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Preface

Homogeneous catalysis using transition metal complexes is an area of research
that has grown enormously in recent years. Many amazing catalytic discoveries
have been reported by researchers both in industry and in academia. Reactions
that were thought to be well understood and optimised have now been
revolutionized with completely new catalysts and unprecedented product
selectivities. Our knowledge in this area has increased accordingly, but much of
this information is still only to be found in the original literature. While the
field of homogeneous catalysis is becoming more and more important to
organic chemists, industrial chemists, and academia, until now there has been
no book available that gives real insight in the many new and old reactions of
importance. This book aims to provide a balanced overview of the vibrant and
growing field of homogeneous catalysis to chemists trained in different
disciplines, and to graduate students who take catalysis as a main or secondary
subject.

The book presents a review of sixteen important topics in modern
homogeneous catalysis. While the focus is on concepts, many key industrial
processes and applications that are important in the laboratory synthesis of
organic chemicals are used as real world examples. After an introduction to
the field, the elementary steps needed for an understanding of the
mechanistic aspects of the various catalytic reactions have been described.
Chapter 3 gives the basics of kinetics, thus stressing that kinetics, so often
neglected, is actually a key part of the foundation of catalysis.

The approach in the catalysis chapters has been to introduce the key concepts
and important examples, rather than to present a complete listing of catalysts,
ligands, and processes, which would anyway be impossible within this single

Xi



xii Preface

volume. Readers requiring this level of depth and completeness on a given
reaction are pointed (through references) toward many dedicated books that
present the individual topics with all the details in a comprehensive way. The
literature chosen is a very personal choice of what I thought crucial to the
development of an understanding of a given reaction. A few chapters remain
descriptive in the absence of better studies, but they have been included
because of their importance, and in order to cover the full range of topics such
as fine chemicals, bulk chemicals, polymers, high-tech polymers,
pharmaceuticals, reaction types, etc. For a few reactions, I have included the
process schemes, environmental concerns and safety aspects, in an attempt to
encourage catalyst researchers to think about these topics at an early stage of
their projects and communicate with chemical engineers, customers and the
end-users.

Astonishment and awe signalled the early chapters of modern day science; a
deeper understanding is not the end of this era of marvel and amazement, but
simply the next exciting chapter.
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Chapter 1

INTRODUCTION
What it is all about

1.1 Catalysis

Catalysis plays a key role in the industrial production of liquid fuels and
bulk chemicals. More recently the producers of fine chemicals have started to
utilise catalytic conversions in their processes. For oil processes heterogeneous
catalysts are preferred with one exception, the alkylation reaction for which
liquid acids are being used. For the conversion of petrochemicals both
homogeneous and heterogeneous catalysts are used. The number of
homogeneously catalysed processes has been steadily growing in the eighties
and nineties. For fine chemicals a variety of sophisticated homogeneous
catalysts is being used. In the laboratory a wide range of catalytic reactions has
become indispensable.

The term catalysis was coined by Berzelius over 150 years ago when he had
noticed changes in substances when they were brought in contact with small
amounts of certain species called "ferments". Many years later in 1895 Ostwald
came up with the definition that we use until today: A4 catalyst is a substance
that changes the rate of a chemical reaction without itself appearing into the
products. This means that according to Ostwald a catalyst can also slow down a
reaction! The definition used today reads as follows: 4 catalyst is a substance
which increases the rate at which a chemical reaction approaches equilibrium
without becoming itself permanently involved.

The "catalyst" may be added to the reactants in a different form, the catalyst
precursor, which has to be brought into an active form ("activated"). During the
catalytic cycle the catalyst may be present in several intermediate forms when
we look more closely at the molecular level. An active catalyst will pass a
number of times through this cycle of states; in this sense the catalyst remains
unaltered. The number of times that a catalyst goes through this cycle is the
turnover number. The turnover number (TON) is the total number of substrate

1



2 Chapter 1

molecules that a catalyst converts into product molecules. The turnover
frequency (TOF) is the turnover number in a certain period of time. Substrates
are present in larger amounts than the catalyst; when we report on catalytic
reactions the ratio of substrate to catalyst is an important figure.

An inhibitor is a substance that retards a reaction. An inhibitor is also
present in "catalytic" or sub-stoichiometric amounts. In a radical chain reaction
an inhibitor may be a radical scavenger that interrupts the chain. In a metal
catalysed reaction an inhibitor could be a substance that adsorbs onto the metal
making it less active or blocking the site for substrate co-ordination. We also
talk about a poison, a substance that stops the catalytic reaction. A poison may
kill the catalyst. The catalyst dies, we say, after which it has to be regenerated
wherever possible. We will often see the word co-catalyst, a substance that
forms part of the catalyst itself or plays another role somewhere in the catalytic
cycle. We inherited a florid language from our predecessors to whom catalysis
was black magic. Naturally, these words are rather imprecise for a description
of catalysis at the molecular level.

Organometallic catalysts consist of a central metal surrounded by organic
(and inorganic) ligands. Both the metal and the large variety of ligands
determine the properties of the catalyst. The success of organometallic catalysts
lies in the relative ease of catalyst modification by changing the ligand
environment. Crucial properties to be influenced are the rate of the reaction and
the selectivity to certain products.

The following types of selectivity can be distinguished in a chemical
reaction:

chemoselectivity, when two chemically different functionalities are present
such as an alkene and an aldehyde in the example in Figure 1.1 which both can
be hydrogenated, the chemoselectivity tells us whether the aldehyde or the
alkene is being hydrogenated; or when more than one reaction can take place
for the same substrate e.g. hydrogenation or hydroformylation;

regioselectivity, as in the example shown for the hydroformylation reaction,
the formyl group can be attached to either the primary, terminal carbon atom or
the secondary, internal carbon atom, which leads respectively to the linear and
the branched product;

diastereoselectivity, the substrate contains a stereogenic centre and this
together with the catalyst can direct the addition of dihydrogen in the example
to give two diastereomers, the selectivity for either one is called the
diastereoselectivity;

enantioselectivity, the substrate is achiral in this instance, but the enantio-
pure or enantio-enriched catalyst may give rise to the formation of one specific
product enantiomer.
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Figure 1.1. Selectivity of chemical conversions

High selectivity is a means
1) to reduce waste,

2) to reduce the work-up equipment of a plant, and

3) to ensure a more effective use of the feedstocks.

Rate enhancements of many orders of magnitude can be obtained in
catalysis, often by very subtle changes. Rates represent a cost factor, higher
rates allowing higher space-time yields (kg of product per time and reactor
volume) and hence smaller reaction vessels. Higher rates and higher overall
catalyst yields (i.e. mass of product per unit mass of catalyst) reduce the
incremental contribution of catalyst costs per unit mass of product generated: In
the case of metallocene catalysts for olefin polymerisation for example
(Chapter 10) the higher catalyst cost contribution of these catalysts (around
$0.04 per kg of polyolefin) has significantly reduced their impact and ability to
displace Ziegler-Natta catalysts (where the catalyst cost contribution is only
$0.006-0.011 per kg of polymer).

Kinetics are an important part of catalysis; after all, catalysis is concerned
with accelerating reactions. In order to describe the effectiveness of a catalyst
one would like to determine the acceleration that has been achieved in the
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catalysed reaction as compared with the non-catalysed reaction. This is an
impossibility. Suppose we have a bimolecular reaction of species A and B with
a rate of product P formation:

d[PYdt = k,[A][B]

We don't know what the rate equation for the catalysed reaction might look
like, but it is reasonable that at least the catalyst concentration will also occur in
it, e.g.:

d[P]/dt =k,[Cat][A][B] (or d[P]/dt=k;[Cat][A], etc.)

Hence the dimension ("the order") of the reaction is different, even in the
simplest case, and hence a comparison of the two rate constants has little
meaning. Comparisons of rates are meaningful only if the catalysts follow the
same mechanism and if the product formation can be expressed by the same
rate equation. In this instance we can talk about rate enhancements of catalysts
relative to another. If an uncatalysed reaction and a catalysed one occur
simultaneously in a system we may determine what part of the product is made
via the catalytic route and what part isn't. In enzyme catalysis and enzyme
mimics one often compares the k; of the uncatalysed reaction with k, of the
catalysed reaction; if the mechanisms of the two reactions are the same this
may be a useful comparison. A practical yardstick of catalyst performance in
industry is the “space-time-yield” mentioned above, that is to say the yield of
kg of product per reactor volume per unit of time (e.g. kg product/m’.h),
assuming that other factors such as catalyst costs, including recycling, and
work-up costs remain the same.

In practice the rate equation may take a much more complicated form than
the ones shown above. The rate equation may tell us something about the
mechanism of the reaction.

Before we turn to "mechanisms" let us repeat how a catalyst works. We can
reflux carboxylic acids and alcohols and nothing happens until we add traces of
mineral acid that catalyse esterification. We can store ethene in cylinders for
ages (until the cylinders have rusted away) without the formation of
polyethylene, although the formation of the latter is exothermic by more than
80 kjoule/mol. We can heat methanol and carbon monoxide at 250 °C and 600
bar without acetic acid being formed. After we have added the catalyst the
desired products are obtained at a high rate.

A catalyst lowers the barrier of activation of a reaction, i.e. it lowers the
activation energy. When protons or Lewis acids are the catalysts this
description seems accurate, as for instance in a Diels-Alder reaction (Figure
1.2):
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Figure 1.2. Lewis acid catalysis; the “base case”

The catalyst makes the dienophile more electrophilic. It lowers the energy
level of the LUMO and the interaction between the LUMO of the dienophile
and the HOMO of the diene increases. As a result the reaction becomes faster
than the uncatalysed one. Accidentally it becomes also more regioselective. In
this instance the catalysed reaction is very much the same as the uncatalysed
reaction. Often this is not the case. In particular when the reagents are totally
unreactive towards one another (ethene versus ethene, methanol versus CO, see
above) the simple picture of a catalyst that lowers the reaction barrier is an
oversimplification.

The following description is more general. A catalyst provides a more
attractive reaction pathway for the reagents in order to arrive at the products.
This new pathway may involve many steps and may be rather complicated.
Imagine the direct reaction between methanol and CO. One can calculate what
the most likely reaction pathway for the thermal reaction looks like using ab
initio molecular orbital methods. It may well be that an almost complete
dissociation of the methyl and hydroxyl bond is needed before CO starts
interacting with the methanol fragments. (The temperature required for this
reaction also allows the energetically more attractive formation of methane and
CO,!) The catalytic reaction involves the formation of methyl iodide, reaction
of methyl iodide with a rhodium complex, reaction of the methyl rhodium
fragment with co-ordinated CO, etc. which is not quite the simplest and most
direct route one can imagine and yet it is the basis of a highly sophisticated
catalytic process. The catalyst brings the reagents together in a reactive state.
Summarising, a catalyst provides a new reaction pathway with a low barrier of
activation, which may involve many intermediates and many steps. The
sequence of steps we call the mechanism of the reaction. Mechanism also
refers to the more detailed description of a reaction at the molecular bonding
level. During the process, the catalytic cycle, the catalyst participates in many
"complexes" all of which one can call "the" catalyst. It cycles continuously
from one species to another. In this sense the catalyst itself remains unchanged
during the catalytic conversion (Ostwald, page 1).
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1.2 Homogeneous catalysis

Homogeneous catalysis, by definition, refers to a catalytic system in which
the substrates for a reaction and the catalyst components are brought together in
one phase, most often the liquid phase. More recently a narrower definition has
become fashionable according to which homogeneous catalysis involves
(organo)metallic complexes as the catalysts (strictly speaking an
organometallic compound should contain a bond between a carbon atom and
the metal, but this is not true for all catalysts to be discussed). As a shorthand
notation it will also be used here, but it should be borne in mind that there are
many interesting and important reactions employing homogeneous catalysts
that are not (organo)metallic complexes. Examples of such systems or catalysts
are:

- general acid and base catalysis (ester hydrolysis),

- Lewis acids as catalysts (Diels-Alder reactions),

- organic catalysts (thiazolium ions in Cannizzarro reactions),
- porphyrin complexes (epoxidations, hydroxylations),

- enzymatic processes,

- co-ordination complexes (polyester condensations).

Ligand effects are extremely important in homogeneous catalysis by metal
complexes. One metal can give a variety of products from one single substrate
simply by changing the ligands around the metal centre: see Figure

SN D

NN

Figure 1.3. Effect of ligands and valence states on the selectivity in the nickel catalysed reaction
of butadiene
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1.3, showing the products that can be obtained from butadiene with various
nickel catalysts (not shown). Polymers are obtained when allylnickel(Il)
complexes are used as catalysts and cyclic dimers and the all-trans-trimer are
the product when nickel(0) is the catalyst precursor. Linear dimerisation
requires the presence of protic species. Ligands are useful for the fine-tuning of
the microstructures of polymers and oligomers. Cyclooctadiene is a
commercial product, which is converted mainly to cycloctene. The all-cis-
trimer is a commercial product as well, but this is made with the use of a
titanium catalyst.

1.3 Historical notes on homogeneous catalysis

By far the oldest homogeneous catalysts are metallo-enzymes, although one
might wonder whether a metal complex built into a high-molecular weight
protein, encapsulated in a compartment of a cell is truly homogeneous. If the
answer is positive it means that homogeneous catalysts are millions of years
old! We will not go into them in detail here, but rather just mention a few, such
as iron porphyrin complexes active for oxidation, zinc complexes for
decarboxylation reactions and alcohol dehydrogenase, nickel complexes in
hydrogenase enzymes for hydrogen activation, cobalt corrin (methylcobalamin)
complexes for carbon-carbon bond formation, copper imidazole (from
histidine) complexes in hemocyanin, etc [1]. One of the oldest in vitro uses of
whole-cells (in contrast with isolated enzymes) is probably yeast for the
fermentation of sugars to alcohol, but one cannot exclude the use of other
mechanisms for the aging of materials that we do not know about today.

One might think that the oldest man-made catalysts were heterogeneous,
but that may not be so. A very old catalytic process is the making of sulfuric
acid via the so-called “lead chamber process” (~1750) in which nitrogen oxides
oxidise sulfur dioxide to the trioxide and NO is re-oxidised by air to NO,. Thus,
NOy is reoxidised by air and NO/NO, are the catalysts and since all reside in
the gas phase this should be called homogeneous catalysis. From 1870 onwards
a number of heterogeneous catalytic processes has been found and applied
industrially [2]. The first industrially applied catalyst working in solution and
employing organometallic intermediates is most likely mercury sulfate, which
was used in the nineteen twenties for the conversion of acetylene to
acetaldehyde. This involves the addition of water to acetylene and no oxidation
is required. Industrially it is the predecessor of the Wacker chemistry, which
uses ethylene for an oxidative conversion to acetaldehyde. This change came
about when the coal based economy (coal to acetylene using electric arcs)
changed to oil in the 1950’s.

A second process that came on stream in the fifties is the oligomerisation of
ethene using cobalt complexes, but the number of homogeneously catalysed
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processes remained low in the sixties although four more processes came on
stream, namely the nickel catalysed hydrocyanation (Dupont), the cobalt
catalysed carbonylation of methanol (BASF), cobalt catalysed
hydroformylation (Shell) (discovered already in 1938 Ruhrchemie), and the
molybdenum catalysed epoxidation of propene (Halcon Corporation). Since the
seventies the proportion of homogeneous catalysts has been increasing with
success stories such as that of rhodium catalysed carbonylation of methanol
(Monsanto), rhodium catalysed hydroformylation (Union Carbide Corporation
using Wilkinson’s findings), Shell’s higher olefins process, asymmetric
hydrogenation to L-DOPA (Monsanto), and ring-opening polymerisation of
cyclooctene using tungsten metathesis catalysts (Huels).

The majority of the homogeneous processes were developed for bulk
chemicals as only products having a sufficiently large volume could justify the
expenditure needed for the development of totally new catalysts and the
engineering involved. It was only in the nineties that applications in the fine
chemicals area took off, utilising the research results of the bulk chemicals area
and the large academic effort that had been set up in the meantime.

1.4 Characterisation of the catalyst

Before looking at the chemistry and the processes it is useful in this
introduction to say a few words about the actual experimental techniques
available in the laboratory. Organometallic complexes are most conveniently
characterised by NMR spectroscopy (‘H, *'P, °C, Pt etc.) [3]. The same
holds for the study of catalyst precursors or organometallic catalysts and
intermediates. In-situ observation of a "catalyst" has associated problems:
NMR spectroscopy requires relatively high concentrations and the species
observed might not be pertinent to the catalytic process. The routinely used
high-pressure NMR tube, made from sapphire and a titanium head and pressure
valve, has the disadvantage that reactive systems involving gas consumption
cannot be studied in a true in situ fashion. Suppose we have a pressure of 10
bar of H, or CO, leading to a concentration of respectively 20 or 100 mM of
this gas in an organic solvent such as toluene. At this lower limit of catalyst
concentration one turnover will consume all gas present in solution and
diffusion from the gas phase will take hours, and moreover the total volume of
the gas phase represents only enough gas for another 10 or 20 turnovers. Thus,
in situ measurements of reacting systems with these tubes is hardly possible.
Only in a few laboratories in the world equipment is available that allows good
gas-liquid mixing and thus real in sifu measurements [4]. The disadvantage of
high concentrations remains.

IR spectroscopic measurements allow more practical, lower, catalyst
concentrations than NMR spectroscopic measurements. More importantly, an
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IR-cell can be used as an on-line detector connected to a reaction vessel. Both
techniques play an important role in the study of the variation of the ligand
environment of the catalytic complexes in a controlled manner. Both IR and
NMR spectroscopy can be used at high pressure in dedicated tubes or cells. The
specific advantages and disadvantages of both techniques are summarised
below:

NMR IR

high concentrations low concentrations

high pressure high pressure

when gas is consumed not in situ in situ measurements
detailed structural information less structural information

The disadvantage of gas consumption and limited replenishment may also
occur for certain IR cells. When an autoclave is connected via pump and tubing
to a high-pressure cell, the length of the connecting tube and the rate of
circulation may prohibit the observation of the in situ species, because all gas
has been consumed before the reactants reach the cell. Unforced stirring in an
autoclave which contains the IR windows directly inside the cell may lead to
the same problem. Internal reflectance IR spectroscopy is an elegant solution;
the reflectance IR probe is mounted directly inside the autoclave [5]. However,
a tenfold higher signal-to-noise ratio is obtained in the transmission mode. A
drawing of a cell utilising transmission IR spectroscopy is shown in Figure 1.4.
It has a very short time delay in the transport of liquid from the autoclave to the
cell by a centrifugal pump and efficient mixing is accomplished in the
autoclave [6].

Single-crystal ~ X-ray = determination, elemental analysis, and
mass-spectroscopy are used for the characterisation of complexes and products.
Cyclic voltammetry, EXAFS (Extended X-ray Absorption Fine Structure
Spectroscopy), NMR, UV-vis spectroscopy, and IR can also be used to
determine electronic properties of the ligands and their complexes [7].

The catalytic processes are monitored with the usual techniques such as
gas-chromatography, liquid-chromatography, pressure or gas-flow registration,
calorimetry [8], IR and UVvis spectroscopy, etc. Recently X-ray Absorption
Fine Structure Spectroscopy (XAFS) has been used for the in situ identification
of species present in a homogeneous catalyst system [9]. EXAFS data give
information about the types and number of neighbouring atoms, the distance to
these atoms, and the disorder in a particular coordination shell around the X-ray
absorbing atom. New data analyses methods have led to improved and more
reliable interpretations of EXAFS data [10]. Stop-flow methods with the
simultaneous use of Time-Resolved EXAFS and UVVvis spectroscopy give even
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even more detailed data on the changes in a homogeneous catalyst while the
catalytic reaction is progressing [11].

Side View

[

Top View Q/ ‘ ., \

Figure 1.4. Transmission HP-IR cell for in situ measurements

1.5 Ligand effects
1.5.1 Phosphines and phosphites: electronic effects

The readers will be aware of the basic principles of bonding in
organometallic complexes, especially the bonding of alkenes and carbon
monoxide, and this will not be dealt with here. We will say a few words about
ligands containing phosphorus as the donor element.

Phosphine based ligands have found widespread application not only in
organometallic chemistry but also in industrial applications of homogeneous
catalysis. Alkyl phosphines are strong bases, also towards protons, and as
expected they are good o-donor ligands. Organophosphites are strong m-
acceptors and they form stable complexes with electron rich transition metals.
Probably they are also good o-donors as they form stable complexes with high-
valent metals as well. The metal-to-phosphorus bonding resembles that of
metal-to-ethene and metal-to-carbon monoxide. The o-donation using the lone
pair needs no further clarification. The strong binding of phosphites to
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especially low-valent metals suggests that mt-back-bonding may be dominating
in these complexes. The question arises as to which orbitals on phosphorus are
responsible for m-back donation. The current view is that the anti-bonding
o*-orbitals of phosphorus to carbon (in the case of a phosphine) or to oxygen
(in the case of a phosphite) play the role of the m-acceptor orbital on
phosphorus [12].

The o-basicity and m-acidity of phosphorus ligands has been studied in an
elegant manner by looking at the stretching frequencies of the co-ordinated
carbon monoxide ligands in complexes such as NiL(CO); or CrL(CO)s in
which L is the phosphorus ligand. Strong ¢-donor ligands give a high electron
density on the metal and hence a substantial back-donation to the CO ligands
and lowered IR frequencies. Strong m-acceptor ligands will compete with CO
for the electron back-donation and the CO stretch frequencies will remain high.
Figure 1.5 illustrates this. Note that ligand orbitals are empty and the metal d-
orbitals are filled.

N N\
P ~/ M o] (o} P M 7 (o] (o}
strong back-donation, low C-O stretch weak back-donation, high C-O stretch

Figure 1.5. Electronic effects of ligands

The IR frequencies represent a reliable yardstick of the electronic properties
of a series of phosphorus ligands toward a particular metal. The latter
restriction is important, because it is clear that the proton basicity scale
(considering a proton as a metal) is not the same as a metal phosphine stability
series.

The electronic parameters of phosphine ligands may differ somewhat from
one metal to another. When plotting a property of a series of metal complexes
(such as stability constants, rate constants, spectral data) versus the electronic
parameter of phosphorus ligands this is best done by using the electronic
property as determined for the same metal. Strohmeier and Horrocks [13]
compared phosphorus ligand properties by measuring the CO stretching
vibrations in CrL(CO)s. Tolman [7] has defined an electronic parameter for
phosphorus ligands based upon the vibrational spectra of NiL(CO);; with
L=P(t-Bu); as the reference, the electronic parameter y (chi) for the other
ligands is simply defined as the difference in the IR frequencies of the
symmetric stretches of the two complexes. The variability of the phosphorus
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ligands is nicely reflected in the IR frequencies, which can be measured with
sufficient accuracy to give different values for the relevant substituents. Carbon
substituents give x-values ranging from 0 to 20, phosphites are found in the
range from 20 to 40, and halogen substituted compounds are found up to 59.
For comparison, the ligands at the top of the range, such as PF;, are as good
electron acceptors as carbon monoxide or even better.

Some typical values are:

Ligand PR3, R=:  y-value: IR frequency (A,) of NiL(CO); (in cm™)

t-Bu 0 2056
n-Bu 4 2060
4-C6H4NM62 5 2061
Ph 13 2069
4-CcHyF 16 2072
CH;0 20 2076
PhO 29 2085
CF;CH,0 39 2095
Cl 41 2097
(CF5),CHO 54 2110
F 55 2111
CF; 59 2115

When mixed phosphorus compounds are considered the sum of the
individual contributions of the substituents can be used to calculate the y-value
of the ligand as was shown by Tolman. The Y;-value for a single substituent R
is simply 1/3 of the y-value of the ligand PR;. In extreme cases the additivity
rule may not apply but as a first approximation it remains useful.

For rhodium complexes the IR stretch frequency of trans-RhCIL,(CO) has
been used [14].

1.5.2 Phosphines and phosphites: steric effects

Many attempts have been undertaken to define a reliable steric parameter
complementary to the electronic parameter. Most often Tolman's parameter 6
(theta) is used. Tolman proposed to measure the steric bulk of a phosphine
ligand from CPK models in the following way. From the metal centre, located
at a distance of 2.28 A from the phosphorus atom in the appropriate direction, a
cone is constructed which embraces all the atoms of the substituents on the
phosphorus atom (see Figure 1.6).
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The cone angle is measured, and these cone angles 6 (simply in degrees) are
the desired steric parameters. Several other methods have been proposed which
have led to a modification of the series by Tolman. One particularly useful
method is based on complex dissociation constants for ligands with equal
electronic parameters [15]. Sterically more bulky ligands give less stable
complexes. Within a series of similar ligands, e.g. aryl phosphites, this leads to
a reliable yardstick. Crystal structure determinations have shown that in
practice the angles realised in the structures are smaller than the 6-values would
suggest. For example, two cis triphenylphosphine molecules may have a P-M—
P angle as small as 95° whereas the 0-values would predict 145°. In reality
intermeshing of the R-substituents leads to smaller effective cone angles. A
recent search in the crystal structure database showed that in 39 divalent,
square-planar palladium complexes the average P-Pd—P angle is 100.5° [16].

Ligands never form a perfect cone either and in some instances steric
interactions nearby the metal may be important, while for other properties
interactions more distant from the metal may dominate. This can be taken into
account when the cone angle is determined. This point has been addressed in
the procedure for determining the so-called solid angle, which utilises crystal
structure data. The procedure involves the projection of all atoms of the ligand
on the metal surface and the solid angle tells us how much of the surface is
covered by this projection [17].

Thermochemistry has been used to determine heats of formation of metal-
phosphine adducts. When electronic effects are small, the heats measured are a
measure of the steric hindrance in the complexes; heats of formation decrease
with increasing steric bulk of the ligand. Recent thermochemistry concerning
ligand effects can be found in reference [18].

Fhoo

cone angle
M

Figure 1.6. Tolman's cone angle

Some typical values are:
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Ligand PR;, R=:  ©-value:

H 87
CH;0 107
n-Bu 132
PhO 128
Ph 145
i-Pr 160
CeHy; 170
t-Bu 182

2-t-BuCgH,O0 190
2-(CH;)CeH, 194

An ideal separation between steric and electronic parameters is not possible:
bending the ideal angles may be energetically more favourable for the overall
energy of the complex than the "inflexible" CPK approach, but changing the
angles will also change the electronic properties of the phosphine ligand.
Bending the alkyl groups away from their ideal angles will destabilise their
bonding c-orbitals and lower the antibonding ¢* orbitals, thus enhancing
m-back donation. Both the %- and 6-values should be used therefore with some
reservation.

Recently several attempts have been undertaken to describe the steric
properties of ligands using molecular mechanics and analysis of data taken
from X-ray studies [28] and data-mining [19]. The AMS method [20], AMS =
the accessible molecular surface, in which the effective contours of the ligands
are calculated, resembles that of the calculation of accessible surface for
enzymes. Crystallographic data have also been used to calculate and compare
steric ligand properties, more in particular for bidentate ligands (solid angle (£2)
[21], pocket angle [22]).

1.5.3 Linear Free Energy Relationships

Quantitative use of steric and electronic parameters for rationalising or
predicting properties of metal complexes and catalysts has received a great deal
of attention, although the majority of studies on ligand effects in catalysis have
been confined to simple plots or tabulations. As in physical organic chemistry,
one might expect that quantification of electronic effects of substituents, as
compared to steric effects, on reaction rates will be most successful. Indeed, the
second order rate constants for substitution of carbonyl ligands by phosphines
in metal complexes could be nicely quantitised using the half neutralisation
potentials of the phosphines by Basolo [23]. Deviations were only found for
very bulky ligands and this was of course ascribed to steric effects. Tolman
proposed a simple equation to include both electronic and steric effects using
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the - and ©-values (see below). Heimbach used higher order polynomials with
x- and ©-values as the parameters to describe reaction rates and selectivities,
but such higher order equations reduce the insight [24]! Today extended
“Tolman” equations are available mainly due to the work of Giering and Pog,
which are highly accurate. In the following we will briefly introduce QALE,
Quantitative Analysis of Ligand Effects, introduced and developed by Giering
and coworkers [25].

The use of y-values in a quantitative manner in linear free-energy
relationships (LFER), the same way as Hammett, [26] Taft, [26] and
Kabachnik [27] constants, for aromatics, aliphatics, and phosphorus
compounds respectively, has no theoretical justification. LFER’s express the
logarithm of the rate or the equilibrium constant of a reaction as the product of
a constant for a particular substituent and a constant for this particular reaction.
In other words, it assumes a proportional change in free energy values for a
range of reactions or states when the substituents are varied. As the reference
for Hammett 6-constants the pK,-values for substituted benzoic acids are used.
Since the ¢-values stem from IR frequencies rather than stability data or kinetic
data, which involve directly free energies, strictly speaking such a direct
translation is not allowed. Therefore it is striking that the methods to describe
reactivities and stabilities for series of substituted complexes by the electronic
parameters of the substituents multiplied by a parameter for the reaction have
been very successful [28].

Tolman’s equation includes steric effects and the quantifications of steric
effects in LFER have also been useful. The equation reads:

Property =a + b(x) + c(0)

The values for ¢ and 6 are as defined above and used as dimensionless
numbers. ‘“Property” as in Hammett relations should be the logarithm of a rate
constant, equilibrium constant, etc. An important refinement for the steric
contribution was made after the recognition that below a certain threshold of
cone angles the property no longer changed and one should use the value 0 for
c [29]. Above the threshold a linear relation was found. Thus, for each property
a steric threshold 0y, was defined and the equation now reads:

Property = a + b() + c(6-6y,)A

where A, the switching factor, reads 0 below the threshold and 1 above it. The
electronic parameter has been refined as well and is replaced by two
parameters, one for the c-donicity (4) and one for the m-acceptor property
(7p) [30]. This is in accord with our qualitative view on bonding in metal
complexes. A third parameter was introduced, initially called “aryl effect”, but



16 Chapter 1

later it became clear that it was also needed in other instances, e.g. when
chlorides are the substituents at phosphorus [31]. The “physical” origin of this
parameter is not known.

Property = a()q) + b(8 - 64)A +c(Ey) + d(mr,) + €

When one of the substituents at phosphorus is hydrogen another parameter
was needed for PZ3Hj, to account for the number i of hydrogen substituents
giving the equation:

property = a()a) + b(6 - )A +c(Ear) + d(m,) +ei + f

This looks rather complicated, but the positive side is that the substituent
parameter can also be used for other central atoms than phosphorus such as
sulfur, silicon, nitrogen, carbon, etc.

One might wonder why cone angles obtained via the simple procedure
suggested by Tolman, work so well. Often data from X-ray measurements
show the same cone angle, but if they don’t they are not necessarily more
accurate in LFER, on the contrary. In the solid state other forces might lead to
the observed cone angle and one does not have the faintiest idea what energy is
associated with this distortion. Therefore any data taken from solution
equilibria work much better, because in these instances the free energies needed
for these distortions are included in the equilibria studied.

Since catalytic processes comprise several steps, the outcome of LFER may
not be straightforward as the substituent effect on various rate or equilibrium
constants occurring in the rate equation may be counteracting. The occurrence
of inactive states for our catalyst may obscure the intrinsic acitivities we are
interested in for our QALE studies. The preference of a catalyst to remain in a
certain inactive or dormant state will strongly depend on ligand properties.
Thus these effects have to be avoided or included in quantification studies of
ligand substituent effects. For reactions having a simple rate equation, the
evaluation of ligand effects with the use of methods such as QALE will
augment our insight in ligand effects, a better comparison of related reactions,
and a useful comparison between different metals. Most studies concern single
steps or measurements of properties, but at least one catalytic study has been
reported, viz. the asymmetric hydrosilylation of acetophenone in which the
steroelectronic effect for the silane substrate was described [32].

1.5.4 Phosphines and phosphites: bite angle effects

Diphosphine ligands offer more control over regio- and stereoselectivity in
many catalytic reactions; the stability of the bidentate co-ordination reduces the
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number of species present compared to monodentate ligands that can form a
range of species containing one to four ligands. Tolman’s cone angle concept
has been widely accepted for monodentate ligands, but extending its use to
bidentate ligands appeared to be less straightforward. The major difference
between mono- and bidentate ligands is the ligand backbone, a scaffold which
keeps two phosphorus donor atoms at a specific distance (Figure 1.7). This
distance is ligand specific and it is an important characteristic, together with the
flexibility of the backbone. A standardised bite angle, with defined M—P bond
lengths and a ,,metal* atom that does not prefer any specific P-M—P angle is a
convenient way of comparing bidentate ligands [33].

O O bite angle QP /—\
0 — > RO

pPeeesecece p

‘o .
[ J dummy metal atom
Figure 1.7. Definition of the bite angle

Of the large number of conformations free ligands can adopt, few contain
the phosphorus atoms with the correct orientation to allow bidentate
coordination to a single metal centre. The lone pairs of electrons have to point
in the direction of the metal centre. The easiest way to find these conformations
is the introduction of a dummy metal atom (Figure 1.7). If the same dummy-P
bond length is used for all ligands, the calculated bite angles are a function of
the non-bonded P...P distance. We will describe the ,,bite angles* obtained in
this way as ligand bite angle or natural bite angle (Casey, [34]), as opposed to
P—M-P ,bite* angles measured in crystal structures.

The potential formation of different catalytic species has to be taken into
account when a series of similar ligands are compared. With increasing ligand
bite angles, the formation of dimeric trans-complexes becomes more likely, as
for dppb [35]. Increasing flexibility of a ligand backbone, wrong orientation of
phosphorus lone-pairs, and increasing steric bulk of the substituents raises the
chance of an arm-off n'-coordination.

Many examples show that the ligand bite angle is related to catalytic
performance in a number of reactions. Early examples are the platinum-
diphosphine catalysed hydroformylation [36] or palladium catalysed cross
coupling reactions of Grignard reagents with organic halides [37]. In recent
years, a correlation between ligand bite angles and catalyst selectivities has
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been observed in rhodium catalysed hydroformylation [38], nickel catalysed
hydrocyanation [39] and Diels-Alder reactions [40].

The P-M-P angle found in transition metal complexes is a compromise
between the ligand’s preferred bite angle and the one preferred by the metal
centre. The former is mainly determined by constraints imposed by the ligand
backbone and by steric repulsion between substituents on the phosphorus
atoms and/or the backbone. Electronic effects seem to have a more indirect
influence by changing the preferred metal-phosphorus bond length. The metal
preferred bite angle, on the other hand, is mainly determined by electronic
requirements, i.e. the nature and number of d-orbitals involved in forming the
molecular orbitals. Other ligands attached to the metal centre can influence the
bite angle if they are very bulky or if they have a strong influence on the metal
orbitals (m-bonding ligands for example).

For the calculation of ligand bite angles, either molecular modelling or P...P
distances determined from crystal structures can be used. Molecular modelling
has been used to calculate ,natural® bite angles, ligand bite angles calculated
using a ,,thodium* dummy atom and fixed Rh-P distances of 2.315 A [41].
Bite angles are a function of the M—P bond length. In order to obtain a
meaningful comparison between different ligands, the measured (or calculated)
angles have to be standardised to one, defined M—P bond length. Standardised
bite angles can be calculated from the P...P-distance (table 1).

Table 1.1. Diphosphines and their bite angles [33]

Ligand X-ray values® molecular modelling”
P-M-P Ba

dppm 71.7

dpp-benzene 83.0

dppe 85.0 78.1, 84.4 (70-95)

dppp 91.1 86.2

dppb 97.7 98.6

dppf 95.6 99.1

BINAP 924

DIOP 97.6 102.2 (90-120)

Duphos(Me) 82.6

BISBI 1222 122.6 (101-148)°
112.6 (92-155)

NORPHOS 123 (110-145)

Transphos 111.2

T-BDCP 107.6 (93-131)

DPEphos 102.5 102.2 (86-120)

Xantphos 107.1 111.7 (97-135)

DBFphos 131.1 (117-147)

# Standardized M—P distances from X-ray structures and angles recalculated.
®In brackets the flexibility range, i.e. accessible angles within 3 keal/mol.

“Two conformations of backbone.



1. Introduction 19

/™PPh, thP/w ( Pen, @Pth
PhyP PPh,

Ph,P PPh, Fe  ppn
PhF  PPh, < P PR
. dppp 91° .
9PPM 72° o0 benzene dope  PPP dppf 96° dppb 98
s 85
Q\o’ :\( O O OO
PPh, PPh, PhoP PPh,
PPh, PPz b PpPh,
DPEphos PhyP PPh,
102.2° Xantphos o TRANSPHOS DBFphos 131.7°
1M1.7° BISBI 112.6 111.2°

o>< (A

LS C) 2 |
O SIS Gt
PPh, 2" PhyP
PPh,

(S,S)-DUPHOS-Me BINAP DIOP 98° T-BDCP 107.6
83°

Figure 1.8. Bidentate ligands and their bite angles

With the aim of rationalizing the effect of (wide) bite angle diphosphines in
catalytic reactions a distinction can be made between two different effects, both
related to the bite angle of diphosphine ligands [42]:

The first one, which we will call steric bite angle effect is related to the
steric interactions (ligand-ligand or ligand—substrate) generated when the bite
angle is modified by changing the backbone and keeping the substituents at the
phosphorus donor atom the same. The resulting steric interactions can change
the energies of the transition states and the catalyst resting states, thus
modifying the activity or selectivity of the catalytic system.

The second one, the electronic bite angle effect is associated with electronic
changes in the catalytic centre when changing the bite angle [16]. It can be
described as an orbital effect, because the bite angle determines metal
hybridisation and as a consequence metal orbital energies and reactivity. This
effect can also manifest itself as a stabilisation or destabilisation of the initial,
final or transition state of a reaction. When the substituents at the phosphorus
donor atom are kept the same while the bite angle is changed, the steric
properties also change, unfortunately.
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1.6 Ligands according to donor atoms

An overview of all ligands useful in catalysis is an impossible task and it
would probably repeat what will follow in later chapters. Very briefly we will
mention here the ligands most common in catalysts, although it should be
borne in mind that the discovery of new catalysts continues, often using ligands
that so far have been neglected. There has always been a strong emphasis on
phosphorus containing ligands in homogeneous catalysis directed at
organometallic catalysts, but in the last decades a large variety of donor groups
has been added to this. In this brief summary we will refer to the chapters in
which more can be found and whenever possible some general properties will
be mentioned.

1.6.1 Anionic and neutral hydrocarbyl groups

Cyclopentadienyl ligands have become extremely important in catalysis for
metal such as Ti, Zr, and Hf (Chapter 10) and in academic studies of related
elements such as Ta. Ethylene polymerisation with the use of Cp,TiCl,
(alkylated with aluminium alkyl compounds) has been known for many
decades, but the intensive interest in derivatives of these compounds started in
the early 1980’s following the discovery of MAO (methaluminoxane — see
chapter 10) which boosted metallocene catalyst activities by several orders of
magnitude. Commercial interest focussed on ethylene copolymers (LLDPE
where more homogeneous comonomer incorporation resulted in greatly
improved copolymer properties) and in enantiospecific polymerisations for
propene, styrene, etc.

Aromatics occur as ligands in ruthenium complexes that are used for
hydrogen transfer reaction, i.e. two hydrogen atoms are transferred from a
donor molecule, e.g. an alcohol, to a ketone, producing another alcohol.
Especially the enantiospecific variant has become important, see Chapter 4.4.
The substitution pattern of the aromatic compound influences the
enantioselectivity of the reaction.

In these ruthenium complexes the bond between aromatic and metal atom
(ion) is very strong and no ligand-metal exchange occurs. In other instances the
interaction between aromatic and metal ion can be very weak. For instance,
when weakly coordinating anions are used together with Early-Transition
Metal cations, these metal ions can be solvated by aromatics if no stronger
ligands are present. An intramolecular stabilising aromatic group for titanium
catalysts active in the trimerisation of ethene has been reported, see Chapter
9.3.

Aromatics have also been utilised as ligands in nickel complexes recently
reported to be highly active in the addition (or vinyl-type) polymerisation of
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norbornenes [43]. This class of catalyst is exemplified by (#s-toluene)Ni(CgFs),
which is further described in chapter 10 (olefin polymerisation).

1.6.2 Alkoxy and imido groups as anionic ligands

Alkoxides and imido are used as anionic ligands in zirconium and titanium
catalysts for the polymerisation of alkenes, sometimes as the only anions, but
often in combination with cyclopentadienyl ligands. Imides linked to
cyclopentadienyl groups form part of the single-site catalyst developed by Dow
(Chapter 10) (Figure 1.9, 1). In very different titanium catalysts, namely those
used for epoxidation of alkenes, also alkoxide ligands are used (Chapter 14).
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Figure 1.9. Amido ligands

Alkoxides connected to a neutral ligand, either a phosphine or an imine, are
excellent ligands for divalent metal catalysts of nickel and palladium for alkene
reactions, in which the second valence of the complex is made up by a
hydrocarbyl group involved in a chain growth reaction (or hydride during the
chain transfer process). Many of these nickel compounds are active as ethene
oligomerisation catalysts. Alkoxides and amides feature also in hydrogen
transfer catalysts where they may even play an active role in abstracting a
proton from the alcohol substrate (Chapter 4.4, Figure 1.9, 2).

While for main group elements of columns 1-3 the metal to oxygen and
nitrogen bonds are much more stable, for transition metal complexes the
differences between carbon centred and oxygen or nitrogen centred anions is
much smaller, even more so at the right hand side of the periodic table. As a
result many metal-to-hetero atom bonds participate in catalytic reactions
leading to carbon-to-hetero atom bonds and it allows us to carry out a large part
of our organometallic chemistry in the presence of water, alcohols, or amines.

1.6.3 Amines, imines, oxazolines and related ligands

Nitrogen ligands are the most donor functions in enzymes, the oldest
“homogeneous” catalysts. Here they occur in imidazoles, porphyrins, binding
to metals such as copper and iron, and they are involved in many oxidation
reactions. Numerous mimics of these complexes are used in homogeneous
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catalysis, such as oxidation of C—H bonds or oxidative coupling reactions of
phenols [44].

Amines and pyridines as ligands are subjects of the oldest studies in
coordination chemistry and catalysis. Pyridines were used already in “man-
made catalysts” in hydrogenation catalysts based on copper one or two decades
before phosphines (in platinum complexes) [45]. Amines, containing sp’
hybridized nitrogen, is the analogue of phosphines. They are strong, hard s-
donors compared to phosphines and stabilise high-valent metal complexes, for
example tetravalent palladium and platinum [46]. Due to the smaller atomic
radius of nitrogen the cone angles are larger than those of the corresponding
phosphines (NMe; 0 = 132°, PMe; 6 = 132°, NEt; 0 = 150°, PEt; 6 = 132°)
[47].

Nitrogen ligands, especially pyridine and imidazole ligands, are much more
stable than phosphines. Pyridines are not prone to oxidation as phosphines, and
other common decomposition pathways for phosphines such as phosphorus-to-
carbon bond cleavage, phosphido formation, or hydrolysis of phosphites [48]
(see also Chapter 2.12). Nitrogen ligands are therefore far preferred to
phosphines in oxidation catalysis. The bonding characteristics of pyridine (and
other sp” hybridised nitrogen centred ligands) and phosphorus donor ligands
are very different; they are good G-donors and poor m-acceptor ligands, but not
to the extreme of amines. Like amines they stabilise higher valence states of
metal complexes rather than low valence states. For example in divalent metal
catalysis of palladium or nickel their behaviour may be very similar, but in
catalytic reactions involving reductive eliminations leading to zerovalent
complexes, the performance is different, phosphorus being the preferred one in
this instance.

iPr iPr

Figure 1.10. Diimine ligands

Diimines can be easily made from 1,2 diamines by condensing them with
aldehydes [49] and in particular bulky aromatic aldehydes have led to a range
of interesting new nickel and palladium catalysts for polymerisation of alkenes
Brookhart, Du Pont [50] (Figure 1.10, 3). Oxazolines have the added advantage
compared to other imine-nitrogen based ligands that the asymmetric derivatives
are readily accessible. The group of PyBox ligands (Figure 1.11) represents an
example of the use of chiral oxazolines [51]. Another important new range of
asymmetric catalysts are the bisoxazolines, 4, and related structures [52].
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Mono-oxazolines containing phosphine groups as the second donor atom, 5,
have also found wide application [53]. When the oxygen atom in oxazolines is
replaced by a substituted nitrogen atom, one obtains imidazolines, 6, which still
contain the asymmetric carbon atom, but in addition offer the possibility of
electronic variation via substitution at the amine-nitrogen atom [54]. The latter
substituent might also be used for immobilisation through covalent linkages.

® R\
e . gl

“

PyBox = 4 PhzP 5 6

Figure 1.11. Bisoxazolines, phosphino-oxazolines, and imidazolines

1.6.4 Phosphines, phosphites, phosphorus amides, phospholes and
related ligands

In section 1.5 under ligand effects we already had a close look at the
properties of phosphine and phosphite ligands. By changing the substituents at
phosphorus the steric and electronic properties can be changed over a very
wide range. Electronically phosphorus ligands can be either strong c-donors
(e.g. t-Bu substituents) or strong m-acceptors (e.g. fluoroalkoxide substituents).
Clearly the whole range in between is accessible by using mixtures of all
possible groups. In addition to oxygen and carbon centred substituents one can
also use nitrogen as the connecting atom which leads to amides, or, if mixed
oxygen and nitrogen substituents are considered, amidites. Dialkylamino
groups (Figure 1.10, 7) are electronically similar to hydrocarbyl groups in
phosphorus compounds (¥; for Et,N = 2.4 pyrolidines, best donors [7]). For
nitrogen groups connected with electron-withdrawing acyl groups or sulfone
groups the x-value can be very high and thus these phosphorus amidites are
good m-acceptor ligands (9) [55]. Pyrrole as a substituent at phosphorus also
leads to a very electron-poor phosphorus ligand, 10 [56]. The advantage of
nitrogen substituents compared to those of oxygen is that the steric hindrance
near the metal centre in a metal complex can be more conveniently modified
due to the presence of an extra linkage. In general phosphites and phosphorus
amidites such as 8 are more easily made than phosphines, they allow a greater
variation in structure and properties [57], they are less sensitive to oxidation,
but they are often prone to hydrolysis. The rate of hydrolysis is strongly
dependent on the precise ligand structure [48] and often a stable analogue can
be found. Ligands of type 8 have become of great importance in recent years
(Chapter 4.4).
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Figure 1.12. Phosphorus amidites, phopshorus pyrroles, and phospholes

A special type of phosphine is worth mentioning, viz. phospholes, the
phosphorus analogues of pyrroles. Especially dibenzophosphole 11 has been
used very often as a group similar to diphenylphosphine. Even though the atom
count for dibenzophosphole is slightly lower (by 4 hydrogen atoms) it behaves
usually as a slightly bulkier group because of its rigidity. The electronic
property is also different, as its x-value is higher. The synthetic applicability is
somewhat restricted compared to Ph,P, which is available both as the chloride
and the phosphido anion, since phospholes are only available as the phosphido
anion.

1.6.5 Carbenes, carbon monoxide

Carbenes are both reactive intermediates and ligands in catalysis. They
occur as intermediates in the alkene metathesis reaction (Chapter 16) and the
cyclopropanation of alkenes. As intermediates they carry hydrogen and carbon
substituents and belong therefore to the class of Schrock carbenes. As ligands
they contain nitrogen substituents and are clearly Fischer carbenes. They have
received a great deal of attention in the last decade as ligands in catalytic metal
complexes [58], but the structural motive was already explored in the early

seventies [59].
iPr iPr
N N
\
iPr iPr 12

Figure 1.13. Carbene ligand

Recent successes are partly based on the use of aryl or bulky aryl
substituents at the nitrogen atoms of the imidazolium rings. As ligands they are
strong G-donors (stronger than t-Bu;P) and hardly m-acceptors, they are
sometimes called “singlet carbenes”.

Carbon monoxide is often both reactant and ligand. As a ligand it is a strong
m-acceptor and a moderate 6-donor. By comparison of IR data one might say
that its y-value is around 55, i.e. similar to hexafluoroisopropyl phosphite.
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Extending the comparison with the steric properties of phosphorus ligands,
clearly CO is one of the smallest ligands available! The interesting feature of
CO as a ligand of is that it can be studied by IR, and also in sifu IR, in a
frequency area that is transparent (1800-2200 cm ™). A disadvantage is that in
order to obtain concentrations in an organic liquid in the order of 0.1 M one
needs pressures in the order of 10 bar.

1.6.6 Common anions

Anions often form part of the coordination or organometallic complex and
their role should not be underestimated. In many cases they are reactants as
well, e.g. in cross-coupling reactions (Chapter 13) in which a salt is formed as
the second product and even in the simple series of halides its anion function
toward the metal centre makes an enormous difference in catalytic behaviour.
Halides and carboxylates bind strongly to the metal ions and thus their function
as a ligand goes beyond doubt. Carboxylates connected to a phosphine moiety
are found as ligands in the Shell process for ethene oligomerisation (Chapter 9).
lodides are important ingredients of methanol carbonylation chemistry and they
form part of the ligand environment of the rhodium or iridium metal (Chapter
6).

BArF

CF3/, 13

Figure 1.14. Example of a WCA

Weakly or non-coordinating anions (WCA, NCA) have received a great
deal of attention and they are indispensable in homogeneous catalysis (WCA is
the preferred term, because even the most weakly coordinating anions have
been found to interact with positively charged metal ions). The cationic
counter-ion obtained by using WCA'’s is readily accessible for the reactants.
Especially in reactions involving alkenes (hydrogenations, carbonylations,
polymerisations) the introduction of WCA’s has led to many breakthroughs. In
the early history of homogeneous catalysis the role of creating vacant sites at
metal ions to facilitate alkene coordination was played by Lewis acids
abstracting chloride ions from the catalyst precursor (“Ziegler catalysts). The
use of WCA'’s has led to much more control over the species formed in the
reactor compared to the use of Lewis acids.
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Chapter 2

ELEMENTARY STEPS
Organometallic Chemistry

2.1 Creation of a “vacant” site and co-ordination of the
substrate

The function of a catalyst is to bring the reactants together and lower the
activation barrier for the reaction. To bring the reactants together a metal centre
must have a vacant site. Metal catalysis begins, we could say, with the creation
of a vacant site. For a homogeneous catalyst in a condensed phase this may be
less easy than for a heterogeneous catalyst at the surface of a solid under high
vacuum. In the condensed phase solvent molecules will always be co-ordinated
to the metal ion and "vacant site" is an inaccurate description. Substrates are
present in excess and so may be the ligands. Therefore, a competition in
complex formation exists between the desired substrate and other potential
ligands present in the solution. Often a negative order in one of the
concentrations of the "ligands" present can be found in the expression for the
rate of product formation. When the substrate co-ordinates strongly to the metal
centre this may give rise to a zero order in the concentration of the substrate,
i.e. saturation kinetics (c.f. Michaelis-Menten kinetics). Also, strong co-
ordination of the product of the reaction may slow down or inhibit the catalytic
process. These phenomena are very similar to desorption and adsorption in
heterogeneous catalysis.

Another way of looking at the question of 'creation of a vacant site' and 'co-
ordination of the substrate' is the classical way by which substitution reactions
are described (Figure 2.1). Two extreme mechanisms are distinguished, an
associative and a dissociative one. In the dissociative mechanism the rate-
controlling step is the breaking of the bond between the metal and the leaving
ligand. A solvent molecule occupies the open site, which is a phenomenon that
does not appear in the rate equation. Subsequently the solvent is replaced by the

29
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substrate in a fast step. In the associative process (Sn2) the displacement is a
bimolecular process with simultaneous bond breaking of the ligand and bond
formation of the metal and the substrate. In square planar complexes as found
for many group 9 and 10 metals the associative process is most common.

L solvent L
L_M—L _— L—(M;solvent + L
L L
L L
L—M—solvent + S —/]—— L—M—S S = substrate
L( L’

dissociative ligand exchange

L £ L
L_M—L +§ === =M == M-S +L
R4 L/ L R4

associative ligand exchange
Figure 2.1. Dissociative and associative ligand exchange

1t is useful to study the rate equations for the dissociative and associative
displacement reactions.

2.2 Insertion versus migration

Insertion and migration refer to the process in which an unsaturated
molecule inserts to a metal-anion bond. The two ways of describing this
elementary step have been depicted in Figure 2.2 and 2.3 In the platinum
complex shown an acetyl fragment is formed from a co-ordinated CO and a
methyl group, both attached to platinum. Clearly, the two reacting groups
should occupy positions cis to one another, otherwise the reaction cannot occur

[1].

Me

+ 'Me + b \ +
L Me PO —‘ \. =0
/Pt\ e /Pt\ —— Pt\
CEEN P Gy % s
(0] (0]

Figure 2.2. The insertion mechanism

The important difference between the insertion mechanism (2.2) and the
migration mechanism (2.3) is the following. In the insertion mechanism carbon
monoxide inserts into the metal methyl bond and the acyl bond formed takes
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the position of the methyl group, i.e. the —bonded fragment retains its position
trans to P*.

& 7+ +
CP\ /Me N S
/Pt\ > /Pt\ /Me
P * 5+C P * C

Ph3P

Figure 2.3. The migration mechanism

In the migration mechanism the methyl group migrates to the co-ordinated
carbon monoxide and now the resulting acetyl group occupies the position cis
to P*. There is convincing experimental evidence supporting the migration
mechanism versus the insertion mechanism [see references in 2]. The
mechanism shown in Figure 2.3 has been proven by NMR studies on
diphosphine complexes of platinum containing slightly different phosphino
groups such that they can be distinguished in the NMR spectrum of the alkyl
and acyl species [3]. The rhodium complex shown proves the migration
mechanism for a complex having a piano-stool structure [2]. Theoretical
calculations also support the migration mechanism [4]: the anionic methyl
group moves to the positively charged carbon atom (see 0 charges in Figure
2.3). Hence migration is the most accurate description for this process. In the
literature, however, the reaction is often referred to as “insertion”. To do justice
to the intimate details one also writes “migratory insertion”.

There are several experiments that suggest that insertion is the actual
process. Most systems studied are concerned with Mn and Fe as the metals, of
which only recently new Fe complexes have become of interest from a catalytic
point of view. In Figure 2.4 we have depicted a simple example for platinum.
The most stable starting material shows the methyl group and the phosphine in
cis positions, due to the trans influence. The same holds for the acetyl product.
This might be explained as proof for an insertion reaction, but as the figure
shows the migration may be preceded by an isomerisation or after the
migration an isomerisation may take place. This is supported by the observation
that such “asymmetric” ligands always undergo insertion reactions much more
slowly than the symmetric ones. Thus, diphosphine complexes and bipyridine
complexes give much faster reactions than the mixed phosphino-nitrogen
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ligands [5]. In general, these experiments do not disprove the cis-migration
mechanism, but presumably result from topomerisations of the intermediates or
products [6].

S +

+
P =
AN /C O—‘
Pt
N/ \S
N\
S ., P+ /
N C
N/ \Me

Figure 2.4. Effective insertion reaction

So far we have automatically presumed that the reacting carbon monoxide
is co-ordinated to the metal. There is experimental evidence that methyl
migration indeed occurs to co-ordinated CO. The classic proof stems from a
relatively inert complex in which both the migration and the exchange of co-
ordinated CO with free CO are slow. The reaction of CH3;Mn(CO)s in the
presence of “C labelled free CO results in the formation of
CH;(CO)Mn(CO),(CO) in which the labelled CO is present as co-ordinated
carbon monoxide and not in the acetyl group (Figure 2.5). Hence, there is no
direct reaction between the methyl manganese unit and the newly incoming
carbon monoxide. There is, as yet, no proven example of an insertion of an
uncomplexed unsaturated substrate into a metal-to-carbon o—bond. In
heterogeneous catalysis coordination of the substrates to the surface is known
as the Langmuir-Hinshelwood mechanism, while the reaction of a gas-phase
molecule with a fragment on the surface is named the Eley-Rideal mechanism.

[m]
Me Bco
| .co co Me s [ .co )
0OC—Mn—CO —»oc—Mn‘———C\\ OC;Mn‘ C\
oc” | oc oc” | N
co C

Figure 2.5. Disproval of "outersphere" insertion

A second important migration reaction involves alkenes instead of carbon
monoxide. Figure 2.6 gives a schematic representation of a hydride that
migrates to a co-ordinated ethene molecule cis to the hydride. The figure shows
the hydride migration, which may result in an empty space in the co-ordination
sphere of the metal. This co-ordinative unsaturation can be lifted in two ways:
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firstly an agostic interaction with the B-hydrogens may occur, amply supported
by theory and experiment [7]; secondly an incoming ligand may occupy the
vacant site.

N AN /H\CH AN /I:I /H AN
M\/CHZ —>/M~ 7 2 /M\ /CH2 —_— /M\
/ CH/2 CH; CcH; CH,—CHs

agostic interaction
Figure 2.6. Hydride migration to ethene

If and how activation of a co-ordinated alkene takes place prior to migration
is not always clear-cut. Co-ordinated alkenes are subject to T—backdonation and
o—donation and the overall outcome of the electron density cannot be
predicted. Molecular orbital calculations at the Extended Hiickel level [8] show
that in many cases the co-ordinated alkene is not activated towards migration
(i.e. nucleophilic attack) and it cannot be a priori predicted that rapid migration
of the hydride will occur. Strong back-donation leads to more electron-rich
alkenes, which makes them less susceptible for the attack of the nucleophilic
migrating group. When an asymmetric bonding of the alkene is invoked, as
shown in 2.7, a strong polarisation of the alkene will be the result. In this
distorted structure the alkene is activated towards the hydride migration.

5
iN
%C H2 5*
CH,

&

\ s
M

Figure 2.7. Charge distribution in a migration reaction

The migration reaction of hydrides to alkenes can be described as a 2+2
addition reaction. The reaction takes place in a syn fashion with respect to the
alkene; the two atoms M and H add to the same face of the alkene (Figure 2.8).
This has been unequivocally established by experiments. Later we will see
reactions where this is not the case although the overall stoichiometry is the
same for both types.

HOOC Ph HOOC pn
% H-
H
| + —_—
M d M~ D
H Me H Me

Figure 2.8. Syn-addition of a metal hydride
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Thermodynamically the insertion of an alkene into a metal alkyl bond is
much more favourable than the insertion of carbon monoxide into a metal alkyl
bond. The latter reaction is more or less thermoneutral and the equilibrium
constant is near unity under standard conditions. Insertion of alkenes into
metal-carbon bonds is energetically favourable and usually irreversible. The
energy gain is in the order of 80 kJ.mol" when a double bond of an alkene is
replaced by a single bond and a new single bond is formed in addition. The
complexation energy is in the same order of magnitude or even larger for
certain ligands. A rough estimate tells us that migration will lead to a loss of
energy if indeed the complexation energy is high. It is therefore important that a
new ligand enters the co-ordination sphere in order to stabilise the migration
product.

If the new ligand enters the co-ordination sphere before the migration has
been completed, this may show up in the kinetics of the insertion reaction. A
second order behaviour of incoming ligand and complex would then be
observed. This is indeed the case in a few examples that have been studied in
detail [9]. Bergman observed a 70-fold increase in rate of a methyl migration in
a molybdenum complex between reactions carried out in 2-methyl
tetrahydrofuran and tetrahydrofuran (Figure 2.9). The unsubstituted THF gave
the highest rate. The approach of 2-methyl tetrahydrofuran is more difficult.
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Figure 2.9. Incoming thf ligand enhancing migration

Formation of new c—bonds at the cost of the loss of the m—bond of the
alkene during alkene hydrogenation, polymerisation etc. makes the overall
processes of alkenes thermodynamically feasible and the process is highly
exothermic.

The metal hydride bond is stronger than a metal carbon bond and the
insertion of carbon monoxide into a metal hydride is thermodynamically most
often uphill. Alkene insertion into a metal hydride is thermodynamically
allowed and often reversible.

In the article by Spencer and Orpen the degree of agostic interaction of the
metal and the ethyl group depends on the steric parameters of the ligands
(Figure 2.10). The sterically most hindered complex (ortho-xylene bridge,
J=5220) is a B-agostic complex. The sterically less hindered complex is an
ethene-hydride complex. The latter fragments require more space. The
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o-interaction of the Pt-H fragment competes with the Pt-P o-interaction and as
a result the coupling constant is now much smaller (2980 Hz).

Jptp2

CH2_
R=tBu R R
l/ H 5220 Hz
C P\Pt" CH, C CH,—
A =
p, CHz

CHpo—
\R /
R CH? 4919 Hz
CHy—
R R
\/ "
CH AL
Pt 2980 Hz
CHy— F’z/ AN //CHz
/i CH
R R

Figure 2.10. Agostic interaction during hydride migration

2.3 B-Elimination and de-insertion

The reverse reaction of the migration of n'-bonded anionic groups to co-
ordinated alkenes is called B-elimination (Figure 2.11). The migration reaction
diminishes the total electron count of the complex by two, and formally creates
a vacant site at the metal; B-elimination does the opposite. -Elimination
requires a vacant site at the complex (neglecting solvent co-ordination) and
during the process the electron count of the complex increases by two electrons.
The reaction resembles the B-elimination occurring in many organic reactions,
but the difference lies in the intramolecular nature of the present process, as the
eliminated alkene may be retained in the complex. In organic chemistry the
reaction may well be a two-step process, e.g. proton elimination with a base
followed by the leaving of the anion. In transition metal chemistry the
availability of d-orbitals facilitates a concerted cis -elimination.

\M/L oL \M/H
—_— CH
N\ / ~ 2
4 CH,—CH, a4
CH2

Figure 2.11. B-hydride elimination

Suppression of B-elimination is often a desirable feature. It can be achieved
in several ways:
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1. Maintain co-ordinative saturation. In a catalytic cycle this may be a
counterproductive suggestion, since the next reaction in the catalytic cycle
will also require a vacant site.

2. Selection of those metals where the metal alkyl complexes are stable with
respect to hydride and liberated alkene. For the metals on the left-hand side
of the periodic table, the Early Transition Metals and the Lanthanides, the
alkyls are relatively stable. Therefore it is not surprising that the best alkene
polymerisation catalysts are found amongst these metals.

3. Steric hindrance may hamper the correct stereochemistry required for -
elimination, and perhaps this can be used to stabilise our metal alkyl
complex. In the modermn polymerisation catalysts for polypropene this
feature has actually been observed, which leads to higher molecular weight
polymers. This now forms part of the design of new catalysts.

Instead of B-elimination one will also find the terms de-insertion and
extrusion, especially for CO. The process is completely analogous because
1. avacant site is needed for the reaction to occur,

2. the electron count of the metal increases by two during the de-insertion
(provided that the carbon monoxide remains co-ordinated to the metal and
solvent co-ordination is neglected).

Insertion takes place between a m—bonded fragment and a c—bonded
fragment in mutual cis-positions, as was described above. The de-insertion
reaction can only proceed if there is a vacant site cis to the acyl group. The
experiment outlined in Figure 2.12 proves this point. A manganese acetyl
complex which is labelled with °C at the acyl carbonyl group was synthesised
and heated to give de-insertion of CO. The result was that the only product
formed contained the methyl substituent in a position cis to the labelled "C.

O
7°.co e | .coMe Ie.co
oc—l\/in‘L”c —_— oc;l\/lln\\—13o\—> OC;Mn\—1SCO
- -CO ¢ oC
0" o \\o co \o co

Figure 2.12. Migratory de-insertion

2.4 Oxidative addition

In an oxidative addition reaction a compound XY adds to a metal complex
during which the XY bond is broken and two new bonds are formed, MX and
MY. X and Y are reduced, and both will have a minus one charge (formally at
least) and hence the formal oxidation state of the metal is raised by two. The
co-ordination number of the metal also increases by two. While the electron
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count around the metal complex actually increases by two, the d-electron count
of the metal decreases by two (Figure 2.13).

M
Mo+ M
X X
oxidation state +n +n+2
valence electrons p p-2

Figure 2.13. Formal representation of oxidative addition

The 16-electron square planar complex is converted into an octahedral
18-electron complex. In Figure 2.14 we have depicted the oxidative addition of
methyl iodide to Vaska's complex (L=phosphine). Iodide ions accelerate the
reaction and addition of an anion to the metal is the first step in that instance
[10].

CH,
Ly,C° CHl I>' —COo
—_—
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Figure 2.14. Oxidative addition

Electronic ligand effects are highly predictable in oxidative addition
reactions; 6-donors strongly promote the formation of high-valence states and
thus oxidative additions, e.g. alkylphosphines. Likewise, complexation of
halides to palladium(0) increases the electron density and facilitates oxidative
addition [11]. Phosphites and carbon monoxide, on the other hand, reduce the
electron density on the metal and thus the oxidative addition is slower or may
not occur at all, because the equilibrium shifts from the high to the low
oxidation state. In section 2.5 more details will be disclosed.

The oxidative addition of alkyl halides can proceed in different ways,
although the result is usually a trans addition independent of the mechanism. In
certain cases the reaction proceeds as an Sy2 reaction as in organic chemistry.
That is to say that the electron-rich metal nucleophile attacks the carbon atom
of the alkyl halide, the halide being the leaving group. This process leads to
inversion of the stereochemistry of the carbon atom (only when the carbon
atom is asymmetric can this be observed). There are also examples in which
racemisation occurs. This has been explained on the basis of a radical chain
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mechanism. Indeed, radical scavengers have proven the presence of radicals by
slowing down the reaction, and radical traps have demonstrated the expected
ESR signals. The reaction sequence for the radical chain process reads as
follows:

LM +Re — L[,RMe
L,RMe +RX — L,RMX + Re

The oxidative addition of acids is another instructive example. It resembles
the reactions with alkyl halides and may result in an "amphoteric" hydride:

LNi + H — LHNi'

The starting material is an 18 electron nickel zero complex which is
protonated forming a divalent nickel hydride. This can react further with
alkenes to give alkyl groups, but it also reacts as an acid with hard bases to
regenerate the nickel zero complex. Similar oxidative addition reactions have
been recorded for phenols, water, amines, carboxylic acids, mineral acids
(HCN), etc.

Oxidative additions involving C-H bond breaking have recently been the
topic of an extensive study, usually referred to as C-H activation; the idea is that
the M-H and M-hydrocarbyl bonds formed will be much more prone to
functionalization than the unreactive C-H bond. Intramolecular oxidative
additions of C-H bonds have been known for quite some time: see Figure 2.15.
This process is named orthometallation or cyclometallation. It occurs
frequently in metal complexes, and is not restricted to "ortho" protons. It is
referred to as cyclometallation and is often followed by elimination of HX,
while the metal returns to its initial (lower) oxidation state.

PPh Cl
PPha_ / s PPhs._| . PPhy

~ 'S
CI/ PPh, H PPh,
H

Figure 2.15. Orthometallation via C-H activation as oxidative addition

Oxidative addition involving carbon-to-oxygen bonds is of relevance to
the catalysis with palladium complexes. The most reactive carbon-oxygen bond
is that between allylic fragments and carboxylates. The reaction starts with a
palladium zero complex and the product is a m-allylic palladium(Il)
carboxylate: Figure 2.16.
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Figure 2.16. Oxidative addition of allyl acetate to Pd(0)

The point of interest is the "amphoteric" character of the allyl anion in this
complex. On the one hand it may react as an anion, but on the other hand it is
susceptible to nucleophilic attack by, for example, carbon centred anions. This
has found widespread use in organic synthesis. The reaction with the anion
releases a palladium zero complex and in this manner palladium can be
employed as a catalyst.

Silicon hydrides can also oxidatively add to low-valent transition metal
complexes forming a metal hydride silyl complex which can undergo
subsequent insertion reactions. This elementary step forms the basis for the
hydrosilylation process for alkenes and ketones.

The hydrosilylation process involves the following sequence of reactions:

- oxidative addition of a silicon hydride to a low-valent metal,

- complexation of an alkene,

- insertion of the alkene,

- reductive elimination.

The alkene “inserts” either in the metal hydride bond or in the metal silyl
bond. The latter reaction leads to alkenylsilyl side products and also alkane
formation may occur. Similar reactions have been observed for hydroboration,
the addition of R,BH to alkenes. (R, may be the catechol dianion).

2.5 Reductive elimination

Reductive elimination is simply the reverse reaction of oxidative addition:
the formal valence state of the metal is reduced by two (or one in a bimetallic
reaction), and the total electron count of the complex is reduced by two. While
oxidative addition can also be observed for main group elements, this reaction
is more typical of the transition elements in particular the electronegative, noble
metals. In a catalytic cycle the two reactions always occur pair-wise. In one
step the oxidative addition occurs, followed for example by insertion reactions,
and then the cycle is completed by a reductive elimination of the product.

Reductive eliminations can be promoted by stabilisation of the low-valent
state of the product. This means ligands that are good m-acceptors, bulky
ligands, and ligands preferring bite angles more suited for tetrahedral than for
square-planar complexes, when we deal with group 10 metals.
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Reductive elimination of molecules with carbon-carbon bonds has no
counterpart in oxidative addition reactions because the metal-carbon bonds
energies are usually not large enough to compensate for the energy of the
carbon-carbon bond, and secondly the carbon-carbon bond is much less
reactive than a carbon-hydrogen bond or a dihydrogen bond due to repulsive
interactions. Examples in the literature generally involve group 10 metals, e.g.
Figure 2.17. In practice the reactions are less straight-forward than the one
shown in Figure 2.17 and several other decomposition pathways are available.

L CH
N / 3 L CH3
Pd

N _— Pd +
L/ CHg L CHs

Figure 2.17. Reductive elimination leading to a C-C bond

When the reductive elimination involves a symmetric situation as in Figure
2.17, the process is most likely also symmetric, that is to say that the carbon-to-
palladium bonds are being broken simultaneously with the making of the new
carbon-to-carbon bond. In an asymmetric situation, for example a hydride
group and a vinyl substituent at palladium, the elimination may have the
character of a “migratory reductive elimination”. The hydride starts to migrate
as it were to the vinyl group, utilizing the antibonding olefinic bond (see for
example [12]). The reductive elimination of aryl ethers from arylpalladium
alkoxides has been described in the same way, having a Meisenheimer type
intermediate [13], Figure 2.18. Elimination is “asymmetric” in that the carbon-
to-palladium bond remains intact while oxygen-to-palladium is being broken
and the carbon-to-oxygen bond is being formed. This detail should not be
surprising, because when one looks at the reverse reaction, i.e. the oxidative
addition of an aromatic halide to a palladium(0) complex, one would expect
that palladium will attack the aryl halide at the electron deficient carbon atom
carrying the halide atom. The putative intermediate is exactly the same as that
presumed in the reductive elimination reaction. This mechanism for oxidative
addition had already been proposed in 1971 [14]!

As outlined above, the reaction can be induced by the addition of electron
withdrawing ligands; in this case electron-poor alkenes are very effective.
Electronic effects of the ligands were introduced in section 2.4, for the
oxidative addition. Another potential electronic effect is that of the bite angle.
Square-planar, divalent palladium complexes will prefer P-Pd—P angles with
values close to 90°, for example in the complexes shown in Figure 2.18. In the
zerovalent complexes this angle may be considerably higher; for a tetrahedral
product the angle may be 109°, and for a trigonal product even higher. Thus, if
one would use a ligand with a “ligand preference” for wider bite angles, the
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reductive elimination will be promoted, probably both kinetically and
thermodynamically. In Chapter 11 we will come back to this [15].

When the steric repulsion between a cis bidentate and two substituents R
and CN increases in a series of bidentate phosphine complexes of palladium,
the rate of reductive elimination of R-CN increases by several orders of
magnitude [16]. Actually, the steric effect and electronic effect are related and
careful variation of only one property at a time is needed to distinguish between
the two.

CN CN
CN
P Qj P ; R i
Ny - . C Ny O-R C Npg )
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Figure 2.18. "Migratory" reductive elimination and oxidative addition

The reductive elimination/oxidative addition is of practical importance in
catalytic cycles, for example the rhodium/methyl iodide catalysed
carbonylation of methanol. In organic synthesis the palladium or nickel
catalysed cross-coupling presents a very common example involving oxidative
addition and reductive elimination. A simplified scheme is shown in Figure
2.19 [17].

Loob wpner KO Ph wgm LCPh BN Ph
Pf — P ——> P{ — Fd +|
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Figure 2.19. Palladium catalysed cross-coupling

2.6 o-Elimination reactions

a-Elimination reactions have been the subject of much study since the mid
seventies mainly due to the pioneering work of Schrock. The Early Transition
Metals are most prone to o-elimination, but the number of examples of the later
elements is growing. A classic example is shown in Figure 2.20. In
decomposition reactions of dimethyl metal complexes of palladium and nickel
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one finds the formation of methane, which is also attributed to an o-elimination
process. The methylidene complex is not observed in this instance.

=

1 1
Ta _>A Ta
a7 cl // N
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Figure 2.20. o—Elimination

Metal alkylidene complexes find application in the metathesis of alkenes,
the cyclopropanation of alkenes (Grubbs, Schrock), Wittig type reactions, and
the McMurry reaction. In suitable complexes o-elimination can occur twice
yielding alkylidyne complexes. See Figure 2.21 for an example with tungsten.

Alkylidyne complexes can be used as catalysts for the metathesis of
alkynes. For a classic review see Schrock [18].

X\ ,CH—tBu A \
X—/W\—CHz—tBu —_— RO—W=C
X CH,—tBu

/
2 CgHyp RO

Figure 2.21. o-elimination leading to alkylidyne complex

2.7 Cycloaddition reactions involving a metal

Cycloaddition refers to a process of unsaturated moieties forming a
metallacyclic compound. It is sometimes categorised under oxidative additions,
but we prefer this separate listing. Examples of the process are presented in
Figure 2.22. Metal complexes which actually have revealed these reactions are
M = L,Ni for reaction @, M = Cp,Ti for reactions b and ¢, M = Ta for d, and M
= (RO);W for e. The latter examples involving metal-to-carbon multiple bonds
have only been observed for early transition metal complexes, the same ones
mentioned under a-elimination, 2.20.

In examples 2.22 a and b the metals increase their valence by two, and this
is not just a formalism as indeed the titanium(Il) and the nickel(0) are very
electron rich metal centres. During the reaction a flow of electrons takes place
from the metal to the organic fragments, which end up as anions. In these two
reactions the metal provides two electrons for the process as in oxidative
addition reactions. The difference between cycloaddition and oxidative addition
is that during oxidative addition a bond in the adding molecule is being broken,
whereas in cycloaddition reactions fragments are combined.
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Figure 2.22. Cycloaddition reactions

For reactions 2.22 ¢ and d the situation is slightly different. The formal
valence of the metal increases in ¢ and d with two units again when the
alkylidene is considered as a two-electron neutral ligand. The two electrons
donated by the metal in the "oxidative addition" process were already involved
in the bonding of the alkylidene, and not present at the metal centre as a surplus
non-bonding lone pair (cf. square planar d* complexes, or the above d* Ti and
d'" Ni cases). The reaction of the alkylidyne in 2.22 e is a cycloaddition
reaction for which other descriptions make little sense. Some textbooks regard
alkylidenes as four-electron dianions; in this formalism the valence does not
change during a cycloaddition. Three mechanisms can be proposed for the
intimate reaction mechanism for c-e, analogous to the organic 2+2
cycloadditions:

a pericyclic (concerted) mechanism,
a diradical mechanism, and
a diion mechanism.

In view of the polarisation of the metal(+) carbon(-) bond an ionic
intermediate may be expected. The retention of stereochemistry, if sometimes
only temporarily, points to a concerted mechanism.

The reverse reaction of a cycloaddition is of importance for the construction
of catalytic cycles. The retro-cycloadditions of reactions @ and b in Figure 2.22
are not productive, unless the structures were obtained via another route.

For 2.22 c-e the following retro reactions can be envisaged leading to new
products: see Figure 2.23.

M= M M
_ ~— L] 1|

M—=

— O— 1

Figure 2.23. Retrocycloaddition
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Reaction 2.22 a may be followed by various other reactions such as
insertions, B-eliminations or regular reductive eliminations (See Figure 2.24).
The reductive elimination reaction is governed by the common rules given in
the section on reductive elimination. The reaction shown has been observed for
nickel complexes.

\
M —_— M —_ M+ |:|
=

Figure 2.24. Cycloaddition followed by reductive elimination

2.8 Activation of a substrate toward nucleophilic attack

2.8.1 Alkenes

Co-ordination of an alkene to an electronegative metal (often it may carry a
positive charge) activates the alkene toward attack of nucleophiles. After the
nucleophilic attack the alkene complex has been converted into a 6—bonded
alkyl complex with the nucleophile at the B-position. With respect to the alkene
(in the "organic" terminology) the alkene has undergone anti addition of M and
the nucleophile Nu, see Figure 2.25.

As indicated under section 2.2. the overall result is the same as that of an
insertion reaction, the difference being that insertion gives rise to a syn-addition
and nucleophilic attack to an anti-addition. Sometimes the two reaction types
are called inner sphere and outer sphere attack. There is ample proof for the
anti fashion; the organic fragment can be freed from the complex by treatment
with protic acids and the organic product can be analysed [19]. Appropriately
substituted alkenes will show the syn or anti fashion of the addition. The
addition reaction of this type is the key-step in the Wacker-type processes
catalysed by palladium.

- OH" .
N SN
5 g —OH
Pd= — Pd—
K 1 K L

Figure 2.25. Nucleophilic attack to a co-ordinated alkene
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The analogy with the addition of Br'OH™ to alkenes seems appropriate.
Whether or not an alkene will be activated by the metal toward nucleophilic
attack is not clear as we are dealing with the counteracting influences of
donation and back-donation. Experience tells us that we need positively
charged rare earth metals or transition metals, and the late transition metals
should not contain donor groups such as phosphines. In Figure 2.24 the
depicted nucleophile is anionic, but Nu may also be a neutral nucleophile such
as an amine. Often palladium salts in water without other donor ligands are the
most active catalysts in Wacker-type reactions. There are many alkene
complexes of middle and late transition elements which also undergo this type
of reaction, e.g. M = P, Hg*", Zn*", FeCp(CO)*".

2.8.2 Alkynes

Alkynes show the same reaction and again the product obtained is the anti
isomer. After a suitable elimination from the metal the alkene obtained is the
product of the anti addition. Earlier we have seen that insertion into a metal
hydride bond and subsequent hydrogenation will afford the syn product. If we
use BHy as the nucleophile we can accomplish anti addition of a hydride.
Thus, with the borohydride methodology and the hydrogenation route either
isomer can be prepared selectively.

2.8.3 Carbon monoxide

Co-ordinated carbon monoxide is activated towards nucleophilic attack.
Through o-donation and m-back donation into the antibonding CO 7 orbitals
the carbon atom has obtained a positive character. This makes the carbon atom
not only more susceptible towards a migrating anion at the metal centre, but
also for a nucleophile attacking from outside the co-ordination sphere. In this
instance it is more difficult to differentiate between the two pathways. There are
examples showing that the electrophilicity of the carbon atom can be further
increased by the action of Lewis acids complexing to the oxygen atom of the
co-ordinated CO.

Figure 2.26. Nucleophilic attack at co-ordinated carbon monoxide



46 Chapter 2

Figure 2.26 shows an alkoxide attack at co-ordinated CO giving a
carboalkoxy complex, and a borohydride attack at co-ordinated CO in which
the boron simultaneously acts as a Lewis acid. The BH; complexation now
stabilises the formyl complex that would otherwise be thermodynamically
inaccessible. So far the latter reaction has only been of academic interest in
homogeneous systems (it may be relevant to heterogeneous systems though
proof'is lacking).

The nucleophilic attack by alkoxides, amines, and water is of great interest
to homogeneous catalysis. A dominant reaction in syn-gas systems is the
conversion of carbonyls with water to metal hydrides and carbon dioxide
("Shift Reaction"), see Figure 2.27.
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Figure 2.27. Hydroxide attack followed by elimination of CO,

2.8.4 Other substrates

We have already reviewed the activation of alkenes, alkynes, and carbon
monoxide towards nucleophilic attack. The heterolytic splitting of dihydrogen
is also an example of this activation; it will be discussed in Section 2.10. The
reaction of nucleophiles with silanes co-ordinated to an electrophilic metal can
be regarded as an example of activation towards nucleophilic attack (Figure
2.28). Complexes of Ir(Ill) and Pd(I) give t.o.f. for this reaction as high as
300,000 mol.mol.".h™".

H
I L
L/Il | —— L/\I,r—H + CH;0—SiR,
IR3
" % " \t
Ha

Figure 2.28. n"-HSiR; complex, nucleophilic attack, and heterolytic splitting [20]
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Recent advances include alkyl iodides as substrates that can be activated by
metal complexation. Also w-allyl "anions", when co-ordinated to palladium, are
activated toward attack by nucleophiles. This is very similar to the activation of
co-ordinated alkenes and it shows the very high electrophilicity of palladium.
The valence state of palladium, and/or the charge on palladium, and therefore
also the ligands attached to it are very important:

e  palladium(2+) surrounded by weak donors is a strong electrophile,

e  palladium(0) reacts as a nucleophile with methyl iodide,

e  palladium(2+) surrounded by nitrogen donor ligands and alkyl groups

reacts as a nucleophile with methyl iodide! giving tetravalent

palladium (Figure 2.29).
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Palladium(ll) and palladium(0) as nucleophiles
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Palladium(ll) as an electrophile

Figure 2.29. Palladium, the “chameleon” catalyst

There is obviously a relation with the classic activation of molecules by
Lewis acids, but here we have confined ourselves to the activation of "soft"
substrates by "soft" acids. Examples of "hard" acid activated reactions include
Diels-Alder additions, nitrile solvolysis, ester solvolysis, ester formation,
Oppenauer reactions etc (see Lewis acid catalysed reactions, 2.11).
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2.9 o-Bond metathesis

A reaction which is rather new and not mentioned in older textbooks is the
so-called ©-bond metathesis. It is a concerted 2+2 reaction immediately
followed by its retrograde reaction giving metathesis. Both late and early
transition metal alkyls are prone to this reaction, but for d” early transition
metals there is no other mechanism than ¢-bond metathesis at hand. Many
similar reactions such as the reaction of metal alkyls with other HX compounds
could be described as if they would follow this pathway, but the use of the term
o-bond metathesis is restricted to those reactions in which one reacting species
is a metal hydrocarbyl or metal hydride and the other reactant is a hydrocarbon
or dihydrogen. In Figure 2.30 the reaction has been depicted.

M—CHs M- -CH M CHs
— N I

S — |
H—H H--H H H

CHo . M GHa

DsC—D D4C--D D,C D

M—CH M: -

Figure 2.30. 6-bond metathesis

There are of course borderline cases; when the reacting hydrocarbon is
acidic (as in the case of 1-alkynes) a direct attack of the proton at the carbanion
can be envisaged. It has been proposed that acyl metal complexes of the late
transition metals may also react with dihydrogen according to a o©-bond
metathesis mechanism. However, for the late elements an alternative exists in
the form of an oxidative addition reaction. This alternative does not exist for d"
complexes such as Sc(Ill), Ti(IV), Ta(V), W(VI) etc. and in such cases 6-bond
metathesis is the most plausible mechanism.

2.10 Dihydrogen activation

In the reactions above we have not explicitly touched upon the reactions of
dihydrogen and transition metal complexes. Here the reactions that involve the
activation of dihydrogen will be summarised, because they are very common in
homogeneous catalysis and because a comparison of the various mechanisms
involved may be useful. Three reactions are usually distinguished for hydrogen:

— oxidative addition (Figure 2.14),
— heterolytic cleavage, and
— o-bond metathesis (see Figure 2.31).

Oxidative addition of dihydrogen commonly involves transformation of a d*
square planar metal complex into a d® octahedral metal complex, or similar
transformations involving d> — d°, d'° — d® etc. The oxidative addition of
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dihydrogen to low-valent metal complexes is a common reaction in many
catalytic cycles. In spite of the high strength of the dihydrogen bond the
reaction proceeds smoothly to afford cis dihydrido complexes. The bond energy
of a metal hydrogen bond is in the order of 240 +/- 40 kJ.mol" which is
sufficient to compensate for the loss of the H-H bond (436 kJ.mol™). The
hydride is formally charged with a minus one charge and this electron count
gives dihydrogen the role of an oxidising agent! The classic example of
oxidative addition to a d* metal complex is the reaction discovered by Vaska
and Diluzio [21]:

trans—IrCl(CO)(PPh3)2 +H, - IerCl(CO)(PPh3)2

In rhodium complexes the reaction has found widespread application in
hydrogenation. In model compounds the reaction reads [22]:

Rh(diphosphine),” + H, — RhH,(diphosphine),"

The reaction of a metal-dimer with H, can also be regarded as an oxidative
addition reaction. For instance, a dimer of a d’ metal complex reacts with
dihydrogen to give two d® species. In this process dihydrogen also gives
formally two hydride anions. A well-known example in the present context is
the conversion of dicobaltoctacarbonyl into hydridocobalttetracarbonyl:

Cox(CO)s+ Hy — 2 HCo(CO),

In the past this was referred to as a homolytic reaction [23]. It is clear that it
would be highly unlikely that dihydrogen would be split into a metal hydride
and a highly energetic hydrogen radical; in this sense the term homolytic
splitting is misleading.

Heterolytic cleavage of dihydrogen has been the topic of much study and
discussion, but there are only very few cases in which clear proof has been
obtained for the occurrence of a splitting of dihydrogen into a proton and a
metal bonded hydride. In the ideal case the heterolytic splitting is catalysed by
the metal ion and a base which assists in the abstraction of the proton. In this
reaction there is no formal change in the oxidation state of the metal. The
mechanism has been put forward for Ru(Il) complexes which can react with
dihydrogen according to:

RuClL(PPhs); + H, — RuHCI(PPh;); + HCI

Ruthenium has a sufficient number of d-electrons to undergo oxidative
addition of dihydrogen, which could then be quickly followed by reductive
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elimination of HCI. Experimentally it is difficult to distinguish between the two
pathways (vide infra). Stretching it a bit further, the heterolytic splitting
reaction is also very close to a 6-bond metathesis except that the transition state
would be very polar with chloride as one of the participating atoms in the 2+2
intermediate, and, formally, the heterolytic splitting reaction does not require a
2+2 transition state. Observations on dihydrogen complexes of ruthenium have
thrown new light on the heterolytic splitting of dihydrogen [24]. They have
shown that CpRu(L)(n*-H,)" reacts rapidly with NEt; as can be deduced from
the dynamic 'H NMR spectra which indicate a rapid exchange of the
dihydrogen complex with its conjugate base, CpRu(L)(H) (Figure 2.31).

le (+) ?p (2/ NEts Cp
- Ru H _— + HNEt;"
L/RU\H = P Ru_ 3
/\ Y | H
' H slow L H fast L

Figure 2.31. Heterolytic cleavage of dihydrogen

This reaction is much faster than the exchange with the corresponding
dihydride complex. The present studies on dihydrogen complexes may lead to a
better understanding of the heterolytic splitting of dihydrogen. Indeed, it seems
reasonable that dihydrogen can be activated towards reaction with a base
through complexation to a cationic complex.

There is another possible mechanism for heterolytic splitting of dihydrogen
in which the base is coordinated to the metal. After the reaction the acid
conjugate formed may stay on the metal or may leave the metal, as shall be the
case for HCl and HOOCCHj3. This mechanism would be suitable for heterolytic
splitting of dihydrogen on solid oxides. In Figure 2.32 one example has been
depicted [25]. Throughout the process the platinum remains divalent.

H\
O—PPhy H O—PPh; H
H Pt —— H Pt
NN 0 N /N OH
O—PPh, P O—PPh, P
Ph, Phy

Figure 2.32. Heterolytic splitting of dihydrogen by a "base-metal" pair

2.11 Activation by Lewis acids

In section 2.8 we have discussed the activation of substrates towards
nucleophilic attack by co-ordination of the fragment to a transition metal. Here
we will describe a few examples of activation of reagents when complexed to
Lewis acids. In organic textbooks one will find a variety of reactions catalysed
by Lewis acids.
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2.11.1 Diels-Alder additions

The Diels-Alder reaction is the reaction of a diene with a mono-ene to form
a cyclohexene derivative, an important reaction for the construction of organic
intermediates. One of its attractions is the atom efficiency of 100%, no
by-products being formed. The mono-ene, or dienophile which may also be an
alkyne, has a LUMO of low energy while the diene is usually electron rich with
a high lying HOMO. The interaction of these two orbitals starts the reaction
between the two molecules (Figure 2.33) [26].

_.AICl _.AlCl3 _.AICl;

90% without AICI3
Figure 2.33. Lewis acid catalysed Diels-Alder reaction

The reaction can be accelerated by complexation of the dienophile to a
Lewis acid which further lowers the level of the interacting LUMO [27]: Two
regio-isomers are formed in the example shown, we shall not consider the
stereochemistry. Typically in these systems governed by frontier orbitals, the
reactions not only become much faster with a Lewis acid catalyst, but also
more regioselective.

For these and similar reactions recently a variety of Lewis acidic
aluminium, rare earth metals, and titanium alkoxides have been applied.
Alkoxides have the additional advantage that they can be made as enantiomers
using asymmetric alcohols which opens the possibility of asymmetric catalysis.
Examples of asymmetric alcohols are bis-naphtols, menthol, tartaric acid
derivatives [28]. Other reactions comprise activation of aldehydes towards a
large number of nucleophiles, addition of nucleophiles to enones, ketones, etc.

2.11.2 Epoxidation

Alkenes can be transformed into epoxides by hydroperoxides and a catalyst,
which often is a high-valent titanium or molybdenum complex acting as a
Lewis acid. The mechanism is not clear in great detail; in Figure 2.34 a
suggested mechanism is given. Coordination of the alkene to the metal prior to
attack of the electrophilic oxygen is not considered as a necessary step.
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tBu }Bu tBu
I
(0] O. [0)
~ ~ .
J+?\H—’.0/H—> O * 7 TH
Ti /F
v Ti

Figure 2.34. Epoxidation with Lewis acids

The key factor is the action of the metal on the peroxo group making one
oxygen atom electrophilic. Whether or not the metal is bonded to carbon in the
intermediate is not known, but also considered unlikely; naturally this will
depend on the particular substrate and catalyst. Epoxidation will be discussed in
Chapter 14, with special emphasis on asymmetric epoxidation with chiral metal
catalysts.

2.11.3 Ester condensation

An application of industrial importance of Lewis acidic metal salts is the
condensation of carboxylic diacids and diols to give polyesters. This is an acid
catalysed reaction that in the laboratory is usually catalysed by protic acids. For
this industrial application salts of manganese, nickel, or cobalt and the like are
used. From a chemical point of view this chemistry may not be very exciting or
complicated, the large scale on which it is being carried out makes it to an
important industrial reaction [29].

2.12 Carbon-to-phosphorus bond breaking

The breaking of carbon-to-phosphorus bonds is by itself not a useful
reaction in homogeneous catalysis. It is an undesirable side-reaction that occurs
in systems containing transition metals and phosphine ligands and that leads to
deactivation of the catalysts. Two reaction pathways can be distinguished,
oxidative addition and nucleophilic attack at the co-ordinated phosphorus atom
(Figure 2.35).

Ph Ph. .Ph Fh Ph
Ph—p==Ph %/ Ph—psPN PhG OR
| — » P Fl’ . T
M Ph—M M—OR Ph—M
Oxidative addition Nucleophilic attack

Figure 2.35. Phosphine decomposition

The importance of transition-metal mediated decomposition of ligands has
been reviewed by Garrou [30] with an emphasis on oxidative addition as the
mechanism.
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Oxidative addition. The oxidative addition of a phosphine to a low valent
transition metal can be most easily understood by comparing the Ph,P-
fragment with a Cl- or Br- substituent at the phenyl ring; electronically they are
very akin, cf Hammett parameters and the like. The phosphido anion formed
during this reaction will usually lead to bridged structures, which are extremely
stable.

PEN2 ppp,

PPh;——Rb- —

Rh
/ & PPh,
oc X

AR

oc PPh,

Cco

Figure 2.36. Decomposition product of RhH(CO)(PPh;);

Thermal decomposition of RhH(CO)(PPhs);, the well known
hydroformylation catalyst, in the absence of H, and CO leads to a stable cluster
shown in Figure 2.36 containing W,-PPh, fragments [31]. Under
hydroformylation conditions also other products are found such as
benzaldehyde, benzene, and diphenylpropylphosphine.

Cluster or bimetallic reactions have also been proposed in addition to
monometallic oxidative addition reactions. The reactions do not basically
change. Reactions involving breaking of C-H bonds have been proposed. For
palladium catalysed decomposition of triarylphosphines this is not the case
[32]. Likewise, Rh, Co, and Ru hydroformylation catalysts give aryl derivatives
not involving C-H activation [33]. Several rhodium complexes catalyse the
exchange of aryl substituents at triarylphosphines [34]:

R'sP + RsP — (Rh) > R'R,Petc

These authors propose as the mechanism for this reaction a reversible
oxidative addition of the aryl-phosphido fragments to a low valent rhodium
species. A facile aryl exchange has been described for complexes
Pd(PPh;),(CsH4CH3)I. The authors [35] suggest a pathway involving oxidative
additions and reductive eliminations. The mechanism outlined below, however,
can also explain the results of these two studies.

Nucleophilic attack. Current literature underestimates the importance of
nucleophilic attack as a mechanism for the catalytic decomposition of
phosphines, especially with nucleophiles such as acetate, methoxy, hydroxy and
hydride (Figure 2.37). For examples of nucleophilic attack at co-ordinated
phosphorus see references [36].
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Figure 2.37. Phosphine decomposition via nucleophilic attack

Related to this is the mechanism for the catalytic oxidation of phosphines by
water. This reaction plays a role in “catalysis in water” using water-soluble
phosphine ligands.

More recently a variation of this mechanism was reported by Novak [37].
The mechanism involves nucleophilic attack at co-ordinated phosphines and it
explains the exchange of aryl groups at the phosphine centres with the
intermediacy of metal aryl moieties. After the nucleophilic attack the phosphine
may dissociate from the metal as a phosphonium salt. To obtain a catalytic
cycle the phosphonium salt adds oxidatively to the zerovalent palladium
complex (Figure 2.38). Note “where the electrons go”.

Ph Ph FPh
g 3 $
Ph St P Ph— s_aPh Ph— sl Ar

4 Pd A * iljd—Ph
Pd—Ar Ar

Figure 2.38. Aryl exchange via phosphonium compounds

A catalytic decomposition of triphenylphosphine has been reported [38] in a
reaction involving rhodium carbonyls, formaldehyde, water, and carbon
monoxide. The following reactions may be involved (Figure 2.39):

_OCH,
OCH;8 Ph,P

——> PhR .
PhoR @ CHs
Rh—OCH; thp\\o o
HZC \
thP
_CH,OH

; Phi\’h - _CH,OH
PhoP Ph,P

Rh—CH,OH
Figure 2.39. Catalytic decomposition of triphenylphosphine
Hydroformylation of formaldehyde to give glycolaldehyde is an attractive

route from syn-gas toward ethylene glycol. The reaction is catalysed by
rhodium arylphosphine complexes [39] but clearly phosphine decomposition is
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one of the major problems to be solved before a catalyst can be applied
commercially [40].

2.13 Carbon-to-sulfur bond breaking

While breaking of the carbon-to-phosphorus bond is a nuisance in catalysis
with organometallic complexes, the breaking of carbon-to-nitrogen and
-to-sulfur bonds is a desired reaction in the oil industry. Hydrodenitrification
(HDN) and hydrodesulfurisation (HDS) are carried out on a large scale in order
to remove nitrogen and sulfur from the fuel feedstocks.

S CoMoS,/Al,0,
S\ /7 + H, ———» CyHgs + HzS

Figure 2.40. Hydrodesulfurisation

Catalysts are heterogeneous sulfided nickel (or cobalt) molybdenum
compounds on a y-alumina. The reaction has been extensively studied with
substrates such as thiophene (Figure 2.40) as the model compound mainly with
the aims of improving the catalyst performance. The mechanism on the
molecular level has not been established. In recent years the reaction has also
attracted the interest of organometallic chemists who have tried to contribute to
the mechanism by studying the reactions of organometallic complexes with
thiophene [41]. Many possible co-ordination modes for thiophene have been
described.

As a second step in the reaction, following co-ordination, most authors
propose an oxidative addition of the C-S fragments to the transition metal,
similar to the reaction found for carbon-to-phosphorus bond breaking. Since the
C-S bond is rather weak it is easy to break and indeed several model reactions
can be found in the literature.

In order to get a catalytic cycle it is necessary that the metal sulfide
intermediate can react with hydrogen to form the reduced metal complex (or
compound) and H,S. For highly electropositive metals (non-noble metals) this
is not possible for thermodynamic reasons. The co-ordination chemistry and the
oxidative addition reactions that were reported mainly involved metals such as
ruthenium, iridium, platinum, and rhodium.

Studies on heterogeneous catalysts seem to invoke partial hydrogenation of
thiophene prior to desulfurization [42]; the catalysts are also active
hydrogenation catalysts. Recently evidence for a facile and selective
desulfurisation of partly hydrogenated thiophene has been reported, the reaction
of 2,5-dihydrothiophene on (110) molybdenum surfaces (Figure 2.41) [43].
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S

Figure 2.41. Desulfurisation of 1,5-dihydrothiophene

In organic chemistry this is called a retro-pericyclic reaction and it should
indeed have a low barrier of activation. Under the high vacuum techniques
applied, on clean surfaces, the reaction proceeds already below 140 K (the
temperature at which desorption of the weakly co-ordinated butadiene is
observed).

Advances can be found in references [35-44]. A model sequence of
reactions for iridium is shown in Figure 2.42. Crucial to most mechanisms is
the oxidative addition of the C-S moiety to the metal centre, for which many
examples have been reported. The model reaction of 2.42 involves stepwise
reactions with hydride and protons and is as yet stoichiometric [45].

Hydrodesulfurisation of thiophene must be accompanied by hydrogenation
of double bonds otherwise there may exist thermodynamic constraints [46].

S N
{ 7 P P H P
\ / + P / —> o / . N /
~Ir+ LA P)Ir
p~ P | P
S A S A

P
E» \P\Ir//CI + H,S + HS_\=/ + \\ //
P/l\CI
Cl

Figure 2.42. Oxidative addition of thiophene to iridium (I) followed by stoichiometric
"desulfurisation" ref [39].

A catalytic example of C-S bond breakage in benzothiophene has been
reported by Bianchini [47]. A catalytic desulfurisation was not yet achieved at
the time as this is thermodynamically not feasible at such mild temperatures
because of the relative stability of metal sulfides formed. Bianchini used a
water-soluble catalyst in a two-phase system of heptane—methanol/water
mixtures in which the product 2-ethylthiophenol is extracted into the basic
aqueous layer containing NaOH. Figure 2.43 gives the reaction scheme and the
catalyst. The 16-electron species Na(sulfos)RhH is suggested to be the catalyst.
Note that a hydrodesulfurisation has not yet been achieved in this reaction
because a thiol is the product. Under more forcing conditions the formation of
H,S has been observed for various systems.
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Figure 2.43. Catalytic C-S bond breaking

2.14 Radical reactions

Radical reactions play a role in many oxidation reactions. As we shall see
later in the Wacker process the re-oxidation of palladium zero by dioxygen is
catalysed by copper. It involves the two-electron transfer from palladium(0) to
two copper(Il) species giving palladium(Il) and two copper(I) species. In
heterogeneous oxidations electron transfer plays a key role and it often involves
the non-stoichiometric transfer of electrons and oxygen to a solid catalyst. The
solid catalyst acts as a reservoir for the redox species, a situation that cannot be
easily realised in homogeneous systems. The mechanism according to which a
solid can act as a reservoir for e.g. oxygen atoms during an oxidation reaction is
referred to as the Mars-van Krevelen mechanism.

Co(IlT) and Mn(IIl) salts are used as initiators for the autoxidation of
methylaromatics to carboxylic acids. The metal "radicals" assist in making the
first organic radicals which will subsequently enter into the common catalytic
autoxidation cycle for RH molecules:

RH + Co(IlI)*" + Br — Re + Co(I)*" + HBr
Re + O, — RO,e etcetera

The actual schemes of these reactions are very complicated; the radicals
involved may also react with the metal ions in the system, the hydroperoxide
decomposition may also be catalysed by the metal complexes, which adds to
the complexity of the autoxidation reactions. Some reactions, such as the cobalt
catalysed oxidation of benzaldehyde have been found to be oscillating reactions
under certain conditions [48].

A significant development of the last decade involving radicals and
organometallic complexes is the “living” radical polymerisation. In a common
radical polymerisation (see Atkins, page 910, 5" Ed.) the molecular weight
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distribution of the product is broad due to a fast termination reaction of two
reactive polymer chain end radicals. In order to obtain a “living” polymer
system [49] the actual radical concentration has to be kept extremely low. This
can be done by binding the growing chain, reversibly, to a halide radical
(abstracted from a metal complex) or to stable organic radicals, with the use of
compounds such as TEMPO. When organic “catalysts” are used the initiation is
done in the usual way by a radical initiator, e.g. a peroxide thermally
decomposing into two radicals.

TEMPO combines with the radical chain and keeps the concentration of the
growing radical chain low, such that the recombination of radicals is
suppressed. This type of radical polymerisation is called Atom Transfer Radical
Polymerisation (ATRP). It has the properties of a living polymerisation, as the
molecular weight increases steadily with time and one can make block
polymers this way by adding different monomers sequentially.

PN, X — Ao~

propagation

2 PN B\ P S

termination

P, * — > R~~~

- (@)

Oe TEMPO
Figure 2.44. Hypothetical scheme for TEMPO controlled "living" radical polymerization

Alternatively metal complexes can be used. In all cases studied so far the
metal complex provides, temporarily, a halogen radical to the chain, while the
metal switches between oxidation states. An example is shown in Figure 2.45.
Suitable metals are Ru(Il)/Ru(III), Ni(IT)/Ni(IlI) and Cu(I)/Cu(Il). The ligands
co-ordinated to the metal centre can be used to fine-tune the properties of the
metal complex as has been shown for copper and dinitrogen and trinitrogen
ligand systems by Matyjaszewski [49]. Initially several authors assumed that
indeed the metal centre acted as the temporary radical trap, similar to TEMPO,
but the current idea is that this is not the case. Nickel(Il) bromide forms the
initiating radical, and nickel(IIl) bromide provides the bromine radical to stop
the growth of the radical chain. This way the concentration of the growing
chains is kept low and the rate of the termination reaction (coupling of two
growing chains, or hydrogen exchange between two chains) is suppressed. The
molecular weight can be better controlled, but the overall rate becomes much
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lower. This is one example out of many and this one uses a complex type
extensively studied in the van Koten group [50]. The concentrations of the
reagents are very critical; when the concentration of CCl;Br is too high its
adduct to the acrylate is obtained instead of a polymer. In this case the reaction
is called Atom Transfer Radical Addition, in the example the Kharasch
reaction.

|
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| '+ CClsBr —> |'\B +CCly
r

¥ -

ll\l— Z Z Z Z |

- W\/K/CCl -
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Figure 2.45. ATRP and Kharasch addition with nickel catalyst
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Chapter 3
KINETICS

A conditio sine qua non for deciding on a mechanism

3.1 Introduction

Kinetics is one of the key issues of catalysis together with selectivity and
catalyst stability. Chemical kinetics has been discussed in several dedicated
works [1] and the readers will be aware of its basics [2]. In the following
sections several commonly used concepts are mentioned such as steady state
approximation, rate-determining step, determination of selectivity, and a few
points of particular interest to catalysis will be high-lighted such as incubation.

3.2 Two-step reaction scheme

A catalytic reaction often consists of more than one step and therefore the
expression for the rate for a reaction between two substrates A and B rarely
takes the simple form of v=k[A][B]. At least one would assume that also the
catalyst concentration [M] forms part of the equation. Thus more than one step
is involved, each of which may be an equilibrium reaction. During the catalytic
process the individual steps may not reach equilibrium and the competing rates
determine the concentrations of each intermediate. While each individual
reaction may obey a simple rate equation, the observed overall rate equation
can be very complicated. What does the rate equation look like and how can it
be expressed in measurable quantities is the question to be asked.

Suppose we have a simple reaction scheme consisting of two steps as
shown in Figure 3.1. Reaction 1 is reversible and reaction 2 is irreversible. The
rate of a sequence of two reactions can be expressed in an analytical fashion.
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k4

M+ S MS (1)

k1

k
MS +H, 2, M + products @)

M = catalyst, S = substrate

Figure 3.1. Two-step reaction scheme

v = kp [MS][H] (3)
dMSY/dt =0 = kq[MI[S] - k4[MS] - ko[MSIH,]  (4)

M = [M] + [MS] ®)

kqko [M{[S][H
- 1k2 [M{[S][H] ®)

k4[S] + ka[Ha] + k4
Figure 3.2. A simple two-step catalytic reaction; steady-state approximation

It can be solved by the so-called Bodenstein or steady-state approximation.
This approximation supposes that the concentration of the reactive
intermediate, in this case MS, is always small and constant. For a catalyst, of
which the concentration is always small compared to the substrate
concentration, it means that the concentration of MS is small compared to the
total M concentration. The rate of production of products for the scheme in
Figure 3.1 is given by equation (3). Equation (4) expresses the steady state
approximation; the amounts of MS being formed and reacting are the same.
Equation (5) gives [M] and [MS] in measurable quantities, namely the total
amount of M (M) that we have added. If we don’t add this term, the nominator
of equation (6) will not contain the term of k; and the approximations that
follow cannot be carried out.

3.3 Simplifications of the rate equation and the rate-
determining step

Often equation (6) from Figure 3.2 can be simplified, at least for part of the
window of concentrations or pressures that are applied. The two simplest ones
are a) reaction (1) is much slower than reaction (2), and b) reaction (2) is much
slower than (1). The free-energy profiles for these two cases are depicted in
Figure 3.3, respectively A and B. Case A implies that k, >> k; >> k
(concentrations omitted for the sake of simplicity). The rate equation simplifies
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to v=k,;[M][S]. Reaction (1) is called the rate-determining step; as soon as SM
has been formed via the slow forward reaction (1) it is converted to products.
Note that the rate of reaction in this case is independent of the H, concentration.
The catalyst in the reaction mixture occurs as complex M, which is called the
resting state. In this instance the resting state is the state immediately preceding
the rate-determining step. In addition the rate-determining step as defined here
shows the highest barrier in the energy profile of the overall reaction scheme.
As we will see, intuitively one might opt for a different definition and this often
leads to confusion.

Case B is very common and can also be worked out easily. It is seen that the
barriers for both the forward and backward reaction of (1) are much lower than
the barrier for (2). We are dealing with a fast pre-equilibrium and a rate-
determining reaction (2); k;, k; >> k, (concentrations omitted). It is also
referred to as Curtin-Hammett conditions in U.S. literature; it refers to the
kinetics of a system of a number of rapidly equilibrating species or
conformations, each one of which might undergo a different conversion, but all
that counts is the global, lowest barrier, as that is the direction the system takes.

M+S

product

product product
Figure 3.3. Typical free energy profiles

The rate equation is presented in equation (7). It can also be derived from v
= ky[MS][H,] when we substitute for [MS] the equilibrium fraction of the
catalyst that occurs as MS. Note that we do not fulfil the Bodenstein
approximation, but our general formula (6) is still valid. If the free energy of
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MS is lower than that of M the system is in the regime of substrate saturation;
addition of more S does not lead to a rate increase. The behaviour of the
reaction rate in case B is typical of enzymes and in biochemistry this is referred
to as Michaelis-Menten kinetics. The success of the application of the
Michaelis-Menten kinetics in biochemistry is based on the fact that indeed only
two reactions are involved: the complexation of the substrate in the pocket of
the enzyme and the actual conversion of the substrate. Usually the exchange of
the substrate in the binding pocket is very fast and thus we can ignore the term
k;[H,] in the denominator. Complications arise if the product binds to the
binding site of the enzyme, product inhibition, and more complex kinetics
result.

As mentioned above, for case B we can omit the k, term from the
denominator and we obtain (for a metal catalyst example) equation (7) in
Figure 3.4. This may not be immediately recognised as the characteristic
equation one is used to in biochemistry. When one plots the rate versus the
substrate concentration, equation (7) will lead to a curved line, provided that
considerable substrate binding takes place. Using paper and pencil such a
curved line is not amenable to further analysis and therefore Lineweaver and
Burk introduced the well-known plot of the inverse rate versus the inverse of
the substrate concentration, see equation (8), for a hydrogenation catalyst. If the
hydrogen pressure is kept constant a plot of the 1/v versus 1/[S] gives a strait
line in the graph from which k, and the equilibrium constant can be derived.

_ kakg [M{IS]IHg]
T ke[Sl +ky

@)

e ®)
VT kMG keko IMJISTH]

Figure 3.4. Lineweaver-Burk expression for the metal catalysed reactions (1-2)

Case C in Figure 3.3 is instructive from the point of view of what one
should call rate-determining. The barrier for reaction (2) is clearly the highest
point in our profile and thus we will call this the rate-determining step. The
reactive intermediate MS when formed in this scheme will like in B mainly
return to M, but compared to B the formation of MS is much slower, because
the barrier related with k; is very high. If one would carry out stoichiometric
reactions to measure the rates of the individual steps or MO calculations to
calculate the barriers, one will find that the barrier for the forward reaction (1)
is higher than that for reaction (2). Nevertheless, we will say that reaction (2) is
rate determining. The main part of the energy required to have the reaction
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proceed is used for the formation of MS via reaction (1). The rate equation to
be used is clearly equation 6, the one containing all terms.

Case D has been added to show an intermediate case for A and C. The
barriers for k ; and k;, are taken more or less the same (note that the actual rate
for (2) will also depend on the concentration of H,). One can say in this
instance that the rate-determining step is the forward reaction (1) and that the
two rates leading from MS back or forward determine the proportion of MS
that leads to product. Equation (9) obtained by omitting k; from the
denominator in (6) underscores this.

ko[H
v= kg —2d__ (9)

Figure 3.5. Approximation for case D
The resting state of the catalyst, in the schemes chosen so far, has been a

species at the beginning of the catalytic cycle. We will discuss one example, E,
in which this is not the case.

M+S

MS product
Figure 3.6. A resting state MS different from the starting catalyst M

In scheme E in Figure 3.6 it is seen that one of the intermediates (MS) has a
lower energy than the starting complex M. This means that all M will be
relatively quickly converted to MS and that all catalyst resides in the MS state.
Step (2) is rate-determining and the rate equation for this catalytic system
reduces to v = ky[M(][H,]. Under these conditions the rate of reaction is
independent of the concentration of the substrate S.

By way of exercise, let us summarise a few dependencies on concentrations
using the simple reaction scheme used so far:

A: the order in S and M is one and the order in H; is zero;

B: the order in S is between zero and one, depending on the equilibrium and
the relative value k,, and the order in M is one, and the order in H, is one;

C and D: broken orders will be found in H, and S and a first order in M.
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Note that in the elementary steps the reaction rates are first or second order
and only in the overall equation they become complex. A negative order in one
of the reagents means that a pre-equilibrium exists involving dissociation or
substitution of L as shown in (10) and (11). The rate of reaction is now given
by (12) containing a negative order in [L].

ki

ML + S —_— MS + L (10)
k1
ko
MS +H, —_— M + products (11)
kikz [M{[S][H,]

. 2l (12)
kq[S] + Kka[Ho] + k4[L]

Figure 3.7. Simple reaction scheme including substitution of L

If one would be able to derive from the experimental data an accurate rate
equation like (12) the number of terms in the denominator gives us the number
of reactions involved in forward and backward direction that should be
included in the scheme of reactions, including the reagents involved. The use of
analytical expressions is limited to schemes of only two reaction steps. In a
catalytic sequence usually more than two reactions occur. We can represent the
kinetics by an analytical expression only, if a series of fast pre-equilibria occurs
(as in the hydroformylation reaction, Chapter 9, or as in the Wacker reaction,
Chapter 15) or else if the rate determining step occurs after the resting state of
the catalyst, either immediately, or as the second one as shown in Figure 3.1. In
the examples above we have seen that often the rate equation takes a simpler
form and does not even show all substrates participating in the reaction.

3.4 Determining the selectivity

Next to the “rate-determining step” we are interested in the step(s)
determining the selectivity. In a multi-step reaction scheme the selectivity has
been determined as soon as an irreversible step has occurred after the
selectivity has been fixed in the fragment being formed. Often the step
determining the selectivity will coincide with the rate-determining step, but this
is not necessary as we will show. We can think of many variations and
complicated systems, but we will refrain to only three. The first one has
become known as the “major—minor” example from enantiospecific
hydrogenation (see Chapter 4). Before the works by J. Halpern and J. M.
Brown were published, the general guide for ligand design — be it successful or
not — was to design a best fit between complex and substrate resembling the
desired product. Thus, it was thought that if the substrate-to-metal-complex
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adduct leading to the R-enantiomer were the most stable, the product of that
reaction would be the R-enantiomer. For the first cases of rhodium-catalysed,
enantiospecific hydrogenation that were studied in detail, this turned out to be
wrong; the most stable intermediate (“major” isomer) reacted much more
slowly than the less stable intermediate (‘“‘minor” isomer).

Since we have not discussed yet enantiospecific catalysis we will show a
fictitious catalyst for the hydrogenation of an enone, which can undergo
hydrogenation to an aldehyde (Figure 3.8, path a) or to allyl alcohol (path b),
via respectively hydrogenation of the alkene or aldehyde function (such
catalysts do exist). The complex of the metal with the > bonded alkene is more
stable than the aldehyde bonded complex. We assume that the two complexes
are in fast equilibrium, but the alkene complex is the “major” species. If,
however, the barrier for aldehyde hydrogenation is lower (path b), the product
of this reaction is mainly allyl alcohol! The energy scheme is shown in Figure
3.8.

Start
educt

=_ ‘ _
b =0 M “\on
Figure 3.8. Major-minor species and selectivity

The major intermediate observed in solution is the alkene complex, but it
interchanges rapidly with the aldehyde complex. The product formed according
to this scheme is allyl alcohol, because the overall barrier 2 is lower than barrier
1 (above we named this Curtin-Hammett conditions). Barrier 2 is also the rate-
determining step in this sequence.

A second scheme (Figure 3.9) shows how the selectivity can be determined
before the rate-determining step occurs, provided that the selectivity-
determining step is still irreversible. The ratio of the barrier la and 1b
determines how much of products a and b will be formed. Subsequently, the
resting states are occupied, but the backward barrier is higher than the forward
barriers 2a and 2b. The barriers 2 form the rate-determining one! These are
delicate balances and since the barriers are free energies it can be imagined that
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if one of the steps is dependent on a concentration of a reagent, the relative
heights of the barriers change.

educt

resting state path a path b product b

product a
resting state

Figure 3.9. Selectivity is determined in steps 1, while steps 2 are rate-determining

The third case involves a determination of the selectivity in competing steps
occurring after the rate-determining step has taken place, which is the same for
both products. The rate equation only contains the rate-determining step and
does not deal with the selectivity! Step 1 has the highest energy barrier and the
intermediate now reacts via two pathways 2a and 2b to the two products a and
b, for which the ratio is controlled by the heights of the energies indicated by
arrows a and b.

product b

educt product a
al |b

e 2

common intermediate

Figure 3.10. Selectivity determined after rate-controlling step

Thus we have seen a variety of possibilities, even for reaction schemes
containing a small number of reactions. Before one can draw a mechanism, one
needs to carry out kinetic measurements, but even then the mechanism may not
be evident, as kinetics often allow more mechanistic interpretations.



3. Kinetics 71

3.5 Collection of rate data

The rate of a reaction and its dependency on the concentrations of the
reactants can be measured in several ways. A simple method involves the
measurement of the rate at zero to low conversion at different concentrations of
one of the substrates, keeping the concentration of other substrates constant.
The latter can be done by using an excess of the other substrates (e.g. tenfold
excess), which means that we can assume that the concentrations of the latter
ones are constant under so-called pseudo-first-order conditions. Secondly we
can monitor the reaction rate over a longer period of time taking into account
the change in concentration for this one substrate. Alternatively, one can
monitor the concentrations of all species and analyse the results numerically.

As a reactor one can use

1) a batch reactor, in which at all times good mixing is applied and the

concentrations monitored as described above, or

2) a plug-flow reactor, in which no mixing takes place and the residence

time in the tube determines the degree of conversion, or

3) a CSTR, continuously stirred tank reactor, in which a steady state is

obtained depending on the residence of the reagents in the vessel,
which is also rapidly stirred so as to ensure that there are no
concentration differences in the vessel.

If one of the reactants is a gas, sufficiently fast mixing of the gas into the
liquid is needed. As mentioned in Chapter 1, a pressure of 25 bar of H, or CO,
gives a concentration of 50 mM of this gas in an organic solvent and if the
target is to obtain concentrations of the product in the order of moles per litre,
considerable amounts of gas have to be absorbed. If gas transport is the limiting
factor in the conversion of our starting material, we say the reaction is mass
transport limited. Whether this occurs during rate measurements can be
checked by measuring the rates versus the stirring rate. Mixing is sufficient if
the rate does not increase further when the stirring rate is raised.

There are many ways to measure the concentrations of reacting species or
species formed during the reaction, such as there are: gc, UV-visible
spectroscopy, IR spectroscopy, refractometry, polarometry, etc. Conversion can
be monitored by pressure measurements, gas-flow measurements, calorimetry,
etc. Data are collected on a computer and many programmes are available for
data analysis [3,4]. The two-reaction system described above can be treated
graphically, if it fulfils either the Bodenstein or Michaelis-Menten criteria.



72 Chapter 3
3.6 Irregularities in catalysis

At least two phenomena may lead to deviations in the kinetic behaviour of
catalytic systems, namely incubation and catalyst decomposition. Incubation is
said to occur when the catalytic reaction does not immediately start at the time
all reagents have been put together. Roughly speaking, there may be two causes
for this, 1) the catalyst has not been formed yet and 2) an impurity in the
substrate causes temporarily a poisoning of the catalyst. Catalyst formation
stands for a variety of reactions that may have to take place before the catalytic
reaction can start. For example we start with a metal salt that has to be
transformed into a hydride by either hydrogen or a reducing agent and this
reaction is much slower than the catalysis that should take place. Or the catalyst
precursor may have to lose one ligand before it can start the catalytic cycle. If a
reaction of this type occurs, the kinetics will not correspond to one of the
equations introduced above, because the concentration of the catalyst is not
known and is growing over time.

Inhibition of a catalytic reaction by impurities present may take place and
sometimes this may have a temporary character. If it is permanent one cannot
be mistaken in the kinetic measurements. Impurities that are more reactive than
the substrates to be studied may block the catalyst if they react according to a
scheme like that of Figure 3.7. Only after all inhibitor has been converted the
conversion of the desired substrate can start. Another type of deactivation that
may occur is the formation of dormant states, which is very similar to
inhibition. Either the regular substrate or an impurity may lead to the formation
of a stable intermediate metal complex that does not react further. There are
examples where such intermediates can be rescued from this dormant state for
instance by the addition of another reagent such as dihydrogen (Chapter 10,
dormant states in propene polymerisation).

Catalyst decomposition (“die-out”) during the catalytic reaction is a
common phenomenon also distorting the kinetic measurements. If the
decomposition reaction obeys a rate equation in a well-behaved manner, one
can include the decomposition reaction in the kinetics, but usually one will
prefer the use of a stable catalyst. Catalyst decomposition is an import issue in
applied catalysis although it has received relatively little attention in literature
as far as homogeneous catalysis is concerned [5].
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Chapter 4
HYDROGENATION

The success story of asymmetric catalysis

4.1 Wilkinson's catalyst

Homogeneously catalysed hydrogenation reactions are only of minor
importance from an industrial viewpoint with the notable exception of
asymmetric hydrogenation. A large part of today's general knowledge on
homogeneous catalysis has been derived from the early studies on
hydrogenation. Undoubtedly the most popular homogeneous catalyst for
hydrogenation is Wilkinson's catalyst, RhCI(PPh;);, discovered in the sixties
[1]. The reaction mechanism, its dependence on many parameters, and its
scope have been studied in considerable detail. Nowadays, with the availability
of high-field NMR equipment, the results of such studies would give rise to
much less controversy, but the discussions and debates in the 60’s and 70’s
have certainly contributed to the fame of the catalyst. The commonly accepted
reaction sequence reads as follows:

RhCI(L); + S

RhCI(L),S + L

RhCIL),S + H, = RhH,CI(L),S

RthCl(L)zS + HQC:CHQ RthCl(L)Q(HQC:CHz) +S

RhH,CI(L)x(C,Hy) +S Rh(C,Hs)CI(L),S

RhH(C,Hs)CI(L),S — H;CCH; +RhCI(L),S

In this scheme L stands for triarylphosphines and S for solvent (ethanol,
toluene). The alkene is simply ethene. The first step in this sequence is the
dissociation of one ligand L which is replaced by a solvent molecule. Several
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alternatives have been found involving, for instance, the formation of dimers
from the unsaturated species. For simplicity we have chosen for Wilkinson's
complex as the starting point in our cycle. As in many other cases the number
of valence electrons switches during the cycle between two differing by two
electrons; in this instance the valence electron counts switch between 16 and
18. A 14-electron count for the unsaturated species occurring at the beginning
of the cycle has also been discussed.

After ligand dissociation an oxidative addition reaction of dihydrogen takes
place. As usual this occurs in cis fashion and can be promoted by the
substitution of more electron-rich phosphines on the rhodium complex. The
next step is the migration of hydride forming the ethyl group. The "ligand
effect”" (the shorthand notation for the effect that systematic variation of the
ligands has on a performance aspect of a catalyst) on the insertion/migration
processes is not as clear as that on the redox processes. Reductive elimination
of ethane completes the cycle. Obviously, the rate of this step can be increased
by employing electron withdrawing ligands. Within a narrow window of aryl
phosphines small changes in rates have been observed, which could indeed be
explained along the lines sketched above. Strong donor ligands, however,
stabilise the trivalent rhodium(Ill) chloro dihydride to such an extent that the
complexes are no longer active.

H
CHs L~Rn_S I
| v T~
CHs cl L \< H
I i
C,H
S Sy
L cl L
U S

(rearrangement)
H
BN \ _-H
c|’R|h‘L CH,=CHj
CH,=CH,
S

Figure 4.1. Wilkinson's hydrogenation cycle

Another way of representing catalytic cycles is shown in Figure 4.1. Note
that the reactions have been drawn as irreversible reactions while most of them
are actually equilibria. If one wants to derive kinetic equations, we strongly
recommend the use of reaction sequences as shown on the previous page,
because cycles such as 4.1 often lead to mistakes.
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Many species have been observed in the solution in addition to those shown
in 4.1, such as dimers [RhCI(PPhs),],, RhCI(PPh;),(olefin), dimers containing
hydrides, etc., which indicates that the species actually observed may have little
to do with the catalytic cycle. The reverse is also true; few of the species
mentioned in scheme 4.1 can be observed and their existence is only known
from the kinetic studies! The actual concentrations are far below the NMR
detection level during the catalysis [2].

A ligand effect has been reported [3]. As mentioned above, the knowledge
about "ligand effects" is limited. The following range of reactivities has been
reported for the hydrogenation of cyclohexene:

Ligand: Relative reactivity:
(4-CIC¢Hy);P 1.7
Ph;P 41

(4-CH;CqH,)P 86
(4-CH;0C4H,)sP 100

In view of the above remarks the explanation of the effect of the electronic
parameter of the ligand requires a careful study of all systems, since so much of
the rhodium is tied up in "parking places" that the effect of the ligand may not
simply be the enhancement of the reactivity.

The results in the table suggest that, if we neglect changes in the
concentrations of the inactive species caused by the changes in the ligand, the
rate-determining step is the oxidative addition of dihydrogen.

4.2 Asymmetric hydrogenation
4.2.1 Introduction

Today many examples are known showing that tailor-made chiral metal
complexes, comprising a metal atom bound to chiral organic ligands, can
discriminate with high precision (energy differences exceeding 10 kJ.mol™)
between enantiotopic atoms or faces of an achiral molecule. Many of these
chiral complexes have also an interesting catalytic activity for the production of
a broad range of enantiomerically pure compounds. As the chiral complexes
can be synthesised in both hands, in principle, both enantiomers of a compound
are accessible. (This is a clear distinction from enzymatically catalysed
reactions, which produce only one enantiomer.)

The demand for enantiomerically pure compounds with a wanted biological
activity is growing rapidly in fine-chemical synthesis. An obvious reason for
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this development is that the opposite enantiomer of a chiral pharmaceutical or
chemical has at best no activity, or worse, causes side effects.

“Prochirality”. Planar molecules possessing a double bond such as alkenes,
imines, and ketones, which do not contain a chiral carbon in one of the side
chains, are not chiral. When these molecules coordinate to a metal a chiral
complex is formed, unless the alkene etc. has C,y symmetry. In other words,
even a simple alkene such as propene will form a chiral complex with a
transition metal. So will trans-2-butene, but cis-2-butene won’t. If a bare metal
atom coordinates to cis-2-butene the complex has a mirror plane, and hence the
complex is not chiral. It is useful to give some thought to this and find out
whether or not alkenes and hetero-alkenes form chiral complexes. One can also
formulate it as follows: complexation of a metal to the one face of the alkene
gives rise to a certain enantiomer, and complexation to the other face gives rise
to the other enantiomer.

For tetrahedrally substituted carbon we have learned the well-known Cahn-
Ingold-Prelog rules for the determination of the absolute chirality. For
complexes of planar molecules to metals rules have been introduced to allow us
to denote the faces of the planar molecule; they are called the re face and the si
face. Usually this simple annotation is used, but we will see that in fact it is
more complicated. Sometimes authors do not want to go through the trouble of
“counting” re or si and say that Rh-H adds to the pro-S side of the alkene,
meaning that after hydrogenation the S-enantiomer is formed during this
particular enantiospecific hydrogenation (Crabtree, in his book on
Organometallic Chemistry). This makes the annotation of the face of the alkene
dependent on the reaction that it will undergo, whereas the alkene has two
different faces, independent of the reaction it will undergo. Surely, epoxidation
and hydrogenation will lead to a different CIP count in the product. If only one
reaction is being considered, the “pro-S side” annotation works just as well.

In Figure 4.2 we have drawn how we can distinguish the two faces of an
alkene, or rather the side of attack of a specific atom of the alkene. The arrow
on the left approaches the lower carbon of the alkene and when looking from
this viewpoint we “count” the weight of the three substituents the same way as
in the CIP rules. We then see the order 1, 2, and 3 counter-clockwise, and we
say that the arrow approaches the carbon atom from the si face. For simplicity
we call this the si face of the alkene and in most cases this will do. If all four
substituents at the alkene are different we can determine the re/si properties of
both carbon atoms and these may be different! This results in the nomenclature
that an alkene may have a re,re and si,si face or re,si and si,re face. Thus, in the
latter case one has to indicate to which atom the label is referring. For any
enantiospecific, catalytic reaction (hydrogenation, hydroformylation,
polymerisation) it is very convenient to use the re and si indicators in the
discussion.
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Figure 4.2. Re and Si faces of a 1,1-disubstituted substituted alkene

When a chiral metal complex forms a complex with a “prochiral alkene”,
either because it contains a chiral ligand or a chiral metal centre, the resulting
complex is a diastereomer. Thus, a mixture of diastereomers can form when the
chiral complex coordinates to both faces of the alkene. As usual, these
diastereomers have different properties and can be separated. Or, more
interestingly, in the catalytic reactions below, the two diastereomers are formed
in different amounts and their reactivities are different as well.

4.2.2 Cinnamic acid derivatives

The asymmetric hydrogenation of cinnamic acid derivatives has been
developed by Knowles at Monsanto [4]. The synthesis of L-dopa (Figure 4.3),
a drug for the treatment of Parkinson's disease, has been developed and is
applied on an industrial scale. Knowles received the Nobel Prize for Chemistry
in 2001 together with Noyori (see below, “BINAP”) and Sharpless
(asymmetric epoxidation).

HO

HO

Figure 4.3. L-Dopa

The reaction is carried out with a cationic rhodium complex and an
asymmetric diphosphine as the ligand, which induces the enantioselectivity
(“cationic” is used exhaustively in literature to refer to metal salts containing
weakly coordinating anions; we will also use the imperfect, colloquial
expression “cationic”). Surprisingly, the reaction is not very sensitive to the
type of diphosphine used, although it must be added that most ligands tested
are bis(diphenylphosphino) derivatives and that the enantiomeric excesses
obtained do show some variation. On the other hand the reaction is very
sensitive to the type of substrate and the polar substituents are prerequisites for
a successful asymmetric hydrogenation. Figure 4.4 shows the overall reaction.
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Figure 4.4. Synthesis of L-Dopa

The hydrogenation reaction is carried out with a substituted cinnamic acid.
The acetamido group is of particular importance because it functions as a
secondary complexation function in addition to the alkene functionality. In the
first step the alkene co-ordinates to the cationic rhodium species (containing an
enantiopure phosphine DIPAMP in Figures 4.4 and 4.5 with the chirality at
phosphorus carrying three different substituents, Ph, o-An, CH,) for which
there are several diasteromeric structures due to:

- the asymmetry in the diphosphine ligand and the “prochirality” in the
substrate (re versus si),
- and the two co-ordination sites at rhodium.

The two co-ordination sites, however, are equivalent due to the C,
symmetry of the diphosphine complex. This reduces the number of
diastereomers from four to two. In Figure 4.5 the two enantiomeric
intermediate alkene adducts have been drawn. Note that the faces are indicated
by si,si and re,re because the configurations of two carbon atoms have to be
assigned. After hydrogenation, only one chiral centre has formed at the o-
carbon atom, because the 3-carbon atom now carries two hydrogen atoms and
thus does not form a chiral centre.

COOR

.\\\oA B\ ‘\\\oAn \_\
Pl Rh / P\ Rh /

[/ \A/k OAnV COOR

oAn™ | FI’h CHj Ph CHs

si,si-face complex re,re-face complex
Figure 4.5. Diastereomeric alkene complexes with DIPAMP-Rh

One can try to figure out from the pictures how two diastereomeric
intermediates are formed. It is more convenient to adopt a “‘formal” approach.
We can explain the formation of enantiomers when a metal (even a bare Ag"
ion would do) co-ordinates to our alkene substrate, and equally so the
formation of diastereomers in Figure 4.5.
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Ligand intermezzo. A large series of asymmetric ligands have been
developed most of which having the asymmetric "centre" in the bridge rather
than at the phosphorus atoms as is the case in DIPAMP, the ligand shown
above for the L-dopa synthesis. Their synthesis is similar to the one developed
by Kagan for DIOP (see Figure 4.6) starting from asymmetric acids which can
be commercially obtained (tartaric acid in the case of DIOP) [5]. Crucial to the
success of this family of ligands is the C, "propeller" type symmetry which
divides the space around rhodium (or any metal) into four quadrants, two
relatively empty and two filled ones (see Figure 4.7).

COOCH
O]/ . PPh,
HO - >< _PPhy

“"COOCH,

Figure 4.6. Structure and synthesis of DIOP

P, o, /©
@ . p

C, symmetry

Figure 4.7. Front view of a chiral diphosphine and quadrant division

Two phenyl groups at one phosphorus of the chelating ring adopt an axial
and an equatorial position. This explains the similarity of this large family of
ligands in the enantioselective reactions, as all ligands divide the space in four
quadrants as shown. Co-ordination of the dehydroalanine derivative (or
enamides in general) will now take place such that the auxiliary donor atom
coordinates to one site, and the phenyl substituted alkene will coordinate to the
other site with the face that gives the least interaction of its substituents with the
phenyl group of the ligand pointing into the same quadrant. This gives the
predominant metal alkene adduct.

Not all diphosphine ligands adopt C, symmetry with respect to the four
phenyl groups. For instance Ph,P(CH,),PPh,, which lacks the constraints of
DIOP in the ring in the C4-bridge, will not adopt a C,-symmetry but most often
it adopts a Cs-symmetry similar to a meso ligand having C, symmetry (Figure
4.8). In this configuration two phenyl groups cis on the chelating ring will take
axial (more or less) positions, and the two at the other face of the ring will
assume equatorial positions. Even though there may be an asymmetric centre in
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the backbone of a diphosphine, if it prefers this C, "local" symmetry for the
phenyl groups the enantiomeric character is not optimally passed on to the
substrate coordinating to the Ci-diphos ligand-metal complex. Many crystal
structures have been determined that support this view, as do molecular
graphics (or molecular mechanics) for a broad range of ligands [6]. Fig. 4.8
shows the Cg-symmetric arrangement of the four phenyl groups in a
diphosphine complex.

Q. OO 1 O
00 00

meso or Cg symmetry Cg symmetry
Figure 4.8. Front view of a "meso" diphosphine and C4 bridge ligand

Kinetics. Detailed studies by Halpern [7] and Brown [8] have revealed that
the most stable intermediate of the two alkene adducts is (Figure 4.9) not the
one that leads to the major observed enantiomeric product.

* AG maior
AG /inor a
minor

major

Figure 4.9. Minor species leading to dominant product route

This means that the less stable intermediate alkene complex reacts faster in
the subsequent reactions. The next step in the hydrogenation sequence involves
the oxidative addition of dihydrogen to the alkene complex (Figure 4.10).

The oxidative addition of H, is irreversible, and provided that no
dissociation of the alkene occurs, this step determines the enantioselectivity.
<In general, one should realise, that the steps determining rate and selectivity
need not be one and the same step of a reaction.> Migration of the hydride
locks the configuration of the enantiomeric centre; in general, this step may
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also be reversible, and detailed studies are required in order to determine which
is the rate-determining step and which one determines the enantioselectivity.

COOR
P COOR ||° \/
| s0An S _ fast P\OAn /IL
[P\Rh/ — /Rh\o ~Ar
~
yP/ S oAn'llD
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h Ph
product * H, slow
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Ph pn COOR
|\\0AnT N 20AN
[P\Rh‘ | AT - [P\th/l N
rP/ | o P/ | \H
oAn | S CH, oAn'
Ph Ph CH3

Figure 4.10. Asymmetric hydrogenation via major and minor alkene complex intermediate; only
one diastereomer shown

In the examples studied, neither the dihydride intermediates nor the alkyl
intermediates have been observed and therefore it seems reasonable to assume
that addition of H, is also the rate-determining step. <Since the latter is a
bimolecular reaction and the other ones are monomolecular rearrangement
reactions one cannot say in absolute terms that oxidative addition is
rate-determining.>

The example illustrates two points:

1. the intermediate alkene adduct observed in the NMR spectra is not the
one leading to the major catalytic pathway,

2. enantioselectivity is determined in the first irreversible step after the
enantio centre was formed which is not always the same as the
rate-determining step.

The difference between this catalytic system and Wilkinson’s catalyst lies
in the sequence of the oxidative addition and the alkene complexation. As
mentioned above, for the cationic catalysts the intermediate alkene (enamide)
complex has been spectroscopically observed. Subsequently oxidative addition
of H; and insertion of the alkene occurs, followed by reductive elimination of
the hydrogenation product.

The enantioselectivity determining step. Above we learnt that the oxidative
addition of hydrogen is the rate-determining step. This step is irreversible and it
also determines the enantioselectivity. This complex could still epimerise via
substrate dissociation, but apparently it does not and migratory insertion is
faster than epimerisation. We remember that two diastereomeric intermediates
are involved, the “major” and the “minor” species and the minor species is the



84 Chapter 4

one leading to the product with high e.e. This is so, because the reaction of the
minor product with dihydrogen is much faster than the reaction of the major
species.

One might ask the question why a reaction involving such a small
dihydrogen molecule can lead to such enormous differences in rate for the
diastereomeric alkene adducts present (major and minor). Tentative answers
were developed by Brown, Burk and Landis [9]. Their studies included the use
of iridium instead of rhodium since the iridium hydride intermediates can be
studied spectroscopically. Consider the oxidative addition in Figure 4.10.

The oxidative addition can take place from the top of the molecule (as
shown), but it can also take place from the bottom, giving another
diastereomeric intermediate that probably does not undergo migration. The two
oxidative additions require rotations in opposite directions of the substrate with
respect to the rthodium phosphine complex. The rotation required also depends
on the geometrical isomer of the rhodium complex to be formed (alkene/amide
trans or cis to phosphine; here we have chosen an amide cis to both phosphorus
atoms). Both the major and the minor diastereomeric substrate complex require
such a rotation upon oxidative addition.

Figure 4.11. Clutches having a good fit

The formation of the two productive diastereomeric dihydrides may involve
two different barriers for rotation. Thus, a very stable alkene-rhodium complex
resulting from a very good fit of the substrate in the ligand-rhodium cavity,
may lead to a more hindered rotation of the alkene upon oxidative addition
[10]. Imagine the substrate clutched in the cleft of the C, ligand giving a
staggered-like configuration, which leads to a strong fit resisting rotation. In the
minor species, less stable, one could imagine a more -eclipsed-like
configuration, which will more easily rotate. The overall result of these
energetics is hard to predict; molecular mechanics can only show us the
energies of the intermediates, while kinetics (free energies of activation) are
pivotal in determining the enantiospecificity. The pictures of the clutches show
that if there is a good fit, they will resist rotation with respect to one another
during oxidative addition.
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Predicting chirality. The quadrant rules of phosphines (Figure 4.7) leads to
a high predictive value in a wide range of diphosphines (see section 4.3),
provided also that similar substrates are being considered. The cited literature
in reference 9 gives ample support for this. Deciding on the position of the
quadrants may not always be straightforward and may require crystallographic
and molecular modelling studies. Our simplification of axial and equatorial
substituents also may need refining, as substituents may adopt intermediate
positions, maintaining though the C, symmetry determined by crowded and
less crowded quadrants [11].

The enantioselectivity depends also on the structure of the enamide
substrate, especially the o-substituent, as was already reported by Knowles. In
a few substrates the enantioselectivity even reverses! These exceptions to the
general rule have found explanation in electronic effects [12]. Knowles
reported that an electron withdrawing substituent at the o-position was
important in order to obtain a high enantioselectivity, see Figure 4.12 [13].

X o) RR-DIPAMP
95%, S SS-DuPHOS NJ< —_— 89%, S

COOCH;
o RR-DIPAMP

M

CH,

51%, S

$S-DuPHOS o

ot

t-Bu
Figure 4.12. Influence of o-substituent on e.e.

When the o-substituent is an ester and (SS)-DuPHOS is used one obtained
the S-enantiomer of the amide. An electron releasing group (t-butyl) in this
instance completely reverses the chirality [14]! The explanation is that for
electron-withdrawing o-substituents rthodium forms an o-alkyl bond, while for
electron releasing o-substituents rhodium forms a B-alkyl benzylic bond as
shown in Figure 4.13 [15].

H H
\\h/ \‘/

R Rh
N @ N
Co, (0] cp /lk
H3COOC|) \N{/ t—IDU/N

Figure 4.13. o- and B-alkyl hydrido rhodium intermediates



86 Chapter 4

It should be noted that not the final stabilities, but rather the intermediates
and transition states determine which isomer is formed. In the precursor alkene
complex calculations show that already the respective oo and B carbon atoms
occupy the positions closest to the plane of coordination and that the respective
barriers in both cases are indeed the lowest in the model studied [12].

4.2.3 Chloride versus weakly coordinating anions; alkylphosphines
versus arylphosphines

One last remark concerning the two catalysts we have discussed in more
detail, cationic rhodium catalysts and the neutral chloride catalyst of Wilkinson.
The difference of the catalytic system discussed above from that of the
Wilkinson catalyst lies in the sequence of the oxidative addition and the alkene
complexation. The hydrogenation of the cinnamic acid derivative involves a
cationic catalyst that first forms the alkene complex; the intermediate alkene
(enamide) complex can be observed spectroscopically.

There are a few exceptions amongst the cationic complexes that also
undergo oxidative addition of dihydrogen prior to alkene complexation.
Alkylphosphines, raising the electron density on the rhodium cation, have been
shown to belong to these exceptions, which seems logical [16]; electron-rich
phosphine complexes can undergo oxidative addition of H, before the alkene
coordinates to the rhodium metal.

4.2.4 Incubation times

Common precursors for the enantioselective hydrogenation with the use of
“cationic” rhodium are the tetrafluoroborate salts of bis-alkadiene rhodium. As
a solvent one often uses dichloromethane or methanol, in which
tetrafluoroborate is indeed weakly or non-coordinating. The first alkadiene at
rhodium is rapidly replaced in situ by the phosphorus ligands added.

4.3 Overview of chiral bidentate ligands

4.3.1 DuPHOS

Another type of useful ligands involves the so-called DuPHOS ligands
developed by Burk at Dupont [17]. They consist of a variety of backbones and
have the asymmetry in the phospholane ring. The DuPHOS ligands are
extremely powerful and their fine-tuning by way of changing the backbone or,
more importantly, the R-substituents on the phospholane ring has led to many
successful applications. See Figure 4.12. Note the typical “propeller” C,
symmetry.
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Figure 4.14. DuPHOS ligands

4.3.2 BINAP catalysis

During the first decade of asymmetric hydrogenation research (1970ties) all
catalysts seemed to behave similarly, that is to say they all needed the amide
auxiliary and all ligands were based on the same principles, containing a chiral
bridge such as the famous DIOP ligand (Figure 4.6) or containing two chiral
phosphorus atoms such as DIPAMP. In the meantime many new ligands have
been developed, several of which are based on binaphthyl atropisomers. Axial
(a)symmetry is the fourth way to introduce chirality in the ligand. One early
example is BINAP (Figure 4.13). Applications of interest were, and still are,
unsaturated precursors not containing a polar auxiliary ligand.

Figure 4.15. S-BINAP ligand

BINAP was introduced by Noyori [18]. It has been particularly explored for
reduction with ruthenium catalysts. While the first generation rhodium catalysts
exhibited excellent performance with dehydroamino acids (or esters), the
second generation of hydrogenation catalysts, those based on ruthenium
/BINAP complexes, are also highly enantioselective for other prochiral alkenes.
An impressive list of rather complex organic molecules has been hydrogenated
with high e.e.'s.

Firstly, the system will also hydrogenate enamides with high e.e., provided
that the amide substituent and the one substituent at the other carbon are cis to
one another. Secondly, the Ru(BINAP)(RCQO,), catalyst gives enantioselective
hydrogenation of acrylic derivatives, see the examples below for Naproxen and
the like.
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A third class of compounds that can be hydrogenated are ketones or
aldehydes containing another polar group. The pressures used are high (50-100
bar H,) but the enantioselectivities are excellent. The general reaction (R can be
varied extensively) is shown in Figure 4.16. Since these B-substituted ketones
are easy to make, this method is extremely powerful for the synthesis of
enantiomers. Furthermore, the catalyst is also very selective in the formation of
diastereomers. An industrial application is shown below [19].

o o Ru(BINAP)(RCO,), OH O

R)I\/”\R NEt, R/'\)J\R

100 bar H, o
99 % e.e. E CO,H

0 " OH |
)J\/o ((R)-BINAP)Ru /k/OH (\N N
H E .
H, 70 bar [— CH, N\) O\)\

Levofloxacin

Figure 4.16. BINAP-Ruthenium hydrogenations of functionalised ketones

Applications. In the last decade a lot of research has been devoted to the
development of catalytic routes to a series of asymmetric carboxylic acids that
lack the acetamido ligand as additional functionality. In Figure 4.17 four are
listed, which are important as anaesthetics for rheumatic diseases. Their sales in
$ beat many bulk chemicals: the turnover of Naproxen (retail) in 1990 was $
700 million for 1000 tons. S-Naproxen is now being produced by Syntex via
resolution with a chiral auxiliary. The main patents from Syntex expired in the
U.S. in 1993, the reason for a lot of activity to study alternative synthetic
routes. Routes leading to an asymmetric centre are:

o asymmetric hydrogenation of an unsaturated acid,
o asymmetric carbohydroxylation of a styrene precursor,
o asymmetric hydroformylation of a styrene precursor and oxidation.

S
H CH;
COOH $
COOH

CH30
Naproxen Ibuprofen
RS H CH3
COOH
Ketoprofen Flurbiprofen

Figure 4.17. Pharmaceuticals of interest
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Noyori using ruthenium complexes of the ligand BINAP has successfully
accomplished asymmetric hydrogenation of molecules of this type. With this
system a high enantioselectivity can be achieved (97%) albeit at rather high
pressures (135 bar).

H COOH

COOH >
asymmetric cat

Figure 4.18. Monsanto route to S-Naproxen; hydrogenation step

Monsanto [20] reported a similar route using BINAP. This system operates
at a much lower pressure. The starting material is the corresponding acetyl
aromatic compound, which is reacted with CO, via an electrochemical
reduction in 95% yield in a divided cell using a lead cathode and a sacrificial
aluminium anode. The obtained aluminium salt is acidified and dehydrated to
give the unsaturated (atropic type) acid precursor. This can be asymmetrically
hydrogenated in methanol under 7 bar of H, with an enantiomeric excess of
98.5%. A turnover number of 3000 was reported. The reaction is shown in
Figure 4.18. Other routes are available, for a review see Giordano [21].

4.3.3 Chiral ferrocene based ligands

The ligands discussed so far all contained C, symmetry. An important new
class of ligands having C; symmetry was introduced by Togni [22] (see Figure
4.19). They can be easily made from an enantiomeric amine as the precursor in
a few steps. Different substituents can be introduced at the phosphorus atoms.
In addition to the chiral carbon atom the molecule has planar chirality as well.
The chiral carbon atom is used to introduce the planar chirality, i.e. lithiation of
the ferrocenyl amine takes place at a specific side of the amine at the ferrocene
moiety.

Recently two new processes have come on stream utilising these ferrocene
based chiral ligands [22]. The first one is the rhodium catalysed hydrogenation
of an already chiral precursor for Biotin. A very high diastereoselectivity is
obtained, 99%. The second example involves the asymmetric hydrogenation of
an imine using an iridium catalyst. The enantioselectivity for the intermediate
used for the production of Metolachlor is only 80%, but this is considered
tolerable for an agrochemical (Figure 4.20). Nothing is known about the
mechanisms of these reactions.

Asymmetric catalysis involving metal catalysed hydrogenations and
isomerisations is becoming increasingly important in the production of
pharmaceuticals, agrochemicals and flavours and fragrances. More examples of
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asymmetric homogeneous catalysts used industrially can be found in the
literature [23].
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Figure 4.19. Ferrocene derived C; asymmetric chiral ligands

In summary, we have encountered five types of asymmetric phosphine
ligands:
1. ligands containing a chiral phosphorus atom (DIPAMP),
2. ligands having a chiral backbone (DIOP),
3. ligands carrying chiral substituents on phosphorus (DuPhos),
4. atropisomeric ligands (BINAP), and
5. ligands having a planar asymmetry (JosiPhos).
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Figure 4.20. Commercialised asymmetric hydrogenations using ferrocene based ligands

4.4 Monodentate ligands

In the very early work on asymmetric hydrogenation research focussed on
the use of monodentate phosphine ligands, preferably containing a chiral
phosphorus atom as the chiral element. After the successful introduction of
DIOP and DIPAMP it was soon realised that bidentate ligands containing a C,
axis as the chiral element reduced the number of possible structures and thus
simplified the planning and design of ligands. First of all, they would always
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give cis donor complexes and therefore the two remaining, reacting entities,
often involved in a migratory insertion reaction, will be forced to occupy cis
positions as well. Secondly, the bridge between the two donors would enable
the optimisation of the substituents at phosphorus, in such a way that effective
chirality transfer can occur. However, there is no fundamental reason why
either C, ligands or a proper combination of monodentates would not be able to
give reactions with high enantioselectivity, even though the common view
dictates that bidentates are most efficient.

The history of bidentates was preceded by some successes of monodentates,
but these were soon overshadowed by DIPAMP. For instance Knowles
reported first about the monodentate “homologues” of DIPAMP, which gave
respectively 55% (PAMP) and 88% e.e. (CAMP) in the hydrogenation of 2-
acetamidocinnamate [13,24] (Figure 4.21). Since 1999 a renaissance of
monodentates has taken place.

P\
©i CH; [ :[P\CHs
OCHj

OCH,

PAMP CAMP

Figure 4.21. Early examples of monodentate chiral ligands

Breakthroughs that took place around the year 2000 have shown, in contrast
to the common view, that indeed chiral monodentate phosphorus ligands can
also lead to high enantioselectivities in a number of asymmetric
hydrogenations. In the years following, monophosphines, monophos-phonites,
monophosphoramidites, and monophosphites have been successfully used in
the enantioselective hydrogenation of a-dehydroamino acids and itaconic acid
derivatives [25].

Phosphoramidites are probably the most versatile ligands in this series as in
amidites the substituents at the nitrogen atom are in close proximity to the
metal centre and also the substituents could carry chiral centres. In Figure 4.22
we have depicted the simplest derivative, named ‘“Monophos”, which is highly
efficient for asymmetric hydrogenation but for a variety of other reactions as
well. The ligand is much easier to make than most, if not all, chiral bidentate
phosphine ligands and surely commercial applications will appear.

A DSM’s Monophos sample-kit of ligands as developed by Feringa, de
Vries, and co-workers is commercially available from Strem Chemicals (as
well as various kits of Solvias ligands, such as Josiphos).
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Figure 4.22. Monophos as monodentate ligand in rhodium catalysed asymmetric hydrogenation

In contrast to CAMP and PAMP, monomeric analogues of DIPAMP, the
closest bidentate analogues of Monophos give a much slower reaction and a
lower e.e. [26]! Thus, the structure of the complex containing two
monodentates, even if one might assume that the smallest groups, i.e. the
methyl groups at nitrogen, will point to the space in between the two ligands, is
definitely not the same as that of a bidentate having the nitrogen atoms directed
toward one another via the ethylene bridge, see Figure 4.23.
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Figure 4.23. Related bisphosphorusamidite of Monophos and a TADDOL based amidite

The BINOL substituent seems to be crucial; firstly the related phosphites
and phosphinites function just as well as the amidites, and secondly the
bidentate BINOL based phosphorusamidite performs reasonably well
compared to other groups. So far, all other substituents at oxygen, such as
TADDOL, give low e.e.’s. As an indication that BINOL amidites are not



4. Hydrogenation 93

unique we added to Figure 4.23 a formal “monomer” of DuPHOS (Figure
4.14), reported by Fiaud, that also gives a good e.e., 82%, despite not yet being
optimised for substituent effects [25].

4.5 Non-linear effects

The observation of non-linear effects (NLE) is a phenomenon regularly
studied in asymmetric catalysis and we will discuss it briefly here. The
possibility of such an effect during a chemical reaction was first considered and
observed by Feringa and Wynberg [27]. Kagan discovered and explained the
importance of non-linear effects in enantioselective, homogeneous catalysis or
other reactions that involve chiral auxiliaries [28]. It is relevant to catalysts
containing more than one monodentate ligand, or complexes that form dimers
or oligomers. Assume, we have a chiral catalyst M" that gives a product P®
with an e.e. of 100%, provided the optical purity of the catalyst is also 100%. If
we now test a catalyst with an e.e. of only 50%, our product will also show an
e.e. of 50%, because the two catalyst components M® (75%) and M® (25%) will
have the same activity, and thus we produce P® (75%) and P® (25%) in the
same ratio, and thus the e.e. of our product is 50%. A plot of the e.e. of the
catalyst versus the e.e. of the product will be linear, curve b in Figure 4.24.
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Figure 4.24. Non-linear effects in enantioselective catalysis

Now assume that our catalyst has the structure ML, and for the sake of
simplicity the catalyst produces purely P® if the two ligands are both L%, in
complex MLY,. In this case, if one now uses a mixture of enantiomers for the
ligand a new situation arises as we form three complexes: ML®,, ML%,, and
MLRLS. The racemic ones (RR and SS) have the same free energies, but the
meso complex has a different free energy. When a ligand with an e.e. of 50% is
used, with R as the major enantiomer, the stabilities of the two complexes
determines how much of the racemic pair and how much of the meso complex
will be formed. First, we keep it very simple, and assume that the meso is
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extremely stable. In solution we will find 50% of MLRLS and 50% of MLR,.
These two catalysts will also have different catalytic activities. If the meso
complex would have zero activity, we would make pure P® (1), even though our
ligand has an e.e. of 50% only. Since we have less catalyst the rate will drop
with the e.e. of the ligand, but at all times we would make an enantiomerically
pure product [29]. This is called a positive non-linear effect (curve a, but the
curve represents a less extreme situation). The reverse might also happen; if the
meso complex is more active than the racemic complex, then the e.e. found in
the product will be lower than the e.e. of L. This is called a negative non-linear
effect (curve ¢). In practice the effects are never so severe. MonoPhos, for
instance, shows a slight non-linear effect; a ligand e.e. of 50% gives a product
having an e.e. of 60% in the hydrogenation of itaconic acid [26].

A similar situation can occur when the chiral complex (containing a chiral
bidentate for instance) can form dimeric species. These dimers may either be
the catalyst or just an inactive resting state. Since free energies and rate
constants for “meso” and “racemic” dimeric species may differ, non-linear
behaviour of e.e. of ligand versus e.e. of product can result.

L-699,392, Merck's drug for the treatment of chronic asthma, is an example
of asymmetric amplification on an industrial scale (see Figure 13.19). The
ketone reduction can be carried out stoichiometrically with a borane-(—)-o.-
pinene reagent. The terpene natural products are often mixtures of isomers and
enantiomers. A reagent prepared from 98% optically pure
(-)-o-pinene gives a product e.e. of 97%, but a reagent prepared from less
expensive 70% optically pure (—)-o-pinene yields a product e.e. of 95%, which
can be pushed to >99.5% by using an excess [30].

4.6 Hydrogen transfer

For fine-chemical applications the use of hydrogen pressure may be
disadvantageous because of investment in high-pressure equipment and safety
concerns and therefore other routes have been considered for hydrogenation of
alkenes and ketones. For ketones and esters in the organic laboratory a variety
of stoichiometric reductions are available, but the use of borohydridic and
aluminium hydridic reagents on a large scale is not attractive either. The reason
being the tedious or even dangerous work-up needed because occlusion of
reactive hydrides occurs, as we also know from small-scale laboratory
experiments.

Another method, in particular for the preparation of alcohols from ketones
involves the transfer of hydrogen from a hydrogen donor. The classic example
is the commercially applied Meerwein-Ponndorff-Verley reaction, which uses
stoichiometric amounts of AI(O'Pr); to produce acetone and the alkoxides of
the alcohols desired [31]. The catalytic version of this reaction, employing
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complexes of iridium, rhodium, ruthenium, etc. containing dinitrogen ligands
has been known for many years and TON’s up to one million have been
reported [32]. The reaction scheme is presented in Figure 4.25.

The product is an equilibrium mixture and an excess of 2-propanol must be
used to obtain high yields. Ammonium formate or formic acid have also been
used as the hydrogen donor and now the reaction to the alcohol is complete,
because the thermodynamics are more favourable and because CO, leaves the
reaction medium.

OH cat (0]
o L kon o I

Figure 4.25. Hydrogen transfer reaction for 2-propanol and benzophenone

Since 1980 the interest in this reaction increased because enantiospecificity
was introduced and much more valuable products could be made. A wide
variety of ligands was tested, such as chiral dipyridines, phenanthrolines,
diphosphines, aminoalcohols, bis-oxazolines, bis-oxazolines with a third donor
atom in the centre, bis-thioureas, diamines, etc [33]. In 1981 the highest e.e.
reported was still only 20%. For many years the best results were obtained with
chiral diimines and phenanthrolines but e.e.’s were below 70% [34]. Pfaltz
introduced bis-oxazolines for this reaction and obtained e.e.’s as high as 91%
[35]1in 1991.

The most important breakthrough was reported by Noyori in 1996 [36],
which involved the use of a ruthenium complex containing a chiral, substituted
amine and a cymene ligand, see Figure 4.26. Surprisingly the aromatic cymene
moiety remains bonded to ruthenium throughout the catalytic cycle. In the
following we will see that in the most likely mechanism the protons attached to
the nitrogen atoms play an active role.

! |
HoN— KOtBu HN—
MR~ — Ru Ts= 05— )—
e N, n N, i
>/ Ts 5/ Ts !

Figure 4.26. Noyori's H-transfer pre-catalyst and the reactive intermediate

Two mechanisms have been put forward, one involving B-hydride
elimination and migratory insertion reactions, and the other one involving a
direct, concerted transfer of the two hydrogen atoms from the alcohol donor to
the reactive intermediate complex and vice versa donation to the ketone. Both
pathways assume a heterolytic character for the overall transfer; this is to say
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that the hydrogen atom at oxygen is transferred as a proton and the hydrogen
atom bonded to carbon obtains a hydridic character in the transfer process. In
Figure 4.27 the concerted mechanism as proposed by Noyori is shown [37].
Species a is a 16-electron species but the amides have the possibility to donate
more electrons to ruthenium. The driving force to form the transient
intermediate b is the hydrogen bond between the alcohol and the amide
nitrogen atom. The steps on the left are simply the reverse of the steps on the
right and thus we need only half of the reaction scheme, provided that we
change the ketone or alcohol in the scheme. The peculiar feature of the
mechanism is that the ketone substrate does not coordinate to the metal, as we
are used to in organometallic mechanisms.

Ph
H Ts—nN L
“I—cH, N—Ru CHs

H-G V }NH \( H-d

| |
TS\N_RU\ TS\N_RU CH
W d H Ph W N|/'| H 3
NH, )\ >LCH3
S~ 2
07 CHs -G
d b

)\ Ru
0~ “CH ~
: }r\sz H o}\cH3

Figure 4.27. Concerted mechanism for hydrogen transfer from alcohol to complex and from
complex to ketone

Such a heterolytic mechanism could also apply to the addition of
dihydrogen to a metal centre, in which the base now is internal (part of the
complex) rather than an external base, such as NEt; that attacks the activated
dihydrogen molecule (Figure 2.31). This mechanism may operate in
heterogeneous metal oxide catalysts and has perhaps been proposed a number
of times in literature, but we are aware of only one example for a homogeneous
catalyst (Figure 2.32) [38]. For the Noyori catalyst containing both a cymene
ligand and a diamine (amine/amide) the number of electrons may exceed 18
when the ketone coordinates to the hydride intermediate, but this can be
released by a slippage of the cymene to an ” binding mode instead of the n°
conformation [39].
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M—Q —_— —M—0 — —M
7 ‘ \
H +Base

+ BaseH"

Figure 4.28. Simplified scheme for the hydride mechanism for hydrogen transfer

Clearly, in the related catalysts containing just simple bidentate phosphines,
dipyridines, or bis-oxazolines the concerted, heterolytic transfer cannot take
place in the same way, unless we invoke an alkoxide or other anion as the
proton-receiving moiety. In Figure 4.28 we have presented a simplified scheme
for the hydride/proton mechanism for hydrogen transfer using an “external”
base.

A classic mechanism using metal dihydrides has been proposed initially
[33]. This scheme can also account for hydrogen exchange in which alkanes
and alkenes are the reactants and products. In this mechanism, both O-H and C-
H hydrogen atoms of the alcohol are transferred to the metal, generating a
metal dihydride species, most likely via an oxidative addition [40]. It has been
shown that under basic conditions RuCly(PPh;); in 2-propanol is easily
converted into RuH,(PPh;)s. If a dihydride is an intermediate the two hydrogen
atoms to be transferred become equivalent when they are hydrides.

Ph 4 CHs

Ph

R

y Ph p_Fh CH,
CH, -cH Rils—0
RuL;—O Rul,—0 b
H
D d b
Ph
RuLs—H CH,
0% CHs |‘3
0”7 CHjs

Figure 4.29. Dihydride mechanism for hydrogen transfer

Many experiments with alcohols containing O-deuterated or C-deuterated
species have shown that in several, older catalysts indeed an exchange between
these two positions occurs and that the hydrogen atoms originating from either
carbon or oxygen in the alcohol “do not remember” from which atom they
originate. Thus, as shown in Figure 4.29, d-O-2-propanol will give a mixture of
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O-deuterated and C-deuterated phenetyl alcohol, perhaps with a slight
deviation due to an isotope effect. This has indeed been observed. In other
catalysts though, deuterium stemming from oxygen returns to the next oxygen
atom. If the latter is observed, a Noyori type mechanism is proposed. We do
not fully agree with this, because in a “Noyori type intermediate” exchange of
hydrogen and deuterium might occur via a dihydrogen complex as shown in
Figure 4.30. Partial reorganisation of this type may explain the many non-
conclusive experiments in this chemistry. Also, in older catalysts more species
may be present and other reactions leading to exchanges may occur.

Figure 4.30. Dihydrogen complex interchanging H and D

A more recent isotope study has been conducted with the use of the
actual Noyori catalyst by Casey and Johnson [41]. They studied the kinetic
isotope effect by "H NMR spectroscopy at —10 to —30 °C for the reaction of
ds, d7 (CH/OD and CD/OH), ds isotopically substituted propan-2-ol and 4-
phenylbut-3-yn-2-none. The catalyst and the reaction are shown in Figure

4.31.

% OH
/C\ /CH\
|
TS\N_;‘QU\ TS\N_;?U
H
Ph(&NHZ Ph’&NH
PH Ph

o] OH
@%/< %H 98% ee

Figure 4.31. Catalyst used for determining the kinetic isotope effect

The isotope effects for transfer of hydrogen were 1.79 for transfer from
OH to N and 2.86 for transfer from CH to ruthenium. The isotope effect for
transfer of the doubly labelled material (dg 2-propanol) was 4.88, within the
experimental error. If the hydrogen atoms would be transferred in separate
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steps, the overall isotope effect would have been close to either one of the
two isotope effects observed, namely the one that is rate-determining. These
isotope effects provide convincing evidence for a mechanism involving
concurrent transfer of hydrogen from oxygen to nitrogen and from carbon to
ruthenium.

A commercial application is as yet not known, but in view of the
advantages compared to hydrogenation several companies have new processes
in the development stage. In Chapter 13, Figure 13.19, an example is shown for
the synthesis of Merck’s drug for the treatment of chronic asthma: L-699,392,
which involves two Heck reactions and one enantiospecific hydrogenation
reaction with a stoichiometric asymmetric borohydride reagent (section 4.5)
[30]. For the latter Noyori reported a catalytic hydrogen transfer reaction with
92% e.e. using triethylamine- formic acid and ruthenium as a catalyst [42].
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Chapter 5

ISOMERISATION
The way to menthol

5.1 Hydrogen shifts

Insertion and B-elimination. A catalytic cycle that involves only one type of
elementary reaction must be a very facile process. Isomerisation is such a
process since only migratory insertion and its counterpart B-elimination are
required. Hence the metal complex can be optimised to do exactly this reaction
as fast as possible. The actual situation is slightly more complex due to the
necessity of vacant sites, which have to be created for alkene complexation and
for B-elimination.

As expected, many unsaturated transition metal hydride complexes catalyse
isomerisation. Examples include monohydrides of Rh(I), Pd(Il), Ni(1l), Pt(I),
Ti(IV), and Zr(IV). The general scheme for alkene isomerisation is very
simple; for instance it may read as follows (Figure 5.1):

H
N +MH—>I\|/I—H — \M)w

N - MH '\|/|_|
H

Figure 5.1. Simplified isomerisation scheme involving 3-elimination
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An excess of ligand, including CO, will often inhibit isomerisation.
HCo(CO),, an unstable hydrido-carbonyl complex, belongs to the examples of
catalysts also active in an atmosphere of CO. This is the only homogeneous
catalyst being commercially applied, albeit primarily for its hydroformylation
activity. Higher alkenes are available as their terminal isomers or as mixtures of
internal isomers and the latter, the cheaper product, is mainly converted to
aldehydes/alcohols by hydroformylation technology. Later we will see that the
isomerisation reaction also plays a pivotal role in this system. Since 1990
several catalysts based on rhodium, platinum and palladium have been
discovered that will also hydroformylate internal products to terminal
aldehydes.

Isomerisation is also an important step in the DuPont process for making
adiponitrile (Chapter 11) in which internal pentenenitriles must be converted to
the terminal alkene. The catalyst is the same as that used for the hydrocyanation
reaction, namely nickel(Il) hydrides containing phosphite ligands.

Since the hydride based isomerisation is such a facile reaction it often
occurs even when it is not desired. Thus, if hydrides play a role in the catalytic
cycle and alkenes are present or formed during the reaction, isomerisation may
represent an undesired side reaction. For instance in the Heck reaction (see
Chapter 13) an alkene and a palladium hydride are formed and thus, if the
alkene can isomerise, this may happen at the end of the cycle as a secondary
process.

Another application of an isomerisation reaction can be found in the
production of the third monomer that is used in the production of EPDM
rubber, an elastomeric polymerisation product of Ethene, Propene and a Diene
using vanadium chloride catalysts. The starting diene is made from
vinylnorbornene via an isomerisation reaction using a titanium catalyst. The
titanium catalyst is made from tetravalent salts and main group hydride
reagents, according to patent literature.

o s My
X,TiH

Figure 5.2. Isomerisation of vinylnorbornene by TiH species

Allylic mechanism. A second mechanism that has been brought forward
involves the formation of allylic intermediates. The presence of a hydride on
the metal complex is not required in this mechanism which can best be
described as an oxidative addition of an "activated" C-H bond (i.e. an allylic
hydrogen) to the metal. The allyl group can reconnect its hydrogen at the other
end of the allyl group and the result is also a 1,3 shift of hydrogen. The allylic
hydride variant is depicted in Figure 5.3. Another way of forming the allyl
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metal intermediate involves a heterolytic splitting: a base abstracts H" from the
co-ordinated alkene. This is a common method for the formation of m—allyl
palladium complexes from Pd(II) salts, alkenes and a base. The mechanism in
Figure 5.4 is the same as that shown in Figure 5.3 except for the temporary

storage of the hydrogen atom which is now a proton while in the former case it
is a hydride.

HL A

+M -
A N —»M—H —_— M\/'

|

NN, ——— M—‘|

Figure 5.3. Simplified allylic isomerisation scheme

Pd(OAC), +H Pd(OAc), + %

Figure 5.4. Palladium(II) acetate as an isomerisation catalyst

PdOAc‘]ij + HOAc

This reaction is very slow as the synthesis of palladium complexes via this
route also requires elevated temperatures. Thus, the formation of hydrides that
function as the isomerisation catalysts always remains a likely possibility.

5.2 Asymmetric Isomerisation

An important application of an isomerisation is found in the Takasago
process for the commercial production of (-)menthol from myrcene. The
catalyst used is a thodium complex of BINAP, an asymmetric ligand based on
the atropisomerism of substituted dinaphthyl (Figure 5.5). It was introduced by
Noyori [1].

BINAP has been extensively used for the asymmetric hydrogenation,
transfer hydrogenation and isomerisation of double bonds using both ruthenium
and rhodium complexes.
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OO PPh, PPhy OO
- CC OO -

Figure 5.5. The two enantiomers of BINAP

The synthesis of menthol is given in the reaction scheme, Figure 5.6. The
key reaction [2] is the enantioselective isomerisation of the allylamine to the
asymmetric enamine. It is proposed that this reaction proceeds via an allylic
intermediate, but it is not known whether the allyl formation is accompanied by
a base-mediated proton abstraction or hydride formation.

H, CHs
7 A NR, NR,
—_— —_— +
HNR, Rh-S-BINAP*
| catalyst
poison

myrcene

H CH, H FHs
e (o) Raney Ni
—_— —_— —_—
H,0 Hz oH
/_\ menthol

Figure 5.6. The Takasago process for (-)menthol

This is the only step that needs to be steered to the correct enantiomer, since
the other two stereocentres are produced in the desired stereochemistry with the
route depicted. Of the eight possible isomers only this one (1R,3R,4S) is
important. After the enantioselective isomerisation the enamine is hydrolysed.
A Lewis acid catalysed ring closure gives the menthol skeleton. In the six-
membered ring of the intermediate all substituents can occupy an equatorial
position and thus this intermediate is strongly favoured. In a subsequent step
the isopropenyl group is hydrogenated over a heterogeneous Raney nickel
catalyst.

Asymmetric catalysis involving metal catalysed hydrogenations and
isomerisations is becoming increasingly important in the production of
pharmaceuticals, agrochemicals and flavours and fragrances. More examples of
asymmetric homogeneous catalysts used are found in reference [3].

Industrial practice. Both the ligand, S-BINAP, and rhodium are rather
expensive (both = € 50-150 per gram) and the turnover per mole of catalyst
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should be high, > 50,000 [3]. A substantial amount of process work was needed
in order to achieve an acceptable turnover-number (TON). Without pre-
treatment the TON is only 100. When the substrate was treated with Vitride
(sodium bis(2-methoxyethoxy)aluminium hydride) the TON raised to 1000.
Removal of an amine isomer (catalyst poison, see Figure 5.6) was essential
(TON 8,000). A tenfold increase was obtained by using a ligand to rhodium
ratio of 2 instead of 1. Recovery with small losses eventually gave turnover
numbers of 400,000. The method was commercialised in 1984. The main part
of the annual production of 11,800 tonnes (1998) [4] is still obtained from the
natural source, Méntha arvensis. The oil obtained from the glandular hairs
contains, like in many plants of the Labiatae family, a wide variety of terpene-
derived substances (menthol, menthol esters, menthone, pinenes, R,S-
limonene, carvone), including other substances such as for example 3-octanone
and 3-octanol. The aromatised form of menthol is thymol, a major constituent
of thyme oil. The related pulegone (Méntha pulegium, pennyroyal oil) is a
poison and its level in food is kept below 20 ppm.

carvone limonene

i "0 ; Ne) i OH
PN

menthone  pulegone thymol

Figure 5.7. Méntha arvensis

5.3 Oxygen shifts

The isomerisation of allyl and propargylic alcohols involves the 1,3-shift of
an oxygen atom rather than a hydrogen atom. Isomerisation of allyl alcohols
can be catalysed by a variety of metal oxo complexes and in this instance the
reaction does not involve metal carbon bonds as we will see. One could
imagine that allylic metal species can participate in isomerisation of allylic
compounds, but for the alcohols themselves this is not an easy reaction. In
chapter 13 reactions of allyl acetates and the like, which are more prone to
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formation of metal allyl species, will be discussed. A shift of oxygen from
carbon-1 in an allyl alcohol to carbon-3 will lead in most cases to an
equilibrium and since substrate and product are very much alike this reaction
cannot be pushed to completion by removing the product selectively, for
instance. By producing silyl ethers or borate esters it appeared possible to shift
the equilibrium and acceptable yields have been reported.

The mechanism for allyl alcohol isomerisation has been studied and the
presence of alkoxy and oxo groups in the metal catalyst seems to be essential
[5]. Not only vanadium, but also rhenium and molybdenum analogues are
catalyst for this reaction. The mechanism is depicted in Figure 5.8. The
substituents at oxygen can be alkyl groups or silyl groups.

RO, OR
V.
OH RO. JOR o \O
o}
+ —_— +ROH

/\) & “or /\)

OR RO, ,OR
RO, ~ N
O,/v\o oNg +ROH OH RO, ,OR

S + V.
/\) /K/ )\/ ro” YO
Figure 5.8. Mechanism of allyl alcohol isomerisation

If the alkene is an alkyne instead, we are dealing with a propargylic alcohol
and now the thermodynamics are more favourable and the product is an enone.
Commercial application is found in the production of citral from
dehydrolinalool via vanadium-catalysed isomerisation (Figure 5.9). Note that
the last step involves a transfer of hydrogen as well when the enol rearranges to
the aldehyde!

. V ~OR o~ \\
RO~ W + ROH o
- ROH

citral

Figure 5.9. Citral from dehydrolinalool



5. Isomerisation 107

References

1 Miyashita, A.; Yasuda, A.; Takaya, H.; Toriumi, K.; Ito, T.; Souchi, T.; Noyori, R. J. Am.
Chem. Soc. 1980, 102, 7932.

2 Tani K.; Yamagata, Y.; Tatsuno, Y.; Yamagata, Y.; Tomita, K.; Agutagawa, S,
Kumobayashi, H.; Otsuka, S. Angew. Chem. Int. Ed. Engl. 1985, 24, 217.

3 Akutagawa, S. Chapter 16 in Chirality in Industry, Ed. Collins, A. N.; Sheldrake, G. N.;
Crosby, J. 1992, Wiley.

4 Clark, G. S. Menthol, Perfumer & Flavorist, 1998, 23, 33.

5 Chabardes, P.; Kuntz, E.; Varagnat, J. Tetrahedron, 1977, 33, 1775. Belgacam, J.; Kress, J.;
Osborn, J. A. J. Am. Chem. Soc. 1992, 114, 1501. Bellemin-Laponnaz, S.; Le Nuy, J. P.;
Osborn, J. A. Tetrahedron. Lett. 2000, 41, 1549. Bellemin-Laponnaz, S.; Le Nuy, J. C. R.
Chimie, 2002, 5, 217.



Chapter 6

CARBONYLATION OF METHANOL AND
METHYL ACETATE

Another textbook example

6.1 Acetic acid

Monsanto developed the rhodium-catalysed process for the carbonylation of
methanol to produce acetic acid in the late sixties. It is a large-scale operation
employing a rhodium/iodide catalyst converting methanol and carbon
monoxide into acetic acid. At standard conditions the reaction is
thermodynamically allowed,

CH;0H + CO — CH;COOH AG =~ 75kJ mol™

but without a catalyst, as so many carbonylation reactions, it would not take
place at all.

Other methods for the preparation of acetic acid are partial oxidation of
butane, oxidation of ethanal —obtained from Wacker oxidation of ethene—, bio-
oxidation of ethanol for food applications, and we may add the same
carbonylation reaction carried out with a cobalt catalyst or an iridium catalyst.
The rhodium and iridium catalysts have several distinct advantages over the
cobalt catalyst; they are much faster and far more selective. In process terms the
higher rate is translated into much lower pressures (the cobalt catalyst is
operated by BASF at pressures of 700 bar). For years now the Monsanto
process (now owned by BP) has been the most attractive route for the
preparation of acetic acid, but in recent years the iridium-based CATIVA
process, developed by BP, has come on stream.

The two catalyst components are rhodium and iodide. Under the
circumstances CO and water reduce Rhl; to monovalent rhodium. A large
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excess of iodide is present. Under the reaction conditions methanol and the
iodide component form methyl iodide. Rhodium is present as the anionic
species Rhl,(CO), . The mechanism reads (reactions 1 and 5 are equilibria):

CH,0H + HI CH,l + H,0 (1)
CHjl  +RhL(CO)  — CH;RhICO), ©)
Co + CH;RhI;(CO), — CH;C(O)RhL(CO),  (3)
CH,C(O)RhI;(CO), 5 RhI(CO), +CH;COI (4)
CH,COI +H,0 CH;COOH + HI (5)

The percentage of the selectivity in methanol is in the high nineties but the
selectivity in carbon monoxide may be as low as 90%. This is due to the shift
reaction:

CO + H,O - H, + CO, ©6)

The mechanism of the shift reaction in this catalyst system involves the
attack of hydroxide anion at coordinated carbon monoxide, forming a
metallacarboxylic acid. Elimination of CO; gives a rhodium hydride species
that can react with the proton stemming from water to give dihydrogen.
Rhodium may be either Rh(l) or Rh(Ill) as the valence of the metal does not
change during this process.

Thus, while water is an indispensable ingredient for the “organic” cycle (1
and 5), a high concentration of water causes the major loss of one of the
feedstocks. Water is also made in situ together with methyl acetate from
methanol and acetic acid. Not only water, but also HI is the cause of by-product
formation:

CH;RhI;(CO), +HI — CH, +RhI,(CO), (7)
RhI,(CO), +2HI H, + RhI4(CO), 8)

Reactions 7 and 8 involve oxidation of thodium(I) to rhodium(III). Reaction
8 can also be written as an oxidative addition of I, (formed thermally from 2
HI) to the Rh(I) complex. Rhodium(III) iodide (for convenience written as an
anionic carbonyl complex) may precipitate from the reaction medium. It has to
be converted to rhodium(I) again. This is done in the acetic acid process by
water and carbon monoxide.

The mechanism for the reduction of rhodium(lll) by CO and H,O to give
rhodium(l) again starts the same way as that for reaction (6), but now, if it
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concerns Rh(Ill), after the hydride formation reductive elimination of HX
occurs.

Other companies (e.g. Hoechst, now Celanese) have developed a slightly
different process in which the water content is low in order to save CO
feedstock [1]. In the absence of water it turned out that the catalyst precipitates.
Also, the regeneration of rhodium(IIl) is much slower. The formation of the
trivalent rthodium species is also slower because the HI content is much lower
when the water concentration is low. The water content is kept low by adding
part of the methanol in the form of methyl acetate. Indeed, the shift reaction is
now suppressed. Stabilisation of the rhodium species and lowering of the HI
content can be achieved by the addition of iodide salts (Li, ammonium,
phosphonium, etc). Later, we will see that this is also important in the acetic
anhydride process. High reaction rates and low catalyst usage can be achieved
at low reactor water concentration by the introduction of tertiary phosphine
oxide additives [1].
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Figure 6.1. Monsanto carbonylation of methanol

Figure 6.1 shows the reaction sequence in the “cyclic” fashion. After the
oxidative addition to form 2, methyl migration takes place to give 3. The
coordination sphere of 3 is completed by another molecule of CO to give 4,
which undergoes reductive elimination of acetyl iodide while regenerating 1.
Acetyl iodide reacts with water in the “organic” cycle to give acetic acid and
hydrogen iodide. One could imagine a direct attack of water at the acetyl group
of 4 as the reaction producing acetic acid. There is no evidence for either
mechanism as the kinetics for this part of the cycle do not show up in the rate
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equation; in palladium chemistry it has been found that such a direct reaction is
slow and ester or acid formation occurs via a reductive elimination type process
(Chapter 12).

Kinetics and the isolation of intermediates

The rate-determining step in this process is the oxidative addition of methyl
iodide to 1. Within the “operating window” of the process the reaction rate is
independent of the carbon monoxide pressure and independent of the
concentration of methanol. The methyl species 2 formed in reaction (2) cannot
be observed under the reaction conditions. The methyl iodide intermediate
enables the formation of a methyl rhodium complex; methanol is not
sufficiently electrophilic to carry out this reaction. As for other nucleophiles,
the reaction is much slower with methyl bromide or methyl chloride as the
catalyst component.

In situ IR studies [2] reveal the presence of RhI,(CO), only, as is to be
expected since after the addition of Mel all steps are fast. Until 1991, the
methyl-thodium complex 2 had never been observed. Maitlis and co-workers
[3], however, realised that the intramolecular migration reaction is a first order
reaction while the oxidative addition is second order in Rh and Mel. The latter
reaction can therefore be enhanced relative to the former by raising the
concentrations. When the oxidative addition is carried out at 5-35 °C in neat
Mel the methyl adduct MeRh(CO),l;5~ can be observed both in IR and NMR
spectroscopy. The IR data could be confirmed with *C NMR at —60 °C with
BCH;I and ®CO. Two equivalent carbonyls are observed with a rhodium—
carbon coupling constant of 60 Hz. The methyl carbon signal at —0.65 ppm
shows a typical rhodium coupling constant of 14.7 Hz. (Figure 6.2).
Furthermore, the kinetics of the reaction were measured. The kinetic data are in
agreement with those found for the overall reaction under the conditions where
the catalysis is carried out (AH* 63 kJ mol" and AS* —59 J mol K™).

©) e ©
|—p,._-CO |—pL-CO
j—"~co * CHd T I’th\Co
1 I 2

3C NMR: two equivalent carbons with Jgy,.c = 60 Hz

8C NMR: methyl group with Jgy.c = 14 Hz at § = -0.6 ppm
Figure 6.2. NMR data for the methyl intermediate 2 in the Monsanto process [3]

The CATIVA process

Other metals are also active under similar conditions using the same iodide
based chemistry: iridium, nickel, and palladium have been described. BP has
announced [4] that an improved process became operative in 1996 using
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iridium (or a combination of iridium and another metal, usually ruthenium).
The new system shows high rates at low water concentrations. The catalyst
system exhibits high stability allowing a wide range of process conditions and
compositions to be accessed without catalyst precipitation. In 2003 four plants
are in operation using this new catalyst.

Indeed, in general the oxidative addition to iridium [5] is much faster than
that to the corresponding rhodium complexes. Also the equilibrium is on the
side of the trivalent state. Thus, as expected reaction (2) is much faster for
iridium. In itself this does not mean that the iridium catalyst is therefore faster
than the rhodium catalyst. As we have learnt before, the reductive elimination
may be slower for iridium. Apparently, this situation has not yet been reached.
Migration is now the slowest step [6]. This seems to be a common
phenomenon for third row metals. For platinum complexes also the migration
reactions are slower than those for palladium. In third row metals the metal-to-
carbon G-bonds are stronger, more localised, and more covalent than those in
second-row metal complexes (a relativistic stabilisation of the Ir-CHj; bond).
One can imagine that a more diffuse, electron-rich, 6-bonded hydrocarbyl
migrates more easily. Quantum-mechanical calculations based [7] on DFT
showed indeed that the free energies of activation for the migration reaction are
116.3 kJ.mol™ (Ir) and 722 kl.mol (Rh), in good agreement with the
experimental estimates at 128.5 kJ.mol ™' (Ir) and 81.1 kJ.mol" (Rh).

In contrast to the rhodium process the most abundant iridium species, the
catalyst resting state, in the BP process is not the Ir(l) iodide, but the product of
the oxidative addition of Mel to this complex.

Two distinct classes of promoters have been identified for the reaction:
simple iodide complexes of zinc, cadmium, mercury, indium, and gallium, and
carbonyl complexes of tungsten, rhenium, ruthenium, and osmium. The
promoters exhibit a unique synergy with iodide salts, such as lithium iodide,
under low water conditions. Both main group and transition metal salts can
influence the equilibria of the iodide species involved. A rate maximum exists
at low water conditions, and optimisation of the process parameters gives acetic
acid with a selectivity in excess of 99% based upon methanol. IR-spectroscopic
studies have shown that the salts abstract iodide from the ionic methyl-iridium
species and that in the resulting neutral species the migration is 800 times faster
(Figure 6.3) [8].

The levels of liquid by-products formed are a significant improvement over
those achieved with the conventional high water rhodium based catalyst system
and the quality of the product obtained under low water concentrations is
exceptional [4].

Transition metal complexes added might also play a role in aiding the
reduction of iridium(IIT) species, but no evidence for this has been reported.
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The catalyst, the way it is operated, is about 25% faster than the Monsanto
rhodium catalyst. In addition, it was assumed that the oxidative addition is no
longer rate-determining and that now the migration of the methyl group to the
co-ordinated carbon monoxide is rate-determining (Figure 6.3).
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Figure 6.3. BP's CATIVA process
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6.2 Process scheme Monsanto process

The rate equation for the Monsanto process under process conditions reads:
v =k .[Rh I,(CO), ].[CH;I]

The two catalyst components are rhodium and iodide, which can be added
in many forms. A large excess of iodide may be present. Rhodium is present as
the anionic species Rhl,(CO), . Typically the rhodium concentration is 10 mM
and the iodide concentration is 1.5 M, of which 20% occurs in the form of salts.
The temperature is about 180 °C and the pressure is 50 bar. The methyl iodide
formation from methanol is almost complete, which makes the reaction rate
also practically independent of the methanol concentration. In other words, at
any conversion level (except for very low methanol levels) the production rate
is the same. For a continuous reactor this has the advantage that it can be
operated at a high conversion level. As a result the required separation of
methanol, methyl acetate, methyl iodide, and rhodium iodide from the product
acetic acid is much easier.
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Figure 6.4. Process scheme Monsanto a= depressurisation, b= light ends removal, c= acetic acid
distillation

For the separation of acetic acid from the catalysts components two routes
can be envisaged: (i) removing the product as a gas from the reactor (stripping)
or (ii) removing the liquid mixture from the high pressure reactor, releasing the
pressure and accomplishing a distillation in a second vessel. The latter process
scheme is presented in Figure 6.4. The liquid product mixture is taken to a
depressuriser. The light ends are distilled off and recycled. An off-gas stream
removes the carbon dioxide and methane formed. The product acetic acid is
distilled off and the bottom of this column containing acetic acid, iodide,
rhodium and heavy ends is fed back into the reactor.

Stripping has the technical advantage that the expensive rhodium catalyst
remains in the reactor and the disadvantage that the least volatile component
(acetic acid) has the lowest concentration of all components in the gas removed
by stripping. Distillation as a separation method has the advantage that acetic
acid is the most abundant component in the liquid, but now rhodium will be
circulated in the system and will remain in the bottom of the distillation unit
and it should not precipitate anywhere!

For a process it is very attractive if the reaction rate is independent of the
concentrations of the educts. The conversion rate is constant over a wide range
of concentrations, and the high rate is retained at a high conversion level. This
means that distillation is carried out with a liquid with a very high product
content.
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Reactor materials. One drawback that could be mentioned is the high
corrosivity of iodide. Hydrogen iodide is very corrosive, but the presence of
iodide salts makes it even worse. Carbon monoxide will also react with many
metals under the reaction conditions (30 bar of CO, 180 °C). Hastelloy-C is an
inert material which is used in the laboratory. For the actual plants titanium
cladded reactors have been mentioned as a possible solution.

Safety aspects. The toxicity of carbon monoxide, methyl iodide, and heavy
metals is well known. The safety precautions to be taken for working with CO
and high pressures are well recognised. It should be borne in mind that the
MAC value for a “common” substance such as acetic acid is extremely low.

6.3 Acetic anhydride

In many applications acetic acid is used as the anhydride and the synthesis
of the latter is therefore equally important. In the 1970’s Halcon (now Eastman)
and Hoechst (now Celanese) developed a process for the conversion of methyl
acetate and carbon monoxide to acetic anhydride. The process has been on
stream since 1983 and with an annual production of several 100,000 tons,
together with some 10-20% acetic acid. The reaction is carried out under
similar conditions as the Monsanto process, and also uses methyl iodide as the
"activator" for the methyl group.

The reaction scheme follows that of the Monsanto process except for the
"organic" cycle, in which acetic acid replaces water, and methyl acetate
replaces methanol (Figure 6.5):

—

CH;COOCH; + HI
CH;COI + CH;COOH

CH;COOH +CHil  (9)
CH;COOOCCH;+HI  (10)

—

Reaction (9) generates methyl iodide for the oxidative addition, and reaction
(10) converts the reductive elimination product acetyl iodide into the product
and it regenerates hydrogen iodide. There are, however, a few distinct
differences [2,9] between the two processes. The thermodynamics of the acetic
anhydride formation are less favourable and the process is operated much
closer to equilibrium. (Thus, before studying the catalysis of carbonylations and
carboxylations it is always worthwhile to look up the thermodynamic data!!!)
Under standard conditions the AG values are approximately:

MeOAc+CO — Acg,0 ~10.5 kJ.mol™
MeOH +CO — AcOH ~75 kJ.mol™
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Figure 6.5. Eastman carbonylation of methyl acetate

Two more differences are:
(i). in the Eastman process 5% of H, is added to the carbon monoxide, and
(ii). the addition of cations such as Li" or Na is necessary.

Re (i). If the reaction is run in the absence of Hj it has an initiation period of
15 to 90 minutes at 180 °C at 50 bar. The activation energy measured is higher
in the absence of dihydrogen (114 kJ.mol™). In the presence of dihydrogen the
incubation is absent, and the activation energy is 63 kJ/mol, which is the same
as that of the Monsanto process. (AH = 60.5 kJ.mol™', AS = —27 eu). The IR
spectrum of the reaction mixture under operating conditions shows the
characteristic absorptions of the Rh(CO),I,” anion at 2055 and 1984 cm ™. In
the absence of hydrogen another absorption at 2100 cm ' is also recorded
which is assigned to the anion of trivalent rhodium, Rh(CO),l,”, and which
disappears with the addition of hydrogen.

Not only does the initiation require hydrogen, but also later in the reaction it
may be necessary to reduce rhodium(Ill) to rhodium(I), since
methyl-rhodium(III) is being formed continuously in the reaction:

CH;RhI;(CO), +HI —  CH4 +RhI(CO), (11

This protonation may, besides the desired CO insertion, also form inactive
trivalent rhodium iodides. In the Monsanto acetic acid process the addition of
the reducing agent H, is not required for two reasons:

- In the Monsanto acetic acid process (not in the Hoechst version) there is a
lot of water present through the equilibrium between CH;OH and HI
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(reaction (1) in the scheme), which may act as a reducing agent directly
with CO,
- or H, is formed in situ via a shift reaction.

Water also causes a change in the reaction medium, which may be
advantageous. A drawback of the reducing medium in the Eastman process is
that in addition to acetic anhydride, the by-product ethylidene diacetate is
formed, CH;CH(AcO),. This can be thermally decomposed to vinyl acetate and
acetic acid, or it can be reduced to ethyl acetate, which in the recycle would
lead eventually to propionic acid.

Re (ii). The "salt effect”" is more intriguing. At low lithium concentrations
(lithium is the most effective cation) the reaction is first order in the salt
concentration and zero order in rhodium, methyl iodide, and carbon monoxide.
The rate steeply increases with the lithium concentrations. At high lithium
concentrations the rate dependencies equal the Monsanto process, i.e. first order
in thodium and methyl iodide, and zero order in CO. The metal salts are
involved in two reactions:

Acl + MOAc
MeOAc + MI

Ac,O +MI (12)
Mel + MOAc (13)

Reaction (12) ensures that acetyl iodide is converted to the product, because
in the case that M=H the equilibrium lies to the left. The second reaction (13) is
slow, and the equilibrium shifts to the right with decreasing size of the cation.
With lithium as the cation, this reaction has the highest rate and it is most
complete. (Li", K=0.388, k=8 l.mol""h™"; Na’, K=0.04, k=2.6). Hence, this
combination of reactions necessitates the use of Lil instead of HI, and it adds a
third cycle to the reaction scheme, namely the lithium cycle, which must
generate Mel. (In Figure 6.5 the “acid” cycle and the “salt’ cycle are drawn as
two coinciding cycles). At low concentrations this cycle may be
rate-determining.

The overall reaction represents an all syn-gas route to acetic acid and acetic
anhydride. At present, in Europe, syn-gas is being produced from natural gas,
but eventually it will represent a route from coal, the future feedstock for syn-
gas.

6.4 Other systems
6.4.1 Higher alcohols

From the methanol process we already learnt that propionic acid is one of
the by-products. It stems from the formation of ethanal, which is hydrogenated
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to ethanol and this is carbonylated to propionic acid. In the cobalt process it is
made in considerable quantities. Nevertheless, there exists no process for
making higher homologues of acetic acid, which may reflect both the market
situation and the absence of a good process.

A comparative study [10] into the Rh-catalysed carbonylation of ROH (R =
Me, Et, Pr) shows that in all cases, the reaction rate is 1st order in both [Rh] and
added [HI] and independent of CO pressure. The only Rh species observed by
IR under catalytic conditions was 1. The rates of carbonylation decreased in the
stated order of R, with relative rates of 21:1:0.47, respectively at 170 °C. This
order of the R-groups and the large differences between them is a common
feature for organic reactions of this type. All the data are consistent with rate-
determining nucleophilic attack by the Rh complex anion on the corresponding
alkyl iodide.

6.4.2 Phosphine-modified rhodium catalysts

Oxidative addition to complex 1 is the slowest and rate-determining step in
the reaction scheme and also it is a singular step, involving the conversion of
the catalyst resting state to a more reactive 2. An obvious way to obtain a faster
catalyst is the substitution of carbonyl ligands in 1 by electron-donating
phosphines, as organometallic chemistry tells us this variation never fails.
Indeed, several variants that are indeed faster are known [11], but none of them
has found application.

(‘:H3 C(O)CHg
co PEt,
CO—_,.—PEt3 CO~—p,—PEts ~~Rh_' -3
|/Rh\PEt3 |/ ‘ \pEta |/ ‘ \PEt3
| |
5 6 7

Figure 6.6. Phosphine modified rhodium catalyst for AcOH synthesis

Under mild conditions catalyst 5, [RhI(CO)(PEt;),], is 1.8 times faster than
1 in the carbonylation of methanol in the presence of CH;I and water at 150 °C
[12]. The reaction is first order in [CHsl] and zero order in CO pressure.
Stoichiometric studies show that the rate of oxidative addition of CH;l to 5 is
57 times faster than to 1 at 25 °C. 6 can be isolated and characterised. In
CH,Cl,, 7 reductively eliminates CH;COIL. 5 reacts with CO to give
[RhI(CO),(PEt;),]. The phosphine complex degrades to 1 during the course of
the reaction. Catalyst degradation occurs via [RhHI,(CO)(PEt;),], formed by
oxidative addition of HI to 5, which reacts further with HI to give
[RhI3(CO)(PEt;),] from which [Et;PI]" reductively eliminates and is hydrolysed
to give Et;PO.
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Bidentate phosphines perform somewhat better as regards stability, because
less free phosphine is present due to the higher complex binding constants. In a
related reaction the Rh(CO),(acac)Ph,P(CH,);PPh, catalyst gives high rates
(100-200 turnovers h™) and selectivities in the reductive carbonylation of
methanol to acetaldehyde, which is comparable to the best cobalt catalysts, but
at a much lower temperature (140 °C) and pressure (70 bar) [13]. Compounds 8
and 9 have been identified as intermediates, but the stability during long
reaction times has not been reported [14]. Unsaturated complex 8 possesses a
distorted five-coordinate geometry that is intermediate between square pyramid
and trigonal bipyramidal structures.
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Figure 6.7. 1dentified intermediates for catalyst based on dppp

Rhodium complexes of unsymmetrical diphosphines of the type
Ph,PCH,CH,PAr,, Ar = F substituted Ph groups, are also good catalysts and
they seem to be longer-lived catalysts than the symmetrical ones under the
conditions of the industrial process [15]. In situ IR studies show that the ligands
are indeed coordinated to the metal during the catalysis. Since the major species
observed contain the diphosphine ligand and because they perform better than
the ligand free species, it is clear that we are dealing with a “ligand accelerated”
process. It is not clear why the unsymmetric ligands are better than the
symmetric ones.
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Figure 6.8. Complex with trans ligand for the carbonylation of methanol

As bidentates seemed to give more stable complexes, and because trans
configurations seemed to be favoured by some of the monodentates, Thomas
and Siiss-Fink investigated the use of ligands that are bidentate and can
coordinate in a trans fashion [11,16]. This has led to the development of new
diphosphines based on condensation reactions of 2-diphenylphos-phinobenzoic
acid with aminoalcohols or diols, reminiscent of the wide bite angle ligands
used by Trost for the asymmetric allylic alkylation (Chapter 13.2). The best
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ligand found is the one shown in Figure 6.8, the catalyst formed with this
ligand is about twice as fast as the phosphine-free system. The compound does
indeed form frans complexes with Rh(CO)CI. In addition complexes have been
isolated in which ligands of this type form bidentate frans spanning positions
on a rhodium dimer, which is not surprising because such halide bridged
dimers are bent and the trans positions across the dimer span about the same
distance as trans positions across a monomer. From the two-dimensional
pictures it would seem that the ligand may also behave as a cis bidentate ligand
and further experiments with rigid trans ligands are needed to provide further
evidence.

Hemi-labile phosphine ligands carrying an ether function, ester function or
thioether as the second, labile donor-group have shown to be very good ligands
for the rhodium-catalysed carbonylation of methanol [13,17]. Carbonylation of
methanol occurs at unusually low temperature and pressure with cis-
RhCI(CO),Ph,P(CH,),P(O)Ph,, the mono-oxide of dppe as the ligand! The
square planar complex RhCI(CO)Ph,P(CH,),P(O)Ph, was also observed, but
the catalytic activity was ascribed to complexes in which the ligand acts as a
monodentate. The reason why this complex is so active is not fully understood
and surely testing of such hemi-labile ligands in catalytic reactions utilising
cationic complexes seems worthwhile.

We will briefly mention a few more examples of such hemi-labile ligands
and their complexes. Complex 10 (Figure 6.9) is an example of a phosphine-
ether ligand, which undergoes methyl migration after oxidative addition of
CHsl to afford the acyl complex 11 containing two Rh-O bonds. Heating 11 in
the presence of CO results in the reductive elimination of Acl, which upon
hydrolysis is transformed to AcOH [18].
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Figure 6.9. Phosphino-ethers as ligands

Rhodium complexes of the type (MeO),P(O)CH,CH,P(Ph),RhL; exhibit
excellent catalytic properties in the carbonylation of methanol to acetic acid
[19]. Rhodium(I) carbonyl complexes containing phosphino-thiolate and
phosphino-thioether ligands are four times as active in catalysing the
carbonylation of MeOH to AcOH as 1 [20]. Steric and electronic effects on the
reactivity of rhodium and iridium complexes containing P-S, P-P, and P-O
ligands have been studied, again showing the favourable effects of donor
ligands on the rhodium systems [21]. Doubts remain about the long term
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effects and stability of the phosphine complexes. Complex 12 cis-
[RhI(CO)(Ph,PCH,P(S)Ph,)] (Figure 6.10) is eight times more active than 1 for
the carbonylation of methanol at 185 °C; the X-ray crystal structure of the
analogous cis-[RhCI(CO)(Ph,PCH,P(S)Ph,)] was reported together with in situ
spectroscopic evidence in the catalytic cycle [22]. A more detailed study of 12
showed that indeed oxidative addition is faster, but that in this instance the
migratory insertion was also accelerated due to a steric effect [23].
Ph,

P 12

RR
PhoPxg™ N

Figure 6.10. Phosphino-sulfide ligand

6.4.3 Other metals

Several nickel catalysts for the carbonylation of methanol have been
reported, including an IR study [24]. The carbonylation of MeOH to form
MeOAc and HOAc was studied using phosphine modified Nil, as the metal
catalyst precursor. The reaction was monitored using a high pressure, high
temperature, in situ Cylindrical Internal Reflectance FTIR reactor [25].

The reaction of alcohols with CO can also be catalysed by palladium
iodides, and various ligands or solvents. Acetic acid is prepared by the reaction
of MeOH with CO in the presence of a catalyst system comprising a palladium
compound, an ionic iodide compound, a sulfone solvent at conditions similar to
those of the rhodium system (180 °C, 60 bar), and, in some cases, traces of a
nickel-bipyridine compound were added. Sulfones or phosphine oxides play a
stabilising role in preventing metal precipitation [26]. Palladium(Il) salts
catalyse the carbonylation of methyl iodide in methanol to methyl acetate in the
presence of an excess of iodide, even without amine or phosphine co-ligands;
platinum(Il) salts are less effective [27].

Catalysts based on palladium or nickel are much less stable than those
based on rhodium or iridium as they are prone to metal formation. The reaction
can be carried out in the absence of strong donor ligands needed for the
stabilisation of tetravalent palladium. Thus, it seems likely that the catalyst
switches between the zerovalent and divalent state and the electron count and
geometry of palladium or nickel intermediates (NiL, = 18e, NiMelL, = 16¢) on
the one hand and rhodium or iridium intermediates (Rh(I) = 16e, Rh(III) = 18e)
on the other hand may be different. At high methanol concentration the rate of
the palladium system is higher than that of rhodium, but the rate drops when
the reaction progresses, which points to different kinetics [26].
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Chapter 7

COBALT CATALYSED HYDROFORMYLATION
The old workhorse

7.1 Introduction

Functionalisation of hydrocarbons from petroleum sources is mainly
concerned with the introduction of oxygen into the molecule. Roughly
speaking, two ways are open: oxidation and carbonylation. Oxidation is the
preferred route for aromatic acids, acrolein, maleic anhydride, ethene oxide,
propene oxide, and acetaldehyde. Hydroformylation (older literature and
technical literature refer to the "oxo" reaction) is employed for the large-scale
preparation of butanal and butanol, 2-ethylhexanol, and detergent alcohols
(Figure 7.1). Butanal and butanol are used in many applications as a solvent, in
esters, in polymers etc. The main use of 2-ethylhexanol is in phthalate esters
that are softeners (plasticisers) in PVC. The catalysts applied in
hydroformylation are based, as in methanol carbonylation, on cobalt and
rhodium. We will see that the cobalt catalyst resembles the one described for
the methanol carbonylation process, but the rhodium one is distinctly different
from the Monsanto catalyst sharing with it only the propensity for a fast
migratory insertion of carbon monoxide.

0] R
t
R# + Hp+ co—= > R/\/U\H + I
H (6]

"normal" "iso"
linear product branched product

Figure 7.1. The hydroformylation reaction
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7.2 Thermodynamics

Thermodynamics of hydroformylation and hydrogenation of propene at
standard conditions are as follows:

H,+ CH;CH=CH, + CO — CH;CH,CH,C(O)H

AG 63 ~138 —117 () =42 kJ.mol™
AH 21 -109 -238 =-150 kJ.mol™
H, + CH3CH:CH2 - CH3CH2CH3

AG 63 -25 =88 kJ.mol™
AH 21 -105 =-126 kJ.mol™

At higher temperatures the entropy loss becomes more important and AG
will be less negative.

The thermodynamically favoured product of a hydroformylation reaction is
not the aldehyde but the alkane. Yet the product is the aldehyde because
“kinetic” control occurs.

The reaction is highly exothermic. Thus, if the reaction is conducted under
adiabatic conditions the temperature rises and AG approaches zero, at which
point the reaction reaches equilibrium and the temperature will not increase

further, preventing further escalation!

7.3 Cobalt catalysed processes

The hydroformylation of alkenes was accidentally discovered by Roelen
while he was studying the Fischer-Tropsch reaction (syn-gas conversion to
liquid fuels) with a heterogeneous cobalt catalyst in the late thirties. In a
mechanistic experiment Roelen studied whether alkenes were intermediates in
the "Aufbau" process of syn-gas (from coal, Germany 1938) to fuel. He found
that alkenes were converted to aldehydes or alcohols containing one more
carbon atom. It took more than a decade before the reaction was taken further,
but now it was the conversion of petrochemical hydrocarbons into oxygenates
that was desired. It was discovered that the reaction was not catalysed by the
supported cobalt but in fact by HCo(CO), which was formed in the liquid state.

A key issue in the hydroformylation reaction is the ratio of linear and
branched product being produced (Figure 7.1). Scientifically it is an interesting
question how the linearity can be influenced and maximised by influencing the
kinetics and changing the ligands. The catalytic cycle for the formation of
linear aldehyde is shown in Figure 7.2. The first processes for
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hydroformylation were based on cobalt carbonyl complexes. The only ligand
present is carbon monoxide. We have omitted the geometry of the cobalt
complexes.

For the sake of clarity only the route to linear product has been shown. The
first step is the replacement of a carbon monoxide ligand by an alkene. Indeed,
a negative order in CO pressure has been reported while the rate is proportional
to the alkene concentration. Alkene complexation may be a one-step
associative process via a 20-electron intermediate, as shown, or more likely a
two-step dissociative process. In the next step migration of the hydride ion
gives an alkyl cobalt complex, which may be either linear (as shown in Figure
7.1) or branched. An incoming carbon monoxide occupies the vacant site. The
next move is the migration of the alkyl to a co-ordinated carbon monoxide to
give an acyl complex. Up to here all reactions should be written as potential
equilibria. In the last step dihydrogen reacts with the acyl complex to form the
aldehyde product and to regenerate the starting complex hydrido cobalt
carbonyl. In cobalt-catalysed hydroformylation the last step is often rate-
determining.

H(O)CCoH4R ,==CHR
\y CO\CO/CO \QJ
CH2

0
CHZ CH,=FCHR

H—~.—CO
CO\CO/CO Co
_CH
CHZ C 2 j—\
\Co’CO

Figure 7.2. Mechanism of the cobalt catalysed hydroformylation

The last reaction of the catalytic cycle has been the subject of much
controversy. Two reactions may lead to the product:

HCo(CO); + RC(0)Co(CO); —> RCOH +Cox(CO)s (1)
RC(O)Co(CO); + H, — RCOH + HCo(CO), ©)

The latter reaction might involve an oxidative addition, rapidly followed by
a reductive elimination, or alternatively it might involve a 6—bond metathesis
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reaction. Experimentally this distinction will be difficult to verify. The two
schemes, a bimetallic reaction or a direct reaction with dihydrogen, give rise to
different kinetics. For both schemes experimental evidence has been reported
and both mechanisms may be operative depending on the exact conditions [1].

Recently proof has been reported for a heterometallic bimolecular formation
of aldehyde from a manganese hydride and acylrhodium species [2]. Phosphine
free, rhodium carbonyl species show the same kinetics as the cobalt system, i.e.
the hydrogenolysis of the acyl-metal bond is rate-determining. Addition of
hydridomanganese pentacarbonyl led to an increase of the rate of the
hydroformylation reaction. The second termination reaction that takes place
according to the kinetics under the reaction conditions (10-60 bar, 25 °C) is
reaction (3). The direct reaction with H, takes place as well, but it is slower on
a molar basis than the manganese hydride reaction.

HMn(CO)s + RC(O)Rh(CO); ——> RCOH + MnRh(CO), (3)

This reaction includes loss of CO prior to reaction of the rhodium fragment
and the manganese fragment to form more reactive, electron deficient species,
which we have omitted from the reaction equation.

7.4 Cobalt catalysed processes for higher alkenes

In Chapter 8 we will discuss the hydroformylation of propene using
rhodium catalysts. Rhodium is most suited for the hydroformylation of terminal
alkenes, as we shall discuss later. In older plants cobalt is still used for the
hydroformylation of propene, but the most economic route for propene
hydroformylation is the Ruhrchemie/Rhéne-Poulenc process using two-phase
catalysis with rthodium catalysts. For higher alkenes, cobalt is still the preferred
catalyst, although recently major improvements on rhodium (see Chapter 8)
and palladium catalysts have been reported [3].

The higher alkene feed (Cyo.14) for the production of detergent alcohols is
either a product from the wax-cracker (terminal and internal alkenes) or the by-
product of the ethene oligomerisation process (internal alkenes). In the near
future a feed from high-temperature Fischer-Tropsch may be added to this. The
desired aldehyde (or alcohol) product is the linear one and the cobalt catalyst
must therefore perform several functions:

- the internal alkenes must be isomerised to the terminal ones (in the
thermodynamic mixture only a very small amount of terminal alkene will
be present),

- the hydroformylation catalyst must have a very strong preference for the
terminal carbon atoms in order to obtain an acceptable (60-80%)
percentage of linear products.
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In general the activity of transition metal complexes for alkene
isomerisation is low in the presence of carbon monoxide, but HCo(CO), is an
exception to this rule. Depending on conditions, full equilibration of the alkene
isomers is obtained.

Under the reaction conditions HCo(CO), is an effective isomerisation
catalyst. The linear-to-branched ratio obtained is the same for terminal and
internal alkenes. This means that alkene addition or insertion is definitely not
rate-determining in this system. 1-Alkenes, but also internal alkenes, are rapidly
isomerised to the thermodynamic mixture of terminal and internal alkenes.
Nevertheless the aldehyde product may consist of as much as 70% linear
product, which indicates a very strong selectivity for hydroformylation at the
terminal carbon atom. Kinetically this can be explained by a faster or
preferential formation of the 1-alkyl group or a faster migration of the 1-alkyl
group. The preference for hydroformylating ferminal carbon atoms seems to be
extremely high. The activity for 1-alkenes is much higher than that for internal
alkenes; the reaction may be a thousand times faster. It is relatively difficult to
study this in detail because the alkenes are rapidly isomerised! Deuteration
studies have demonstrated a complete scrambling of deuterium and hydrogen at
high temperatures.

In the first few minutes of a batch reaction using 1-alkenes an extremely
fast reaction therefore may take place, which is the direct hydroformylation of
1-alkene, but after an equilibration to the internal isomers has taken place the
reaction slows down considerably.

Figure 7.3 gives an overview of the reactions involved in the
hydroformylation of internal alkenes to linear products. It has been suggested
that cobalt, once attached to an alkene, “runs” along the chain until an
irreversible insertion of CO occurs. Thus, the alkene does not dissociate from
the cobalt hydride during the isomerisation process. There is no experimental
support for a clear-cut proof for this mechanism. In alkene polymerisation
reactions this type of “chain running” has been actually observed.

Perhaps by using partly deuterated feeds one can design an experiment to
find proof for the “chain running” mechanism in the reaction below.

H,/CO
slow

XN

very fast l HCo(CO), o
H,/CO

\/\/\/\/ —>fast \/\/\/\/\/0

Figure 7.3. Hydroformylation of internal alkenes
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7.5 Kuhlmann cobalt hydroformylation process

In the following sections a few typical processes will be described. An
example of a cobalt catalysed hydroformylation reaction for higher alkenes is
the Kuhlmann process (now Exxon process), for which the flow-scheme —a
liquid/liquid separation— is shown in Figure 7.4. In this process the
hydroformylation is done in one, organic phase consisting of alkene and
aldehyde. The reactor is often a loop reactor or a reactor with an external loop
to facilitate heat transfer.

A liquid/liquid separation of product and catalyst is done in separate vessels
after the reaction has taken place. The reaction mixture is sent to a gas separator
and from there to a counter current washing tower (a simple phase separator is
shown in the figure) in which the effluent is treated with aqueous Na,COs;. The
acidic HCo(CO), is transformed into the water soluble conjugate base
NaCo(CO),4. The product is scrubbed with water to remove the traces of base.
The oxo-crude goes to the distillation unit.

CO/H, alkene

reactor —— off-gas T

H,0,
base
phase separator

depress.

dest.

NaCo(CO),

COM, COM,
H,0 acid

phase separator

alkene  HCo(CO), q
t H,0 salt

Figure 7.4. Kuhlmann hydroformylation process

alkene

The basic solution in water containing NaCo(CO); is treated with sulphuric
acid in the presence of syn-gas and HCo(CO), is regenerated. This can be
extracted as is shown in the drawing from water into the substrate, alkene. The
catalyst is returned to the reactor dissolved in the alkene. Compared to other
schemes (BASF, Ruhrchemie) the elegant detail of the Kuhlmann process is
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that the cobalt catalyst is not decomposed via (partial) oxidation but is left in
the system as the tetracarbonylcobaltate.

7.6 Phosphine modified cobalt catalysts: the Shell process

In the sixties it was recognised that ligand substitution on the cobalt
carbonyl complex might influence the performance of the catalyst. Tertiary
alkyl phosphines have a profound influence:

- the reaction is a hundred times slower [4,5],

- the selectivity to linear products increases,

- the carbonyl complex formed, HCoLL(CO);, is much more stable, and

- the catalyst acquires activity for hydrogenation.

A process based on this catalyst has been commercialised by Shell [6]. An
efficient ligand reported is 9-eicosyl-9-phosphabicyclononane (Figure 7.5) [7].
The long C-20 chain is needed to obtain a phosphine with a high boiling point.

C20Has CaoHar

LS S NS ¢

phobane mixture
Figure 7.5. A ligand reported by Shell for Co hydroformylation

As a result of the higher stability the process can be (and must be!) operated
at lower pressure (25-100 bar versus 200-300 bar for HCo(CO),4). The higher
stability can be explained by the electron donation of the phosphine to the
electron deficient cobalt carbonyl thus strengthening the Co-CO bonds. The
phosphine complex is less active than the tetracarbonyl complex and therefore
the reaction is carried out at higher temperatures (170 °C versus 140 °C). The
temperature is "dictated" by the rate required; the high pressures in the
tetracarbonyl system are needed to prevent decomposition of the carbonyls to
metal and CO.

The linearity of the product of the Shell process is higher, 75-90% versus
60-70% for the non-ligand modified process. The reason for this is not entirely
clear; on steric grounds one might expect that the linear alkyl and acyl
complexes are more stable leading to a higher linearity. Electronically the
effects on rate and selectivity cannot be easily rationalised.

The hydrogenation activity is an added advantage of this route, since most
of the hydroformylation-products are converted to the alcohols anyway.
Concurrent with the hydrogenation of aldehyde to alcohol, however,
hydrogenation of alkene feedstock to alkane occurs, which may be as high as
15% under certain conditions (versus 2-3% for the non-ligand-modified
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process). This is a considerable loss that has to be counterbalanced
economically by the higher linearity of the product.

Process description.

The hydroformylation of both higher and lower alkenes is carried out with a
phosphine complex HCo(CO);L. In this system the catalyst also remains intact
as in the Kuhlmann process. The phosphine is a high boiling trialkylphosphine
(sensitive towards oxidation) that ensures that during the distillation of the
product from the heavy ends the catalyst remains in the bottoms phase of the
distillation. This mixture of heavy ends and catalyst is recycled to the reactor.
Compared to the other cobalt-catalysed processes the flow scheme looks
simple, see Figure 7.6. The catalyst is subjected to forcing conditions during the
distillation. Furthermore, the reactor is several times larger because this catalyst
is much slower. To limit the hydrogenation of alkenes the reaction can be done
in stages; in the first reactor the partial pressure of hydrogen is lower and in the
last reactor the partial pressure is higher, to ensure hydrogenation of aldehyde
to alcohol. The product of propene can be either butanol or 2-ethylhexanol. The
dimerisation of butanal can be done in the hydroformylation reactor and hence
in this instance base must be added. This aldol condensation also leads to the
formation of heavy ends, which requires a bleed stream.

CO/H, alkene

crude
reactors aldehyde/
R YN alcohol

depress.

alkene U
T;/HQ COM,
hydrogen poor | hydrogen rich

HCoL(CO)3, alcohol, heawy ends heavy ends

dist.dist.

Figure 7.6. Flow scheme of the Shell process

7.7 Cobalt carbonyl phosphine complexes
7.7.1 Carbonyl species

A whole range of cobalt complexes has been observed under syn-gas
pressure. The actual complexes formed will depend strongly on the conditions.
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A wide range of temperatures (25-200 °C), pressures (1-300 bar), and
concentrations has been used and therefore comparison must be done with great
care with consultation of the original literature. We will restrict ourselves to a
few instructive examples, some general observations and comments. The
complexes are shown in Figure 7.7 (L is a phosphine).

Co04(CO)12 Co,(CO)g Coy(CO)L Co,(CO)sL» [Co(CO)3L2][Co(CO)4]
1 2 3 4
HCo4(CO)q HCo(CO), RCO(CO), RC(0)Co(CO),
5 6 7
HCo(CO)sL RCO(CO}L  RC(O)Co(CO)sL
8 9 10

Figure 7.7. Examples of complexes involved in cobalt hydroformylation

The tetranuclear and trinuclear clusters will only be observed at low
pressures [8], but all other species are very common under hydroformylation
conditions. Complex 4 is an ionic complex that is formed in polar solvents [9]
and even hexa-solvated, divalent cobalt species may form as the cation. Under
practical conditions both the dimers and the hydrides are observed, thus
depending on the hydrogen pressure there will be more or less of the hydride
present.

The reaction conditions chosen for the in situ IR studies are often much
milder (25-100 °C, 100 bar) than the process conditions (140 °C, 250 bar),
which may not affect the equilibria, as the higher pressure compensates for the
higher temperature. The relative rate, however, of isomerisation of 1-alkenes
may increase dramatically between room temperature and 140 °C.

Most authors agree that upon addition of alkene to an equilibrium mixture
of 1 and 5, the ratio changes considerably, favouring the dimeric species 1. Van
Boven [1] explained this by assuming that the major aldehyde-forming step is
the bimetallic elimination mechanism, involving 5 and 7, shown in equation (1)
(actually most of van Boven’s work is concerned with phosphine complexes,
which makes it more complicated as we will see below). Mirbach [1]
essentially found the same, but his analysis showed that the major productive
pathway is still maintained by species 7 in its reaction with dihydrogen,
equation (2), section 7.3. Occasionally a reaction according to equation (1)
occurs, which forms the unreactive dimer 1. Most data point to a slow
regeneration of 5 from dihydrogen and 1. Thus, dicobaltoctacarbonyl becomes
an important resting state, or rather a dormant state, in the catalytic process.

We have illustrated this mechanism in Figure 7.8. The major species
observed are shown in the boxes and one can derive that species 1 will build up
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to a certain dynamic “equilibrium” value. The explanation is not meant to hold
for each system as it is only valid in certain windows of operation, but it is
instructive for a general understanding.

Ha
very slow
Coy(CO)g H(O)CR' H
—————— CO\CO/CO CH,=CHR
1 /
CO CcO co
fast
5
] sow| OnR CH,=CHR
CO\CO/CO |
P CO~gy—CO H~co—CO
CO CcO R
s cd’ co co” “co
7
\ '?
CO—~.-CO
Co
ZBN CcO
Co co co

6

Figure 7.8. Cobalt carbonyl mechanism after Mirbach [1]

Cyclohexene reacts much more slowly than hex-1-ene (80 °C, 100 bar,
Mirbach [1]), which is related to the slower insertion of internal alkenes and the
absence of 1-alkene isomerisation under these conditions. As less acylcomplex
7 is formed per unit of time, the rate of formation of dimer 1 will also decrease.
Since the rate of regeneration of 5 from 1 and H, remains the same during the
cyclohexene hydroformylation, the dimer concentration will be lower. This was
indeed observed. Even if the rate-determining step would no longer be the
hydrogenolysis, but for instance the alkene complexation + insertion reaction,
the rate of the system may retain a positive response to higher pressures of
hydrogen. This will be due to a favourable shift in the equilibrium between 5
and 1 or, more likely, a faster regeneration of 5 from 1, both due to the higher
pressure of Hy.

Interestingly, the exchange of cobalt between 1 and 5 is extremely rapid
according to NMR measurements above 100 °C and roughly seven orders of
magnitude faster than hydroformylation, but this does not involve exchange
with H, [10]! The mechanism turned out to be dissociation of the dimer into
two radicals *Co(CO),, which subsequently exchanges a hydrogen atom with 5,
HCo(CO), at extremely high rates. The Co-Co bond dissociation energy for 1 is
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only 80 kJ.mol™". Exchange of CO is of the same order of magnitude. Thus we
are dealing with a highly dynamic system that only once in a while will carry
out a hydroformylation cycle!

It is likely that the saturated complex Co,(CO)s loses one molecule of CO to
give unsaturated Co,(CO); before reacting with H,. In spite of the extremely
fast exchange of free CO with coordinated CO the regeneration of HCo(CO),
remains a slow process.

7.7.2 Phosphine derivatives

Monophosphines. The wuse of phosphines in cobalt-catalysed
hydroformylation was first reported by Slaugh from Shell Development in the
sixties [6]. Tributylphosphine was reported as a selective and active ligand, but
the phobane based derivatives seem much more effective (Figure 7.5) [7].
Alkylphosphine are strong electron donors and thus dissociation of carbon
monoxide is retarded, which leads to more stable catalysts, but also much
slower catalysts. Carbonyl complexes 1 and 5 may be some 100-200 times
more active than complexes 3 and 8 containing an alkylphosphine ligand [4].
Arylphosphines do not seem to be very effective ligands and there may be two
reasons for this. First, they are weaker electron donors and form less stable
complexes in the competition with CO. Weaker ligands give more carbonyl
species and thus should give a faster reaction, but this only holds for high
pressures needed to stabilise the phosphine free complexes. Secondly,
arylphosphines quickly decompose at higher temperatures. It was demonstrated
that at 190 °C a fast phosphorus-carbon bond cleavage occurs leading to arenes,
arylalkyls or aryl aldehyde derivatives [11]. The more electron withdrawing the
aryl group was, the faster the decomposition was. Alkylphosphines are
therefore the preferred ligands.

Slaugh arrived at the following order of activity (195 °C, 36 bar):

thEtP > PhBU2P > BU3P > Et3P > PhEtzP > Cy3P

The linear : branched ratio was as follows:

BU3P > Et3P = PhEtzP = CY3P = PhBuzP > thEtP, ranging from 5.5 to 3.

One should be aware that the rate data are especially prone to variation. We
have already seen that 1-alkenes are hydroformylated at a much higher rate, but
at the same time they are rapidly isomerised to the much less reactive internal
alkenes. This together with the highly exothermic reaction may result in low
reproducibility. The results will thus strongly depend on the experimental
procedures and how carefully they were executed.

Ligand effects in a series of tertiary phosphines L=P(C;H¢OCH;);, PBu;,
P(C,H4CO,CHj3);, and P(C,H4CN); has been studied using the complexes
Co0y(CO)4(L), as the catalyst precursor [12]. For a 1 : 1 ligand to cobalt ratio the
results were the same for all ligands and the percentage of linear products
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amounted to 60% (40 bar H,, 5 bar CO, 150 °C). When the ligand : cobalt ratio
was increased to 10, the linearity increased to 90% but the rate was rather
impractical. Perhaps, bis-phosphine complexes are formed, which are electron-
rich and only slowly dissociate a molecule of CO.

High-pressure in-situ NMR spectroscopy have been reported about
reactions of carbon monoxide with cobalt complexes of the type, [Co(CO);L],.
For L=P(n-C4Hy);, high pressures of carbon monoxide cause CO addition and
disproportionation of the catalyst to produce a catalytically inactive cobalt(I)
salt with the composition [Co(CO);L,] [Co(CO),] . Salt formation is favoured
by polar solvents [13].

A very effective monodentate ligand was already introduced in Figure 7.5
containing the phobane moiety. It can be made from PH; by radical addition to
1,5-cyclooctadiene, which gives two isomers, a 1,5 and a 1,4 bridged
phosphabicyclononane (“phobane’). The two isomers have different properties
and can be separated via their bis(hydroxymethyl)phosphonium salts [14]. A
long C-20 chain is connected to phobane, also via a radical mechanism. The
deprotonated form of phobane has also been used for obtaining other
substituted ligands.

Another group of bicyclic aliphatic phosphines has been introduced by
Sasol [15]. Their ligands are based on addition of PH; to limonene (the R-
enantiomer). A mixture of two diastereomeric compounds is obtained due to
the two configurations of the methyl group at the C-4 position (Figure 7.9). The
Lim-H compounds obtained can be functionalised at the phosphorus atom with
the usual radical reactions with alkenes or substitution reactions of their
conjugate bases formed after treatment with BuLi with electrophiles.

=C3Hg-X

>

Q & X=Me, Ph, CN, OBz,

Lim-H Lim-R
Figure 7.9. Lim ligands developed by Sasol; position of R group not defined

The phobane derivatives (Figure 7.5) contain two secondary hydrocarbyl
groups and are therefore relatively bulky, comparable to (i-Pr),P-n-alkyl
ligands. The Lim ligands contain two primary alkyl groups, but the branching
at the other positions may compensate for this and it may still behave as a bulky
ligand. Electronically the alkyl groups are strong donors, but it is expected that
the steric strain caused by the ring systems raises the x-value of the ligands (i.e.
makes them better m-acceptors). The differences observed in oxidation and
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quaternisation of the two phobane isomers and the two Lim diastereomers
shows that the different ring structures lead to slightly different acid-base
properties for each pair.

Subtle electronic effects were also observed for the Sasol ligands, as in the
series X = CN, Ph, OBz, Me a decrease in the rate of reaction was found while
the linearity followed the reverse trend; the better donor gives the highest linear
to branched ratio (4.9, very similar to the best Shell catalyst; 170 °C, 85 bar).
As the authors remarked, this is not an intrinsic ligand effect on the reaction; it
is a measure of the amount of phosphine-free catalyst 5 that is present in the
equilibrium. Thus the weaker donor ligands give more 5 and thus a higher rate
and a lower L:b ratio. This was supported by IR and NMR measurements.

Diphosphines. The use of dppe in cobalt catalysed hydroformylation was
reported by Slaugh [16], but compared to PBu; it had little effect on the rate
and the selectivity of the cobalt carbonyl catalyst. Thus, it seemed that even a
bidentate aryl phosphine was relatively inert toward cobalt carbonyls under
hydroformylation conditions. In stoichiometric reactions of HCo(CO), or
Co0y(CO)g and dppe a chelate complex was obtained [17]. Bu,P(CH,),PBu,
gives a 7-membered ring chelate, but in hydroformylation it behaves as PBu;
and most likely acts as a monodentate ligand under CO pressure.

P R
Co, L, Ru, CO, H, L=
DO HO._~_-OH
90 °C, 100 bar

o +HCo(CO)L —— » HO\/\CO(CO)zL _—

Hz

CO,
HO Co(CO)L . HOA + HCo(CO),L
\
\/Y 1

(o)

Figure 7.10. Ethylene oxide to 3-hydroxypropanal; only one isomer shown for L

Alkyldiphosphines turned out to be very useful in a different reaction,
namely the carbonylation/hydrogenation of ethylene oxide to give 1,3-
propanediol also using cobalt catalysts. Interestingly, the ligand contains two
phobane units bridged by 1,2-ethenediyl. The process was commercialised by
Shell [18].

Most likely the cobalt catalyst is HCo(CO),(L), which has a very electron
rich metal centre and dissociation of CO does not occur under the reaction
conditions. The first step is a reaction of the cobalt hydride with ethylene oxide
forming a hydroxyethylcobalt species, which does not require dissociation of
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CO! Subsequently a migratory insertion will take place. Oxidative addition of
H, will be faster at the electron rich metal centre and thus the aldehyde will
form. Hydrogenation takes place at ruthenium (added as Rus(CO);;) as indeed
catalyst systems containing cobalt only are known to give 3-hydroxypropanal
as the product.
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Chapter 8
RHODIUM CATALYSED HYDROFORMYLATION

Bite angles and selectivity

8.1 Introduction

Since Shell’s report on the use of phosphines in the cobalt catalysed
process, which included preliminary data for the use of rhodium as well [1],
many industries started to apply phosphine ligands in rhodium catalysed
processes [2]. While alkylphosphines are the ligands of choice for cobalt, they
lead to slow reactions when applied in rhodium catalysis. In the mid-sixties the
work of Wilkinson showed that arylphosphines should be used for rhodium and
that even at mild conditions active catalysts can be obtained [3]. The
publications were soon followed by those of Pruett, in which phosphites were
introduced (Figure 8.1) [4].

Q QL
?

tppms "bulky" phosphite UCC ligand

Figure 8.1. Structures of ttpms, van Leeuwen's "bulky phosphite", and a highly stable, bulky
phosphite from UCC

As aresult, the second-generation processes used rhodium as the metal. The
first thodium-catalysed, ligand-modified process came on stream in 1974
(Celanese) and more were to follow in 1976 (Union Carbide Corporation) and
in 1978 (Mitsubishi Chemical Corporation), all using triphenylphosphine (tpp).
The UCC (now Dow) process has been licensed to many other users and it is
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often referred to as the LPO process (Low Pressure Oxo process). Not only are
rhodium catalysts much faster — which is translated into milder reaction
conditions —, but also their feedstock utilisation (or atom economy) is much
better than that of cobalt catalysts. For example, the cobalt-alkylphosphine
catalyst may give as much as 10% of alkane as a by-product. Since the mid-
seventies the rthodium catalysts started to replace the cobalt catalysts in propene
and butene hydroformylation. For detergent alcohol production though, even
today, the cobalt systems are still in use, because there is no good alternative
yet for the hydroformylation of internal higher alkenes to mainly linear
products.

The third generation process concerns the Ruhrchemie/Rhone-Poulenc
process utilizing a two-phase system containing water-soluble rhodium-tppts in
one phase and the product butanal in the organic phase. The process has been in
operation since 1984 by Ruhrchemie (or Celanese, nowadays). The system will
be discussed in section 8.2.5. Since 1995 this process is also used for the
hydroformylation of 1-butene.

In the late sixties phosphites have also been considered as candidate ligands
for rhodium hydroformylation, but tpp turned out to be the ligand of choice. A
renewed interest in phosphites started in the eighties after van Leeuwen and co-
workers had discovered the peculiar effect of bulky monophosphites giving
very high rates [5]. Bryant and co-workers at Union Carbide have expanded
this work enormously, first by making more stable bulky monophosphites [6],
later by focusing on diphosphites, which gave in a number of cases very high
regioselectivity [7]. There is only one relatively small commercial application
of “bulky monophosphite” by Kuraray for the hydroformylation of 3-
methylbut-3-en-1-0l [8]. A large amount of research has been devoted to
diphosphites in the last decade aiming at a variety of applications. The results
will be discussed in section 8.4.

Diphosphines have also become very popular ligands since the late eighties
in rhodium hydroformylation, e.g. Eastman’s BISBI. The two-phase system
underwent considerable improvements involving diphosphines [9].

R

PPh, R. ’
P P OAr o
% on
O )
BISBI R = tBu, Ar = 4-CgH,CI

Figure 8.2. Eastman's BISBI and typical diphosphites from Union Carbide Corporation



8. Rhodium catalysed hydroformylation 141

In recent years the interest in hydroformylating higher alkenes with
catalysts other than cobalt has increased. Platinum and palladium based
catalysts have been studied and the results of the latter [10] seem very
promising. Platinum has been known for many years to have a high preference
for the formation of linear products, but ligand decomposition hampers
applications [11].

A ligand with great potential for hydroformylation of higher, terminal
alkenes is monosulfonated triphenylphosphine, tppms, that was studied by
Abatjoglou, also at Union Carbide [12] (section 8.2.6). In this system
hydroformylation is carried out in one phase that is worked up afterwards by
adding water, which gives two phases to separate catalyst and product.

The fourth generation process for large-scale application still has to be
selected from the potential processes that have been “nominated”. In the
chapters to follow several of these candidates will be discussed. The fourth
generation will concern higher alkenes only, since for propene
hydroformylation there are hardly wishes left [13]. Many new phosphite-based
catalysts have been reported that will convert internal alkenes to terminal
products [6,7,14] and recently also new diphosphines have been reported that
will do this [15,16,17].

Asymmetric thodium catalysts are discussed in section 8.6. The most
interesting ligand discovered for asymmetric hydroformylation is undoubtedly
BINAPHOS, introduced by Takaya [18], but certain diphosphites also give
high enantioselectivities [19,20].

Ligand design for fine chemical applications has been very limited and
usually the ligands designed for large-scale applications are also tested for
more complicated organic molecules. Tpp has been the workhorse in fine
chemicals hydroformylation ever since Wilkinson’s first examples [21,22], but
also bulky phosphite [5], tppts and tppms [23] turned out to be very useful, and
also diphosphites have been studied [24].

8.2 Triphenylphosphine as the ligand

8.2.1 The mechanism

In Figure 8.3 the well-known mechanism, as first proposed by Heck [25],
has been depicted. It corresponds to Wilkinson’s so-called dissociative
mechanism [3]. The associative mechanism involving 20-electron
intermediates for ligand/substrate exchange will not be considered. For PPh; as
the ligand a common starting complex is RhH(PPh;);CO, complex 1, which
under 1 bar of carbon monoxide forms the complexes 2ee and 2ae, containing
two phosphine ligands in equatorial positions (denoted ee throughout the
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scheme) or one in an apical position and the other ligand in an equatorial
position (complexes denoted ae). Brown [26] found a preference for the ee
isomer of the hydride complex. Dissociation of either equatorial L or equatorial
CO from 1 or 2 leads to the square-planar intermediates 3¢ and 3t, which have
phosphines in cis or trans configurations respectively. Preferential dissociation
of equatorial ligands from trigonal bipyramids is normally observed.
Complexes 3 associate with ethene to give complexes 4, again in two isomeric
forms ae and ee, having a hydride in an apical position and ethene coordinating
in the equatorial plane.
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Figure 8.3. Simplified mechanism for hydroformylation of ethene (L = PPh3)

While four-coordinate species rhodium 3¢ have never been observed, the
analogous four-coordinate complex trans-Rh(PCy;),(CO)H has been isolated
and structurally characterized [27]. In addition, magnetization transfer
experiments indicate that both 1 and 2 are in equilibrium with free PPh; [26].
These results are highly suggestive of the formation of the four-coordinate
complex 3 by phosphine dissociation from 1 and 2. The complexes not
observed experimentally (for PPh; and alkylrhodium) are shown in brackets in
Figure 8.3.

Although the complexes shown in Figure 8.3 contain at least two
coordinated PPh; ligands, a large body of indirect evidence suggests the
influence of equilibria involving catalytically active species containing a single
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coordinated phosphine ligand. Such monophosphine species were initially
invoked to explain the positive effect on the regioselectivity in
hydroformylation that is typically seen with increasing P:Rh ratios (see 8.2).
The *'P NMR magnetization transfer experiments described by Brown [26]
also indicate that PPh; dissociation from the RhL, complex 2 occurs, albeit at a
significantly lower rate than the corresponding PPh; dissociation from tris-
phosphine complex, 1. When very bulky phosphite ligands are used, NMR
spectra have revealed the presence of monoligated species Rh|P(OAr);](CO);H
[5].

It has not been established experimentally whether alkene complexation is
reversible or not; in the scheme we have drawn all steps except the
hydrogenolysis at the end as reversible. Experiments with the use of deuterated
substrates suggest that alkene coordination and insertion into the Rh-H bond
can be reversible processes, certainly when the pressures are low. Complex 4
undergoes a migratory insertion to give square-planar alkyl complexes 5¢ and
5t, which are respectively cis or trans. In the absence of CO, the 16-electron
complexes containing aryl groups or alkyl groups without B-hydrogen atoms
can be isolated as mixtures of cis and frans isomers [28]. Complex S5 can
undergo B-hydride elimination, thus leading to isomerisation when higher
alkenes are used, or it can react with CO to form trigonal bipyramidal
complexes 6. Thus, under low pressure of CO more isomerisation may be
expected. At low temperatures (< 70 °C) and a sufficiently high pressure of CO
(> 10 bar) the insertion reaction is usually irreversible and thus at this point also
the regioselectivity of hydroformylation of 1-alkenes is determined.

Complexes 6 undergo the second migratory insertion in this scheme to form
the acyl complexes 7. Complexes 7 can react either with CO to give the
saturated acyl intermediates 8, which have been observed spectroscopically, or
with H, to give the aldehyde product and the unsaturated intermediates 3. The
reaction with H, involves presumably oxidative addition and reductive
elimination, but for rhodium no trivalent intermediates have been observed. For
iridium the trivalent intermediate acyl dihydrides have been observed [29]. The
Rh-acyl intermediates 8 have also been observed [26] and due to the influence
of the more bulky acyl group, as compared to the hydride atom in 2e and 2a,
isomer 8ae is the most abundant species.

At low hydrogen pressures and high rhodium concentrations, formation of
dirhodium species such as 9 becomes significant. Since several of the studies of
the Wilkinson group were carried out under such conditions, formation of di-
rhodium species was very relevant to their chemistry. Not only did they report
the formation of the orange dirhodium species of type 9, they also observed the
formation of red dirhodium species containing two carbon monoxide molecules
less than 9. A dirhodium complex 9 containing three molecules of PPh; was
fully characterized [30]. Regeneration of rhodium hydrides from dormant
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rhodium species formed by impurities is another cause for the positive rate
response to raising the H, pressure. Note that in Figure 8.3 not all reagents have
been depicted in the scheme for the sake of simplicity.

8.2.2 Ligand effects and kinetics

Steric and electronic properties of a ligand can drastically influence the rate
and selectivity of the hydroformylation reaction. A systematic study though is
absent for several reasons. For monodentate ligands a systematic study is
impeded by the variety of complexes that may be involved at the various stages
of the catalytic cycle. Secondly, RhH(PPh;);CO was used as the precursor in
several studies, while aiming at the study of the effect of ligands added. Use of
this procedure without removal of the liberated PPh; leads most likely to mixed
phosphine complexes, which complicates interpretations. Thirdly, complexes
of type 1 were often used without the addition of free ligand, which is needed
to ensure a high equilibrium concentration of 1 or 2. Other complications arise
from the use of different experimental conditions. As we shall see in section
8.2-4 changes in temperature, concentrations and pressure can significantly
influence rate and regioselectivity. For these reasons, studies which are
performed under conditions outside those typically used for hydroformylation
(10-30 bar, temperature 70—120 °C, [Rh] = =107 M, [alkene] = 0.1-2 M, [L]
depending on complex stability) can result in conclusions that are not
particularly relevant. Impurities in one of the feedstocks often led to oxidation
of the phosphine ligand. Another source of erroneous results is the use of
rhodium chloride (and the like) as the precursor, while it has been known for a
long time that this leads to only partial conversion to hydrido species [3]. When
discussing selectivities, one often does not take into account isomerisation. In
addition, many interesting effects have been published only in patents and these
results are less accessible than journal articles.

Thus, we are facing an impossible task to summarize the “ligand effect” for
monodentate phosphines (and phosphorus ligands) and to give credit to the
numerous contributions. For the sake of didactics we will present a few rules of
thumb, which at this point will not be fully exemplified by literature data, but
which will be supported when diphosphines are discussed in section 8.3.

Electronic effects.

Electron donating ligands, such as alkylphosphines, lead to slower catalysts
and as result they require higher temperatures [31]. In recent years it has been
shown that triethylphosphine gives turnover numbers of 700 mol.mol".h™" for
I-hexene and very high turnover numbers for ethene at 120 °C and 40 bar.
Hydroformylation with this catalyst may take place via a different mechanism.
As a secondary solvent-dependent reaction hydrogenation to alcohols takes
place [31c]. Arylphosphines containing electron-withdrawing substituents give
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a faster catalytic reaction than triphenylphosphine [32,33,34]. Phosphites can
give faster catalysts than phosphines [35,36], but this is certainly not true for all
cases. A recent study in supercritical CO, also shows that electron withdrawing
arylphosphines form more active catalysts [37], but the low concentrations of
RhHL;(CO), in the absence of extra L added, and the relatively high
concentration of CO in the supercritical medium may lead to excessive
dissociation of the phosphine ligand. Dibenzophospholes are more electron-
withdrawing than diphenylphosphino groups and without exception the former
lead to faster catalysts [26,38,15,39]. In general, ligand effect studies are hard
to compare, because for a particular ligand the rates may differ by at least an
order of magnitude, depending on the concentration of rhodium, ligand and
CO.

Most of the authors cited agree on the explanation; electron-withdrawing
ligands lead to a decrease of the back-donation to carbon monoxide and thus to
a weaker binding of the carbonyls. This will affect the formation of species 3
and 7, such that their rate of formation, or their equilibrium concentration
increases. Alkene complexation, giving complexes 4, may also be accelerated
or become more favoured thermodynamically. Migratory insertions are not
particularly sensitive to electronic properties of the ligand [21 and references
therein], but it is important to remember that oxidative addition will be slowed
down when electron-withdrawing ligands are used.

Steric effects.

More sterically demanding ligands will favour the formation of species
containing a low number of ligands L and therefore more CO ligands. A high
proportion of CO ligands also leads to electron poor rhodium species and thus
to enhanced dissociation of CO. For phosphites this effect has been clearly
observed [40] as will be discussed in section 8.4.

In spite of the industrial importance of the rhodium-PPh; catalyst, very few
data have been published on the kinetics of the hydroformylation reaction and
the data known are often contradictory. Early mechanistic work by Wilkinson
(at < 1 bar) demonstrated the inhibitory effect of increased CO and PPh;
concentrations on 1-hexene hydroformylation [21]. Increased Rh and alkene
concentrations were observed to lead to higher catalytic rates. Wilkinson also
observed an accelerated hydroformylation rate caused by increasing H,
pressure, which is most likely an artefact of inactive dirhodium species formed
under “non-standard”, low-pressure conditions. We will argue that under
“standard” catalytic conditions the reaction is first order in the concentration of
alkene, first order in the rhodium concentration, zero order in hydrogen, and the
reaction shows a negative order in ligand concentration (phosphine or carbon
monoxide, or both). The most detailed, early study is the report by Cavalieri
d’Oro et al.[41] from Montedison. They found the following expression for the
rate:
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v =k [C3Hs] *°[PPhs] *7[CO] ' [Rh] ' [H,]°

(conditions 90-110 °C, p(CO) = 1-25 bar, p(H,) = 145 bar, [PPh;] = 0.05-5
M, [Rh] = (0.5-7).10 M, PPhy/Rh = 300:1 to 7:1, [propene]—o = 2—7 M)

They reported an overall apparent activation energy of 84 kJ.mol™ for the
process. The important features of this kinetic study are the zero order
dependence in dihydrogen, the negative order in PPh; ligand (and CO), and the
positive order in alkene concentration. Under “standard” conditions (T = 70—
120 °C, CO = 5-25 bar, H, = 5-25 bar, Rh = 1 mM, alkene = 0.1 — 2 M), i.e.
the “industrial operating” conditions, chosen by many workers in the field, this
rate equation seems a good starting point for arylphosphine modified catalysts.

The observed order in propene concentration is less than one, which might
point to saturation kinetics. Indeed, high concentrations were used, but perhaps
the non-ideal behaviour of propene (critical temperature 94 °C) plays a role in
this. Under similar conditions for 1-hexene and l-octene a neat first order
behaviour in alkene has been observed using Rh-PPh; catalysts [36, 42].

At high PPh; concentrations, where the catalyst resting state is
(PPh;3);Rh(CO)H, phosphine dissociation must occur to form the coordinatively
unsaturated intermediates 3¢ and 3t. This dissociation is suppressed by
increased PPh; concentration, which serves to reduce the concentration of
active Rh species in the catalytic cycle.

At lower PPh; concentrations where the predominant resting state observed
by in situ studies is (PPh;),Rh(CO),H, species 3¢ and 3t are formed by CO
dissociation, which is likewise inhibited by increased CO concentration.
Consistent with this mechanism is the recent determination that
dissociation/association of CO is reversible and faster than hydroformylation
for arylphosphines (see 8.3). An inverse order in CO pressure and a zero order
dependency on H, pressure was reported by several authors [32,42,43]. Under
“standard” conditions, we propose that the best starting point for the kinetics is
an equation of the type:

Alalkene][ Rh]
Rate(type—1) = B[]

(the constants A, B do not refer to specific rate constants;

[L] is proportional to [PPh;] and [COY]).

Two possible scenarios exist which are consistent with this rate equation.
Rate determining alkene coordination by 3c and 3t followed by rapid alkene
insertion into the Rh-H bond is one possibility. An equally valid alternative
explanation for the observed kinetics involves rate determining migratory
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insertion of alkene into Rh-H preceded by fast, reversible alkene coordination.
In both cases, the concentrations of coordinatively unsaturated 3¢ and 3t are
influenced by PPh; and CO concentrations.

The kinetics at moderate PPh; concentrations are in agreement with a
catalyst resting state of RhH(PPh;),(CO), and a transition state of composition
RhH(PPh;),(CO)(alkene). At very high PPh; concentrations, the likely resting
state is RhH(PPh;);(CO) and a transition state of composition
RhH(PPh;),(CO)(alkene) is again likely. The set of rate-limiting reactions are
dissociation of CO (or PPh;), complexation of alkene, and migratory insertion.
Dissociation/association of CO is reversible and faster than hydroformylation
for arylphosphines (see 8.3). Complexation of alkene is most likely reversible,
although there are no experimental data on this process. Theoretical studies
[44] indicate that complexation of CO or ethene to species 3 (Figure 8.3) has a
low barrier. For migratory insertion of ethene into the metal-hydride an early
transition state was found, involving a re-organization of the complex. This
means that steric hindrance will play a crucial role and especially the rotation of
the alkene from the in-plane coordination to a perpendicular coordination mode
contributes to the barrier.

Several articles in the literature are in disagreement with the kinetics
presented above, even textbooks, but the present view is that the majority of
hydroformylation systems obeys the above rate law [45]. The cause of the
reported deviations is the presence in many systems of dimer 9 (for whatever
reason), which gives indeed rise to a higher rate when the hydrogen pressure is
raised [46]!

For carbonyl systems and bulky phosphite systems, the resting state of the
catalysts (for 1-alkenes) is the acylrhodium species of type 8 and thus, the
reaction with dihydrogen is rate limiting [47,48]. The approximate rate
equation is given below for type—II kinetics. We would like to stress that type-
II kinetics is the exception rather than the rule.

Rate(type —II) = m

8.2.3 Regioselectivity

The regioselectivity of the catalysts based on PPh; has been extensively
studied (see review [45]). The regioselectivity of 1-alkene hydroformylation
varies from 70 to 96 % for the linear aldehyde. The highest selectivity is
obtained at high concentrations of PPh;, or even liquid PPh;, and low pressures
of CO. Isomerisation should be considered as well, as this forms an “escape”
route for the branched alkyl intermediate leading to internal alkene isomers
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instead of branched aldehyde. Since the activity of most phosphine catalysts for
internal alkenes is low, the apparent linearity of the aldehyde product is high,
but the overall selectivity to linear aldehyde may be low. This will be discussed
further in 8.3.

Clearly, the number of phosphines coordinated to rhodium, along with the
stereochemistry at Rh, determines the regioselectivity. At high PPhs
concentrations, the resting state of the catalyst is 1 (Figures 8.3 and 8.4) and at
moderate concentrations the resting state is a mixture of 2ae and 2ee.
Wilkinson [3] and Andreetta [41] suggested that species 3 give high linear to
branched ratios (20:1), and that at moderate phosphine concentrations square
planar intermediates 10, containing only one phosphine are formed, which
would lead to low linear to branched ratios (4:1) (see Figure 8.4).
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Figure 8.4. Scheme with intermediates involved in determining regioselectivity

Dissociation of PPh; from 1 gives 3t, dissociation of CO from 2ee also
gives 3t, while dissociation of CO from 2ae will give 3¢. Dissociation of PPh;
from 2 gives the isomers 10t and 10c. The use of diphosphines such as dppe
and dppp gives modest linear-branched ratios and their putative intermediates 3
must have cis structure 3c. Therefore, 3¢ is not a likely intermediate for the
selective hydroformylation. For linear-branched ratios of 4:1 we don’t have to
invoke mono-phosphine species of type 10, as already structure 3¢ suffices for
the production of moderate 1:b ratios (3/1). In conclusion, the species leading to
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high linearity is the frans species 3t, while 3¢, 10cb, and 10t all lead to low L:b
ratios.

8.2.4 Process description, rhodium-tpp

LPO process. Propene hydroformylation can be done with a rhodium
triphenylphosphine catalyst giving a linearity ranging from 60 to 96 %
depending on the phosphine concentration. At very high phosphine
concentration the rate is low, but the linearity achieves its maximum value. The
commercial process (Union Carbide Corporation, now Dow Chemicals)
operates presumably around 30 bar, at 120 °C, at high triphenylphosphine
concentrations, and linearities around 92%. The estimated turnover frequency
is in the order of only 300 mol(product).mol'(Rh).h". Low ligand
concentrations, with concomitant low linearities (70%), will give turnover
frequencies in the order of 5—10,000 at 10 bar and 90 °C.

In the presence of carbon monoxide this rhodium catalyst has no activity for
hydrogenation and the selectivity based on starting material is virtually 100%.
The butanal produced contains no alcohol and can be converted both to butanol
and to other products as desired.

The low-pressure oxo process was developed by Union Carbide
Corporation, based on the Wilkinson patents. Temperature and pressure have to
be controlled very carefully because the linearity strongly depends on these
parameters. Ligand and rhodium (300 ppm) are very sensitive to impurities and
the feed must be very thoroughly purified. In the initially applied process the
thodium catalyst was retained in the reactor, apart from a small purification
cycle required for the removal of heavy ends and catalyst decomposition
products that slowly build up. The gases are led into the reactor at the bottom
via a sprinkler. The product aldehyde was removed with the gases by
“stripping”. The alkene conversion per pass is estimated to be 30%, and the
propene is recycled. The small catalyst recycle is necessary because slow
decomposition of the ligand occurs. Triphenylphosphine decomposes in the
rhodium-catalysed process to a phenyl fragment and a diphenylphosphido
fragment. Diphenylphosphide forms very stable, though inactive rhodium
complexes. Impurities in the feed may also cause the formation of inert
rhodium complexes. A general disadvantage is that the by-products remain in
the catalyst phase.

In today’s plants the product is taken out of the reactor as the liquid mixture
containing the catalyst and distillation is done in a separate distillation vessel,
see Figure 8.5.
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Figure 8.5. LPO process scheme with removal of product in liquid phase

8.2.5 Two-phase process, tppts: Ruhrchemie/Rhone-Poulenc

In 1986 a new process came on stream employing a two-phase system with
rhodium in a water phase and the substrate and the product in an organic phase.
For propene this process is the most attractive one at present. The catalyst used
is a rhodium complex with a sulphonated triarylphosphine, which is highly
water-soluble (in the order of 1 kg of the ligand "dissolves" in 1 kg of water).
The ligand, tppts (Figure 8.6), forms complexes with rhodium that are most
likely very similar to the ordinary triphenylphosphine complexes (i.e.
RhH(CO)(PPhs)s).

SO4Na

Q

9
N303S@ SO3Na

Figure 8.6. Tppts

The tppts process has been commercialised by Ruhrchemie (now Celanese),
after the initial work conducted by workers at Rhone-Poulenc, for the
production of butanal from propene. Since 1995 Hoechst (now Celanese) also
operates a hydroformylation plant for /-butene. The partly isomerised,
unconverted butenes are not recycled but sent to a reactor containing a cobalt
catalyst. The two-phase process is not suited for higher alkenes because of the
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low solubility of higher alkenes in water and the first-order dependency of the
rate on alkene concentration.

Process description. In the reactor (Figure 8.7) the three phases
(water+catalyst // butanal+propene // syn-gas+propene) are mixed vigorously
to ensure transfer of the reacting gases to the catalyst. The heat of reaction is
used for the distillation of the product (for our convenience the heat exchanger
was drawn as a separate unit, but of course reactor/ heat exchanger/ distillation
unit can be integrated). Subsequently the mixture is depressurised and the two-
phase liquid mixture is led to a settler tank for phase separation. Experiments in
laboratory glassware show that a very neat and fast separation of the two
phases occurs. We know that in a common organic synthesis this is often not
the case. The separation of a water-layer and an organic solvent layer often
leads to an inseparable “interphase” between water and organic solvent.

» exhaust

alkene
TN
syngas
T |_aldehyde
O steam
water ‘\F—j/
1 EEE—
syngas

Figure 8.7. Ruhrchemie/Rhone-Poulenc process

Hoechst-Ruhrchemie (now Celanese) reported that no detectable losses of
rhodium occur. We assume that propene is stripped from the aldehyde product
and finally distillation of the aldehyde is conducted to separate the branched
(8%) and linear product (92%). Note that the amounts of water lost in the
aldehyde phase have to be replaced. Note also that by-products arising from
aldol condensation, if any, are separated from the catalyst together with the
product. These heavy ends end up in the bottom of the product distillation,
which is advantageous, as the bottom can be sent to an incinerator. In processes
such as the Shell process (Figure 7.6), the heavy end is a mixture of
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decomposition products, condensation products, and catalyst components,
which are recycled. The build-up of the impurities requires a bleed-stream,
from which the catalyst has to be removed.

8.2.6 One-phase catalysis, two-phase separation

The two-phase process described above is an ideal process in terms of
separation of all components and stability. It cannot be used, however, for
higher alkenes, not even 1-alkenes. The reason for this is the extremely low
solubility of higher alkenes in water; for instance the solubility of 1-octene is
1000 times lower than that of propene. Actually, it is not known whether the
reaction takes place at the heterogeneous interface of water and the organic
layer or in the homogeneous water phase with dissolved propene. Intimate
mixing is needed, both for the “heterogeneous” reaction and for the
homogeneous reaction to accelerate transportation. Since the reaction rate has a
first order dependency on the alkene concentration, it is obvious that two-phase
catalysis using water is not a viable option for higher alkenes. One might use
micellar or vesicular systems containing the catalyst, in which the substrate has
a higher solubility than in water, but even then the rates are still moderate,
probably because transport of alkene through the water layer remains slow
[49]. Another interesting technique is the immobilisation of the aqueous
catalyst on a silica surface (supported aqueous phase catalysts, SAPC) [50], but
this has not reached widespread application either. SAPC is always faster than
a two-phase system or directly immobilised system [51] and in one case
Mortreux found that SAPC for methyl acrylate was even faster than the
homogeneous counter part [52].

High rates for higher alkenes can only be obtained if the concentration of
the alkene is high. This means that the reaction must be carried out in one
phase, which is an apolar medium. In the second step, rhodium complex,
unconverted alkene, and aldehyde product must be separated. For high boiling
products and temperature sensitive rhodium complexes distillation is not an
attractive solution. Union Carbide Chemicals (now Dow Chemical) introduced
a catalyst extraction method, applied after the hydroformylation has taken
place. We discuss this method here, also because the scope may be broader
than that of hydroformylation only. The ligand used is both soluble in water
and semi-polar solvents. The solvent in the hydroformylation reactor is N-
methyl-pyrrolidone. The latter is miscible both with water and with apolar
feedstocks and products. After the hydroformylation reaction water is added
and a liquid-liquid separation takes place, and the rhodium-ligand complex
goes to the polar phase and the organics to the organic layer. It is important that
all rhodium is retained in the aqueous phase, but the separation of the
“organics” in such mixtures containing N-methyl-pyrrolidone will not be
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perfect and may require several more extractions. This is an easy procedure on
a large-scale, continuous operation. Potential ligands for this type of processes
are shown in Figure 8.8, tppms and DPBS; the latter seems the most stable one
[53]. The process can be used for a broad range of higher alkenes [54].

SOzNa ©
P
e
PPh,

tppms DPBS

Figure 8.8. Ligands for one-phase catalysis, two-phase extraction

In 2001 Sasol announced the commercialisation of a Rh-catalysed
hydroformylation technology, licensed from Kvaerner (Davy McKee), for
conversion of Sasol’s Fischer-Tropsch 1-alkenes to detergent alcohols, on 120
kt/a scale [55] that is probably using this technology.

8.3 Diphosphines as ligands

It was known that diphosphines such as dppe and dppp gave catalysts with a
low preference for linear product in the rhodium-catalysed hydroformylation
[45]. Important breakthroughs were reported in the late eighties with BISBI 11
(see Figure 8.9) and the predecessors of Xantphos (vide infra) all showing a
high regioselectivity for the formation of linear aldehydes [39]. Propene was
hydroformylated by Eastman Chemicals using BISBI under ‘“standard”
conditions in a vapour stripped reactor. The aldehyde product shows a high
linearity (1:b = 30). For comparison, other ligands known until then gave much
lower linearities as shown in Table 8.1, taken from their work and other
sources.

Improved variations were described in a later patent [39]. Instead of
diphenylphosphino groups dibenzophosphole groups were used, which often
leads to an increase in rate and selectivity. The rate of reaction was accelerated
by high propene pressures, hinting at the common rate equation for
hydroformylation under “standard” conditions. Under optimised conditions (i.e.
low CO pressure) L:b ratios as high as 288 were obtained for propene.
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Table 8.1. Hydroformylation results using BISBI and other ligands [33,39,56]

Ligand Bite angle Rate (mol.mol™.h™) Ratio I:b
12 126 2550 2.6-43
BISBI, 11 113/120 3650 25
13 107 3200 4.4-12
DIOP [also 56] 102 3250 4.0-8.5
dppf [also 33] 99 3800 3.6-5
dppp 91 600 0.8-2.6
dppe 85 2.1
PPh;* 6000 24

Conditions: syn gas pressure 16 bar, [Rh] = 1.5 mM, ligand/Rh = 2.4, 95-125 °C, solvent
2,2, 4-trimethyl pentane-1,3-diolmonoisobutyrate (Texanol), propene pressure 5 bar. Other
sources used different conditions and alkenes.

?[Rh] =0.7 mM, ligand/Rh = 124.

Examination of molecular models of metal complexes of BISBI indicates
that the chelate bite angle is much greater than 90°, the most common bite
angle for bidentate ligands [57]. The work quoted so far, and the results shown
in Table 8.1 led to the speculation that ligands with wider bite angles may
perhaps have a fortuitous effect on the 1:b ratio in the hydroformylation of 1-
alkenes. However, at this time of date few chelating diphosphines had been
proven by X-ray crystallography to be capable of adopting large bite angles. To
identify ligands with wide bite angles Casey and Whiteker [58] introduced the
concept of the “natural bite angle” (See Chapter 1.5.4).

Extending the speculations presented in Section 8.2 for PPh; and its
thodium complexes one expected that BISBI would coordinate in a bis-
equatorial fashion (14) in RhH(L-L)(CO),, thus leading to 3t only when
dissociation of a CO molecule takes place (due to strain in the backbone 3t
might not be completely trans). NMR and IR spectroscopy proved [57] that the
structure of complexes 11 indeed contained the two phosphorus atoms in the
equatorial plane and hydrogen in one of the apical positions (14, Figure 8.9).

PPh, PPh2 O ghzT
\
PPh, wHI Rh—cCO
PPhy PPh, PPh2 p/ ‘
Ph, CO
12 13 14

Figure 8.9. Wide bite angle ligands

Yamamoto and Casey separately reported that 2,5-dppm-nor 12 (Figure
8.9) while having a wide natural bite angle (126°) [59], gave an unexpectedly
low 1:b ratio of only 2.6. This result was attributed to its inability to form stable
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chelates. Molecular mechanics calculations show that the rhodium chelate
complex of 12 has 12 kcal more strain than the free ligand; in contrast, BISBI
and dppe chelates are less than 3 kcal more strained than the free ligands. In
designing new wide bite angle ligands, it is suggested that the extra strain
imposed by chelation should be calculated so as to determine whether the new
ligand would form a stable chelate.

It was concluded from the data in Table 8.1 that apparently wider bite
angles and thus a bis-equatorial coordination mode of a diphosphine lead to
high I:b ratios, although the reason for this was not understood in detail.

8.3.1 Xantphos ligands: tuneable bite angles

Readily available backbones for tuneable wide bite angles turned out to be
those based on xanthene and related compounds (Figure 8.10). The
diphosphines derived from these cover a range of angles from 102 to 121° (or
126° for cyclic substituents). Key feature of these ligands is the oxygen ether
atom in the bridge that prevents metallation and that in neutral rhodium
hydrides does not participate in the coordination to the metal. By changing the
fragment in the back of the molecule (C;, C,, N, S) the bite angle can be easily
tuned. The natural bite angles are shown in Figure 8.10 and Table 8.2.

C

o
PPh; PPh:
. : ° PPh2 PPh
PPhy PPhy
Homoxantphos (15) 102.0° Phosxantphos (16) 107.9° Sixantphos (17) 108.5°
S \
LD L0

PPh, PPh; PPh, PPhy PPhy PPhy
Thixantphos (18) 109.6° Xantphos (19) 111.4° Isopropxantphos (20) 113.2°

0 ol QLD

PPh, PPh, PPhy Pphy PPhy PPh;

R =H, Nixantphos (21) 114.1° Benzoxantphos (23) 120.6° DPEphos (24) 102°
R = Bn, Benzylnixantphos (22) 114.2

Figure 8.10. Xantphos type ligands and their calculated B, values
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Hydroformylation. The hydroformylation results for the series 15-24 are
shown in Table 8.2 [60]. From the table one can see that the selectivity for
linear aldehyde increases with wider bite angles. For ligands 15-19 the I:b ratio
increases, but at higher bite angles the effect levels off.

Table 8.2. Hydroformylation of 1-octene using Xantphos ligands®

ligand B,, deg ee:ae’ 1:b ratio” % lin. ald.” % isomer.” tof**
15 102.0 3.7 8.5 88.2 1.4 37
16 107.9 7:3 14.6 89.7 42 74
17 108.5 6:4 34.6 94.3 3.0 81
18 109.6 7:3 50.0 93.2 4.9 110
19 111.4 7:3 522 94.5 3.6 187
20 113.2 8:2 49.8 94.3 3.8 162
21 114.1 73 50.6 94.3 3.9 154
22 114.2 8:2 69.4 94.9 3.7 160
23 120.6 6:4 50.2 96.5 1.6 343

* Conditions: CO/H, = 1, P(CO/H,) = 20 bar, ligand/Rh = 5, substrate/Rh = 637, [Rh] = 1.00
mM, number of experiments = 3. In none of the experiments was hydrogenation observed. °
Linear over branched ratio, percentage linear aldehyde, percent isomerisation to 2-octene, and
turnover frequency were determined at 20% alkene conversion. ° Turnover frequency = (mol
of aldehyde) (mol of Rh)™ h™'. ¢ Calculated from Jp_;; NMR data.

The rate of reaction increases with increasing bite angle (with the exception
of ligands 20-22) as one might expect since two phosphines with a small bite
angle are a better donor pair than two phosphines having a wider bite angle.
The stronger donation by the phosphines leads to more back-donation to CO
and thus stronger bonding of CO.

Ligand 23, which will adopt a flattened conformation compared with the
other ligands, gives an interesting result in that a low isomerisation rate is
observed. Ligand 15 assumes a local C, type symmetry, in contrast to the other
ligands all having C, symmetry. Ligand 24, the diphosphine made from
diphenyl ether, is a substitute for 15 as it has the same small bite angle of 102°.
It gives a moderate linear branched ratio of 6.7 but no isomerisation [53] at a
pressure of 10 bar.

Three X-ray crystal structures of (L-L)Rh(CO)H(PPh;) (L-L = 18, 22, 23)
were determined and all structures reveal distorted trigonal bipyramidal
complex geometries with all the phosphines occupying equatorial sites. The
observed P-Rh-P angles for ligands 18, 22 and 23 in the crystal structures are
111.7°, 110.2° and 109.2° respectively, which is the reverse of the calculated
natural bite angles! The observed bite angles are within the flexibility ranges
calculated for the ligands. The bite angle of approximately 110° found in all
three crystal-structures is probably the result of stereoelectronic interactions
between the diphosphine and the large triphenylphosphine ligand.
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Electronic effects. To study the nature of the electronic effect in the
rhodium diphosphine catalysed hydroformylation, a series of thixantphos 18
ligands with varying basicity was synthesized 25-30 (Figure 8.11). In this
series of ligands, steric differences are minimal so purely electronic effects
could be investigated.

R=

S NMe, 25

Ar= --@R OMe 26

Me 27

Ar,P PAr, E ;88

cl 29
CF; 30

Figure 8.11. Substituted thixantphos ligands

The X-ray crystal structure of (26)Rh(CO)H(PPh;) is very similar to the
previous ones. The P-Rh-P bite angle is 109.3°. The small difference in
observed bite angles confirms the assumption based on molecular mechanics
that p-substitution on the aryl rings has only minor steric effects. The better
donor prefers a smaller bite angle. A noticeable difference is found in the Rh-
CO distance. The decreased Rh-CO bond length for the p-CH;O-thixantphos
complex (1.86 A) compared to the thixantphos complex (1.89 A) is a result of
increased back-bonding of rhodium to the carbonyl ligand.

2100 2000 1900 cm”

Figure 8.12. 1R spectra of complexes RhH(ligand)CO (ligand = 25-30, 18)
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In situ IR spectra. Unambiguous evidence for the presence of ee and ae
complex isomers was supplied by HP-IR spectroscopy. The spectra of the
(diphosphine)Rh(CO),H complexes all showed four absorption bands in the
carbonyl region (Figure 8.12).

In an effort to assign the bands to ee and ae isomers the
(thixantphos)Rh(CO),D complex was measured for comparison. Upon H/D
exchange, only v; and v; shift to lower wavenumbers (respectively 18 and 14
cm ), and therefore, these two bands are assigned to the carbonyl frequencies
of the ee complex. The two bands that do not shift, v, and v,4, belong to the ae
complex. From the disappearance of a low-frequency shoulder upon H/D
exchange, it can be concluded that one of the rhodium hydride vibrations is
partly hidden under v,.

During hydroformylation the IR spectra of the rhodium species
(diphosphine)Rh(CO),H for ligands 26, 18, and 30 do not change. The
respective ee:ae equilibria are not influenced, and no other carbonyl complexes
are observed; thus these are the catalyst’s resting state. The coupling constants
in the NMR spectra reflect the equilibria between ae and ee species.

Hydroformylation results in Table 8.3 show that, with the exception of
ligands 28 and 30, the rate of the reaction increases with decreasing phosphine
basicity. An explanation for the deviant behaviour of 28 and 29 can be that
catalyst formation is incomplete or deactivation of the catalyst occurs.
Decreasing phosphine basicity facilitates CO dissociation from the
(diphosphine)Rh(CO),H complex and enhances alkene coordination to form
the (diphosphine)Rh(CO)H(alkene) complex, and therefore, the reaction rate
increases.

Table 8.3. Electronic effects in hydroformylation using thixantphos derivatives

ligand A ee:ae l:b 2-octene, %  nonanal, %  to.f.
25 1.7 47:53 44.6 48 93.1 28
26 34 59:41 36.9 53 92.1 45
27 35 66:34 444 4.7 932 78
18 43 72:28 50.0 4.9 932 110
28 5.0 79:21 51.5 5.7 925 75
29 5.6 85:15 67.5 6.9 91.7 66
30 64 92:8 86.5 6.8 92.1 158

1-octene, 80 °C, 20 bar of 1:1 CO/H,, 1.0 mM rhodium (diphosphine/Rh = 5)

While the 1:b ratio increases with the x-value, no electronic effect of the
ligands on the selectivity for linear aldehyde is observed. The selectivities for
linear aldehyde are all between 92 and 93%. The increase in L:b ratio with
decreasing phosphine basicity can be attributed completely to an increased
tendency of the branched alkyl rhodium species to form 2-octene instead of
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branched aldehyde (Figure 8.13). The increasing electrophilicity of the thodium
centre leads to a higher reactivity of the rhodium alkyl species toward CO
dissociation and B-hydrogen elimination. The total amount of all other products
(branched aldehyde and 2-octene) is 7-8% for all ligands.

CO, H,
/\/\/\ —>  Linear
/ RhL, aldehyde
/\/\/ LnRhH
CO, H
\ 2 Branched
/\/Y aldehyde
l RhL,
/\/\/

Figure 8.13. Competition between 2-hexene formation and branched aldehyde formation

It was found that CO exchange in (diphosphine)Rh(CO),H complexes
proceeds via the dissociative pathway [60]. The decay of the carbonyl
resonances of the (diphosphine)Rh('*CO),H complexes indeed followed simple
first-order kinetics. The experiments with ligand 20 at different >CO partial
pressure show that the rate of CO displacement is independent of the CO
pressure.  Furthermore, the rate is also independent of the
(diphosphine)Rh(">CO),H complex concentration, as demonstrated by the
experiments with ligand 18. It can therefore be concluded that CO dissociation
for these complexes obeys a first-order rate-law and proceeds by a purely
dissociative mechanism.

It was found that the CO dissociation rate at 80 °C is about 100 times as fast
as the hydroformylation reaction. It is not likely that increasing the bite angle
would lower the activation energy for alkene coordination. Increasing the bite
angle results in increased steric congestion around the rhodium centre and
consequently in more steric hindrance for the alkene entering the coordination
sphere. What kind of electronic effect the widening of the bite angle has on the
activation energy for alkene coordination is unclear, since it depends on the
bonding mode of the alkene. Rhodium to alkene back-donation is promoted by
narrow bite angles, while alkene to rhodium donation is enhanced by wide bite
angles [61].

Internal alkenes. Dibenzophosphole- and phenoxaphosphino substituted
xantphos ligands 31 and 32 [62] (Figure 8.14) show a high activity and
selectivity in the rhodium catalysed linear hydroformylation of 1-octene (I:b =
> 60). More importantly, ligands 31 and 32 exhibit an unprecedented high
activity and selectivity in the hydroformylation of trans 2- and 4-octene to
linear nonanal.
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Figure 8.14. Ligand structures

Table 8.4. Hydroformylation of 2- and 4-octene™

Ligand Substrate I:b ratio® % linear ald t.o.f5.
PPh; 2-octene 0.9 46 39
31 9.5 90 65
32 9.2 90 112
PPh; 4-octene 0.3 23 2
31 6.1 86 15
32 4.4 81 20

4 [Rh] = 1.0 mM, Rh:P:octene = 1:10:673. ® I:b Ratio includes all branched aldehydes.
¢ Turnover frequencies were calculated as (mol aldehyde)(mol catalyst) '(h)" at 20-30%
conversion. ¢ 120 °C and p =2 bar.

They constitute the first rhodium phosphine modified catalysts for such a
selective linear hydroformylation of internal alkenes. The extraordinary high
activity of 32 even places it among the most active diphosphines known. Since
large steric differences in the catalyst complexes of these two ligands are not
anticipated, the higher activity of 32 compared to 31 might be ascribed to very
subtle bite angle effects or electronic characteristics of the phosphorus
heterocycles.

The high L:b ratios of ligands 31 and 32 are in good agreement with earlier
observations that diphosphines with natural bite angles close to 120° give very
selective catalysts. The calculated bite angles are largely due to the interference
of the rigid substituent rings at phosphorus. Table 8.4 shows the activities and
selectivities achieved for internal alkenes. To enhance the rate of isomerisation
and to prevent hydroformylation of the internal alkenes, a relatively high
temperature and low pressure were used. The dissociation rate of CO from the
resting state (32)RhH(CO), was very fast, several times faster than that found
for diphenylphosphino Xantphos ligands [60]. Thus larger (natural) bite angles
promote the formation of four-coordinate species, as may be expected. For the
same reason they will enhance isomerisation, since this involves a competition
between CO association and B-hydrogen abstraction by the vacant site [16,17].
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8.4 Phosphites as ligands
8.4.1 Electronic effects

Aryl phosphites were among the first ligands that were extensively studied.
The results obtained with triphenylphosphine and triphenyl phosphite are
strikingly similar at low ligand concentrations. At higher ligand metal ratios
phosphites may retard the reaction. The electronic and steric properties of the
phosphite have a large effect on the rate and selectivity of the reaction.

The results of the early work by Pruett and Smith [4] together with two
more recent data [63], are summarised in Table 8.5. We have added the - and
0-values in this overview, which were not yet known when the catalytic work
was reported.

Table 8.5. Hydroformylation with rhodium phosphite and phosphine catalysts

Ligand R;P R= x-value 6-value linearity of product %
n-Bu 4 132 71
n-BuO 20 109 81
Ph 13 145 82
PhO 29 128 86
2,6-Me,CeH;0 28 190 47
4-CI-C¢H,0 33 128 93
CF;CH,0 39 115 96
(CF5),CHO 51 135 55

(conditions: 90 °C, 7 bar CO/H, = 1:1, substrate heptene-1, ligand/rhodium varies
from 3:1 to 20:1, or [L]=3-20 mM) (from ref [4]; last two entries from ref [63])

One general trend that emerges from the table is that ligands with high
x-values give a higher selectivity toward linear products. In addition more
isomerisation is obtained; unfortunately this is often neglected in the reports.
Preferably one would like to have also values for the absolute rates in addition
to the selectivities, but since these are lacking a detailed explanation of the
results is not always possible.

The trend towards higher linearities breaks down at two instances; one
involves a rather bulky ligand with a 8-value of 190°, the other one involves
hexafluoroisopropyl phosphite that has a very high x-value. Both give rise to
unstable rhodium carbonyl complexes either for steric reasons (vide infra) or
for electronic reasons. The jy-value of hexafluoroisopropyl phosphite is very
high indeed and it is thought that this value of 51 means that electronically it is
very similar to CO, i.e. a strong electron acceptor. Hence, the propensity of its
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mixed carbonyl hydride rhodium complexes to lose CO is likely to be similar
to the rather unstable HRh(CO)s.

8.4.2 Phosphites: steric effects

Very bulky phosphite ligands (see Figure 8.1, 8.15) yield unstable rhodium
complexes. The cone angle of o-t-Bu-phenyl phosphite, 33, is as high as 180°
and the complex formed with thodium has the formula HRh(CO);L; apparently
there is not enough space for the co-ordination of a second phosphite (Figure
8.14). In a trigonal bipyramidal complex there would be room for two bulky
ligands at the two axial positions but this would leave an equatorial position for
a o-bonded hydride, which is undesirable. The mono-ligand complex cannot be
isolated and has only been observed under a pressure of CO and H, [64].

This complex easily looses CO, which enables co-ordination of a molecule
of alkene. As a result the complexes with bulky phosphite ligands are very
reactive towards otherwise unreactive substrates such as internal or 2,2-dialkyl
1-alkenes. The rate of reaction reaches the same values as those found with the
triphenylphosphine catalysts for monosubstituted 1-alkenes, i.e. up to 15,000
mol of product per mol of rhodium complex per hour at 90 °C and 10-30 bar.
When 1-alkenes are subjected to hydroformylation with these monodentate
bulky phosphite catalysts an extremely rapid hydroformylation takes place with
turnover frequencies up to 170,000 mole of product per mol of rhodium per
hour [65]. A moderate linearity of 65% can be achieved. Due to the very fast
consumption of CO the mass transport of CO can become rate determining and
thus hydroformylation slows down or stops. The low CO concentration also
results in highly unsaturated rhodium complexes giving a rapid isomerisation
of terminal to internal alkenes. In the extreme situation this means that it makes
no difference whether we start from terminal or internal alkenes.

33

Figure 8.15. Bulky phosphite and its thodium complex

Since hydroformylation of internal alkenes is also relatively fast with this
catalyst the overall linearity obtained may become rather low (20-30%). This
explains the low linearity of a non-optimised reaction using a similar bulky-
phosphite R = 2,6-Me,CsH;0 quoted in Table 8.5.
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A comment about metal-ligand ratio. Many authors in the field of
homogeneous catalysis suffice to state the ligand-to-metal ratio (L/M) in their
reports on catalysis. This is common practice even amongst experienced
people. In general this is not enough; the absolute values of the concentrations
are as important as the ratio. Consider the following exercise. The catalytically
active complex is involved in the following equilibrium:

HM(CO)+L HM(L) + CO

The selective and fast catalyst species we want is HM(L) and we have
determined that at a certain pressure we need a twenty-fold excess of L in
order to have 95 % of M in the M(L) state.

The concentration of M = 107 molar. Suppose we want to reduce the
concentration of M to 10°. When we calculate the equilibrium constant from
the first example and then calculate the required concentration of L at M= 107
molar we find the following rule of thumb: if an excess of L is needed, keep [L]
the same and lower [M] only!

8.5 Diphosphites

tBu 5 0  tBu . ~

R (o)}

34a R = OMe, (OAr), = 35a, R = OCHjg
b, R = t-C4Hg,

b R = £-Bu, OAr = 4-CgH,-Cl

Figure 8.16. Typical examples of UCC diphosphites
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The diphosphites are an interesting class of ligands. Union Carbide Corporation
has exploited the effect of higher rates of bulky phosphites [5] by taking
bidentates, which give higher linearities than monodentate bulky
phosphites (Figure 8.16) [6,7]. Certain diphosphites were found to give
very high linearities even when internal alkenes were used. All major
companies have since the late 1980’s carried out research on diphosphite

catalysts.
tBu
oY H
| PR e p—0 | AP
O=C—Rh O=C—Rh =C—Rh"
¢ PR © ¢ b o
8 O tBu 39 O 40 \J

Figure 8.17. Diphosphite thodium complexes 38, 39, and 40

Their preparation is often very easy and a large variety is accessible. As for
phosphines, the co-ordination mode depends on the length of the bridge.
Bridges consisting of five atoms (OC;0) (39), as in Xantphos (C,0C,), and
bridges of six atoms (38) give complexes containing bis-equatorial co-
ordination. Complexes of ligands having only four atoms in the bridge (OC,0)
show equatorial-axial co-ordination (40) (Figure 8.17).

Complexes containing equatorial-axial ligands always give low selectivity.
Complexes giving high selectivity to linear aldehydes always contain bis-
equatorially co-ordinating ligands (wide bite angles). The reverse is not true,
since many complexes having the desired structure still give low selectivities.

Phosphite complex 38 is a typical example of the new generation catalysts.
The NMR characteristics include a small coupling constant Jp g, (< 30 Hz), and
if the two phosphorus atoms are inequivalent, a large Jp p coupling constant
(250 Hz). Complex 40 shows the opposite: one large and one small coupling
constant Jpy, (180 and —30 Hz), and, if the two phosphorus atoms are
inequivalent, a small Jp_p coupling constant (< 80 Hz). At room temperature the
complexes of type 40 are extremely fluxional and in fact the proton spectrum
shows a triplet (doubled due to 'Rh, spin 1/2) due to the averaged coupling
constants of the two phosphorus nuclei. The details of chemical shifts and
coupling constants are now well known and can be used for the determination
of the solution structures [66]. One crystal structure of a complex having
structure 38 has been published [67].
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Table 8.6. Hydroformylation using rhodium bulky diphosphite catalysts®

Ligand T,°C pCO/H, Ratio Alkene Isom. Rate,” mol. I:b
bar CO/H, %  (molRh)’. h

34a‘ 70 2.5 1:2 1-Butene 2400 50
34a° 71 6.7 1:2 «“ 730 35
36°¢ 70 7 1:2 “ 160 6.3
37°¢ 70 43 1:1 Propene 280 1.2
36°¢ 70 43 1:1 «“ 20 2.1
35a° 74 4.5 1:1 “ 402 53
35a¢ 80 20 1:1 1-octene 18 3600 >100
35p¢ 80 20 1:1 1-octene 27 6,120 51
34p ¢ 80 20 1:1 1-octene n.d. 3375 19

* Conditions: 0.1-1 mM Rh, L/Rh = 10-20, [alkene] = 0.5-1 M in toluene. ° Initial rate. ©
[6,7]. 4 [67]. N.d. = not detected.

From Table 8.6 it is seen that the ligand structure has a very large effect on
the rate and regioselectivity of the reaction, often in an unpredictable way. In
general ligands that coordinate in an a-e give low linearities, but an e-e co-
ordination mode is not a guarantee for high linearities. Even for internal
alkenes such as butene-2 linearities above 70% have been reported [6,7].
Various other, functionalised alkenes have been subjected to hydroformylation
including methyl 3-pentenoate, which involved an isomerisation to obtain the
linear product. The linear C-6 aldehyde-ester chain can be converted either to
adipic acid or caprolactam, important nylon constituents. This opens a route to
these products starting from butadiene with high atom economy, which could
replace the present route starting from cyclohexene/cyclohexane by oxidation,
a less clean route.

tB“\g tBu tBu
CO,Me o :©/
P
OO P(OAr), o ©
e X
OO “P(OAr), O‘p/o
CO,Me /@\/O :©\

Figure 8.18. DSM-DuPont ligands and Mitsubishi ligand
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DuPont and DSM have patented the use of ligand 41 (Figure 8.18) for the
hydroformylation of methyl 3-pentenoate to linear product [68]. Instead of ¢
butyl groups on the bridge they use electron-withdrawing ester groups, while
the remaining substituents are monophenols, rather than diols or bisphenols.
The necessary isomerisation to the linear alkene prior to hydroformylation
reaction is probably promoted by the electron-withdrawing ester groups. They
were able to obtain high selectivity for the linear aldehyde, providing a useful
intermediate to nylon-6 feedstocks. Comparable selectivity up to 97% was
reported for the hydroformylation of 2-hexene.

The efficacy of monophenols containing bulky substituents was first
described in the patents from Mitsubishi Chemical Corporation [69] (42, Figure
8.17). They report high yields of aldehyde (> 90%) for the hydroformylation of
1-alkenes with high linearities. The 1:b ratios are generally above twenty using
this ligand.

8.6 Asymmetric Hydroformylation

8.6.1 Rhodium catalysts: diphosphites

Asymmetric hydroformylation of alkenes is potentially an important
reaction for the synthesis of chiral aldehydes as intermediates in drug synthesis,
although we are not aware of an industrial application as yet. Square planar
complexes of platinum containing chiral diphosphines have been for a long
time the catalysts of choice for this reaction [70]. The bidentate ligands used
were usually diphosphines developed for asymmetric hydrogenation, which are
also square planar complexes. For many years the enantiomeric excesses
obtained using rhodium and these diphosphines as the catalyst have been below
60%. Rhodium hydroformylation requires trigonal bipyramids and one can
imagine that the steric constraints in the latter are different from those in square
planar complexes. If the alkene coordinates in the equatorial plane, the
interaction of the substrate with the bidentate is weaker than in a square planar
intermediate, certainly if the bidentate phosphine is also positioned in the
equatorial plane. Results for phosphine ligands in combination with rhodium
are still moderate, but in the nineties two new types of ligands have led to high
e.e.’s, namely diphosphites and phosphine-phosphite ligands.

Most popular as the substrate for studying asymmetric hydroformylation
has been styrene, which might also form linear aldehyde.
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©/\ [Rh] ©/\/ CHO ©)\
COM, ¥
Figure 8.19. Styrene hydroformylation

The first reports on asymmetric hydroformylation using diphosphite ligands
revealed no asymmetric induction [71]. In 1992, Takaya et al. published the
results of the asymmetric hydroformylation of vinyl acetate (e.e.=50%) with
chiral diphosphites [72]. In 1992, an important breakthrough appeared in the
patent literature when Babin and Whiteker at Union Carbide reported the
asymmetric hydroformylation of various alkenes with e.e.’s up to 90%, using
bulky diphosphites derived from homochiral (2R,4R)-pentane-2, 4-diol (see
Figure 8.20). Van Leeuwen et al. studied the influence of the bridge length,
bulky substituents and cooperativity of chiral centres on the performance of the
catalyst [73,74].

43

Figure 8.20. Chiral diphosphite 43

Optically active diols are useful building blocks for the synthesis of chiral
diphosphite ligands. Chiral diphosphites based on commercially available
optically active 1,2 and 1,4-diols, 1,2:5,5-diisopropylidene-D-mannitol, L-
a,0,0,0-tetramethyl-1,3-dioxalan-4,5-dimethanol and L-diethyl tartrate, were
first used in the asymmetric hydroformylation of styrene [75].

When the bridging backbone consists of three carbon atoms often high
e.e.’s can be obtained. Indeed, the starting hydride complexes contained the
bidentate ligand in the trigonal plane and since the ligands are very bulky one
might expect that the rotations needed for hydride migration might lead to
different rates. When the backbone consists of two carbons, the ligand adopts
a-e co-ordination and low e.e.’s were obtained. Ligands having four carbon
atoms in the bridge lead to the desired e—e conformation, but e.e.’s are
disappointingly low. Thus the same phenomena are observed as previously,
when we discussed the bidentate phosphites in their use for high linearity.
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Sugar backbones have been used many times, and indeed, when a three-carbon
bridge is involved good e.e.’s may be obtained [76].

An interesting phenomenon concerns the introduction of atropisomerism in
the bisphenol substituents (Figure 8.21). Due to steric hindrance one of the
isomers will be preferentially formed and thus it seemed worthwhile to enforce
certain combinations of chirality, i.e. backbone and substituent chirality.

¢ b
OO0 OO0

oo — OO0

Figure 8.21. Atropisomerism in bisphenol moieties

For the bisnaphthol ligands a matched and mismatched combination was
found; it turned out that the matched combination, giving the highest e.c., was
also the most stable one. The same occurred when bisphenols were used, as
accidentally the most stable ones are the ones that gave highest e.e.’s. The e.e.’s
also increased with the steric bulk, but an optimum was reached when SiMe;
groups were used (Figure 8.22) [77].

44a (R = Me) 45a (R = Me)
44b (R =Et) 45b (R = Et)
44c (R = tert-Bu Me,) 45c¢ (R = tert-Bu Me,)

Figure 8.22. Bisphenol and bisnaphthol pentane-2,4-diol diphosphites

8.6.2 Rhodium catalysts: phosphine-phosphite ligands

The most important ligand for asymmetric hydroformylation is BINAPHOS
(46, Figure 8.23), synthesized by Takaya and Nozaki. Also for other reactions
it turned out to be a highly efficient ligand. The phosphine-phosphite ligand
was expected to combine the high -enantioselectivity obtained with
diphosphines such as BINAP in asymmetric hydrogenation with the apparently
efficient coordination of the phosphite moiety [78]. The Rh(I) complex of C;-
symmetric (R,S)-BINAPHOS provided much higher enantioselectivities than
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either C, symmetric diphosphine ligands or diphosphite ligands, viz. more than
90% e.e. for a wide variety of both functionalised and internal alkenes
[78,79,80,81].

A range of structural combinations has been reported. In the structures
presented in Figure 8.23 the first R/S indicator refers to the binaphthyl
(biphenyl) bridge and the second to the bisnaphthol (bisphenol) moiety. Thus
for 48, which lacks the bisphenol chirality, we write in the table (R,--), and for
50, which contains a non-chiral biphenyl bridge, we write (--,R).

For all ligands the absolute configuration of the product obtained is the
same as that of the absolute configuration of the binaphthyl (biphenyl) bridge.
Thus, it seems that the binaphthyl bridge directs the position of the
diphenylphosphino fragment. Remarkably, the best combination is formed
when the absolute configurations for the binaphthyl and bisnaphthol moieties
are opposite (i.e. S,R or R,S diastereomers). Enantioselectivities were much
lower with (R,R)-ligands. R,R diastereomer 46 still gives the R-aldehyde in
excess, but the e.e. is low (26%).

e, L QQ

48(R) 49a (SR)
49b (R,R)

Figure 8.23. (R,S) BINAPHOS and related ligands

The results obtained for ligands 48 and 50, which contain only one fixed
stereocentre, are interesting and very informative about the system. Ligand 48-
(R,--), in which only the binaphthyl bridge has a predetermined absolute
configuration R, leads to an e.e. of 83% (R-aldehyde), which is quite close to
the value of 94% for (R,S)-BINAPHOS. This suggests that in the formation of
the complex the binaphthyl bridge controls the conformation of the bisphenol
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moiety so that the final conformation is (R,S). Likewise, 50-(--,R) gives 69%
e.e. of the S-aldehyde, which suggests that the complex formed assumes an
(S,R) conformation, since now the R-bisnaphthol induces the formation of an
S-diphenyl bridge. The control by the binaphthyl bridge in 48 is somewhat
more efficient than that of the bisnaphthol moiety in 28.

In the free ligand 50 a slight preference for the S,R diastereomeric
conformation is observed, but in the complexes the preference for the S,R or
R,S conformation is very strong, as is concluded from the NMR spectra and the
catalytic results. In the free ligands with R,S configurations the through-space
coupling constants between the two phosphorus nuclei are always larger than
those in R,R ligands. This shows that in R,S ligands the ligand has a natural
tendency to bring the donor atoms into close proximity. When an excess of R,R
and R,S ligands with respect to rhodium is present, the latter give the most
stable complexes and they are formed prevalently in the mixtures. In
diphosphites, the bisphenol configurations were also observed to be controlled
by the backbone and the most stable configurations lead to the highest e.e.’s in
hydroformylation catalysis [75,78].

Table 8.7. Asymmetric hydroformylation of styrene using ligands 4650

Ligand T°C CO/H, Time h Conversion b/l %e.e.
bar/bar (%) (Absolute
configuration)
46 (S,R) 60 50/50 43 >99 88/12 94 (S)
46 (R,S) 80 50/50 16 >99 86/14 89 (R)
46 (R,S) 60 10/90 40 >99 88/12 92 (R)
46 (RR) 60 50/50 38 >99 86/14 25(R)
47[R,S) 60 50/50 37 >99 90/10 85 (R)
48 (R,~) 60 50/50 43 >99 91/9 83 (R)
49 S,R) 60 50/50 42 >99 90/10 94 (S)
49 [R,R) 60 50/50 40 95 92/8 16 (R)
50 (—-R) 60 50/50 40 98 89/11 69 (S)

Styrene 20 mmols in benzene. [Rh] = 0.010mmol. L = 0.040 mmol. The e.e.’s were
determined by GLC analysis of the corresponding 2-arylpropionic acids derived by Jones
oxidation of the products

The spectroscopic data of phosphine-phosphite complexes show slight
differences between the (R,S) and (S,R) complexes on the one hand and the
(R,R) and (S,S) complexes on the other. In the latter compounds the data are
less clear-cut, which could be due to structural deviations of the monohydride
complexes from an ideal trigonal bipyramid or to equilibria between isomers.
The two ea isomers cannot be distinguished by IR spectroscopy as their
absorptions tend to coincide [82].
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H
Oo thl + CO
P=Rh
| ~co
SEIPN'S
/
S

Figure 8.24. RhH(CO),(BINAPHOS) complex

3'P NMR spectroscopy shows that the complex [RhH(CO),(R,S-46)] is a
single species at 60 °C and 25 °C in toluene-dg under 1 bar of CO. No apical-
equatorial interchange was observed at any temperature. The unique
dissymmetric environment in a single catalytically active species created by the
phosphine-phosphite seems to be an important factor in the high
enantioselectivity obtained.
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Chapter 9
ALKENE OLIGOMERISATION

How selective can it be

9.1 Introduction

1-Alkenes, or linear o-olefins as they are called in industry, are desirable
starting materials for a variety of products. Polymers and detergents are the
largest end-uses. We mention a few applications:

Cy polybutylene

Ce.s comonomers in HDPE, LLDPE, synthetic esters

Cs10  alcohols (hydroformylation) as phthalates for PVC plasticisers
Cso  as trimers in synthetic lub-oils

Cio.14  after hydroformylation, detergents

Cis16 sulphates and sulfonates in detergents

Industrially, alkenes are obtained by:

[1] Thermal cracking of wax. From thermal cracking a thermodynamic
mixture might have been expected, but the wax-cracker product contains a
high proportion of 1-alkenes, the kinetically controlled product. Still, the
mixture contains some internal alkenes as well. For several applications this
mixture is not suitable. In polymerisation reactions only the 1-alkenes react
and in most cases the internal alkenes are inert and remain unreacted. For
the cobalt catalysed hydroformylation the nature of the alkene mixture is
not relevant, but for other derivatisations the isomer composition is pivotal
to the quality of the product.

[2] Paraffin dehydrogenation. Paraffin dehydrogenation gives exclusively
internal alkenes.
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[3] Alcohol dehydration. Other routes to linear higher alcohols are
available such as the reduction of fatty acids and an aluminium based
oligomerisation of ethene followed by oxidation. The higher alcohols are
used as such or they are dehydrated to make 1-alkenes.
[4] Ethene oligomerisation. In view of the above limitations there is a
demand for a process that selectively makes linear 1-alkenes. Three
processes are available, two based on aluminium alkyl compounds or
catalysts and one on nickel catalysts. The aluminium processes use
aluminium in a stoichiometric fashion and they produce a narrow molecular
weight distribution (a Poisson distribution, vide infra).

[5] Fischer-Tropsch. Oct-1-ene is produced as one of the many products in

the conversion of syn-gas and isolated by careful distillations and

extractions of the mixture by Sasol.

The ethene-based processes give only even-numbered alkenes (including
the one making alcohols) while the other two processes produce both odd and
even numbered alkenes. In the last two decades there has been a trend to close
down wax cracking alkene plants, and the products are now increasingly
derived from ethene. Note that ethene is also a cracker product.

9.2 Shell-Higher-Olefins-Process

Many transition metal hydrides will polymerise ethene to polymeric
material or, alternatively, dimerise it to butene. Fine-tuning these catalysts to
produce a mixture of predominantly Cg to C,o oligomers is not trivial. Nickel
complexes have been extensively studied by Wilke and co-workers for their
activity as alkene oligomerisation catalysts. In the late sixties Keim and co-
workers at Shell [1] discovered a homogeneous nickel catalyst which
selectively oligomerises ethene to higher homologues (Figure 9.1). This is not a
structure that has been observed, but the putative initiator (of each chain) that is
prepared in situ from nickel zero and the functionalised carboxylic acid.

Ph\ /Ph /H

@@:‘?“\//
(o]

(0]

Figure 9.1. An example of a SHOP catalyst

9.2.1 Oligomerisation

The catalyst is prepared in a pre-reactor from nickel salts with boron
hydrides as the reductant under a pressure of ethene and then ligand is added.
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Polar solvents such as alcohols are used for the dissolution of the catalyst. The
catalyst solution and ethene are led to the reactor, a stirred autoclave, which is
maintained at 80-120 °C and 100 bar of ethene (Figure 9.2).

ethene recycle

C,H ?
Li‘ oligomerisation ‘*>} flash ‘*4 phase separation ‘*»‘ distillation }C—>

6+C20
cat alcohol, catalyst recycle ¢ terminal

alkenes

C11--Cas
internal
alkenes

N C4...Cqgand Cy.. recycle, terminal alkenes
purification }—»‘ isomerisation f—»‘ metathesis ‘—»‘ distillation ’—»

Cy4-.-Cqgand Cy ... recycle, internal alkenes

blead stream
heavy ends
branched
alkenes

Figure 9.2. Simplified flow scheme of SHOP process

The nickel catalyst in the oligomerisation step. The product distribution of
the oligomerisation is determined by two competing reactions, chain growth
versus chain termination. Essential for a good catalyst performance are the soft
neutral ligand and the mono-anionic ligand in cis position, leaving room for
either hydride or an alkyl as the other anionic ligand and ethene also in mutual
cis disposition. This catalytic system has been developed by Shell and in the
seventies two commercial units came on stream. Since then many variations
based on the ligand requirements described above have been added to the
literature. Also other nickel based processes have been developed and
successfully applied.

According to the specification by Shell the product contains only 3% of
internal or branched alkenes. This is an important feature of the process. The
ethene pressure has to be maintained at a high level, compared with the butene
concentration, in order to obtain preferential insertion of ethene with respect to
butene. Insertion of the latter leads to branched products. Another peculiar
property of this catalyst is that it has very little activity for isomerisation under
the conditions. Obviously this is also very important because the goal is making
terminal alkenes.

Figure 9.3 pictures the oligomerisation reaction: Ni is an abbreviation for
the nickel-ligand moiety, k, stands for the rate of the growth reaction, and k; for
the rate of the termination reaction. These rate constants are the same for all
intermediate nickel alkyls, except perhaps for the first two or three members of
the sequence owing to electronic and steric effects. Interestingly, a simple
kinetic derivation leads to an expression for the product distribution. One can
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start this derivation by stating that for each nickel alkyl intermediate, the ratio
of the growth fraction and the termination fraction is the same, because the
rates for these two reactions are the same at each “intersection”. Hence, in
words, the summation of all moles of products <n+2 and higher> divided by
the molar quantity of product <n> has the ratio k,/k, at each “intersection”. The
rates are indicated by two constants k, and k;, which is a simplification, because
the actual rates may also contain concentration terms of ethene (especially for
k,), or concentration terms of reagents that aid the B-elimination. However,
these will be the same for each intermediate alkyl nickel complex and therefore
can be omitted. From the summations we can derive that the molar ratio of two
successive alkenes is constant, i.e. each alkene concentration is a certain,
constant fraction of the preceding alkene; this ratio we will call y. The result is
a so-called geometric or Schulz-Flory distribution. The expressions are given in
Figure 9.3.

kg kg kg kg
NiC,Hs, — NiC,Hy —  NiCHiy —>  NiCeH,, —

b

NiH

Cordd Ko kg
VEEd ek Cl "k

Figure 9.3. Geometric oligomer distribution

This means that the maximum amount of oligomers within a certain range
can be calculated by this expression. For the synthesis of detergent alkenes this
means that only half or less of the alkenes produced fall within the desirable
range of useful materials, i.e. C¢ through C,, compounds.

In Figures 9.4 and 9.5 [2] we have depicted the product distributions
(weight % and mol % of each oligomer indicated by number of carbon atoms)
for two different y-values. The effect of small changes in the ratios of the two
rates turns out to be very large. Clearly, the curve for the mol % follows the
expected geometric distribution; each next fraction is obtained by
multiplication of the previous one by the y-value. When the y-value becomes
close to unity, a distribution typical of a polymer is obtained. The curve of the
weight percentage is obtained by multiplication of the mol fractions with their
respective molecular weights, summation of the total weight and taking the
percentage for each oligomer. On the right-hand side of the graphs the y-values
are given together with the total percentage of the product in the range Cg-Cs.
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In practice this range is somewhat smaller. Hence the selectivity to “desired”
product is in the order of only 50 %!

—o— Mol %
—0— Weight %

C-atoms

Figure 9.4. Typical Schulz-Flory distribution for y=0.85

20T
wt % [
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Figure 9.5. Comparison of Poisson and Schulz-Flory distribution, see text

e 0.78

1.00

0.50
log mol %
0.00 7 C-atoms

6 10 14 18 22 26 3

-0.50 T

-1.00 —

Figure 9.6. Logarithmic plot of the mol % fraction of oligomers versus carbon number in a
Schulz-Flory distribution

A logarithmic plot of the mol fraction (or the number of moles) versus the
carbon number will give a straight line (Figure 9.6). The logarithmic plot of the
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molar amounts of oligomers produced is a convenient check on the product
distribution of an oligomerisation reaction.

The graph in Figure 9.5 shows weight percentages for the Poisson
distribution together with the Schulz-Flory distribution for respectively five
moles of ethene per growing centre (Poisson mechanism) and a Schulz-Flory
distribution for a y-value equal to 0.78. We see that the selectivity to the desired
products increases enormously for a Poisson distribution. Now 95 % of the
weight of the products falls within the desired range. Therefore, a large research
effort has been conducted to find processes that would lead to a distribution of
this type. As mentioned above, the aluminium process does indeed give a
Poisson distribution of the oligomers (or more precisely, aluminium alkyls), but
only ONE chain is produced per “catalyst” per cycle. Any catalytic system,
involving chain transfer and a constant ratio of k, and k;, will produce a Schulz-
Flory distribution, as the kinetic derivation has indicated.

Process control. As mentioned before, the product distribution is highly
sensitive to the y-value. For an industrial process it is extremely important to
control the y-value with high precision. A slight deviation will give another
product distribution and the huge recycle streams change accordingly.
Therefore a range of variables requires strict control:

e the temperature; note that the reaction is highly exothermic,

ethene concentration

but-1-ene concentration

composition of the medium

catalyst activity

process operation; e.g. mixing, settling of the two phases, pressure release,
cooling.

The sensitivity of the product distribution for small changes of these
parameters can also be exploited to our advantage; the product distribution can
be easily adjusted to changes of the demand for certain oligomers, but only
within the limits of Schulz-Flory distributions!

9.2.2 Separation

The product alkenes are insoluble in the alcohol and phase separation takes
place. After settling, the alcohol layer goes to a regeneration unit. The alkene
layer is washed and ethene is recycled to the reactor. The products are distilled
and the desired fractions are collected.

9.2.3 Purification, isomerisation, and metathesis

The lower alkenes and the heavy alkenes must be "disproportionated” to
give the full range of alkenes. In the second part of the process the higher and
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the lower alkenes are converted into internal detergent olefins via a
combination of isomerisation and metathesis reactions. Direct metathesis of the
higher and lower 1-alkenes is not productive, since metathesis of e.g. C,; and
C4 1l-alkenes would give ethene and an internal C,4, which is not an
improvement. To this end the light and heavy alkenes are sent to an
isomerisation reactor after having passed a purification bed, a simple absorbent
to remove alcohol and ligand impurities. The isomerised mixture is then passed
over a commercial molybdenum metathesis catalyst (CoMox), also a fixed bed
reactor, to give a broad mixture of internal alkenes, containing 10-20% in the
range desired. The product now is a mixture of internal, linear alkenes. The
light and heavy alkenes of this mixture are again recycled, and eventually all
material leaves the isomerisation/metathesis plant as internal Cij.4 alkenes.
This "by-product" constitutes a large part of the production, and only half of the
production or less amounts to the more valuable 1-alkenes. Branched alkenes
are not metathesised by the catalyst used. In spite of the high selectivity of the
oligomerisation reaction, the recycled branched alkenes build up in the
isomerisation-metathesis units, until they reach a level as high as 50%. A bleed
stream of the heavies controls the amount of branched material and the amount
of (continuously growing) polymers. After distillation the C,;.14 fraction of
internal alkenes (+15%) is used as a feedstock for alcohol production via cobalt
hydroformylation catalysts. The light and heavy products are recycled.

The typical size of a Shell process plant described here is 250-350,000 tons
per year. The total production of higher olefins via this and similar routes is
estimated to be 2 million tons annually. A large part of the alkenes are
produced for “captive” use, i.e. for use by the producing company itself.

9.2.4 New catalysts

In the last decade several new catalyst systems have been studied. In the
seventies many catalysts related to the nickel system of Shell have been
studied. Typically they all contain a bidentate ligand carrying a negative
charge. Since the discovery of the new titanium and zirconium metallocene
catalysts for the polymerisation of alkenes (see next chapter), the same systems
have also been tested for the oligomerisation of ethene. Earlier in this chapter
we mentioned the aluminium-based method in which aluminium is used in a
stoichiometric fashion; at each triethylaluminium three chains of oligomers
grow exhibiting a Poisson distribution. Catalytic systems lead to a much
broader Schulz-Flory distribution. Mixed catalysts have been reported in which
the chain growth takes place at a fast zirconium catalyst, after which the chain
is transferred to an aluminium atom. Depending on the kinetics, a variety of
molecular weight distributions can be obtained. These will not be discussed
here.
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A more recent development comprises the use of iron and cobalt containing
pyridinediimine ligands. Extremely fast catalysts were reported simultaneously
by the groups of Brookhart and Gibson, and workers at Dupont, (Figure 9.7)
[3]. Turnover frequencies as high as several millions per hour were recorded!
This is a totally unexpected development showing that a new combination of
ligand and metal can lead to surprises. Since the first reports many industries
have started investigations in this area. Catalyst activities are very high, and a
separation of catalyst and product in a two-phase system as in SHOP may not
be needed. The molecular weight distribution though will still require the
isomerisation/metathesis sequence as in the Shell Higher Olefins Process.
Purification of the initial product before entering this isomerisation/metathesis
recycle can probably be skipped, but the content of branched alkenes should be
very low.

=

X
)
N Fe——N
Xy

Figure 9.7. Example of a new catalyst for ethene oligomerisation and polymerisation

(MeAIO),

oligomers, polymers
Ethene 9 poly

The mechanism for the new iron based catalyst is basically the same as for
nickel: a series of insertions followed by B—hydride-elimination. Initiation for
iron (with aluminium alkyls) is different from the nickel catalyst (oxidative
addition of the phosphinoacid to produce a hydride). It has not been published
yet whether the product of this reaction has the same high quality as SHOP
with regards to branching and isomerisation (both should be low). A higher
degree of substitution at the aryl groups leads to highly active polymerisation
catalysts.

A typical feature of the new cobalt and iron catalysts is that the molecular
weight does not depend on the pressure of ethene. The polymerisation rate goes
up if the pressure is increased but the molecular weight distribution remains the
same. This phenomenon has been observed for more catalysts, but we will
discuss the concept here. We have presumed that the SHOP catalyst gives
higher molecular weights when the pressure is increased, because the rate of
propagation increases and the unimolecular rate of B-hydride elimination
remains the same, thus the ratio of k/k; increases. For a catalyst showing the
alternative behaviour (no dependence on ethene concentration) we conclude
that both the rate of insertion and the chain termination have a first order
dependency on the concentration of ethene. In Figure 9.8 we propose how this
works.
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Figure 9.8. Possible chain transfer pathways and propagation

In Figure 9.8 path D is the propagation pathway and the arrow indicates that
this reaction is fast and first order in ethene concentration. Pathways A, B, and
C are the chain termination (transfer) pathways. Reaction A is slow and
independent of the ethene concentration. This is the situation we have
presumed for SHOP. B and C represent two possibilities we cannot distinguish;
in B we see a slow reaction of the complex with ethene, followed by a fast,
direct transfer of hydrogen from the polymer chain to ethene, forming the new
growing ethyl chain. Path C shows a fast B-hydride elimination and a slow
reaction with ethene leading also to the alkene terminated polymer chain and
the new ethyl metal initiator. Thus, in B and C we observe a first order
dependence in ethene concentration for the chain transfer process. Since the
propagation is also first order in ethene the rate of production will increase, but
the molecular weight distribution remains the same.

A fourth mechanism for chain transfer involves the transfer of the polymer
chain to the large excess of aluminium alkyls present. This has also been
observed. Since the reaction rate for this process depends on the concentration
of the aluminium compound, the molecular weight distribution now also
depends on the latter concentration. For oligomer production this is only
relevant when a very large excess of aluminium alkyls is present.

For hafnium this has been reported previously [4]. A large excess of
aluminium, a hafnium catalyst not undergoing B-hydride termination but
smoothly inserting ethene molecules, and a fast exchange between the two
metals leads to a desirable Poisson distribution.
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9.3 Ethene trimerisation

Another, highly selective oligomerisation reaction of ethene should be
mentioned here, namely the trimerisation of ethene to give 1-hexene.
Worldwide it is produced in a 0.5 Mt/y quantity and used as a comonomer for
ethene polymerisation. The largest producer is BP with 40 % market share
utilizing the Amoco process, formerly the Albemarle (Ethyl Corporation)
process. About 25 % is made by Sasol in South Africa where it is distilled from
the broad mixture of hydrocarbons obtained via the Fischer-Tropsch process,
the conversion of syn-gas to fuel. The third important process has been
developed by Phillips.
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Figure 9.9. Mechanism for the trimerisation of ethene using chromium catalysts

Most catalysts are based on chromium that has been studied for this purpose
since the mid-seventies, probably started by Union Carbide Corporation.
Chromium is the metal of the Phillips ethene polymerisation catalysts and
presumably it was discovered accidentally that under certain conditions 1-
hexene was obtained as a substantial by-product. Neither the precise catalytic
cycle nor the intermediate complexes or precursors are known. It is generally
accepted that an alkyl aluminium compound first reduces the chromium source
and that coordination of two molecules of ethene is followed by
cyclometallation, giving a chromocyclopentane. During the cyclometallation
the valence of chromium goes up by two and thus a starting valence of either
one or zero seems reasonable. This cyclic mechanism explains why such high
selectivity is obtained [5].

The Phillips process uses a threefold excess of 2,5-dimethylpyrrole, a
chromium salt, and an excess of an alkyl aluminium compound [6]. In Figure
9.9 we have drawn only one ligand per chromium, but we do not know the
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composition of the catalyst. We estimate that more pyrroles may be bound to
the chromium atom, in a fashion not known! The salts present may also
coordinate to the metal [7].

The first steps involve coordination and cycloaddition to the metal.
Insertion of a third molecule of ethene leads to a more instable intermediate, a
seven-membered ring, that eliminates the product, 1-hexene. This last reaction
can be a P-hydrogen elimination giving chromium hydride and alkene,
followed by a reductive elimination. Alternatively, one alkyl anion can abstract
a B-hydrogen from the other alkyl-chromium bond, giving 1-hexene in one
step. We prefer the latter pathway as this offers no possibilities to initiate a
classic chain growth mechanism, as was also proposed for titanium [8]. The
byproduct observed is a mixture of decenes (!) and not octenes. The latter
would be expected if one more molecule of ethene would insert into the
metallocycloheptane intermediate. Decene is formed via insertion of the
product hexene into the metallo-cyclopentane intermediate followed by
elimination.

In the Amoco process the stabilizing ligand could well be a triphosphine, as
patents report the complex PrP(C,H4PEt,),CrCl; as the precursor [9]. Metal to
ligand ratio is one. The reported selectivitity is higher than 99 %. A related
ligand having P-N-P donor groups, R,P(CH,),NH(CH,),PR,, is also highly
effective [10]. Organometallic chromium compounds that might be related to
the Amoco catalyst have been reported in the literature, but note that they were
made (1987-1988) before the Amoco invention (1992-1998). They were only
tested as polymerisation catalysts (!) and were slow catalysts for this reaction
(Figure 9.10). From the trivalent chromium compound on the left one could
abstract one methyl anion, thus creating a reactive, unsaturated species, which
can undergo the insertion of the third molecule of ethene. The divalent
chromium compound shown on the right is diamagnetic [11].

tBu\ —
SN e R e
N RP—cp—
MezP—j—Cr—Me 2n-er
Me,yP
2" Me tBu

Figure 9.10. Examples of alkyl chromium phosphine complexes

Chromium complexes of ligands of the type Ar,PN(Me)PAr, (Ar = ortho-
methoxy-substituted aryl group), on activation with MAQ, are extremely active
and selective catalysts for the trimerisation of ethylene [12]. Using the ligand
shown in Figure 9.11 rates as high as 1 ton of 1-hexene per gram of chromium
per hour have been achieved. The same ligands were used successfully in the
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catalysis with palladium and nickel in respectively carbonylation chemistry and

ethene polymerisation.
< OCHj3 > 2

P
R—N<

.

Figure 9.11. Ligand for use as a chromium catalyst for the trimerisation of ethene

2

Triazacyclohexane also gives rise to very active catalysts with the use of
chromium [13] as do ligands of the type RS(CH,),NH(CH,),SR [14]. The latter
coordinate in a meridional fashion, while the former can only coordinate in a
facial fashion. Recently examples using cyclopentadienyl titanium complexes
[15] and tantalum have been reported [16]. The diversity of the chromium
systems and the new metal systems show that very likely more catalysts will be
discovered that are useful for this reaction, including 1-octene producing
catalysts! (l-octene is in high demand as a comonomer for ethene
polymerisation for certain grades of polyethylene).

While the identity of the chromium complexes has not yet been established,
the titanium catalyst is generated in situ from a well-defined precursor and the
proposed structure of the catalyst seems very likely [15]. The catalyst is made
from Cp’TiCl; and MAO or from Cp’Ti(CH;); and [PhHNMe,][B(C¢Fs)4]
where Cp’ represents a cyclopentadienyl group having an aryl group connected
to it. Most likely a cationic cyclopentadienyl species is formed, stabilised by
arene coordination, as the arene ring was found to be indispensable (Figure
9.12). The generation of the titanacyclopentane involves formally a switch
between Ti(Il) and Ti(IV). The reductive eliminations in the scheme may
actually be direct reactions leading to an alkene complex, rather than a [-
hydride elimination followed by a reductive elimination, as mentioned above
for chromium.

For several of these ligands the reaction is first order in ethene and thus it
was suggested that the insertion of ethene in the titanacyclopentane ring is the
rate-determining step, as was also found for the triazacyclohexane catalyst [13].
Turmnover numbers of the titanium catalyst are very high, but since some of the
chromium catalysts have a second order dependency in ethene a comparison
cannot be made; at higher pressure these chromium catalysts will be more
effective [7,17].
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Figure 9.12. Titanium catalyst for ethene trimerisation [15]

9.4 Other alkene oligomerisation reactions

Dimersol

Many alkene oligomerisation reactions have been studied, but here we will
confine ourselves to a few that have been commercialised. They will not be
discussed in detail because the mechanisms are all basically the same, although
not known in detail for many of them. Dimerso/ ® is the trade name for
mixtures of propene, propene/butene or butene dimers obtained by the process
developed by IFP. Mixtures of butenes are dimerised in a similar fashion and
the octenes are hydroformylated to give alcohols suitable for dinonyl
phthalates, used as plasticisers in PVC. Dimersols and trimersols are used as
additives for gasoline [18]. The preparation for the catalyst involves a Ziegler
procedure (i.e. the in situ preparation of a catalyst by reduction of a transition
metal salt with an alkyl aluminium compound) using a nickel salt,
triethylaluminium, and a phosphine ligand. Alternatively, butadiene may be
added to make a m-crotyl nickel complex first, as is often done in
polymerisation experiments. The most likely mechanism involves a nickel
hydride species, as in the SHOP reaction, but cyclometallic species have also
been proposed, as in Figure 9.9. With the use of PMe; as the ligand mainly
methylpentenes are obtained, whereas the more bulky PEt(t-Bu), gives mainly
dimethylbutenes [19].

The process is run in a CSTR without solvent at 50 °C. The reaction is
highly exothermic and heat is removed via external circulation. To ensure high
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conversion in a once-through process a plug-flow reactor is added. At the end
of the reactor the catalyst is quenched with ammonia, and the inorganic
components are removed by washing with aqueous caustic soda and water [20].
In order to make heptenes from propene and butanes, the much more reactive
propene is added in portions at various stages in a sequence of reactors.

Cyclododecatriene

1,5,9-cyclododecatriene is made industrially from butadiene via
trimerisation using titanum catalysts, obtained via a Ziegler procedure. The
product is the cis-trans-trans isomer (Figure 9.13). It is converted (via
hydrogenation and oxidation) to nylon-12 intermediates. Zerovalent nickel
gives the all trans isomer if the reaction is carried out in the absence of ligands
or when small phosphites are used as the ligand. More bulky phosphite ligands
give rise to 1,5-cyclooctadiene [21]. In a commercial application this is
converted to cyclooctene, which is used in ring-opening metathesis
polymerisation (Chapter 16). For both metals the most likely carbon-carbon
bond-forming step involves a cyclometallation. For nickel such m-allylic
intermediates have been characterised.

sk

c,t,t-1,5,9-cyclododecatriene t,t,t-1,5,9-cyclododecatriene
(from Ti) (from Ni)

Figure 9.13. 1,5,9-cyclododecatriene isomers

Vinylnorbornene (ethylidenenorbornene)

Norbornadiene and ethene can be codimerised to give vinylnorbornene,
which is isomerised to ethylidenenorbornene with the same nickel or titanium
hydride catalyst (Figure 9.14).

C,H _
M—-H M __ N\
M

ethylidene

vinylnorbornene
norbornene

M-H
\/\/\
M N

1,4-hexadiene

Figure 9.14. Diene-ethene codimerisation
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1,4-Hexadiene

Industrially this diene is made the same way as ethylidenenorbornene from
butadiene and ethene, but now isomerisation to 2,4-hexadiene should be
prevented as the polymerisation should concern the terminal alkene only. In
both systems nickel or titanium hydride species react with the more reactive
diene first, then undergo ethene insertion followed by B-hydride elimination.
Both diene products are useful as the diene component in EPDM rubbers
(ethene, propene, diene). The nickel hydride chemistry with butadiene
represents one of the early examples of organometallic reactions studied in
great detail [22] (Figure 9.14).
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Chapter 10
ALKENE POLYMERISATION

In pursuit of stereoregularity

10.1 Introduction to polymer chemistry

In this chapter we will discuss a few topics in the area of alkene
polymerisations catalysed by homogeneous complexes of early and late
transition metals (ETM, LTM). One of the main research themes for the ETM
catalysts has been the polymerisation of propene, while industries have also
paid a lot of attention to metallocenes giving LLDPE (linear low-density
polyethylene, for thinner plastic bags). In less than a decade a completely new
family of catalysts has been developed which enables one to synthesise
regioselective and stereoselective polymers of a wide variety of monomers.
These new catalysts are starting to find application on industrial scale, but as
yet only reports on commercialisation of (branched) polyethylene and
polystyrene have appeared.

Making polymers is an important application of catalysis and this chapter
serves as an introduction to more advanced works in this area [1]. Before
starting we need to know a few things about polymers, which we will very
briefly summarise below.

Synthesis. Polymers can be made by condensation reactions and by addition
polymerisations. An example of the former is the condensation of diols and
diesters forming polyesters; all molecules are involved in the steady growth of
species of higher molecular weight. Addition polymerisation involves the
reaction of initiating species with monomers thus building up this limited
number of growing polymer molecules in an excess of monomers. Four types
of addition reactions can be distinguished for organic monomers [2]:

- radical polymerisation (and living radical polymerisation, see page 46),

- anionic polymerisation,

- co-ordination polymerisation, and

- cationic polymerisation.

191
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Transition metal complexes play a key role in co-ordination polymerisation.
Polymer molecular properties. Making a polymer of high quality is much
more complicated than making butanal, for example, because the material
properties of a polymer depend heavily on a number of molecular properties.
For example, 1% of mistakes in a propene polymer chain can spoil the
properties of a polymer completely (crystallinity for instance), while 10% of a
by-product in a butanal synthesis can be removed easily by distillation. PVC
contains only 0.1% defects as allylic and tertiary chlorides and this necessitates
the use of a large package of stabilisers!
During the preparation the following properties of the polymer have to be

tuned:

regioselectivity,

cis- or trans-isomerism, (in polybutadienes)

stereoselectivity,

molecular weight, M, weight average molecular weight,

M,: number average molecular weight,

molecular weight distribution; a measure of this is the ratio of M,/M,,

called the polydispersity.
Also used as a measure for molecular weights, especially by polymer chemists
[2], are "number average degree of polymerisation" and the "weight average
degree of polymerisation", P,, and P,. Here we will use M,, and M,. They are
defined as follows:

INM, —  ZWM
M, =

ﬁn =
N, W

The number average molecular weight is the average molecular weight as
we would define in daily life, viz. the sum of the numbers of molecules with a
certain molecular weight multiplied by that molecular weight, and divided by
the total number of molecules.

The weight average molecular weight is the sum of the weights of the
molecules times the molecular weight divided by the total weight. A simple
example may illustrate the usefulness of the entity M,,. Suppose we have one
mole of a polymer with a molecular weight of 1 million in which we dissolve
100 moles of a solvent of molecular weight 100. The number average
molecular weight of this mixture will be approximately 1 million divided by
101, i.e. ~10,000. A pure material that would have this molecular weight would
be an adhesive, a sticky glue-like material. This number would say very little
about the material that we actually have: a tough high MW material with a few
solvent molecules dissolved in it (1% by weight). The weight average
molecular weight will give us the molecular weight of the fraction that
dominates our mixture, i.e. the M,, will be almost 1 million. Hence M,, is more
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realistic than M,. The dispersity, M,/M,, = 100, gives us an idea about the very
broad molecular weight distribution of this polymer mixture.
Physical properties to be controlled by these molecular factors include:
melting point, Ty, (only the crystalline part shows a melting point)
crystallisation temperature,
glass transition temperature, T,
strength,
modulus, (describes the relation between stress and deformation)
crystallinity,
viscosity of the molten polymer, and
morphology of the polymer particles.
Applications. Next to fuels, polymers are the organic chemicals produced on
the largest scale. They find application as:

plastics PE, PP, PS, PVC

fibres, nylons, polyesters

rubbers, IPR (isoprene rubber), BR (butadiene rubber), SBR
(styrene-butadiene rubber)

coatings, PMMA (polymethyl methacrylate),

resins, and adhesives.

On a smaller scale many new functional polymers are produced having
valuable properties for electrical, optical or magnetic applications. There exist
numerous metal catalysed processes and we will discuss only a few to explain
basic concepts using both examples from bulk polymers and fine chemical,
high-value polymers.

10.1.1 Introduction to Ziegler Natta polymerisation

The titanium catalyst for the stereoselective polymerisation of propene to
isotactic polymer was discovered by Natta in the mid fifties [3], applying the
Ziegler catalyst. Soon after its discovery it has been turned into commercial
exploitation and today isotactic polypropylene is one of the most important
commodity polymers with a worldwide annual production of 20 M tons.
Polymers with side-groups, of which polypropylene (PP) is the simplest one,
may possess stereoregularity in the arrangement of these side-groups, i.e.
methyl groups for PP. For example, if all methyl groups are oriented toward the
same direction when we have stretched the polymer chain, we say the
polypropene is isotactic (see Figure 10.1) (for the proper definition, see page
196). If the methyl groups are alternatingly facing to the front and the back, we
say the polymer has a syndiotactic microstructure. Random organisation of the
methyl groups (not shown) is found in atactic polymers. The stereoregularity of
a polymer has an enormous influence on the properties of the polymer. Isotactic
PP is the well-known semicrystalline material that we all know (e.g. in car
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bumpers), while atactic PP is a rubber-like material with a glass-transition
temperature (0—20°C) that has been used in chewing gum and carpets. The
degree of isotacticity determines the “melting point” of the polymer. Isotactic
PP with less than one mistake per 200 inserted monomers melts at 166 °C.

The catalyst and the concomitant technology have undergone drastic
changes over the years. The titanium catalysts can be prepared by the
interaction of TiCly and alkylaluminium compounds in a hydrocarbon solvent.

CHs CH; CHz CH; CHs CHj
z 3 N N N N isotactic polypropene

e e e N a

:.CH3 CH, :.CH3 CH3 ::CH3 CHg syndiotactic polypropene

Figure 10.1. Microstructures of polypropylene

This reaction can be carried out with numerous variations to give a broad
range of catalysts. It is a heterogeneous high-surface TiCl; material of which
the active sites contain titanium in an unknown valence state. It is quite likely
that alkyltitanium groups at the surface are responsible for the co-ordination
polymerisation. In more recent catalysts titanium supported on magnesium salts
are used [4,5].

: C2Hs .CHj
: | _CI v
- = Tim - Ol—Ti
; /,CI/ |
LT Cl
..... Tie----

Figure 10.2. Cossée-Arlman mechanism

The Cossée-Ariman mechanism. The mechanism proposed for the
polymerisation on solid titanium chloride catalysts is essentially the same for
all catalysts and it is usually referred to as the Cossée-Arlman mechanism [6].
Titanium is hexa-coordinated in the TiCl; (or supported catalysts) by three
bridging chloride anions (indicated by dashed Ti atoms), one terminal chloride
anion, and one terminal chloride that is replaced by an alkyl group by the
alkylating agent (Et;AICI or Et;Al), and a vacancy that is available for propene
co-ordination (see Figure 10.2). This simple picture yields an asymmetric
titanium site, but by considering the lattice surface four bridging chlorides may
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also lead to an asymmetric site. There was little doubt about the basic
chemistry, i.e. alkylation of the metal followed by co-ordination of propene and
migration of the alkyl group and/or insertion of propene. On the basis of
Extended Hiickel calculations Cossée proposed that migration rather than
insertion occurs.

Propene can insert in three ways, which are presented in Figure 10.3. For
titanium and zirconium the main mechanism is the 1,2 mode of insertion (note
that we say insertion. although the “intimate” mechanism is a migration!). The
other two modes are responsible for mistakes in the polymer chain.

The mechanism for 3,1-insertion involves a 2,1-insertion, a [-hydride
elimination at carbon-3, and re-insertion giving a metal-carbon-3 bond.

1
2_P : .
M/\( 1,2 insertion
3

3
zr ~ 3 1
M-P + | —> M " p 3,1insertion
1 2
3

MJN P 2,1 insertion

7
Figure 10.3. Insertion modes

In Cossée’s view, one way or another, the sife controls the way a propene
molecule inserts; by doing so in a very controlled manner one can imagine that
a stereoregular polymer will form. Site control would seem obvious, since
different catalysts give different stereospecifities (reality is more complicated as
we will see). The asymmetry of the site regulates the mode of co-ordination of
the propene molecule, or in other words it steers the direction the methyl group
will point to. We will not go into detail of the mechanism of the heterogeneous
reaction as there is, relative to the homogeneous catalysts, a considerable
amount of speculation involved. In section 10.2 we will discuss the
homogeneous catalysts and the stereochemistry of the polymerisation reaction,
but first we will have a closer look at the control of the enantiospecifity.

Site control versus chain-end control. Over the years two mechanisms have
been put forward as being responsible for the stereo-control of the growing
polymer chain: firstly the site-control mechanism and secondly the chain-end
control mechanism. In the site control mechanism the structure of the catalytic
site determines the way the molecule of 1-alkene will insert (enantiomorphic
site control). Obviously, the Cossée mechanism belongs to this class. As we
have seen previously, propene is prochiral and a catalyst may attack either the
re-face or the si-face. If the catalyst itself is chiral as the one drawn in Figure
10.2, a diastereomeric complex forms and there may be a preference for the
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formation of particular diastereomer and the rates of insertion for the two
diastereomers may be different. If the catalyst adds to the same face of each
subsequent propene molecule, we say isotactic PP is formed (a definition
proposed by Natta; when each chiral carbon atom obtained after propene
insertion has the same absolute configuration, isotactic polymer is formed).
Thus, we see that stereoregular polymerisation is concerned with asymmetric
catalysis and indeed the way the problems are tackled these days have much in
common with asymmetric hydrogenation and related processes (Chapters 4 and
5). Note that in asymmetric hydrogenation the catalyst contains only one
enantiomer of the ligand, while in polymerisation reaction the racemic catalyst
mixtures are almost invariably used.

When we look more closely at the intermediate polymer chain we see an
alternative explanation emerging. After the first insertion has taken place a
stereogenic centre has been obtained at carbon 2, see Figure 10.4. Co-
ordination with the next propene may take place preferentially either with the
re-face or the si-face, with the methyl group pointing up or down, as displayed

in Figure 10.4.
/MV*LP re face

CHj
X+
/M\}’*'\ * L /
[m] 1 P CHs; CHj;
\ /M si face
SCHs P

Figure 10.4. Simple model showing enantiomorphic chain-end control

Summarising, in the chain-end control mechanism the last monomer
inserted determines how the next molecule of 1-alkene will insert. Several
Italian schools [7] have supported the latter mechanism. What do we know so
far? Firstly, there are catalysts not containing a stereogenic centre that do give
stereoregular polymers. Thus, this must be chain-end controlled. Secondly,
whatever site-control we try to induce, the chain that we are making will
always contain, by definition, an asymmetric centre. As we have mentioned
above, the nature of the solid catalysts has an enormous influence on the
product, and this underpins the Cossée site-control mechanism. Thus both are
operative and both are important. Occasionally, chain-end control alone
suffices to ensure enantiospecifity.

10.1.2 History of homogeneous catalysts

We will discuss some of the recent advances in the area of alkene
polymerisations catalysed by homogeneous complexes of zirconium and
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titanium. One of the main research themes for these catalysts has been the
polymerisation of propene. In less than a decade during the eighties a
completely new family of catalysts has been developed which enables one to
synthesise regioselective and stereoselective polymers of a wide variety of
monomers.

From the early days on there has been an interest in homogeneous catalysts
for the polymerisation of propene and ethene. It was thought that in a
homogeneous system all metal atoms (titanium, chromium) could in principle
participate in the catalytic process and, activity and stereospecificity, MW,
dispersity, and morphology being the same, the low level of catalyst needed
would make its removal unnecessary. In a homogeneous system, the molecular
weight distribution might be much narrower and could be controlled at will.
Drawbacks were also envisaged such as morphology of the powder to be
formed and stereocontrol. For stereocontrol in heterogeneous systems, the
TiCl; lattice seemed to play an important role and stereocontrol was not
considered to be an easy task in a homogeneous catalyst. Polymerisation of
ethene with homogeneous catalysts has been known since the very early days
of Ziegler catalysis (Figure 10.5. Breslow [8]), but these catalysts failed to
polymerise propene and only dimerisation of propene (to 2-methyl-pentene-1)
was observed. Bis-cyclopentadienyltitanium dichloride is alkylated with
diethylaluminium chloride and the cation formed co-ordinates to ethene
followed by multiple insertions.

Using the catalyst shown in Figure 10.5 propene leads to dimerisation only.
The difference in behaviour between ethene and propene is explained by the
hydrogen at a tertiary carbon that is formed using propene, which undergoes
S-hydride elimination.

c m] -
Cpn__.Cl _EtLALCI P +  EtAC

Ti
o o’
) CEH5 ) Cp

Figure 10.5. The first homogeneous metallocene catalyst for ethene polymerisation

Twenty years later Reichert [9] and Breslow [10] discovered that the
addition of small amounts of water to the alkylaluminum chloride co-catalysts
resulted in a one to two orders of magnitude increase in -ethylene
polymerization activity. In the 1980s the first reports appeared concerning the
homogeneous stereospecific polymerisation, but they received relatively little
attention because in the same period the first highly active, supported,
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heterogeneous titanium catalysts were reported and the industrial interest in the
more risky field of homogeneous catalysts diminished.

The development of the new family of homogeneous catalysts based on
biscyclopentadienyl Group 4 metal complexes for the stereoselective
polymerisation of alkenes is mainly due to Kaminsky, Ewen and Brintzinger.
The first breakthrough came from the laboratory of Sinn and Kaminsky who
had been studying the interaction of zirconium and aluminium alkyls for a
couple of years. In 1980 they [11] reported on an extremely fast homogeneous
catalyst for the polymerisation of ethene formed from the interaction of
Cp2Zr(CHjz), and (CH3AIlO), (the aluminium compound, named alumoxane or
aluminoxane, was obtained from the reaction of trimethylaluminium and traces
of water that were accidentally present; nowadays alumoxanes, abbreviated as
MAO, are commercially available). At 8 bar of ethene and 70 °C an average
rate of insertion of ethene was reported amounting 3.10" mole of ethene per
mole of zirconium complex per hour! It was this increase in order by several
orders of magnitude which elevated metallocenes from academic curiosities to
contenders for commercialization. With propene this catalyst led to completely
atactic polymer [12].

Ewen was the first to report the synthesis of stereoregular propene polymers
with soluble Group 4 metal complexes and alumoxane as the co-catalyst [13].
He found that Cp,TiPh, with alumoxane and propene gives isotactic
polypropene. This catalyst does not contain an asymmetric site that would be
able to control the stereoregularity. A stereo-block-polymer is obtained, see
Figure 10.6. Formation of this sequence of regular blocks is taken as a proof for
the chain-end control mechanism.

The explanation for the existence of a stereo-block polymer is that afier a
“mistake” this mistake will “propagate” as the chain end controls the
stereochemistry of the new centre to be formed. Thus after the mistake has
occurred, the polymer switches the stereochemistry from s to r.

N
.-“\D
e

: Ti
catalyst
Figure 10.6. Stereo-block catalyst, Ewen [6]

Note that the catalyst of Figure 10.6 contains the same titanium part as that
of Figure 10.5, but that they differ in the aluminium Lewis acid and anions
formed. The use of diethylaluminium chloride (DEAC, the common initiator
for heterogeneous titanium catalysts) gave propene dimerisation only. This
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dramatic impact of the activator or anion should perhaps be even more
emphasized!

Using an intrinsically chiral titanium compound (rac ethylene-bis-indenyl
titanium dichloride, Figure 10.7), first described by Brintzinger [14], Ewen [13]
obtained polypropene that was in part isotactic. Subsequently Kaminsky and
Brintzinger have shown that highly isotactic polypropene can be obtained using
the racemic zirconium analogue of the ethylene-bis(indenyl) compound [15].

b

rac-isomer
Figure 10.7. Bis-indenyl Group 4 metal catalysts for making isotactic polypropylene

Modification of the cyclopentadienyl ligands has led to a very rich
chemistry and today a great variety of microstructures and combination thereof
can be synthesised as desired including isotactic polymer with melting points
above 160 °C, syndiotactic polypropene [16], block polymers, hemi-isotactic
polymers etc.

Fundamental studies have led to a detailed insight into the mechanism of
the polymerisation and the control of the microstructure through the
substituents on the cyclopentadienyl ligands. The nature of the catalyst has
been the topic of many studies and it is generally accepted that it is a cationic
Cp.ZrR" species [17]. For a survey of these studies and the dominant effects
playing a role the reader is referred to recent contributions by Ewen [18] and
Erker [19]. The first requirement for obtaining an active catalyst is to ascertain
the formation of cationic species. Secondly, the metallocene (or related ligand)
must have the correct steric properties. In the present chapter we will
summarise a few of the features that play a role in determining the
microstructure; the field is still in development and obviously the definitive
answer to several questions has not been given yet.

Another, independent development involves vanadium catalysed propene
polymerisation leading to syndiotactic polypropylene [20], see 10.2.1.

10.2 Mechanistic investigations
10.2.1 Chain-end control: syndiotactic polymers

As we have seen above polymerisation of all “prochiral” alkenes produces a
new stereogenic centre for each monomer inserted. In a site-controlled
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polymerisation the chiral catalyst site (and the mutual positions of the co-
ordinating alkene and the migrating alkylgroup) determine how the next alkene
will be incorporated. When chain-end control occurs, the chiral centre in the
chain - i.e. the one stemming from the previous alkene inserted - determines the
stereochemistry of the next alkene that will insert. When the catalyst does not
contain a stereogenic centre, any resulting stereospecifity of the polymerisation
must result from chain-end control.

Achiral catalysts derived from vanadium sources and DEAC
[VCI4/AICI(C,Hs), or V(acac)/AlCI(C,Hs),], developed by Doi and co-
workers, are the best known examples giving syndiotactic polymers [20].
Termination experiments have proven that this polymerisation involves a 2,1
insertion instead of the expected, more common 1,2 insertion. This is to say
that the intermediate vanadium alkyl contains a branched or secondary alkyl
group, although one would expect that a primary alkyl in this ionic complex is
more stable. Direct observation has not yet been achieved, but the termination
experiments unequivocally prove that the reacting species is a secondary alkyl
vanadium complex, also after presumed equilibration of the living polymer
before it is made to react with a terminating agent such as I,. There still is the
possibility of a very fast equilibrium between the primary and secondary alkyl,
the latter being far more reactive in the termination reaction. This chain-end
control occurs only at very low temperatures, as in the titanium case for
isotactic polymer, studied by Ewen.

CHs., Ve p A CHy., LV
s - >Sp e =
2N \l/\ > CHy CHs
1 CHs . .
CHs

Figure 10.8. Chain end control through 2,1 insertions leading to syndiotactic polymer

!

Figure 10.8 shows the important features. On the left we see the growing
polymer chain containing a vanadium ion at carbon-2 of the last inserted
propene. Carbon-2 is enantiotopic (chiral); according to the Cahn-Ingold-
Prelog convention it has the R configuration. Co-ordination of the following
(“prochiral”) propene molecule will create another chiral centre. As we have
seen before the metal can either co-ordinate to the e or the si face of propene.
Hence, we can either form a si-R or a re-R diastereomer. The figure shows the
si-R diastereomer. The free energies of these diastereomeric precursors or
intermediates will of course be different, and so will be the free energies of
activation of the formation of the alkene adduct (shown on the left) and that of
the insertion reaction. Thus, there can be a preference to form either si-R or a



10. Alkene polymerisation 201

re-R. After the insertion we see that the two last chiral centres have opposite
absolute configurations, i.e. by definition syndiotactic polymer is formed.

The detailed kinetics determine how this happens precisely. We don’t know
whether the complexation reaction or the insertion reaction is rate-determining.
Theoretical work on insertion reactions of early-transition metal catalysts
indicates that the complexation is rate determining and that the migration
reaction has a very low barrier of activation. If the complexation is irreversible,
it also determines the enantioselectivity.

The formal part explains the origin of the enantiospecificity, but it does not
explain which type of tacticity one might expect. The following explanation is
speculative and oversimplified but it seems to work. Two simple assumptions
explain why a syndiotactic polymer is obtained. Firstly, the growing chain
assumes a conformation in which the two largest groups, being the polymer
chain and the vanadium complex, are trans to one another in the chain end
formed by the last two carbon atoms. (see Fig 10.8, the polymer chain is
arranged in such a way that it lies in the plane of the figure; the double bond of
the propene to be inserted also lies in the plane with its substituents in a plane
perpendicular to the plane of the figure; the methyl groups above or below the
plane of the figure are drawn in the usual manner). Secondly, the insertion of
propene takes place via a migration mechanism reminiscent of a 2+2 addition.
The methyl group of the propene to be inserted and the one of the previously
inserted propene molecule will assume positions leading to a minimum of steric
interaction (see Fig 10.8).

Before the next insertion can take place (not shown) the molecule in the
middle of Figure 10.8 has to rearrange. Since the two largest groups attached to
the last inserted propene are now in mutual syn positions the chain must be
rotated around the vanadium-to-carbon bond and the newly formed C—C-bond
in order to obtain the more stable trans configurations at all linkages, i.e. the
chain being stretched as it is usually represented. In this way the structure
shown on the right is obtained. When this procedure is repeated a couple of
times we see that indeed a syndiotactic microstructure is formed. Molecular
mechanics calculations support this explanation [21,14]; when 2,1 insertion
occurs the growing polymer will tend to form a syndiotactic microstructure.

10.2.2 Chain-end control: isotactic polymers

By the same token, 1,2 insertion gives an isotactic microstructure. If the
methyl group of the previously inserted molecule is upwards, the methyl group
of the next molecule will be pointing downwards (see Figure 10.9, Catalyst:
Ti(Cp),Phy; the polymer chain is arranged in such a way that it lies in the plane
of the figure; the double bond of the propene to be inserted also lies in the plane
with its substituents in a plane perpendicular to the plane of the figure; the
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methyl groups above or below the plane of the figure are drawn in the usual
manner).
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Figure 10.9. Chain-end control through 1,2 insertions leading to isotactic polymers

The interaction may not be quite as strong as in the case of 2,1 insertion
discussed above, but there will always be a tendency of the growing chain to
arrive at an isotactic stereochemistry when 1,2 insertion occurs. One example
of chain-end control leading to isotactic polymer was reported by Ewen [13]
using Cp,TiPhy/alumoxane as the catalyst. The stereoregularity increased with
lower temperatures; at —45 °C the isotactic index as measured on pentads
amounted to 52 %. The polymer contains stereoblocks of isotactic polymer. At
25 °C the polymerisation gives almost random 1,2 insertion and an atactic
polymer is formed.

10.3 Analysis by °C NMR spectroscopy
10.3.1 Introduction

The analysis of the products using high resolution *C NMR has greatly
contributed to the mechanistic insight and distinction between the various
catalysts. A few examples will serve as an illustration of this point. The
chemical shift of the methyl side groups in polypropylene depends on the local
stereoregularity of the polymer. As usual we consider the stretched chain. A
methyl group can “see” whether their nearest neighbours are pointing in the
same or the opposite direction. In fact the chemical shift of the methyl group,
given the present status of our "C NMR technique, undergoes small shifts
depending on the position of two neighbours in each direction. Since this is a
local effect, only the relative position of the methyl group is our concern. The
relation between two adjacent methyl groups is indicated with m (meso) or »
(racemic) which means that with respect to the stretched chain they are on the
same side (m) or on opposite sides (r), see Figure 10.10. Thus a sequence of
five methyl groups can be distinguished; we say the analysis is based on
pentads. If our NMR resolution had been less powerful and could only
distinguish the position of the two nearest neighbours, our analysis would have
been based on triads.
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Figure 10.10. m and r pentad relationships

Hence, a syndiotactic polymer consists of a sequence of r relationships,
whereas the isotactic polymer consists of purely m relationships. With two
adjacent m stereocentres, mm, we say that we are dealing with a triad of methyl
groups with an isotactic stereochemistry. As mentioned above, we cannot only
tell the stereochemical relation with the two nearest neighbours (the mm, mr,
and rr triads), but we can also deduce the relation with the two next ones from
the chemical shifts observed. In other words, with °C NMR we are able to
distinguish pentads of methyl groups, i.e. we can distinguish from the NMR
spectrum for example a sequence rmmm from a sequence mmmm. We can
expect ten different pentads in atactic polymer. Coincidentally two of these
have the same chemical shift and hence in NMR analysis of atactic propene
polymers nine signals are observed, in three groups of three peaks each.

Statistical analysis is important and relatively easy. Suppose we have a fully
atactic polymer which we analyse for the triad content for isotactic polymer.
Only three methyl resonances due to triads are observed, and the statistical ratio
of mm, rr, and mr is 1:1:2. Thus even in the atactic polymer our isotactic
content is 25%! Pentad analysis, however, would give only 8% mmmm
isotactic content! Especially for catalysts with low enantiospecificity it is
worthwhile keeping this in mind.

The r and m nomenclature needs one further comment, though it may be
confusing. By definition, an isotactic polymer is built from units containing the
same absolute configuration. This can be ascertained in the growing chain by
applying the Cahn-Ingold-Prelog rules while the heavy atom is still there. In
terms of the pentad relationships this leads to mmmm pentads. Yet, m refers to
meso as we have just seen, which indicates the presence of a mirror plane and
therefore opposite absolute configurations. The explanation is that in the
finished polymer we cannot determine the absolute configuration any more and
indeed in between two side groups we find locally a mirror plane mirroring the
adjacent methyl groups. The same story applies to the syndiotactic polymers
that are constructed from alternating absolute configurations at the catalyst site
and yet the relation between neighbouring methyl groups is » from racemic.
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10.3.2 Chain-end control

Control by the catalytic site and control by the growing chain can be easily
distinguished from one another by studying the "mistakes" as they occur in the
C NMR spectrum. When a chain-end control mechanism is operative the
NMR spectra of the errors made will tell us that this is indeed the mechanism.
If in a sequence of isotactic insertions one mistake is made the next propene
that comes in will be directed by the previous one and the "mistake" will persist
in the growing chain. Hence, after a block having all methyl groups pointing to
one direction, a block will form having the methyl groups pointing to the other
side of the growing chain (Figure 10.11).

Figure 10.11. Single mistake during a chain-end controlled isotactic polymerization and

[Tt

schematic *C NMR spectrum of the methyl region (assuming that chain continues in “m” mode)

Above we mentioned the results reported by Ewen [13] who found that
Cp,TiPhy/alumoxane gives a polypropene with isotactic stereoblocks.
Naturally, this achiral catalyst can only give chain-end control as it lacks the
necessary chiral centre for site control. In the >C NMR the stereoblocks can be
clearly observed as they lead to the typical 1:1 ratio of mmmr and mmrm
absorptions in addition to the main peak of mmmm pentads. These are two
simple examples showing how the analysis of the *C NMR spectra can be used
for the determination of the most likely mechanism of control of the
stereochemistry. Obviously, further details can be obtained from the statistical
analysis of the spectra and very neat examples are known [18].

10.3.3 Site control mechanism

In a system with site control ideally the mistake leads to a single odd
insertion in the chain: the site enforces for instance the growth of an isotactic
chain with all m configurations and after one mistake has occurred it will return
to producing the same configurations. In other words, an isospecific catalyst
will produce a polymer chain with all methyl groups pointing towards us (as in
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Fig 10.12), but when a mistake occurs one methyl group will be pointing
backwards. Let us look at the result in the ?C NMR spectrum. In the polymer
chain this gives a series of m relationships interrupted by two r configurations.
In the NMR spectrum this gives rise to three new peaks belonging to mmmr,
mmrr, and mrrm in a 2:2:1 ratio. (See Figure 10.12).

#
mmmm
0 L 2
mmmr mmrr

Figure 10.12. Single mistake during a site-controlled isotactic polymerization and schematic '*C
NMR spectrum of the methyl region.

Single site versus multiple sites;, homogeneous vs heterogeneous catalysts.
A general difference between the products of the homogeneous catalysts on the
one hand and the heterogeneous catalysts on the other hand has been noted for
the initial results of the metallocene catalysts in the mid-eighties. Measurement
of the overall isotactic index of the products of the homogeneous catalysts
revealed that polymers with isotactic indices as high as 96% still have a melting
point of only 140 °C, whereas the products of heterogeneous catalysts with
such isotactic indexes show melting points of 160—-6 °C. The molecular weight
distribution for the homogeneous catalyst was very narrow, M,,/M,=1.8, as is to
be expected from a homogeneous catalyst and the molecular weight may be as
high as 300,000 [22], strongly decreasing upon raising the temperature. For a
heterogeneous catalyst this value may be as high as 7.

The solution to the problem of the low melting point reads as follows. The
commercial heterogeneous catalysts contain, in spite of their high degree of
optimisation, different sites, one group producing polymer with a high isotactic
index (99+%) and another group of sites producing a small amount of atactic
polymer. Hence a mixture of two polymers is formed of which the melting
point is determined by the isotactic component. The homogeneous catalyst, on
the other hand, contains ideally only one type of site that produces one polymer
with often a somewhat lower isotactic index. While the isotactic index may
look very promising the melting point may be disappointing since all the errors
made occur in the main chain of the product giving a lower melting point.
Subsequently, improved homogeneous catalysts have been synthesised which
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also give polypropene melting points above 160 °C and isotactic indices of
99.7% [23].

10.4 The development of metallocene catalysts
10.4.1 Site control: isotactic polymers

Until 1984 no well defined homogeneous catalysts were known based on
Group 4 metals that would polymerise propene. Many attempts had been
undertaken using bis(cyclopentadienyl)metal dichlorides in combination with
the co-catalysts most popular in heterogeneous Ziegler-Natta polymer catalysis
such as (C,Hs);Al and (C,Hs),AlCl. At most dimerisation of propene was
observed. The first breakthrough involved the use of alumoxane (CH3;AlO), as
the co-catalyst. Apparently a large excess of this compound combines the
desired Lewis acidity with sufficient alkylating power in order to generate the
catalytically active species. The structure of the catalyst has been proven to be a
cationic species Cp,M-R" (M = Ti, Zr, Hf) by Jordan, Turner, and others [24].
The second important breakthrough was how to build a chiral centre into the
Group 4 metallocene. Substituted chiral metallocene complexes had already
been reported in 1982 by Brintzinger [14]. A combination of Group 4
complexes with these ligands and alumoxane led to the first homogeneous, site-
controlled, isotactic polymerisations of propene (M=Ti [15], M=Zr [22]).

rac-isomer meso-isomer
Figure 10.13. Structure 1,2-ethanediyl-tetrahydroindenyl-ZrX,

The basic structure of the new catalysts is depicted in Figure 10.13.
Zirconium is tetrahedrally surrounded by two cyclopentadienyl ligands and two
chlorides. The latter two ligands are not essential as they are replaced before the
polymerisation can start by an alkyl group (e.g. CH; from methylalumoxane)
and by a solvent molecule thus generating the required cationic species. The
two cyclopentadienyl anions are linked together by a bridge, here an ethane
bridge, and extended with an organic moiety which renders the molecule its
chirality. In the example of Figure 10.13 a 1,2-ethane bridged
bis(1,1-tetrahydroindenyl) dianion has been drawn. Two compounds are
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obtained when this complex is synthesised, the rac-isomer mixture and the
meso-isomer. Often they can be separated by crystallisation. The sterically less
hindered rac-isomers may be formed in excess. The isomers can only
interchange by breaking of a cyclopentadienyl-metal bond and reattaching the
metal at the other face of the cyclopentadienyl ligand. This process is very slow
compared to the rate of insertion reactions with propene.

The rac-isomers have a twofold axis and therefore C,-symmetry. The meso-
isomer has a mirror plane as the symmetry element and therefore Cs-symmetry.
For polymerisation reactions the racemic mixture can be used since the two
chains produced by the two enantiomers are identical when begin- and end-
groups are not considered. Note: When catalysts of this type are to be used for
asymmetric synthesis, e.g. as Lewis acids in Diels-Alder reactions, separation
of the enantiomers is a prerequisite [25].
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Figure 10.14. Simplified view of site-controlled isotactic polymerization

To start the polymerisation the X atoms in Fig 10.13 are replaced by a
growing alkyl chain and a co-ordinating propene molecule. Co-ordination of
propene introduces a second chiral element and several diastereomers can be
envisaged. The step-by-step regulation of the stereochemistry by the site can be
most clearly depicted by drawing the molecule as shown in Figure 10.14, a
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simplified picture neglecting interaction of polymer chain and indenyl ligand.
Here we have taken the plane of the paper identical to the plane determined by
Zr and the two X atoms of Figure 10.13 or in other words the plane bisecting
the two cyclopentadienyl planes. Propene co-ordinates in a m-fashion to
zirconium with the two alkene carbons situated in the plane. The migratory
insertion reaction can be described as a 2+2 addition and, as was found
experimentally, following 1,2 regioselectivity. This eliminates two
diastereomers, the ones stemming from 2,1 insertion. For the 1,2 insertion two
possible structures remain, one with the methyl group pointing up (Figure
10.14 A) and one with the methyl group below the plane, not shown. The
methyl group above the plane (drawn in full) will clearly be favoured. If we
accept that the transition state resembles the co-ordination complex, the
stereochemistry of the insertion product follows from structure A — B. The
alkyl group has migrated to the other co-ordination site of the complex. The
question that remains is: What will be the relation between the next insertion
and the one that we have just described?

The next molecule of propene will co-ordinate onto the complex with the
methyl group pointing downwards, C, migration of the new alkyl anion gives D
with the stereochemistry shown. When this process is repeated several times,
forming the polymer carbon chain in the plane of the figure, structure E is
obtained. From this structure we cannot immediately deduce what the
microstructure is, since the polymer chain is not stretched as shown before
(Figure 10.1). By rotating carefully around the bonds indicated we obtain from
E the isotactic stereochemistry, F. Hence, the experimentally found isotactic
stereochemistry with rac-bis(indenyl) derived complexes can be explained with
a very simple set of pictures.

The formal view. The formal view is much simpler. The racemic catalysts
have a twofold axis and therefore C,-symmetry. Both sites of the catalysts will
therefore preferentially co-ordinate to the same face (be it re or si) of propene.
Both sites will show the same enantiospecificity; the twofold axis converts one
site in the other one. Subsequently, insertion will lead to the same enantiomer.
According to the definition of Natta, this means that isotactic polymer will be
formed. If the chain would move from one site to the other without insertion of
a next molecule of propene, it will continue making the same absolute
configuration at the branched carbon atom. Hence, no mistake occurs when this
happens.

When the chain is transferred from one zirconium atom to another, there is a
50% chance in the racemate that the chain will continue to grow producing the
opposite absolute configuration.

If the zirconium complex racemises once in a while a blocky isotactic
polypropylene will be obtained.
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10.4.2 Site control: syndiotactic polymers

The explanation given so far sounds very reasonable, but further evidence is
welcome. An elegant experiment was carried out by Ewen [13], which supports
the mechanism. It involves the use of isopropyl(1-fluorenyl-cyclopentadienyl)
ligands as shown in Figure 10.15 (Ewen used a compound with an isopropyl
bridge at the back side). This complex has no chirality (i.e. the dichloride
precursor) and one might expect no tacticity in the propene polymer product.
The catalyst was found to give syndiotactic polymer. If the fluorenyl group is
below the plane, propene co-ordination at both left and right hand side sites will
occur with the methyl group above the plane (Figure 10.16, A, C). A series of
migratory insertions of the alkyl group to propene molecules with their methyl
substituents pointing up lead to the chain E. Stretching the chain leads to
structure F which clearly has a syndiotactic arrangement of the substituents
along the chain. This is an important result, since hitherto it was thought that
syndiotactic polymers could only be obtained via 2,1 insertion controlled by the
stereochemistry of the chain-end.

X \\ZI’ o X
Figure 10.15. Cyclopentadienyl-fluorenyl metal catalyst

The formal view. The fluorenyl-cyclopentadienyl complex contains a mirror
plane. The two sites are therefore mirror images. One site co-ordinates to the
re-face of propene, the other site to the si-face of propene. One site will
therefore be enantiospecific for making R configured carbon atoms and the
other site for S configured carbon atoms. This alternation of configuration leads
to a syndiotactic polymer.

When the chain migrates from one site to the other without insertion we
obtain two stereocentres of the same absolute configuration and our pentad
analysis will show one meso (m) in the series of (r) relationships.

If one 1,2-insertion occurs with the “wrong” stereochemistry we obtain
two m relationships in the series of (v) relationships.Thus several types of
mistakes can be distinguished from the >C NMR analysis.
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Figure 10.16. Simplified view for syndiotactic polymer formation at a C; symmetric catalyst

Errors. Errors can be introduced in several ways, for the bis-indenyl as well
as for the fluorenyl-cyclopentadienyl complexes:

- 1,2 insertion with the methyl group pointing to the sterically more
hindered direction,

- 2,1 insertion (with two orientations),

- 2,1 insertion followed by isomerisation (3,1 insertion),

- alkyl migration without insertion in the fluorenyl complex, and

- alkyl exchange between metals.

Impurities in the zirconium precursor complex can also lead to lower
tacticities. The activities of complexes may differ several orders of magnitude
and therefore the results can be distorted considerably by impurities. With the
present knowledge one can estimate to what extent impurities will distort the
results. For example it was found that the presence of the meso-isomer in a
bis(indenyl)ethane type catalyst may sometimes produce only little of the
atactic isomer. The meso-isomer containing one alkyl group and a propene co-
ordinated to the vacant site will have no preference for the methyl group
pointing up or down, regardless the position of the chain. The two sites,
however, will show a great difference towards propene co-ordination, one
being very open and the other being strongly sterically hindered. The hindrance
at one site may be such that this site is virtually blocked for propene co-
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ordination and as a result the rate of propene polymerisation of such a catalyst
may be very low.

10.4.3 Double stereoselection: chain-end control and site control

So far we have looked at chain-end control and site control if they were
independent. As already mentioned, a site-control-on/y mechanism does not
exist. Since we are, by definition, making a chiral chain-end and since
chain-end control does occur as found in achiral catalyst systems, site control
must be accompanied by chain-end influences, or a(n) (a)symmetric site may
amplify specific chain end influences. Recent results have shown that this is
indeed the case [18,19,21,26]. The simple explanation given above has to be
modified. We limit ourselves to two issues, (a) the stereochemistry of the co-
ordinating propene and (b) reinforcement of the two mechanisms.

(a) Molecular mechanics calculations [27] and thorough analysis of the
substituent effect on the statistical distribution of microstructure defects
indicate that firstly the polymer chain assumes the energetically most
favourable position with respect to the (asymmetric) site. For the fluorenyl-
cyclopentadienyl ethane ligand this means that the chain will occupy the empty
space at the cyclopentadienyl face. Subsequently the incoming propene will
direct its methyl group into the most favourable direction which is now the
fluorenyl side of the catalyst. This reverses the propene orientation given in
Figure 10.16 A, C. It does not fundamentally change the explanation because
all propene molecules will orient themselves into the same direction. For the
present purposes Figures 10.15 and 10.16 are sufficient and we have not
attempted to redraw the structures with the polymer chains included; the
experts will prefer to treat this problem with molecular mechanics and
computer graphics in a more sophisticated manner. According to Corradini this
reversion of the propene orientation also holds for the TiCl; catalyst. In Figure
10.17 we have shown the orientation of propene in the heterogeneous catalyst.
The front left is called the blocked side by Cossée, as this is where the bulk
crystal lattice is situated. In the back there is free space and the polymer chain
will be in this free space (exposed side, Cossée). As a result the methyl group
will be on the most hindered side of titanium (in the absence of polymer),
directed by the methyl group of the previously inserted monomer, as in the
chain-end controlled mechanism (Figure 10.9). [In Figure 10.17 we have not
drawn the crystal lattice, but indicated the blocked and exposed side].
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Figure 10.17. Corradini’s active site on asymmetric o-TiCl; surface

(b) This brings us to double stereoselection and reinforcement of the
mechanisms. If the site (a)symmetry will control the orientation of the chain,
and if then the orientation of the incoming propene is controlled by both the
chain and the site, the highest stereoselection is obtained when the two
influences reinforce one another. For 1,2 insertion this can be done most
effectively for isotactic polymerisation, since chain-end control "naturally"”
leads to isotactic polymer and this we can reinforce by site control with ligands
of the bis(indenyl)ethane type. The chain-end influence of short chains is
smaller than that of longer polymer chain; indeed the isotactic index at the very
beginning of the chain was found to be lower than that in the polymer. It may
also be inferred that making syndiotactic polymer via a 1,2 insertion
mechanism on Ti or Zr complexes is indeed more difficult than making an
isotactic polymer, because the two mechanisms now play a counterproductive
role.

Important: The reinforcement was proven experimentally by the analysis of
the stereoregularity of short chains. The enantioselectivity appeared to be very
low for single insertions of propene in small alkyl chains. Thus, if the
“controlling” polymer chain is absent, the site control is poor [28].

Numerous papers have appeared on further detailed studies of the
mechanism, including chain transfer mechanisms, epimerization of the
stereocenter shortly after its formation, the role of agostic interactions, etc. A
special issue of Chemical Reviews gives a complete overview [29].

10.5 Agostic interactions

Elegant studies by Bercaw and Brintzinger using an isotopic labeling
technique developed by Grubbs revealed that alkene insertion can be assisted
by agostic interactions in many metallocene polymerization systems [30].
These studies depict a detailed view of the mechanism of stereoselection using
chiral metallocenes for alkene polymerization. One of the o-hydrogens of the
growing chain forms an agostic, extra link with the metal centre. The agostic
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interaction can occur in the ground and in the transition state, or in the latter
only. This rigidifies the transition state for alkene insertion and thus increases
the stereoselectivity. Complete transfer of the o-hydrogen to the metal atom
leads to a hydrido-alkylidene metal complex that can undergo a cycloaddition
reaction with the incoming alkene, forming a metallacyclobutane. This gives
ring-opening with the hydride to give the new chain; this is the so-called Green-
Rooney mechanism [31]. The leading proposals for the mechanism are the
direct insertion (Cossée-Arlman) and the transition-state agostic interaction.
Figure 10.18 summarises the various mechanisms.
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Figure 10.18. Mechanisms for alkene insertion

After insertion according to the o-agostic TS mechanisms a y-hydrogen
agostic interaction will exist (many X-ray structures suggest that [B-agostic
structures will be the resting state of such compounds). We can distinguish
between the two leading mechanisms via deuterium isotope effects. If the
insertion proceeds with the assistance of an agostic o-hydrogen, this step
should exhibit a secondary isotope effect when hydrogen is replaced by
deuterium. The technique involves replacement of one o-hydrogen by a
deuterium label. The metal alkyl complex has a preference for the formation of
the agostic interaction with the hydride and thus the stereochemistry of the
insertion product can tell us whether or not agostic interactions played a role.
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10.6 The effect of dihydrogen

Recently many subtle effects of the ligand structure, concentrations of
alkene, and conditions on the polymerisation have been reported to have
significant effects on molecular weight, regioselectivity, branching,
stereoselectivity or enantioselectivity, incorporation of other monomers, chain
transfer, etc. Often these subtle effects can be understood from the mechanism,
or they contribute to the understanding of the detailed processes going on.

One particular example is both of industrial importance and fundamentally
very interesting: the effect of the hydrogen pressure. In the actual, commercial
processes using (as yet) heterogeneous catalysts dihydrogen is used as the
reagent to control the molecular weight.

Another way of controlling the molecular weight would be B-elimination.
This is a monomolecular process, in its simplest form, which can be enhanced
by raising the temperature. For the control of a process this is disadvantageous,
certainly for a highly exothermic process which might have runaway character.
Furthermore, the product would contain unsaturated end-groups which are
sensitive to oxidation and could further insert into growing chains affording
branched copolymers.

The control of the molecular weight via a reagent to be added is much more
convenient. Dihydrogen gives saturated end-groups thus solving the additional
problems as well. Two leading groups in this field discovered two further,
peculiar advantages of the use of dihydrogen as a chain transfer agent,
Chadwick at Shell for heterogeneous catalysts, and Busico for the metallocene
catalysts [32,33]:

- the rate increases upon the application of dihydrogen, and

- the selectivity increases (the melting point of the polymer increases),

- while naturally the molecular weight is depressed. Therefore this can only
be useful for catalysts that give high molecular weight polymers.

How the groups unravelled this phenomenon is an interesting detective
story but for our purposes it is more convenient to progress directly to the
conclusion. In Figure 10.19 we outlined the two modes of insertion that can
occur, 1,2 and 2,1 insertion. The latter often leads to isomerisation via [3-
elimination and re-insertion, which will lower the stereoregularity. Another
outcome, especially for catalysts that show little or no B-elimination would be
to continue the polymerisation resulting in an error in the chain and hence a
lower melting point of the polypropene.

It turns out that the insertion of a next molecule of propene in the branched
alkyl metal complex is much slower than the insertion of propene in a regular
chain formed after a 1,2 insertion. In several catalysts studied this leads to a
situation in which a great deal of the catalyst sites are "dormant", i.e. the metal
is tied up in unreactive secondary alkyl metal complexes. If eventually an
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insertion does occur it leads to an error in the chain. By admitting dihydrogen
in such a system the unreactive secondary alkyl metal complexes are removed
by the reaction with dihydrogen, which is of course less hampered by the steric
hindrance of the alkyl group.
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Figure 10.19. Effect of dihydrogen on rate and stereoselectivity

The metal hydride formed will start a new fast growing polymer chain.
Thus,

1. the molecular weight is lowered somewhat,
2. the overall activity increases, and
3. the number of errors in the chains diminishes.

Another way to recover the catalyst from the dormant site is the
copolymerisation of ethene, but this is slower and less attractive than the use of
hydrogen. Furthermore the use of ethylene inevitably results in the formation of
propylene-ethylene copolymers with all the consequent effects on polymer
properties.

10.7 Further work using propene and other alkenes

In addition to propene and ethene many other alkenes (higher alkenes,
styrenes, cyclic alkenes) have been polymerised with these new catalysts and a
great variety of new polymers and oligomers have been synthesised including
plastic materials with melting points as high as 500 °C, novel rubber materials
etc. Several new polymers can now be made by catalyst design. Basically, the
concepts developed by Cossée and his contemporaries have not changed, but
today we have the tools to design the catalysts that may give the desired
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polymer. Stereoselectivity and molecular weight may not be high enough in
some instances, but the achievements are impressive. A 1-cyclopentadienyl,-2-
indenyl-ethane ligand gives alternatingly insertion in an isotactic and an atactic
fashion giving a hemitactic polymer as is to be expected (Figure 10.20).

hemitactic polymer

Figure 10.20. Cyclopentadienyl-indenyl zirconium catalyst for hemispecific polymerisation

One could also imagine a complex that at one site will insert only one
certain type of alkene due to high steric constraints (e.g. ethene) and a second
alkene at the other site thus giving an alternating copolymer that may even
contain stereoregularity, thus obtaining for instance an alternating
norbornene/ethene copolymer [34].

Here we have discussed only very few of the many ligands that have been
studied. Many variations of substituents at the cyclopentadienyl ligand have
been studied, and there are more to come as well as variation in the structure of
the bridge, the anions, and the central metal. In summary, the toolbox is quite
extensive; prediction of properties of new polymers to be made can guide the
catalysis research in the design of new catalysts.

Structure-performance  relationships  for  bis-indenyl catalysts. An
interesting study about substituent effects in bisindenyl zirconium catalysts was
published by Spaleck [35], Figure 10.21. By changing the substituents on the
rings one could influence the rate of reaction, the molecular weight and the
isotacticity. This has not been analysed in detail yet, but it is to be expected that
the effects we have discussed above can explain these exciting results. Thus,
for instance the position of the growing chain can be such that B-hydride
elimination is retarded in one case and thus higher molecular weights are
obtained. Likewise 2,1 insertion can be lower in certain catalysts and thus a
higher active and more selective catalyst is obtained. Most interestingly, the
three properties of importance, rate, molecular weight, and isotacticity can
reach the highest values in one and the same catalyst! The “response” of these
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systems to the presence of dihydrogen has not been reported and we must
refrain from detailed explanations.

X WX
~Zr'sive,
@E/} rate  mol-weight tacticity
kg PP. MW.10° %
N -1 -1
SiMe, mmol' Zr.h mmmm
190 3% 82
“SiMe,
Me 99 195 88
4
'SiMe,
48 42 86
Ph ‘SiMe,
@@ Me 775 729 95
«_ Ph
SiMe;, 63 188 78
QO-e
Ph SiMe,
875 920 99.1
@
1-Np

Figure 10.21. Influence of substituents on zirconium catalysts (Spaleck, [35])

Many of the older bis-indenyl catalysts are less selective at higher
temperatures, which was ascribed initially to a lower selectivity of the insertion
reaction itself. More recent work by Busico, based on deuteration studies and
again based on very detailed and elegant analysis of *C NMR spectra of the
polymers, has shown that in fact epimerisation of the growing alkyl chain
occurs via a series of B-hydride eliminations and re-insertion reactions [36]
involving even tertiary alkyl zirconium species.

If this is the case and if the rate of polymerisation increases with the
propene concentration, the latter influences the tacticity.

The use of deuterium labels in propene can help to establish the
epimerisation of the intermediate alkyl species.

Constrained geometry catalysts. One of the very few applications of
metallocene or single site catalysts at this moment (2003) involves the so-called
constrained geometry catalyst, developed by Dow. It is a titanium complex
containing only one cyclopentadienyl ring and a small amido ligand, thus
creating a very open site (Figure 10.22) [37]. The ligand was first reported by
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Bercaw and Okuda [37]. The catalyst is used for the copolymerisation of ethene
and 1-octene, giving long-branched polyethylene, which has attractive polymer
properties: narrow MWD, high conversion, no extractables, good blending,
easy processing, and more! The narrow molecular weight distribution is typical
of well-behaved, homogeneous catalysts. The high conversion means that the
catalyst is stable at the high temperature used (>130 °C). It is a high
temperature solution process with much shorter residence times than the gas-
phase process. “No extractables” means that the lower molecular weight
products insert into growing polymer chains, which makes sense because also
octene-1 is efficiently inserted. The easy processing is caused by the long chain
branching; branching leads to less entanglements in spite of the high molecular
weight.

Ultra-High-Molecular-Weight PE is difficult to synthesize (since chain
transfer must be almost entirely suppressed) and thus for these extremely strong
materials other catalysts are needed. Figure 10.22 shows the Dow catalyst
based on titanium(IV) and a competing catalyst developed by DSM based on

titanium(11I).
AN . Ti(V) il

.iCl T..n\CI
NS
. N Cl
Insite / Lovacat

Dow R DSM

Figure 10.22. Dow’s constrained geometry catalyst “Insite” and DSM’s “Lovacat”

Syndiotactic Polystyrene. Syndiotactic polystyrene is an interesting
material because it has a T, of 95 °C and a Ty, of 260 °C [38]. Polystyrene
made via radical polymerisation may show some syndiotacticity, but its heat
distortion temperature is too low to allow its use in important applications
requiring temperatures around 120 °C or higher, such as medical equipment
which requires sterilization or hot water storage containers. Idemitsu and Dow
have reported titanium-based catalysts such as the one shown in Figure 10.23.
We presume that the mechanism is a chain-end controlled "2,1" insertion.

Ph

Ph

Pol Ph Ph Ph  Ph Ph Ph
+ MAO + styrene : ' :

1
a7 "~cl
cl

Figure 10.23. Syndiotactic, chain-end controlled polystyrene catalyst
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Syndiotactic and Cossée type isotactic PP. Bercaw et al. [39] designed a
catalyst that has C; symmetry and indeed gives syndiotactic polypropene
(Figure 10.24, left-hand side structure). Clearly, like the catalyst by Ewen
(Figure 10.15, fluorenyl-cyclopentadienyl), the C catalyst leads to syndiotactic
polypropene as by virtue of the symmetry each insertion on the left or right
hand side is one anothers mirror image and thus leads to alternatingly R and S
absolute configurations at the saturated carbon atom formed.

Interestingly, the analog shown on the right-hand side, carrying a large
chiral group at the central carbon atom in the front of the molecule, leads to a
predominantly isotactic polymer molecule. This catalyst has C; symmetry. The
explanation is that after each insertion the growing polymer chain moves to the
sterically less encumbered side of the complex. Thus, the insertion takes place
such that each time the same absolute chiral conformation is produced, i.e. an
isotactic polymer is obtained. This is a model for the initial Cossée proposal for
the mechanism for making isotactic polymer; he also suggested that a “back
skip” of the polymer chain was necessary to make sure that the next propene
molecule would feel the same environment as the previous one thus giving
isotacticity.

<\Z:r%_ propene('\?r’) polymer chain
syndiotactic PP "Cossee mechanism"

Figure 10.24. Bercaw catalysts for syndiotactic polymer and isotatic polymer

Alternating block polymers of PP. Let’s have a look at the two catalyst
precursors shown in Figure 10.25. The left-hand one is a complex possessing
C, symmetry, which should give isotactic PP in the propene polymerisation,
since by enantiomorphic site control this gives rise to isotactic polymer.
Likewise, the isomer shown on the right-hand side, should give atactic polymer
because it has C; symmetry. Interestingly, the two isomers can interconvert via
a rotation type mechanism and in this particular case the isomerising rotation is
slower than the rate of polymerisation. Thus, the catalyst will produce for some
time an atactic polymer and then switch to the other isomer and produce the
isotactic polymer. Atactic and isotactic blocks will form. As a polymer this will
have properties (essentially an elastomer) distinct from those of regular syndio
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or isotactic nature, thus illustrating the power of the design component in these
new homogeneous catalysts [40].

“Site isomerisation” also occurs in heterogeneous systems [41]. A certain
blockiness of the polymer tells us that this phenomenom is taking place.

When the rate of polymerisation is dependent on the propene
concentration, but site isomerisation is not, the concentration of propene
effects the properties of the polymer. A faster polymerisation will lead to a
higher stereospecificity in the polymer.

rac-isomer meso-isomer
X—Zr- X X—Zr—- X

l |

isotactic PP atactic PP

@

Figure 10.25. Waymouth’s catalyst giving blocks of atactic and isotactic polymer

Norbornene-ethene copolymers. In 1996 Ticona (Mitsui and the former
Hoechst) announced the commercial production of copolymers of norbornene
and ethene using titanium metallocene catalysts (Figure 10.26). The new
material was called Topas™ and was meant for optical applications. It is a
random copolymerisation and several grades can be obtained [42]. Many
attempts have been made to obtain a perfectly alternating material (also using
palladium and nickel catalysts) as this material has a good balance of properties
(other than being rather brittle) finding application in CD-roms and the like.

Figure 10.26. Norbornene-ethene “Topas” polymers

10.8 Non-metallocene ETM catalysts

Substituted cyclopentadienyl ligands are extremely effective for a variety of
polymerisation reactions, but they are not unique. Both from a point of view of
scientific interest and from a patent point of view, in attempts to acquire one’s
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own position, numerous other anionic ligands have been screened and found to
give active catalysts for polymerisation reactions. Complexes of titanium and
zirconium containing phenoxides, amides, and many other anions have been
discovered that are active catalysts [43]. An important example are the so-
called FI catalysts developed by Fujita and co-workers at Mitsui Chemicals
[44]. FI stands for Fenokishi-Imin, Japanese for phenol-imine, or Fujita group
Invented! It is an example of a successful “transfer” of a ligand system from
late transition metal catalysis, more in particular Group 10 metals, to Group 4
metal complexes. A common feature of many ligands important in alkene
polymerisation catalysts of nickel is that they are cis bidentates and carry one
minus charge, see for example the SHOP ligand (Chapter 9), which is the first
one of this type that was discovered and applied. In nickel catalysis, taking
place in the square plane, only one ligand is needed, but for group 4 metals we
need two, both to make up the charge and to occupy four of the six
coordination sites in an octahedral complex. The two remaining sites are for the
growing chain and alkene coordination, and an overall plus one charge is
obtained. A typical FI catalyst precursor is shown in Figure 10.27.

Figure 10.27. Example of FI catalyst

Phenol-imines are easy to prepare and many ligands have been tested. The
dichloride precursors can be converted into the active species in the usual way
as reported for metallocene catalysts. Astonishingly high turnover numbers
were measured for ethene polymerisation, 65,000 s~ bar . Titanium catalysts
containing fluorinated aryl groups give a living polymerisation of ethene with
M,, > 400,000 and a polydispersity M,/M;, < 1.2. Propene as the substrate leads
to monodisperse, syndiotactic polypropylene, with 7 diads up to 98%. The
syndiotactic nature is peculiar as the catalyst precursor has C, symmetry. The
mechanism implies a 2,1 insertion and chain-end control. Six-membered rings
containing a metal ion (titanium in this instance) are not flat and it is thought
that perhaps dynamic ring isomerisation plays a role in the enhancement of the
syndiospecific reaction. Because of its living character one can also make block
copolymers of ethene and propene. Also products of lower molecular weight
can be produced.
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10.9 Late transition metal catalysts

In the last decade an enormous revival of late transition catalysts for the
polymerisation of alkenes has taken place [45] (remember that the first
discovery of Ziegler for ethene polymerisation also concerned nickel and not
titanium). The development of these catalysts is due to Brookhart in
collaboration with DuPont (Figure 10.28) [46]. Detailed low-temperature NMR
studies have revealed the mechanism of the reaction [47]. Interestingly, the
resting state of the catalyst is the ethene-metal-alkyl complex and not the metal-
alkyl complex as is the case for the ETM catalysts. For ETM catalysts the
alkene complex intermediates are never observed. Thus, the migratory insertion
is the rate-determining step (the “turnover limiting step”, in Brookhart’s words)
and the reaction rate is independent of the ethene concentration.

Increased steric bulk of the diimine aryl substituents leads to faster
reactions! This is because the ground state of the resting state is destabilised
relative to the transition state and the barrier to insertion thus becomes lower.

Another typical feature of these catalysts is the socalled “chain walking”.
Prior to insertion of the next ethene molecule a series of B-hydride elimination
and re-insertions can take place, which looks like a metal atom running along
the chain. Insertion of ethene in a secondary alkyl chain leads to the formation
of branches. During the isomerisation process palladium can even cross tertiary
carbon atoms, since “branches on branches” are obtained.

When the ethene pressure is raised the number of branches decreases, while
the productivity of the catalyst remains the same (the reaction is zero order in
ethene pressure). Chain walking requires an open site at the metal and
obviously the competition between ethene complexation and chain walking
determines the number of branches formed.

§ R—N>_<N—R
A4

M+

iPr
AN
N
\/ Pol
Figure 10.28. Brookhart’s ethene polymerisation catalysts, M=Pd, Ni

Highly branched ethene-methyl acrylate polymers. The cationic palladium
diimine complexes are remarkably tolerant towards functional groups, although
the rates decrease somewhat when polar molecules are added. In ETM catalysis
addition of polar molecules or monomers kills the catalyst and therefore it was
very interesting to see what the new palladium catalysts would do in the
presence of polar monomers. Indeed, using methyl acrylate a copolymerisation
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is obtained [48], but the methyl acrylate molecules are not incorporated in the
chain. Instead they form the terminals of the branches (Figure 10.29). After
insertion of an acrylate no insertion of ethene or acrylate occurs due to the
relative stability of this species. Chain walking occurs and insertion takes place
at the secondary alkyl formed.

CO,CHs o O
2 3

CO,CHs
Figure 10.29. Ethene-acrylate copolymers and the catalyst, M=Pd, Ni

Du Pont has published a huge number of compounds and polymerisation
reactions in a series of patents. The commercialisation is being actively
pursued [46].

Tridentate ligands for cobalt and iron catalysts. The catalysts discussed
earlier in the section on ethene oligomerisation can also be used for making
polymers, provided that they are suitably substituted. In Figure 10.30 we have
depicted such a catalyst, substituted with isopropyl groups at the aryl
substituents on the imine group, as in Brookhart’s catalysts [49]. The initiation
is now carried out by the addition of MAO to a salt of the cobalt or iron
complexes. The catalysts obtained are extremely active, but they cannot be
used for polar substrates.

O (MeAlO)n

’|\l EE—— polymers
N Fe N Ethene
/"~ Propene
cl Ci

Figure 10.30. New iron catalyst for ethene polymerisation

Norbornene high-value added polymers
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As said in the introduction there are many more polymers than can be
discussed within the limits of this chapter, but we want to add just one example
of a group of high-value polymers that is made using the same principles of
coordination polymerisation as shown above for the commodity polymers. We
mentioned metallocene catalysts that can be used to copolymerise ethene and
norbornene to give Topas™ type products.

One can imagine that homopolymers of norbornene can lead to a variety of
stereoregularities and we have drawn a few in Figure 10.31 to give an
impression without the intention of being exhaustive and neglecting the
nomenclature.

Figure 10.31. Examples of stereoregular homopolymers of norbornene

Following pioneering work by Sen [50] and Risse [51] in the 1980’s, B.F.
Goodrich launched a new family of amorphous norbornene-based polymers
aimed at a number of microelectronic applications. The polymers are high-
priced specialties (up to €6,000 per kg). These new polymers were made
possible by a breakthrough in the area of single component catalysts based on
Group 10 (Ni and Pd) transition metals [52]. These catalysts are characterised
by their ability to:

o  Produce norbornene homopolymers having ultra-high glass transition
temperatures (Tg = 355-390 °C) that can be tailored by
copolymerization with 5-alkylnorbornenes.

o  Produce polymers with molecular weights exceeding 2,000,000 down
to oligomers by a chain transfer mechanism with 1-alkenes.

o Polymerise and copolymerise norbornenes bearing functionality
(carboxylic acid esters, ethers, anhydrides, etc.).

Each of these polymers exploit the ability of the group 10 metal catalysts
used to tolerate functional groups and to copolymerise norbornene monomers
bearing esters etc. into the polymer backbone. In the case of low-k dielectric
polymers (Avatrel™) low levels (2-10 mol %) of 5-triethoxysilylnorbornene
are used to impart good adhesive properties, the remaining 90+% of the
monomer being a 5-alkylnorbornene. The alkylnorbornene is selected to tailor
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the glass transition temperature of the polymer and to impart toughness into the
product. Other polymers concern optical applications such as wave-guides and
photolithographic applications, primarily deep UV (193 nm) positive photo-
resists. A variety of substituted norbornenes is easily accessible via well known
Diels-Alder additions of functionalised alkenes to cyclopentadiene.

The catalyst is a simple “naked” divalent palladium or nickel complex,
containing no other ligands than alkenes (Figure 10.32). Both give extremely
fast polymerisations of norbornenes, nickel usually being the fastest catalyst.
They give different microstructured polymers as can be deduced from the *C
and '"H NMR spectra. Molecular weights are high, because a B-hydride
elimination is not feasible in the rigid metal-alkyl structure. The molecular
weight can be lowered by adding 1-decene, as after insertion of a linear alkene
B-hydride elimination can take place.

L PFg PFg

Figure 10.32. Typical "naked" nickel and palladium catalysts
The glass transition temperature in the polymer containing a few percent of

S-triethoxysilanenorbornene for dielectric applications can be lowered by
increasing the amount of 5-decylnorbornene (see Figure 10.33).
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Figure 10.33. Effect of polymer composition on glass transition temperature
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Chapter 11

HYDROCYANATION OF ALKENES
The early days of steric and electronic effects

11.1 The adiponitrile process

The transition metal catalysed addition of HCN to alkenes is potentially a
very useful reaction in organic synthesis and it certainly would have been more
widely applied in the laboratory if its attraction were not largely offset by the
toxicity of HCN. Industrially the difficulties can be minimised to an acceptable
level and we are not aware of major accidents. DuPont has commercialised the
addition of HCN to butadiene for the production of adiponitrile [ADN,
NC(CH,)4sCN], a precursor to 1,6-hexanediamine, one of the components of
6,6-nylon and polyurethanes (after reaction with diisocyanates). The details of
the hydrocyanation process have not been released, but a substantial amount of
related basic chemistry has been published. The development of the ligand
parameters ¢ and 0 by Tolman formed part of the basic studies carried out in
the Du Pont labs related to the ADN process [1].

Addition of HCN to acetone to form the cyanohydrin is still the main route
to methyl methacrylate. Hydrocyanins can be converted to amino acids as well.
The nitrile group can be easily converted to amines, carboxylic acids, amides,
etc. Addition to aldehydes and activated alkenes can be done with simple base,
but addition to unactivated alkenes requires a transition metal catalyst. The
methods of HCN addition have been discussed by Brown [2].

First we will describe the hydrocyanation of ethene as a model substrate.
The catalyst precursor is a nickel(0) tetrakis(phosphite) complex which is
protonated to form a nickel(Il) hydride. Actually, this is an oxidative addition
of HCN to nickel zero. In Figure 11.1 the hydrocyanation mechanism in a
simplified form is given: the basic steps are the same as for butadiene, the
actual substrate, but the complications due to isomer formation are lacking.
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Figure 11.1. Simplified scheme for hydrocyanation

The basic steps are well known: after oxidative addition of HCN, we find
coordination of ethene, migratory insertion of ethene into the nickel hydride
bond, and reductive elimination of ethyl cyanide (propanenitrile). More detailed
studies by Du Pont's McKinney and Roe [3] have shown that the productive
cycle involves the reductive elimination by the process shown in Figure 11.2.
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Figure 11.2. The mechanism found by McKinney
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Reductive elimination takes place after association of an electron-
withdrawing phosphite ligand with the nickel ethyl cyanide complex. The cycle
of Figure 11.1 is not productive, at least under the conditions that were studied.
Association of this type is not uncommon and has been observed in more
instances; an electron-withdrawing ligand accelerates the reductive elimination
(see below). Figure 11.2 presents the scheme according to the findings of Roe
and McKinney. The intermediate observed at —40 °C by 'H, *'P, and °C NMR
spectroscopy is (C,H4)L(CN)(C,Hs5)Ni (L=P(O-o-tolyl);). This intermediate
reacts with L in a rate-determining step to produce propanenitrile and
(C,H4)L,Ni which oxidatively adds HCN and regenerates the intermediate. The
five-coordinate species drawn in brackets in Figure 11.2 was not observed
directly, but the kinetics indicated that the process is first order in the
four-coordinate complex and first order in the concentration of free ligand.

When a large excess of ligand is used, as in the actual process, the system
becomes more complicated and species such as (C,H4)L;Ni, HNi(CN)L;, and
NiL, are also observed. The activation parameters of the reaction are: AG*(—40
°C)= 17 kcal/mol, AH™= 9 kcal.mol™', AS"= —34 cal.mol'. K. The negative
entropy of activation is consistent with the formation of a five-coordinate
species. The reason for the associative character of the reductive elimination is
two-fold:

1. the addition of one more phosphite ligand reduces the electron density at
nickel disfavouring the divalent state, and

2. the resulting species after elimination will contain 14 electrons instead of
only 12 which leads to a higher stability.

=\= :>7

27 N\ on
S ) — \—\_\
oN T\j . Tj .

CN 4 CN 5 CN

;
=

CN

Figure 11.3. Hydrocyanation of butadiene
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For example, reductive elimination of benzonitrile from (Et;P),Pd(CN)Ph is
promoted by the addition of triethyl phosphite [4], addition of benzoquinone
promotes reductive eliminations in palladium chemistry (Chapter 12), etc., but
in all cases different roles can be envisaged, such as simple ligand exchange.

Hydrocyanation of butadiene is more complicated than that of ethene; it
requires two hydrocyanation steps and several isomers can be observed. The
isomers obtained in the first step of the HCN addition to butadiene are shown in
Figure 11.3. The addition first leads to compounds 1 and 2, in a 1:2 ratio, but
they equilibrate to a favourable 1:9 ratio via the retro-reaction. The retro
reaction involves a C-C bond breaking reaction, which is rare, but in this case
the intermediate is a m-allyl species and a stable, anionic cyanide group.
Electron-rich nickel species (Ni-dippe) can cleave aromatic nitrile C-C bonds
[5].

In order to obtain adiponitrile, 2 should isomerize to 4, and not to the
thermodynamically more stable 3 (stabilised by the energy of conjugation). The
thermodynamic ratio is 2:3:4 = 20:78:1.6 [6]. The isomerization of 2 to 4
happens to be favorably controlled by the kinetics of the reactions; the reaction
2 to 4 reaches equilibrium, but the reaction 2 to 3 does not. Note that the nickel
complex not only is responsible for the addition of HCN but that it is also
capable of catalysing selectively the isomerisation. The final step is the addition
of HCN to 4 to give 5, adiponitrile.

Often Lewis acids are added to the system as a cocatalyst. It could be
envisaged that Lewis acids enhance the cationic nature of the nickel species and
increase the rate of reductive elimination. Indeed, the Lewis acidity mainly
determines the activity of the catalyst. It may influence the regioselectivity of
the catalyst in such a way as to give more linear product, but this seems not to
be the case. Lewis acids are particularly important in the addition of the second
molecule of HCN to molecules 2 and 4. Stoichiometrically, Lewis acids (boron
compounds, triethyl aluminium) accelerate reductive elimination of RCN
(R=CH,Si(CHs;);) from palladium complexes P,Pd(R)(CN) (P,= e.g. dppp) [7].
This may involve complexation of the Lewis acid to the cyanide anion, thus
decreasing the electron density at the metal and accelerating the reductive
elimination.

It was found [8] that the Lewis acidity plays only a minor role in the
regioselectivity when R;Sn'SbFs Lewis acids were used, and that sterically
more bulky Lewis acids strongly favour the formation of adiponitrile. This was
also found for another series of Lewis acids: B(C¢Hs)s, 96%; ZnCl,, 82%;
AICl;, 50%. When the steric bulk around the nickel complex increases the
coordination of 4-pentenenitrile is preferred to coordination of 3-pentenenitrile,
and secondly, as in hydroformylation with PPh; (Union Carbide system), the
formation of a linear alkyl from 4-pentenenitrile is more favourable than the
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formation of the branched alkyl species. This steric effect has also been
reported for the hydrocyanation of propene by Druliner et al. [9].

Catalyst decomposition. When the reaction is carried out in the laboratory
decomposition of the catalyst is observed, which leads to nickel(II) formation.
It can be suppressed by adding the HCN needed step-wise and not all at once at
the beginning of the reaction [10].

H CN
| + HCN .
[—Ni—CN —— L—Ni—CN + H,
| deactivation |
L L
CH CN CN
’ CH ML) § rx& CN + CH;—CH
-Ni— L—Ni—CN -
2 ’\|‘I L deactivation | 3 3
L L

ethene

/\Ni/" + CH3—CH,—CN

L

Figure 11.4. Catalyst deactivation

Deactivation can take place if the intermediate hydride or alkyl species react
with HCN. The result is the formation of nickel dicyanides, which cannot be
reconverted to active species. We think that Lewis acids, in addition to
promoting reductive elimination, may also have a retarding effect on this
reaction, see Figure 11.4, as a more positively charged nickel species will react
more slowly with protons. On the other hand, though, stronger acids are formed
as a result of the interaction of HCN with the Lewis acids.

11.2 Ligand effects

From the above model studies we concluded that the reductive elimination
is the slow step in the process. It was thought until recently that only phosphites
lead to active catalysts and even today very few phosphines have been reported
as ligands, which supports the mechanistic studies. Reductive elimination can
be promoted by the use of ligands that stabilise the zero-valent state of the
metal. In this instance that means phosphorus ligands having high %-values.
That is why phosphites are better ligands than phosphines. We can use
phosphites having higher x-values than aryl phosphites, viz. fluoro-substituted
alkyl phosphites. This does indeed lead to faster catalysts [11].
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Another approach would be destabilisation of the square-planar geometry of
the divalent state and stabilisation of the tetrahedral geometry of the zerovalent
state by means of the bite angle. The ligands shown in Figs. 8.10 and 11.5 fulfil
this requirement. The large natural bite angle of 110-120° will enhance the
reductive elimination. Indeed, even diphosphines having large bite angles can
provide active catalysts [10], see Fig. 11.5. Electron withdrawing groups
further enhance the reactivity in the wide bite angle ligands [12].

Figure 11.5. Ligands with large bite angles promoting reductive elimination in nickel and
palladium complexes.

Diphosphites containing aryl groups and having wide bite angles combine
the two effects and they provide good catalysts [13]. Chiral diphosphinites
based on glucose backbones gave active catalysts [14]. The ligands used in this
study by RajanBabu are shown in Figure 11.6. The substrates were styrene and
other vinyl aromatics (Fig.11.7). The products of these reactions are precursors
for the anti-inflammatory drugs of the naproxen and ibuprofen type.

i i
OPh Ar=
i i
F F  CFy CF,

Figure 11.6. Diphosphinite ligands for asymmetric hydrocyanation [14]
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The enantioselectivity increases dramatically when the ligands contain
electron-withdrawing P-aryl substituents. Electron-donating substituents on the
substrate give the highest ee (91% for 6-methoxy-2-vinylnaphthalene in apolar
solvents). Mechanistic studies at room temperature have shown that at low
concentration of HCN nickel zero species are the resting states, but at higher
concentrations of HCN n’-benzyl nickel cyanide species were also observed.

The enantioselectivity is determined in an irreversible step after the chiral
atom has been formed. Deuteration experiments have shown that styrene
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insertion and deinsertion is reversible under the reaction conditions. Therefore
it would seem that the enantioselectivity is determined by the rates of the two
reductive eliminations and the concentrations of the two diastereomers. For the
faster systems this may change for an enantioselective insertion of styrene.

The diphosphinite ligands containing a four-atom bridge presumably have a
wide bite angle, but the clearest example of bite angle effects is that of
phosphines, which give no activity when small bite angles are applied. The
starting point of this study was that orbital effects of the wide bite angle would
accelerate the reductive elimination and indeed the effect of the bite angle was
very clear. Figure 11.7 shows a simplified scheme. The reductive elimination
can take two routes, either a reaction with HCN or a reaction with styrene. The
latter seems more likely and instead of styrene as the electron withdrawing
ligand also a second phosphine ligand might add.
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Hen X
Ph HCN

/ P/« NI P _

P \CN
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)\ P\ \/\© Ph

Ph HCN

Figure 11.7. Simplified scheme for hydrocyanation of styrene

The results obtained indicate that diphosphines with natural bite angles
close to 105° show high activities (Table 11.1). In contrast, when “classical”
diphosphine ligands (79° < B < 96°) were used, no activity was detected, and
formation of Ni(P—P)(CN), was observed. The strong “peaking” at bite angles
around 105° might involve a second reason, namely the acceleration of the
decomposition reaction with HCN when ligands are used that prefer square
planar complexes. Thus, the intermediary benzylic cyanide complexes undergo
either reaction with HCN or reductive elimination. If reaction with HCN
occurs, the effect is irreversible as inactive L,Ni(II)CN, is formed.
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Table 10.1. Nickel-catalysed hydrocyanation of styrene, using diphosphine ligands.”

Ligand B(°) % yieldh % branched
PPhj3 - 0 -
dppe 79 <1 40
dppp 87 4-11 ca. 90
dppb 99 3-8 92-95
BINAP 85 4 29
DPEphos 101 35-41 88-91
Sixantphos 105 94-95 97-98
Thixantphos 106 69-92 96-98
Xantphos 109 27-75 96-99

* Data from reference [12]. Reaction conditions: Styrene/Ni= 28.5, HCN/Ni= 17.5, [Ni]= 73.3 mM,
T=60 °C, t= 18 h. Yields are based on HCN. Maximum yields based on styrene are 61%.

Moloy studied the effect of the bite angle on the stoichiometric reductive
elimination of RCN from (R=CH,Si(CH;);) from palladium complexes
P,Pd(R)(CN) from a range of ligands including dppe, dppp, and DIOP [15]. In
this series a 10*-fold rate increase was found! As in the Xantphos series the
substitution at phosphorus are essentially identical and therefore they concluded
that the kinetic ordering is attributable to changes in chelate size, increased bite
angles, increased flexibility, all enhancing the reductive elimination.

Although most authors prefer a “bite angle effect” [16] and the orbital effect
seems logical, there is no hard proof for it and the possibility remains that in
fact the increasing steric demand of the ligand while the bite angle widens
enforces reductive elimination. Thus, experiments are needed, with the use of
ligands that have small bite angles but larger steric bulk. For
methoxycarbonylation reactions of alkenes with palladium catalysts these
experiments have been done, and for this reaction it has been shown that steric
bulk is more important than the bite angle per se (see Chapter 12 and [16]).
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Chapter 12

PALLADIUM CATALYSED CARBONYLATIONS
OF ALKENES

Polyketones, oligomers, and methyl propanoate

12.1 Introduction

In this chapter we will discuss some aspects of the carbonylation catalysis
with the use of palladium catalysts. We will focus on the formation of
polyketones consisting of alternating molecules of alkenes and carbon
monoxide on the one hand, and esters that may form under the same conditions
with the use of similar catalysts from alkenes, CO, and alcohols, on the other
hand. As the potential production of polyketone and methyl propanoate
obtained from ethene/CO have received a lot of industrial attention we will
concentrate on these two products (for a recent monograph on this chemistry
see reference [1]). The elementary reactions involved are the same: formation
of an initiating species, insertion reactions of CO and ethene, and a termination
reaction. Multiple alternating (1:1) insertions will lead to polymers or
oligomers whereas a stoichiometry of 1:1:1 for CO, ethene, and alcohol leads to
an ester.

12.2 Polyketone
12.2.1 Background and history

Thermoplastics with high-performance properties are in increasing demand
[2]. The present products (e.g. aromatic polyketones, polyesters, polyamides,
polyacetals, polyolefin specialities) span a wide range of performance and
production costs. Relevant properties comprise strength, toughness, wear
resistance, chemical resistance, heat resistance, UV stability, etc. Applications
include a variety of automotive components, gears, fittings, containers, fibres,
packaging, etc. In the last decades much effort has been devoted to the
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development of such high-performance plastics that might be produced at
lower costs.

In addition the ketone group can be modified easily to give ranges of new
polymers, such as polyalcohols, polyamines or polyimines. The feasibility of
these chemical modifications has been demonstrated, but the properties of these
new polymers have not yet been established in great detail. Insertion of styrene,
propene, and higher homologues opens the possibility of stereoregular
polymers, another new group of polymers.

Copolymerization of ethene and carbon monoxide has been known for a
long time. The first product was made via radical polymerisations [3]. These
polymers had low molecular weights and the incorporation of CO was usually
lower than required for a perfect alternation of ethene and CO. Besides, high
pressures were required. Coordination polymerisation for ethene/CO was
discovered by Reppe [4] using nickel cyanide catalysts (this was even before
the Ziegler invention of ethene polymerisation!). The molecular weights were
very low and in addition to the polymers diethylketone and propanoic acid
were produced. The first palladium catalyst (phosphine complexes of PdCl,)
producing an alternating polymer of CO and ethene (Figure 12.1) was reported
in 1967 [5]. The rates were promising (300 g/g Pd/hr) but the conditions were
harsh (250 °C, 2000 bar). Similar palladium catalysts were used by Union Oil
and Shell [6,7]. High molecular weights were achieved and the potential of the
semi-crystalline high-melting polymer was recognised. The polymers made,
however, contained a considerable amount of catalyst (often as black palladium
metal) and this was deleterious to the stability of the polymer during
processing. One might think that the polymers are inherently unstable due to
intra and intermolecular condensation reactions, or due to UV sensitivity, but
later this turned out to be not the case. Hence, considerably more active
catalysts were needed.

Figure 12.1. Ethene/CO alternating copolymer showing propene incorporation and methanol as
chain transfer agent

It was Ayusman Sen [8] who discovered in 1982 that the use of weakly
coordinating anions and phosphines as the ligands together with palladium
yielded much more stable and active catalysts for the formation of polyketone
from CO and ethene in alcoholic solvents. Cationic palladium-
(triphenylphosphine),(BF.), gave a mixture of oligomers having methoxy ester
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and ethylketone end-groups in moderate yields. In 1984 Drent [9] reported that
cationic palladium complexes containing chelating bidentate diphosphine
ligands produced alternating polymers of ethene and CO with 100% selectivity,
high molecular weight, and yields up to several kg per g of palladium per hour.
The process conditions are relatively mild, 30-60 bar and 80-100 °C. Now one
was able to produce perfectly alternating polymers with melting points of ~260
°C containing only ppm quantities of palladium. Subsequently, it was shown
that other alkenes could be copolymerised in a random fashion; when a
terpolymer of ethene, propene and CO is made the resulting polymer possesses
a lower melting point. The monodentate phosphine catalysts are several orders
of magnitude slower (4 g precipitate.g”' Pd.h™). Drent's discovery made the
commercial production of aliphatic polyketone polymers economically
attractive. Since the end of 1996 a commercial unit was on stream in the U.K.
(20,000 ton/annum), but it was closed in 2000.

In the meantime improved nickel catalysts have also been developed by
workers from Du Pont employing phosphinocarboxylic acids as the ligands
[10]. Interestingly, the catalysts used here are similar to the nickel-ligand
complexes used by Shell for their commercial ethene oligomerization process.
Similar catalysts for making polyketone have also been patented by Keim et al.
[11].

The unique properties of the polymer are outlined by Ash [2]. Aliphatic
polyketones exhibit a desirable combination of strength, stiffness, and impact
resistance over a broad range of temperatures. The polymers undergo unusually
high elongation before yielding. In addition they show excellent friction and
wear properties. The chemical resistance is also very high. The melt processing
temperature of the ethene/CO polymer would be well above 260 °C. The first
polymer that aroused commercial interest was an ethene/propene/CO
terpolymer having a melting point of 220 °C, below that of the ethene/CO
polymer.

12.2.2 Elementary steps: initiation

The mechanistic issues to be discussed are the initiation modes of the
reaction, the propagation mechanism, the perfect alternation of the
polymerisation reaction, chain termination reactions, and the combined result
of initiation and termination as a process of chain transfer. Where appropriate,
the regio- and stereoselectivity should be discussed as well. A complete
mechanistic picture cannot be given without a detailed study of the kinetics.
The material published so far on the kinetics comprises only work carried out at
temperatures of —82 to 25 °C, which is well below the temperature of the
catalytic process.
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Initiation. The polymerisation reaction is efficiently catalysed by complexes
of the type PdX,(L-L) (L-L is a chelating bidentate phosphorus or nitrogen
ligand -coordinating in a cis fashion-, X is a weakly or non-coordinating anion)
in methanol as the solvent. Suitable ligands are dppe, dppp and dppb and both
triflic and p-toluenesulfonic acid provide suitable anions in methanol. The
catalyst can be made in situ by dissolving palladium acetate and adding ligand
and a strong acid. When methanol is the solvent there is no need to create an
active palladium alkyl initiator. In aprotic solvents such as dichloromethane on
the other hand, palladium must be methylated with e.g. Sn(CH3;),4 to provide an
active catalyst [12]. Hydride formation is a likely initiation pathway in
methanol for which at least three routes can be envisaged. Reaction (1) in
Figure 12.2 shows the attack of water (hydroxide) at coordinated carbon
monoxide, which after elimination of carbon dioxide gives palladium hydride
3. A Wacker type reaction as shown in (2) also leads to the formation of 3.
Hydride elimination from palladium methoxy species 5 is another mechanism
for the formation of hydride 3. Formaldehyde and methanol are in equilibrium
with dimethoxymethane and water under the reaction conditions. Hydrides are
also efficient initiators as their insertion reactions with alkenes are extremely
fast. These initiation reactions are collected in Figure 12.2.
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Figure 12.2. Palladium hydride formation from divalent palladium and CO and ethene in the
presence of water or methanol as initiation reaction (P=PPhy)

A fourth route to make palladium hydride species involves the use of
dihydrogen and divalent palladium salts. The reaction is a heterolytic cleavage
of dihydrogen with palladium and a base (equation 4, Figure 12.3). Oxidative
addition of an acid to a palladium(0) species generates hydride 3, also a useful
initiation or regeneration reaction (equation 5, Figure 12.3). The reverse of
reaction (5) can occur as a continuation of reaction 4, converting hydride
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species 3 to palladium(0). Clearly, in a too basic a solution the base would react
with the cationic palladium hydride species by abstracting a proton thereby
forming a palladium(0) species, which is inactive in polymerisation reactions.

When carbon monoxide is bubbled through a methanol solution of
(dppp)Pd(triflate), a carbomethoxy-palladium species is formed, which can
undergo insertion of alkenes and hence this is a feasible alternative initiation
route to chain-growth polymerisation (Figure 12.4) [13]. To ensure a clean
formation of the carbomethoxy species, however, exclusion of water is a
prerequisite. If during the preparation water was present the formation of a
palladium hydride complex (dppp)PdH" was observed (reaction (1), Figure
12.2).
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Figure 12.3. Hydrogen as the source for hydride formation (4) and oxidative addition /reductive
elimination related to hydride formation (5)
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Figure 12.4. Carbomethoxy-palladium formation

In the absence of methanol or dihydrogen a palladium(Il)alkyl species can
be used as the initiating species, if not, the reaction may not start. Clearly, this
alkyl complex is only the initiator and may not be regenerated during the
polymerization process. There are two important ways for making a mono-
alkylpalladium complex, 1) by monoalkylation via a metathesis reaction of a
divalent palladium salt and an alkylating reagent, and 2) protonation of a
dimethylpalladium complex with an acid, Figure 12.5.

Alkylation of a complex such as L,PdCl, will in many instances lead to
double alkylation or a mixture of monoalkyl and dialkyl complexes. A
convenient alkylating agent giving purely monomethylpalladium turned out to
be tetramethyltin, which has been widely used [12,14], reaction (7), Figure
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12.5. The second popular way for generating an alkylpalladium species is the
protonation of a bis-ligand-dimethylpalladium complex 10 using an acid that
consists of protonated base and a weakly coordinating anion (WCA), reaction
(8) [15]. The conjugate base is for example diethyl ether, which is a very weak
ligand towards palladium and does not disturb the catalysis. A well-known
example of a weakly coordinating anion is BArF, the structure of which is
given in Figure 12.5. The resulting species 9 containing a cis-coordinating
bidentate diphosphine is not very stable and usually it is generated in situ below
room temperature. Adding another phosphine ligand can stabilise it; two
phosphine ligands in cis positions of the methyl group ensure the formation of a
stable complex.

2+ +
P S P S "
o T ] s
P’ s Sn(CHz)s \—p” “cH,

8 9
+
<: pd’ — “pd’ +CH, +B+WCA™ (8)
- /
P’ “cH,  BHWCA" \p” “cy,
10 9
CF3
BH'WCA™ = BaseH® + B (=BArF)
CFs/, 11

Figure 12.5. Palladium-monomethyl formation

12.2.3 Elementary steps: migration reactions

Insertion of carbon monoxide and alkenes into metal-carbon bonds is one of
the most important reaction steps in homogeneous catalysis. It has been found
for insertion processes of platinum [16] that the relative positions of the
hydrocarbyl group and the unsaturated fragment must be cis in the reacting
complex [17]. The second issue concerns the stereochemical course of the
reaction, insertion versus migration as discussed in Chapter 2.2.

Accidentally, one proof for the migration mechanism stems from the
polyketone model work and we will present it here. When the two “dents” of
the bidentate ligand are only slightly inequivalent, be it sterically or
electronically, this would allow the identification of the sites during migration
or insertion. In order to do this we need two phosphorus ligands that are very
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similar ligands but having well separated NMR frequencies. In Figure 12.6 we
show the system fulfilling this criterion viz. 1,3-bis-phosphinopropenes (1-
diphenylphosphino-2-t-butyl-3-dicyclohexylphosphinoprop-1-ene) both for
platinum as for palladium complexes [18]. Actually a mixture of the two
isomers (“cis” and “trans”) was observed which reacted with different rates to
the acetyl metal products.

(0]
Cy, + Cy2 i +
R CO R LCHy
\ /Pd\ /Pd\
9 P “CH, —p” s
th Ph2

Figure 12.6. Proof for migration mechanism

Thus, in platinum and palladium complexes the insertion process of CO into
metal-to-carbon 6-bonds involves a migration of the hydrocarbyl group to the
unsaturated CO ligand. The least stable geometric isomers react faster than the
more stable isomer, in accord with theoretical studies on this subject [19] and
the findings for PNN ligands (Chapter 2.2 [20]). When a series of migrations is
required for a reaction, e.g. polyketone formation where the growing chain
moves from one site to the other and vice versa, the migration mechanism
implies that the fastest catalysts should be those that contain symmetric
diphosphines or bipyridines [21] as has indeed been found.

Nitrogen ligands have a strong tendency to form five-coordinate complexes
with platinum and palladium. The migration reaction in complexes with
bipyridine type ligands might well involve five-coordinate species. Detailed
kinetic measurements and spectroscopic characterisation were carried out by
the group of Brookhart [22]. So far, very little is known about the involvement
of an incoming ligand during the migration reaction. Recent theoretical studies
by Ziegler indicate that at least for early transition metal complexes this is an
essential element of the detailed mechanism. This will influence the kinetics of
the polymerisation.

Rates of insertion of CO. The rate of CO insertion in the Pd-CH; bond has
been studied by Dekker, Vrieze, van Leeuwen et al. [23] for the complexes
(P-P)Pd(CH;)CI (P-P = dppe, dppp, dppb, dppf) and the ionic complexes
[(P-P)Pd(CH;)(CH;CN)]"'SO;CF;™. The rate was found to decrease in the order
dppb = dppp > dppf for the neutral chloro complexes with half-life times
ranging from 18 to 36 minutes at 235 K and 25 bar of CO. The dppe complex
reacted much more slowly with a half-life time of 170 minutes at 305 K. The
rate of carbonylation of the Pd-CHj3 bond in the ionic triflate complexes was at
least 10 times higher than those of the analogous neutral complexes, the order
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being dppb = dppp = dppf > dppe with half-life times < 1.5 minutes at 235 K
except for the dppe complex for which a half-life time of 2.5 minutes was
measured. Carbonylation of the ionic PPh;-coordinated complex [(dppp)Pd
(CH;)(PPh;)]"SO;CF;™ was at least 2.5 times slower than that of the analogous
CH;CN-coordinated cationic complex. The rate differences agree qualitatively
well with the overall rate of polymerisation found for dppe, dppp, and dppb [9],
but this may be accidental as the CO insertion is not the rate limiting step under
most conditions. Most likely the rate-determining step is alkene insertion.

The data for the insertion rate of CO into a palladium-methyl bond for dppp
as the ligand has been studied with considerably more precision by Brookhart
and co-workers [24]. The kinetics were studied in the temperature range
between 191 and 210 K for a reaction similar to that of Figure 12.6, i.e. the
starting material was the CO adduct of the methylpalladium(dppp) BArF
complex. A AG” of ~ 62 kJ.mol™ was observed and since AS” was close to zero,
a half-life time of ~10 s is calculated for the CO-adduct at 235 K, much shorter
than the value for dppe given above (150 s).

The catalytic studies [9] and these model studies have shown that the bite
angle and backbone flexibility of the ligand strongly influence the rate of
migration in methyl-palladium complexes. There are several examples that
seem to point to a rate-enhancing effect obtained by replacing the two-carbon
bridge by a three- or four-carbon bridge in 1,n-diphenylphosphinoalkanes:

(a) the platinum catalysed hydroformylation of alkenes [25],

(b) the palladium catalysed CO/ethene copolymerization [vide infra],

(c) the palladium catalysed methoxy-carbonylation of styrene [26], and

(d) alkyl to vinyl migration in a palladium catalysed carbon-carbon bond
formation [27].

It should be emphasized that this is only true within a series of
diphenylphosphino ligands, i.e. the phenyl substituents are retained in the
series.

2+

Figure 12.7. Example of dimer formation with dppb

When the bite angle becomes too wide, as for dppb, the behaviour of the
catalytic systems of palladium may also be different. When ligands have large
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bite angles and are relatively bulky their catalytic performance resembles that
of monodentate ligands, that is to say that ethyl propanoate ester formation
takes place rather than copolymerization. Yet in palladium complexes they may
act as bidentate ligands, see Figure 12.7 or bimetallic species may form [23,28].
On the contrary, when the bridge contains only one atom between the
phosphorus atoms (CH,, dppm, or NCH3), the narrow bidentate leads to a very
fast polymerisation catalyst, provided that they contain bulky substituents, as
dppm itself was a poor catalyst in methanol [29]. We will return to this later
when discussing propanoate formation versus polymer formation. Like dppb,
dppm ligands can also lead to bimetallic complexes and with an additional
bridging atom they form A-frame complexes [30].

Insertion of alkenes. Alkene insertions have also been widely studied and
many insertion products have been isolated [31]. Alkene insertions follow a
migratory mechanism in the palladium and platinum square planar complexes
with diphosphine ligands [18].

The study of alkene insertions in complexes containing diphosphine ligands
turned out to be more complicated than the study of the CO insertion reactions
[13]. When one attempts to carry out insertion reactions on acetylpalladium
complexes decarbonylation takes place. When the reaction is carried out under
a pressure of CO the observed rate of alkene insertion depends on the CO
pressure due to the competition between CO and ethene coordination. Also,
after insertion of the alkene into the acetyl species B-elimination occurs, except
for norbornene or norbornadiene as the alkene. In this instance, as was already
reported by Sen [8,27] a syn addition takes place and in this “strained” skeleton
no PB-elimination can take place. Therefore most studies on the alkene insertion
and isolation of the intermediates concern the insertion of norbornenes [21,32].
The main product observed for norbornene insertion into an acetyl palladium
bond is the exo species (see Figure 12.8).

CH3
P.

AN /O~
Pd
[ /
P

Figure 12.8. Exo species formed after norbornene insertion

Strain and steric properties of the alkenes determine the rate of insertion.
The carbomethoxy complex (dppp)PdC(O)OCH;" turned out to be less reactive
than the corresponding acetyl-palladium (dppp)PdC(O)CH;", which was
ascribed to the higher nucleophilicity of the acetyl group as compared to the
carbomethoxy group.
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In spite of the difficulties mentioned above, Brookhart and co-workers
succeeded in measuring the barrier for ethene insertion into (dppp)PdC(O)CH;"
at 160 K, starting from the ethene adduct, generated at still lower temperatures,
in the absence of CO. The barrier measured (AG") amounted to only 51.4
kJ/mol, 1.e. the reaction is faster than the insertion of CO in an ionic
alkylpalladium complex. The barrier of insertion of ethene into a palladium
methyl species or palladium ethyl species was higher, at ~ 67 kJ/mol at ~ 233
K. As for the CO insertion described above, these values concern the barriers in
“preformed” ethene adducts; at higher temperatures the overall barrier will be
higher, because alkene coordination will be disfavoured by entropy and
competition with CO and solvent. Formation of CO adducts will also be less
favourable at higher temperatures.

Alternating insertions. The reaction proceeds via a perfectly alternating
sequence of carbon monoxide and alkene insertions in palladium-carbon bonds
(Figure 12.1). Several workers have shown the successive, stepwise insertion of
alkenes and CO in an alternating fashion. In catalytic studies this was
demonstrated by Sen, Nozaki, and Drent etc. In particular the work of
Brookhart [15,22] and Vrieze/van Leeuwen [12,13,14,20,23,32] is relevant for
stepwise mechanistic studies. The analysis of final polymers shows that also in
the final product a perfect alternation is obtained. It is surprising that in spite of
the thermodynamic advantage of alkene insertion versus CO insertion
nevertheless exactly 50% of CO is built in.

The insertion of CO is in many instances thermodynamically unfavourable;
the thermodynamically most favourable product in hydroformylation and
carbonylation reactions of the present type is always the formation of low or
high-molecular weight alkanes or alkenes, if chain termination occurs via -
hydride elimination). The decomposition of 3-pentanone into butane and
carbon monoxide shows the thermodynamic data for this reaction under
standard conditions. Higher pressures of CO will push the equilibrium
somewhat to the left.

CH3CH2C(O)CH2CH3 — CH;CH,CH,CH; + CO
AG —135 (g) 17 (o) 137 (g) =-19 kJ/mol

Insertion of CO is therefore always kinetically controlled. When an alkyl
palladium species has formed, the open site will be occupied by a coordinating
CO molecule. Carbon monoxide coordinates more strongly to palladium than
ethene, even when the palladium centre is cationic. The reason for this is steric;
the “cone angle” of ethene is much larger than that of CO and the steric
hindrance in the ethene complex is therefore much larger. If the barriers of
activation for the insertion processes of ethene and CO are of the same order of
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magnitude insertion of CO will take place. For CO this insertion may be
reversible and only after an insertion of ethene has taken place the CO insertion
has led to chain growth.

The acyl complex formed will, by the same token, also preferentially
coordinate to CO instead of ethene. Double insertions of CO do not occur
because this is thermodynamically even more unfavourable, and in addition the
migration of more electronegative groups to CO is usually slower. An
“occasional” co-ordination of ethene now leads to insertion of ethene and thus a
perfect alternation of the two monomers occurs. After insertion of ethene a very
stable intermediate is formed as a result of the intramolecular coordination of
the ketone group. Many intermediates of this structure have been isolated. It
can be imagined that during the migration of the acyl group to ethene a
stabilising interaction of the acyl oxygen with palladium facilitates the reaction.
The thermodynamic driving force for the overall reaction is the conversion of
ethene into an alkyl chain (~ 84 kJ/mol).

Quantitative data for the difference in complexation of ethene and CO to
hydrocarbylpalladium(dppp)” were reported by Brookhart and co-workers
[15,33]. The equilibrium between CO and ethene coordination amounts to
about 10* at 25 °C. Multiplied by the concentrations of the two gases and the
two individual rate constants for the insertion they calculated that the ratio of
CO insertion versus ethene insertion is about 10° in an alkyl-palladium
intermediate under Curtin-Hammett conditions, that is to say fast exchange of
coordinated CO and ethene ligands compared to insertion reactions. Figure
12.9 summarises this.

+
P N\
N
P\ /CO +CO Pd/
/Pd H,C=CH, P/ \/\
P
//C—R
C—R
// ¢
+CO l © +CO l
i ' ?
N R P M
\Pd/ NN Nl R
/ I /N
P co P co

Figure 12.9. Curtin-Hammett kinetics for ethene/CO insertion
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12.2.4 Elementary steps: chain termination, chain transfer

The common chain termination reactions comprise B-hydrogen elimination
(9), protonation of an alkylpalladium complex (10), and nucleophilic attack at
an acylpalladium complex (11) (Figure 12.10). The resulting hydride and
methoxy complexes start a new chain via insertion of a molecule of ethene or
CO respectively. Actually, MeOH is the chain transfer agent in the last two
reactions. Other chain transfer reagents can also be used and they lead to
different end groups.

In the simplest case, excluding B-hydrogen elimination (9), each route
(10) and (11) leads to polymer chains or oligomers containing one ester (E)
and one ketone (K) end group, KE polymers. When reactions (10) and (11)
occur at comparable rates, which accidentally seems to be the case in several
catalyst systems, there is formation of EE and KK polymers in addition to
KE polymers. This is so because the growing chain does not “remember”
whether it started from a hydride or a methoxy group and thus a distribution of
chain ends will be obtained in between EE:KE:KK = 0.25:0.5:0.25 and 0:1:0
depending on the ratio of the rates of (10) and (11) [9].

- +
P S * P_ H H
\Pd/ H, o \Pd T //C\C,R 9)
/ N..C__R N 2C I
P ﬁ 9 P S le}
2 o °
Tomon PS5 | H,
C Py He = C Pd * Lo SR (10
P/ \C/C\C/R p OCHs 3 Y
H, T (@)
S +
P. S P S _0O__R
<: \Pd/ < CH30H <: N/ + HsC 9 (1)
JoON
P 9 | 7 4 0
(o}

Figure 12.10. Chain transfer mechanisms

Deviations from an average K:E=1:1 have been observed, because the
intermediate palladium species Pd*" or PdH" can be reduced or oxidised
respectively to one another leading to an excess of K or E chain ends, or even
one type of chain end only [9]. Chain termination ratios also depend on the
phase in which the chain end resides, liquid phase or solid phase, as higher
oligomers precipitate [34].

Formally, equation (10) involves a protonation of the alkyl chain, which is
not a very fast reaction at the cationic palladium centre, as is also apparent from
the stability of methylpalladium cations, which can be generated selectively
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from dimethylpalladium complexes and acid without further reaction at low
temperature [15,22,33]. At room temperature the half-life time of
[(dppp)Pd(CH,C(CH3);)(CH;CN)] [CF3S0s] in CD;OD with a tenfold excess
of CF;COOH is one hour [35]; methyl platinum complexes containing
electron-withdrawing diphosphines survive strong acids for several days [36].
For a number of model compounds it has been shown [37, 38] that reaction of
compounds containing a y-keto group such as shown in reactions (12) and (13)
with CH;0D or D,0O form a ketone having the deuterium atom in the B-position
(relative to palladium) instead of the expected o-position (relative to
palladium), which has been explained by an enolate mechanism (Figure 12.11,
equations 12-13). These elimination and re-insertion reactions are often very
fast in palladium chemistry and they also occur in Heck and Wacker type
reactions (Chapters 13 and 15).

+ CH50D H
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C “pg H R| — C Pd" C-R| == HC" ¢ (19)
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HXC o HsC”

Figure 12.11. Enolate formation and protonation in chain transfer

As in alkene polymerizations, dihydrogen can also be used as a chain
transfer agent in polyketone formation. The reaction is depicted as a
hydrogenolysis or 6-bond metathesis reaction (reaction (14) in Figure 12.12),
but it can also be described as a heterolytic cleavage of dihydrogen followed by
reductive elimination (equations 15-16). Reaction of acid and palladium(0)
regenerates palladium hydride. Interestingly, under most conditions no
aldehyde end groups are formed, although the proper choice of ligand, halide
anions, and solvent does give a hydroformylation of alkenes, in which a
reaction of acyl end groups with dihydrogen must occur [39].

Water and carbon monoxide can produce dihydrogen in situ (shift reaction),
as has been shown in the synthesis of diethylketone (pentan-3-one) from
ethene, CO and water in the presence of palladium(II) salts, triphenylphosphine
and acids [37]. Ether chain ends have been observed in some polymerization
reactions [40] and low molecular weight products can also contain an ether
moiety as an end group. Most likely ether chain ends are not formed by attack
of alcohol at coordinated ethene in a Wacker type reaction, since this is usually
followed by fast B-hydride elimination. Instead we propose that a palladium-
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catalysed attack of alcohols at enones resulting from B-hydride elimination; the
catalysed Michael reaction has been observed in separate experiments [41].
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Figure 12.12. Dihydrogen as chain transfer agent

When chain transfer is very fast, the reaction observed is the
alkoxycarbonylation of ethene, which is nothing but a perfect chain transfer
after the insertion of just two monomers. In recent years several very fast
catalysts for this reaction have been reported as we will see in the next section.
The first effective catalysts reported by Sen [8] (Pd(BF,), and PPh;) also give
relatively fast chain transfer as the Flory-Schulz constant for their product was
only 0.3-0.4 (see Chapter 9.2.1 on oligomerisation) and the product is an
oligomer rather than a polymer.

12.2.5 Elementary steps: ester formation as chain termination

The formation of ester via reaction (11) of Figure 12.10 deserves some
further attention as it is not one of the elementary steps discussed in Chapter 2.
One possible mechanism is the direct, outer-sphere attack of an alcohol or
alkoxide at the acyl carbon atom, similar to the reaction of acid halides and
alcohols (17-18 in Figure 12.13). This reaction is accessible for both cis and
trans diphosphine complexes 12 and 13. Since monophosphines give mainly
trans acyl complexes 13, not suited for insertion reactions, they were thought to
have a preference for making esters or low molecular weight products. Trans
complexes do form esters in reactions with alcohols or alkoxides, but this does
not give direct information about the mechanism [42,43,44].
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Figure 12.13. Ester formation by direct attack of alcohol

Bidentate diphosphines that give esters (see next section) were thought to
react also via a trans intermediate, which may be formed for certain bidentates
either due to the bridge length (dppb, Figure 12.7) or steric bulk of the
substituents [45]. After reactions (17-18) have taken place, a palladium(0)
complex remains that has to undergo oxidative addition of acid to regenerate an
active hydride species. Under the reaction conditions very often palladium(0)
complexes will undergo dimerisation and oxidative addition of one proton per
dimer, forming the very stable dimers of type 18 (21, Figure 12.15).

The second mechanism involves the oxidative addition of methanol to the
divalent acylpalladium complex 14 (19, Figure 12.14). This reaction has the
only advantage that the new hydride initiator is formed in one step, but apart
from this it is an unlikely reaction. Oxidative addition of alcohols is only
known for electron-rich zerovalent palladium complexes [46].
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Figure 12.14. Ester formation via oxidative addition

The last possibility for ester formation (20, Figure 12.15) comprises the
reductive elimination of esters from acyl-alkoxy-palladium complexes 17,
formed by deprotonation of the alcohol adducts 16. Clearly, it requires cis
coordination of the alkoxide and acyl fragment. Since monodentates have a
preference for ester formation, it was thought that this mechanism was very
unlikely.
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Figure 12.15. Ester formation via reductive elimination

Surprisingly, it was found, that acyl complexes containing rigid, frans
coordinating ligands do not undergo alcoholysis [42]! For example, one of the
ligands not able to form cis complexes is SPANphos [47], shown in Figure
12.16. The acetyl-palladium complex of this ligand did not undergo alcoholysis
when methanol was added, thus showing that cis coordination is a prerequisite
for ester formation.

O=-CHj
PhoP—Pd—PPh,

S
o)
SPANphos
Figure 12.16. Trans enforced coordination for acetyl-palladium in SPANphos complex

It was concluded that a trans complex has to rearrange to a cis intermediate,
which then will undergo reductive elimination. In a trans complex neither
insertion reactions nor termination reactions take place! The sequence for a
trans complex is shown in Figure 12.17. The group Z may be an ether oxygen
atom in the ligand (or an iron atom if the bridge is ferrocene), or it may be a
solvent molecule. The reductive elimination can be viewed as an intramolecular
nucleophilic attack of the methoxy group on the acyl carbon atom.
Palladium(0) dimerises with a proton and CO to give the orange dimer 18.
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Figure 12.17. The mechanism of ester formation

These reductive eliminations occur for instance also in cross-coupling
reactions where they are particularly effective when one of the partners of the
reductive elimination has an sp>-hybridised carbon atom bonded to the metal. A
theoretical analysis of the reductive elimination of propene from cis-
(PH;),Pd(CH;)(CH=CH,) shows that the best description for this reaction is a
migration of the methyl group to the sp>-carbon of the vinyl unit [48].

The formation of the C-X bond in hetero-cross coupling reactions is thought
to proceed via a migration of the hetero atom to the aryl group, which develops
a negative charge, which is mt-stabilised by mesomeric interaction with acceptor
substituents. Both for this reductive elimination and its reverse (oxidative
addition) resonance-stabilised Meisenheimer complexes have been proposed
[42,49,50,51]. This stabilised structure is depicted in Figure 12.18.
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Figure 12.18. Mechanism for "migratory" reductive elimination

The acyl carbon atom is also sp’-hybridised, much more electrophilic than
an aryl carbon atom, and highly stabilised by the structure where the negative
charge is on the oxygen atom (Figure 12.18). The acyl oxygen atom may, as in
acid catalysed alcoholysis of esters, be protonated, before or after the formation
of the new carbon-oxygen bond.
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12.3 Ligand effects on chain length

12.3.1 Polymers

Numerous ligands have been tested in polyketone catalysis, but
unfortunately very few clear data on the relationship between structure of the
ligand and the influence on reaction rates and molecular weight have been
published. We will start the discussion with the classic study of the effect of the
bridge of the bidentate phosphine ligand on the rate and the molecular weight
of the product [9]. A series of o—w—bis-diphenylphosphinoalkanes was studied,
with the alkane ranging from methane (dppm) to hexane (dpp-hexane, Table
12.1). The initial observations led to a rule of thumb that fast polymerisation
catalysts required bidentate ligands with a 1,3-propanediyl bridge and that
carbomethoxylation was favoured using monodentate ligands. The ligands
having the methanediyl and hexanediyl bridge probably form different
complexes that are not active. We will consider only the bridges ranging from 2
to 5 carbon atoms. We have added to this published table two columns
containing k, and k,, as defined in Chapter 9.

As a measure for the growth rate we have simply taken the overall
observed rate of production. This may not be the intrinsic rate of each
catalyst, as part of the catalyst may be in an inactive state. The effect of the
ligand bridge on the rate is moderate, but distinct. The effect on the number
averaged molecular weight is much larger! The approximate value of the rate
of termination (chain transfer in this instance) is shown in the last column.

Table 12.2. Effect of chain length of ligand bridge on rate and M, [9]*

Ligand Rate, k, DP," i k,*
mol.mol.h”!

dppm 1 2

dppe 1000 100 10
dppp 6000 180 33
dppb 2300 45 52
dpp-pentane 1800 6 360
dpp-hexane 5

 Conditions: palladium tosylate and diphosphine 0.7 mM in methanol, 84 °C, 45 bar
CO/ethene. Rate = mol of CO per mol of Pd per hour.

b Average degree of polymerization in H(C,H,CO),)OCH; measured by NMR.

¢ k, = rate of termination
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Note that these rates are not true rate constants as these overall rates will
contain concentration and pre-equilibria parameters. Nevertheless, longer
bridges, and thus wider bite angles lead to a relative increase in the rate of chain
transfer. Ester formation for the wide bite angle ligands were assigned to the
formation of frans complexes as mentioned above.
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Figure 12.19. Ligand effects in the reaction of ethene, CO, MeOH and palladium(II) catalysts

For a long time the best ligand for making the commercial copolymer of
ethene, propene, and CO was “bdompp”, which contains a 1,3-propanediyl
bridge and the phenyl groups with 0-MeO substituents, anisyl groups,
(bdompp=1,3-bis(di-o-methoxyphenylphosphino)propane, Figure 12.19). An
interesting discovery of recent years was that even ligands having a bridge
consisting of only one carbon atom or one nitrogen atom could lead to fast
catalysts giving high molecular weight polymer, provided that the substituents
on phosphorus are bulky, substituted phenyl groups and that non-protic
solvents are used [52]. Typical ligands leading to polymer are shown at the top
of Figure 12.19.

Table 12.2 shows the polymerisation results for ligands of the structure ((2-
R-C¢Hy),)P).NMe (see Figure 12.19). Reactions of entries 1-5 were carried out
in dichloromethane. Initiation has to be done by adding an alkylating or
arylating agent (in this case B(C¢Fs); that transfers a C¢Fs group), as there is no
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water or methanol that can take care of this. It is seen that the productivity of
the catalysts increases enormously when the steric bulk increases.

Table 12.3. Polymerisation results of ligand ((Ar,)P),NMe [29]

Entry Ligand, R= Yield Rate M,.10°  PDI
1 H 04 - - -
2 OMe 120 2300 43 24
3 Me 7.7 1650 113 2.5
4 Et 104 1900 179 3.6
5 i-Pr 170 5200 355 2.5
6 i-Pr, in MeOH 0.2 - 9 2.1

Conditions: 50 bar CO and C,Hy, 70 °C, 3 h, in CH,Cl,, using B(C4F5); as initiator or HBF,
in entry 6, Pd(OAc), and one equivalent of ligand, yield in g, rate in m(CO).m(Pd)".h". Propene
incorporation omitted. Ligands see Figure 12.19.

For entries 3-5 the increase in molecular weight observed can be assigned to
the increase in the rate of insertion and the rate of termination remains
practically the same. An increase of the rate of polymerisation with the steric
bulk of the ligand is usually ascribed to the destabilisation of the alkene adduct
while the energy of the transition state remains the same. As a chain transfer
reaction presumably B-hydride elimination takes place or traces of water might
be chain transfer agents. Chain transfer does occur, because a Schulz-Flory
molecular weight distribution is found (PDI = 2, see Table 12.2). Shorter chains
are obtained with a polar ortho substituent (OMe, entry 2) and in methanol as
the solvent, albeit that most palladium is inactive in the latter case.

The combined views of Table 12.1 and Table 12.2 show that neither the bite
angle nor the flexibility of the ligand bridge determines the rate of the growth
process, but the steric bulk of the ligand. Quantitative measures of the ligands
such as cone angle, solid angle etc as discussed in Chapter 1 may be useful.

It is important to note that in methanol as the solvent the reaction is much
slower and also the molecular weight is much lower. Apparently a major part
of the palladium complex occurs in an inactive state and the termination
reaction is relatively accelerated by methanol. This suggests that ester
formation is the dominant chain transfer mechanism in methanol, although [3-
hydride elimination will still occur.

12.3.2 Ligand effects on chain length: Propanoate

Another surprising result was that several bidentate ligands, including
ligands with a 1,3-propanediyl bridge reported by Shell, give selectively and in
a very fast reaction methyl propanoate [45,53,54] and thus the initial idea that
monodentates are the best ligands for making ester had to be abandoned. At
first it was thought that these bulky ligands easily lead to the formation of trans-
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coordinated, oligomeric diphosphine complexes, which could explain the
results [45]. For the bidentate ligand systems the possibility was mentioned that
one phosphine moiety might dissociate from the palladium centre. Catalyst
systems and conditions for the two reactions are very similar and thus it is the
ligand that causes the change in growth versus termination. The best ligand for
methyl propanoate formation is probably dtbpx (see Figure 12.19) for which a
process is being developed by Lucite (formerly part of ICI).

Alkoxycarbonylation has been known for a long time, but the rates and
selectivities of the new catalysts are outstanding. The mechanism of the
alkoxycarbonylation reaction catalysed by palladium has been the topic of
research for many years [55]. Stepwise reactions had shown the feasibility of
two mechanistic pathways, shown in Figure 12.20, but kinetic studies and in
situ observations on catalytic systems were lacking.

The “carbomethoxy” cycle starts with the attack of a methoxy group at a
coordinated carbonyl group or a migratory insertion of CO in a palladium
methoxy bond. Any type of methoxy species will have a low concentration in
the acidic medium of the reaction. In Figure 12.20 many details of these
reactions, discussed above in section 12.2, have been omitted and only a short-
hand notation is presented. Subsequently insertion of ethene takes place. It is
known from stoichiometric experiments that both reactions are relatively slow.
In the final step a formal protonation takes place, which as we saw before, may
actually involve enolate species.

The “hydride” cycle starts with palladium hydride and a fast migratory
insertion of ethene. Insertion of CO is also a fast reaction, enhanced by the
preferential coordination of CO with respect to ethene. The product is formed
by reaction of propanoylpalladium with methanol which coordinates to
palladium cis to the acyl group. A palladium zero complex may form that
regenerates palladium hydride via an oxidative addition with a proton.

There is a lot of evidence and general agreement that the catalytic cycle of
the new, fast catalysts starts with a palladium hydride species [45,56], with
perhaps one exception [57].
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Figure 12.20. The two mechanisms for methoxycarbonylation

Now we will try to answer the question why at very large cone angles the
cis bidentate ligands give ester formation rather than polymer. Initially,
increasing steric bulk leads to faster polymerisation, but at some point it is
overtaken by the termination reaction giving propanoates.

In Figure 12.17 we have seen that the ester formation takes place in a cis
complex containing an alcohol group and acyl group cis to one another. The
ester forms by deprotonation of the alcohol and a migratory reductive
elimination of the ester. From many stoichiometric reactions it is known that
reductive elimination of ester from an acyl-alkoxide-palladium species occurs
practically without barrier [58]. If the reaction can indeed be described as a
reductive elimination, this has important consequences for the impact of steric
factors, as reductive elimination is strongly enhanced by increasing the steric
bulk of the ligand environment. An illustrative example involving palladium
chemistry is the influence of a bidentate ligand on the reductive elimination of
an alkyl cyanide from (diphosphine)PdR(CN) as studied by Marcone and
Moloy [59]. They found that the reductive elimination for these compounds
increased by orders of magnitude when the bite angle was increased. Since all
ligands used contain diphenylphosphino groups, the bite angle in this instance
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is equivalent to the cone angle, or steric bulk of the ligand. The effect on the
reductive elimination is much more pronounced than effects found on the rates
of polymerisation.

The resting state of the propanoate catalysts may well be an acyl complex
[60,61], while the attack of alcohol at the acylpalladium complex is considered
to be the rate-determining step. It is probably more precise to say that fast pre-
equilibria exist between the acyl complex and other complexes en route to it
and that the highest barrier is formed by the reaction of alcohol and
acylpalladium complex. The precise course of the reaction is still not known;
presumably deprotonation of the coordinating alcohol and the migratory
elimination are concerted processes, accelerated by the steric bulk of the
bidentate ligand. Toth and Elsevier showed that the reaction of an
acetylpalladium complex and sodium methoxide is very fast and occurs already
at low temperature to give methyl acetate and a palladium(l) hydride dimer
[46].

Sen et al have shown that changing the reaction medium of the
copolymerization reaction from methanol to higher alcohols (ethanol, #-
butanol) increased the molecular weight of the copolymer produced [8]. Milani
has shown that the molecular weight in styrene-CO copolymerization increases
when 2,2,2-trifluoroethanol is used instead of methanol [62]. Thus, the alcohol
has a distinct effect on the rate of the termination reaction, at least relative to
the rate of propagation. With dichloromethane as the solvent polymers with a
molecular weight higher than those in methanol are obtained. Also in
stoichiometric reactions of acetylpalladium complexes the order of decreasing
reactivity of alcohols is [42]:

MeOH > EtOH > i-PrOH > t-BuOH > CF;H,OH

12.3.3 Ligand effects on chain length: Oligomers

We have seen above that palladium complexes containing very bulky
bidentate ligands give esters and those with relatively small ligands give
polymer. As we are dealing with a competition between chain growth and chain
termination it is no surprise that there is a group of ligands with intermediate
steric bulk that will give oligomers. A few examples are shown in Figure 12.19.
The regular cis bidentates fall in this class, but several ligands, such as
Xantphos, DPEphos and triphenylphosphine need some further comment. All
three ligands form both cis and #rans complexes and the rates of reaction are
considerably lower than those of cis bidentate complexes. Insertion rates are
low because a cis coordination is needed and only the proportion that occurs in
the cis isomer undergoes reactions. The cis complexes, though, have relatively
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large cone angles! Thus the ester formation from the acyl intermediates will be
fast and low-molecular weight material should form.

It is interesting to compare the product distributions obtained with DPEphos
and PPh; under similar conditions in methanol. The Flory-Schulz constant
(growth factor) for DPEphos is ~ 0.1 and that for PPh; was reported to be ~
0.33 [8]. The resting state for PPh; is also the trans complex, which has to
rearrange to the cis complex before it can undergo insertion reactions of
substrates or undergo a chain termination. The respective bite angles of the two
complexes are 103° (DPEphos) and 100.5° (cis-(PPh3),) [42] and thus similar
results may be expected.

When the #-butyl groups in dtbpp [53] or dtbpx [45] are replaced by the
smaller i-propyl groups both systems give oligomers instead of methyl
propanoate at high rates. When the 1,3-propanediyl bridge in dtbpp is replaced
by a 1,2-ethanediyl bridge the accessibility of the catalyst for ethene increases
such that in the reaction of ethene, CO, MeOH, and H, pentan-3-one was
formed at extremely high rates instead of methyl propanoate, the product of the
more bulky ligand [53].

Figure 12.19 shows a few more ligands with typical results. Tppts, tris-
sulfonated triphenylphosphine, forms trans complexes as resting state in water
and the product of the catalytic reaction is the ester, while triphenylphosphine
gives oligomers. The trans isomer is inactive and the transient cis isomer
contains a rather bulky pair of ligands and thus it gives methyl propanoate [63].
Sulfonated Xantphos versus Xantphos shows the same behaviour, as sulfonated
Xantphos also gives methyl alkanoates [64]. Trans ligands such as SPANphos
and bis(di-t-butylphosphino)ferrocene give no reaction at all, demonstrating
that they are strictly frans-coordinating ligands and their complexes undergo
neither insertion reactions nor termination reactions. This is a rather rare
phenomenon in palladium catalysis, since every ligand will show some activity
toward one or another product!

In the above we have seen that very subtle changes in steric and electronic
properties of the ligands can influence the rates of insertion and chain transfer
reactions. Especially the rates of change transfer span a range of many orders of
magnitude; there may be five orders of magnitude between the alcoholysis rates
of systems based on bdompp and dtbpx.

12.4 Ethene/propene/CO terpolymers

So far we have only discussed catalysts based on diphosphine ligands with a
focus on ethene. We should mention that the ligands that are most effective for
this reaction are also capable of making terpolymers of ethene, propene and
CO. This is important because the commercially interesting polymers must
contain a few percent of propene in order to lower the melting point to around
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220 °C. The high melting point of pure ethene/CO (265 °C) gives
decomposition and formation of brown, furanised polymers in the melt, which
makes processing in extruders impossible.

The insertion rate of propene is about twenty times lower than that of
ethene, and thus the propene concentration has to be relatively high in order to
obtain a few percent of incorporation in the terpolymer [2,9].

12.5 Stereoselective styrene/CO copolymers

For making polymers based on styrene and carbon monoxide diphosphine
ligands such as dppp are of no use, as they give unsaturated monoketones in a
slow reaction in tetrahydrofuran [65]. The main product is 1,5-diphenylpent-1-
en-3-one (Figure 12.21), which apparently forms via insertion of styrene into a
palladium-hydride bond as a primary hydrocarbyl group, followed by insertion
of CO, insertion of another styrene molecule giving a secondary hydrocarbyl.
The latter is highly prone to B-hydride elimination and gives the enone product
rather than insertion of a second molecule of CO. The second insertion might
lead to a benzylic species, which are known to undergo slow insertion
reactions. The unsaturated product is formed even when 40 bar of H; is present,
showing that the tendency to B-hydride elimination is very large indeed.

Ph +
Pd — y
P s PN,

Ph\/Y\/Ph

o ‘% hydride cycle CcO

Ph +
P. Ph 7+ \ P S
C P HC=CH, C “pd’ }
P © P" \~—Ph
(0]

Figure 12.21. Formation of 1,5-diphenylpent-1-en-3-one

Interestingly, simple bidentate nitrogen ligands such as 2,2-bipyridine and
phenanthroline give good results, both in terms of yield and molecular weight,
provided that quinone is added to the methanol solvent [66]. A wide range of
bidentate nitrogen ligands has been applied in regio- and stercospecific
copolymerisation of styrene and CO. While many data have been collected, it
remains unclear why only nitrogen ligands (and thioethers, also weak ligands!)
lead to polymerisation catalysts. The instability of palladium hydrides bearing
nitrogen ligands is a key issue. Firstly, this might explain why B-hydride
elimination does not occur, as it is thermodynamically not attractive! Secondly,
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after B-hydride elimination does happen, the highly unstable hydride
decomposes to give palladium metal, which is indeed frequently observed in
reactions of styrene with these catalysts. This explains the necessity of quinone
in this system; quinone stabilises palladium(0) complexes and together with
acid it can reoxidise zerovalent palladium back to divalent palladium!

The latter reaction is highly important in palladium chemistry and it is
shown here in Figure 12.22.
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Figure 12.22. The role of quinone

Palladium(0) forms a complex with quinone that is now electron rich and
can be protonated to give hydroquinone and palladium(II). The latter can start a
new cycle via a carbomethoxy species after reaction with methanol and CO
(c.f. reaction (6), Figure 12.4). Thus we have formally switched from a hydride
initiator to a carbomethoxy initiator species. Addition of quinone to a non-
active or moderately active palladium system is a diagnostic tool that tells us
whether zerovalent palladium is involved as an inactive state. Likewise, one
might add dihydrogen to a system to see whether palladium(II) salts need to be
converted to a hydride to reactivate our dormant catalyst.

The styrene/CO polymers formed with palladium complexes of diimine
ligands indeed contain ester and alkene end groups [65,66,67]. Slightly more
ester end groups than alkene groups are formed, showing that in addition to [3-
hydride elimination some termination via methanolysis of acylpalladium chain
ends occurs.

The polymers are highly regioregular, because always the electronically
stabilised benzylic intermediates are formed (we avoid the indication 1,2 or 2,1
insertion, because formally styrene would be called 1-phenylethene, and thus
our nomenclature for 1,2 or 2,1 insertion is the reverse of that for propene!).
More surprising is that even the use of ligands having C,, symmetry (i.e. they
are non-chiral) a stereoregular polymer is obtained, with a prevailing
syndiotactic structure containing 90% u dyads, or 80% wuu triads. Clearly, when
achiral C,, ligands are used and a high percentage of uu triads is obtained, the
polymerisation must be chain-end controlled.
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The meaning of the notation uu should be explained. As there is never a
(local) mirror plane or twofold axis expressing the relationship between two or
three units in alkene/CO polymers, meso and rac cannot be applied. Instead one
uses u and /, for unlike and like. Unlike means that two subsequent centres have
different absolute configurations, thus they form a syndiotactic polymer, while
like means that they have the same configuration and thus they form an
isotactic polymer (see Figure 12.23).

(0] Ph O (0] Ph O
S S S = S
R S
Ph O Ph Ph O Ph
unlike unlike triad like like triad

uu 1

Figure 12.23. Stereochemistry in styrene-CO copolymer units

As the distance between the phenyl group of the coordinated styrene
monomer and the phenyl group of the previously inserted one was thought to
be relatively large, Drent and Budzelaar assumed that perhaps the chain would
bend back to the palladium centre via coordination of the ketone group.
Considering computer graphics and assuming a perpendicular arrangement of
the acyl group the distance between previous alkene and next alkene is not very
large and the weak interaction of ketone-palladium may not to be needed.
Neither the back-bending nor the distant interaction can explain the exact
stereochemical outcome.

The use of C, symmetric ligands changes the stereochemical outcome and
now an isotactic polymer is produced [68,69,70]. Note in Figure 12.23 that in
isotactic polymer the phenyl groups are at alternating sides of the stretched
chain, which differs from polyolefins. Furthermore, unlike polypropylene, the
isotactic polymer chain can be intrinsically chiral, because each unit —
CH,CHPhC(O)- is chiral. Even ideal structures of polypropylene are not chiral,
because one can draw a mirror plane through each CH, or CH(CHj3) group (for
isotactic polymer), and a C, axis through a CH, group or a mirror plane through
a CH(CH,) (for syndiotactic polymer) and thus the polymer molecules are not
chiral (we disregard the end groups, the only ones making a difference, but this
small chiral contribution is ineffective). If enantiomerically pure ligands are
used for making isotactic polyketones only one enantiomer of the polymer may
be obtained. In syndiotactic or atactic polymers the contributions of R and S
units will cancel the optical activity, even though there is not a symmetry
operation annihilating the chirality.

An effective group of ligands for obtaining isotactic polymer are C,
symmetric bisoxazolines [68]. Since C,, symmetric ligands gave syndiotactic
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polymer via enantiospecific chain-end control, it is clear that for C, symmetric
ligands enantiospecific site control must be the mechanism. Naturally, as we
have seen in Chapter 10 for poly-alkenes, C, symmetric ligands create the same
chirality at each site where the insertion may take place and the product is
isotactic if site control is more effective than control by the chain. It can be
imagined that the substituent (R=Me, iPr) at the oxazoline ring directs the aryl
group of styrene such that an isotactic polymer is formed, irrespective the site
we are looking at, because of the C, symmetry. An example of a catalyst giving
polymer with main-chain chirality is shown in Figure 12.24.

The length of the oligomer chain plays a role in the stereospecificity, the
presence of a few units in the initiating chain leads to an increase in
diastereoselectivity, as was also found for growing propene oligomers. Thus,
the hindrance between chain and metal catalyst contributes to the orientation of
the phenyl substituent of the incoming styrene molecule.

o

BArF~
Ar§/N\ N =
., Pd R
A
pol O Ar o]
4-tBu-styrene, 1 bar CO ——— =
25°C
Ar O Ar
isotactic

Figure 12.24. Chiral bisoxazoline complexes giving chiral 4-tBu-styrene/CO copolymers

At low temperature the polymerisation reaction for this system is living and
a Poisson distribution rather than a Schulz-Flory one is obtained. This leads to
the possibility of making a special type of block copolymers. The first block
was grown with the bisoxazoline ligand yielding an isotactic block [71].
Subsequently, the ligand was replaced by the more strongly coordinating
bipyridine which gave a syndiotactic block and a stereoblock polyketone was
obtained (usually a block copolymer consists of two or more blocks of two
different monomers lending different properties to the two blocks).

When the reaction is carried out with a racemic mixture of complexes, the
product is a racemic mixture of the isotactic polymers. It was of interest to see
what would happen if, after formation of a chiral block with one enantiomer of
the bisoxazoline ligand, an equivalent of the other enantiomer was added. It
was found that an excess of ligand changes the tacticity completely and the
second block was syndiotactic! In these diimine palladium complexes exchange
of ligand is relatively fast and it can often be observed on the NMR time scale
as a broadening in the 'H NMR spectra. The process may well be associative.
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The explanation for the formation of syndiotactic polymer when ligand
exchange occurs is as follows. After an insertion has led to the expected site-
controlled stereo centre in the polymer chain, an exchange of ligand occurs and
apparently the complex containing the other ligand enantiomer is more stable
(or leads to a faster next insertion reaction), thereby producing the next stereo
centre in the polymer chain with the opposite stereochemistry, and this way we
form a syndiotactic polymer (or an atactic polymer [72]). When the reaction is
carried out with an excess of enantiopure ligand the isotacticity is retained.

+
O O,
Ph}N\ ,N\e BAF T e i
R. /Pd\ b -
\ CO/styrene h o Ph
I isotactic
site for styrene insertions site for CO insertions

Figure 12.25. C; meso ligands leading to isotactic copolymer

C; ligands, the authors expected [72], should lead to syndiotactic polymer,
because the mirror plane of the complex enhances insertions leading to
alternation of the absolute configuration formed, similar to propene
polymerisation and C, meso ligands (chapter 10). One might expect that chain-
end control and site control are strengthening the effect of one another and high
stereoselectivities for syndiotactic polymer should be obtained. This is not the
case and instead an isotactic polymer was found! If, however, an ideal
alternating polymerisation would take place, CO will insert at one site, and
styrene will always insert at the other, one and the same site. Styrene will
always “see” the same enantiospecific site and thus an isotactic polymer should
form, see Figure 12.25 for a simple representation. Rotation of the meso ligand
reverses the stereochemistry and although this rotation is often fast compared to
the rate of polymerisation, the isotacticity found contradicts this for this system.
An excess of the meso ligand does lead to syndiotactic polymer showing the
effect of ligand exchange or excess ligand induced rotation.
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Chapter 13

PALLADIUM CATALYSED CROSS-COUPLING
REACTIONS

The new workhorse for organic synthesis

13.1 Introduction

The making of carbon-to-carbon bonds from carbocations and carbanions is
a straightforward and simple reaction. Easily accessible carbanions are
Grignard reagents RMgBr and lithium reagents RLi. They can be conveniently
obtained from the halides RBr or RCl and the metals Mg and Li. They are both
highly reactive materials, for instance with respect to water. The
thermodynamic driving force for the formation of such reactive materials and
their subsequent reactions is the formation of metal halides.

The reactions of these carbon centred anions with polar compounds such as
esters, ketones, and metal chlorides are indeed very specific and give high
yields. The reaction of Grignard reagents with alkyl or aryl halides, however, is
extremely slow giving many side-products, if anything happens at all. Note that
this is also the key to the success of preparing Grignard type reagents(!),
otherwise the partially formed RMgBr would react with the starting material
RBEr still present to give the “homocoupled” R-R. Exceptions are allylic and
benzylic halides which react very fast amongst themselves during their
synthesis. The Grignard reagents of this structure require specific practical
procedures otherwise the homocoupled species are formed.

Reactions that can be expected for the reaction of an alkyl halide and a
metal alkyl are depicted in Figure 13.1. The reaction may require several days
at room temperature or may proceed in a few minutes, depending on the nature
of the species. Many by-products may be formed. First a metal-halide exchange
may occur. The resulting exchange products can give coupling products as
well. Secondly, elimination reactions instead of C-C coupling can occur. Also,
a radical reaction may take place. In summary, the yield and selectivity of this
simple reaction will be surprisingly low. Only if a Grignard reagent is used in a
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coupling reaction with compounds that contain electrophilic carbon atoms,

such as esters, ketones, and hetero-atom halides, the direct use of Grignard
reagents (and related reagents) leads to high coupling efficiencies.

T

‘ cross coupling

elimination
NN e
i /\/ . .
MgBr Br MgBr,

exchange l \radical formation

/\/\/
L]
Br MgBr .

N

homocoupling \
NN

0 X

Figure 13.1. Products formed in a coupling reaction of a Grignard reagent and an alkyl halide

Thus, this reaction was of limited practical value until the transition metal
catalysed cross-coupling reaction became known. Ever since, the “cross-
coupling” reaction has found wide application in organic synthesis both in the
laboratory and in industry. One might state that in any multi-step sequence for
making an organic chemical, one of the steps involves a transition metal
catalysed coupling reaction! The transition metal catalysts are usually based on
palladium and sometimes nickel. In addition to organomagnesium and
organolithium a great variety of organometallic precursors can be used. Also,
many precursors can serve as starting materials for the carbocation. Last but not
least, the ligand on the transition metal plays an important role in determining
the rate and selectivity of the reaction. Here we will present only the main
scheme and take palladium as the catalyst example, although many more
metals have been found to be very useful. The reactions to be discussed are:
allylic alkylation, Heck reaction, cross-coupling, and Suzuki reaction, a variant
of the latter. Initially the cross-coupling chemistry focussed on carbon-to-
carbon bond formation but in the last decade it has become also extremely
useful for making carbon-to-heteroatom bonds. The organyl halide (or other
anion used) involves in general an aryl, vinyl, or allylic species.
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13.2 Allylic alkylation

The palladium-catalysed allylic alkylation has become a very important tool
for organic chemists. It has been developed largely by Trost [1]. The allylic
substitution in simple allylpalladium chloride was published by Tsuji [1]. At
present there are numerous examples in the literature. The reagents used are all
very mild and are compatible with many functional groups. The method has
been applied in the synthesis of many complex organic molecules [2]. During
the reaction a new carbon-carbon bond is formed and the resulting molecule
still contains a double bond that might be used for further derivatisation. This is
not the place to review all these reactions and we will concentrate on the simple
model reactions.

The reaction starts with an oxidative addition of an allylic compound to
palladium(0) and a m-allyl-palladium complex forms. Carboxylates, allyl
halides, etc. can be used. In practice one often starts with divalent palladium
sources, which require in situ reduction. This reduction can take place in
several ways, it may involve the alkene, the nucleophile, or the phosphine
ligand added. One can start from zerovalent palladium complexes, but very
stable palladium(0) complexes may also require an incubation period. Good
starting materials are the m-allyl-palladium intermediates!

At first we will consider triphenylphosphine L as the ligand, but in practice
many other ligands are used as large ligand influences have been detected. If
the ligands are L and X, as shown in Figure 13.2, the allyl fragment becomes
“asymmetric” as a result of the different trans influences of X and L. The
carbon atom cis to L (when L=phosphine) has more sp’ character, while the
other two carbon atoms adopt more sp” character and form a bond with double
bond character. In brackets the n—¢ bonding mode is depicted in Figure 13.2.

EI\Dd/X
AN
L

X 4Py, —— EP‘{LX

|
CH
Py ~7 + PdL; + NaX

[_Pd—X o+

PO @@gH
Na Z

X = CI", Br, OAc’, NR3, 0,COR"

Y, Z = CO,R, COR, NO,

Figure 13.2. Palladium catalysed allylic alkylation

Formally, the allyl group is an anion in this complex, but owing to the high
electrophilicity of palladium, the allyl group undergoes attack by nucleophilic
reagents, especially soft nucleophiles. After this attack, palladium(0) “leaves”
the allyl group and the product is obtained. (We say “leaves”, because indeed in
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terms of organic chemistry palladium(0) is a good “leaving group”, taking the
electrons with it). Palladium zero can re-enter the cycle and hence the reaction
is catalytic in palladium. As a side-product a salt is formed. For small-scale
industrial applications it is no problem to make salts in stoichiometric amounts.
The un-catalysed reaction would produce the same amount of salt, but the aim
is to make the catalytic reaction more selective and faster. The mechanism and
a few examples of reagents are shown in Figure 13.2.

Regioselectivity can be high in this reaction and depends on the ligand used.
Ligand effects can ensure substitution at the allylic carbon carrying one or two
carbon substituents, or just the reverse. When a diphosphine ligand is used and
a hexenyl group instead of the allyl group substitution occurs mainly at the
terminal carbon, see Figure 13.3. Steric and electronic effects are opposing in
this reaction. Sterically, attack at the unsubstituted carbon is favoured (linear
product), but the substituted carbon is electronically favoured (the asymmetric,
branched product), because it is more electrophilic. Electronic differentiation
can also result from steric distortions brought about by the ligand.

PPAO) Gy @ Ny Gt N
CaHy~_OAC S
/N P,Pd(0)
PP
\/ C3H7Y\
EtO,C © Nu
Nu" = 2 (R.S)
u= )—CHs
EtO,C

Figure 13.3. Regioselectivity in allylic alkylation

Nucleophilic attack at the substituted carbon atom (Figure 13.3) leads to
chiral products. The enantioselective application of this reaction has received
wide-spread attention in the last decade, after the important developments
reported by Trost, using C, symmetric diphosphines, and the introduction of C,
chiral ligands for this reaction by Helmchen, Pfaltz, and Williams. The
stereochemistry of m-allylpalladium complexes is complicated and a source of
errors. The m-allyl group can undergo two types of rearrangements: (1) a left-
right interchange (called m-rotation) during which the palladium atom remains
bonded to the same face of the allyl group, but the trans influences reverse, (2)
a m—o reaction during which a 6-bond is formed at one end and the face of the
m-alkene part that co-ordinates to palladium changes. The m-rotation reaction is
depicted in Figure 13.4. Mechanistically, it often involves the association with
another nucleophilic ligand, which facilitates rotation in the quasi five-co-
ordinate species. The two compounds are enantiomers, but note that the
absolute configuration of the terminal carbon atoms remains the same during
the rotation.



13. Palladium catalysed cross-coupling reactions 275
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| |
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Figure 13.4. The m-rotation reaction in mt-allylpalladium compounds

The m—G reaction is shown in Figure 13.5, with the allyl groups now
positioned behind the palladium atom. The first reaction shows the formation of
a o-bond at the unsubstituted carbon of the m’-butenyl group, the fastest
rearrangement in this complex. The alkene group dissociates and reattaches to
palladium at the opposite face via rotation around the sp® C1-C2 bond. The
absolute configuration at the substituted carbon atom is now reversed. In the
second reaction the 6-bond is formed at the substituted carbon atom and after
reattachment the allyl group again points into the other direction. The absolute
configuration of the carbon atom is retained, as we did not break any bond of
carbon-A (Figure 13.5), and the CIP rules give the same result. It is seen that
the methyl substituent has moved from a syn position into an anti position and
we have obtained another isomer of the complex. For the dimethyl substituted
allylpalladium complex we see that any m—G reaction will reverse the absolute
configuration of one carbon atom and interchange syn and anti groups at the
other carbon. The latter interchange also occurred in the first reaction, but since
both substituents here were hydrogen atoms it was not productive. These
reactions can be nicely studied in '"H NMR line-broadening measurements.
Note that in a mixed syn-anti complex both carbon atoms have the same
absolute configuration.

This is interesting for enantiospecific reactions, because attack at either
carbon atom leads to the same enantiomer!

c2
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Ay T A
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Figure 13.5. Examples of n—G reactions (R and S denote absolute configurations)
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The model substrate studied most often in enantiospecific catalysis is the
symmetrically 1,3-diphenyl substituted allylpalladium complex shown in
Figure 13.6. The hindrance that the two phenyl substituents at carbons 1 and 3
of the allyl fragment experience from the metal-ligand complex, is different
under the influence of the C, chiral ligand. Without the C, chiral ligand, carbon
atoms 1 and 3 are mirror images; palladium is attached to the “local” re and si
face. The C, chiral ligand makes the carbon atoms 1 and 3 diastereotopic, i.e.
they are chemically different. The steric distortion can create an electronic
difference between the two carbon atoms, giving rise to a —¢ bonding mode,
as mentioned above for X-L substituted palladium complexes. As a result one
specific carbon atom (carbon-1 in Figure 13.6) undergoes selective attack by
the nucleophile. This way a chiral compound is obtained. This charge control,
or rather nucleophilicity control, will be especially important if the substitution
reaction has an early transition state.

Nu~

Ph._~ 2 Ph Pd(0) <
P
Y\( Pd @ d ®

OAc P P

Nu_ -~ Ph
Pd(0)P, + NaOAc + Y

Ph ~
Figure 13.6. Asymmetric Allylic Alkylation, AAA

The interesting aspect of the C, symmetric ligand is that the mode of
coordination of the allyl group with central carbon-2 pointing up or down is
indifferent to the outcome, because these two structures are one and the same.
Note that attack at carbon-1 gives one enantiomer, while attack at carbon-3
gives the opposite enantiomer. As mentioned above, in a syn-anti complex
carrying two identical substituents, such as the phenyl groups shown here,
carbon atom-1 and carbon atom-3 have the same absolute configuration and
thus attack at both atoms leads to the same enantiomer. This presents another
interesting approach to enantioselectivity in allyl compounds.

Mechanistic explanations are still subject to debate. It is well known that 7t-
allylpalladium compounds may show distortions such that one end of the allyl
group assumes a G-character, while the other part assumes a m-character. The
differentiation between C-1 and C-3 is due to the different steric interaction



13. Palladium catalysed cross-coupling reactions 277

with the C, symmetric ligand; the resulting Pd-C distances lead to a -1t
character in the allyl moiety. If the attack were a pure Sy2 attack, the
nucleophile reacts at the 6-carbon atom, as has been argued, but one can also
imagine that the attack takes place at the most electrophilic carbon atom, which
is the one having the highest mt-character. In P-N ligands, where we can easily
differentiate the carbon atoms in the complex, the attack is known to proceed at
the carbon atom having mt-character (see below).

A great variety of ligands have been used. Trost [3] has been especially
successful using chiral bidentate phosphines with a very wide bite angle (110°),
see Figure 13.7. A variety of chiral 1,2-diamines connected to 2-diphenyl-
phosphinobenzoic acid were used. These ligands “embrace” the metal and thus
exert a steric influence on the allyl group. Even substrates carrying small
substituents can now be enantiospecifically substituted.

PPh, O N~ I
C)LN i 0 2

Figure 13.7. One of Trost's ligands for AAA

Realising that the bite angle was important in these ligands, a chiral ligand
in the Xantphos series has been developed [4], which contains the phospholane
moiety discovered by Burk as the chiral entity (Fig. 13.8). This ligand turned
out to be very useful in several common allylic substitution reactions (1,3-
dimethylallyl, 1,3-diphenylallyl, cyclohex-2-ene-1-yl) and kinetic resolution.

.,"o‘
"Q‘LF’Q’

Figure 13.8. A Xantphos based chiral bidentate ligand

In this paper [4] the authors propose that the catalyst’s resting states, the
isomeric and diastereomeric m-allyl complexes, may not be important. Often
rapid equilibria exist in m-allylpalladium complexes (Figures 13.4 and 13.5)
and the transition state of any of these in the product-forming reaction
determines the stereochemical outcome (Curtin-Hammett conditions). During
the nucleophilic attack the allyl group undergoes a rotation, eventually forming
a m-complex containing the alkene product. It was concluded that the steric
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interactions associated with the synchronous events of nucleophilic attack and
rotation are responsible for the chiral recognition [5]. This mechanism involves
a late transition state as opposed to the electronically controlled reaction
mentioned above.

The mechanism is illustrated in Figure 13.9. Nucleophilic attack leads to
rotation and formation of the m-alkene complex. The left-hand structure will
undergo a counter clockwise rotation and experience large steric hindrance.
The clockwise rotation on the right leads to a much more favourable situation.

Pr}& Ph@g
o o
u Nu
disfavoured\ \ favoured
@ e .
\''"Ph
Q w

Figure 13.9. The rotation mechanism; spheres referring to steric hindrance by ligand [5]

Nu

Another interesting feature is that of kinetic resolution. The starting 1,3-
diphenylallylic halide or acetate is a racemic mixture. Its reaction with
palladium zero is exactly the reverse of the product forming reaction, which
means that also during the oxidative addition of the acetate to the chiral ligand
complex of palladium(0) the reaction may be enantiospecific. (Since the acetate
leaving group and the attacking nucleophile are not the same, there will be
differences in the reaction profiles.) If one enantiomer reacts faster than the
other, the remaining starting material becomes enriched in one enantiomer.
This is called kinetic resolution and it has been observed for this reaction [4,5].

When the allyl group is part of a cyclic structure, a T—G reaction cannot take
place to epimerise one of the chiral carbon atoms; after having formed the n—c
intermediate, the same n—face comes back-on to palladium. Thus, if we start
from a racemic cyclic alkenyl acetate mixture, racemisation at the complex is
blocked and the product will also be a racemate at 100% conversion. Kinetic
resolution is still an option to obtain chiral product and starting material.
Nevertheless high ee’s were obtained when cyclic alkenyl acetates were used.

The explanation given is that allyl transfer takes place from palladium(Il) to
a palladium(0) species [6], which changes the face co-ordinated to palladium!
See Figure 13.10. If now a chiral diphosphine is present, one of the routes for
nucleophilic attack may be faster and selectively only one enantiomer may
form [4].
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Figure 13.10. Cyclic allyl complexes and their reactions

For m’-cyclohex-2-en-1-ylpalladium complexes the situation is different,
because the allyl fragment has a plane of symmetry and the substrate is
“symmetrised” during the addition reaction. Using chiral ligands one can obtain
enantioselectivity (Fig. 13.11) and for a C, symmetric bidentate ligand this will
always be the case. Note that m-rotation leaves the molecule unchanged,
because of the C, axis in the ligand. The allyl group has Cs symmetry (it does
not contain a chiral element) and thus the total complex forms only one
enantiomer, when an optically pure ligand is used.

Nu
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Figure 13.11. Enantioselection in cyclohex-2-en-1-yl substitution

For C, bidentate ligand systems there may be exceptions to this explanation,
which have been called memory effects [7]. That is to say, the cyclohex-2-en-1-
ylpalladium complex “remembers” whether it was formed from the R or the S
isomer of the starting acetate! Thus the R enantiomer is transformed preferably
into the R product (neglecting changes in the atom counting in the CIP rules),
and the same for S, because the reaction sequence involves two reversions of
configuration.

The C; bidentate ligand system may be as simple as a chiral
monophosphine and a chloride ion, as shown in Figure 13.12. Suppose that in a
P-X ligand system the nucleophilic attack takes place at the position trans to the
phosphine, then we expect on the basis of micro reversibility that also the
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attack of palladium at the cyclohex-2-ene-1-yl acetate will take place in such a
fashion that the leaving acetate is positioned trans to the phosphine ligand.
Thus, the nucleophile will enter at the same carbon, from the same outer sphere
direction and thus the absolute configuration of the substrate will be retained.
There is one further complication in this system, and that is that the system is
not indifferent to m-rotation; allyl “up” and allyl “down” are different isomers,
usually called endo and exo, with reference to some part of the ligand if this is a
bidentate (e.g. for the P-N ligands shown in Figure 13.14). If exo and endo
isomers would have the same energies the retention mechanism would cancel.
The steric interaction can be increased to such an extent that one pathway will
dominate and a memory effect may be observed.
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Figure 13.12. Example of a memory effect in AAA

An enormous variety of ligands have been applied to AAA, too many to
mention. We will mention only two more groups of ligands, bisoxazolines and
PHOX ligands. Bisoxazolines have been studied and reviewed by Pfaltz [8].
They are also C, symmetric bidentate ligands (Fig. 13.13) and the R-group can
be easily varied to search for optimal rates and ee’s.

L

Figure 13.13. Chiral bisoxazoline ligands

The benefits of C,-symmetry are due to the reduction of the number of
possible catalyst-substrate isomers that may form, and the number of
enantiospecific pathways (Helmchen, Pfaltz [9]). As they reasoned, there is no
fundamental reason why a C,-symmetric ligand is superior qualitate qua to a
Ci-symmetric ligand. Two different co-ordinating ligands (P-X as shown
above, or P-N, discussed here) could lead to more control, as the attack may
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always take place trans to the phosphorus atom for instance, thus reducing the
number of possibilities. To this end Helmchen, Pfaltz, and Williams introduced
successfully the PPh,-phenyl-oxazoline (PHOX) ligands [9]. In the phosphite
variant the difference in trans effect is even more pronounced [10].

O 0><WO
TR
R

R

Figure 13.14. Phosphino-oxazoline ligands, PHOX

The PHOX ligands can be varied by changing the substitution at
phosphorus, the oxazoline ring, and the bridge and thus a high variety can be
made available. They have been applied to many catalytic reactions leading to
high ee’s with the appropriate substitution pattern.

Industrial applications of AAA on a large scale seem to be lacking, which is
surprising for such a versatile reaction. In laboratory syntheses it is often used
and the model reaction with 1,3-diphenylprop-2-en-1-yl is probably the most
studied reaction in asymmetric syntheses for testing new ligands!

13.3 Heck reaction

A reaction related to cross-coupling reactions is the Heck reaction [11]. The
reaction was first reported by Mizoroki [12]. We will confine ourselves to the
basic scheme of the reaction, since again numerous variations have been
reported [13]. The reaction involves the coupling of aryl halides (pseudo halide,
vinyl halide) with alkenes in the presence of a base. Owing to the latter, as in
the cross-coupling reaction, one equivalent of salt is formed. In the base case,
the Heck reaction produces substituted styrenes. It is attractive that the Heck
reaction does not involve Grignard type reagents and thus it allows the presence
of groups reactive towards Grignard reagents such as esters, acids, ketones, etc.

The reaction starts with the oxidative addition of an aryl halide (CI, Br or I)
to palladium zero. The next step is the insertion of an alkene into the palladium
carbon bond just formed. The third step is B-hydride elimination giving the
organic product and a palladium hydrido halide. The latter reductively
eliminates HX, which reacts with base to give a salt (Figure 13.15).

The atom economy of the cross-coupling reaction and the Heck reaction for
making styrene from bromobenzene and vinyl bromide (cross), and
bromobenzene and ethene (Heck) respectively are in favour of the Heck
reaction, as that produces only one equivalent of salt.
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Figure 13.15. Mechanism of the Heck reaction

Sometimes the halide is replaced by non-coordinating anions such as
O;SCF; . The advantage is that the palladium centre is now much less saturated
and more positively charged (and hence more reactive) during the alkene co-
ordination and insertion steps.

Ligand effects in Heck reactions

A new development comprises the use of catalysts containing bulky
ligands, especially for the Heck reaction [14,15]. Beller reported the use of tri-
o-tolylphosphine, which gave a very active catalyst. This ligand forms a
metallated species as shown in Figure 13.16. Initially it was thought that the
metallated species played a crucial role, but today’s view is that it is a
convenient precursor for a palladium(0) complex containing a bulky
monodentate ligand [16] rather than a complex that mechanistically would lead
to palladium(IV) species.

MeO
O OMe
t-Ba o O
R (0]
R \
\ t-Bu
Br B B P~NR
Pd Pd\]@ oy Pd P
/ ~
R B tBu 2R B
R R R = o-tolyl Q o t-Bu
MeO O
OMe R =i-Pr

Figure 13.16. New catalysts for the Heck reaction [15]
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While the sequence of steps for the Heck reaction remains the same for
many catalysts, the kinetics may vary enormously and also the detailed
composition of all intermediates may vary in the type and number of ligands. It
had often been assumed that the oxidative addition is the slowest step and that
may well be true for many systems based on PPh;; definitely for aryl chlorides
it seems to be the rule.

A study of the effect ligand properties has led to unexpected findings. A
series of phosphines, phosphites and phosphorus amidites were screened for
their activity while both steric and electronic properties were changed. A very
active catalyst is the amidite complex shown in Figure 13.16 [15]. Bulky
phosphites and amidites turned out to give the fastest catalysts, even twice as
fast as the o-tolylphosphine system. When electron-poor ligands give the fastest
catalyst, it is obvious that the oxidative addition of the aryl halide is no longer
the slow step of the reaction, as electron-poor donor ligands will slow down
this step. The substituents on the phosphite or phosphoramidite are
preferentially ortho-t-butyl substituted phenols or bisphenols. The bulky ligands
have in common that they do not form saturated, square-planar ArPdBr(L),
complexes, as smaller ligands would do, but instead they form halide-bridged
dimers, which easily dissociate to give coordinatively unsaturated species. The
latter reacts in a fast reaction with alkenes.

/Pd + Z>COR  — Pd

Br N Br N\
RO,C

L\ L\ /

/Pd _— /Pd + RO,C

Br Br H

L\ I‘\ /
Pd + base —— Pd + base-HBr
/N

Br H

Figure 13.17. Mechanism of the Heck reaction for bulky ligand systems [15]
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The resting state of this catalytic system was found to be the dimer shown.
The migratory insertion is the rate-determining step and not the oxidative
addition of aryl halide to a palladium zero species, see Figure 13.17. These
kinetics were found for phenyl iodide; phenyl bromide already showed less
clear-cut kinetics indicating that the oxidative addition is somewhat slower
now. The system shown in Figures 13.16-17 gives at least half a million
turnovers.

Thus, for each ligand, each anion, condition, concentrations, etc. the
kinetics may be different and it is worthwhile to study this, rather than rely on
general statements. Simple methods are satisfactory sometimes, but more
accurate methods are available and have been applied successfully to the Heck
reaction [17].

The rate equation for the reaction scheme in Figure 13.17 shows a zero
order dependence in aryl iodide and base, a first order in alkene, and a square
root order in the palladium concentration. We can conclude from this that
either the complexation of acrylate to palladium or its insertion in the
palladium-aryl bond is rate-determining.

('),
‘PPh,

PdCl, A

! Soh
CH3O base Hzc:CHz CH3O COH
2
N\ PdCly, CuCly, HCI, H,0
25 bar CO CH30
CH,0

Naproxen
Figure 13.18. Albemarle’s route to Naproxen

A phosphine-free version of the Heck reaction carried out in water has been
reported by Beletskaya [18]. Simple Pd(OAc), and Na,CO; can be used for the
coupling of a variety of aryl bromides and acrylic acid or styrene. The amount
of catalyst used was in the order of 1%, but perhaps this can be lowered
considerably. Other phosphine-free systems with the use of DMF as the solvent
were reported by Buchwald [19]. In this instance trisubstituted alkenes were
obtained. Usually somewhat higher temperatures are used for phosphine-free
systems (100 °C). One could imagine that alkenes might serve as the ligand for
zerovalent palladium and the polar solvent acts as the ligand toward divalent
palladium. Recycling of a phosphine-free catalyst has been reported [20]. The
catalyst is precipitated at the end of the reaction on a silica or carbon support
and it is redissolved in the next run by the addition of a weakly oxidising
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reagent such as iodine. In addition to all elegant ligand modified catalysts, there
might also be scope for a simple ligand-free catalyst!

Industrial applications of the Heck reactions.

Several important industrial applications of the Heck reactions are known.
The world’s largest producer of Naproxen is Albemarle and they make
Naproxen using two homogeneously catalysed steps, a Heck reaction and a
palladium catalysed hydroxycarbonylation. The last step is carried out using
palladium without chiral ligand and the enantiomers obtained are separated, see
Figure 13.18.

In Figure 13.19 we have shown a route to L-699,392 published by Merck
involving three steps based on homogeneous catalysts, viz. two Heck reactions
and one asymmetric hydrogen transfer reaction, making first an alcohol and
subsequently a sulphide [21]. Stoichiometric reductions for the ketone function
have been reported as well [22] and the Heck reaction on the left-hand side can
be replaced by a classic condensation reaction. L-699,392 is used in the
treatment of asthma and related diseases.

Heck asymmetric H-transfer

\ \ \[COZH
C.

Heck, allyl alcohol to ketone
Merck L 699,392

Figure 13.19. A combination of homogeneous catalysts to make a medicine

The use of cyclic alkenes as substrates or the preparation of cyclic structures
in the Heck reaction allows an asymmetric variation of the Heck reaction. An
example of an intermolecular process is the addition of arenes to 1,2-
dihydrofuran using BINAP as the ligand, reported by Hayashi [23]. Since the
addition of palladium-aryl occurs in a syn fashion to a cyclic compound, the 3-
hydride elimination cannot take place at the carbon that carries the phenyl
group just added (carbon 1), and therefore it takes place at the carbon atom at
the other side of palladium (carbon 3). The “normal” Heck products would not
be chiral because an alkene is formed at the position where the aryl group is
added. A side-reaction that occurs is the isomerisation of the alkene. Figure
13.20 illustrates this, omitting catalyst details and isomerisation products.
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Figure 13.20. Asymmetric, intermolecular Heck reaction [23]

The reaction is carried out with aryl triflates and other details such as
solvent and base used are also important. Intramolecular additions of aryl
halides or triflates to alkenes in a side-chain leading to cyclic compounds have
been reported by Overman [24]. Rather complicated ring structures can be
made stereospecifically. While initially BINAP seemed the best ligand for this
conversion, the number of useful ligands is increasing [25].

13.4 Cross-coupling reaction

As mentioned above (Section 13.1), the coupling of carbocations and carb-
anions (or their formal precursors) was of little practical value until the
transition-metal-catalysed cross-coupling became available. The “cross-
coupling” reaction has found wide application in organic synthesis both in the
laboratory and in industry. Here we will present only the main scheme and use
palladium as the example. Figure 13.21 gives the general scheme of the
palladium catalysed cross-coupling reaction. Note that many variations on this
scheme have been published, but here we are only concerned with the basics of
this extremely useful chemistry.

We can start with palladium(Il) or palladium(0), but for the mechanistic
explanation the latter is more convenient (a practical starting material, as
always in this chemistry, is the putative intermediate L,PhPdBr). For palladium
zero the cycle starts with oxidative addition of an aryl halide (PhBr in Figure
13.21) and a square planar Pd(II) complex is formed. Subsequently the
inorganic bromide reacts with the Grignard or lithium alkyl reagent (here 2-
BuMgBr) in the so-called frans-metallation reaction giving a diorganyl-
palladium complex and magnesium dibromide. The third reaction that occurs is
the reductive elimination leading to the organic “cross-coupling” product and
the palladium(0) catalyst in its initial state.
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Figure 13.21. Palladium catalysed cross-coupling

Depending on the conditions, the ligand, the metal, the organic groups, and
the main group metal the reaction can be very selective and fast. Numerous
variations have been published. Not many kinetic studies have been carried out,
or at least they have not been published. It is conceivable that all three reactions
can be rate determining:

e oxidative addition, industrially it would be attractive to use chlorides
instead of bromides or iodides and then indeed the oxidative addition is rate
determining; when iodides are used this is not the case,

e trans-metallation (or trans-alkylation), industrially the use of Grignard or
lithium reagents is most attractive since other organometallics are usually
prepared via these as intermediates; trans-metallation using reactive
magnesium or lithium compounds is fast compared to the previous
reaction,

e reductive elimination, this can also be strongly influenced by the nature of
the ligands, hydrocarbyl groups, electron-withdrawing additives etc.; most
often this reaction is fast for sp® hydrocarbyl groups.

Side reactions are: exchange of organic groups, followed by “homo”
coupling, PB-hydrogen elimination with alkene formation, isomerisation
followed by coupling, or benzene formation and alkene liberation. Examples
are shown in Figure 13.22.

Suppose that the oxidative addition is the slowest reaction in the system.
One can then minimise the occurrence of the un-catalysed reactions between
the aryl halide and the Grignard reagent by keeping the concentration of the
Grignard reagent very low.

The cross coupling reaction is applied industrially in the synthesis of alkyl-
aryl compounds that are used in liquid crystals (Merck has hundreds of patents
on this topic!) and that are used as chemicals in agriculture. For fine chemical
synthesis the route that is actually being used is not announced in the literature.
Judging from the number of patents on coupling reactions (including the Heck
reaction discussed in the following paragraph) the industrial interest is large.
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Figure 13.22. Side-products in the cross-coupling reaction

Industrial applications of the cross-coupling

One industrial application has been reported in detail by Giordano [26],
Figure 13.23. It concerns the synthesis of Diflunisal, a non-steroidal anti-
inflammatory drug. Sales price is around € 300 / kg and a few hundred tons are
made worldwide per annum.
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Figure 13.23. Synthesis of Diflunisal

A very pure product is required. The palladium content may not exceed 10
ppm and the impurities should be below 0.1 %. Classical syntheses as the
Ullmann reaction cannot be applied because they give a lot of by-products.

Two steps are critical: the cross-coupling itself, and making the Grignard of
4-bromoanisole. Zambon has spent ~ 10 man-year on the optimisation of the
cross-coupling reaction! In the following we summarise the results.

The Grignard is made from 4-bromoanisole, Mg (3 % excess), I, catalyst, in
tetrahydrofuran (3 M), at 70 °C. The major problem is the formation of the
“homo”’coupled product during the Grignard synthesis. Up to 6% of 4,4’-
dimethoxybiphenyl may be formed. The amount depends on the type of
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magnesium that was used. The impurities found were Cu (10100 ppm), Fe
(30-300 ppm), Ni (5-10 ppm), and Mn (35400 ppm). It turned out that high
yields of the desired Grignard could only be obtained if the metal impurities for
all these metals are at the lowest levels of the ranges indicated. It is not
surprising that the transition metals are active; in this reducing medium they
will be low-valent and undergo oxidative addition and then catalyse a cross-
coupling reaction!

The next step is the coupling of the Grignard reagent with 1,3-difluoro-4-
bromobenzene using Pd(PPh;), (0.1%) as the catalyst. The Grignard is added to
a solution of the bromide. Substantial amounts of homocoupled 4,4’-
dimethoxybiphenyl are formed when the Grignard is added too fast to the
solution of the bromide. The following may explain this (Fig. 13.24):

L slow L. ArF2  fast L. AR
Pd—L +FABr — Pd. /Pd\
/ oxidative additon 17 'Br  AnMgBr L “An
L =PPh,
AnMgBr L
cross
An, ArF,, see Figure 13.23 coupling
AnBr + F,ArMgBr
An—ArF,
+ FoArBr +
homocoupling L
Pd—L
ArF,—ArF, L/

Figure 13.24. Slow addition of Grignard suppresses homo-coupling

If oxidative addition is the slowest step in the reaction sequence, the
concentration of the aryl bromide should be maximised. If the metallation
reaction at palladium, replacing the bromide ion by the anisyl group is
relatively fast, the concentration of the Grignard may be kept low. Side
reactions are all due to reactions of the Grignard reagent anisyl magnesium
bromide. Indeed, the reaction is operated in such a way that there is hardly any
Grignard reagent in the solution. It is added over a period of 4 hours at the
concentrations reported (3 M Grignard). It turned out that higher temperatures
gave the best results. In practice a temperature of 85 °C is being used.

The catalyst is generated in situ from palladium acetate and triphenyl
phosphine. The total turnover is more than 3000. The selectivity to cross-
product is > 99%. The yield is > 96%. The reaction is run in 12 m’ stainless
steel and glass-lined reactors.

Further information about the organic reactions involved:

- the starting material for difluorobromobenzene is difluoroaniline that is
converted to the bromide via diazotation,
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- the methoxy group is removed by refluxing in HBr/AcOH,

- the carboxylic acid group is introduced via a base catalysed reaction with
CO,.

In literature no general agreement exists on the rate-determining step of the
cross-coupling reaction, even though in the above example clearly the oxidative
addition is the slowest step. This will of course depend on the system used and
the palladium(0) species formed. It has been found that association of anions
with Pd(0) makes palladium more susceptible to oxidative addition and thus the
processes occurring in a medium that changes while the reaction progresses are
complex [27]. Since aryl chlorides are much less reactive, in many instances
the oxidative addition seems to be rate-determining. Aryl chlorides do react,
however, when alkyl phosphines are used as the ligands [28] as now the
oxidative addition becomes faster.

13.5 Heteroatom-carbon bond formation

From the recent advances the heteroatom-carbon bond formation should be
mentioned. As for the other reactions in Chapter 13 the amount of literature
produced in less than a decade is overwhelming. Widespread attention has been
paid to the formation of carbon-to-nitrogen bonds, carbon-to-oxygen bonds,
and carbon-to-sulfur bonds [29]. The thermodynamic driving force is smaller in
this instance, but excellent conversions have been achieved. Classically, the
introduction of amines in aromatics involves nitration, reduction, and
alkylation. Nitration can be dangerous and is not environmentally friendly.
Phenols are produced via sulfonation and reaction of the sulfonates with alkali
hydroxide, or via oxidation of cumene, with acetone as the byproduct.

The cross-coupling alternative yields halide salts as co-products. During the
preparation of aryl halides from the aromatic ring and dihalogen also one
equivalent of halide salt is produced and thus there is further room for
improvement if we could directly substitute a hydrogen atom by the hetero
atoms mentioned!

The basic scheme for carbon-nitrogen bond formation using palladium
catalysts containing an arbitrary bidentate ligand is depicted in Figure 13.25.
Fairly strong bases are used, such as NaO#-Bu, KO#-Bu, Cs,COs, etc. The
reaction rates, selectivities and yields are highly dependent on substrates,
ligands used, solvent, base, and reaction conditions. Instead of aryl halides one
can also use triflates. In the oldest precedents of this reaction tin amides were
used as the amide source rather than alkali metal amides [30]; it is through the
work of Hartwig and Buchwald [29] in the last decade that the reaction has
received such widespread attention.
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Figure 13.25. Carbon-nitrogen bond formation

Both monodentate phosphines such as PPh;, P#-Bu;, Po-Tol;, and many
other bulky monodentates [31,32,33], and bidentate phosphine ligands such as
BINAP, dppf [31,34] can be very effective depending on the substrates. In
some cases ligands having wide bite angles are the ligands of choice such as
DPEphos and Xantphos [35,36]. Typical monodentate ligands are shown in
Figure 13.26. Aryl halides containing electron withdrawing groups often give
higher yields [31], which might be explained at first sight by assuming an
acceleration of the oxidative addition reaction. Since this step is not rate
determining, the explanation is different, see below.

MeoN

O

1 O QX0 e
O

PCy, PCy, P-t-Buy

Figure 13.26. Typical, effective monodentate ligands

The carbon-oxygen bond formation follows the same pathway. For both
nitrogen-carbon and oxygen-carbon bond formation, a competing reaction is -
hydride elimination (if a hydride is present at the heteroatom fragment), which
lowers the yield and the “reduced” arene is obtained after reductive elimination.
Reductive elimination of the C-N or C-O fragments should be faster than [3-
hydride elimination in order to avoid reduction of the aryl moiety. The side-
reaction is shown at the bottom of Figure 13.25.

The kinetics of cross coupling reactions are usually complicated, as one
might expect. We have learnt that the yields and selectivities strongly depend
on the reaction conditions, which change considerably during the reaction: (a)
the metal is involved in metal-ligand equilibria, (b) the amount of base present
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change during the reaction because one of the reagents is a base, (c) ligand may
decompose during the reaction, and (d) salts are being formed during the
reaction. Even the minimum number of reactions to be considered (oxidative
addition, halide replacement, reductive elimination) is known to depend heavily
on all these factors! Therefore the study of just one step may be more
informative.

As an example we have chosen the reductive elimination of arylamines
from arylpalladium amide complexes studied by Driver and Hartwig [37].
Since the overall carbon-nitrogen bond formation seems slower than carbon-
carbon bond forming reactions, we conclude that oxidative addition is most
likely not the slowest, rate-determining step in the process. That leaves either
amide formation, or the reductive elimination as the slowest step. Partial amide
formation, as a pre-equilibrium before reductive elimination takes place, might
also be considered [36]. Driver and Hartwig prepared a series of arylpalladium
amide complexes and studied the rate of the reductive elimination reaction [31].
The bidentate ligand used was dppf, while PPh; was used as the monodentate
model ligand.

Reductive elimination from dppf complexes of palladium as shown in
Figure 13.27 appeared to be independent of the concentration of added PPhs.
The elimination occurs directly from the four-coordinate species. Furthermore
the reductive elimination increased with the electron withdrawing nature of the
substituents on the aryl ring. Resonance effects dominate over inductive effects,
which is typical of an attack of the nitrogen donor to the sp> carbon atom of the
aryl group. The overall reactivity of the amido groups was diarylamido <
arylamido < alkylamido. This trend clearly shows that electron-donating groups
accelerate reductive elimination [37]. Thus, the amido group acts as a
nucleophile towards the electrophilic aryl group, as shown in Figure 13.26. The
intermediate can probably be best described as a Meisenheimer complex
(Figures 12.14, 13.27) [38]. Similar effects were observed for the reductive
elimination of aromatic ethers and thioethers.

N
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Figure 13.27. Mechanism of reductive elimination aryl-N
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Monodentate phosphines, when present at low concentrations, lead to
dimeric complexes as shown in Figure 13.28. The kinetics now show that
dissociation of the dimer takes place before the reductive elimination.
Reductive elimination from three-coordinate species is a well known
phenomenon. This may be valid especially for electron-rich donor ligands.
Reductive elimination also takes place at a variety four-coordinate complexes:
(1) electron-rich and bulky (via a three-coordinate species?), (2) bidentate
ligands with wide bite angles, and (3) electron-withdrawing bidentate ligands.
Reductive elimination has been observed as an associative process, in which
case the fifth ligand is an electron-withdrawing species.

R, R
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N Ar 3
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A N e AN AN
R R R R R
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Figure 13.28. Reductive elimination from dimeric species

Reductive elimination of the dimeric species shows a half order in
palladium concentration, proving that indeed dissociation of the dimer occurs
prior to product formation. A bulky monodentate ligand, which is also a strong
donor ligand leads to a favourable situation for a “migratory reductive”
elimination; (1) A bulky ligand prefers the formation of mono-ligand
complexes, (2) trans to the aryl group we find no donor group and thus the
aromatic carbon atom becomes more electrophilic, and (3) the strong donor
trans to the amide nucleophile enhances the nucleophilicity of the migrating
nitrogen (Figure 13.28).

Such three-coordinate species, containing halides instead of the more
reactive amides or alkoxides, have been isolated and identified by X-ray
crystallography. The bromide and iodide indeed were found trans to the
phosphine ligand (Pz-Bu; and P-Bu,Ad, Ad = adamantyl) [39]. The complexes
react indeed with diphenyl amine in the presence of base to give the reductive
elimination products. One might speculate that bulky bidentate ligands
dissociate “one arm” first, before undergoing the same reaction! Kinetic studies
cannot exclude whether this takes place or not. Interestingly, this mechanism
would also have a strong bearing on the issues discussed in Section 12.3
concerning the rate of ester formation from palladium acyl species, and thus the
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molecular weight determination in the synthesis of polyketone versus methyl
propionate.

13.6 Suzuki reaction

Worth mentioning is the use of less reactive organometallic derivatives of
tin and boron. These reagents do not react with water, but they are still able to
alkylate palladium bromide intermediates. As mentioned above, their formation
does involve one more step, because they are made via Grignard type reagents.
The coupling reaction using tin organometallics is referred to as a “Stille”
coupling. The reagent based on boron was introduced by Suzuki [40] and the
coupling reaction carries his name. The boronic ester derivative is made from
trimethyl borate and an aryl anion reagent followed by hydrolysis of the two
remaining methyl groups. This phenylboronic acid is soluble in water and the
coupling reaction can even be carried out in water. It is compatible with many
organic substituents such as esters, ketones, alcohols, etc. which would prohibit
the use of Grignard reagents in coupling reactions. See Figure 13.29 for a
scheme of the Suzuki coupling.

OCH, OH
@MgBr +(CH3O)3B — @B\ - . @B\
OCHs OH
N Ph
Pd(0) +BrOcozR —  Pd “od
v

/ >

CO,R COR

Figure 13.29. Suzuki cross-coupling reaction

As in the Heck reaction, bulky phosphorus ligands with a large variety of
structures, especially bulky phosphites, lead to extremely high turnover
numbers. Metallated ligand complexes are excellent precursors to this reaction,
as reported by Bedford [41], and turnover numbers of millions were obtained.
An example is shown in Figure 13.30. At these micromolar concentration
levels of palladium and phosphite in refluxing toluene, traces of water may lead
to hydrolysis of the phosphites and phosphinites (e.g. Ph,POAr, Ar = 2,4-
tBu,CH3) used. It has been shown that partially hydrolysed phosphites of the
type (RO),POH work just as well in a number of cases [42], as does +-Bu,POH
as reported by Li [43]. Therefore, in the very high activity catalysts, hydrolysis
during activation of the catalyst precursor plays a definite role. Besides, in view
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of the very low concentrations, complexation constants must be very high for
these ligands!

Figure 13.30. Metallated precursor [41] for the Suzuki reaction

Aryl chlorides as the substrate

Aryl chlorides are much cheaper reagents than aryl bromides, they cause
less waste in weight and therefore they are preferred to the latter in cross-
coupling chemistry. Aryl chlorides, though, are much less reactive than
bromides or iodides and until 1998 only activated aryl chlorides could be used
in metal-catalysed coupling chemistry. Activated aryl chlorides include for
instance pyridyl chlorides, or aryl chlorides containing electron-withdrawing
substituents. Since the introduction of electron-rich, bulky, monodentate
ligands by Buchwald [44] and Fu [45] in this chemistry the scope of the
reactions has extended enormously. Examples of the ligands used are shown in
Figure 13.26.

Heterocyclic carbene ligands are strong c-electron donors with properties
close to those of for instance PCys;. They form active catalysts with palladium
for the Suzuki reaction of non-activated substrates [46]. The ligands IMes and
Ipr are shown in Figure 13.31. It would seem that mono-ligand species are
needed, very similar to bulky, electron-rich monophosphines.

Me __ Me ipr P
N\/N NYN
1 Me 1
Me Me ipr iPr

IMs IPr

Figure 13.31. IMes and IPr carbene ligands for Suzuki catalysts

Application of the Suzuki cross-coupling reaction

In Figure 13.32 we have shown an example of the Suzuki reaction as
applied by Clariant and Zeneca for the preparation of a pharmaceutical
intermediate. These biaryls are precursors for the “sartan” type drugs used for
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blood pressure regulation. Clariant uses tppts as the ligand and Zeneca
sterically hindered alkylphosphines.

CN
@: + OH Pd(OAC),/tppts O CN
Cl Ho/8\©\ Na,CO3/H,0 O

Figure 13.32. Example of industrially applied Suzuki coupling reaction

The Suzuki coupling is used for the preparation of a drug called Losartan,
see Figure 13.33 [47]. The reaction is carried out in THF in the presence of
water and K,CO; as the base. The trityl (Tr) group is used as a protecting group
which is removed after the coupling reaction with acid. The oxidative addition
was found to be the rate-determining step in this system. The authors assumed,
in accord with older literature, that arylboronic acid reacts with hydroxide ions
to give ArB(OH); which is much more reactive toward electrophilic attack
than arylboronic acid itself.

Other applications might involve the synthesis of substituted alkylarenes
useful as liquid crystalline materials. Liquid crystalline materials often contain
bi-aryls or cyclohexylaryls and these can also made via one of the coupling
reactions discussed above.

T H
N, _N
CI<_N NN Cl_N NN
I \>/BU N I \>/BU N /
neon” N Pd, PPhg N
2 e+ o H,COH a=e
-Tr,+H

Figure 13.33. Synthesis of Losartan [47]
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Chapter 14
EPOXIDATION

Large scale commodities and small scale beauties

14.1 Ethene and Propene oxide

Epoxidation of alkenes (Figure 14.1) is a powerful reaction for the
introduction of oxygen in hydrocarbons.

Ag cat
H,C=CH, + 1/20, /N
H2C*CH2
cat
HC= + ROOH /\ + ROH
H C/ ot (CH?CHZ
3 HsC

Figure 14.1. Catalytic epoxidation of alkenes

Oxygen can be used for the epoxidation of ethene over a silver catalyst, but
for all other alkenes further oxidation occurs when the source of oxygen is
dioxygen. On the heterogeneous silver catalyst dioxygen is absorbed both as
diatomic oxygen and monoatomically, in a dissociative fashion. An important
feature is probably that the chemisorption of oxygen is relatively weak on the
silver surface. The mechanism involves the electrophilic attack of mono-
oxygen on the m-electrons of ethene. An important issue is the suppression of
further oxidation, as well as the transfer of the heat in this highly exothermic
reaction (1300 kJ.mol™). Industrially this reaction is carried out at high
temperature (250 °C, 15 bar of which 2/3 are inert gases) in bundles of tubular
reactors. Ethene oxide is converted mainly to ethylene glycol for use in anti-
freeze liquids and polyesters. Smaller outlets (still bulk chemicals) comprise
glycol ethers, polyurethanes, and polyethylene glycols.

299
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Higher alkenes, even propene, must be oxidised to their epoxides with the
use of hydroperoxides. As catalysts one can use high-valent titanium or
molybdenum complexes acting as a Lewis acid, including heterogeneous
analogues. The mechanism is not clear in great detail; in Figure 14.2 a
suggested mechanism is given.

FBu éBU tBu
Hy- - HC
2 0o -, (\:1 207, 2\\/0 + (5
%H ? CH _l_,/ /CH e
- 1
HaC Ti HaC” ' HsC
Ti = Ti*"(OR )3

Figure 14.2. Epoxidation with Lewis acids and hydroperoxides

The key factor is the action of the metal on the peroxo group making one
oxygen atom electrophilic. Whether or not the metal is bonded to the alkene in
the intermediate is not known; if so, this will depend strongly on the particular
substrate and the catalyst. Later, in the discussion of the dihydroxylation
reaction we will come back to this (section 14.3.2). In the example shown in
Figure 14.2 the second product is t-butanol stemming from t-
butylhydroperoxide (industrially prepared from isobutane and dioxygen).

Ethylbenzene is oxidised to its hydroperoxide and this hydroperoxide is
used for the epoxidation of propene. The resulting phenetylalcohol is
dehydrated to give styrene (the major source of styrene industrially is the direct
dehydrogenation of ethylbenzene). Such a coupled production of two products
might seem ingenious, but it is not very attractive commercially as the two
products must be produced in the stoichiometry given rather than in the ratio
dictated by the market (it is called the SMPO process, Styrene Monomer,
Propylene Oxide process). The weight ratio is about 2:1. The scheme is shown
in Figure 14.3. The catalyst may be an immobilised complex of titanium (Shell)
or molybdenum and in a homogeneous system also titanium tetraisopropoxide
(Arco/ Atlantic Richfield) is used.

AN CA
| |

O,H
PN . o
Ti(iPrO), J

Figure 14.3. The SMPO process

o
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14.2 Asymmetric epoxidation
14.2.1 Introduction

Epoxides are interesting starting materials for further derivatisation. In most
instances the reaction will lead to the formation of mixtures of enantiomers
(that is when the alkenes are prochiral, or when the faces are enantiotopic).
Four important reactions should be mentioned in this context:

o the Katsuki-Sharpless epoxidation of allylic alcohols,

o the Jacobsen asymmetric epoxidation of alkenes,

o the Sharpless asymmetric hydroxylation of alkenes with osmium
tetroxide, and

o the Jacobsen enantioselective ring-opening of symmetric epoxides
(for example cyclohexene oxide).

It should be added that many other groups have contributed to the pre-
developments of these inventions and also to later developments. All four
reactions find wide application in organic synthesis. The Sharpless epoxidation
of allylic alcohols finds industrial application in Arco’s synthesis of glycidol,
the epoxidation product of allyl alcohol, and Upjohn’s synthesis of disparlure
(Figure 14.4), a sex pheromone for the gypsy moth. The synthesis of disparlure
starts with a Cy3 allylic alcohol in which, after asymmetric epoxidation, the
alcohol is replaced by the other carbon chain. Perhaps today the Jacobsen
method can be used directly on a suitable C,9 alkene, although the steric
differences between both ends of the molecules are extremely small!!

/\/\/M:(\OH —_— WOH
] |
/\/\/\/\/ﬁ&(\/\)\

Figure 14.4. Disparlure

14.2.2 Katsuki-Sharpless asymmetric epoxidation

An important breakthrough in asymmetric epoxidation has been the
Katsuki-Sharpless invention [1]. The reaction uses a chiral Ti(IV) catalyst, t-
butylhydroperoxide as the oxidant and it works only for allylic alcohols as the
substrate. In the first report titanium is applied in a stoichiometric amount. The
chirality is introduced in the catalyst by reacting titanium tetra-isopropoxide
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with one molecule of a simple tartrate ester, made from the natural product
tartaric acid. The reaction is shown in Figure 14.5.

ROzC\[O\ OiPr ROOH ROZC\[O\ LOOR  AllyloH \EO‘T’OOR
Ti Ti !
Y A : ~~g oi =g
~>~g OiPr iPrOH Ro,c" O OiPr o

ROzC - iPrOH ROZCA‘ (6]
>

RO,C

ROL 0 oipr 0

S . /TI\O'P + ROH + Q&
iPr
Ro,c" © O\H

Figure 14.5. Katsuki-Sharpless asymmetric epoxidation

The kinetics of the reaction have been studied [2]. A first order has been
found in the concentrations of the titanium catalyst, t-butylhydroperoxide, and
the allylic alcohol. The reaction is slowed down by 2-propanol, or more
accurately, it has an inverse second order in 2-propanol. Thus, the kinetic
equation reads:

[Til[ROOH][allyl - OH]
obs [2-PrOH]’

This in accordance with the mechanism shown in Figure 14.5. In a pre-
equilibrium two 2-propoxide anions are replaced by a tertiary-butylperoxy
anion and an allyloxy anion, as follows clearly from the kinetic equation. This
intermediate has a very low concentration and has not been observed directly.
From here on we can only speculate on the interactions leading to a preferred
attack on either of the enantiotopic faces of the alkene.

The kinetic equation rules out the possibility that an oxo species is
generated first from hydroperoxide and titanium, which then reacts further with
allyl alcohol. At the least, it would be highly coincidental to find these kinetics
(the distinct formation of oxo species has been invoked in osmium-catalysed
oxidations, as we will see in Chapter 14.3).

The enantioselectivity is not very sensitive to the nature of the allylic
alcohol. By contrast, titanium and tartrates are essential to the success. This
catalyst components combination is unique; note the difference with the L-
Dopa asymmetric hydrogenation, which can be carried out with hundreds of
C,-chiral diphosphines, even monophosphines, but with a limited number of
substrates only.

Water has a deleterious effect on the e.e. of the reaction and molecular
sieves 4A were added to the reaction mixture, which changed the system from
stoichiometric to catalytic [3]. Water and hydroxide are much stronger ligands
toward titanium than alcohols and alkoxides, and thus it should be excluded
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from the dichloromethane solvent. Furthermore, water may form during the
reaction from the alcohols present. The reaction is rather slow, also because it is
carried out at —20 °C for obtaining the highest e.e.

The catalyst structure is more complicated than indicated above. Both in
solution and in the solid state the catalyst [4] (or closely related analogues) has
a dimeric structure. In addition to the four alkoxides, an ester group coordinates
to each titanium atom. One of the tartrate alkoxide oxygen atoms functions as a
bridging ligand and in this way a six-coordinated, dimeric species is obtained.
The dimeric structure is retained during the catalysis as appears from the kinetic
studies (first order in Ti concentration), MW determinations, and NMR studies.
This opens the possibility of binuclear catalysis, but Sharpless prefers a
mechanism in which only one metal is involved. The dimeric structure having
Cy-symmetry is shown in Figure 14.6 on the left.

EtO

CO,Et

R=2-Pr

Figure 14.6. Dimeric titanium catalyst (RO and CO,Et groups omitted from upper part)

Dimerisation and ester coordination restricts the number of sites available
for alkoxides to two only, while maintaining a comparatively Lewis-acidic
titanium centre, as needed for the reaction. In the dimer, the methine protons,
alkoxide groups, and ester groups are inequivalent, but they show a rapid
exchange on the 'H NMR timescale at room temperature, as the AG* for the
process is only 64 kJ.mol'. This process is much faster than the catalytic
reaction, but due to the C,-symmetry of the tartaric esters the resulting
structures of the dimers are the same.

Sharpless suggested that the hydroperoxide will coordinate at the equatorial
site of one of the titanium cations, as depicted on the right-hand side of Figure
14.6, such that the prospective alkoxide oxygen atom (OR’) can migrate to the
axial position created by the leaving ester group while the terminal oxygen of
the peroxide attacks the alkene. Nevertheless, the two dimer parts do play a role
as is evident from the non-linear effect that has been found. The enantiopure
dimer is a more reactive catalyst than the racemic dimer and apparently the
allyloxy substrate experiences an influence of the titanium fragment to which it
is not connected directly.
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We speculate that a 1,2-s-cis configuration of the allyl alcohol as drawn in
the figure will most readily undergo the electrophilic attack. The transition state
involves a spiro conformation of the Ti-O-O ring and the O-C-C ring according
to DFT calculations [5]. The s-cis structure with attack at the alternative face of
the alkene moiety would lead to a stronger steric repulsion with the ester group
in the right of the drawing, below the Ti,-O, plane. Altogether, this leads to the
observed 2S-allylalcohol epoxide when R,R-tartrate is used. In this fashion
small groups such as ethyl carboxylic esters in B-positions at considerable
distance from the reactive centre can induce such enormous e.e.’s (> 98%). It
was found that Z-substituted allylic alcohols reacted much more slowly that E-
substituted substrates. In the sketched structure of Figure 14.6 a substituent at
the Z position will also interact with the ester group at the “spectator” titanium
atom. This is an oversimplified picture as in all probability more species will
occur in the media, depending on reactants, substrates and conditions.

Cinnamyl alcohols substituted at the para carbon atom lend support to the
mechanism in which the rate-determining step is the attack of the electrophilic
oxygen atom; the rate increases with the electron donicity of X, see Figure 14.7

2].

X=relative rate

NO, 04
H 1.0
HO < > X cl 12
CHsO 44

Figure 14.7. Electronic effects in asymmetric epoxidation of cinnamyl alcohols

A common issue in “oxene” transfer from metal to an alkene is that of
radical intermediates. We will not go into that here, but only hint to this
phenomenon. The transfer of oxygen can be a concerted process in which the
oxene starts forming a bond with both carbon atoms simultaneously, as we
have assumed in the above, or the oxygen atom concentrates its attack on just
one carbon atom, in which case a radical might form. In particular work with
the use of cis- and trans-stilbene may demonstrate this. Addition to cis-stilbene
in a concerted fashion will lead to the cis oxirane, but intermediacy of a radical
(a stabilised benzylic radical) will give the more stable trans product. This has
been important in iron and manganese porphyrin catalysed oxidations of
alkenes with the use of a variety of oxidising agents. Figure 14.8 shows one
possible explanation, the formation of a radical pair. This matter has been
subject of extensive study and various mechanisms may be operative [6].
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metal oxo complex

ﬂ O
M
O Q concerted O Q

i

S a3

Figure 14.8. Radical versus concerted oxene transfer

ARCO has developed a process for both enantiomers of glycidol based on
the Sharpless epoxidation (Figure 14.5) using the more stable and readily
available cumylhydroperoxide instead of tert-butylhydroperoxide [7]; the
process has been considered for commercial application.

14.2.3 The Jacobsen asymmetric epoxidation

A large assortment of metal complexes of porphyrins, salens (see below),
phthalocyanins etc. has been studied as oxidation and epoxidation catalysts
with either dioxygen or oxygen donors as the oxidant. As oxygen donors one
has used hydrogen peroxide, hydroperoxoides, iodosobenzene (PhIO), NaOCl
(bleach), peracids, pyridine-N-oxides, and the like. Typically in these systems
the oxygen donor generates a high-valent metal-oxo complex, and subsequently
the electrophilic oxo atom is transferred to the hydrocarbon substrate.

Although the Sharpless catalyst was extremely useful and efficient for
allylic alcohols, the results with ordinary alkenes were very poor. Therefore the
search for catalysts that would be enantioselective for non-alcoholic substrates
continued. In 1990, the groups of Jacobsen and Katsuki reported on the
enantioselective epoxidation of simple alkenes both using catalysts based on
chiral manganese salen complexes [8,9]. Since then the use of chiral salen
complexes has been explored in a large number of reactions, which all utilise
the Lewis acid character or the capacity of oxene, nitrene, or carbene transfer of
the salen complexes (for a review see [10]).

Salen stands for the tetradentate, dianionic ligands bis(salicylidene)-
ethylenediamines (not the formal name either!), which form extremely stable
complexes with a large variety of metals. Their basic structure and the
simplified reaction equation for epoxidation is given in Figure 14.9.
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oxene donor [\
= NM+N
of \o {
X

Figure 14.9. Salen structure and epoxidation reaction [10]

Metal salen complexes can adopt non-planar conformations as a result of
the conformations of the ethane-1,2-diyl bridge. The conformations may have
Cs or C, symmetry, but the mixtures are racemic. Replacement of the
ethylenediamine linker by chiral 1,2-diamines leads to “chiral” distortions and a
C, chiral symmetry of the complex due to the half-chair conformation of the 5-
membered ring of the chelate. Depending on substitution at the axial positions
of the salen complex, the symmetry may be reduced to C,, but as we have seen
before in diphosphine complexes of rhodium (Chapter 4) and bisindenyl
complexes of Group 4 metals (Chapter 10) substitution at either side leads to
the same chiral complex. Figure 14.10 sketches the view from above the
complex and a front view.

Fe’ PFs
Figure 14.10. Chiral manganese salen complex

In the picture at the right we see that one half of the salen ligand is bent
upwards and the other half is bent downward. Preferably the alkene approaches
the metal-oxo moiety from the left as there is more space on this side. The side-
on approach was first proposed by Groves as part of his studies on
enantioselective epoxidation using porphyrin complexes [11]. Bulky
substituents at the salicyl ring are crucial to the success as they direct the
bulkier group of the alkene to the back of the complex. This can be readily
imagined for cis-alkenes, as has been drawn, and indeed enantioselectivities are
found to be much higher for cis alkenes than for #rans alkenes. For cis-B-
methylstyrene (1-phenylprop-1-ene) an e.e. of 84% was reported [9] with the
use of iodosomesitylene as the oxene donor, while trans-B-methylstyrene gave
an e.e. of 20% only.

The successful application of manganese salen complexes is illustrated in
Figure 14.11. In the catalyst used large 2-phenylnaphthyl-1 substituents have
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been introduced, while the salicyl benzene ring has also been replaced by a
naphthyl moiety. In the ethane-diyl backbone methyl substituents are added at
the 3 and 5 positions of the aryl ring. This shows the versatility of the
“modular” approach, which is very common today in catalyst design and
screening [12]. The aryl groups at the ethanediyl bridge occupy equatorial sites,
but note that the analogue having a carboxylic acid group has the opposite
absolute configuration and hence should give the opposite enantiomers. It does
not give opposite enantiomers, however, which is assigned to the axial position
the group assumes as a result of its complexation to the metal [13]. This is
reminiscent of the ester complexation in the Sharpless catalyst.

Ar, Ar CO,

! ~

ee, %

=N_ N= =N_ N=
Min* Win*
dd 04 @ 9 do’ 04
R PFe R R PFs R
94
a0 *
o) opposite enantiomer,
Ar = 99 99%, high TOF
%

— 94
/0

Figure 14.11. Examples of asymmetric epoxidation

w

epoxide
ee, %

M /
tBu o|o tBu CO,Me
cl — 89

tBu tBu
0
2-10% catalyst, NaOCI, H,O, CH,Cl, _ 98
4°C,pH11,6h

Figure 14.12. Jacobsen's catalyst

Chiral trans-cyclohexane-1,2-diamine was used as the bridging diamine and
this led to a successful catalyst [14], often referred to as Jacobsen’s catalyst
(Figure 14.12). The oxidising agent is household bleach (!) diluted and buffered
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at high pH. The substrate is dissolved in dichloromethane and the reaction is
carried out as a two-phase reaction, the same procedure as is commonly used in
metalporphyrin oxidation. The extra t-butyl groups compared to Figure 14.10
led to a further improvement of the performance of the catalyst.

We will conclude this section with a general note on the mechanisms of the
asymmetric epoxidations developed by Jacobsen, Katsuki, including the work
of Groves and others on porphyrin catalysis. According to experimental and
theoretical studies, in this chemistry the “lock-and-key” mechanism seems to
prevail. That is to say that most likely the transition state complex with the
lowest energy as deduced from models and calculations, is also the one that
leads actually to the enantiomer formed. Thus, the most favourable
intermediate we construct, is the one leading to the product. Remember, that for
asymmetric hydrogenation (thodium diphosphine, enamide substrates) this was
not the case. There we learnt about the “major-minor” issue, meaning that the
minor, least stable intermediate, was the one that led to the favoured product.
One should keep in mind that we discussed those examples to show the
concepts and the results should not be generalised too readily for the whole
areas! The transfer of an oxene atom to an alkene does seem more amenable to
modelling than a multi-step, asymmetric hydrogenation reaction.

14.3 Asymmetric hydroxylation of alkenes with osmium
tetroxide

14.3.1 Stoichiometric reactions

About a decade after the discovery of the asymmetric epoxidation described
in Chapter 14.2, another exciting discovery was reported from the laboratories
of Sharpless, namely the asymmetric dihydroxylation of alkenes using osmium
tetroxide. Osmium tetroxide in water by itself will slowly convert alkenes into
1,2-diols, but as discovered by Criegee [15] and pointed out by Sharpless, an
amine ligand accelerates the reaction (Ligand-Accelerated Catalysis [16]), and
if the amine is chiral an enantioselectivity may be brought about.

Hydroxylation of alkenes by high-valent metal oxides occurs in two steps,
firstly the formation of a metal dialkoxylate (or metallate ester) and secondly
the hydrolysis of this species to a 1,2-diol and the low-valent metal hydroxide.
The amine plays a role in the first step, the formation of the osmate ester, and
Criegee added pyridine to OsO, to accelerate the reaction.

The stoichiometric process can be made catalytic when the latter is
reoxidised to the high-valent species. The schematic process is portrayed in
Figure 14.13. In older literature, the commonest oxidant used in stoichiometric
reactions is potassium permanganate (KMnOy), but in the last decades the focus
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has been on OsQ,, especially since the discovery of enantioselective, catalytic
variants.

O AP O O~ 2H0 Q OH  HO
Mo ] e e ]
O O (e} OH HO

\ reoxidise J

Figure 14.13. Schematic dihydroxylation of alkenes by metal oxo complexes

The stoichiometric enantioselective reaction of alkenes and osmium
tetroxide was reported in 1980 by Hentges and Sharpless [17]. As pyridine was
known to accelerate the reaction, initial efforts concentrated on the use of
pyridine substituted with chiral groups, such as /-2-(2-menthyl)pyridine but
e.e.’s were below 18%. Besides, it was found that complexation was weak
between pyridine and osmium. Griffith and coworkers reported that tertiary
bridgehead amines, such as quinuclidine, formed much more stable complexes
and this led Sharpless and coworkers to test this ligand type for the reaction of
Os0, and prochiral alkenes.

?J )
OH

OsO4 + +

\ LiAIH HO
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Figure 14.14. Asymmetric addition of OsO,/dihydroquinine to #rans-stilbene

In Figure 14.14 we have depicted the most striking result from the 1980
paper involving frans-stilbene as the substrate and dihydroquinine acetate.
After addition the osmate ester was decomposed by reduction with LiAlH,, a
common procedure in the early days, to give the threo-diol. A diastereomer of
the ligand, dihydroquinidine acetate, gave similar e.e. but the opposite
enantiomer. The enantioselectivity was 83%.

The catalyst is a combination of a chemo-catalyst and a natural product
taken from the cinchona alkaloids giving amazing results. In phosphine
catalysed asymmetric catalysis these types of structures are lacking, as nature
does not produce phosphines (!) and the phosphines used in the early years of
development of asymmetric homogeneous catalysis lacked the complexity of
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cinchona alkaloids. Cinchona species are trees indigenous to tropical South
America. The bark contains a high percentage of alkaloids, amongst them
quinine, quininidine, and cinchonidine [18]. Quinine and cinchonine (isolated
in 1820!) are well known for their use as anti-malaria drugs. Hydrogenation of
the vinyl group gives the dihydro derivatives mentioned above (Figure 14.15).

MeO H-Q
H-0" ) %
N N
N=
MeO
quinine quinidine cinchonine cinchonidine

Figure 14.15. Structures of some alkaloids from Cinchona bark

For (E)-1-phenylpropene the e.e. was 48%, but for the (Z) isomer the e.e.
was 26% only. This remained a general feature of the reaction: cis- alkenes
give moderate results (note that (Z)-stilbene would give a non-chiral meso-
product).

Several other enantiospecific dioxyosmylations have been published since
and we will mention only one before turning to the catalytic results. Corey and
co-workers used C,-symmetric amines and obtained the chiral 1,2-diols in high
yields and high e.e.’s after reductive work-up for a wide range of trans-alkenes
[19], see a few examples in Figure 14.16. The reaction was extremely fast and
can be carried out at —90 °C (2h ~90% yield) showing the high efficacy of the
diamine in accelerating the addition.

0504, -90 °C, CH,Cl,
H R,

Ry —— o " ee, %
R1/\/ 2 HO"»—OH P
© pr-Me 93
|T| Y Ph/\/Ph 92
N~
- CO,M
CO,M
3 —
(S.9)

Figure 14.16. Corey's C,-symmetric diamines in asymmetric dihydroxylation

These results show that bridgehead amines are not a requisite and secondly
that bidentate ligands can also be used successfully. Molecular modelling is
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relatively easy for C,-symmetric ligands, as one can nicely see the four
quadrants in which the ligand divides the space around osmium tetroxide, two
empty quadrants, and two filled quadrants by the mesityl groups. Complexation
of a cis-diamine to osmium leads to an octahedral complex that contains two
axial and two equatorial oxygen atoms. The equatorial ones are likely more
electron rich than the axial ones, and therefore it was assumed that at least one
axial oxygen atom should be involved in the electrophilic attack to the alkene,
the other one necessarily being an equatorial one.

Assuming this 3+2 addition (O=0s=0 + C=C) and attack at axial-equatorial
oxygen atoms the stereochemical outcome of the reaction could be predicted
correctly for trans-alkenes. Attack at two equatorial oxygens would predict the
wrong stereoisomer. As for the titanium-catalysed epoxidation a “lock-and-
key” mechanism is proposed, which seems in this instance very well justified,
as the addition is a one-step process governed by steric factors (and electronic
factors for the axial versus equatorial issue). A simplified drawing in Figure
14.17 gives the favoured addition.

Ph
/ Ph \;Ph attack at ' and O?
—N O
Ph 2 N\ ’/N\ by re,re face of stilbene
Mes' Os Mes?
o? o3 ot

Figure 14.17. Stilbene addition in Corey's osmium complex

Attack from the bottom or the top leads to the same possibilities because of
the C,-symmetry. Attack at O'-O* from above is severely hindered by
mesitylene-2 and the same mesitylene will favour addition with the re,re face at
the O'-O” atoms. This attack (and the symmetry related O’-O" positions) will
produce the S,S-diastereomer of the diol found experimentally.

The mode of addition of alkene to osmium tetroxide has been the subject of
debate, since initially it was thought that a 2+2 reaction occurred and that the
metal atom was involved (Os=0 + C=C) [17,20]. This gives a metallaoxetane
that subsequently will have to rearrange to a metalla-dioxolane, see Figure
14.18. For clarity the amine has been omitted. Computational chemistry is fully
in support of the 3+2 mechanism, which has a much lower barrier than the 2+2
mechanism for osmium. Amine complexation lowers the addition only slightly
in the calculations, while its accelerating function in catalysis has been well
recognised as we mentioned above [21].
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Figure 14.18. The 2+2 mechanism for alkene addition to OsO4

Initially, it was thought more likely that the electron poor metal atom would
be involved in the electrophilic attack at the alkene and also the metal-carbon
bond would bring the alkene closer to the chiral metal-ligand environment. This
mechanism is analogous to alkene metathesis in which a metallacyclobutane is
formed. Later work, though, has shown that for osmium the actual mechanism
is the 3+2 addition. Molecular modelling lends support to the 3+2 mechanism,
but also kinetic isotope effects support this (KIEs for °C in substrate at high
conversion). Oxetane formation should lead to a different KIE for the two
alkene carbon atoms involved. Both experimentally and theoretically an equal
KIE was found for both carbon atoms and thus it was concluded that an
effectively symmetric addition, such as the 3+2 addition, is the actual
mechanism [22] for osmium.

14.3.2 Catalytic reactions

Preliminary studies on catalytic osmylation were reported by Kokubo and
co-workers who used bovine serum albumin, OsO,, and t-butylhydroperoxide
as the oxidant. Turnover numbers up to 40 and an e.e. for 2-phenylpropene of
68% was achieved [23]. Apparently the protein binds to osmium via nitrogen
donors, but as different sites may be available this may lower the e.e.

Sharpless’ stoichiometric asymmetric dihydroxylation of alkenes (AD) was
converted into a catalytic reaction several years later when it was combined
with the procedure of Upjohn involving reoxidation of the metal catalyst with
the use of N-oxides [24] (N-methylmorpholine N-oxide). Reported turnover
numbers were in the order of 200 (but can be raised to 50,000) and the e.e. for
trans-stilbene exceeded 95% (after isolation 88%). When dihydriquinidine
(vide infra) was used the opposite enantiomer was obtained, again showing that
quinine and quinidine react like a pair of enantiomers, rather than
diastereomers.

The AD has been developed into an extremely useful reaction, and
Sharpless states that probably its synthetic utility surpasses that of titanium
tartrate-catalysed asymmetric epoxidation [16], since the range of substrates is
much larger for AD.
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Figure 14.19. Ligand structures as developed by Sharpless and preferred substrates

Step by step, AD was converted into a very practical protocol and the most
convenient oxidant found was K;Fe(CN)g in t-BuOH/H,0O and a variety of R
groups (replacing H in the free alkaloid, or acetate in the first generation of
catalysts), each having an optimum performance for different substitution
patterns of the alkene substrates (see Figure 14.19). Especially “PHAL” (1,4-
phthalazinediyl) as a connector, see Figure 14.19, binding two alkaloid
molecules was extremely effective as the second generation catalyst. Two
convenient catalyst mixtures are available producing opposite diastereomers.
The active amine catalyst component is abbreviated as (DHQ),PHAL (AD-
mix-o) or (DHQD),PHAL (AD-mix-f). In this “dimeric” catalyst only one
osmium tetroxide binds two one bridge-head nitrogen atom in the U-shaped
cavity that the molecule forms.

The nitrogen ligand accelerates the addition step by orders of magnitude,
but since the hydrolysis of the osmate esters becomes rate-determining the
maximum effect of this acceleration is usually not obtained in the catalytic
system. Since the addition to unmodified OsOy, is so much slower, the rate of
the ligand-free complex is low and substoichiometric amounts of amine (versus
Os) can be used. Various co-reagents have been tested and identified which can
accelerate the hydrolysis step, for example MeSO,NH, [25].

Air or dioxygen can be used as an oxidant with non-chiral DABCO to give
a low cost catalyst for dihydroxylation of alkenes into racemic mixtures;
dihydroquinidine modified catalysts with the air variant give lower e.e.’s than
the AD-mix catalysts [26].
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14.4 Jacobsen asymmetric ring-opening of epoxides

Symmetric epoxides such as cyclohexene oxide would be an interesting
source of chiral compounds if we were able to open the epoxide ring in an
enantioselective fashion. Epoxides will bind to Lewis acids and the use of
chiral Lewis acids might lead to enantioselective ring-opening. Nugent reported
that chiral Lewis acids of zirconium complexes with S,S,S-triisopropylamine
catalysed the enantioselective ring-opening of meso-epoxides by
azidotrimethylsilane with an e.e. of 93% for the product of cyclohexene oxide
[27] in moderate turnover numbers.

Jacobsen reasoned that there might be a relationship between the final stage
of an epoxidation process and the binding of an epoxide to a Lewis acid. Thus,
the question was, will chiral salen complexes do the job. Indeed, it was found
that salen complexes containing chromium(IIl) or cobalt(Ill) catalyse the
asymmetric ring opening of epoxides. The catalyst structure (see Figure 14.20)
is the same as that used for epoxidation shown in Figure 14.12.

=N_ N=
S
tBu O| O tBu
Cl

tBu tBu
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O  +MejSiNg  — 85% ee
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Figure 14.20. Jacobsen's catalyst in enantioselective ring opening of epoxide

A variety of meso-epoxides could be selectively ring-opened this way with
e.e.’s as high as 97% [28]. The azides can be converted to 1,2-amino alcohols,
which are very desirable synthetic intermediates. Surprisingly, the mechanism
of the ARO (asymmetric ring-opening) was more complicated than expected
[29]. First, it turned out that the chloride ion in Cr-salen was replaced by azide.
Secondly, water was needed and HNj rather than Me;SiN; was the reactant
nucleophile. Thirdly, the reaction rate was found to be second order in catalyst
concentration, minus one in epoxide (cyclopentene oxide), and zero order in
HN; [30].

The second order in catalyst points to the involvement of two chromium
salen molecules in the transition state complex. Therefore several dimeric
species were synthesised; with suitable linkers the dimeric catalysts gave
reaction rates that were one or two orders of magnitude higher than that of the
monomeric catalyst. Trimeric species gave still higher reaction rates! The
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negative order in substrate can perhaps be explained by a “sandwiching” up to
the level of saturation of one substrate molecule in an aggregate, which
becomes inactive when a second molecule of epoxide is complexed in this
catalyst unit. The zero order for azide was explained by its rate-determining
transfer from one chromium centre to the other, holding the epoxide.

Ring-opening by azide and the subsequent work-up is not ideal from a point
of view of safety and costs and ring-opening by other nucleophiles is attractive.
Furthermore, the use of meso compounds restricts the use of the catalyst to a
small number of substrates and useful products.

Jacobsen and co-workers discovered that cobalt salen is a good catalyst for
the carboxylic acid ring-opening reaction and the serendipitous discovery was
made that, when using benzoic acid as the nucleophile for non-meso epoxides,
a 1,2-diol was generated as a by-product with high enantioselectivity [31].
Diols can only be produced when water is present and the important finding
therefore is the hydrolysis reaction taking place with high enantioselectivity.
Thus a hydrolytic kinetic resolution was found with the use of trivalent cobalt
salen complexes in the presence of a slight excess of water. The remaining
epoxide enantiomer also has a high e.e.. We show only one example in Figure
14.21, namely for propene oxide. The ratio of the rates of the two enantiomers
of propene oxide is around 500, showing an amazingly large influence of just
one methyl group [32]. The e.e. in remaining epoxide and diol exceeded 98%!
Larger groups than methyl lead to e.e.’s in excess of 99%.

oL L= AcOH, H,0
-
=N_| N=
A0y
tBu oo tBu
OAc
tBu tBu
o} O HO OH
/\ + 0.55 Hy0 0.5% catalyst 2\ . o/
98.6% ee 98% ee

Figure 14.21. HKR for propene oxide

Covalent attachment chiral Co(salen) complexes to polystyrene and silica
gave efficient and highly enantioselective catalysts for the hydrolytic kinetic
resolution (HKR) of terminal epoxides, including epichlorohydrin. These
systems provide practical solutions to difficulties with the isolation of reaction
products from the HKR. Removal of the supported catalyst by filtration and
repeated recycling was demonstrated with no loss of reactivity or
enantioselectivity. The immobilised catalysts have been adapted to a
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continuous flow process for the generation of reaction products in high yield
and e.e.. Mechanistic studies showed a dramatic correlation between the degree
of catalyst site-isolation and reaction rate indicating that also for these cobalt
catalysts a cooperative bimetallic mechanism occurs [33].

14.5 Epoxidations with dioxygen

Even though epoxidation reactions with the use of hydrogen peroxide and
hydroperoxides are attractive cost-wise and from an environmental point of
view, there remains a quest for the use of dioxygen, as it is still cheaper and
there might be not even the coproduction of alcohol or water. Such catalytic
systems do exist, but in practice there always remains the danger of
hydroperoxide formation in such a system and subsequent reactions, either of
radical-chain nature or catalysed ones of the types we have seen above in
sections 14.1-14.3. Sometimes aldehydes are added on purposes to generate
peracids that are the oxidising species with the coproduction of carboxylic acid.
Here we will confine ourselves to just one example, namely ruthenium
porphyrins [34]. The intriguing property of substituted ruthenium porphyrin is
that the dioxide functions as an oxo donor in oxidation reactions and that it can
be regenerated with dioxygen. The chemistry of ruthenium porphyrin with
dioxygen is complex and depends on substitution of the porphyrin ring and the
solvent as well. In their reactions with dioxygen, as many metal porphyrins do,
ruthenium porphyrin forms dimers of the type LRu(I11)-O-O-Ru(IlI)L (where
Ru stands for ruthenium porphyrin).

Introduction of mesityl groups at the porphyrin ring can prevent the
formation of the dimeric products and the reaction with dioxygen now leads to
ruthenium(VI)-dioxo complexes of TMP (tetramesitylporphyrin) [35]. The
trans-Ru(VI)O,-TMP species can catalyse the epoxidation of alkenes as well as
whole range of other oxidation reactions. After transfer of one oxygen atom to
an organic substrate Ru(IV)O-TMP is formed, which disproportionates to an
equilibrium of RuO, and Ru(Il):

2Ru=0 =——= O=Ru=0 + Ru

2Ru + O,

2 Ru=0
Figure 14.22. Trans-Ru(VI)-TMP-dioxo complex

Epoxidation of cis-B-methylstyrene and #rans-f-methylstyrene produce the
epoxides with retention of configuration [36]. The reaction is first order in
styrene and RuQ, and the reaction is faster when the styrene molecules contain
electron donating substituents. This shows that the oxo attack at the alkene is an
electrophilic attack [37]. Epoxidation of 1-alkenes gives aldehyde as the
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byproduct and ruthenium-TMP is deactivated by the formation of the
ruthenium-TMP carbonyl complex. By "C labelling studies it was shown that
the carbonyl group stems from the aldehyde side-product [38]; for ruthenium
complexes it is not unusual that they find ways to decompose aldehydes and
form carbonyl complexes. Formation of aldehydes may invoke several other
mechanisms such as radical reactions or ion formation [39]. Asymmetric
variants have also been reported, mainly for systems utilising other oxygen
donors than dioxygen [34].

It is realised that both ruthenium and the substituted porphyrins are
expensive catalyst components for industrial applications. Both turnover
frequencies and turnover numbers are modest. Nevertheless it remains an
interesting option to use dioxygen directly in epoxidation reactions.
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Chapter 15

OXIDATION WITH DIOXYGEN
The largest ...

15.1 Introduction

Oxidation with dioxygen is an important reaction as dioxygen is the
cheapest and most abundant source of oxygen atoms, even more so when air
can be used as the oxidant. Introduction of oxygen in petrochemical feedstocks
is crucial in the manufacturing of chemicals. Large-scale chemicals made via
oxidative routes include ethylene oxide (Chapter 14.1), styrene (Chapter 14.1),
acetic acid, phenol, maleic anhydride, adipic acid, phthalic acid, and
acetaldehyde. The latter two examples will be discussed in this chapter. Acetic
acid is made via partial combustion of butane, but there is also a syn-gas route
as we have seen in Chapter 6. There are several routes to phenol; the one
involving oxidation uses cumene (iPrC¢Hs), which is converted to its
hydroperoxide via a radical chain reaction and decomposed to acetone and
phenol. Maleic anhydride is made via oxidation of butane or benzene with the
use of a heterogeneous vanadyl pyrophosphate catalyst.

Adipic acid (HO,C(CH;)4CO,H), one of the components of nylon-6,6, is the
product of the sequence benzene—cyclohexe/ane/—cyclohexanol/one via
hydrogenation and radical catalysed air-oxidation with cobalt initiators, very
similar to phthalic acid to be discussed below. The last step to adipic acid is
carried out with nitric acid in a stoichiometric reaction. This gives large
amounts of nitrogen oxides (N,O) as by-product [ 1], which have to be removed
from the off-gases. There is a demand for better catalytic or enzymatic routes.
A catalytic alternative that has been studied is the double hydroxycarbonylation
of butadiene with palladium, iridium, and rhodium catalysts. A catalytic direct
oxidation of cyclohexene also reduces the number of steps and by-products; as
yet this route uses hydrogen peroxide as the oxidant [2]. A glucose-based
biocatalytic route has also been described [3].

319
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Selective oxidation with the use of air or dioxygen remains a major
challenge, even for such simple compounds as methanol, phenol, higher
alcohols, which are all made via large detours. The production of detergent
alcohols requires a large number of steps (cracking of alkanes, oligomerisation
of ethene, metathesis of alkenes, hydroformylation, hydrogenation!). The route
starting from fatty acid esters requires fewer steps. Still, these optimised
detours have reached an impressive atom and energy economy, which makes it
hard for new routes to compete. Furthermore, large investments are involved in
these bulk chemicals and timing is an important factor in renovation.

15.2 The Wacker reaction

Acetaldehyde is the product of the Wacker process. At the end of the fifties
oxidation of ethene to ethanal replaced the addition of water to acetylene,
because the acetylene/coal-based chemistry became obsolete, and the
ethene/petrochemistry entered the commercial organic chemicals scene. The
acetylene route involved one of the oldest organometallics-mediated catalytic
routes started up in the 1920s; the catalyst system comprised mercury in
sulfuric acid. Coordination of acetylene to mercury(Il) activates it toward
nucleophilic attack of water, but the reaction is slow and large reactor volumes
of this toxic catalyst were needed. An equally slow related catalytic process, the
zinc catalysed addition of carboxylic acids to acetylene, is still in use in paint
manufacture.

Ethanal is only used as an intermediate to acetic acid and its derivatives and
in the near future production of ethanal will be replaced by other routes based
on methanol and syn-gas to give acetic acid and acetic anhydride. Vinyl acetate
can also be made via syn-gas routes, but the major producer in Europe employs
a direct Wacker route with a heterogeneous palladium catalyst (former
Hoechst: ethene, acetic acid —from syn-gas—, and oxygen).

The Wacker-Hoechst process has been studied in great detail and in all
textbooks it occurs as the example of a homogeneous catalyst system
illustrating nucleophilic addition to alkenes. Divalent palladium is the oxidising
agent and water is the oxygen donor according to the equation:

Pd** + H,O — Pd(0) + 2H" +“O”
The overall reaction reads:
CHy +120, —» CH;CHO  AH=-244 kJ.mol
Including the palladium component the reaction reads:

C,H; +Pd* + H,O — Pd(0) + 2H" + CH;CHO



15. Oxidation with dioxygen 321

The reaction is highly exothermic as one might expect for an oxidation
reaction. The mechanism is shown in Figure 15.1. Palladium chloride is the
catalyst, which occurs as the tetrachloropalladate in solution, the resting state of
the catalyst. Two chloride ions are replaced by water and ethene. Then the key-
step occurs, the attack of a second water molecule (or hydroxide) to the ethene
molecule activated towards a nucleophilic attack by co-ordination to the
electrophilic palladium ion. The nucleophilic attack of a nucleophile on an
alkene coordinated to palladium is typical of “Wacker” type reactions.
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Figure 15.1. Reaction sequence of the Wacker reaction

The nucleophilic attack of the water or hydroxide species takes place in an
anti fashion; i.e. the oxygen attacks from outside the palladium complex and
the reaction is not an insertion of ethene into the palladium oxygen bond. This
has been demonstrated in a model reaction by Béckvall [4]. The reaction
studied was the Wacker reaction of dideuterio-ethene (cis and frans) in the
presence of excess of LiCl, which is needed to form 2-chloroethanol as the
product instead of ethanal. The latter product would not reveal the stereoche-
mistry of the attack! Note that all of the mechanistic work has been carried out,
necessarily, on systems deviating in one aspect or another from the real
catalytic one. The outcome depends strongly on the concentration of chloride
ions [5].
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The rate equation of the Wacker process reads as follows:
v =K[PdCL*][C;H,][H:0 T'[CIT?

The tetrachloropalladate is the resting state of the catalyst and in a fast pre-
equilibrium the crucial intermediate is formed. Note that we only have the
kinetic data to support this hypothesis. The intermediate formed by the
hydroxide attack is 2-hydroxyethylpalladium. After a rearrangement of the
hydroxyethyl group, acetaldehyde (ethanal) forms and palladium zero is the
reduced counterpart.

The literature disagrees about the rate-determining step of the Wacker
process; this may be the B-hydroxyethyl formation, or a step following this e.g.
the loss of another chloride ion (hence the strong inhibiting effect of high
chloride concentrations). From that intermediate onwards all processes are fast
and kinetics do not learn what might be happening.

al Q] ci ¢ ) ¢l Q] y
CI*P‘d*ODz |-|—F"dfoo2 Cl—Fd-0D, Pd + 2CF +Dy0" +
_ = CH 0= ~CH
HogCH2 FE=CH DO~ “CH, ’
oD DO

Figure 15.2. The Wacker reaction in D,0

Studies in deuterated water have shown that the hydroxyl proton does not
end up in the ethanal formed. The decomposition of the 2-hydroxyethyl is not a
simple B-elimination to palladium hydride and vinyl alcohol, which then
isomerises to ethanal. Instead, the four protons stemming from ethene are all
present in the initial ethanal product [6] (measured at 5 °C in order to suppress
deuterium/hydrogen exchange in the product) and most authors have therefore
accepted an intramolecular hydride shift as the key-step of the mechanism (see
Figure 15.2). There remains some doubt as to how the hydride shift takes place.

In its stoichiometric form, the reaction had been known since the
beginning of the 20" century. Direct reoxidation of palladium by oxygen is
extremely slow. The invention of Smidt (Wacker Chemie) involved the
intermediacy of copper in the re-oxidation of palladium:

2 Cu*" + Pd(0) — 2Cu" + pd*

2Cu" + 120, + 2H" — 2Cu*" + H,0

At present the Wacker reaction should be regarded as a relatively slow
process, with only a few hundred turnovers per hour at elevated temperatures
and pressures. For internal alkenes the rate is one or two orders of magnitude
lower and the reaction affords mixtures of products due to isomerisation. In the
absence of isomerisation, the product of the Wacker oxidation of a 1-alkene is a
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methyl ketone, a useful method in organic synthesis. Propene will give acetone,
which we can explain both by electronic and steric arguments, as the internal
carbon atom is the most electrophilic. There are a few rare examples of
palladium catalysts that give aldehydes (<70%) from terminal alkenes [7],
which probably involve cycloaddition reactions.

Process description

Here we will describe the one-stage process in which oxygen is used as the
oxidant and all reactions take place in one vessel.

gasl/liq separator

A
vent .
reactor light ends
PN condensor ngO
>
~— scrubber CH3CHO
4—‘ \
O2
N regeneration
CoHy 1 cycle >
—_—
4@ \l/m% product H0
gas recycle in water

distillation towers

Figure 15.3. Simplified flow-scheme of the Wacker process

Figure 15.3 shows the flow diagram of the one-stage Wacker process
(Hoechst). Oxygen and ethene are fed into the reactor (130 °C, 4 bar)
containing an aqueous solution of palladium and copper chlorides. Catalyst
concentrations have not been published. The reactor is a gas lift reactor and at
the top the liquid/gas is removed. In a separate vessel, liquid and gas are
separated and heat is removed by further evaporation. The gas contains
acetaldehyde, unreacted ethene and oxygen, and side products such as carbon
dioxide, hydrocarbons and water. Only the side-reactions give water and water
has to be kept in balance in the reactor. The gases are cooled in the condenser
and scrubbed in the next column with water. The unreacted gas is returned to
the reactor and a vent balances the production of carbon dioxide and inert
impurities in the feed such as ethane, methane and nitrogen. The water solution
leaving the scrubber contains 10% of acetaldehyde. In a distillation unit, the last
traces of light ends are removed and water and acetaldehyde (b.p. 20 °C, 1 bar)
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are fractionated. Acetaldehyde is completely miscible with water and forms no
azeotrope.

In the two-stage process, reoxidation of palladium is carried out in a second
reactor with air. Both processes utilise the intermediacy of copper in the
reoxidation reaction. In the first stage, a stoichiometric oxidation of ethene by
palladium(II) (and perhaps some Cu(Il)) takes place. The two-stage process can
be compared with heterogeneous oxidation reactions operating via the Mars-
van Krevelen mechanism [8] such as the oxidation of benzene to maleic
anhydride (Monsanto, Dupont); a solid catalyst in the oxidised state is used to
oxidise benzene in one reactor and in a separate reactor (fluidised bed) the solid
is reoxidised with air (or oxygen). As in the two-stage Wacker process, this
circumvents the danger of explosions when the hydrocarbon and oxygen are
mixed in one reactor.

When air is used as the oxidant, the gas cannot be recycled since inert
nitrogen would accumulate in the system. The one-stage process requires
recycling of the gas, because it contains unconverted ethene and thus oxygen is
used.

A major disadvantage of the Wacker chemistry using chloride catalysts is
the production of chlorinated byproducts such as chloroethanal. These have to
be removed since they are toxic and cannot be allowed in the wastewater. In the
small recycle loop the catalyst solution is heated to 160 °C which leads to
decomposition of chlorinated aldehydes under the influence of the metal
chlorides. The traces going over the top in the gas/liquid separator have to be
removed from the wastewater by different means. The toxicity inhibits
biodegradation. Chlorine free catalysts have been studied but have not (yet)
been commercialised.

15.3 Wacker type reactions

A development of the last two decades is the use of Wacker activation for
intramolecular attack of nucleophiles to alkenes in the synthesis of organic
molecules [9]. In most examples, the nucleophilic attack is intramolecular, as
the rates of intermolecular reactions are very low. The reaction has been
applied in a large variety of organic syntheses and is usually referred to as
Wacker (type) activation of alkene (or alkynes). If oxygen is the nucleophile, it
is called oxypalladation [10]. Figure 15.4 shows an example. During these
reactions the palladium catalyst is often also a good isomerisation catalyst,
which leads to the formation of several isomers.

The mechanism of the reaction in Figure 15.4 involves coordination of
palladium to the alkene and nucleophilic attack of oxygen at the internal
carbon atom to form the five-membered ring. Palladium is bonded to the
exocyclic carbon atom. [-hydride elimination gives the exocyclic methylene,
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and thus a re-insertion and another [-hydride elimination must take place to
form the product observed. A rapid, intramolecular sequence of insertions and
eliminations is not uncommon in Wacker type chemistry.

PdCl, CuCl, O,
h y
(@]

OH

Figure 15.4. Oxypalladation of 2-allylphenol

The palladium zero has to be reoxidised after the first turnover has
occurred. The turnover number is often not very high, even though copper is
used to catalyse the reoxidation. The exact nature of the palladium/copper
intermediates is not known; it is presumed that they form larger aggregates with
mixed valences. In the absence of copper, the re-oxidation of palladium is slow.
In certain cases it was found (or only postulated) that large palladium clusters
are formed containing Pd(0) in the inner part and Pd(Il) at the surface. The
reaction shown in Figure 15.5 is an example for which nicely the occurrence of
“giant” palladium clusters as the catalysts has been proven (nano-particles in
today’s jargon) [11]. The most abundant cluster in this system is Pdse, carrying
acetate and sulfoxide ligands at the surface.

OH
2N =N

"Pdsg¢", dmso C}
0,

Figure 15.5. Giant palladium cluster in Wacker reactions

Asymmetric Wacker type cyclisations have also been explored with the use
of 3,3'-diisopropyl 2,2'-bis(oxazolyl)-1,1'-binaphthyls as the chiral ligand [12].
The reaction and ligand are shown in Figure 15.6. The catalyst loading is 10%
and an ee of 85% is obtained at 88% yield. Such a high loading is not unusual
in this type of applications. When the amount of ligand was doubled, the ee
increased to 97%. This was explained by the relative instability of the
complexes formed due to the wide bite angle of the ligand. On the other hand,
the embracing effect of the ligand is needed to ensure that there is sufficient
steric bulk near the coordinating alkene substrate. Interestingly a
tetrasubstituted alkene is used for which one would not expect a facile
coordination to palladium. Secondly, three of the substituents at the alkene are
alike (methyl groups) and thus the enantiodiscrimination remains remarkable
even for an intramolecular reaction.
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Figure 15.6. Enantioselective Wacker-type ring-closure of an allylphenol

Nitrogen nucleophiles. The oxygen nucleophiles discussed so far are weak
ligands towards palladium®”, and thus ligand complexation does not interfere
with alkene co-ordination. Amines, however, form strong bonds with
electrophilic metals, and this reduces the activity of palladium as a catalyst in
Wacker reactions. Figure 15.7 shows an interesting example how this problem
can be solved [13]. Cyclopentyl amine coordinates to palladium and no further
reaction takes place. After acylation of nitrogen, the nitrogen donor will no
longer coordinate to palladium and the nucleophilic attack now occurs, but the
metallacycle formed does not react further and palladium is retained in the
complex as shown. When the amine is tosylated, however, complete
conversion to the unsaturated “Wacker” product is obtained.

lAc2O 1% PdCl, l o:®:o
N Ppd

NH N
Ts

Figure 15.7. Palladium catalysed addition of nitrogen nucleophiles to alkenes

Again we see that an alkene isomerisation reaction has taken place. Another
important, useful reagent applied in this field is also pictured in Figure 15.7, viz.
the use of benzoquinone as the re-oxidant for palladium. Quinone takes the role
of dioxygen as oxidising agent. It is very efficient and both quinone and
hydroquinone are inert towards many substrates. Furthermore, no water is
formed, as is the case when dioxygen is used.

Interception of the palladium-carbon bond by inserting another molecule
such as an alkene or a carbon monoxide molecule is a very useful tool. In
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Figure 15.8 a simple example is presented of a subsequent insertion of CO and
methanolysis of the palladium acyl intermediate [14]. This is not a very
common reaction, because both the ligand requirements and the redox
conditions for Wacker and carbonylation chemistry are not compatible. For
insertion reactions one would use cis coordinating diphosphines or diimines,
which makes the palladium centre more electron-rich and thus the nucleophilic
attack in the Wacker part of the scheme will be slowed down. In addition, the
oxidants present may lead to catalytic oxidation of carbon monoxide.
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Figure 15.8. Cascade reactions involving a Wacker reaction and methoxycarbonylation

Many nitrogen nucleophiles have been used in this reaction yielding a wide
variety of products [15].

15.4 Terephthalic acid

Introduction. The production of terephthalic acid (1,4-benzenedicarboxylic
acid) has several interesting features. First, it is one of the examples of a
homogeneous, radical-catalysed oxidation with the use of dioxygen and cobalt
salt initiators. Secondly, it is an example of a catalyst/product separation
involving a filtration of the product from the liquid that contains the catalyst.
Crystallisation on such a huge scale is not very attractive, but the low solubility
of phthalic acid in many solvents and the high boiling point do not allow any
other solution. Theoretically, a solvent-solvent extraction would be an option,
but we are not aware of a viable combination of solvents.

Terephthalic acid is used for the production of polyesters with aliphatic
diols as the comonomer. The polymer is a high-melting, crystalline material
forming very strong fibres. In production volume it is the largest synthetic fibre
and the production of terephthalic acid is the largest scale operated process
based on a homogeneous catalyst. More recently, the packaging applications
(PET, the recyclable copolymer with ethylene glycol) have also gained
importance. Terephthalic acid is produced from p-xylene by catalytic oxidation
with oxygen. The overall reaction for making terephthalic acid reads as shown
in Figure 15.9. The reaction is carried out in acetic acid and the catalyst used is
cobalt (or manganese) acetate and bromide. Phthalic anhydride is made from
naphthalene or o-xylene by air oxidation over a heterogeneous catalyst. The
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main application of phthalic anhydride is in the form of dialkyl esters used as
plasticisers (softeners) in PVC. The alcohols used are for instance 2-
ethylhexanol obtained from butanal, a hydroformylation product.

0 O-H
H3C@CH3 +30, >—©—§ +2 Hy0
H-O o)

Figure 15.9. Oxidation of paraxylene to terephthalic acid

The reaction produces two moles of water per mole of terephthalic acid.
The oxidation reaction is a radical process. The key step of the reaction scheme
involves the cobalt(Ill) bromide catalysed H-abstraction to give a benzylic
radical, hydrogen bromide and a divalent cobalt species (Figure 15.10). This is
the initiation process of the radical chain reaction. Without cobalt or manganese
and bromide the reaction would be very slow. The benzylic radical reacts with
dioxygen to give a peroxo radical. The peroxo radical can continue the cycle in
various ways. Like all other oxo radicals formed later in the cycle it can
abstract hydrogen from another substrate molecule or it can react with a
divalent cobalt complex and oxidise cobalt(Il) again to cobalt(Ill). This is the
second important reaction in this scheme because it regenerates the initiator. As
a result of radical coupling reactions the radicals will disappear and thus
trivalent cobalt is needed to start new radical chain reactions.
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Figure 15.10. Abridged reaction scheme for catalytic, radical oxidation of p-xylene
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When one methyl group has been oxidised, 4-toluic acid is formed. This
intermediate is soluble in the solvent used, acetic acid. In the next step it is
oxidised to terephthalic acid, which is almost insoluble in acetic acid. The
intermediate product is 4-formylbenzoic acid. This cocrystallises with the final
product. Since it is a mono-acid it will cause a termination of the polymerising
chain.

OH H OH o] OH
H3C4< >—< >—< >—< > < > §
(o) (0] [¢] HO 0O
4-toluic acid 4-formylbenzoic acid terephthalic acid
0 : 010 : (0]
(0] o] (0] o| .
poly(ethylene-terephthalate) PET
Figure 15.11. Important structures involved in PET manufacture

High molecular weights are needed to obtain strong materials. Thus, the
presence of mono-acids is detrimental to the quality of terephthalic acid and
they have to be carefully removed. One approach involves a second oxidation
carried out at higher temperatures and the other method involves reduction of
the formylbenzoic acid to toluic acid. The latter is more soluble and stays
behind in the liquid. The reduction is done with a palladium catalyst on carbon
support. This method gives the highest quality terephthalic acid.

The polymerisation with ethylene glycol can be carried out directly from the
acid if this is very pure. Older processes are based on a transesterification
process using dimethyl terephthalate. The intermediacy of the latter gives
another opportunity for further purification. The esterification/ polymerisation
is conducted at high temperatures (200280 °C) using metal carboxylates as
homogeneous catalysts. In the laboratory high molecular weights are obtained
by removing the last traces of water under vacuum.

Process description

Most of the terephthalic acid is produced with a catalyst system developed
by Scientific Design. It was purchased by Amoco and Mitsui and is referred to
as the Amoco Oxidation. The solvent is acetic acid. Compressed air is used as
the source for oxygen. The catalyst dissolved in acetic acid and the two
reactants are continuously fed into the reactor. The temperature is around 200
°C and the pressure is approximately 25 bar. The reaction is very exothermic
(1280 kJ.mol ™", calculation from data in Stull et al [16]; often a much higher,
erroneous value is cited). This heat of reaction is removed by
evaporation/condensation of acetic acid and can be used in the solvent
distillation/purification part of the plant. A scrubber washes the vent gases
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(inert gas traces and by-products such as carbon dioxide resulting from over-
oxidation). See Figure 15.12 for a simplified flow-scheme.
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Figure 15.12. Simple flow-scheme for terephthalic acid production

The oxidation proceeds in two steps, p-toluic acid is the intermediate. This
mono-acid has a high solubility in this medium and undergoes the second
oxidation. The conversion is high, approaching 100% and the yield based on p-
xylene is ~95%. The solubility of terephthalic acid in most solvents is
extremely low, even at this high temperature. The solubility in acetic acid at
room temperature is 0.1 g/l and at 200 °C it is still only 15 g/l. Thus, most of
the product crystallises while it is being formed and as mentioned above the
intermediate formylbenzoic acid cocrystallises. The mixture of liquid and solid
is led to a filter in which the crude product containing 0.5% of mono-acid is
collected. The liquid, containing traces of xylene, p-toluic acid, water, the
catalyst, and some product is sent to a distillation unit to remove water and to
recover acetic acid and the catalyst. The catalyst is relatively cheap, but the
heavy metals cannot be simply discarded and a recycle of these robust catalysts
would seem to be in place.

As outlined above a purity of “only” 99.5% is not sufficient for a polymer
feedstock and the mono-acid intermediate has to be removed either by
oxidation under more forcing conditions (Mitsubishi) or reduction (Amoco). In
the Amoco process (not shown) the crude di-acid is dissolved in water (275 °C)
(15 % weight) and hydrogenated over a palladium on carbon catalyst. The
intermediate 4-formylbenzoic acid is hydrogenated to 4-toluic acid which has a
much higher solubility and does not cocrystallise with terephthalic acid. The
solution is carefully cooled while the product crystallises and the by-product
remains in the water. The final content of 4-formylbenzoic acid is as low as 15
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ppm. The proportion of toluic acid may be an order of magnitude higher.
Aldehydes usually cause colouring of polymers and that is an additional reason
to remove them carefully.

Present developments. One might think that an established reaction such as
aerobic oxidation (or autoxidation) is not the subject of further research and
improvement, but this is definitely not the case and both new homogeneous and
heterogeneous catalysts are in development. In the introduction we already
mentioned the drawbacks of oxidation of cyclohexene to adipic acid and
several researchers address this challenge. Also a highly developed reaction
such as the oxidation of paraxylene is subject to further improvements.

We mention one example of a recent catalyst modification, with the risk of
omitting several important other ones. Cobalt or manganese initiated
autoxidation requires the presence of bromide ions for the initial abstraction of
a hydrogen radical. Halides in such a medium of acids and oxygen, and high
temperatures, are highly corrosive and replacement by another initiator would
be of interest. Ishii and co-workers reported on potential organic replacement
molecules [17]. One example is N-hydroxyphthalimide (NHPI), which
presumably reacts with a cobalt oxygen complex to give the radical
phthalimide N-oxyl (PINO) which starts the autoxidation cycle(s) in the normal
fashion. It works for the aerobic oxidation of benzylic compounds,
alkylbenzenes, cyclohexene, polycyclic alkanes, and alcohols (Figure 15.13).
Another active molecule is N,N’N’-trihydroxycyanuric acid (THICA), which
also produces a related N-oxyl radical.
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Q  TEMPO O NHPI O PINO
0] 0
Ho\N)k -OH Co(OAc),, O, HO‘NLN/O ®  autoxidation
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OH OH

THICA

Figure 15.13. Carbon-centred radical producing catalysts

Synthesis of aldehydes from alcohols is an important transformation in
several applications. In small scale oxidations still chromic acid is being used
as a stoichiometric oxidant of alcohols, which leads to a large amount of toxic
waste and it is also expensive. Catalytic routes have been reported using
palladium catalyst [18], or TEMPO (see also Figure 15.13) as a radical catalyst
for the oxidation of alcohols [19], or combinations of TEMPO and copper [20];
related work is mentioned in the references of these articles. The mechanism of
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the palladium-catalysed reaction has been studied. One of the catalysts used is
shown in Figure 15.14; in general dipyridine type ligands can be used with
palladium acetate, in water at high pH, and a 30 bar pressure of air. Turnover
frequencies are 50 m.m ".h™' or less at 100 °C, which may not seem extremely
high yet, but compared to stoichiometric means producing large amounts of
toxic waste this catalytic route is superior. The highest rate and 100%
selectivity were obtained for 3,3-dimethylbutan-2-ol. For hexan-1-ol the
selectivity amounted to 90%, but with TEMPO added it increased to 97%, see
below.
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Figure 15.14. Catalytic oxidation of alcohols [18]

The reaction rate is half-order in palladium and dimeric hydroxides of the
type shown are very common for palladium. The reaction is first order in
alcohol and a kinetic isotope effect was found for CH, versus CD, containing
alcohols at 100 °C (1.4-2.1) showing that probably the B-hydride elimination is
rate-determining. Thus, fast pre-equilibria are involved with the dimer as the
resting state. When terminal alkenes are present, Wacker oxidation of the
alkene is the fastest reaction. Aldehydes are prone to autoxidation and it was
found that radical scavengers such as TEMPO suppressed the side reactions
and led to an increase of the selectivity [18].

15.5 PPO

Poly(phenylene oxide) PPO, or poly(phenylene ether) PPE, is an
engineering polymer developed by General Electric. It concerns the oxidative
coupling of phenols discovered in 1956 by Allan S. Hay [21]. Oxidative
coupling leads to the formation of carbon-oxygen bonds between carbon atoms
2,4, and 6 and the phenolic oxygen atom. To avoid coupling with carbon atoms
2 and 6, alkyl substituents at these two positions were introduced. In addition to
the polymer a 4,4’ dimer is formed, named diphenoquinone (DPQ). The
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commercial product is made from 2,6-dimethylphenol DMP or 2,6-xylenol).
Copper catalysts with nitrogen ligands and dioxygen as the oxidant are used
(Figure 15.15). With methyl and ethyl groups at the 2 and 6 positions of phenol
polymer is formed, but larger groups such as two isopropyl groups, or one t-
butyl and one methyl group give 4,4’ coupling to diphenoquinone, because of
steric hindrance at the oxygen atom. When pyridine is used as the ligand for
copper a large excess of pyridine is required, but for a bidentate such as
tetramethylethylene-1,2-diamine (TMEDA) a one to one ratio with copper is
optimal. The TMEDA catalyst is much more active than the pyridine-based
one. Water, formed as the by-product, diminishes catalyst activity. N,N’-tBu,-
ethylene diamine gives a hydrolytically stable and active catalyst [22].

Xo, N-li
n QOH +n/2ozwj> H o H +nH20
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n

Figure 15.15. Copper catalysed oxidative coupling of phenols

The mechanism is not known in all details in spite of a large amount of
research devoted to it. Phenols form readily the phenoxy radical by abstraction
of hydrogen, but the free phenoxy radical is not involved in the reaction leading
to polymer. Typical hydrogen abstracting reagents such as Fenton’s reagent and
benzoyl peroxide lead to large amounts of DPQ, the 4,4’ coupled dimer. For
this reason most authors agree that the reaction giving polymer requires a two-
electron oxidation with the formation of phenoxonium cations.

The polymerisation reaction is a step growth polymerisation similar to a
condensation polymerisation of amides or esters. The reaction starts with
monomers, which dimerise, trimerise, etc. continuously maintaining a Flory-
Schulz distribution.

Monovalent copper salts were initially found to be better catalyst precursors
than divalent copper salts. The latter needed the addition of base. In the
presence of dioxygen the copper(]) salts are oxidised to copper(Il) hydroxides
forming hydroxide bridged dimers. The hydroxides can be replaced by
phenolates, thus producing the key-intermediate [23] (Figure 15.16). From this
equilibrium we understand that water concentration should be kept low in order
to have a maximum amount of phenoxides coordinated to the copper dimers.
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Figure 15.16. Key intermediates for oxidative 2,6-Me,-phenol polymerisation

When two electrons are transferred from a phenoxide anion to the copper
dimer, we form the phenoxonium cation and two copper(l) ions are formed.
Most likely, the phenoxonium cations are not free in solution, but they are still
coordinated to copper. The valence state cannot be rapidly deducted from the
picture and thus we have indicated that below the respective complexes. A
nucleophilic attack by another phenol (or phenoxide anion) takes place at
carbon-4 of the phenoxonium ion (Figure 15.17).
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Figure 15.17. C-O bond formation in oxidative coupling of DMP

Phenolates and phenols form very strong hydrogen bonds and thus the
actual complexes will be more complicated than the ones shown in Figure
15.17 and more phenolate anions or solvent molecules can coordinate to the
Cu(II) dimer. Reoxidation of the copper(I) dimer takes place with dioxygen,
which may involve oxygen complexes also relevant to biological systems,
such as u—n”m? peroxo complexes [24]. An interesting finding that supports
the mechanism shown in Figure 15.17 is the initial, selective formation of a
quinone ketal intermediate when dimethylphenol dimers are oxidatively
coupled, rather than the expected linear tetramer [25]. The reaction shows
(Figure 15.18) that as expected the phenoxoium ion of the dimer is much
more readily formed than that of the monomer because of the stabilisation by
the phenoxy substituent at carbon-4. The “branched” tetramer, quinone ketal,
converts to the linear tetramer via a rearrangement reaction.
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Figure 15.18. Oxidative coupling of dimethylphenol dimers to tetramers

Commercial application. 2,6-Dimethylphenol, the starting material, can be
made from cyclohexanone and formaldehyde at high temperatures over a
calcium phosphate catalyst or from phenol and methanol with the use of
magnesium oxide as the catalyst also at 350 °C. The polymerisation reaction
can be carried out in toluene at temperatures up to 65 °C, in the presence of
copper source and amine ligands under a stream of oxygen. The copper salts
are removed by a liquid-liquid extraction with water and amine ligands. Copper
is precipitated from the water solution as the sulphide salt. The toluene solution
is concentrated and the remaining syrup is used in blenders or the product is
precipitated by adding a solvent. The molecular weight is in the order of
40,000.

PPO (now PPE) has been commercially available from General Electric
since 1960. PPO has a very high T, (208 °C) and therefore it must be processed
at a high temperature. The product has high impact strength at high and low
temperatures, it has a high hydrolytic stability and flame resistance, and a high
heat distortion temperature. Its most important properties are the low electric
conductivity and the high miscibility with many other polymers. Blending with
polystyrene leads to a whole range of resins sold as Noryl® by GE. We find the
product in numerous applications as the “plastic” parts of electric devices (tv
sets, computers), and also in medical applications for which repeated steam
sterilisation is required.
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Chapter 16
ALKENE METATHESIS

Resisting functional groups ...

16.1 Introduction

Metathesis of alkenes has been known for a long time. The initial catalysts
were based on tungsten, molybdenum, and rhenium. Both homogeneous and
heterogeneous catalysts find application. A complete review can be found in
the book by Ivin and Mol [1]. Well known homogeneous catalysts can be
formed from MoCls or WClg and an alkylating reagent. These are actually
Ziegler-type procedures for preparing a catalyst for polymerisation, but it was
noted that the reaction did not yield alkene insertion products with loss of the
double bonds, but instead the double bonds were retained. The name “olefin
metathesis” was coined by Calderon [2]. Alkylation of the metal chloride
follows a different pathway in this instance. After dialkylation with reagents
such as EtAICI or R4Sn, a-elimination occurs and a metal alkylidene is
formed, Cl;W=CR,, see Chapter 2, Elementary steps. Often oxygen-containing
promoters including O,, EtOH, or PhOH are added. Turnover frequencies as
high as 300,000 mol (product).mol’(cat).h” can be achieved, even at room
temperature. The metal halides react with these species to give more active and
stable alkoxide and oxo metal complexes.

A =

Figure 16.1. Metathesis of lower alkenes

Heterogeneous catalysts were first reported by Eleuterio [3] and the reaction
concerned metathesis of light olefins over MoO; on alumina at high
temperature, 160 °C. Heterogeneous applications involve the conversion of
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propene into ethene and 2-butene, or the reverse reaction depending on demand
and availability of the feedstocks. Butenes can also be made from ethene via
dimerisation and in this way the flexibility in the feedstock coming from the
naphtha cracker is increased, but it does add an extra step to the whole. The
ethene-propene-butene process was known as the Phillips Triolefin process and
it was on stream for a number of years during the sixties for the conversion of
propene. The overall reaction is shown in Figure 16.1. Since 2001 there is
another plant from BASF-FINA in Texas using this reaction to increase the
mount of propene coming from the cracker. Now it is named the OCT (Olefin
Conversion Technology) process. Mitsui Chemicals will install the OCT
technology to meet increasing propene demand in Asia.

Another heterogeneous metathesis process forms part of the Shell Higher
Olefins Process. The oligomerisation reaction of ethene gives a Schulz-Flory
mixture of oligomers that all have to be converted to C;; and C;, alkenes
(Chapter 9). The 1-alkenes for which there is a market are being sold directly,
but the remaining part, which may be more than 50% by weight of the product
of the oligomerisation reaction, is sent to the “isomerisation-metathesis”
section. All by-products leave the plant as internal C;; and C,, alkenes after
“many” recycles, because the fraction of C;;_y, is relatively small in this very
broad mixture. The catalyst used is a molybdenum oxide catalyst on silica; its
commercial source is the so-called CoMo catalyst also used for the
hydrodesulfurisation of petroleum fractions (HDS)!

Early applications of homogeneous catalysts in industry were
polymerisation reactions, in particular the ring-opening metathesis
polymerisation (ROMP) of cyclopentene and cyclooctene. Hiils (Germany)
brought trans-poly(1-octylene) on the market in 1982 as Vestenamer 8012.
Tungsten catalysts are used containing a number of chloride anions and
substituted phenoxides. Activation often took place with DEAC,
diethylaluminium chloride. Mainly frans (80%) is produced as drawn in Figure
16.2. It is used in blends with other polymers.

WClg,
Et,AICI,
EtOH _

Figure 16.2. ROMP of cyclooctene

The Ziegler-like character of the initial catalyst systems prohibited the use
of alkenes containing functional groups, even very simple ones as carboxylic
esters, amides or ethers, as they will coordinate to the electrophilic metal, or
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worse, react with the alkylating agents. The search for functional-group
resistant catalysts has always been a key issue in metathesis research. A first
break-through, showing that it was not intrinsically impossible to accomplish
this, even with early-transition metals, was the metathesis of methyl oleic esters
with the use of tungsten halide catalysts activated with tetramethyltin by Van
Dam and co-workers [4]. The latter does react with tungsten hexachloride to
form the initial carbene-tungsten species, but it is not sufficiently active as a
metal alkyl species to react with methyl esters. Turnover numbers were only in
the order of 100500, but many of today’s catalysts for applications in organic
syntheses do not reach higher turnover numbers.

16.2 The mechanism

For didactic reasons we will not show mechanistic proposals that have been
abandoned, because the “carbene” mechanism now is well established. It is
referred to as the Chauvin-Hérisson mechanism, as they were the first to
propose the intermediacy of metal-alkylidene species [S]. Their proposal was
based on the observation (simplified for our purposes) that initially in the ring-
opening polymerisation of cyclopentene in the presence of 2-pentene a mixture
of compounds was obtained rather than the single products if a pair-wise
reaction of cyclopentene (or higher homologues) and 2-pentene would occur.
Figure 16.3 shows the results.

YD

N~/

<

WOCl,,
Et,AICI

step-wise ‘ @

WoCl,,

pair-wise Et2A|C|

/N
LISl

Figure 16.3. Result of pair-wise reactions (top) and step-wise reactions
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If cyclopentene would react pair-wise with 2-pentene, only one product
would form, namely 2,7-decadiene, and a similar result for cyclodimers etc. of
cyclopentene. If somehow, the alkylidene species would be transferred one by
one, we would obtain a mixture of 2,7-nonadiene, 2,7-decadiene, and 2,7-
undecadiene in a 1:2:1 ratio. The latter turned out to be the case, which led the
authors to propose the participation of metal-carbene (metal alkylidene)
intermediates [6]. Via these intermediates the alkylidene parts of the alkenes
are transferred one by one to an alkene. The mechanism is depicted in Figure
16.4. In the first step the reaction of two alkylidene precursors (ethylidene —
bottom- and propylidene —top) with cyclopentene is shown. In the second step
the orientation of the next 2-pentene determines whether nonadiene, decadiene
or undecadiene is formed. It is clear that this leads to a statistical mixture, all
rates being exactly equal, which need not be the case. Sometimes the results are
indeed not the statistical mixture as some combinations of metal carbene
complex and reacting alkene may be preferred, but it is still believed that a
metal-carbene mechanism is involved. Deuterium labelling of alkenes by
Grubbs instead of differently substituted alkenes led to the same result as the
experiments with the use of 2-pentene [7].

step-wise

10

</

— (T
W= =

\Wo—»mﬁﬁﬁj+

Figure 16.4. Metal alkylidene mechanism for cyclopentene/2-pentene metathesis
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Another observation was that the ring-opening polymerisation of cyclic
alkenes led to a polymer growth reaction rather than a condensation
polymerisation reaction. In a condensation polymerisation we would see a
steady growth of the oligomers to mixtures of Cs, Cyo, C;s, Cy, etc while
continuously a Schulz-Flory distribution is maintained. Instead, a chain growth
mechanism is observed [8], i.e. the growing chain remains attached to the
catalyst and we observe the growing chains in addition to the excess of
monomer, see Figure 16.5.
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Initially the polymer molecular weight distribution obeys a Poisson
distribution, typical of a chain growth reaction without chain transfer. Since the
reactions are reversible, at a later stage, also the equilibration between the
polymers becomes important and a broad distribution of molecular weights is
obtained. As can be seen from Figure 16.5 the presence of linear alkenes causes
chain termination (chain transfer) and thus low molecular weights are produced
if the cycloalkenes are not sufficiently pure.

@ polymer polymer
WOCIy, termination —
w Et,AICI — — — [
W A W= chain growth W= /i
initiation

!

etc.

ao® 25

condensation polymerisation
Figure 16.5. Condensation polymerisation versus chain growth

Early reports about involvement of metal alkylidene complexes in a chain
growth polymerisation reaction and how metal alkylidenes may form via
elimination reactions include suggestions by Dolgoplosk and co-workers [9]. In
a subsequent paper they initiated the ring-opening metathesis reaction of
cyclopentene or cyclooctadiene by the addition of (diazomethyl)benzene to
tungsten hexachloride. In the absence of cycloalkene stilbene was formed,
showing that tungsten is able to accommodate the carbene moiety [10].

The chemistry of alkylidene and alkylidyne complexes of early transition
metals was developed by Schrock and co-workers and these complexes turned
out to be of crucial importance to alkene and alkyne metathesis. Initially their
research focused on tantalum complexes of the type CpTaCl,R,, which after o-
elimination (Figure 16.6) led to alkylidene complexes Cp(R)Cl,Ta=CHR’ [11].

& &

\ AT \
CyTa/ ,/t'Bu CyTGQ(H + neopentane
cl c t-Bu

t-Bu
Figure 16.6. Formation of well-defined alkylidene complexes

In subsequent publications reactions were reported relevant to alkene
metathesis, such as 2+2 additions with alkenes giving metallacyclobutanes
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(Figure 16.7), but as catalysts tantalum alkylidenes were extremely slow. This
marks the beginning of the synthesis of well-characterised metal carbene
complexes as active catalysts, for metals of practical importance in metathesis
such as molybdenum and tungsten. The carbene complexes used until then, e.g.
(OC)sW=CPh, [12] or the in situ prepared Ziegler-type catalysts for
molybdenum [6] are not active before they have undergone considerable

changes.
VO — T — =0

Figure 16.7. Metallacyclobutane mechanism

A prerequisite for the o-elimination is the absence of B-hydrogen atoms in
the alkyl groups and this was successfully achieved by using the neopentyl
substituents at the metal centre. The nature of the double bond between the
metal and carbon was established by its bond length and the occurrence of
stereoisomers [13]. Typical feature of the “Schrock™ carbenes is that they
contain an electrophilic, high-valent metal atom and an electron rich carbene
carbon atom. The reverse is true for the older, Fischer carbene compounds,
such as the one mentioned, (OC)sW=CPh,.

Involvement of o-elimination reactions for in situ prepared catalysts from
WCls and Me,Sn was demonstrated by the use of °C in tetramethyltin. The
norbornene polymers formed contained the °CH, alkene moiety as the end-
group. Also unstable Cl;W=CH, and CLW="CH, species were observed by 'H
NMR spectroscopy [14].

The expected intermediate for the metathesis reaction of a metal alkylidene
complex and an alkene is a metallacyclobutane complex. Grubbs studied
titanium complexes and he found that biscyclopentadienyl-titanium complexes
are active as metathesis catalysts, the stable resting state of the catalyst is a
titanacyclobutane, rather than a titanium alkylidene complex [15]. A variety of
metathesis reactions are catalysed by the complex shown in Figure 16.8,
although the activity is moderate. Kinetic and labelling studies were used to
demonstrate that this reaction proceeds through the carbene intermediate.

t-Bu
CDZQ

Qi%\t'm — ;jl'i:CH2 ;:ri#\t—Bu
% - =/ A D, b,

Figure 16.8. Grubbs's titanacyclobutane catalyst for metathesis
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The most common method for the generation of the metal alkylidene
species seems to be o-elimination from an intermediate dialkyl-metal species.
This procedure gives the most active catalysts. Above we mentioned the
addition of other carbene precursors, which leads to active catalysts. Other
methods to generate the metal alkylidene species involve alkylidene transfer
from phosphoranes [16] or ring-opening of cyclopropenes [17]. In Chapter 16.4
we will describe a few compounds that are active by themselves as metathesis
catalysts.

16.3 Reaction Overview

Numerous catalysts and metathesis reactions have been reported and it is
not possible to do justice to all authors, not even to those who have contributed
to the development of the mechanistic proofs summarised above. In Figure 16.9
we have collected a schematic overview of the type of reactions that are usually
distinguished in metathesis catalysis.

cross metathesis R/_

ring-closing metathesis ﬂ _— @ + =
7 \

RCM

ring-opening metathesis
ROM

ring-opening metathesis
polymerisation

ROMP

acyclic diene metathesis
polymerisation

ADMET

Figure 16.9. Types of metathesis reactions
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16.4 Well-characterised tungsten and molybdenum
catalysts

Since the late seventies efforts were directed toward the development of
well-defined catalysts that would be active without addition of additives or
further modification. A wide variety of tungsten and molybdenum alkylidene
complexes have been prepared. Many of them show some activity, but only
few are good catalysts. The synthesis is often not straightforward and a range of
synthetic procedures varying solvents, alkylating reagents, anions, and
alkylidene moieties have to be tried before a desired compound will be
obtained.

Probably the first isolated tungsten alkylidene complex active in metathesis
and completely characterised is the one shown in Figure 16.10 reported by
Wengrovius and Schrock; the analysis included an X-ray structure
determination by Churchill and co-workers [18]. The alkylidene was
transferred from a tantalum complex to yield the hexacoordinate tungsten
complex containing two PEt; ligands. One of these can be removed by the
addition of half an equivalent of palladium chloride. The total turnover number
of these catalysts with Lewis acids added was ~50 in 24 hours.

Fl’Et3 H
Cl
Cl3(PEt3)Ta=CHCMej3; + O=W(OCMej3), E—— Ta(OCMej3)4Cl + Cl—/W\
7| tBu
PEt, PEt;
PdCI,y(PhCN), cl| H
W= .
O Cl tBu 2-pentene metathesis

Figure 16.10. Synthesis of the first isolated metathesis catalyst

An example of a much faster catalyst, equally well characterised is depicted
in Figure 16.11. This catalyst gives thousands of turnovers of cis-2-pentene in a
few minutes at 25 °C. The electron withdrawing fluoroalkoxides make the
metal centre nucleophilic and the steric bulk prevents dimer formation or other
degradation reactions.

ORf i
ORf\ H | SiMe3

FaC SiMes _
)—0 = ORf /V‘V% 2 — ORI
N tBu
FoC

iPr. ORf Pr N SiMes
1°r

Figure 16.11. Highly active tungsten alkylidene complex and tungstenacyclobutane complex
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With two molecules of vinyltrimethylsilane it gives the tungstena-
cyclobutane containing two MesSi groups. Apparently, the silyl groups stabilise
the metallacyclobutane species relative to the alkylidene species.

The molybdenum analogue of this tungsten catalyst is known as Schrock’s
catalyst [19]. It is less active than its tungsten counterpart, but it is much more
resistant to polar groups in the substrate.

Figure 16.12. Schrock's catalyst for polar substrates

Instead of neopentylidene Me;C(H)= it contains PhMe,C(H)=, a cheaper
analogue, for which the starting halide precursor is cheaper than neopentyl
chloride. By replacing the two alkoxides by a chiral bulky bisphenol also
asymmetric metathesis has been achieved [20]. This is called the Schrock-
Hoveyda catalyst, see Figure 16.13, coordinating tetrahydrofuran omitted. It
can be used for example for asymmetric RCM, see below. Since the metathesis
reaction is reversible, if possible one must remove one of the alkene products,
for instance when this is ethene one can bubble nitrogen through the solution.
Otherwise, eventually the racemic mixture will form. Another interesting
solution is shown in Figure 16.13 in which a five-membered ring rearranges to
the more stable six-membered ring. The ee of the product can range from 14 to
91% depending on the substituents at the aryl rings of the bisphenol and the
aryl amide. The crucial part of the reaction is the asymmetric ring opening
metathesis (AROM) of the five-membered ring, because at this point the ee has
been determined.

7

CsH11-_O -, 0

F

CsHi1.,,
+ Mo=CHx / Mo=CH,

AROM Y

ﬁ\Mo

Figure 16.13. Schrock-Hoveyda catalyst for asymmetric metathesis
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Likewise asymmetric ring closing metathesis has been achieved (ARCM)
on acyclic trienes [21]. An example is shown in Figure 16.14. One can easily
imagine that these types of reactions will be extremely useful in asymmetric
organic synthesis; the remaining double bond can be hydrogenated to obtain
alkyl group substituents that are very similar in nature. Such an asymmetric
carbon centre is difficult to make by other means.

/ .
= iC4Ho.,
iC4Ho O + Mo=CH, ., O

9 =1
7 N\ ARCM 98% ee

Figure 16.14. Asymmetric Ring Closing Metathesis

Alternatively one might continue the synthesis with further substitution
reactions at the remaining allyl group. Ethers containing chiral tertiary carbon
atoms adjacent to the oxygen atom are scarcely accessible and metathesis is a
very convenient tool.

16.5 Ruthenium catalysts

The activity of ruthenium for ring-opening polymerisation has been known
for a long time. As early as 1965 Natta reported that cyclobutene and 3-Me-
cyclobutene can be ring-opening polymerised by ruthenium chloride in protic
media [22]. Reports on ROMP of norbornene and ruthenium in protic media
appeared in the same year [23]. In 1972 the metathesis nature of this ruthenium
system and other catalyst systems based on titanium, vanadium, rhodium,
nickel, iridium, etc. was recognised [24]. Porri continued research along these
lines and in 1974 he reported the ROMP of norbornene with ruthenium and
iridium salts in protic media [25]. Reaction times reported were rather long.
Ruthenium showed activity for ROMP of cyclopentene as well, but only after
the addition of dihydrogen. These were the first reports on catalysts made from
elements of the right-hand side of the periodic table. This was very remarkable,
because until then metathesis catalysts were incompatible with polar and
certainly protic solvents. The work remained relatively unnoticed, although an
industrial process was based on it in 1976 (CdF-Chimie, Norsorex; now
Atofina). Like in the Porri system, RuCl; is used in an alcohol as the solvent (t-
BuOH) and in situ formation of the presumed ruthenium alkylidene took place.
Norsorex is the trans (90%) polymer of ROMP of norbornene with a molecular
weight of 2 M.

In 1988 Novak and Grubbs reexamined the ruthenium catalysed ROMP in
protic media with 7-oxanorbornene as the substrate [26]. As catalysts they used
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RuCl; in water or the more active Ru(H,O)g(tos),. They found that considerable
incubation occurred and that after the incubation period a small portion of
ruthenium was active, which showed a very high activity. Molecular weights of
0.5 M were obtained and other R-groups were studied as well. Re-use of the
catalyst solutions led to much shorter or no initiation times. Figure 16.15 shows
the reaction.

R = CH,OH, CH,OCHs, CH,0C,Hs

Figure 16.15. ROMP of oxanorbornene derivatives in water with a ruthenium catalyst

It was evident that the ruthenium catalyst was highly resistant to polar
functionalities and that potentially it could compete successfully with the
rhenium and tungsten based catalysts using alkyl tin compounds as the
initiating agent to generate the alkylidene species, if only its activity could be
generated in a controllable fashion. The preparation of tungsten and
molybdenum alkylidene complexes active as metathesis catalysts without
further activation stimulated research into this direction for the ruthenium
catalysts. Addition of ethyl diazoacetate as a carbene precursor (as Dolgoplosk
did for tungsten [10]) to ruthenium hydrated salts gave active catalysts [27].
The first successful synthesis of a ruthenium alkylidene was obtained with the
use of diphenylcyclopropene as the carbene precursor [28], Figure 16.16.

Ph

PRs Ph F"Ri/:<
ClRU—PR. + Clvry=/" 'ph

c | s D<|:>h a” |
PR PR3

Figure 16.16. The first isolated ruthenium carbene catalyst

The latter method was utilized in the synthesis of ruthenium vinylalkylidene
complexes of the type RuClL,(=CHCH=CPh,)(PR3), (R = Ph [29] and R=Cy
[30]. The phenyl carbene species was isolated when diazomethylbenzene was
used [31], Figure 16.17.

PRs Ph PR ph
Cleouy =N=C Cliry=¢  +N
o UTPRe v NENSG e g, T
PRs H PR;

Figure 16.17. Ruthenium phenylcarbene catalyst
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While ruthenium dichlorides always showed an undesirable initiation time,
these novel catalysts start the reaction without delay. For compounds not
containing functional groups their turnover frequencies can be several
thousands per hour, but for polar molecules the total turnover may be as low as
fifty, obtained in several hours.

Initially the presence of the two phosphine molecules in the complex was
considered to be of crucial importance. Grubbs has shown that in fact the
complex containing only one phosphine ligand is more active [32]. Higher
activities were obtained when CuCl was added to the reaction mixture; CuCl
removes free phosphine from the solution thus shifting the equilibrium to the
side of the mono-substituted ruthenium complex. Ligands with lower x-values
(e.g. cyclohexylphosphine) give higher rates. Anions follow the reverse order:
Cl > Br > L. This detailed study was conducted on the RCM reaction shown in
Figure 16.18, often chosen as the model test reaction after Grubbs had
introduced his catalysts. In general the ruthenium catalysts are still not as fast as
the tungsten or molybdenum based ones, but their flexibility and scope is
enormous.

PR3 pp
EtO,C, COEt Cl';R‘u:C/\ EtO,C, COEt
C7 pr, H J—

7 N\
Figure 16.18. RCM model reaction with Grubbs catalyst

An important development has been the introduction of carbene ligands
replacing one of the phosphine ligands. The structure of the complex is the
same, carbene and phosphine occupying trans positions. The catalyst is known
as the second generation Grubbs catalyst, which in many applications is more
active than the first generation Grubbs catalyst. As we have learnt in Chapter 1
diamino-carbene ligands are very strong c-donors and very poor m-acceptor
ligands; since PCys; ligands perform better than PPh; ligands one might expect
that carbene ligands are even better. Asymmetric variations of carbene ligands
have also been reported. Figure 16.19 illustrates the three most common
Grubbs ligands.
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Figure 16.19. The first and second generation Grubbs catalysts and an asymmetric catalyst

Many applications of these new catalysts to organic chemistry have
appeared recently and excellent reviews have appeared [33], but with the
present rate of publications we cannot keep up with the most recent
developments! Large rings can be prepared this way, and subsequently the
alkene linker can be hydrogenated or functionalised. Also, multiple links
between molecules containing several alkene substituents can be accomplished
[34], etc. In view of the relative ease with which allyl groups can be introduced
in organic molecules one might expect that the method will find very wide
application in organic synthesis. Within a very short period the Grubbs catalyst
has become an indispensable tool in organic synthesis.

16.6 Stereochemistry

The final stereochemistry of a metathesis reaction is controlled by the
thermodynamics, as the reaction will continue as long as the catalyst is active
and eventually equilibrium will be reached. For 1,2-substituted alkenes this
means that there is a preference for the trans isomer; the thermodynamic
equilibrium at room temperature for cis and trans 2-butene leads to a ratio 1:3.
For an RCM reaction in which small rings are made, clearly the result will be a
cis product, but for cross metathesis, RCM for large rings, ROMP and ADMET
both cis and trans double bonds can be made. The stereochemistry of the
initially formed product is determined by the permanent ligands on the metal
catalyst and the interactions between the substituents at the three carbon atoms
in the metallacyclic intermediate. Cis reactants tend to produce more cis
products and frans reactants tend to give relatively more trans products; this is
especially pronounced when one bulky substituent is present as in cis and trans
4-methyl-2-pentene [35]. Since the transition states will resemble the
metallacyclobutane intermediates we can use the interactions in the latter to
explain these results.

The metallacyclobutane ring is not flat, but puckered, with carbon-2 above
the plane formed by the metal and the other two carbon atoms. This leads to
equatorial and axial positions for the substituents. In the ring 1,2 and 1,3
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interactions play a role and all substituents will prefer equatorial sites. Only the
productive pathways have been depicted in Figure 16.20. From the figure we
can see that if two small methyl groups are at positions 1 and 2, the 1,3
interaction dominates, and the trans or cis structure of the reactant is mostly
retained in the 2-butene products. When the two isopropyl groups are in 1 and 2
positions, they cannot assume cis positions, and only trans “bulky” alkene is
formed (trans-2,5-dimethyl-3-hexene). The data in the Figure refer to the
catalyst WClg, Et,0O, SnBuy [35].

For ROMP of cyclopentene dominant 1,2 interactions will lead to frans
polymer, but dominant 1,3 interactions will give an initial cis polymer. The
latter seems to be the case in more crowded catalysts.

) / M%>/ — o 67%
L (R ™~ N%?\;»\z\ 33%

Nz
+

Figure 16.20. Metathesis of 4-methyl-2-pentene (R=i-Pr)

16.7 Catalyst decomposition

Early transition metal based catalysts react with a variety of polar substrates
and impurities, except the molybdenum ones substituted electronically and
sterically (Figure 16.12) in such a way that they become less “oxophilic”. In
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general early transition metal alkylidenes will for instance react with aldehydes
to form a metal oxo species and an alkene. This type of heteroatom metathesis
reaction is very common (Figure 16.21).

M o}
| o — 0+ =
ktBu kPh o

M, see Figure 16.12
Figure 16.21. Reaction of aldehydes and ETM alkylidene complex

The Schrock catalyst shown in Figure 16.12 does react cleanly with
benzaldehyde according to the equation shown in Figure 16.21, a Wittig- type
reaction [19]. The compound did not react with ethyl acetate or N,N-
dimethylformamide for several weeks at room temperature.

Simple alkenes can give turnover numbers in the order of several 100,000
with tungsten or molybdenum based catalysts, including the in situ prepared
catalysts (e.g. WClg, PhOH, SnBu,), provided that the alkene is thoroughly
purified. A convenient purification method is percolation of the alkene over
neutral alumina to remove peroxides.

In the synthetic protocols for organic chemistry the Grubbs catalysts are
usually applied in quantities of 1-5 mol% and one may wonder why so much
catalyst is needed. Reasons for this may include that the catalyst is not totally
stable towards the functional groups, or perhaps the ingress of air and water
leads to decomposition of the catalyst. Therefore it is of interest to have a look
at unmodified alkenes with the use of ruthenium catalysts. Several authors have
found that the intrinsic activity of the Grubbs catalyst or in situ prepared
ruthenium catalysts can be very high, and turnover numbers approaching one
million have been reported for 1-octene. Removal of peroxides from the alkene
feed is again important [36].

Metathesis of 1-octene leads cleanly to ethene and 7-tetradecene, but as the
reaction proceeds also 2-octene is formed and metathesis products derived from
the isomerisation reaction. It was found that after prolonged reaction times
decomposition of the ruthenium alkylidene catalyst occurs. At least eight
different products were formed and several of them have been identified [37].
Figure 16.22 shows the identified compounds derived from Grubbs 1%
generation catalyst (the 2™ generation gives basically the same result [38]).
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Figure 16.22. Decomposition products of Ru=CHPh and methanol, water and O,

The mechanisms proposed contain pathways for generating a carbonyl
species either from an alcohol added or it may form from the carbene ligand
with either water or dioxygen. In the presence of dioxygen Cy;P=0 was also
found as the product. Even in very carefully cleaned glassware still
decomposition to some of these products occurred and thus decomposition
seems hard to avoid in the laboratory. The hydrides and phenyl compounds
formed this way were shown to be good isomerisation catalysts (100,000
turnovers!) for 1-octene to 2-octene and they can also be used as hydrogenation
catalyst. The selectivity to 2-octene was 95% if the reaction is stopped in time
as l-octene is much more reactive than 2-octene, as the chemical equilibrium
tells us. It was reported that the alkylidene catalyst could be on purpose
transformed into these hydride species in order to carry out a tandem
metathesis/ hydrogenation reaction [39].

From these studies it is evident that the intermediates obtained during an
organic synthesis will likely contain impurities at the percentage level that may
make the use of similar catalyst levels necessary, unless still better catalysts that
are more resistant to alcohols and water will be developed.

16.8 Alkynes

Metathesis of alkynes has also been known since the sixties. In this instance
it is more curious that the reaction indeed follows a metathesis mechanism via a
metallacyclobutadiene mechanism, starting from a metal alkylidyne and an
alkyne, and not a breaking of the 6-bond and exchange of groups. Metathesis
of BuC=""CH gave indeed BuC=CBu and H"C=""CH [40]. The history of
alkyne metathesis is interesting because it is an example how mechanistic ideas
can lead to far better catalysts.

Initially a catalyst was obtained by in situ mixing, using a method that was
relatively satisfactory for alkenes. Heating molybdenum carbonyl with
resorcinol or chlorophenol at high temperatures (110-160 °C) gave a few
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turnovers per hour for aryl substituted alkynes [41]. A considerable
improvement was obtained by using O,Mo(acac), with phenols and AlEt; as
the alkylating agent, a much more likely way to arrive at molybdenum
alkylidyne species. Turnover frequencies as high as 17,000 per hour were now
achieved at 110 °C [42]. Many tungsten alkylidyne (also named tungsten
carbyne) complexes were tried, but many showed no reactivity. Besides the
synthesis was not straightforward in many cases and the efficient procedures
had to be developed (Schrock and co-workers). Wengrovius and Schrock [43]
found that t-BuC=W(O-t-Bu); was an extremely efficient catalyst for the
metathesis of 3-heptyne with a turnover frequency of hundreds of thousands
per hour! Depending on the size of the alkoxide groups used the reaction has as
a resting state the metallacyclobutadiene complex or the alkylidyne state, as is
concluded from the kinetics. The former reaction is zero order in alkyne
(dissociative™), the latter is first order in alkyne concentration (“associative’)
[44], see Figure 16.23.

OtBu OtBu OtBu
R-C=W/, Rl SN,
~\OtBu ‘c=wy; OtBu G wy OtBu
OtBu _— | OtBu — I Yotu
C=C., ¢ cC
R./ R' \
R—C=C-R' R'R

Figure 16.23. Alkyne metathesis

Initially alkynes were polymerised by trial and error with the use of Ziegler
type recipes and the mechanism for these reactions may well be an insertion
type mechanism. Undefined metathesis catalysts of ETM complexes were
known to give poly-acetylene in their reaction with alkynes (acetylene) [45]
and metallacycles were proposed as intermediates. Since the introduction of
well-defined catalysts far better results have been obtained. The mechanism for
this reaction is shown in Figure 16.24 [46]. The conductive polymers obtained
are soluble materials that can be treated and deposited as solutions on a surface.

R NAr NAr R NAr
\C:MO/,, R Il \ A
H’ S ORf CH—MO{‘ORf HC MO"< ORf
ORf _ \ | YORf — N\ | orf
_c=C_, c—cC
" C=C—R' R R Lo
R'—C=C-R R R
NAr
- . R mdlyORf
=, /\/\/\/\/\/\/C§C*C”) ORf
- / \
R’ R

Figure 16.24. Reaction of metal alkylidenes and alkynes
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Metathesis of enynes is another intriguing application in the laboratory. It
would seem from the outcome, that it is a completely intramolecular reaction,
but if the mechanism involves a metal alkylidene this is not true and the
alkylidene group moves on from one substrate molecule to the next, see Figure
16.25. The methylene group moves to the next ring-closed diene. This is a
useful tool in organic synthesis [47].

Ru

X
T N/\/ ¢ R — S~ Ru
S| \/\OAC v TSN\/\OAC TSN(jL‘/\OAC

e TsN | TSN " one Ru
TsN(j_k
OAc OA

OAc

C

Figure 16.25. Reaction of tungsten alkylidene with enynes

16.9 Industrial applications

Above we have mentioned several heterogeneous applications such as the
OCT process and SHOP. Neohexene (3,3-dimethyl-1-butene), an important
intermediate in the synthesis of fine chemicals, is produced from the dimer of
isobutene, which consists of a mixture of 2,4,4-trimethyl-2-pentene and 2,4,4-
trimethyl-1-pentene. Cross-metathesis of the former with ethene yields the
desired product. The catalyst is a mixture of WO;/SiO, for metathesis and MgO
for isomerisation at 370 °C and 30 bar. The isobutene is recycled to the
isobutene dimerisation unit [48].

We also mentioned Vestenamer 8012, a predominantly trans polymer of
cyclooctene made with a WClg based catalyst (Degussa-Hiils), used in blends
and poly-norbornene made by a catalyst generated from RuCl; in t-BuOH in
the presence of air (Norsorex by Atofina, a polymer with a very high molecular
weight).

As a last example we mention polydicyclopentadiene (DCPD).
Dicyclopentadiene is the Diels-Alder adduct of cyclopentadiene, an abundant
product from the cracker in the refinery. It contains a strained norbornene ring
and a less strained cyclopentene ring. ROMP leads to opening of the
norbornene ring, but some reaction of the cyclopentene ring also takes place,
which leads to cross-linking (Figure 16.26).
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Figure 16.26. ROMP of DCPD

The polymer is a yellowish material with very high impact strength. It is
made via a so-called reaction injection moulding procedure (RIM). Two stable
solutions, each containing a catalyst component, e.g. WCL(OAr)s and SnBuy
are brought together in a warm mould. An exothermic reaction occurs and the
temperature rises up to 190 °C and within two minutes the fabricated parts are
obtained. Reaction should go to high conversion as the smell of DCPD is
unpleasant. They are marketed as Metton (initially Hercules and Shell) and
Telene (Goodrich) and the parts made are for instance panels for trucks,
snowmobile hoods, and fenders for tractors.

For a recent update of industrial applications see [49].
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Chapter 17
ENANTIOSELECTIVE CYCLOPROPANATION

In just one step to valuable products ...

17.1 Introduction

Cyclopropane molecules can be synthesised by the addition of carbenes to
alkenes. The carbene can be generated via the transition metal catalysed
decomposition of diazo compounds, which has been known for about a
century. The catalysed reaction occurs at considerably lower temperatures and
in particular metallic copper and copper complexes were initially reported as
being effective catalysts. Widely used diazo compounds are those containing a
carbonyl group such as diazo acetates N,=C(H)COOEt, which are stable up to
100 °C. The diazocarbonyls react with the copper complex, to give a copper-
carbenoid complex, which then transfers the carbene fragment to another
substrate, e.g. an alkene for forming a cyclopropane. In addition to
cylopropanation other typical carbene reactions take place such as insertion into
X-H bonds. Figure 17.1 gives a simple representation of carbene insertion and
cyclopropanation. Many transition metal compounds are active catalysts for
these reactions, but we will only give examples of the more developed systems.

R
R3CfH R3C H
0]
R "Cu" 7
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u” - No J
ZTHLR Z%R
g Z

Figure 17.1. Reactions of diazocarbonyls with the aid of copper catalysts
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17.2 Copper catalysts

The initial question was whether the active catalyst is copper metal,
copper(l), or copper(ll), because all metal precursors gave results. Without the
proper control of the valence state and the ligand environment the selectivities
for the copper catalysed cyclopropanations (or carbene insertion reactions) have
remained low or inconsistent for a long period of time. It was only in the sixties
that a more systematic study of these issues was started. Several divalent
copper salts were successfully used, but Kochi and Salomon [1] showed with
the use of Cu(I)OTf that most likely copper(I) was the actual species needed for
this reaction.

Apart from cycloaddition to ethene, cyclopropanation immediately brings
along the question of control of the formation of cis and trans products, the
diastereoselectivity, and enantioselectivity, depending on the structure of the
carbene and the alkene. In the last three decades a great deal of work has been
devoted to the development of enantiospecific and diastereoselective catalysts.
Derivatives of salicylaldehyde and chiral aminoalcohols were amongst the first
effective ligands for copper catalysts [2]. They were used as dimeric copper(Il)
salts and elaborate changes to the substituents were made. Increasing the size of
the aromatic substituent increases the enantioselectivity. A successful example
is shown in Figure 17.2. Further derivatisation of the product of isobutene and
ethyl diazoacetate gives cilastatin, a widely used in sifu stabiliser of the
antibiotic Imipenum, made commercially via the cyclopropanation route by
Merck.

/Bu
H .—Ph O
O v AN s
du Ar r= =,
o9 Me /N
T, t-Bu o —
NaOLC  (CHy)
Me Me H - . S
Me; N,CHCOOEt Me~  COOEt
0,C
92% ee 1S HsN
cilastatin

Figure 17.2. Aratani's salicylaldimine catalyst

Cyclopropanation of 2,5-dimethyl-2,4-hexadiene provides chrysanthemic
acid, a natural product of the group of pyrethroic acids, used as an insecticide,
see Figure 17.3 [3]. The appropriate esters of the 1R stereomers are the active
compounds, which are obtained industrially by resolution of the racemates.
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Me N,CHCOOEt =’ COOEt
Me Me

chrysanthemic ester

Figure 17.3. Synthesis of chrysanthemic acid

The next “generation” of catalysts started with the introduction of chiral
semicorrin ligands by Pfaltz [4], which led to stable copper(Il) complexes.
They were effective catalyst precursors to cyclopropanation that were reduced
in situ to their copper(l) analogues by the diazo compounds or before the
catalytic reaction by phenylhydrazine to the copper(I) complex containing one
semicorrin ligand. Later publications disclosed 5-azacorrins [5] and C,-
symmetric bis-oxazolines [6,7,8] as highly efficient asymmetric ligands, Figure
17.4.

CN Me
N
X
| R AKX
N /N N\ /N N
C C C
R R R ,\ R R R
semicorrin 5-azasemicorrin bisoxazoline

Figure 17.4. Semicorrin, 5-azasemicorrin and bisoxazoline ligands

Direct, controlled preparation of copper(l) complexes was achieved by
Evans [7] from bisoxazolines and copper(I)triflate, which avoids the use of
other methods for reduction or accidental reduction by the substrate, which may
not always be efficient. When isobutene is the substrate one obtains only two
enantiomers and no other products; for styrene we obtain a cis and a trans
product each occurring as a pair of enantiomers. We will illustrate this with
styrene and the results of Pfaltz’s semicorrin-copper.

Me—7A\
HO Me Ph  COtBu COBu
Ph I .
"\ + NaCHCOtBu N, 70% yield PH

i trans
cis
81% select. 19% selectivity
2% ee 93% ee

Figure 17.5. Products obtained with styrene
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A variety of ester groups were reported, but for the present purposes one
example suffices. For large ester groups (Figure 17.5) e.e.’s are high,
surprisingly, both for the cis and for the trans isomers, but always a
considerable amount of the second isomer is obtained. Even today the synthesis
of a single product, be it trans or cis, is a major issue. The ester group has an
influence as one can also see from the use of chiral groups in this position; /-
menthyl diazoacetate with the ligand above gave lower e.e.’s than d-menthyl
diazoacetate.

During these studies [4] it was again proven that copper(l) containing one
semicorrin was the species needed and thus preparing the catalyst from
Cu(I)OTf saves one molecule of ligand and avoids other problems.

Bisoxazolines can be readily made from chiral aminoalcohols of which a
large number are commercially available. Changes in substitution in the ligand
and the ester group are used to arrive at the best result. In Figure 17.6 we have
collected three examples that show the influence of these parameters [6]. The
reaction concerns the synthesis of chrysanthemic esters, already presented in
Figure 17.3 (to avoid the current confusion about carbon numbering we assign
carbon-1 only).

Me Me  Me_ Me Me_ Me

catalyst >:\K/H K H
Me>:\:<Me Me % Me &%
Mo N,CHCOOR COOR )=" CooR
1R trans Me 1R,cis

ee (trans) % ee (cis)
tBJ / \ tBu

Ph- |&T/\r\8— h
Ph / . Ph

P “&T/\T r h 94 (99) ()

R= CyzHC

R = I-menthyl 24 (84) 16 (16)

R = l-menthyl 92(92) 84®

PH / ‘. Ph
Figure 17.6. Substitution effects in bisoxazolines and ester on cyclopropanation [6]

The data from Masamune’s papers underscore the impressive range the
results can cover when the substituents are varied. The last reaction utilises a
very bulky ester group to make practically one diastereomer in 94% e.e.! The
catalyst is CuClO4 or CuOTT{. For styrene cyclopropanation Evans [7] found a
similar relationship between the steric bulk of the ester group of the diazo-
compound and the selectivity for trans products.
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There are no mechanistic details known from intermediates of copper, like
we have seen in the studies on metathesis, where both metal alkylidene
complexes and metallacyclobutanes that are active catalysts have been isolated
and characterised. The copper catalyst must fulfil two roles, first it must
decompose the diazo compound in the carbene and dinitrogen and secondly it
must transfer the carbene fragment to an alkene. Copper carbene species, if
involved, must be rather unstable, but yet in view of the enantioselective effect
of the ligands on copper, clearly the carbene fragment must be coordinated to
copper. It is generally believed that the copper carbene complex is rather a
copper carbenoid complex, as the highly reactive species has reactivities very
similar to free carbenes. It has not the character of a metal-alkylidene complex
that we have encountered on the left-hand-side of the periodic table in
metathesis (Chapter 16). Carbene-copper species have been observed in situ (in
a neutral copper species containing an iminophosphanamide as the anion), but
they are still very rare [9].

Ruthenium complexes that are precursors for both cyclopropanation and
metathesis perhaps show the relationship between the two reactions for this
metal, but as yet it seems that different species are involved in the two reactions
[10].

Most authors agree on the valence state of copper and thus we are dealing
with a d'® electron configuration at Cu(I). The preferred geometry for such a
complex would be tetrahedral: the C, symmetric bidentate, a carbene ligand
and a vacancy. Alternatively one could reduce this to a trigonal geometry.
When the carbene ligand (C(H)COOR’) lies in the plane perpendicular to that
of the ligand, there is no preferred mode of coordination i.e. at this stage there
is no enantiodiscrimination. Most likely, the alkene does not coordinate to the
metal when the reaction starts, but the electron deficient carbene attacks the -
orbital at the most nucleophilic carbon, initially. Most likely the two large
groups in the reactants, COOR’ and Ph, will assume up and down positions.
Thus preferably a trans product will be formed.

N N a—N N
)>'“‘COOR‘ N Sed” ke RI Nod” ke . 1 COOR'
Ph | vé (‘; = PH
H %
trans ) COOR' . H COOR' cis
18,25 Ph Ph 15.2R

Figure 17.7. Enantiodiscrimination in a trigonal copper complex

In Figure 17.7 we show how enantiodiscrimination might take place as
proposed by Pfaltz [11]. The copper complex in the centre is viewed along the
trigonal axis. The alkene will approach always from the left-hand side, to avoid
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the steric interaction between the ligand substituent R-r and COOR’. The
styrene molecules in the respective pathways approach the carbene centre in the
orientation as shown in the figure. Both for the up and down orientations of the
phenyl group this leads to formation of a 1S centre. Trans disposition of phenyl
and ester will be preferred, which can be achieved via route A to give mainly
the product diastereomer 1S,2S. In this transition state an alternation up and
down of all large groups is obtained.

17.3 Rhodium catalysts
17.3.1 Introduction

The catalytic activity of thodium diacetate compounds in the decomposition
of diazo compounds was discovered by Teyssié in 1973 [12] for a reaction of
ethyl diazoacetate with water, alcohols, and weak acids to give the carbene
inserted alcohol, ether, or ester product. This was soon followed by
cyclopropanation. Rhodium(II) acetates form stable dimeric complexes
containing four bridging carboxylates and a rhodium-rhodium bond (Figure
17.8).

CHs )R\*
O)\O O O
acetate R"h{R‘h/ R‘h{R‘h/ R* = chiral group
217 /17

Figure 17.8. Rhodium(Il) carboxylate dimer, only one bridging carboxylate drawn

Substitution of the acetate anions by chiral carboxylates was started
simultaneously by a number of groups [13]. For cyclopropanation the first
generation of catalysts was not very effective. As the interaction with the
substrates takes place at the axial position of the dimer, the R* group is
relatively remote. Replacing one of the carboxylate oxygens by a nitrogen
atom, which can carry a substituent, brings the chiral steering group much
closer to the reactive centre. These dirhodium(Il) carboxamidates were
developed by Doyle and coworkers [14] and to date they are the most selective
catalysts known both for enantioselective insertion in C-H bonds and for
stereoselective and enantioselective cyclopropanation.

Before turning to specific results we will have a look at the properties of
rhodium(Il) acetates/carboxamidates as catalysts for reactions with diazo-
compounds as the substrates via carbenoid intermediates. Rhodium(II) has a d’
electron configuration, forming the “lantern” type dimers with bridging
carboxylates. The single electrons in the respective d,2 orbitals form an electron
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pair in the dimer (Rh-Rh distance 2.45 A), which results in a diamagnetic
compound. Two axial positions are unoccupied and are available as Lewis acid
sites, with the anti-bonding combination of the two d,2 orbitals as the receptor
orbital. The antibonding combination of the d,, and dy, combination can
participate in back-donation to axial ligands, including carbene ligands.

The first kinetic study was reported by Noels and Teyssié¢ [15] for the
cyclopropanation reaction of ethyl diazoacetate and styrene. As activation
parameters they found AH* 63 kJ mol" and AS* —13 J mol™ K. The reaction is
first order in catalyst; this and later studies [16] support the presence of intact
dimers throughout the -catalytic cycle (there is one report suggesting
dissociation of the rhodium dimer [17]). The classic model of Yates [18] can be
applied to the transformation of diazo compounds by rhodium(Il) complexes
[16], i.e. the negatively polarised carbon atom of the diazo compound interacts
with the Lewis acidic rhodium centre followed by loss of dinitrogen to give the
carbenoid intermediate. The kinetics by Pirrung [16] show a substrate
saturation effect and a rate-determining loss of dinitrogen (Michaelis—-Menten
kinetics), see Figure 17.9. The carbene intermediate is extremely reactive and
the subsequent reactions, be they cyclopropanations or C-H insertions, are fast
and therefore the rates of many reactions are the same, and depend only on the
diazocompound used.

I
N+ N
O/LO L oo N O/LO H
[ 1 _~  H > COEt | = |
__RNZRH I N /Rh/th‘{\CO e __RhZRNE o
N
| | U [~ cogkt
N
N+ fast
H)'\COzEt

Figure 17.9. Formation of thodium(I) carbene intermediate

The rhodium dimer has two Lewis acidic sites and thus the catalyst could
coordinate to two substrate molecules under saturation kinetics, which would
make the Michaelis—Menten plots complicated. This does not happen and the
second site becomes less acidic once the other site is occupied by the substrate.
What does happen, though, is that other Lewis bases compete with the
substrate, as might be expected. The ligand dissociation reaction may be part of
the rate equation of the process. Coordination of one Lewis base reduces
already the activity of the catalyst. The solvent of choice is often anhydrous
dichloromethane. The polar group may also be part of one of the substrates and
in this instance one cannot avoid inhibition.
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The carbenoid fragment reacts as an electron-deficient carbon centre.
Substituents both at rhodium and at the carbene centre can make it more
electron-deficient. If the carbenoid is given the choice between a
cyclopropanation and C-H insertion reaction, the preference for C-H insertion
increases with the electron deficiency [19], Figure 17.10.

o
o
Rh,(pfb), 100 0
Rhy(OAc), 56 44
Rhy(cap), 0 100

pfb = perfluorobutyrate

e

Figure 17.10. Influence of electron density of catalyst on chemoselectivity

The electron density in the carbene acceptor also plays a role as is illustrated
by the next example. The competing reactions are again cyclopropanation and
insertion into a C-H bond. Cyclopropanation occurs at an aromatic ring
forming a norcaradiene where it is followed by a ring-opening reaction, overall
named a Buchner reaction. An electron-rich aromatic ring undergoes
cyclopropanation, but the nitro-substituted aromatic ring is less reactive and
insertion in the benzylic C-H bond takes place (Figure 17.11).

o
Nagu A\~ tBU 0 o]
N-tBu / N—tBu
Rhy(OAc),
Buchner
MeO MeO MeO
(e}
NZ%N/lBu (0]
. N—tBu
Rh,(OAc),
NO; NO;

Figure 17.11. Electronic influence of carbene acceptor
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17.3.2 Examples of rhodium catalysts

Chiral carboxylates such as o-phenylcarboxylic acids, lactic acid, and
mandelic acid were used by Brunner [13], but, as mentioned above, these
ligands did not afford very enantioselective catalysts. Aminoacids provided the
possibility of introducing bulky substituents at the nitrogen atom, but these
ligands based on proline and phenylanaline also gave modest results (Figure
17.12).
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Figure 17.12. Proline and phenylalanine based carboxylate ligands [13]
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Figure 17.13. Rhodium(II) carboxamidite dimer

Carboxamidites are the most generally applicable ligands for all
enantioselective reactions [14]. Interestingly, the two nitrogen atoms and the
two oxygen atoms of the N,O bidentates occupy cis positions in the rhodium
dimer complex, as drawn in Figure 17.14. All crystal structures for selective
catalysts obtained so far show the cis-2,2 arrangement of the carboxamidite
groups [20]. Some typical examples are depicted in Figure 17.14. The catalysts
are usually prepared and stored as their bis-acetonitrile complexes. Clearly, a
whole range is available by changing the substituents in the ring and at the ester
or amide positions.
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Figure 17.14. Examples of carboxamidite complexes

The axial alignment of Rhy(SR-MEPY), leads to probable structures for the
carbene intermediate as shown in Figure 17.15. Approach of styrene will occur
with the phenyl group pointing away from the rhodium complex, and also in a
trans (anti) fashion with respect to the ester group of the carbene moiety. The
2-phenylcyclopropane-1-carboxylic ester resulting from this is indeed the
1R,2R (1R-trans) diastereomer.

HTCOZR

| N, RO,C
O—Rh—N o N —_— A\
Y H \
A A

PR TCOR

Ph 1R,2R
view along z-axis

Figure 17.15. Mechanism of enantioselection with SR-MEPY -rhodium

Intramolecular additions to alkenes and insertions into C-H bonds, in which
the ester R group contains the “acceptor” site for carbene reagent, follow the
same scheme as that depicted in Figure 17.15. Thus, for the substrate shown in
Figure 17.16 the use of 5S-MEPY having an ester as the “steering” group
afforded 98% e.e., whereas the benzyl analogue 4S-BNOX gave only 56% e.c.
[21]. Ester or amides are often the most effective steering group, whereas the
oxazolidinone analogues are usually more reactive.

NasH Am
N q% | 2 0
o ™ - - 0O N - - =
O—Rh—N + o o Q\\ o %o
) °4 H
5S-MEPY 1R, 98% ee

Figure 17.16. Intramolecular enantio-control

Because of the condensed ring structure, the cis/frans issue does not exist
and only the cis products are formed.
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Chapter 18
HYDROSILYLATION

So common and yet unknown

18.1 Introduction

Silicon can be introduced in organic compounds in several ways, typical of
making organometallics, such as reaction of the metal with organic halides,
“cross-coupling” of silicon halides and reactive organometallics of magnesium
or lithium, cross-coupling of anionic silicon compounds with organic halides,
addition of silicon hydrides to unsaturated organic compounds, etc. Silyl ethers
are made from alcohols and silicon halides; bulky silyl groups are often used as
protecting groups in organic syntheses.

Many silicon compounds play an important role in organic synthesis, but
the final products rarely contain silicon. Industrially the reaction of silicon
(made from SiO, and C) with organic halides is important for making a number
of starting materials [1]. The catalytic reaction (General Electric, ~1940,
Miiller-Rochow reaction) produces a mixture that is separated by distillation.
For instance dimethyldichlorosilane is made in this fashion, which via
hydrolysis is converted into silicone rubbers. The HCI by-product is reacted
with methanol to give methyl chloride, which can be used again in the
oxidative addition to silicon. When RSiCl; is added during the silicon rubber
synthesis cross-linking is obtained. Silicone rubbers have been on the market
since 1940 (Dow Corning Corporation). The production today amounts to ~0.5
M tons per year.

. Cu catalyst ) ) )
Si + CH;CI ———————  (CH3)SiClz + (CH3),SiCl, + (CH3)3SiCl
300 °C
\[ o\, N
n (CHs;),SiCl, - ‘O/SI\O/SI\O/SI\O/SI\O’ - +2nHC

Figure 18.1. Silicone formation
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Application of silicone putty or cements containing these silicone rubbers in
the household or construction produces the smell of acetic acid during the
hardening (curing) of the cement. This is because the end-groups contain
acetate groups, which upon exposure to moisture hydrolyse and form new Si-
O-Si bonds while acetic acid evaporates. There is a trend towards using
alkoxides to avoid the smell and corrosion side effects, but the reaction may be
slower. For surface modification alkoxides are the most common precursors.
One also finds silicone sealants, Room Temperature Vulcanisation silicone
rubbers, which are used in moulds and lead to hard materials after curing in
moist air.

The reaction that concerns us here is the hydrosilylation reaction [2], which
is also used in the hardening of silicone polymers, but it is important in itself
for making silyl derivatives used in a very broad range of applications. They
are applied extensively for the modification of surfaces, such as fabrics, cloths,
glass, stone (e.g. conservation of archaeological treasures). Glass fibres used for
the strengthening of plastics (glass-reinforced plastic) are treated with an
organic silylating agent to make the surface compatible with the organic
polymers (the lower surface tension enhances “wetting” by the polymer).
Fillers in rubbers may also be pre-treated by organylsilyl trialkoxides to obtain
better binding between rubber and filler. Other applications include paper
release coatings, cosmetics, pressure sensitive adhesives, lubricants, etc. [3].

Controlled hydrolysis of RSiX; compounds gives so-called silsesquioxanes
or POSS compounds (Polyhedral Oligomeric SilSesquioxane), which can be
used as models for silica surfaces or supports for catalysts [4] (Figure 18.2,
schematic structure on the right).

R\
0/S|if0|-c|) ‘S|OH
H
Risi=02si@R oy \Si/‘Si/
7RSiCly + H,0 O/ R\Su/}) Si—g ‘ /Si—‘—&OH
Yo g0 Si—/ Si
(Sl\o,Sl\R P ~

Figure 18.2. Example of a silsesquioxane or POSS compound

Hydrosilylation of allyl chloride with HSiCl; leads to CI(CH,);SiCl; that
can be used for many surface modifications after substitution of the chlorides
by suitable functional groups [5]. For instance it can be used to anchor soluble
hydroformylation catalysts to a silica surface (Figure 18.3). Many examples
have been reported and we present only one example of a selective Xantphos

type ligand [6].
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Figure 18.3. Immobilisation of a homogeneous hydroformylation catalyst to silica

Silicones can be prepared in such a way that they contain only one percent
or less of vinyl groups and silicon hydrides, which undergo a catalytic
hydrosilylation reaction to give the desired cross-linking (Figure 18.3). Vinyl
silanes are made by Si-H addition to acetylene, and thus two hydrosilylations
are involved.
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Si"7SiTTTSIT TSI -0 ~Si’
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Figure 18.4. Cross-linking of silicone rubber via hydrosilylation

Hydrosilylation can be applied to alkenes, alkynes, and aldehydes or
ketones. A wide range of metal compounds can be used as a catalyst. The most
common and active ones for alkenes and alkynes are undoubtedly based on
platinum. Hydrosilylation of C-O double bonds gives silyl ethers, which are
subsequently hydrolysed to their alcohols. The reaction is of interest in its
enantioselective version in organic synthesis for making chiral alcohols, as the
achiral hydrogenation of aldehydes or ketones does not justify the use of
expensive silanes as a reagent.

18.2 Platinum catalysts

The catalytic hydrosilylation by soluble platinum compounds was
discovered by Speier in the late 1950’s. The catalyst he used was H,PtClg.
Other well-known catalysts are those developed by Lukevics [7] and Karstedt
[8]. The crystal structure of the latter complex was solved by Lappert [9]. The
catalysts are depicted in Figure 18.5.



374 Chapter 18

/
\\SI O-~gj—
-
Sl K > Si
H,PtClg (NBu4),PtClg 4 pB:/\ \pt 5
\ \’ 4
//SI\/ \/5"/\
Speier Lukevics Karstedt

Figure 18.5. Platinum catalysts for hydrosilylation

The mechanism of the reaction was first described by Harrod and Chalk
[10]. It involves the general mechanism of H—X additions to unsaturated
organic compounds, starting with an oxidative addition of HX to a zerovalent
platinum complex. The process is the same as that of addition of HCN to
double bonds (Chapter 11).

CHg | ;
Crz/ L—Fl’t—L HSIR3
SiR3 L 2L
2L
CH SiR
3 ] 3 H
CHz-pt— |
| L—Pt—SiR,
L |
L
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isomerisation
CH, |
||—P —SiR3 CH,=—CH,
by T
L
L L

Figure 18.6. Chalk-Harrod mechanism for hydrosilylation

Interestingly, in addition to the “normal” hydrosilylation reaction, involving
the insertion of alkene into a metal-hydride, insertion of alkene in the metal-
silyl bond takes place as shown in Figure 18.6. Its occurrence can be deduced
from the side-products obtained. After insertion of the alkene into the metal-
silicon bond, B-hydride elimination happens and a vinyl-silyl compound is
obtained as the product. The by-product hydrogen is used for the hydrogenation
of the substrate to give alkane. Characteristic of this side-reaction is the 1:1
generation of vinylsilane and alkane. Figure 18.7 shows the complete
mechanism for this product distribution.
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Figure 18.7. Formation of side products in hydrosilylation

Hydrosilylation of alkenes is highly exothermic; the heat of reaction is
comparable to that of the hydrogenation of alkenes (~120 kJ.mol ). As a result,
a very vigorous reaction may follow in the laboratory when a catalyst is added
to an alkene and HSi(CH3)Cl, (the exotherm will be between 100 and 200 °C
for a product with MW of 240 without solvent!). Thus it is necessary to control
the reaction by using solvent or by reducing the amount of catalyst.

Industrially, with the use of Speier type catalysts for the addition of HSiCl;,
turnover numbers as high as one million are achieved. In the laboratory these
numbers are often not equalled (in particular for HSiCl;) and it is not unusual to
add an extra amount of catalyst precursor when the catalytic reaction does not
start or stops prematurely. In industrial procedures, oxygen-containing
components are added to the catalyst such as alcohols, dioxygen, and many
other compounds, which will lead to partial formation of silicon-oxygen bonds.
When making precursors for silicone polymers or surface modifiers the
introduction of oxygenates is not problematic, but for the synthesis of highly
pure silane dendrimers (Figure 18.8), for instance, the coupling of silicon via
Si-O-Si bonds spoils the beauty of it. For many years we worked on this
reaction and eventually Van der Made [11] succeeded in making up to the 6™
generation of silane dendrimers. They are made via a repetitive sequence of
hydrosilylations with HSiCl; and Grignard coupling of allylmagnesium
bromide.
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Figure 18.8. Silane dendrimers via hydrosilylation and Grignard coupling

Repeating the sequence shown in Figure 18.8 another five or six times
(when congestion at the periphery occurs) is not an easy task without the
introduction of Si-O-Si links and very few silane dendrimers of such a high
generation have been prepared. The reaction is much more facile when
HSi(CH;)Cl, is used. Equipped with phosphine complexes either in the core or
at the periphery the dendrimeric systems are used as catalysts [12]. Controlling
the “state” of platinum seems to be a key problem.

The platinum catalysts show an induction period and during this period and
during catalysis one observes changes in the colour of the solution, from
yellow, to orange, and red, then darkening to blue, and eventually also black
metal particles form. The colour of the solution was ascribed to the occurrence
of platinum clusters and for a long time the work by Lewis, Lewis, and Uriarte
(General Electric) had lent support to an active role of platinum clusters and
colloids in the catalytic reaction. In their first paper in 1986 [13] they showed
that addition of silanes to the precursor (Speier’s catalyst, or [1,5-cod]PtCl,)
gave colloid particles as identified by light scattering and transmission electron
microscopy. The smaller particles gave the most active catalysts. Silanes
reduced the platinum precursor salts to Pt(0), which then forms clusters and
colloids, and eventually platinum metal particles that are inactive. Thus,
controlling the valence state and aggregation state of platinum is essential to
obtain good performance.

While several molecular complexes (Rh, Ru, Ir, Pd) had been discovered as
catalysts for the hydrosilylation reaction, for platinum catalysts, support was
being gathered for the involvement of large clusters or small colloids. In a
second paper Lewis [14] outlined the influence of oxygen on such catalysts.
Dioxygen has a positive effect on such reactions and it was shown to stabilise
the metal clusters as a ligand, without participating or reacting with any of the
components. Alcohols and water react with silanes under the influence of
platinum catalysts to form dihydrogen and silicon-oxygen bonds, a reaction
related perhaps to the well controlled reaction reported by Crabtree [15], to
which we referred in Chapter 2, as an activation of silanes for nucleophilic
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attack by alcohols. Thus, in addition to the cross-linking described in Figure
18.4 also a coupling of Si-H bonds can be accomplished by water or alcohols,
leading to Si-O-Si bonds. Most likely, platinum(II) is involved in this reaction,
rather than platinum(0), the precursor for hydrosilylation (Figure 18.9).

| 2+ +
_F|>t_T —_— —F|>t—H + CH30—SiR;
SiR ,
O oo e

Hz
Figure 18.9. Activation of Si-H bonds by platinum

The simultaneous presence of clusters and catalytic activity is no proof for
the participation of clusters in the catalytic cycle; one might argue that the
catalysis requires zerovalent ‘“naked” platinum and that this may easily be
accompanied by cluster and metal particle formation. Most authors note that the
most active catalysts are accompanied by a yellow colour. It should also be
remembered that the reagent (ranging from HSiEt; to HSiCls), solvent (no
solvent, thf, or dichloromethane), and source of platinum (Speier’s catalyst or
Karstedt’s) have a large influence on incubation times and the stability of the
state platinum. Electron-withdrawing alkenes, such as maleates, stabilise
platinum(0) and complexes of this type are not active at room temperature in
hydrosilylation. This property is used to deactivate platinum present in an
oligomer mixture of silicones to allow processing in e.g. moulds as a liquid at
room temperature, while the “curing” can be initiated by raising the
temperature of the system.

The most recent findings support a mononuclear platinum complex as the
resting state and active state of the platinum hydrosilylation catalyst when the
zerovalent Karstedt complex is used as the precursor [16]. In situ EXAFS
(extended X-ray absorption fine structure), SAXS (small-angle X-ray
scattering), and UV spectroscopy were used to show that monomeric platinum
complexes having silicon and carbon in the first coordination sphere were
present. An excess of alkene gives mainly Pt-C bonds, and an excess of silanes
leads to multinuclear Pt-Si compounds as well. EXAFS typically gives
information about the valence state of the metal and the first coordination
sphere around the metal, and other metals surrounding it. Speier’s catalyst in
the presence of 2-propanol and a hydrosilylating mixture gives the same
intermediate as the Karstedt catalyst after incubation, during which the
chlorides are removed from the first coordination sphere.

In conclusion, in the instance of the platinum-catalysed hydrosilylation
reaction the molecular insight is behind the industrial practice; for an industrial



378 Chapter 18

application a window of conditions is needed to allow the operation, and surely
this is known, but the detail on the molecular level is not yet known. As a result
conditions found in literature vary considerably. We can conclude that neither
too strongly oxidative conditions nor too strongly reducing conditions will lead
to highly active catalysts.

18.3 Asymmetric palladium catalysts

Catalytic asymmetric hydrosilylation of alkenes is an important goal in
organic syntheses. As mentioned in the introduction, silicon compounds by
itself are not in demand in pharmaceutical applications. It could be a useful tool
for asymmetric synthesis of optically active alcohols, because carbon-silicon
bonds can be readily oxidised to carbon-oxygen bonds with retention of the
sterogenic centre. Here we will focus on only one example, namely the
palladium-catalysed reaction with the use of the so-called MOP ligands
developed by Tamio Hayashi [17]. MOP ligands are like BINAP derived from
the atropisomeric 1,1’-dinaphthyl moiety, but they contain only one phosphine
group, and at the other position a group X is placed from which the name is
derived, “X-MOP” (Figure 18.10).

X = OMe, OBz, OiPr, Et,
Ar, CN, COOMe, COOH,
OH
X
PPh,
©© X-MOP

Figure 18.10. MOP ligands

While hydrosilylation of 1-alkenes and HSiCl; with platinum catalysts
provides linear products (1-trichlorosilylalkanes), palladium chloride modified
with phosphines gives products carrying the trichlorosilyl group at the
secondary carbon. This is highly remarkable because all other metal complexes
studied so far lead to 1-substituted products. This regioselectivity leads to the
possibility to carry out asymmetric hydrosilylation.

The asymmetric hydrosilylation of 1-octene with HSiCl; in the presence of
0.1 mole % of a palladium catalyst generated from m-allylpalladium chloride
dimer and (S5)-MeO-MOP gave 2-octyltrichlorosilane [18]. The resulting 2-
octanol is the R enantiomer in 93% e.e. (Figure 18.11). So far, the relatively
bulky, chiral monodentate MOP ligand seems to be the only ligand giving this
peculiar selectivity. Complexes of bidentate diphosphines do not catalyse the
hydrosilylation. It was thought that only monodentate phosphines can give
square planar complexes of the correct composition for the catalysis, viz.
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PdH(SiCl;)(MOP)(CH,=CHR), obtained by oxidative addition of HSiCl; to
palladium(0). MOP ligands with other substituents also gave good selectivities:
X = PhCH,0-, i-PrO—, Et—. This list shows that the X group has little influence
on the course of the reaction and is not coordinating during part of the catalytic
cycle. In the X-ray structure of trans-(MeO-MOP),PdCl, it can be seen that the
MeO group is rather well removed from the metal centre [19]. Most likely,
insertion of alkene into palladium-hydride occurs giving 2-alkylpalladium
under the steric constraints of the ligand, followed by reductive elimination.
Reductive elimination from a monophosphine ligated palladium species
resembles the reductive elimination in palladium-catalysed cross-coupling
reactions (Chapter 13).

S~~~ SiCly ~10% yield
' [(CsHs)PdCI2 SiCly o
S-MeO-MOP NN ~90% yield
1) EtOH/NEts
©© 2) Hy0,, KF
OMe ) H202
PPh, OH
©© S-MeO-MOP o~~~ 93%ee

Figure 18.11. Asymmetric hydrosilylation of 1-octene

Another interesting example involves the dihydrosilylation of alkynes [20],
which is carried out at room temperature in two steps, the first one with
platinum chloride (0.01%) and the second one with palladium-MOP catalysts
(0.3%). The reaction can be done with solely the palladium catalyst, but in that
case the yield for the first step is low. The work-up leads to the formation of a
chiral diol in high optical yield when the MOP derivative shown is used (Figure
18.12).

PtCl,(CoHa),
Ph—=—H +HSiCl; ——— P\ g

MOP
H, KF, KHCO; Ph"oH
OH
©> O
FaC
3 2

Figure 18.12. Double hydrosilylation of alkynes to form 1,2-diols

(C3HsPdCI),

Ph
" sicly
SiCl,
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18.4 Rhodium catalysts for asymmetric ketone reduction

Asymmetric  hydrosilylation of ketones was developed almost
simultaneously with the better known asymmetric hydrogenation of cinnamic
acid derivatives as described in Chapter 4. Many metal complexes catalyse the
addition of silanes (PhMe,SiH, Et,SiH,, etc.) to ketones and aldehydes (for
copper hydrides as catalysts, and references to other metals see Lipshutz [21]).
Here we will restrict ourselves to rhodium catalysts, in particular the
enantioselective ones. In the early 1970’s this chemistry was developed by
Iwoa Ojima and co-workers [22], Kagan and co-workers [23], and Tamio
Hayashi, Keiji Yamamoto, and Makoto Kumada [24]. In those days
asymmetric hydrogenation of ketones or asymmetric hydrogen transfer to
ketones had not yet been developed and thus hydrosilylation provided an
excellent tool for making chiral alcohols. Figure 18.13 shows a simple scheme.

_SiRs
S‘iR3 . )CL catalyst o) H
H Ph”™ “CHs Ph)<CH3

Figure 18.13. Hydrosilylation of ketones

In view of the oxophilicity of silicon compared to carbon, the addition takes
place in such a way that a carbon-hydrogen bond and an oxygen-silicon bond is
formed, giving RR’HC-OSiX;. This silyl ether can be hydrolysed to give an
alcohol. Qjima, in his first report, used two equivalents of a phosphorus-
stereogenic monodentate S-benzylmethylphenyl-phosphine with an optical
purity of only 62% to add diphenylmethylsilane to phenyl methyl ketone and
alkene complexes of rhodium(I) chloride as the catalyst precursor. 1-
Phenylethanol was obtained in 43% e.e.. This value might be disturbed by non-
linear effects (!) (Chapter 4.5), as more than one ligand coordinates to rhodium.
An oxidative addition of the silane to rhodium(I) was proposed since such
addition complexes were already known. Coordination of ketone to
rhodium(IIl) might be involved and they proposed an insertion of the ketone
into the rhodium-silyl bond, analogous to alkene hydrogenation. If this were the
case, one might expect, as in other hydrosilylation reactions (Figure 18.7), that
B-hydride elimination at this point should give rise to vinyl silyl ethers as by-
products.

Asymmetric hydrosilylation of ketones has developed enormously since
these early reports and probably there are few catalytic reactions for which the
variety in ligand structure is so immense as for this reaction. Numerous reports
have been published and in general oxazoline-based ligand systems seem to
give the highest enantioselectivities. In the following we will mention a few
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examples, without saying that these represent the “best” catalysts. In addition
some mechanistic findings will be presented.

For many years nitrogen-based ligands were the ligands of choice for the
asymmetric hydrosilylation of ketones and especially pyridineoxazolines were
highly effective [25]. In Figure 18.14 a few typical examples have been
collected.

N O N S o) N O =N N=
< NaiERS < 3
N N N N \ %
= N N
R R R R K/ ))

R R
Pymox 5,5-Ph,Pymox Pybox Bipymox

Figure 18.14. Typical examples of pyridineoxazoline ligands

A wide variety of these ligands can be envisaged, including pyridine
derivatives containing chiral appendices. The rhodium precursor is usually
[(1,5-cod)RhCl]; or better a cyclooctene complex. A trivalent rhodium chloride
can also be used, which is most likely reduced in situ by the silane component,
very often Ph,SiH,. An early successful ligand is a thio analogue of Pymox
(pyridinethioazolidine) reported by Brunner in 1983, with e.e.’s spanning a
wide range, with values up to 97% [26]. Many derivatives have been reported.
It was shown [27] that 5,5-dipheny] substituted Pymox gives much higher e.e.’s
than Pymox, showing that the large phenyl groups increase the effectiveness of
the R group at the chiral carbon atom.

Another interesting observation in Brunner’s work was the co-production of
silyl enol ethers. Often they remain unnoticed, because after aqueous workup
they regenerate the starting ketone. They are important though as a clue to a
mechanistic pathway as can be seen from Figure 18.15 (randomly chosen
geometry, although we did keep 6-bonds in cis positions).

_SiHPh,

HPh,S| c o SIHPh2
_Clo /

Rh\ N—Rh ﬁ\ —Rh—H +

[ ” HT |
HsC Ph L
Q/ CPh NS

Figure 18.15. Formation of silyl enol ether

We start the scheme after the oxidative addition of diphenylsilane and
coordination of acetophenone has taken place, after the classic mechanism by
Ojima [28]. The formation of enol ethers proves, that at least for this part of the
products formed (up to 22%, Brunner [27], 40% [29]), the reaction proceeds
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via migration of the silyl group to the oxygen atom of the ketone. In Chapter 2
we wrote that a migratory insertion involves in general the migration of a G-
bonded nucleophile to an electron deficient centre (often m-bonded), but here
clearly the reverse takes place; a silyl group connected to trivalent rhodium
surely is an electrophile. The bonding of acetophenone to rhodium(III) may not
resemble the bonding of an alkene either, but instead can be best described as
an oxygen bonded ligand. We do conclude that subsequently the carbon atom
forms a “normal” C-Rh bond, because in the following step P-hydride
elimination occurs.

A concerted mechanism has also been discussed [29,30], involving either a
2+2+1 or 3+2 mechanism. To avoid trimolecular reactions this requires an
interaction between Rh(I) and silanes prior to the reaction with a ketone.
Interaction of silanes not leading to oxidative addition usually requires high-
valent metals as we have seen in Chapter 2. The model is shown in Figure
18.16; it proved useful for the explanation of the enantiomers formed in
different instances. The formation of a rhodium-carbon bond is included and
thus formation of silyl enol ethers remains a viable side-path.

_SiHPh,
o]
Ph 7Rth +
HiC=x g HyC Ph H,G7 ~Ph
7R|“f ,'I 7|‘Qh - -
| _SiHPh, H 0 H  ph
H / _
SifiPh, —Rh + HyC=y”
o\
SiHPh,

Figure 18.16. Concerted mechanism for ketone hydrosilylation

A number of P-N ligands has been reported as efficient ligands for the
asymmetric hydrosilylation of ketones. We mention the phosphinooxazolines
developed by Helmchen, Pfaltz, and Davis, we have seen before and mixed
ligands containing planar-chiral heterocycles such as ferrocene [31] (Figure
18.17). For several ketone and silane combinations e.e.’s in the high nineties
were obtained.

Figure 18.17. Ferrocene-based chiral-planar P-N ligand, and phosphinooxazolines [32]
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Diphosphines initially gave poor results compared to nitrogen based
ligands; the reason for this is not entirely clear. The coordination number of the
crucial intermediate may be six for a rhodium(Ill), but this is not necessarily
different from a hydrogenation reaction where oxidative addition of dihydrogen
takes place prior to the insertion of the alkene. All N-N and P-N ligands
known form cis complexes, but an early example of a P-P ligand was the
TRAP ligand series developed by Ito [33], which led to the suggestion that
perhaps trans diphosphines were needed, as TRAP often coordinates in a trans
fashion, at least in its resting states. While the initial experiments with the
common cis diphosphines were perhaps not very successful, in recent years
several diphosphine based catalysts have been discovered. Their bite angles
range from very narrow to relatively wide, for respectively bridges of
methylene, MiniPHOS [34], ferrocene [35], and binaphthyl, BINAP [36]. The
four diphosphines are shown in Figure 18.18.

CO

tBu Me
: F )
" A
— - ~
Bu_P P Me PPh, _
Me tBu Me BY Fe RoP=% Fe

P oS
MiniPHOS S-BINAP TRAP

Figure 18.18. Diphosphines used in asymmetric ketone hydrosilylation

The wide variety of metals and ligands makes the mechanism somewhat
mysterious and after so many years of study still many questions remain. The
basic scheme, mentioned above [28], involves oxidative addition of R;SiH to
Rh(I), coordination of the ketone to rhodium, migration of the silyl group to
oxygen and formation of a rhodium-carbon bond, and finally reductive
elimination liberating a silyl ether. The reaction is first order in rthodium and
silane concentrations (ionic rthodium complexes of cis diphosphines, DIOP [37]
and BINAP [36]), but an inhibiting effect of ketone occurs at higher ketone
concentrations. In addition, the studies using RhCI(BINAP) have shown that
secondary silanes react much faster than tertiary silanes, the reason for which
might be steric. Electron withdrawing substituents at triarylsilanes led to faster
reactions as well, in accord with an oxidative addition as the rate-determining
step.

With the use of NMR spectroscopy Giering and coworkers studied the
reaction of acetophenone and HSiBu; in more detail. The catalyst was [(1,5-
cod)RhCI], and R-BINAP [36]. They noted that the silyl enol ether by-product
was formed mainly at the beginning of the reaction and thus this must form via
an independent pathway. The common intermediate for silyl ether product and
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enol ether by-product, which we have shown in Figure 18.16, may be an
oversimplification, as the complexes involved will not be completely the same.
Formation of alcohol was also observed, which makes up for the hydrogen
stemming from the 5-20% of silyl enol ether being produced. Thus it would
seem that more catalytic species are involved in the complicated reaction
scheme. As yet, much less is known for this reaction than for the asymmetric
hydrogenation with similar complexes.
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Chapter 19
C-H FUNCTIONALISATION

Future trends ....

19.1 Introduction

Direct conversion of alkanes or arenes to oxygenates, nitrogenates, and
other compounds is an important reaction that has been the target of research
for a long while. Carbon-hydrogen bonds are very stable towards many
reagents, except reactive oxygen compounds. Functionalisation therefore
requires “activation of C—H bonds” and usually we refer to metal mediated
activation when this expression is used [1]. Attack by oxygen-centred species is
relatively common and we have come across this mechanism a number of
times. For instance the partial burning of butane to give acetic acid was
mentioned in Chapter 6. Production of terephthalic acid from paraxylene with
oxygen also uses a cobalt catalyst (Chapter 15.4), but the function of the metal
is only to generate a reactive oxygen centred radical that starts the radical chain
oxidation reaction. In these reactions there is no direct interaction between the
metal and the C—H bond.

An intermediate case involves the interaction of a ligand coordinated to a
metal with the C—H bond of an alkane or arene substrate. For example the
oxidation of organic substrates with the use of metal porphyrin oxo complexes
belongs to this class. Reactions of this type have been extensively studied as
mimicks of the natural enzyme Cytochrome P450, which plays a central role in
living cells. The porphyrin moiety in P450 contains a reactive Fe(V)=0 species
that can attack C—H bonds to give alcohols and can also attack alkene double
bonds to produce epoxides. A very wide variety of porphyrins of iron and
manganese (and related complexes, see Chapter 14 for a few examples) have
been studied. Oxygen centred activation of C—H bonds is not the topic of this
chapter.

Another example of a fragment X attached to a metal centre that attacks a
C-H bond is the carbenoid fragment attached to copper or rhodium as
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discussed in Chapter 17. A diazo compound loses N, first, the carbenoid left
forms a weak bond to the metal, and inserts into a C—H bond the same way as a
free carbene would do.

Activation of a C—H bond as an organometallic chemist would define it
involves coordination of a C—H bond to a metal complex, which activates, or
weakens the C—H bond. For functionalisation, such activation must be followed
by C-X bond formation. Alternatively, the activation will proceed as an
oxidative addition to the metal, after which a C—X bond should be formed to
obtain functionalisation. The key issue of this general scheme is that the
interaction of a metal ion and a C—H bond is very weak and that this must occur
in the presence of a reagent X. The reagent X is expected to react with an
activated carbon atom, a carbon atom coordinated to a metal, or a metal
complex, but it should react with the complex only after the “activation” has
taken place. Such molecules “X” tend to be much better ligands toward metal
complexes than hydrocarbons and this outlines the problem; most reagents X
will react with the reactive metal complex and, for example, oxidise it. After
many years of research in this area there are many complexes now that activate
C-H bonds and form interesting organometallic complexes; subsequent
functionalisation with the use of electron-rich complexes, however, is relatively
rare. Subsequent functionalisation may also pose a thermodynamic problem as
we will see.

In heterogeneous metal catalysis alkanes, alkenes, and aromatics adsorbed
on the metal surface rapidly exchange hydrogen and deuterium. The multiple
adsorption of reactants and intermediates lowers the barriers for such exchange
processes. Hydrogenation of unsaturated aliphatics and isomerisation can be
accomplished under mild conditions. Catalytic dehydrogenation of alkanes to
alkenes requires temperatures >200 °C, but this is because of the
thermodynamics of this reaction.

We are not aware of any industrial application that uses metal activation of
C—H bonds to obtain functionalised molecules. We have included this topic,
because it is potentially of great importance by providing a short-cut for the
conversion of hydrocarbons to its functionalised derivatives. Two extreme
cases will be discussed, reactions with electron-rich metal complexes and
reactions with electrophilic metal complexes. As always in organometallic
chemistry there are cases in between that utilise both bonding interactions.

For each case we will also present catalytic analogues, namely (1) the
activation of methane to form methanol with platinum, the reaction of certain
aromatics with palladium to give alkene-substituted aromatics, and (2) the
alkylation of aromatics with ruthenium catalysts, and the borylation of alkanes
and arenes with a variety of metal complexes.
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19.2 Electron-rich metals

Intramolecular oxidative addition of C—H bonds to an electron-rich metal
is a very common reaction in organometallic chemistry. Maybe it was
discovered via H-D exchange of the ligand with deuterium present as “H,. It
has been encountered many times for triphenylphosphine, in which case it
was called orthometallation, because the ortho-hydrogen moves to the metal
and a metal-carbon bond to the ortho-carbon is formed. If now this hydrogen
is exchanged with deuterium present in the solution and the reaction
reverses, we find the incorporation of deuterium in the ligand (Figure 19.1).

el ) el ) el ) /Q
. . . .

PhyP H-M Hy M +D, DM PhoR?

H-M M i b D-M D

Figure 19.1. Schematic representation of orthometallation and H-D exchange

Incorporation of deuterium was also found for alkyl groups attached to
ligands and the general name for the formation of the intermediates now is
cyclometallation. One might wonder if such cyclometallation reactions always
involve oxidative additions, and many intermediate cases with electrophilic
metal complexes can be imagined. For example, a very common sequence of
reactions includes a formal reductive elimination of HX after the formation of
the metal-carbon bond, and this we can write equally well as an electrophilic
mechanism (see Figure 19.2 for a general reaction). Numerous intramolecular,
stoichiometric C—H reactions have been reported, and often the metal organic
compound obtained can undergo insertion reactions.

O — @,@ O3

Figure 19.2. Cyclometallation with elimination of HX

These findings have stimulated enormously the search for intermolecular
activation of C—H bonds, in particular those of unsubstituted arenes and
alkanes. In 1982 Bergman [2] and Graham [3] reported on the reaction of well-
defined complexes with alkanes and arenes in a controlled manner. It was
realised that the oxidative addition of alkanes to electron-rich metal complexes
could be thermodynamically forbidden as the loss of a ligand and rupture of the
C—H bond might be as much as 480 kJ.mol ', and the gain in M—H and M-C
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bond energies might be less or at best very close in magnitude. Therefore, it is
advantageous if the initial creation of the vacant site can be carried out
photochemically. A photochemically generated unsaturated iridium species
undergoes oxidative addition of cyclohexane and other substrates (Figure 19.3).

Me, Me Me, Me
Me hv Me
Me «H _H Me H +H,
Me r~y Me I~g
Me;P Me;P
R = Cy, Ph, Np

Figure 19.3. Oxidative addition of cyclohexane [2]

Interestingly, the triphenylphosphine analogue underwent mainly the
“normal” cyclometallation reaction (Figure 19.4).

Me Me Me Me

Me hv Me
Me~ ¢ \I wH e Me— ﬁ \I «H *H,
r 66 M r
Me / ~H € /
PhsP Ph,P.

Figure 19.4. Cyclometallation for PPh;

Many related complexes of iridium and rhodium undergo the oxidative
addition reaction of alkanes and arenes [1]. Alkane C—H bond oxidative
addition and the reverse reaction is supposed to proceed via the intermediacy of
o-alkane metal complexes [4], which might involve several bonding modes, as
shown in Figure 19.5 (for an arene the favoured bonding mode is 1’ via the -
electrons).

H H \
Wl MDw Mi—
H H
n*-C H n*-HH n°-HHH n’-C.c
c-alkane complexes m-arene complex

Figure 19.5. Alkane bonding modes

The first reports on -alkane metal complexes date back to the 1970s, the
work of Perutz and Turner on photochemically generated unsaturated metal
carbonyls of Group 6 [4], which is well before the C—H oxidative addition
studies of alkanes. The enthalpy gain of formation of G-alkane metal complexes
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is estimated to be 2040 kJ.mol'. The occurrence of such intermediates in
alkane activation reactions was probed by isotopic substitution in mixed H/D
hydrocarbons and by comparing rate measurements at per-protio and per-
deuterio hydrocarbyl hydride complexes [5]. In mixed H/D hydrocarbyl
hydride complexes equilibration occurs intramolecularly between hydride and
deuterium prior to loss of alkane from the complex, see below.

Me Me Me Me Me Me
Me N WH ____ Me AN H Me . _H=CH,
—_ _H E— _H=
Me Pf‘CH3 Me’ /Os CH, Me’ /O\s H
Mezp\/PM92 Me2P\/F>|\/|e2 MezP\/PMe2

Figure 19.6. Intramolecular hydride methyl-hydrogen exchange

Exchange of hydrogen between C—H and M—H can be very fast as in the
osmium compound shown in Figure 19.6 in which H/H exchange can be
observed by NMR spectroscopy (intermediates shown are speculative). At —
100 °C the exchange rate is as high as 170 s [6].

Kinetic isotope effect studies have contributed greatly to our understanding
of the details of C—H activation by these types of metal complexes. The
simplest energy scheme for kinetic isotope effects is presented schematically in
Figure 19.7.

A B

reductive elimination oxidative addition

H/D s U S
H H
D D

H CH,4/CD, H CH,/CD,
D D

,CH3/CD3 ,CH3/CD3

M, M,
H/D H/D
normal isotope effects inverse and normal isotope effect

Figure 19.7. Isotope effects in alkane-metal reactions

The general phenomenon of a primary kinetic isotope effect is caused by
the higher zero-point vibration energy of a C—H bond compared to a C—D bond.
If in the transition state where this bond is being broken the intermediate is
linear (C-H—X), the energies of the deuterio and protio species are equal and
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thus the barrier for the protio species is lower. Therefore, the rate for the protio
species is higher than that of the deuterio species; this is the general rule for
organic reactions. Normal isotope effects have been measured for the formation
of alkanes from hydrido alkyl platinum complexes [7]. This situation is
sketched in Figure 19.7-A and it represents the overall process for perdeuterio
and perprotio complexes. The normal isotope effect holds for the reactions in
both directions, the reductive elimination and the oxidative addition of the
alkane. The isotope effect is higher for the oxidative addition.

For a late transition state, however, the vibrational energies of the transition
state will not be equal for the two isotopes, but will be closer to the vibrational
energies of the alkane product. Likewise, this may be the case for non-linear
transition states. This has been depicted in Figure 19.7-B. It is seen that in the
metal deuteride/hydride the energy difference between the two species is
smaller than in a carbon-hydrogen/deuterium bond (exaggerated in the figure),
because the stretching frequencies for M—H are lower than those of C-H. As a
result the reductive elimination barrier is lower for the deuterated species.
Secondary isotope effects for the H/D atoms not participating in bond
breaking/making are not considered, as they are supposed to be much smaller.
For many complexes the elimination of CD4 from MD(CD;) is indeed faster
than the elimination of CH,4 from the perprotio analogue.

There is ample evidence that the reductive elimination of alkanes (and the
reverse) is a not single-step process, but involves a c-alkane complex as the
intermediate. Thus, looking at the kinetics, reductive elimination and oxidative
addition do not correspond to the elementary steps. These terms were
introduced at a point in time when G-alkane complexes were unknown, and
therefore new terms have been introduced by Jones to describe the mechanism
and the kinetics of the reaction [5]. The reaction of the G-alkane complex to the
hydride-alkyl metal complex is called reductive cleavage and its reverse is
called oxidative coupling. The second part of the scheme involves the
association of alkane and metal and the dissociation of the 6-alkane complex to
unsaturated metal and free alkane. The intermediacy of ¢-alkane complexes
can be seen for instance from the intramolecular exchange of isotopes in D-M—
CH; to the more stable H-M—CH,D prior to loss of CH;D.

The kinetics of the overall loss of alkane must be treated as a two-step-
process with the elementary steps rc (reductive coupling), oc (oxidative
cleavage) and d (dissociation). If the elimination is irreversible the kinetic
equation reads k.kqg/(k,+kotkq) and depending on the relative magnitudes the
equation can be simplified [8]. In Figure 19.8 the situation has been depicted
for transition states having different zero-point energies for protio and deuterio
systems, and a rate-determining dissociation reaction. For clarity the arrows for
the dissociation have been omitted. The isotope effect of this step is usually
considered to be close to unity. The oxidative cleavage according to this sketch
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shows a normal isotope effect, and the reductive coupling shows an inverse
isotope effect. The inverse isotope effect in elimination reactions was taken as
an indication that ¢-alkane complexes are intermediates. An accurate treatment
should include the effects on the elementary steps involved. The inverse isotope
effect has values ky/kp = 0.3—0.7. It has been observed for complexes of Ir, Rh,
W, Re, and Pt [9]. For a complete treatment and a discussion of many pitfalls
we refer to Jones and references therein [5,9].

dissociation
it

oxidative cleavage

reductive coupling

M—(CH,/CD,)

1%-CH/D
,CH4/CD;
M

"H/ID

inverse and normal isotope effect
Figure 19.8. Inverse isotope effects in C—H activation [5]

In H/D mixed hydrocarbyl metal complexes, the differences in zero-point
energies also lead to equilibrium isotope effects, as it does in H/D complexes
with agostic hydrogen-metal interactions (Chapter 10.5). Like in agostic
interactions the most favourable situation is to have deuterium at a carbon
atom and the protium interacting with the metal, as this gives the lowest total
zero-point vibration energy. Prior to loss of alkane equilibration takes place.
We will not discuss here the interesting details of such mixed complexes.

In summary, once the reactive vacant site has been created activation of
alkanes is a facile process, much more facile than might have been thought
during the 1970s, when only intramolecular ligand-cyclometallation reactions
were known. The C—H activation shown in Figure 19.3 occurs in the related
carbonyl complex at very low temperature; IR spectroscopic evidence,
including deuterium labelling, showed that photolysis of (n5-CpMes)Ir(CO), in
CH, matrices at 12 K lead quickly to [(n5-CpMes)Ir(CO)H(Me)] species [10].
As we said in the introduction the overall thermodynamics of the process pose
the problem: the loss of a ligand costs energy and the metal-carbon bond made
is too weak. Since aryl metal-carbon bonds are stronger than alkyl metal bonds,
aryl carbon-metal bonds are formed preferentially and more easily. In the
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reaction with alkanes there is a preference for activation of the terminal
hydrogens, probably for steric reasons, which makes the reaction even more
interesting for catalysis.

Several catalytic processes are known, see below, but it is clear that the
compatibility of the above chemistry with functionalisation is limited. Many
reagents used to introduce functional groups will react with the reactive
intermediates described above, and the alkanes will have no opportunity to
react with the catalyst. Below a few catalytic reactions will be described of
relatively electron-rich metal complexes.

19.3 Hydrogen transfer reactions of alkanes

Hydrocarbons that might be compatible with electron-rich organometallic
complexes capable of C-H activation are alkenes. A potential reaction
therefore is dehydrogenation of alkanes to alkenes. Thermodynamics require
high temperatures and low hydrogen pressures otherwise the process is
energetically uphill. The stoichiometric reaction was discovered for
cycloalkanes and iridium complexes L,IrH,”  with the use of hydrogen
acceptors such as t-butylethene [11] (Figure 19.9). Stoichiometric reactions
were also reported for rhenium complexes; (PPh;),ReH; was shown to
dehydrogenate cyclopentane to give cyclopentadienyl-rhenium complexes [12].
These (and other) intermolecular C—H activation reactions with electron-rich
metal complexes preceded the stoichiometric reactions that started to appear in
1982.

:
0= &L %
I

Figure 19.9. Hydrogen transfer from alkanes to alkenes

Highly stable complexes for the catalytic hydrogen transfer reaction are the
so-called pincer complexes of iridium as reported by Jensen [13]. They are
even sufficiently stable to allow dehydrogenation of alkanes to alkenes and
dihydrogen in refluxing cyclooctane (b.p. 151 °C) or cyclodecane (b.p. 201
°C). During reflux the hydrogen escapes from the solvent and can be removed
from the system (Figure 19.10). Turnover frequencies of several hundreds per
hour were measured [14]. As mentioned above, C-H activation occurs
preferentially at the terminal carbon atom of n-alkanes; thus, the primary
product of such a reaction are predominantly 1-alkenes, a desirable product
(Chapter 9). Indeed, the initial product is 1-alkene, but at longer reaction times
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isomerisation takes place. Also higher concentrations of alkene prohibit the
reaction as alkenes coordinate more strongly to the metal catalyst than alkanes.

PR,
| m
Iy

I H

/\/\/\/150_19000 <3PR;> PR <}>

Figure 19.10. Dehydrogenation of alkanes with pincer complexes

or H,

19.4 Borylation of alkanes

Activation of alkane C—H bonds is much easier than one might have
thought before 1980. Substitution of the carbon atom after its addition to a low-
valent metal complex, however, remains a difficult task and an important
target. The key issue is to find a reagent that can transfer a functional group or
atom in such a way that the reactive metal complex is retained. Alkenes and
alkynes are candidates as we have seen above, but the products of such
reactions are alkenes (via dehydrogenation of alkanes or alkane addition to
alkynes) or alkanes (alkane addition to alkenes). It was found that boron
compounds are suitable candidates, in terms of reactivity and thermodynamics
[15]. The first examples required photochemical activation, but now there are
several examples of thermal reactions. Interestingly, many metals catalyse this
reaction: Mo, W, Fe, Ru, Rh, and Ir. A typical example is shown in Figure
19.11.

HBpin or (Bpin),

NSNS0 + Hp
150 °C ‘(?)
Cp*ML,
Me L= ethene, etc. M= Rh, Ir
_ .4

Me .. ...Bpin L2 =n"-CeMes Ste!

M Bpin = |

Me N~y 5
vl
Bpin
Figure 19.11. Borylation of alkanes

Instead of the borohydrido pinacol ester one can also use the boron dimer.
Several metals, intermediates as the one shown in Figure 19.10 have been
isolated. They may contain 1-3 Bpin units and 3-1 hydrides. For the mechanism
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one can imagine a series of oxidative addition and reductive elimination
reactions. For iron and tungsten systems also G-bond metathesis type
mechanisms were proposed [16].

The boron group can be displaced by oxygen via oxidation with
hydroperoxide. For making simple alcohols this is not an industrial option. For
making aryl boronic esters, starting materials for the Suzuki reaction (Chapter
13) for the use in agrochemicals and pharmaceuticals [17], it seems a promising
route, as it avoids the use of Grignard reagents, and it reduces the number of
steps, especially if one could continue with the Suzuki coupling reaction in the
same reactor without purification.

19.5 The Murai reaction

An efficient catalytic addition of aromatic carbon-hydrogen bonds to
alkenes was developed by Murai and co-workers [18]. The aromatic compound
usually contains a functionality such as a ketone or imine and the “activation”
takes place ortho to this group. Thus the Murai reaction is more akin to the
older C—H activation in ligands coordinated to the activating metal than to the
alkane/arene activation described in the previous sections. The conversion is
catalytic, though, and the number of compounds subjected to this reaction is
very high. Ruthenium is the metal of choice and a range of precursors has given
good results. Turnover numbers are often below 100 and temperatures are often
high, 150 °C. The “base” example is presented in Figure 19.12 together with a
simplified mechanism.

RuH,(PPh3)3(CO)
EO—— _—_—

— -
Si(OEt); 150-190 °C

Si(OEt);
—0 o)
Tpha \ fPh \ [P Si(OEY)
I
o— Tu —_ I‘RU*H —_— I‘Ru\// °
PPh =\
3 PPh, SIOEN; PPh,

Figure 19.12. Addition of aromatics to alkenes (Murai reaction)

According to isotope studies the rate-determining step of this sequence is
the reductive elimination, and all other reactions (C—H activation, insertion of
alkene) are reversible. The first indication of this behaviour was the H/D
exchange of the ortho proton of acetophenone. Secondly, and perhaps useful
for many other systems, was the kinetic isotope effect observed for °C natural
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abundance in the starting material. If all reactions are reversible and the
reductive elimination is rate-determining there will be a small, but distinct °C
isotope effect, because the intermediates containing °C at the crucial positions
will react more slowly than the molecules containing '>C at the Ru-C bonds.
The isotope effect is small because the masses differ only slightly, but
especially at high conversions one can measure this effect in the unreacted
substrate, which is enriched in C at the positions involved in the reductive
elimination. As the natural abundance does not change at the other positions,
the enrichment can be relatively easily measured by C spectroscopy [19].

19.6 Catalytic 6-bond metathesis

Another effective way of staying clear of the thermodynamic barriers of C—
H activation/substitution is the use of the G-bond metathesis reaction as the
crucial elementary step. This mechanism avoids intermediacy of reactive metal
species that undergo oxidative additions of alkanes, but instead the alkyl
intermediate does a 6-bond metathesis reaction with a new substrate molecule.
Figure 19.13 illustrates the basic sequence [20].

| +RH —

Figure 19.13. Catalytic 6-bond metathesis

Effectively, this is another example of the addition of a functional aromatic
compound to an alkene, as the Murai reaction, but the mechanism is different.
Alkyl substituted pyridine derivatives are interesting molecules for
pharmaceutical applications. The 6-bond metathesis reaction is typical of early
transition metal complexes as we have learnt in Chapter 2.

19.7 Electrophilic catalysts

The earliest catalytic application of C-H bond activation and
functionalisation is that of methane using platinum chlorides as the catalyst and
oxidising reagent. The exchange of hydrogen atoms in arenes with D,O was
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discovered in 1967 by Garnett and Hodges [21] and the exchange with alkanes
two years later by Shilov and co-workers [22]. The effective functionalisation
of methane involves platinum(Il) [23] as the activating metal complex and
platinum(I'V) as the oxidising species to generate methyl chloride and methanol
[24]. The methane activating species is platinum(II), which is compatible with
the oxidising agent, Pt(IV). The process is different from the one we have seen
above; an electrophilic metal ion forms a bond with the 6-C—H-bond of
methane, and a base abstracts the proton, under formation of a metal-carbon
bond [25]. The process is the analogue of the heterolytic cleavage of
dihydrogen and the cleavage of a silicon-hydride bond by a methoxide forming
a silicon-oxygen bond (Chapter 2). The mechanism is shown in Figure 19.14.

cl ~OH,

AN
Hzo/ \T é\cr
/ CHs
g OH2 CH, g OH2
H,0” ¢ -HCl H,0” “NCH,
( PtClg>
PtCl,>
CH3
CH3OH + HCI
3 CI“"//P‘t\\“' OH2
H2O/ ‘ \CI

Cl

Figure 19.14. Mechanism of methanol formation in the "Shilov" system

Pentane gives 1-pentyl chloride as the main product, which is highly
interesting as all other oxidative functionalisations will give a secondary alkyl
derivative as the product, because for radical attack the secondary hydrogens
are more reactive than the primary ones.

It has been shown that Pt(IV) functions as an oxidant and that no methyl
transfer is involved from Pt(II) to Pt(IV). This is promising, in that other
oxidising agents might be used instead of Pt(IV). Ligand modified platinum
complexes can activate methane under very mild conditions in
pentafluoropyridine or trifluoroethanol as a weakly coordinating solvent.
Bidentate nitrogen ligands were preferred [26]. The divalent dimethylplatinum
complexes can be oxidised to Pt(IV) by dioxygen [27], which indicates there is
still room for progress towards a useful system.

An important breakthrough on the route toward avoidance of expensive
tetravalent platinum as the oxidising agent was reported by Periana and co-
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workers [28] who succeeded in using sulfuric acid in combination with Pt(II).
The product of this reaction is the monomethyl ester of sulfuric acid. Re-
oxidation of SO, and recovery of methanol is not an easy task either, but as yet
it is one of the best catalytic functionalisation reactions of methane using C-H
activation.

Other metals capable of electrophilic substitution of C—H bonds are salts of
palladium and, environmentally unattractive, mercury. Methane conversion to
methanol esters have been reported for both of them [29]. Electrophilic attack
at arenes followed by C—H activation is more facile, for all three metals. The
method for making mercury-aryl involves reaction of mercury diacetate and
arenes at high temperatures and long reaction times to give aryl-mercury(Il)
acetate as the product; it was described as an electrophilic aromatic substitution
rather than a C—H activation [30].

Palladium salts will attack C—H bonds in functionalised aromatics such as
acetoaniline to form palladium-carbon bonds that subsequently undergo
insertion of alkenes [31]. B-Hydride elimination gave styryl derivatives and
palladium hydride, which requires re-oxidation of palladium by benzoquinone.
The reaction can be regarded as a combined Murai reaction (C—H activation, if
electrophilic) and a Heck reaction (arylalkene formation), notably without the
production of salts as the cross-coupling reactions do. An example is shown in
Figure 19.15.

Pd(OAC), N

N %8 —— 2 . T(
©/ 7( * /Y . HOAc o]
w0 0o
oxidant

Figure 19.15. Electrophilic C—H activation by palladium(II)

Perhaps, many of the intramolecular C—H activations that are known for
metal ligand complexes are actually best described as electrophilic substitutions
rather than oxidative additions. A very large number of palladium(Il)
complexes are known to react intramolecularly to the metallated species.

C-H activation remains an important topic for catalysis even after thirty
years of intensive research. The potential shortcuts it offers for many present
routes to a wide variety of chemicals that are produced will continue to inspire
industrial and academic research [32]. An interesting example involves the
enantiospecific, coordination-directed C-H bond functionalisation in the
synthesis of a natural product, rhazinilam, an anti-tumor agent. The resulting
vinyl moiety obtained in the dehydrogenation was subsequently carbonylated to
form a cyclic amide [33].
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