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The different reactions in which reactivity is altered by complex formation are systematized.
The manifold relations between the equilibrium and kinetic studies are treated. On the basis of the
detailed investigation of several particular reactions general conclusions are made on the mechanism
of complex reactions, especially on that of the complex catalysed ones. Several analytical applications
are mentioned. .

- The expression “reactivity® is used quite frequently, but in most of the cases
'its sense it not exactly defined. We can speak of reactivity in thermodynamical and
kinetical senses. Reactivity means thermodynamically the possibility of a reaction
to take place — i. e. it is accompanied by a decrease in free enthalpy; kinetically
the word indicates the rate of the process, i. e. the magnitude of activation energy
and of activation entropy.

Complex formation influences reactivity both in kinetical and thermodynamical
senses. The effect of complex formation on reactivity in this respect involves several
types of reactions and almost innumerable particular reactions. The aim of the present
paper is to systematize the corresponding reaction types and to make deductions
in general sense from the detailed study of some processes, to establish interdepen-
dences and to clarify the manysided connections of equilibrum and kinetical studies.

Systematization of the Processes

It is obvious to differentiate in the systems processes affecting the central ion -

and the ligands. In case of several reactions, however, the process involves both
components of the complex ion: central ion and ligands in the coordination sphere.
Concerning the central ion there are only two possible types of reactions where
changes in the coordination sphere do not occur. These are:

1,1 Changes in charge of the central ion
1,2 Changes in the quality of the central ion.

~ Any change in the charge of the central ion is a redox process, the way and
possibility of its occurence is the most closely connected with coordination. Thermo-

et

! The paper is a summary of the Theses submitted for the degree ,,Doctor of Chemical
Sciences”.
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-dynamically the complex formation either makes possible or inhibits the reaction
with a given reaction partner by shift of the redox potential, and the complex for-
.mation is kinetically-important since_the electron transfer occurs through ligands
“bound in the coordination sphere. Changes in the quality of the central ion, i.e.
.in case of substitution reactions of the central ion although there are no changes
in the coordination sphere, it is obvious that the properties of ligands play an impor-
‘tant part in the mechanism of the reaction, and transiently there are changes in the
-coordination sphere of the partners. '

From point of view of the reaction of the ligand the following types can be
-distinguished:

2,1 Substitution reaction of the ligand

2,2 Reactions of the coordinated group(s) of the ligand

2,3 Reactions of parts of the ligand molecule, which do not play a direct part
:in the coordination

Naturally the reaction of the non-coordinated part of the ligand affect the
-electron distribution of the donor group bound to the central ion, — frequently to
.a negligible extent only — thus there is not a sharp boundary between reactions
-of groups 2,2 and 2,3, the transition is smooth and continuous.

From point of view of both theory and practice, the different catalytic reactions,
closely connected with the reactions of the central ion and the ligand, are of extreme
-importance. Catalytic phenomena of coordination chemistry can be divided into
two groups:

3. Catalysis of complex formation reactions
4. Catalytic effect of complexes.

-Complex formation reactions catalyzed by complexes are between the two extreme
-cases. As for the catalysis of complex formation reactions [1] it is purposeful to
-distinguish the following cases:

3,1 Coordination catalysis

3,2 Induced complex formation
3,3 Electron transfer catalysis
3,4 Heterogeneous catalysis

In case of coordination catalysis the complex formation is preceded by the
formation of another transitional complex. Coordination catalysis is connected
‘with the opening of the coordination sphere, what may happen? either by means
-of a ligand or the central ions. Depending on this we distinguish

3,1.1 Ligand catalysis
3,1.2 Metal ion catalysis.

If M central ion_reacts only slowly with ligand A4 and rapidly with ligand D
-— forming with this latter a thermodinamically less stable somplex — and complex

2 In course of our recent investigations [2] — after the completion of the dissertation — a new
“type of coordination catalysis was found: the catalytic effect of the solvent. The Hg(CN), +HgCl, =
= 2HgCICN reaction in aqueous medium takes place instantaneously, but in dioxane only very
-slowly. The rate of the process in dioxane is markedly increased by small amounts of water. This
‘type of reaction can be regarded as a special case of ligand catalysis.
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MB reacts also rapidly with ligand A, then ligand D catalyzes the formatlon of
the MA complex Schematlcally

M4 A MA
ky -
M+ B=-MB »
k3 Ky .
MB+A::MBA::MA.+B,_
ky, ks, k3>k1

- The catalytlc effect of. cations appears through the formatlon of a bmuclear
transitional complex: '

MeA,,+BlMeA,,_1~B+‘A
Med, + M= 4, MeAM
A, MeAM + BZ Med,_ B+ MA
MA=M+4
kyy ky>ky.

In case of induced complex formation the process is accelerated by a simultaneous
redox reaction. We can speak of electron transfer catalysis when the following
substitution reaction

MA+B = MB+A4-

— where ion M is in a higher oxldatlon state — is accelerated by Mi 1ons in lower
ox1dat10n state.

Heterogeneous catalysis, having been applied for a longer time in preparatlon
of different complex compounds can be interpreted so that, owing to the adsorption
of the complex ion, the coordination sphere is getting loose, i. e. the collision of the
adsorbed complex with a ligand formmg a thermodinamically more stable complex
is more effective than a collision in the bulk of the solution.

Classification of complex catalyzed processes can be done accordmg to the
type of the catalyzed process.

i

Kmettcal importance of equzhbrmm studies

The way and extent of a chemical reaction taking place is determined by the
quality and quantity of the partners. Thus equilibrium studies are of utmost-impor-
tance for complex reactions as here we get information about the composition and
concentration of ionic species of the given system. Those investigations of equilibria,
are of special importance, where the protonation of complexes, formation of poly-
nuclear, mixed and outher-sphere complexes is treated. Namely each chemical
teaction requires the interaction of partners, and this may happen just by the reaction
types described above.
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Protonation of Complexes

Ligands are LEwIS bases; thus, as a rule, competition between the proton and
the complex forming metal ion has to be considered. It is reasonable to distinguish
complexes of monodentate ligands and chelate complexes. In the protonation of
monodentate ligands there are two possibilities: the protonated ligand looses its
donor ability, the ligand-metal ion bond breaks, or the protonated ligand is co-
ordinated to the central ion as a dipole. In protonation of hydroxy complexes the
corresponding aquocomplexes are formed. Naturally the protonation of polydentate
ligands can be various and in its course generally the gradual opening of rings occurs.
The kinetical importance of protonation is, that some of the coordination places,
occupied by functional groups of the bound ligand they block, become free for
interaction with areaction partner. The method developed by us for determination
of stability constants of protonated-complexes [3] — in contrast.to earlier ones —
is applicable even when the protonation takes place at low pH values. The essence
of the method is that in case of given central ion and ligand concentrations the
extent of decomposition following the increase of hydrogen ion concentration is
determined. Corresponding equilibrium constants are obtained by a simple mathe-
matical analysis of the function defined by considering the complex equilibria. The
method has been applied for the study of the protonation of Fe(IIl)-ethylenediamine-
tetraacetic acid [4] and Fe(III)-1,2-diaminocyclohexanetetraacetic acid [3, 4] com-
plexes.

Formation of mixed complexes

In the coordination sphere of mixed complexes there are at least two different
ligands. The number of mixed complexes is very great, especially considering that
the coordination sphere of metal ions is saturated even in case of small ligand con-
centration, partly by the ligand in question and partly by water or other solvent-
molecules, resp. The kinetical importance of mixed complexes is obvious, especially
for the catalytic effect of the complexes. Namely in these cases besides activator
ligand(s) (4) the molecule of the substrate (S) is present also in the coordination
sphere of the central ion, that is the formation of an activator-substrate mixed
complex (MeA,S) is to be considered. The mole fraction of the mixed complex
necessarily changes according to a maximum curve both with changes in concentra-
tion of A and S. From this immediately follows that as a rule catalytic activity
changes with the concentration of the activator ligand according to a maximum
curve. In connection with mixed complexes one of the most important questions
is the clearing up of factors influencing the formation and stability of mixed com-
plexes, that is, the connection between stability constants of mixed complexes and
”parent complexes*“ of homogeneous coordination sphere. Partly from data in
literature and partly from our own investigations the following two rules can be
deduced:

1. If the ratio between stability constants® of complexes of a metal ion formed

s _ M) __mx1
7 Y57 2 R T3 17 9]
(MYA} [MXA]

Kuva= MXxA
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with different polydenta te ligands (X and Y) is
Kyy > Kmx

then the ratio between stability constanst of mixed complexes formed with ligand:
Ais
Kyya < Kmxa

2. The value of equilibrium constant characterizing the stability of M4,,,B,,,

[MAnIZ Bn/2]2 ‘
[MA)[MB,].

is greater, the greater the difference-between stability constants of the corresponding
mother complexes (M4, and MB,).

We refer here that the first rule is of general validity, while the validity of
the second is markedly influenced by quality of ligands 4 and B. It was to be valid
e.g. in case of mercury(Il)-cynaide-halide [5] mixed complexes.

In connection with formation of mixed complexes it was pointed out that
tetracyano-nickel(I) complex forms with. different halide ions pentacoordinated
complexes of very slight stability [6]. Nickel(II)-aminopolycarboxilic acid complexes:
form mixed complexes with cyanide ions [7}, and Fe(III)- amjnopolycarboxylic
acid complexes with hydrogen peroxide [8] The former rule is valid in respect to
their stability, too.

Complexes of outer sphere type

Complexes with saturated coordination sphere may coordinate further ligands.
in the so called outer coordination sphere. Since changes frequently happen in
different redox processes affecting the central ion without even a transient change,
in the structure of the coordination sphere, it must be supposed that in these cases.
the electron is conducted by the ligand. From among outer sphere complexes kine-
tically the most important are those where the ligands bound in the inner sphere’
contain mobile electrons. Stability constants of such complexes [9] were first time
rendered by our experiments, as stability constants of outer sphere complexes of
tris (phenantroliné)-iron(Il) with iodide ions [9] were determined. .

Deduction of equilibrium data from kinetical measurements

Rate of chemical reactions is proportional with some powers of the concentra-
tion of the partners. Therefore values of velocity — in case of well chosen experi-
mental conditions — may furnish information about the concentration of the parti-
cular ionic species, and from this we can calculate equilibrium constants. Kinetical
methods formally are similar to spectrophotometric methods, the factor corres-
ponding to the molar extinction coefficient is the rate constant of the particular
reaction ways. A marked difference is that in case of optical measurements the
concentration is always on the first power what is not always so in kinetical experi-:
ments. Constants of the reaction rate change much more sensitively with temperature
than extinction coefficients.

3*
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Especially in case of catalytic reactions it must be considered that ions present
in the system only in small equilibrium concentration and having small thermo-
dynamical stability may markedly influence the experienced rate, since it can be
expected that just the intensive factor, the rate constant, will have a great value.
In this connection we may refer to investigations described later, in the course of
which it became possible to point out the existence of a so far unknown binuclear
complex from the kinetical measurements. To determine the stability constants
either the increase of activity on the effect of some activator ligands, [10], or in
case of a catalytically already active system the decrease of activity on the effect
of some inhibitors [11} was measured. From the changes of the rate we make deduc-
tions on the concentration of ionic species present in the given system and calcula-
tions on the value of stability constants.

.Summary of kinetical experiments

Mechanism of redox processes involving the central ion. In this respect the.reduc-
tion of Cr(V1) was studied. Observing the reduction in presence of ethylenediamine-
tetraacetic acid [12] it appeared that the cause of the instantaneous complex formation
and increase of the rate of reduction is that Cr(VI) forms a complex. with EDTA
and this complex is reduced more quickly than chromate ion and the reaction results
in the formation of an inert Cr(IlI) EDTA complex. The twofold role of compiex
formation is very interesting in the reduction of Cr(VI) by Co(1I)-aminopolycarbonic
acid complexes. The reduction is thermodynamically made possible by complex
formation: Cr(VI) oxidizes Co(Il) complexes of -different aminopolycarboxylic
acids but not the Co(11) aquocomplex. But the applied aminopolycarboxylic acids
do not contain electrons, thus, if all the coordination places of Co(ll) are occupied
" by functional groups of the ligand, the complex formation prevents the transfer of
electron to the oxidizing agent, i. e. the coordinated aminopolycarboxylic acid plays
the role of an insulator. A condition of the redox process is that water molecule(s)
get into the coordination sphere instead of a part of the functional group of the
ligand. This is made possible by protonation of the complexes. The necessity of
protonation is exhibited by the fact that the rate of reaction, as a function of pH,
changes according to a maximum curve. Namely, in case of very low pH values
the complexes completely decompose thus the reaction is thermodynamically
impossible. At higher pH, where normal non-protonated complexes exist, the mentio-
ned steric inhibitions hinder the interaction of the partners. At intermediate pH values
where protonated complexes exist the redox process becomes both thermodynami-
cally and kinetically possible.

The reduction of Cr(VI) takes place in several steps and spectrophotometric
investigation unequivocally prove the existence of at least one intermediate. In case
of reduction of Cr(VI) by Co(Il) EDTA complex [13] the intermediate is relatively
stable and its study and the reaction kinetical data show that it is a heteronuclear
complex containing Co(III) and Cr(IV) central ions.

Reaction of the ligand. Our 1nvest1gat10ns aimed to make suppasitions on the
structure of the complex from changes in the reactivity of the ligand. In acidified
medium free EDTA is rapidly oxidized by permanganate and — under favourable
conditions — the reaction can be applied to determine EDTA permanganometri-
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cally, too [14]. In the course of these experiments it has been also pointed out that
in presence of Bi(IIl) of equivalent or excess amount, EDTA is not oxidized, that
is.complex formation defends the ligand against the oxidizing effect of permanga-
nate. This phenomenon can be usefully applied in different analytical methods, and
at the same time it suggests that in the Bi(lLll) EDTA complex all the function groups
are coordinated to the central ions, 7. e. there is no protonation even at relatively
great acidity. For sake of comparison experiments were done with the oxidation
of Cr(lIl) EDTA complex by permanganate [15]. As it is known, this complex is
substitution inert, so free EDTA does not get into the solution during the experiment,
and as it is proved by a lot of experiments, EDTA occupies in this complex only
5 coordination places. Therefore it can be expected that now the oxidation of the
ligand will be more rapid. This expectation had been proved by our experiments,
where the decrease in the permanganate concentration was followed by measuring
the light absorption. It was also observed that the rate changes with the pH according
to a maximum curve. This hardly can be interpreted otherwise than with the exis-
tence of Cr(I11) EDTA in acidified medium in two forms having different reactivity,
and of these the non-protonated ionic species oxidizes more rapidly.

Catalytic decomposition of hydrogen peroxide is the most thoroughly studied
process of the reactions catalyzed by complexes. Fe(111)-triethylenetetramine complex
is the most effective catalyst of the decomposition of hydrogen peroxide. It has
been pointed out [16] that parallel to the catalytic decomposition of hydrogen pero-
xide, the oxidation of triethylenetetramine by hydrogen peroxide, being present in
great excess to Fe(Ill), also takes place, and this process is also catalyzed by the
triethylenetetramine-Fe(III) complex. The rate-decrease in time of the catalytic
reaction can also be ascribed to this process. On the basis of our experiments the
great catalytic activity of triethylenetetramine-Fe(1Il) complex is the result of the
following factors:

1. The stability of the complex is much greater than that of ethylenediamine-
Fe(III) or diethylenetriamine-Fe(I1T) complexes, and makes possible to reach relati-
vely great complex concentration even about pH =10.

2. The direct source of catalytlc activity is the common effect exerted on bound
hydrogen peroxide of the central ion and hydroxide ion ligand bound at the fifth
coordination place. So the catalytic ineffectivity -of tetraethylenepentamine-Fe(I1I)
complex, although it is more stable than triethylenetetramine-Fe(III), can be inter-
preted.

3. In the formation of catalytic activity a decisive factor is that the electrically
neutral ligand does not screen considerably the positive charge, of the central ion,
thus its electron withdrawing effect is greater what results in weakening of the 0—0
bond.

Qur investigations supported the experience that the common Fe(Ill) amino-
polycarboxylic acid complexes are catalytically ineffective for the decomposition of
hydrogen peroxide. It was also observed [17] that in acidified medium the rate of
decomposition of hydrogen peroxide catalyzed by Fe(11I) changes with the concen-
tration of EDTA according to a maximum curve, /. e. it must be considered by all
means that in this system, owing to the Fe(Il[) EDTA interactions besides the
inactive normal complex another with great catalytic activity is formed. This is
probably a binuclear complex, in which the source of the increase of activity is the
concerted effect of the two central ions on the same substrate molecule.
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Catalytic effect of oxygen carrying complexes. It has been established, that the auto-
xidation of ascorbic acid is catalyzed both by Co(Il)-glycylglycine [18] and Co(lI)-
-histidine complexes [19], butthe-mechanism of the process is different in the two
cases. In case of Co(lI)-glycylglycine complex the formation of the oxygen-carrying
.complex is catalyzed by ascorbic acid, and decreases the rate of irreversible oxidation
leading to Co(lll). In case of Co(lIl)-histidine complex, however, the rate of irre-
versible oxidation increases in presence of ascorbic acid. Further difference, that
while in case of Co(ll)-glycyglycine the catalytic activity completely ceases following
the irreversible oxidation, there is only a decrease in activity at the Co(II)-histidine
complex.

 Activation of molecular hydrogen. From earlier investigations it is known that
reduction processes with molecular hydrogen are catalyzed by some metal ions and
complexes, resp. Starting from theoretical considerations, the effect of fluoride ions
on the reaction of silver(I)-ion with molecular hydrogen was studied [9]. The rate
of the process can be described by the following equation:

d(Hy) _ 1d(Ag*) _ kCpyCe(Hy)
dt 2 dr 1+kCe

The empirical rate equation can be interpreted so that-the reduction of the less
stable monofluoro-silver(I) complex takes place at about ten thousand times more
‘rapidly than that of the silver(I) aquocomplex. The experiments rendered possible
the determination of both the rate constant and the stability constant of the complex.
The great activation effect of fluoride ion undoubtedly is the result of the concerted
effect of central silver(I) ion and coordinated fluoride ion. Considering the steric
conditions it must be supposed that the polarizing effect of fluoride ion appears by
means of a water molecule through a hydrogen bridge bond.

As to catalyzed complex formation reactions we have found the first instance
‘of specific ligand catalysis and of induced complex formation. Namely, it has been
‘pointed out, that the formation of thiocyanato-Cr(IIl)-complexes is catalyzed by
carbonate ion [1], and — as it had already been pointed out in connection with the
catalytic effect of oxygen-carrying complexes — that the autoxidation of ascorbic
acid accelerates the formation of oxygen carrying Co(ID)-glycylglycine complex
[18]. In connection with catalysis of the aquotization processes by metal ions we
‘gave a direct experimental proof that this catalytic effect appears through the transient
formation of a binuclear complex [20]. In the course of aquation of hexacyano-Fe(II)
‘complex, catalyzed by mercury(Il), it was cleared up which ionic species are cataly-
tically effective, and it was established that the effect of different cations and anions
can be interpreted by complex and ionic pair formation, respectively [21].

Analytical Applications

The effect of complex: formation on the reaction rate is the basis of several
analytical methods. The fact, that on the effect of excess of cyanide ion Ni(Il) EDTA
transforms to tetracyano-Ni(II) complex instantaneously while Ni(II) DCTA only
slowly, makes possible the simple spectrophotometric determination of DCTA in
presence of great amounts of EDTA [8].

On the basis of the inhibiting effect of complex formation on the oxidation
of ligands, the permanganometric determination of chromium(IIl) [22], bismuth(III)
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and iron(IIT) has been elaborated, and it was found, that permanganometric deter-
minations can be carried out in presence of EDTA, if EDTA is transformed into
complex by bismuth(III) (14].

The extreme effectivity of the triethylenetetramine Fe(III) complex on the
decomposition of hydrogen peroxide made possible the elaboration of a simple
permanganometric method [23] for the determination of ultramicro amount of
iron (0,03—1,2u.g).

* % *
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BJIMAHUE O®OPMJIEHHS KOMITJIEKCOB HA PEAKLIMOHHYIO
CIMOCOBHOCTDb

M. T. Bex

Apropom aaerca KJacCHOUKALMUS THUNOB peakuwmii, riae odopmieHHE KOMILIEKCOB BefeT
K HU3MEHEHHI0 PeakKUMOHHOH crocoGHOCTH. [lasiee OH TPAKTyeT MHOIOCTODOHHYIO CBSI3b paB-
HOBECHBIX M KMHETHUYECKUX IKCMEPUMEHTOB, ‘M HMCXOJS1 M3 TIIATENbHOr0 M3YYCHHS] HEKOTOPBIX
[POLIECCOB, RANTCS O0IIMe CBEJEHUS O MEXaHH3Me KOMIUIEKCHBIX peakluii, 0CoGeHHOo 0 Mexa-
HU3Me peaKuMil KaTaJH30BaHHBIX KOMIUIEKCOM. ABTOP TaK)Ke YKa3blBaeT HAa HECKOJbKME aHa-
JIUTHYECKUE TIPUMEHEHHUSI.
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