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PREFACE

It is now 15 years since the first patents in polymer supported metal complex
catalysts were taken out. In the early days ion-exchange resins were used to
support ionic metal complexes. Soon covalent links were developed, and after
an initially slow start there was a period of explosive growth in the mid to late
1970s during which virtually every homogeneous metal complex catalyst ever
reported was also studied bound to a support. Both polymers and inorganic
oxides were studied as supports, although the great preponderance of workers
studied polymeric supports, and of these polystyrene was by far the commonest
used. This period served to show that by very careful design polyiner-supported
metal complex catalysts could have specific advantages over homogeneous
metal complex catalysts. However the subject was a complicated one. Merely
immobilising a successful metal complex catalyst to a functionalised support
rarely yielded other than an inferior version of the catalyst.

Amongst the many discouraging results of the 1970s, there were more than
enough results that were sufficiently encouraging to demonstrate that, by careful
design, supported metal complex catalysts could be prepared in which both
the metal complex and the support combined together to produce an active
catalyst which, due to the combination of support and complex, had advantages
of activity, selectivity and specificity not found in homogeneous catalysts. Thus
a new generation of catalysts was being developed. If heterogeneous and
homogeneous catalysts are regarded as the first and second generations of man-
made catalysts then supported metal complex catalysts are the third generation.
Hence the title of this book Supported Metal Complexes: A New Generation
. of Catalysts.

This book is in many ways an update of the review I wrote between 1975
and 1976 (published in 1977). It describes both how supported metal complex
catalysts have been prepared and used and suggests ideas for future develop-
ments. To date no supported metal complex catalysts have been used in large
scale commercial processes; however I believe that this situation will change
gradually, particularly as research into mechanically robust supports increases
at the expense of investigation into mechanically weak supports such as poly-
styrene. The considerable opportunities that supported metal complex catalysts
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Xiv PREFACE

offer for combining both the support and the metal centre in such a way as to
obtain high activity, selectivity and specificity combined with easy separation
of the catalyst from the reaction products will, I am sure, lead to commercial
successes within the next decade. By attempting to summarise the current
state of the art 1 hope that this book will hasten that event.

A book such as the present one is never merely the product of one man’s
. pen alone. I owe a great deal, firstly to that international company of chemists
who have provided the raw material for this work, and secondly to my own
research students both at Southampton and Shrivenham. I should particularly
like to thank Mr P. N. Vezey, Dr D. J. A. McCaffrey, Dr P. N. Nicholson,
Professor J. A. Davies and Mr A. T. Sayer, all of whom have worked with me in
this field. Not only has Dr S. G. Murray worked closely with me in this field,
but this book would probably never have appeared without his encouragement
of me to get on and write it. Mrs P, Trembath and Mrs K. J. Hunt helped with
some of the typing. I am most grateful to Professors Brian James and Renato
Ugo for inviting me to contribute this book to the Catalysis by Metal Complexes
series and to Mr lan Priestnall of Reidel’s for so sympathetically living with
the inevitable delays in writing a book during the period of major turbulence
that has beset tertiary education in the United Kingdom in the 1980s. Finally
- I acknowledge with a deep sense of gratitude the understanding of my wife and
daughters during the long hours of preparation. It is to them that this book is
dedicated.

FRANK HARTLEY o Shrivenham
1984
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CHAPTER 1

INTRODUCTION

1.1. Catalysis

Although the subject of catalysis has been around ever since the first enzyme
‘catalysed’ an organic reaction it first began to develop into a science in 1836~
when Berzelius used the word ‘catalysis’ to describe a number of previous
experimental observations including Thenard’s (1813) that ammonia was de-
composed by metals and Dobereiner’s (1825) that manganese dioxide modifies
the rate of decomposition of potassium chlorate. Berzelius developed the word
karaddvoto from two Greek words kara- a prefix meaning down and Avoew
a verb meaning to split or break. Presumably Berzelius saw a catalyst as some-
thing that broke down the inhibitions of molecules towards reaction. Indeed
this is consistent with the alternative Greek meaning of karadvgw which is
variously described as meaning either an inn or tavern [1] or the consequences
of a failure of social or ethical restraints, such as a riot [2]. The popular press
now uses the word catalysis in its alcoholic sense of ‘bringing together’ rather
than its more literal sense of ‘breaking down’. A catalyst may be defined as ‘a
substance which increases the rate at which a chemical reaction approaches
equilibrium without being consumed in the process’. As befits a committee
a longer, although more precise, description has been suggested by the UK
Science Research Council [3]: “A system is said to be ‘catalysed’ when the
rate of change from state I, to state II, is increased by contact with a specific
material agent which is not a component of the system in either state, and when
the magnitude of the effect is such as to correspond to one or more of the
following descriptions:

(a) Essentially, measurable change from state I to state II occurs only in
the presence of the agent.

(b) A similarly enhanceg rate of change is found with the same sample of
agent in repeated experiments using fresh reactants.

(c) The quantity of matter changed is many times greater than that of
the agent.”

Man’s earliest attempts to emulate the enzymes generally led to catalysts




2" CHAPTER 1

that existed in a separate phase to the reactants with a distinct interface between
them; such catalysts are described as ‘heterogeneous’. However more recently
a number of catalysts have been developed which operate in the same phase as
the reactants and are consequently known as ‘homogeneous’. Of these, for our
present purposes, by far the most important are the metal complex catalysts
that dissolve in a solution containing the reactants. Although such homogeneous
catalysts were first used for acetylene reactions as early as 1910 (e.g. reaction
1),

2+

HC=CH+H,0 —— CH,CHO W

their use only really began to be developed in the 1940s when wartime restric-
tions on taw materials forced the Germans to investigate both carbon monoxide
and acetylenp based processes for the production of fuels and plastics. The
inherently greater difficulty of sspasating a homogeneous catalyst from the
products at the conclusion of a reaction led industry to adopt a rather conserva-
tive attitude to the introduction of ¢ catalysed processes in place
of heterogeneous processes in which the eatalyst could often be separated by
some form of coarse filtration such ag 2 @yclone filter. However the greater
selectivity of homogeneous catalysts, asising out of thelr molecular nature,
which ensures thst only one type of active gite is present, conveys an ability to
produce pure products in high yield that the :-w terogeneous catalysts, whose
muﬂumm ‘defect sites’ on their surface, of which there may be

The high selectivity of bomogeneows catalysts [Sb] . arising from their
molecular nature has led indu and academic chemists into a search for
catalysts that eombineg ‘molecular sites’ with the sase of separation of
heterogeneous catalysts, first approach used was to support the molecular
catalyst onnhnhbhmn.misfoﬂowdﬁunﬂpmammﬁeldm
resin (6, 7). The first puplished work on supported metal complex catalysts,
involving the support of eationic metal complexes such as [Pt{NH3)4** on
sulphonated polystyrens, Was published in 1969 [8~11]. After a slow initial
start, work has ‘éxpanded to the extent thai soversl hundreds of papers are
published annually on supported metal complex catalysts: A number of good
teviews have been written [12--33),. of which 18, 93, 28, 30 and 33 -are
particularly recommended. To date only one book has sppeared in the West
[34]. Reviews in Japanese [35—37] and Russian [38, 39] reflect the world-
wide importance of the subject. Except for the specialised field of Ziegler—
Natta catalysis (Section 9.5) no commercial processes involving supported metal
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complex catalysts have yet been developed although it is the present author’s
view that this is only a few years away because of the enhanced selectivity
that can be achieved when both support and metal complex combine together.
Indeed it is reported {40] that Mobit did take a polymer-supported rhodium
hydroformylation process up to pilot plant scale in the mid-1970s. Further
development of a commercial-scale plant was only halted because the existing
and projected markets were not large enough to justify the construction of a
new plant. Had they been so, then the supported catalyst would have been
the catalyst of choice.

Supported metal complex catalysts form the subject of this book. In the
present chapter we shall examine the pros and cons of homogeneous and hetero-
geneous catalysts as a way of identifying the advantages and disadvantages we
may expect for supported metal complex catalysts. We shall then examine other
areas of chemistry where supported reagents are used, in order to promote an
awareness of fields in which those wishing to develop supported metal complex
catalysts should look for relevant developments. This chapter concludes with a
brief account of alternative approaches to the present one for combining the
advantages of homogeneous catalysts, accruing from their. molecular nature,
with the ease of separation-of heterogeneous catalysts; In the remainder of
the book we consider first the preparation of the supports (Chapter 2), then
the introduction of metal complexes on to them (Chapter 3) and then the
characterisation of the products (Chapter 4). After a brief look at:the chemical
engineering implications of -supported metal complex catalysts in Chapter S,
the use of these catalysts in a number of reactions is-considered (Chapters
6—10). The book concludes-with some suggest:ons for the future in Clu(m
11, ST

1.2. Reasons for Supporting Meul Complexes

In order to appreciate the reasons for the present interest in supported comphx :
catalysts, which may be called ’gn “third generation’ catalysts, it iv useful to look
at the advantages and disadVantages of the heterogeneous and homogeneous
catalysts under a number of headings:

(a) Separation of the catalyst. The major disadvantage of homogeneous catalysts
is the problem of separating the very expensive catalyst from the products
at the end of the reaction. With heterogeneous catalysts this can be achieved by
some kind of coamse filtration whereas with homogeneous catalysts a very

efficient distillation or jon-exchange process is required. Distillation is inevitably .

an endothermic process and is therefore expensive and unless it is efficient it
will result in small catalyst losses which may (a) render the process uneconomic
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and/or (b) contaminate the product which, in the case of a foodstuff, for
example, would be unacceptable. It should be pointed out that two of the
commercially successful homogeneously catalysed processes, namely the Wacker
process for oxidation of ethylene to acetaldehyde [41] and the Monsanto
process for the carbonylation of methanol to yield acetic acid [42], depend
in part for their success on the relatively low boiling-points of the products
(acetaldehyde 20.8 °C; acetic acid 117.9 °C). Of course, in some cases such as
the hydrogenation of soft oils to yield components suitable for incorporation
into margarine, the products decompose before their boiling-points (even under
" reduced pressure) so that distillation is not a practical method for separation of
the catalyst in such cases. Distillation is also impossible in the case of reactions
where there are high-boiling side-products which would steadily build up in
concentration if they were not removed.

(b) Efficiency. Ina heterogeneous system, the catalytic reaction must necessarily
take place on the surface of the catalyst so that all atoms or molecules of the
catalyst not present at the surface remain unused. By contrast all the molecules
in a homogeneous catalyst are theoretically available as catalytic centres so
that these catalysts are potentially more efficient in terms of the amount of
catalyst needed to catalyse a given amount of reaction,

(c) Reproducibility. Homogeneous catalysts have the advantage over hetero-
geneous catalysts of being totally reproducible because they have a definite
stoichiometry and structure; by contrast the structure of the.surface of a hetero-
geneous catalyst is heavily dependent on both its method of preparation and
its history subsequent to preparation.

(d) Specificity. A given homogeneous catalyst will generally have only one type
of active site and therefore will often be more specific than a heterogeneous
catalyst where several types of active site may be present in the form of different
surface defects. These defects are extremely difficult to control. The specificity
of a homogeneous catalyst can often be selectively modified by altering the
other ligands present in such a way as to alter either the electronic nature or
the steric requirements of the site.

(e) Controllabiliry. Closely related to specificity is the fact that because a
homogeneous catalyst has a definite structure it is much easier to modify
it in order to control a reaction. Thus when the homogeneous catalyst
(Rh(acacCQ),] is altered to [Rh(acac}CO)PPh,)] the ratio of normal to
branched aldehydes obtained when 1-hexene is hydroformylated is altered from
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12:1t029:1 [43]. Substitution of PPh; by PPh, (p-styryl) further enhances
this ratio to 3.9 : 1 [44]. By contrast the ill-defined active sites of a heterogene-
ous catalyst make systematic design and improvement very difficult.

(f) Thermal Stability. The thermal stability of heteorgeneous catalysts, such
as pure metals and metal oxides, is often much higher than that of homogeneous
catalysts. Since the rate of most reactions increases with temperature, a high
operating temperature may be an advantage. It should be noted that high
temperatures are not always ideal because some reactions involve a pre-equi-
librium step which may be disfavoured by increasing the temperature. This is
particularly true of reactions involving olefins where the entropy change on
metal-olefin complex formation is almost invariably negative so that the stability
of metal-olefin complexes decreases with increasing temperature [45]. The
lower thermal stability of homogeneous catalysts is often compensated for
by their significantly higher activities at lower temperatures and pressures.

(8) Oxygen and moisture sensitivity. Homogeneous catalysts are often organo-
metallic compounds with metals in low oxidation states. Accordingly many of
them are sensitive to oxygen and moisture, However heterogeneous catalysts
are frequently subject to poisoning by ‘soft’ ligands to a much greater degree
than homogeneous catalysts.

(h) Solvent. Whereas the range of suitable solvents for a homogeneous catalyst -
is often limited by the solubility characteristics of the catalyst, this clearly
presents no problem for a heterogeneous catalyst.

(i) Corrosion and plating out. The use of some homogeneous catalysts on a
commercial scale has led to a number of practical problems such as corrosion
and plating out on the reactor walls that are not immediately obvious when
the reaction is carried out in all-glass apparatus on the laboratory scale. The
oxidative acetylation of ethylene to vinyl acetate catalysed by palladium(II)
(reaction (2)) is an example of a process that suffers severe corrosion problems.

pdll, cull, O,

C2 H4 + NaOAc HOAC

CH,CHOAc 2)

Although the original driving force for supporting homogeneous catalysts
was to combine most of the advantages of homogeneous catalysts that accrue
from their molecular character, particularly their selectivity and controllability,
with the paramount virtue of ease of separation of the heterogeneous catalyst,
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experience has shown that the presence of both support and catalyst can have
synergically beneficial effects. Thus the process of attachment to a support
may have the following effects:

(i) The support may not be merely an inert back bone. It may take a positive
role leading to preferred orientations of the substrate at the catalytic site so
promoting selectivity [45a]. This, of course, is what the supporting back bones
in many enzymes have been doing in nature for many millenia. It is this effect
that is believed to be largely responsible for the 3i-fold enhancement of the
normal : branched aldehyde selectivity when 1-hexene is hydroformylated over
polypropylene supported [Rh(acac)Ph,PC¢HyCH=CH,p)CO] as compared
to catalysis by the same complex unsupported {44].

(ii) Organic functional groups covalently bound to the surface of crystalline
solids or polymers are subject to special constraints which may alter their
chemical reactivity relative to the analogous small molecules {45b]. Thus
the chemical properties of supported metal complexes can be different to their
homogeneous analogues. :

(iif) Supporting a metal complex on what is effectively a multidentate ligand
may alter the ttereochemmry ‘sround the metal ion in a beneficial way. This
is well illustratéd by the | 'Wty of platinum on nylon catalysts in the
hydrogenation of benzene {46} . Thus platinum anchored on Nylon 66, 6 and
610 catalyses the formation of cyclohexene whercas platinum on Nylon 3,
although an active hydrogenation catalyst, yields cyclohexane exclusively.

(iv) Supporting a metal complex may alter the positton of equilibrium be-
tween metal fons and their surrounding ligands. This undoubtedly occurs when
thodium(I) complexes are bound on phosphinated supports and accounts for
the fact that much lower phosphorus : rhodium ratios give greater enhancements
of selectivities in olefin hydroformylation in the case of supported catalysts
than with homogeneous catalysts [44, 47].

(v) By supporting a complex it is sometimes possible to stabilise catalytically
active but normally unstable structures. Often this arises through site separation
that prevents dimerisation to form stable inactive species, a process that is an
important deactivation mechanism for many rhodium(I) systems [48]). Activa-
tion through site isolation is very important in hydrogenations catalysed by
titanocene ‘hydrides [49] and olefin polymerisations catalysed by chromium
oxides [50] which are considered in more detail in Chapters 6 and 9. Although
there has been a lot of interest in developing supported catalysts in which the
metal centres are isolated, these catalysts are often used in swelling solvents.
An important paper examined the effect of swelling solvents on site isolation
by studying reaction (3) using infrared spectroscopy [S0a]. °




