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Catalysis, 1.0, accelaration or reslisation of a chemical ro=-
aotion by the presence of substences formally not involved in the
overall stoechiometry of the resction, has been long lmown and
widely used in chemical processes.

The catakysp is either present in the same phase as other re-
actants (homogeneous catalysis) or forms an independent phase with
the reaction taking place on the inbterphase (heterogensous catoly-
sia).

The physico-chemical principle of both types of catalyzed re-
aotion is in its basis the same 3 the direct involvenent of the
catalyst in some step of the rsaction sequence makes the kinetio
or thermodynamic requirement o2 that step more favourable., Ever
the mechanism of the action of the catalyst seems to be, at least
on the basis of our preseni knowledge, similar in both cases.

In the case of homogineous catalysis the reactions take place
on g molecular basis ard it should thus be, at least in principle,
possible to trace th- mechanism of the actlion of the catalyst in
nore detasils thar in the case of heterogeneous catalysis and o



understond thus more deeply what properties of the catalyst are
needed for a highly efficient catolytic action. Furthermore; on a
nolecular basis it is, or should be, possible; to change the pro-
perties of the catalyst by varying its structure and to £ind thus
the highest efficilency and/or selectivity.

Homogeneous catalysis attracts in the lgst decades a lot of
attention not only of chemists interested in the mechonism of re-
actions but also of those who search for new gpproaches in chenmica:
industry. The reason for this tendency is to be seen in the feel-
ing, subgtantiated by several successful studies, that the long
neglected homogeneous cabalysis might open quite new possibilities
of very efficlient and selective pathways in preparation of organ-
ic as well inorganic compounds. The oxo-synthesis, the Wackexr pro-
cess and polymerization of olefins can be quoted as examples of
homogeneous catalysis brought to large scale industrial spplicate
ionse However, there are still vast f£ields of resctions to be ex~
plored.

An empirical approach, which would be poassible in principle;
meets with great difficultlies of ploking up the proper combination
of catalyst and reactants from the almost infinite number of pos-
sibilitles. A fully retionalized spproach, om the other hand,
needs the understanding of the action of the catalyst (its molscu-~
lar mode of interaction with renctsnts) and the tracing out of
structural factors debtermining the activity and specifity of the
catalyst.

The properties required for a homogeneous cabalyst, e.3. wide
range of varigbility of its structure, solubility, high reactivi-
ty with various substrates, are best met by coordination compounde



of transition as well as of nontransition metals. All the present

exparience fully supports this conclusion. (It has t0 be noted

that Nature works in its reactions in nany cases with catalysts

vhich are pure organic compounds or at most complicabed organo-

netallic compounds. Our present knowledge, however, does not ensbls
us o follow or to copy Nature and we are limited to the use of
nuch less scphisticated and simpler compounds which are by Par leas
specific than the natural catalysts.) Coordination and orgsnometal-
iic compounds are widely studied from this point of view, The fin-
al goal of azll these studies is to find out rules by the use of
which it would be possible to "bailor™ a catalyst which would
bring a given gubstrate to the desired product.

In the firast step, fundemental research is needed of those pro-
perties of coordination compounds which determine their ability to
funotion as homogeneous catalysts. These properties are 1 :

1) The possibility of transitiona between various redox states by
various modes of molecular interaction (direct electron trans-
fer, group transfer, redox addition eto.).

2) The ability to coordinate the molecule of substrate (or of its
fragments) and to "store™ &t for further regction steps. This
property is oclosely comnected with the mobility of coordinat-
ion sphere and the abillty to change rapidly its composition by
the reacotion with the medium,

3) The possibility of reactions within the coordination sphere, in-
cluding insertion reactions, chonges of the donor gtoms or di-
rect reactions of bounded ligands.

The last two propertiss are highly speclific for coordination
compounds ond predetermine them for the catalytic aotions,



Fortunately enough, the intensive study of cooxdination che-
nistry has accunulated such an enormous gmount of knowledge .. .
that the general theoreticel as well as experimental basis is ol -
ready avallable, What is needed, in some cases, is nerely a rein-
vestigation of properties of seversl groups of compounds for spe~
cipbic requirement of homogeneous catalysis,

A further step in the fundamental research of homogeneous cataw
lysis has o follow the mode of interaction between coorxdination
compounds as catalysts and various types of substrates.

Such a research has to start with a working hypothesis or even
theory, which would characterize Pundamental types of catalytic
action. One can think of various approaches to this problem {(ges
oo 2). One such an approach based on the mode of molecular inter-
action between the catalyst and the substrate has been -worked out
in The J.Heyrovsky Institute of Polarography of the Czechoslovak
Academy of Solences . In this hypothesis of catalytic action of
complexes, four fundamental types of catalytio interaction are be=-
ing distinguished 3
1) The catalyst C funotions us a mediator of transition of an elec-

tron or atomic group bstwesn the gubstrate S and second reactant
X, the direct reaction of which does not proceed for kinetie
reasons. This type of catulytic action operates in cases when
the substrate requires, fur the formation of the activated come
plex, such a mode of interaction which cannot be met by the re-
actant X, A compound adle {0 react via different modes, one
suitable for the substrate and another one for reactant X, would
easily catalyze such a reactilom.

This type of catalytic scticn can be described as



8 + C— P + Cp

Cp ¢ X— ¢
P being the produsts of the rezction and Cp the produot farmed
from the cabalyst.

As a typioal example of such a mechanism the reduction of aro-
patic nitrocompounds by sodium borobydride catalysed by Co dipy}
can ba guobted 3, Arematic nitrocompounds are easily reduced dy
elegtron transfer mechanism, other mechaniams of reduction are,on
the other hand, rabther diffioult., Cobalt dipyridyl syatem is able
to vary its oxidatlion states by varlous modes of interaction and
is thus able to traonsfer the electron from borohydride to the organ-
ic molecule, As mentioned above, a group transfer isg in principle
possible to be catalyzed this way. Up to now, however, no unambiguo
example ocan be quoted,

2) The catalyst generated the active form, free or bounded on the
catalyst, by the reaction with the subastrate or reactant X.
This group covers a very broad range of mechanisms by which
the aoctive form i3 generated 1
2a) generation of the active form and its stabilization by coordie
nation 1
C + ¥ = ¥ > C = X 4+ Y

C « X # B —m——> 8§ « X + C

This mechanism operates widely in such resctions where a T-bon
has to be broken and the substrabe is unable to achieve this
step. Furthermore, the frapment formed by bond rupture has to
be shielded by coordination before unwonted reactions with the
medium, Oxidation of hydrogen by ferric chlorlide, catalyzed by
rutbenium (III) complexes can be quoted as a typical example 7,



2b)

26)

The catalyst generates a radical or a new oxidation state of
the subsgtrate 3

% X
S ¢ € —ms CP + 8§ ————3 P

1 )
Y

Reactions of this type are s.g. those which are strongly spin
forbidden as direct ones. Auboxidations of many organic subs-

tances are a good exmmple of these processes, Fhotosensitized

reactions proceed in most cases via this type of mechaniam
(see 2% for review).
In the reagotion between the substrate and the catalyst the con~-
figuration of the substrate gets changed. In the simplest case
this type of mechanism "opens™ an active site on the molecule
of the subatrate, reactant X being unable to go through this
ﬁital step of reaction sequence
S « 2 4  ——> € =« 2 + S

S + X > P
A very frequent case of this sort of action is an abstraction
of hydrogen from the molecule of an organic species. Another
exauple is represented by polymerization of cyolis compounds
resulting in linear polymers 7, In this case a bond rupture is

needed as the first step of the reasction sequence.

3) Chenge of reactivity of the substrate by coordination on the
moleoule of the catalysbe.

This type or action is directly connected with changes in the

distribution of electrons in the molecule of the organic ligond

vhich effects the (G-system as well as the [ -system of the ligand,

These changes can be, depending upon the nature of the central

stam and 1ts active site, of various nature and it is possible to



adjust them in a highly specific way.

Chlorination of ammonia in platinum complexes is one of many
possible examples of this catalytic influence of coordinstion com-
pounds 80 Hydrolysis can serve as an example of mechanism in which
the formation of a positive charge in a gilven point of the molecu-
ie is the vital step of the resotiom (see s.p, 9). When substrate
is coordinated to.a metal atom of high electrostatic influence a
positive charge iz induced in the molecule and bhis site is then
sttacted by highly nucleophillic agents, e,3. water or hydroxide
Rons.

Activation of small molecules (e,g_. 02, B, 80, etc.) by co-
ordingtion to metals of a° (or dlo) group is a very important pro-
caess in many homogeneous cabalyzed reactions (see e.g. 10.11)'

10 represents one of the most remorkable exon.

Activation of oxygen

ples of this type of process : Molecule of oxygen adds to a cl8

(or dlo) atom, mostly without the rupture of the 0 = O bond but

the unpaired spins of the molecule disappear. This makes the pe=~

actlon of oxygen with molecules in singlet states much easier, Ma=-

ny autoxidations of organic compounds are catalyzed in this way.
lany bilological and enzyme catalyzed reactions belong zlse Lo

this group of mechanism,

 4) Reaction between the substrate and the second reactant (or ita
frogment) proceed within the coordination sphere. (Some types of
' reactions belonging to this group of mechanisms are sometimes de=
noted ag "template reaction”.)

The most important feature of this mechanism is the fixation



of both reacting components in the coordinatiom sphere and their
subsequent reasction within it. In many cases a reaction of this
type proceeds as a "chain” reaction, the position made free 1in

one reaction step being occupied asgain by a new molecule of the
substrate which reacts with the product of the vreceding step still
being hold to the moleocule of the cabalyst,

Steric fixation of reactanls makes possible some stereospeciph~
ie reaetions and building up of makrocycles or chains. The diffe-
rencles in the affinity of various parts of the molecule of the
subatrate to coordinate determines the sterie arrangements and
thus also the nature of the products.

The general scheme of this mechsnism is 1

S

S + X ¢ C mmewe=yp (

N g

Regetions within the coordination sphers preocesd by a great varie-
ty of mechanisms. A simple one, formation of (I =bonds after open-~
ing of double or triple bonds, plays @ role in several oyklizat-
ion reaotions, e.g, of acetylene to bengene using triphenyl
chromium gs the carrier 12.

Other, very widely found, mechsniem is the insertion (ses LY
5) which e.g. in woembination with other intramolecular reactions
forms a vital step in hydroformylation processes.

lsomerization and polymerization of olefins includes a cone
version of the ligand bonded to the metal by its ‘wsystem to a



1igand with a localized donor site bonded by a - ~bond. This DTo-
cess can repsal itself geveral times leading thus to shifts of
T-boends along the unsaturated chain.

liost of the homogeneous catalytic reactions procsed via ons
of the above mentioned mechanisms o by a combination and/or repe-
tition of these. In solving the problem of finding the proper ca-
talyst for a given reaction it is necessary to find oub which of
the possible mechgnisms would be the proper one and which ¢omplex
could meet the requirements of the mechanism for the given nature
of the substrate and reactant.

The general philosophy of this "tailoring of the catalyst™ is
rather simple, needs, however great knowledge and understanding of
the reactivity and ibs reletions to the structure for all react-
ing components.

Having a reaction 8 + X giving a desired product P it is Pirst
necessary to find out all changes which have to take place within
the molecules S and X during the btransition to P and the pathwsys
(usually several omes) along which these changea can be achieved.

The second step of the evaluation involves the detection of the
reasons for hindering the direct uncatalyzed reactions and Hrac-
ing out of the most crucial point of the reaction sequence in which
the hindrance has to be overcome by the action of the catalyst.

Having reached thig step possible catalyzed pathways can be pro-
posed depending upon the nature of the hindrance, This proposal
immediately specifies the requirements for the catalyst as reagrds
its type of action and nature of its active site. Such a general
specification of the type of catalyst does not of course mean that
the catalyst is known. A stepwise readjustment of the catalyst is



10

rneeded %o achieve the proper activity of its setive site towards
the gpecific reactant. This is domm by changling the central metal
stom and/or ligsnds in the coordinabion sphere. This point is ra-
ther a crucial one as the useaful apetivity is in nost cases linit-
¢d to a very narrov rauge being critically dependent upon very
emall changes in the structure of the catalyst{cf e.s5s the great
¢ifferencies in the activity of otherwise identical rhodium {I)
end iridium (I) planar complexes or the enormous influence exerts
ed by substituents on phosphorus in vericus phosphine complexes),

As in many cases there is al lemst an intermediste with a bond
between the cabalyst and one 0f the reactants the properties of
the catalyst have to bDe chosen in such a way as to make the bond
under discussion not too strong (otherwise the bonded reactant
would de inactivated or the eventual intermediate would not be re-
covered from the cabtalyst) but at the same time not oo weak {the
reactant would be only slightly influenced or held in the complex
for a very short time). To meet all these requirements a gradual
readjustment of the structure of ths cabtalyst is needsd baefore
the optimum structure and conditions for the reaction are found.
The gbove mentioned oxideaiion of hydrogen by ferric chloride de-
monstrates, when analyzed a posberiori, nicely all the gbove men-
iioned steps. The Rasbtly mentioned problem of g "just right
abrength™ of the bond has been investigated for a series of hydro-
sen carrying complexes 13 send it was possible $0 rationalize the
properties of the metal hydrogen hond with respect t0 the sbility
of the complexea to store and trunsfer hydrogen in its bhydridic
£orm.

The last sbep in the investigation of z homogeneously cabtalyzed
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reastion is to find the pathway for regeneration of the active
form of the catalyst. In come mechonisns (see case 1) the catalyst
is Imnmediately recovered by the reaction with the second component.
In obther cases (e.Z. in the Waocker process) a special gystem has
to be introduced 10 regenerate the catalyst. The mogst difficulé
situation arises 1n resctions where a bond between the catalyst
gnd final product is formed and this cowpound has to be corefully
decomposed to glve the cabalyst (or any of its forms from which

it could be regensrated) and the product without destroying any
cne of then,

As mentioned above, the theoretiical basis as well as the gsene-
ral philosophy of this "tailoring™ of the eatalyst are aiready
available, However, the process of readjustment and refinement of
the structure of the catalyst and of its regeneration is scmetines
g tedious one even if fully understood.

Reaching successfully this stage we get a homogensous cabalyb-
ic cycle on a purely theoretisal stage. It ls usually not diffi-
cult to transfer 1t to a laborabtory acale for carrying out reasit-
jons for preparative purposes. However, the problem of transfer~
ring such a system into large scale industrisl applicgtions opens
pew questions and their solving requires specific ingeneering stu-
dies, Do make the process economic it is necessary to achleve such
conditions under which the catalyst goes through as many cycles
s poesible without being destroyed to considerable extent. This
needs to make the whole proocass continuous gnd to mailntain the
initial reasction conditions for as long as possible, The greatest
problem is met by removal of the product from the reaction nixtu-

7e¢ which has to be done without stopping the reaction or irrvever-
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sibly destroying the reaction mixture., This problem has proven
in some cases to be s0 difficult that a heterogemeous reaction
l'as been chosen even if less effective and specific. It seenms,
Lowever, that this sort of difficulty is s temporarily one and
that progress in chenmiocl engineering is going te cpen many other
reactions for large sgale applications.

The industrial zpplication of homogenecus catalysis has o
overgome another difficulty even for reactions somplebely clesgr~
«cit on laboratory scale ¢ The purity of chemicals used in large
scale apprlications is usnally much peorer than that in laborabory
exparinents. The traces of impurities night influence in a nega-
tive woy the catélgtie cyocle and the system bas to be readjusted
t0 thege conditions before its transfer to large scale operation.

The presant state of knowledges of homogeneous catalysis preo-
nisses for the fubture mony new gpproaches., It can be thought of
to help the natural precszsses important for the man not be intro-
duxing chemisals in large guontities but merely by introducing
catalysts to accelerabte ot induce reactions in various systems

{alr nnd water polution; Fertilizers etc.)s
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