11 in photosynthesis),! - in the dismutation of the superoxide radical
in the living cell,b’7 and in the catalytic oxidation-—reduction
reactions of organic substances in the tricarboxylic acid cycle (the
Kirebs cycle),? as well as the unique ability of the manganese ion to
undergo relatively readily the change in the oxidation state from +2
to +7.

The coordination compounds of manganese with ligands
containing nitrogen, oxygen, and both nitrogen and oxygen are
effective catalysts of the decomposition of hydrogen peroxide, the
liguid-phase oxidation of various organic compounds by
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molecular oxygen (synthetic molecular oxygen transferring
agents have been obtained on the basis of manganese
complexes), and also the oxidation of substrates by periodate
and other oxidants, in contrast to the aquo-ions. There are
numerous data on the reactivity of manganese complexes in such
reactions and on the mechanisms of their catalytic action.®- 10

All the studies devoted to the catalytic decomposition of
hydrogen peroxide and the oxidation of substrates in the presence
of manganese compounds can be divided into two large groups:
studies of a phenomenological character!! -26 and studies in which
the detailed kinetic characteristics of processes under the influence
of catalysts were obtained and the mechanism of the
corresponding process was established.” 10,2760

From the practical point of view, studies in which the high
peroxidase and oxidase activities of manganese complexes were
established are of special interest.'® Such complexes can be used to
develop new highly sensitive and selective kinetic methods for the
determination of microamounts of Mn?* and also for the
synthesis of new compounds. Since manganese complexes are
effective catalysts of the oxidation by hydrogen peroxide (and its
decomposition) and by oxygen of organic compounds, the
investigation of the possibility of using such systems for the
purification of waste water (especially from dye industries) is of
special interest.

II. Catalase properties. The mechanisms of the
catalytic decomposition of H>O,

Many transition metal compounds, including a series of coordin-
ation compounds of manganese, exhibit catalase activity.!' -6 In
some studies, only the presence of catalase activity in particular
manganese complexes was stated,'' -2 in others a comparative
analysis of their activities was carried out, whilst in a third group
attempts were made to elucidate the mechanism of the
decomposition of hydrogen peroxide by manganese(II)
complexes. At the same time, during the last 20 years a series of
novel investigations have been carried out!®31-% + in which the

t The results of the study of the catalytic properties of manganese aquo-ions
permit an unambiguous conclusion: Mn?* aquo-ions have no catalase,
peroxidase, and oxidase activity.!® On the other hand, they exhibit a definite
catalytic activity in reactions involving the oxidation of certain substrates by
periodate.®® The Mn®* aquo-ions catalyse the H,O, decomposition
reactionsS" 62 and reactions involving the oxidation of organic substrates
by molecular oxygen,®3~%7 but the mechanisms proposed for these
processesS! ~67 cannot be regarded as being even qualitatively well-founded.
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kinetics of the process and the composition and stability of the
catalytically active complex were established and the mechanisms of
the catalytic decomposition of hydrogen peroxide were justified on
the basis of systematic investigations. It has now been established
that the coordination compounds of manganese(II) with triethyl-
enetetramine (Trien),!'>26.38 diethylenetriamine (Dien),3%42 tetra-
ethylenepentamine,!® o, ’-bipyridyl (Bipy),!! o-phenanthroline
(Phen),1-48.51 2.2 2" terpyridyl,!! 2- and 3-aminopyridines,!! 2,9-di-
methyl- and 4,7-diphenyl-1,10-phenanthrolines,!!  diethanol-
amine,'1:3:40 N N’ N“-trimethyldiethylenetriamines,!! acetylacetone
(Acac),31:32 the hydrogen carbonate ion,2%33 histidine (His), 2?52
glycine (Gly),**-45 sorbitol,! sucrose,!® 8-hydroxyquinoline,?-55
a series of a-aminoacids (Am),*47 and certain other substances®-
possess catalase activity.

The above compounds can be regarded as functional models
of catalase (because, like the enzyme catalase itself, they catalyse
the decomposition of H>0; to O, and H,0). It has come to be
assumed that they possess catalase activity.

The catalase activity in the Mn(II) - Phen—-H,0, system is
known to be determined*®4° by the complex Mn(Phen)3*, while in
the Mn(II)-HCO3 —-H;0, system it is determined by the
complex'® Mn(HCO3),. The decomposition of H,0 is catalysed
by the complex MnEn2* (En = ethylenediamine) in the Mn(II) -
En-H,0, system,’% by the complex Mn(Bipy)s" in the
Mn(II) - Bipy — H,O; system, and by the complexes MnTrien?*
and MnTEAZ+ (TEA = triethanolamine) in the Mn(II) - Trien —
H>0,2"-3% and Mn(II) - TEA —H,0,% systems respectively. The
complexes Mn(Am), and Mn{Am),, incorporating bidentate and
tridentate aminoacids and H;O0, in the corresponding
systems, %647 MnDien3*,3542 and the dinuclear complexes
Mn;His; 52 and MnAcac, 31:32 have the same properties.

Complexes having this composition manifest as a rule a high
peroxidase activity. This has been confirmed by the results of studies
on the oxidation reactions of various organic compounds in the
Mn(Il) - ligand — H,0, — S (S is the substrate) systems. The hydrogen
carbonate ion,%-70 triethylenetetramine,”!~7* ethylenediamine,”
diethylenetriamine,’>-76 acetylacetone,””7®  o-phenanthroline,”-8!
o, -bipyridyl,>® 78-81 and glycine®? have been used as the ligands.
The substrates are indigomonosulfonate, indigocarmine, indigo-
tetrasulfonate, murexide, and carmine, which do not form com-
plexes (or form only weak complexes) with Mn2*, and also chelating
ligands lumomagneson, lumogallion, alizarin C, tiron, and catechol.

A number of manganese complexes exhibit also oxidase activity.
The catalytic oxidation of organic substances by molecular oxygen
is carried out as a rule in non-aqueous media. The catalysts of such
processes are manganese stearate and a series of manganese
complexes:33-8 porphyrin,87- phthalocyanine,®!:9? caprylate,”
carboxylate,”® naphthenate,® tripropyl phosphate,®* and other
complexes.”>~%7 The oxidation in the presence of manganese
stearate MnSt; has been studied in greatest detail.

On the basis of literature data, manganese(II) complexes can be
arranged in the following sequence in terms of their catalase activity:

Mn(HCOs); > MnTrien, > MnHis2* > MnDien3" >
>MnAcact >MnEn?+ > MnBipy2* > MnPhen2* >
>MnAlaj; >MnVal; > MnGly; >~ MnTre, >

> Mn(f-Phen-a-Ala); > MnSer, > MnAsp,; ~ Mn(Aspa);

(Ala = alanine, Val = valine, Tre = threonine, Ser = serine,
Asp = asparagine, and Aspa = aspartic acid).

The manganese(II) hydrogen carbonate complexes exhibit the
highest catalase activity. In terms of their activity in the hydrogen
peroxide decomposition reactions, they are inferior only by an
order of magnitude to the iron(IIT) complex of triethylene-
tetramine — the most effective catalyst of the decomposition of
hydrogen peroxide among low-molecular-mass compounds.}

{ The complex Fe3*Trien has been called ‘inorganic catalase’ in the
literature.%8

Manganese complexes with ligands containing nitrogen and
oxygen and both nitrogen and oxygen are catalytically active in
the reactions involving the decomposition of hydrogen peroxide
and the oxidation of substrates. Coordinatively unsaturated
complexes catalyse the above processes as a rule, but
coordinatively saturated complexes as well as a series of dinuclear
compounds exhibit a catalytic activity in certain cases. The
following oxidation—reduction reactions can occur in the course
of the process:

—2¢
L.Mn(Il) — L,Mn(IV),
+2e

LMn(ll) — L,.Mn(IV),
+€

L,Mn(Ill) — L,Mn(II) .

Depending on which oxidation —-reduction reactions occur in
the decomposition of hydrogen peroxide by specific coordination
compounds of manganese(Il), the process proceeds via a radical-
ion (radical-chain or cyclic) or ion-molecule mechanisms.

The radical-ion (radical-chain) mechanism of the decomposition of
hydrogen peroxide operates in the following systems: Mn(II)-
HCO35 —-H;0;, Mn(II)—Triene - H,0,, Mn(II)-His -H,0,-
H3;BO;, Mn(II)-Phen-H20;, and Mn(II)-Bipy-
H,0,.28.31,33,37,38,50,51  The kinetics and mechanisms of the
decomposition of hydrogen peroxide by manganese(I) complexes
of HCOj3 and triethylenetetramine have been examined.33.37.38.52
The catalase activity of these systems is due respectively to the
complexes Mn(HCO3), and MnTrien,.

The radical mechanism of the process has been confirmed by
data on the inhibiting effect of the specific OH and O, radical
acceptors on the catalase process?’-30:37.38 and the fact that the
rate of chain propagation (the rate of gas evolution) Wo, exceeds
appreciably the rate of initiation W; [the ratio of these rates is
~103 for the Mn(II)-HCO; —H>0; system®’]. This has been
established?”- 3 by introducing into the reaction medium before
the start of the procéss aOH indicator (N,N-dimethyl-p-nitroso-
aniline) and a O;~ acceptor (tetranitromethane). In both systems,
O;" radical-ions are generated on initiation of the process, and the
radicals -OH are formed in the subsequent stages. Data obtained
by the spectrophotometric detection of the manganese(1II)
complexes indicate the generation in the system also of
manganese(IV) complexes.!%37:38.99 These results served as a
basis for the formulation of the radical-chain mechanism of the
decomposition of hydrogen peroxide by the complexes
Mn(HCO3); and MnTrien?* in the following form:10

initiation:
Mn(II)L + H20, — Mn(IV)L + 20H—,
Mn(IV)L + HO; — Mn(III)L + O;~ + H* ;
chain propagation:
Mn(IV)L + O3 — Mn(III)L + O,
Mn(III)L + H,0, — Mn(IV)L +OH + OH— ,
OH + H,0, — O3~ + H* + H,0;
chain termination:
Mn(IIDL + O; — Mn(IDL + O;
(L=2HCOj or Trien).
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Comparison of the rate constants and the corresponding
concentrations in solution showed that3337 the following stage
also occurs in the Mn(II)-HCOj5; —H>0, system:

OH + HCO; — COy~ + H0,
CO;~ + H,0, — HCOj + 05~ + H* .

The above reactions ensure the additional generation of the
05 radical-ions in the chain propagation process. This promotes
the effective decomposition of hydrogen peroxide in the presence
of the Mn(HCOs), complex. The decomposition of hydrogen
peroxide in the Mn(II) - HCO5 —H20, system via this mechanism
has also been confirmed by the results of other investiga-
tions. 100,101

A similar mechanism operates in the decomposition of
hydrogen peroxide in the Mn(II)—His—H>0; system in borate
buffer solutions.3!- 102

A somewhat different mechanism is observed in the Mn(II)—
Phen(Bipy) - H,O; systems. As noted above, the catalysts are the
complexes MnPhen3* and MnBipy3*.48-5! The catalase process in
the above systems is influenced by inhibitors such as specificOH
radical acceptors (in particular, N,N-dimethyl-p-nitroso-aniline).5
On the other hand, the gas evolution process is effectively inhibited
by ascorbic acid, hydroquinone, p-benzoquinone, and tetranitro-
methane.3%5!1 The radical-chain nature of the mechanism is
indicated by the finding that in this case Wo,/W; ~ 103.5° Since
OH radicals are not generated in these systems, one can justify the
occurrence of a two-electron transfer stage:5% 5!

MIl(II)Lz + H,Op — Mn(IV)Lz + 20H~
(L =Phen, Bipy).

The interaction of manganese(IV) compounds with hydrogen
peroxide includes consecutive one-electron transfer steps with the
generation of O3~ in the reaction medium (this has been
demonstrated by the method of inhibitors®®). The complete
process mechanism in the Mn(II)-Phen(Bipy)-H,02 system
under stationary conditions is as follows:®

initiation:
L,Mn(III) + HO; — L,Mn(II) + HO3;

chain propagation:
LoMn(I) + H>0, — LoMn(IV) + H;0,
LMn(IV) + H;0, — L,Mn(IIl) + HO; + HY |
HO;— O3~ + HY |
LoMn(III) + O3~ — LoMn(Il) + O3 ;

chain termination:

LoMn(Il) + HO; — L,Mn(III) + HO; .

Thus the characteristic features of the radical-chain
mechanism of the decomposition of hydrogen peroxide by
manganese complexes are as follows: the generation of the O3~
and OH radical species (or of O3 alone) in the reaction volume;
the formation of manganese(IV) and manganese(1II) compounds
owing to the catalase process; a significantly greater rate of chain
propagation compared with the rate of initiation.

The formation of the O3~ radical-ions has been observed also
in the Mn(II) - En — H>0, and Mn(I1) - His - H>O; systems, but in
this case a distinctive feature of the process is the equality of the
rates of gas evolution and initiation. This provided a basis for the
classification of the given mechanism as of the radical-ion cyclic
type. In relation to catalysis by the MnEn* complex, this
mechanism assumes the form shown below.36:52.5%72 The
radical-ion cyclic mechanism also operates in the Mn(II)-
ethylenediaminetetramethyl phosphate —H2O5 system.5® In the

Mn(IT) - His— H>O, system, the reaction proceeds via a radical-
ion mechanism with participation of dinuclear complexes of the
type His—Mn(IT) — His — Mn(II) - His (the formation of the latter
has been demonstrated by EPR.1% 52,60

(o)1 H,0,

05 Mn(II)En; 704~

Mn(II1)En, Mn(IV)En,

o, H* HO;

The ion-molecule mechanism differs from that examined above
primarily by the fact that free radicals are not formed in the
reaction system. The absence of the inhibition of the catalase
process by specific acceptors of the OH and O;™ radical species (at
concentrations such that they compete with the other reactants for
free radicals) suggests that an ion-molecule mechanism of the
decomposition of hydrogen peroxide operates in the system. In
such cases, the reaction can proceed with formation of mono- or
di-peroxo-compounds and may be accompanied by oxidation—
reduction processes within the complex catalyst.® If such
compounds are not formed, the mechanism includes stages
involving the transfer of two electrons from the complex catalyst
to hydrogen peroxide and conversely. This is clearly illustrated by
the following general scheme:

Mn(IL, + H;0; — Mn(IV)L, + 20H— ,
Mn(IV)L, + HO; — Mn(Il)L, + H* + O, .

The decomposition of hydrogen peroxide proceeds via this
mechanism in the Mn(II) - Dien — H,0,,3%-42 Mn(II) —sorbitol
H>0-, 10 MD(H) —Sucrose — HzOz, 10 Mn(II) - Gly - H202,43 —45
Mn(I)-Ala-H;0,,4% and Mn(II)-Val (ser, Tre, Asp)-—
H,0,-47 systems. If the second stage is rate-limiting in the
above mechanism, then one can write the following expression for
the Mn(II) - Dien — H,O; system:

W= k2KH202 [MnDienz] [HzOz]
(H] '

This expression agrees with the experimental equation, which
confirms the reality of the proposed mechanism. The ion-molecule
mechanism of the catalysis by manganese(II) complexes of sorbitol,
sucrose, and a number of aminoacids has been demonstrated
similarly.1%43-47 In fact, the same mechanism operates also in the
Mn() - Acac—H,0, system.3!:32 The decomposition of hydrogen
peroxide by trivalent manganese compounds in the Mn(lIT)-
5,10,15,20-tetrakis-(2,6-dimethyl-3-sulfonatophenyl) porphyrinate —
H>0 system also proceeds via an ion-molecule mechanism.>®

Thus one may conclude that hydrogen peroxide is capable of
oxidising manganese(IT) compounds to monomeric manganese(IV)
compounds in neutral (and in a number of cases also weakly
alkaline) media. One cannot rule out the possibility that such a
process consists of two consecutive one-electron transfers without
the emergence of the OH radicals from the inner sphere into the
reaction volume,>® but there is no rigorous evidence in support of
the mechanism (with participation of manganese complexes).

At the same time, the unique ability of hydrogen peroxide to
oxidise manganese(II) compounds to the permanganate ion is
manifested in alkaline media. This has been demonstrated in
relation to the catalytic decomposition of H,O; by the
manganese(II) complexes of triethanolamine.!® The hypothetical
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mechanism of this process, in which free radicals are not formed in
the reaction volume (this has been demonstrated by the method of
inhibitors), is as follows:!?

Mn(1I) + H20, — Mn(IV) + 20H™,
Mn(IV) + Ho02 — Mn(VI) + 20H™,
2 Mn(VI) — Mn(V) + Mn(VID) ,

Mn(V) + Mn(Il) — Mn(III) + Mn(IV),
Mn(III) + H,0, — Mn(V) + 20H™,
Mn(V) + H20; — Mn(VII) + 20H~

[Mn(II)—Mn(V) are understood as the corresponding complexes,
while Mn(VI) and Mn(VII) form the MnO3~ and MnO; ions in
alkaline media}.

Thus in the systems of the type Mn(II)-ligand—H,0,
considered, manganese(IIT) manganese(IV) species (compounds)
as well as OH and O;™ are generated and it is to be expected that
they should ensure the effective oxidation of organic compounds.

ITI. Peroxidase properties. Oxidation of organic
substrates

The high reactivity of many coordination compounds of manga-
nese in catalytic hydrogen peroxide decomposition reactions has
stimulated studies of the use of the Mn(II) -ligand —H2O; systems
for the oxidation of substrates and also of the application of
manganese complexes as catalysts of the oxidation of organic
compounds by molecular oxygen and periodate. The aim of such
studies has been the search for new catalysts of the peroxidase
oxidation of substrates, the establishment of the mechanism of the
catalytic effect of the coordination compounds of manganese and
of the role of the ligand environment of the central metalion in this
process, of the nature of the substrate being oxidised, of the
experimental conditions (aerobic, anaerobic), and of the relation
between the catalase and peroxidase properties of the manganese
complexes, and the development on this basis of a new procedure
for the synthesis of organic substances of practical importance and
of new catalymetric analytical methods, and also the discovery of
the general features of the catalytic oxidation of organic sub-
strates,

The kinetics and mechanisms of the peroxidase activity of the
coordination compounds of manganese with various ligands,
including oxygen-containing (the monodentate hydrogen carbonate
ion,%8-70 the bidentate acetylacetone,”7® and the tridentate
triethanolamine’?), nitrogen-containing (the bidentate
ethylenediamine,”® phenanthroline,® and bipyridyl,* the tridentate
diethylenetriamine,”>76 and the tetradentate triethylenetetr-
amine’!-7%74), as well as both nitrogen- and oxygen-containing (the
tridentate histidine), have been investigated in detail hitherto in the
oxidation reactions of organic substrates— both substrates with a
weak capacity for the formation of complexes with Mn?* (indigo-
monosulfonate, indigocarmine, indigotetrasulfonate, murexide,
carmine, Procion Blue, Direct Bordeaux 150, Disperse Violet K) as
well as ligands forming fairly stable complexes with Mn?* (lumo-
magneson, lumogallion, alizarin, alizarin C, tiron, catechol).
Alcohols are oxidised similarly under aerobic conditions (mono-
hydric—methanol, ethanol, and isopropy! alcohol; dihydric—
ethylene glycol; polyhydric—glycerol). In systems of the type
Mn(II) - ligand — H,O, —substrate, the coordination compounds of
manganese catalyse the oxidation of substrates and one can therefore
regard them as functional models of peroxidase.q

Among the reactions where molecular oxygen is used as the
oxidant, the oxidation reactions of 8-pentadecanone and

9 The enzyme peroxidase is an effective catalyst of the decomposition of
H,0, and the oxidation of substrates by the intermediate compounds
formed on decomposition of the peroxide. It has therefore come to be
assumed that the above manganese compounds possess peroxidase activity.

hexadecanone catalysed by manganese stearate have been
investigated in greatest detail.®3-36 Systems incorporating
porphyrin complexes, sodium tetrahydroborate, olefins, or other
organic compounds®”-92 as well as the oxidation reactions of
a-aminoacids, a-ketoacids, and other compounds, catalysed by
the coordination complexes of manganese(Il) with Schiff
bases? 97 have also been studied in detail.

The above analysis of the mechanisms operating in the
Mn(II)-ligand — H;O; systems shows that, in the course of the
decomposition of hydrogen peroxide by manganese complexes,
intermediate species (compounds OH, O;~, L,Mn(IV), and
L Mn(III), with a high oxidising capacity, are generated in the
reaction medium. The oxidation-reduction potentials of the
corresponding pairs are as follows:

Pair o/V Ref.
Mn#*+ /Mn3+ 1.63 103
Mn3+ /Mn2+ 1.51 9
Mn** /Mn?* 1.57 103
OH/H:0 2.83 104
05;7/0, —0.16 104

Subsequently, when the substrate S is introduced additionally
into such systems, it can be oxidised by precisely these species. The
mechanism of the oxidation reaction can include the following
stages:

OH + S — Py,

0,7 +S—Ps,

L.Mn(IID[L,Mn(IV)] + S — P; + L,Mn(I)[L,Mn(II)]
L,Mn(IIDS[L,Mn(IV)S] — P4 + L,Mn(ID[L,Mn(III)] ,
L.Mn(IV)S[L,M(IV) S] — Ps + L,Mn(II) .

The substrate may be oxidised by active species (compounds) in
the reaction volume (outside the first sphere of the complex
catalyst). In this case, the mechanism is classified as of the
outer-sphere type.'%37,68,70,105 [If the substrate S is oxidised by
manganese ions in high oxidation states within the coordination
sphere of the complex catalyst, an inner-sphere mechanism
operates. 1037, 68,70,106

The outer-sphere mechanism. In the systems where the radical-chain
decomposition of hydrogen peroxide with generation of OH
radicals takes place, various organic dyes are oxidised
effectively.37-68.71.72.74.82,105 The results of the study of the kinetics
of the oxidation of the substrates having a weak complex-forming
capacity (organic dyes, alcohols) shows that the same coordination
compounds of manganese which determine the catalase activity of
the given systems catalyse the above process. One can postulate that
in the Mn(Il)- HCO3 —H;0,,** Mn(Il)- Trien—H;0,,°%7? and
Mn(ID) - His - H02 - H3BO3*! systems the substrates are oxidised
by the OH and O; radical species as well as the Mn** and Mn**
ions forming part of the composition of the corresponding
complexes. The above species (compounds) compete with one
another for the substrate molecule. In terms of their ‘oxidising
strength’, they can be arranged in the following sequence:!°

OH > L,Mn(IV) > L,Mn(III) > O;".

The experimental results'®- 37 53.195.107 indicate the dominant role of
the OH radicals in the oxidation of the above substrates, in particular,
potassium indigotetrasulfonate, murexide, and carmine.

The same type of kinetics of the catalase and peroxidase
processes in the Mn(II)—ligand—H,0, and Mn(II)-ligand -
H,0,-S systems (where HCO3, Trien, and His are used as the
ligands, while the substrates are organic compounds with a weak
complex-forming capacity), the equality of the rates of conversion
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of the substrate under aerobic and anaerobic conditions, and also
the fact that the interaction of the selected substrates S with OH
results in the formation of inactive substrate radicals permitted the
conclusion that the reaction

OH + S — S oxidation products

can be included in the mechanism of the catalase decomposition of
hydrogen peroxide as the chain termination stage.1% 37 53, 68,105

Thus substrates with weak complex-forming capacity in
relation to Mn2* do not affect the fundamental process
mechanism. The radical-chain mechanism of the decomposition
of hydrogen peroxide, established for the catalase process, is
retained under these conditions.

In the systems considered, the mechanism of the oxidation of
substrates by OH radicals is of the outer-sphere type. The above
data permit the conclusion that the outer-sphere mechanism of the
oxidation of substrates with a weak complex-forming capacity in
relation to Mn2t {pK; < 3 for KJ[S]/K[L] < 1, where K is the
stability constant} can operate in all catalytic systems of the metal -
ligand—-H,0, type in which hydrogen peroxide undergoes a
radical-chain decomposition with generation of OH radicals and a
relatively inactive substrate radical is formed. In such systems, the
mechanisms of the catalase and peroxidase activities of the complex
catalyst should be to a certain extent similar. The mechanism
becomes complicated when, as a result of the interaction withOH
radicals, the oxidation of substrates involves the formation of
reactive substrate radicals, which, possessing reducing properties,
can react with manganese(I11) and manganese(IV) compounds and,
under aerobic conditions, also with molecular oxygen. The
oxidation of alcohols (methanol, ethanol, isopropyl alcohol,
ethylene glycol, and glycerol) in the Mn(II)-HCO; -H>0,
systems under aerobic conditions can serve as an example,!98. 109

Analysis of the results of a number of studies'®® - 119 shows that at
certain concentrations of the test substances in the Mn(II) -HCO3 ~
H>0,-ROH systems the role of hydrogen peroxide reduces to the
preparation of the alcohol (by converting it into the alkoxy-radical
R,) for interaction with oxygen. Consequently molecular oxygen
participates in the oxidation of alcohols as a consequence of the
formation of the reactive substrate radical R,, which leads to an
increase in the complexity of the process mechanism, namely to the
appearance of a series of new stages:1%:37:53.110

Ry + O — RO3,
RO; — ROHO + HO3,
RO; + ROH — R, + RCHO + H;0; .

These do not occur in the absence of substrates or in their presence
if the substrate radical formed is inactive. Since alcohols are
oxidised in the reaction volume (outside the coordination sphere
of the catalyst), such a mechanism may be also referred to as of the
outer-sphere type. The results of studies on the Mn(II)-HCO3 -
H>0,—-ROH systems under aerobic conditions permit the con-
clusion that alcohols and other organic compounds are oxidised
effectively by hydrogen peroxide under aerobic conditions
provided that the catalyst is a complex with a distinct catalase
activity and that H>O» decomposes via a radical-chain mechanism
with generation of OH radicals. The following conditions must be
maintained if this is to be achieved:

ko, o.[S ko, (S
s+onlS] > 1 and S+OH[ ] > 1,
k()H+H,o2 [H0,] kp . om (P]
wherekg o, koy TH0’ andk, are the corresponding rate con-

stants for the interaction of C.)Pﬁovlv{ith the alcohol (or the organic
substrate S), hydrogen peroxide, and other system components
(P). The above relations may serve as criteria for the selection of
catalysts for the liquid-phase oxidation of alcohols (and other
organic compounds) under mild conditions.

It is noteworthy that the active principle in the oxidation of
organic substrates with a weak complex-forming capacity in
relation to Mn?* in the Mn(II)-HCO;3 -H,0,, Mn(II)-
Trien—-H70,, and Mn(Il)-His~H>0,—-H3BO;3 system is the
OH radical. However, such radicals are not generated in the
disproportionation of hydrogen peroxide by manganese(II)
complexes of o-phenanthroline, a,o’-bipyridyl, histidine (in the
absence of borate buffer), ethylenediamine, diethylenetriamine,
acetylacetone, and other compounds. At the same time, indigo-
carmine, potassium indigomonosulfonate and indigotetra-
sulfonate, murexide, and carmine are effectively oxidised in the
above systems.37-68.70,72,111  The results of the study of the
kinetics and mechanisms of the decomposition of hydrogen
peroxide and of the oxidation of substrates have shown that
manganese(I'V) compounds are the oxidant in the given instance.
The general process mechanism can be represented as follows:

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

The oxidation of substrates by manganese(IV) compounds
has been demonstrated in cases where the catalysts are
manganese(Il) complexes of phenanthroline and bipyridyl, as
well as the acetylacetonate and histidine complexes. 10-53. 78, 111

Thus one may conclude that, in the oxidation-reduction
decomposition of hydrogen peroxide by manganese(II)
coordination compounds without the formation of hydroxyl
radicals in the reaction medium, substrates having a weak
complex-forming capacity in relation to Mn2* are oxidised by
manganese(IV) via an outer-sphere mechanism. The process takes
place as a result of two-electron transfer. One cannot rule out the
possibility that, when substrates incapable of being oxidised via a
two-electron mechanism are used, consecutive one-electron
transfer steps take place involving also manganese(IIT)
compounds in the oxidation process.

The inner-sphere mechanismn. The nature of the substrate oxidised
affects the mechanism of the catalytic decomposition of hydrogen
peroxide, particularly if the substrate has a chelating capacity and is
able to form fairly stable complexes with Mn2* (pK; > 3). Such
substrates are lumomagneson, lumogallion, alizarin, and alizarin
C, the kinetics and mechanisms of the oxidation of which in the
Mn(II) - ligand — H20, systems have been thoroughly investi-
gated.!%.37.53,69.106  The above substrates, which play simulta-
neously the role of a ligand (S.), are effectively oxidised [especially
in a system such as Mn(II) -HCO; -H;05]. A distinctive feature
of these processes is the fact that free hydroxyl and superoxide
radicals are not generated in the reaction volume, but the substrates
are oxidised within the coordination sphere of the metal complex
catalyst (the inner-sphere mechanism).

A similar fundamental mechanism operates in the oxidation of
lumomagneson in the Mn(II) - Triene—H,O, and Mn(II)-En—
H,0; systems!%% 112 and in the oxidation of tiron and catechol in
the Mn(II)~Phen(Bipy) —H,O, systems.’® The characteristic
difference between the process in the above systems and that
occurring in the latter without a substrate (the radical-chain
mechanism) consists in the absence of the inhibiting effect and a
diminishing role of radical acceptors in the course of the reaction.
These data indicate unambiguously that hydrogen peroxide is
decomposed and the substrate oxidised via a fundamentally new
mechanism, differing from the mechanism of the catalase process.
The substrate is oxidised in these systems via an inner-sphere
mechanism3® 196112 [a5 jn the Mn(II) - HCO3~ — H20, — Sy systems}.
The general process mechanism!% 112 can be represented by the
following set of stages:

Mn(Il) + Sy —= Mn(IDS; ,
Mn(IDSL. + H,0, — Mn(IV)S, + 20H— ,
Mn(IV)SL — Mn(II) + P (S;. oxidation products);
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[Mn(II)-Mn(IV) are understood as the corresponding complexes
MnEn; and MnTrien]. One cannot rule out the possibility that a
peroxo-complex of the type Mn(II)S; . H,O, is formed in the reaction
of the complex catalyst with hydrogen peroxide, as has been
suggested® for the catalysis by the manganese hydrogen carbonate
complex, but this has not been confirmed experimentally. A some-
what different sequence of stages (within the framework of the same
fundamental mechanism) occurs in the oxidation of tiron and
catechol in the Mn(IT) - Phen(Bipy) — H,O, system:*0

LoMn(Il) + H,0; — Lo;Mn(IDHO; + H*,
LoMn(IDHO} — L,Mn(IV) + H,0 ,
LMn(IV) + Sp = L,Mn(IV)S¢ ,
LMn(IV)SL — L,Mn(II) + P

(L = Phen, Bipy) .

The mechanism of the oxidation of substrates of the type Sp. in
the Mn(IT) - Acac—H,0; system is much more complex,””- 78 since
in this case a dinuclear complex participates in the reactions with
hydrogen peroxide.

‘ The coordination compounds of manganese [systems of the
type Mn(Il)-ligand — H»O5] and in the first place the hydrogen
carbonate complexes exhibit a high peroxidase activity, so that
they could be used in the development of new catalymetric
methods for the determination of microamounts of Mn2+, for
preparative purposes, as polymerisation initiators, and for the
removal of organic impurities from waste waters.

Catalymetric analytical methods. The effective catalytic activity of
manganese compounds in reactions involving oxidation by
hydrogen peroxide of various indicator substances made it
possible to use them for the development!!3-116 of catalytic
methods for the determination of microamounts of manganese.
Such indicator substances are alizarin C in the presence of HCO3
(the lower limit of the detection of Mn2* ions is 0.4 ng mi—1),!17
Catechol Violet in the presence of ethylenediamine (0.5 ng ml—1),''8
lumomagneson (0.1 ng ml—*),!"? sodium carminate in the presence
of ethylenediamine and lead (0.1 ng m1—1),'2° H-acids in the
presence of ethylenediamine (0.1 ng ml—1'),!2! and Pyrogallol
Red in the presence of bipyridyl (0.01 ng ml—1),122

Catalymetric methods for the determination of Mn?™*, based
on the oxidation with hydrogen peroxide of indigosulfonic
acids,''”- 123 o-dianisidine, Variamine Blue, gallion, and other
indicator substances,!'>~116 have been proposed. A series of
kinetic methods have been developed in which use is made of the
catalytic oxidation of dyes by molecular oxygen, for example, in
the Mn(II) —morin — O, system,'2* or by periodate.!0: 114-116,125

The method based on catalytic oxidation with hydrogen
peroxide in the presence of the manganese hydrogen carbonate
complex of alizarin, alizarin C, and other organic dyes, is especially
selective.117-125 This method is highly sensitive: the lower limit of
the detection of Mn2* ions in the oxidation reaction is 0.4 ng ml—1,

Catalymetric methods for the determination of micro-
amounts of manganese in specially pure substances have found
the widest application.!!4

A general deficiency of the kinetic methods developed for the
determination of microamounts of Mn2?* is the large error of
the determination caused by the occurrence of a rapid back-
ground reaction. Therefore one of the important tasks is the
search for such new systems in which the rate of the background
reaction is low or the development of methods of inhibiting the
background reaction in known systems.

IV. Oxidase properties

Many coordination compounds of the 3d transition metals in low
oxidation states are capable of binding reversibly molecular
oxygen, as a consequence of which they are classified as synthetic
O transferring agents.'?6-122 The coordinated oxygen is in an
activated state in many compounds, which permits its use to effect
various oxidation —reduction processes, in particular for the oxi-
dation of organic substrates, in which transition metal complexes
behave as catalysts. The coordination of molecular oxygen to
transition metal complexes is one of the most effective methods of
activating this commonest and cheapest oxidant.

A number of coordination compounds of manganese also
have notable properties, although very little information is
available about such compounds (O transferring agents) and
also about the reactivity of coordinated O, in manganese
complexes. The reversible binding of molecular oxygen by
manganese complexes takes place as a rule in non-aqueous
media. The formation of oxygenated manganese complexes with
porphyrin,'?® para-substituted meso-tetraphenylporphyrins,!30
dibutylcatechol, semiquinone,!3!  picoline,'*?  pyridine,!3?
N, N-bis(salicylidene)ethylenediamine,!3*  tetraphenylporphyrin, '3’
threonyl- and phenyl-dialkylphosphines,!3¢ tripropylphos-
phine, 38 and others'37-140 has now been demonstrated. Certain
coordination compounds of manganese(Il) are oxygenated
irreversibly. As a consequence of the activation of O, the central
ion in the coordination sphere of the complex is oxidised with
formation of manganese(IIl) and manganese(IV) complexes. It
has been established that such oxygenation occurs in a series of
porphyrin  complexes,’*! in manganese complexes of
phthalocyanine,'3? Schiff bases,!#%14* and triethanolamine, !4
and also in the gluconate!*’ and sorbitol'46 complexes.

Studies on the activation by manganese complexes of
molecular oxygen in the oxidation of organic substrates by the
latter are of special interest. Such complexes may be regarded
(subject to certain assumptions) as functional models of oxidases.
As mentioned above, manganese stearate and a series of
porphyrin, phthalocyanate [phthalocyanine?], and other
complexes are used as catalysts of the oxidation of substrates by
molecular oxygen. Thus, in catalysis by manganese(III) aquo-
ions, the latter oxidise the substrates, forming at the same time
radicals and manganese(I).2-¢5 In the subsequent stages,
manganese(IT) is oxidised by the reaction products to
manganese(III), i.e. the catalytic process includes the redox
reactions:

Mn(IIl) — Mn(II)
=

and a radical-chain or a radical-ion (non-chain) mechanism of the
oxidation of substrates by molecular oxygen. The role of manga-
nese(III) ions consists in preparing the substrate (by converting it
into a radical) for the subsequent interaction with oxygen.

Catalysis by manganese(I) aquo-ions occurs apparently only
when the substrate has a chelating capacity and a metal — substrate
complex effectively reacting with oxygen is formed during the
process. The oxidation of the substrate proceeds most probably
within the coordination sphere of the metal —substrate complex
under the influence of the manganese ions in the highest oxidation
states.“' 147-149

Coordination compounds of manganese are more effective
catalysts of the oxidation of substrates by molecular oxygen. In
such processes the initial stage involves the formation of an
intermediate compound incorporating the complex catalyst and
O., in which the latter is in fact activated. The mechanism of the
activation of O, has not been ultimately elucidated. It has been
suggested that there is no spin density and no appreciable negative
charge on the oxygen in such an intermediate complex, so that O,
is bound in a quasi-singlet state ('A;).%%¥ One may therefore expect
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the manifestation by the oxygen in such complexes of the chemical
reactivity characteristic of O, in its singlet state.§

The composition of the intermediate active oxygen complex
formed has been given in a number of studies®391 as
L,(Mn(II)**...08~.  For example, the mechanism of chain
initiation in the oxidation by molecular oxygen of a series of
organic substrates (8-pentadecanone, hexadecanone) in the
presence of manganese stearate has been expressed as follows:

MnSt; + O, ——» MnStg’r...Og‘ s

MnSt3*..08~ + RH —[:

In most studies, it is assumed that the process proceeds via a
stage involving the formation of a ternary catalyst —O; —substrate
complex, the decomposition of which leads to the formation of the
reaction products.®®

If the substrates are oxidised with trivalent manganese
compounds used as the catalysts, an additional reductant (usually
tetrahydroborate) is introduced into the system. The process
mechanism under such conditions becomes appreciably more
complex, which hinders its rigorous justification. It has been
established reliably that in such cases the manganese(III)
compounds are initially reduced to manganese(II) compounds,
after which the substrate—O,—catalyst ternary complex is
formed. A process of this kind occurs in the oxidation of
cholesterol, androst-5-en-5B-ol, and a number of aliphatic olefins
in the presence of porphyrin complexes of manganese(III).

The general mechanism can be represented in the following
form:90. 151

TPPMn(III) + NaBH4 — TPPMn(Il) + P, ,
TPPMn(ll) + S + O == S—0—0O—Mn(I)TPP ,
S—0—~0—Mn(IDTPP — TPPMn(IIl) + P, ,
S—0—~0—Mn(I)TPP — P; ,

TPPMn(Il) — Py ,

MnSt,OH + RO,
MnSt,O0H + R .

where P are the NaBH 4 reaction products, P; the olefin oxidation
products, P; and P, the catalyst reaction and dehydration pro-
ducts respectively, {and TPP is tripyhenylphosphine]. A similar
mechanism has been proposed also for the oxidation of olefins in
the Mn(III(TPP)-O;—ascorbic acid—olefin system;?” and the
formation of a complex between O, and the catalyst, and the fact
that O; and HO, are not involved in the process have been
demonstrated. The mechanism can be represented by a sequence
of stages.

e~ (ascorbate)

. Mn(m)\R

X] Mn(II)
e~ (ascorbate) /\
Mn(1L) - 0,

0,

§ Questions concerning the activation of O; by coordination compounds
have been considered in detail in a number of communications.!26.131.150

[Mn(II) and Mn(IIl) are understood as the corresponding
complexes with TPP, F is the olefin, and P is its oxidation
product]. Competition between the ascorbate ion and the
substrates for the active species [X] is postulated.

The mechanisms of substrate oxidation presented above are of
the inner-sphere type. Complete schemes for the oxidation of
substrates with formation of the experimentally established final
products have been put forward in a number of studies®3.8.93
taking into account the operation of the inner-sphere mechanism.
Such mechanisms must be regarded as tentative, because they
have been set up purely speculatively in order to express clearly the
possible pathways leading to the formation of the oxidation
products.

Substrates may be oxidised by oxygen also via an outer-sphere
mechanism, for example in the oxidation of hydrazine [the
Mn(III)- Hm - O, - N2H, system, where Hm = haemoglobin]:

Mn(IIl)—Hm + O, == Mn(III);Hm...O, ,
Mn(III);Hm...0; + NoH; — Mn(IIDHm + N, + 2H,0 .

An outer-sphere mechanism operates also in the Mn(II)-L -
0O, —leuco-base (LO) systems: 10

MDL2 + 02 4—_2 Ml’leOz,
MnL,0, + LO — MnL, + LO oxidation products

(L =Phen, Bipy).

A distinctive feature of this process is that it occurs in neutral
aqueous media and that the rate of oxidation of the leuco-base
increases appreciably when the system is irradiated with UV light
(A = 314-334 nm).

An outer-sphere mechanism (without the activation of O, in
the coordination sphere of the complex catalyst) also operates in
the liquid-phase oxidation of organic substances in the presence of
initiators or when manganese(III) complexes, which react
effectively with the substrate, are used as the catalysts.84 97

It is noteworthy that occasional studies on the oxidation
reactions of organic substances by molecular oxygen in the
presence of manganese ions and coordination compounds do not
permit the development of a unique point of view on their
mechanisms. At the same time, one may conclude that such
systems may be used for the synthesis of certain organic
compounds of practical interest.

Many studies devoted to the liquid-phase oxidation of organic
compounds by molecular oxygen in the presence of manganese
ions had preparative aims. For example, optimum conditions
have been found {{MnSt;] = 16.5 mmol litre—!, 393 K} for the
oxidation of 8-pentadecanone by oxygen, in which the yield of
caprylic and oenanthic acids (51.9%) is 2 maximum.3®

The main products of the liquid-phase oxidation of n-pentane
in solution in acetic acid in the presence of 10—3 mole of manganese
acetate per mole of n-pentene are lower aliphatic carboxylic
acids.52

Preparative methods of synthesis of new organic substances
with manganese complexes used as catalysts have also been
described in a number of other studies.!?-84.89,92-94,96,147 The
manganese(IT) - ligand ~H>O, systems, in which OH radicals are
generated, can be used to obtain aldehydes (ketones) from the
corresponding alcohols.193.104.116 By virtue of their high
effectiveness in the hydrogen peroxide decomposition reactions,
manganese(IT) complexes are suitable for the elimination of H,0;
at high concentrations from waste waters,!53
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V. Manganese compounds as catalysts of
processes in the environment

One of the consequences of the increasing amount of anthro-
pogenic waste discharged into the atmosphere is the precipitation
of acid rain, the main components of which are sulfuric and nitric
acids. The oxidation processes in the atmosphere, leading, for
example, to sulfur(IV) (in the form of SO,) and sulfur(VI) (in the
form of H,S04) are usually accelerated catalytically by transition
metal ions and compounds, particularly those of manganese and
iron. The concentrations of the latter in rain water are usually
~2.6x10~7 and ~3.8x10—6 M respectively.!5 This is suffi-
cient to exert a strong catalytic effect on many processes, 10. 149,155
The oxidants are usually O,, H20,, or their reactive activation
products— the OH and HO, radicals.

Metal (manganese, iron) complexes participate in the oxida-
tion of sulfur(IV) by ozone in the aqueous phase of the atmos-
phere.!%6:157  Furthermore, compounds of these metals may
concentrate in the moist aerosol particles and there is therefore a
possibility of an appreciable increase in the rate of oxidation of SO».

The mechanisms of this process under laboratory conditions
and in the real atmospheric moisture can differ appreciably (for
example, the SO, oxidation reactions in the water of a mist, in rain
water, or in aerosol water). The rate of oxidation of SO, in
aerosols diminishes in the following sequence of metal salts:

Mn(NOs3)2 > MnCl, > Cu(NO3); > MnSO4 > CuSO4 > CuCl,.

This indicates the strong influence of the nature of the ligand. For
example, the formation of complexes with participation of
manganese ions and various volatile organic ligands leads to the
appearance of fairly effective catalysts activating the molecules of
the oxidant (O, H»O,) and the substrate (§0O2). The rate of the
catalytic oxidation of SO, depends on a multiplicity of causes: on
the ratio of the manganese ions and ligand molecules, on the pH of
the medium, and other factors. The observed rates of this
oxidation process at different sites and at different times can
therefore also be different. However, an appreciable fraction of
sulfur dioxide in a water drop within the mist is usually rapidly
converted into sulfuric acid. For example, during summer
approximately half of the atmospheric SO, and NO; waste is
converted into HSOs and HNOj; after 180 and 14 h
respectively.!*® The detailed mechanisms of these processes have
so far been poorly determined.

The overall reaction involving the catalytic oxidation of
sulfur(IV) to sulfur(VI) by oxygen can be as follows:

an+Ln
SOa(aq) + H20 + 10, —

—+ H;804 — HSO7 + H*.

The study of the model Mn(II) - 8O2(aq) - HSO7 — O, system
showed that the order of the reaction with respect to manganese is
two (there is a possibility of the participation of species of the type
of Mn3*). A radical-chain mechanism has been postulated:!s?

Mn2* + HSO; & MnHSO}
2 Mn?* &= Mn}+
intiation:
Mn# + HSO3
Mn,HSO} + 0, — = 2Mn?+ +OH + SO;~,
OH + HSO; — H,0 + SO;™ ;

sov_, Mn,HSO}*,

branching:
SO;~ + HSO;~ — HSO; + SO;~,
SO;~ + 0, — SO,
SO;~ + HSO;7 — SO~ + HSO; ,
MnHSO} + HSO; — Mn(HSO3), ,
Mn(HSOs); + O, — Mn2* + 2 HSO] ;
termination:

SO;~ + organic compound — inert products.

This mechanism of the oxidation of sulfur(IV) to sulfur(VI)
corresponds to the following rate equation:!5?

d 6.4 — 41 .

[10 exp( f’)] Mn**][HCO5] ,

where [ is the ionic strength.

In contrast to the catalytic oxidation of sulfur(IV) to
sulfur(VI) in the presence of iron compounds, in the case of
compounds of manganese the catalyst is its dinuclear form Mn3*
[apparently in the form of some kind of complex, for example,
(MnSOz) 0,10 A powerful oxidant (the OH radical),
participating in the process, is formed under these conditions.

One of the problems in passing from the model mechanism to
the mechanism of the oxidation of SO in the atmosphere is the
presence in the latter of both manganese(II) and iron(III)
compounds. They exert jointly a much greater catalytic effect
than they do separately, as under laboratory conditions. In
addition there is a possibility of a difference between the
mechanisms due to the difference between the concentrations of
the interacting substances under laboratory conditions and in the
atmosphere. Thus, at low SO, (HSO;) concentrations, the
following mechanism of the oxidation of sulfur(IV) by oxygen
has been proposed:

Mn®* +HSO; = HSO} + Mn?* | M
HSO; + 0; % HSO3, @)
HSO; + HSO; - HSO; + HSO3, 0)
HSO; + HSO; —% 2 HSO; , @)
HSO; + HSO3—5 5,02 + 20;. ©)
Then
4 03] =k ﬁf[HSO“]m[Mn]m
dro ks 3 ’

if it is assumed that the rate is determined by stage (3).
On raising the concentration of SO, (HSO5y'), the mechanism
may change and the reaction

HSOj + HSOj % H,8,06 + ¢~ , ©®

will appear instead of stage (5). The chain termination stage is
now represented by reaction (6) instead of reaction (5) and the rate
is determined by stage (2). In this case

S [sor) =k

The catalytic ox1datlon of SO, by oxygen in the presence of the
chloride of the tetraolylporphyrin (IT) complex of manganese
[Mn{IIDII] and a reductant can be represented schematically in
the following way:162

[Mn2+] (0] -
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SO;-H,0 === HSO; + H* == SO +2H*,

+e~ Mn3+*1I +e~
Mo3+11...0; ———— Mn**[1.05 «——b —— 0} «—— O,
ol

- +
Mo T — > Mn>*1 — 2> Mn**IL.Oy

l +HSO;

Mn*+1I + SO~ + HSO; + OH™,

HSO3 + O, ——> HSOs,

HSOs + HSO; —» HSO; + HSO;,

HSO; + HSO; —» 2HSO;,

HSO; + H* '4—_—: H,S80,.

The initiation stage involves the reduction of MnlIl, O,, or
MnlII ... O,. The catalyst promotes the coordination and specific
reduction of O to the peroxide ions O3~ and also the generation
of the active form of the substrate (H - SO3radicals), which is the
initiator of the autoxidation of sulfur(IV). The oxide
(Mn3+*11 ... O,), superoxide (Mn3**II ... O;7), and peroxide
(Mn** 1 ... 037) complexes formed were detected spectrophoto-
metrically.

Hydrogen peroxide plays an even more important role than
O as the oxidant in the catalytic conversion of SO, into H2SOj4 in
the atmosphere. The H,O, concentration in an atmospheric
moisture drop is ~10~9-10—* M.163  Typical catalytic
oxidation —reduction systems are then produced:

M?+ —H,0,;—S80,, M?* —L—-H,0;—S0,
(M =Mn, Fe, Cu, etc),

in which sulfur dioxide is oxidised to sulfuric acid:

Mn** (Mn**L)
SO; + HO0; —————  H,S804.

Thus in the majority of the aqueous atmospheric systems
(pH < 5) the main oxidant for SOz is H0,.1%* AtpH > 5, other
oxidants [OH, O3, Fe(IIT)-0O;] begin to play an important role
and the contribution of H»0, to the oxidation reaction
diminishes. Similar catalytic oxidation—reduction systems arise
in atmospheric water with participation of O3 and O,.

The conditions in certain model experiments on the catalytic
oxidation of SO, were close to the atmospheric conditions [the
concentrations of the reacting components— Mn(II), SO, and
H,0,, acidity, and temperature].'®> Thus the concentration of
manganese(II) was 10~6 to 4 x 10—¢ M, which corresponds to its
content in the atmosphere. Under these conditions, the rate of
oxidation of sulfur(IV) is given by

~ S IS(VI)] = KiSV)|Ma(m)].

In different studies, the order of the reaction with respect
to manganese(Il) varied from 1 to 2. The rate constant for
this reaction at pH 3-6 remained invariant also for
[Mn(ID}o = 10—¢ M and amounted to 5.1 x 103 litre mol—! s—1,
which was approximately 6 times greater than the value of k at the
same iron(III) concentration. The reaction involving the catalytic
oxidation of sulfur(IV) to sulfur(VI) proceeds via the formation of
the complex Mn(II)(HSO;)i”", the composition of which has not
been ultimately determined. It is of interest that similar
manganese hydrogen carbonate complexes [Mn(HCOs),] are!®
active catalysts of the decomposition of H,O, with subsequent

formation of HO;™ and OH free radicals species. The sequence of
metals forming the catalyst is as follows when account is taken of
the rate constants for the oxidation of sulfur(IV) to sulfur(VI):

Mn(II) > Fe(IIT), Cu(II) >> non-catalytic reaction.

Thus the non-catalytic and catalytic oxidation of SO, to
H,S80,; by various oxidants (especially H,0;) is the most
important process leading to the acidification of rain water.
Apparently the key catalysts of this process (together with iron
compounds) are manganese compounds and the rates of
formation of SO~ (mol litre—! s—') in model experiments are
described by the expressions

%[soi—] = 0.142[Mn(IT)] at [SO]>4 x 10~5 M,

%[so;] = 0.142[Mn][SO,]*/* at [SOz]<4 x 10—5 M.
The mechanism of the oxidation of SO, in the atmosphere
apparently involves free radical species.

In the atmosphere, 20% —40% of the acidity is caused by the
oxidation of NO, to nitric acid.’6 This reaction can also occur
under the influence of catalysts.'6’-170 However, the number of
reliable data concerning the mechanism of this process is much
smaller than for the mechanism of the oxidation of sulfur and they
will not therefore be considered here.

VI. Conclusion

Many coordination compounds of manganese(Il) with ligands
containing nitrogen, oxygen, and both nitrogen and oxygen can be
regarded as functional models of catalase (they catalyse the
decomposition of H>0, to O;), peroxidase (they catalyse
reactions involving the oxidation of organic and inorganic
compounds by hydrogen peroxide oxidation products),
superoxide dismutase (they catalyse the destruction of superoxide
radical-ions O57), and oxidase (they activate O, in the oxidation
reactions of various compounds). The set of oxidation —reduction
reactions which can occur in Mn(II) - ligand — H,O; systems with
participation of the complex catalyst is reflected by the following
general scheme:

H20, 20H-

OH, OH~
H,0,

L.Mn(II)
HO;

LnMn(IIT) L.Mn(IV)

2H*,20; 3 5O-
2

In each specific case, the mechanism of the decomposition of
H>O; by manganese complexes includes a definite set of
oxidation —reduction reactions (presented above). The operation
of a radical-ion (chain or cyclic) or ion-molecule mechanism is
determined by the ligand environment of Mn2* and the process
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conditions. A clear relationship between the composition of the
complex, the ligand environment in which the manganese ion
exists, its reactivity, and the mechanism of the catalytic action has
not so far been established.

The catalase-active coordination compounds of manganese(II)
possess also a definite peroxidase activity because the catalytic
decomposition of hydrogen peroxide generates OH radicals and
manganese(IV) and manganese(III) compounds which have a
high oxidising capacity. If a radical-chain mechanism of the
decomposition of hydrogen peroxide operates in the systems with
generation of OH radicals, the latter make the main contribution
to the oxidation of the substrates. When an ion-molecule or a
radical-ion cyclic mechanism of the decomposition of hydrogen
peroxide operates, the oxidant consists mainly of manganese(IV)
compounds. Substrates with relatively weak complex-forming
capacity in relation to Mn2* {pK, < 3 for K[L]/K,[S] > 1} are
oxidised via an outer-sphere mechanism in the Mn(II)-ligand -
H,0; systems. Substrates forming fairly stable compounds with
Mn?* {3 < pK; < 8 for KJL)/K,[S] = 1} are oxidised within
the coordination sphere of the complex catalyst (inner-sphere
oxidation mechanism). If reactive substrate radicals are formed in
the reaction volume, molecular oxygen participates in the
oxidation process under aerobic conditions and the role of H,0,
reduces to the preparation of the substrate, by converting it into
an active radical, for subsequent oxidation by molecular oxygen.

The liquid-phase catalytic oxidation by molecular oxygen in
the presence of coordination compounds of manganese proceeds
as a rule in non-aqueous media. Oxygen is activated mainly as a
consequence of the formation of an intermediate active catalyst—
O, compound and the mechanism of the oxidation of the substrate
is then of the outer-sphere type. A ternary complex of the type
MnL,—-O;—Sis sometimes formed in the course of the process. In
such cases an inner-sphere mechanism of the oxidation of the
substrate operates. The factors determining the operation of a
particular oxidation mechanism, which permit a purposeful
search for catalytically active manganese compounds and also
characterise the role of the substrate and the medium in the liquid-
phase oxidation by molecular oxygen, have by no means been
fully established.

The high reactivity of individual manganese complexes can be
used to develop catalymetric analytical methods (tens of such
methods are already known) for preparative purposes (for the
synthesis of particular organic compounds via liquid-phase
oxidation) and for the solution of other applied problems (-
elimination of organic contaminants from waste waters, etc.).
The role of manganese compounds as catalysts of the processes
occurring in the environment has been demonstrated on model
systems for the conversion of sulfur(IV) (as SO,) into sulfur(VI)
(as H280,), which play an important role in the formation of acid
rain.
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