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CHAPTER1 HOMOGENEOUS CATALYSIS - ADVANTAGES AND
PROBLEMS

D. J. COLE-HAMILTON® AND R. P. TOOZE®

*EaStCHEM, School of Chemistry, Univesity of St. Andrews, St. Andrews,
Fife, KY19 9ST, Scotland

"Sasol Technology UK, Ltd., Purdie Building, North Haugh, St. Andrews,
Fife, KY19 9ST, Scotland

1.1 Catalysis

Catalysts speed up chemical reactions but can be recovered unchanged at the end of the
reaction. They can also direct the reaction towards a specific product and allow
Chemistry to be carried out at lower temperatures and pressures with higher selectivity
towards the desired product. As a result they are used very extensively in the Chemical
Industry. Chris Adams, writing for The North American Catalysis Society estimates
that “35% of global GDP depends on catalysis, although this excludes the emergent
genetic business. Confining the analysis to the chemicals industry, with global sales of
perhaps $1.5 x 10" the proportion of processes using catalysts is 80% and increasing.
The catalyst market itself is US$10', so that catalysis costs are much less than 1% of
the sales revenue from the products which they help create. Small wonder that the
catalyst market is increasing at 5% per annum” [1]

TABLE 1.1 Comparison of homogeneous and heterogeneous catalysts

Heterogeneous Homogeneous
Catalyst form Solid, often metal or metal oxide Metal complex
Mode of use Fixed bed or slurry Dissolved in reaction medium
Solvent Usually not required Usually required — can be product or
byproduct
Selectivity Usually poor Can be tuned
Stability Stable to high temperature Often decompose < 100°C
Recyclability Easy Can be very difficult
Special reactions Haber process, exhaust clean up etc. ~ Hydroformylation of alkenes, methanol

carbonylation, asymmetric synthesis etc

There are two kinds of catalysts. Heterogeneous catalysts are insoluble in the medium
in which the reaction is taking place so that reactions of gaseous or liquid reagents
occur at the surface, whilst homogeneous catalysts are dissolved in the reaction
medium and hence all catalytic sites are available for reaction. Some of the properties
of catalysts are collected in Table 1.1, where heterogeneous and homogeneous catalysts
are compared.

1

D..J. Cole-Hamilton and R. P. Tooze (eds.), Catalyst Separation, Recovery and Recycling, 1-8.
© 2006 Springer. Printed in the Netherlands.



2 D.J. COLE-HAMILTON AND R. P. TOOZE

Heterogeneous catalysts are generally metals or metal oxides and they tend to give
rather unselective reactions. They are very stable towards heat and pressure, so can be
used at high temperature. Only the surface atoms are available for reaction.
Homogeneous catalysts, on the other hand are usually complexes, which consist of a
metal centre surrounded by a set of organic ligands. The ligands impart solubility and
stability to the metal complex and can be used to tune the selectivity of a particular
catalyst towards the synthesis of a particular desirable product. By varying the size,
shape and electronic properties of the ligands, the site at which the substrate binds can
be constrained in such a way that only one of a large number of possible products can
be produced. As an example, Figure 1.1 shows a range of products that might be
produced from a mixture containing an alkene, carbon monoxide, hydrogen and an
alcohol. All of the products have their uses, but it is a triumph of homogencous
catalysis that any one of the products can now be made with > 90 % selectivity by
careful selection of the metal centre, ligands, reaction conditions and in some cases
substrate [2]

Hydroformylation Hydrocarbonylation Methoxycarbonylation
R
R
P R
R —
R CHO — )LCH;OH CO,Me
>* CHO CH,OH R
>—CO;Me
Hydrogenation R\
R N— EtOH i
Isomerisation R\ Methanol homologation
CO H, MeOH
) CH,0 MeCO,Me
CO Hydrogenation Methanol carbonylation
HOCH,CH,OH MeCO,H
R R R
RM )\[{K RwR MEOWH w
le) o) o lo) R-N * n
Co-oligomerisation Co-polymerisation Polymerisation

Figure 1.1. Some of the products that can form from an alkene, carbon momoxide, hydrogen and methanol.
The asterisks represent asymmetric centres in chiral molecules

Various different kinds of selectivity are represented in Figure 1.1. These include:
e  Chemoselectivity, the production of one product type such as alcohols rather
than aldehydes
e Regioselectivity, the production of a linear ester rather then one with a
branching methyl group
e Stercoselectivity, the production of one enantiomer of a chiral compound
(chiral products are marked with an asterisk in Figure 1.1)
In general, heterogeneous catalysts do not show the selectivity shown by chiral
catalysts, although current research on surface modifiers has shown that even
enantioselective reactions, albeit for a restricted range of substrates is becoming
possible [3, 4]
Despite this selectivity advantage of homogeneous catalysts, almost all of the industrial
catalytic processes use heterogeneous catalysts, because of their one major advantage,
their ease of separation form the reaction product. Being insoluble in the reaction
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medium, heterogeneous catalysts can often be used as fixed beds over which the
substrates flow continuously in the liquid or gaseous form. This means that the catalyst
can be contained within the reactor at all times. Not only does this mean that the
separation of the products from the catalyst is built into the process, but also, the
catalyst is always kept under the conditions of temperature, pressure, contact with the
substrate and products, for which it has been optimised.

For homogeneous catalysts, which are dissolved in the reaction medium containing
the substrates, products and dissolved gases, the separation can be extremely energy
intensive and time consuming. Only rarely, when the product can be evaporated under
the reaction conditions, can homogeneous catalytic reactions be carried out under
continuous flow conditions, where the substrates are introduced continuously into the
reactor whilst the products are continuously removed. More often, commercial
processes are carried out under what we shall refer to as batch continuous conditions.
Part of the liquid catalytic solution containing the product(s), unreacted substrates and
catalyst is removed continuously from the reactor to a separator, which is usually a disti-
llation system operating at lower pressure than the reactor. The products and unreacted
substrates are then separated from the catalyst and lower boiling byproducts by fractional
distillation before the fraction containingthe catalyst is returned to the reactor. Since the
separation is carried out under conditions that are far removed from those for which the
catalyst has been optimised, there is a danger that the catalyst may precipitate, thus
clogging pipework or, worse still, decompose in the recyling loop.

In general homogeneous catalysis has only been commercialised when there is no
heterogenous catalyst that is capable of promoting the desired reaction or when
selectivity to a higher added value product is possible using a homogeneous catalyst.
Creative chemists and process engineers have then joined forces to provide a cost
effective solution to the separation problem.

Increasing environmental concerns and dwindling supplies of raw materials and
energy sources mean that there is now a significant pressure to introduce cleaner
processing in the chemical and pharmaceutical industries.

Ideally reactions should have as many as possible of the following properties:
e  Use renewable feedstocks
e  Make a single product
e Have 100 % atom efficiency (all the atoms in the starting materials end up in
the products, although expulsion of water might be acceptable)
e  Operate under mild conditions (preferably ambient temperature and pressure)
e Be tolerant of the presence of air
e  Produce no waste or other byproducts (these are often quantified using the E-
Factor, which is the mass (kg) of waste produced per kg of product formed.
For a fuller discussion see Chapter 5, Section 5.3.4)
e Have a very long-lived catalyst if, as is very likely, one is required
e Have a simple separation method for the catalyst from the products
e  Operate under continuous flow conditions
The catalysts that come closest to meeting these requirements are enzymes, but in
general, the products of biological process are not separated from the medium in which
they are formed, rather being used in situ. The demand for high selectivity and low
environmental impact suggests that there will be a desire to commercialise more
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processes using homogenous catalysis and hence the problem of separating, recovering
and/or recycling the catalysts must be addressed, perhaps using innovative solutions [5,
6]

There are, then, three critical requirements of any catalyst if it is to be exploited on
a commercial scale; these are activity, selectivity and stability. It has been widely
demonstrated and generally accepted that homogeneous catalysts are superior to their
heterogeneous counterparts in terms of both activity (certainly under mild reaction
conditions) and selectivity (the classical example is chiral catalysis).

The fatal weakness that has prevented the predicted proliferation of homogeneous
catalysts is lack of stability. This further illustrates that all of the above criteria need to
be fulfilled.

1.2 Catalyst Stability

Catalyst stability can be defined in terms of turnover number (TON). A textbook
definition of this is:

TON = mol of feed consumed before activity ceases
mol of catalyst utilised

In reality the limiting case it not complete loss of activity but rather reduction of
activity below a critical threshold determined by the economics of any given process
and reactor design.

The TON can be reduced in a number of ways

e  Thermally induced decomposition.

e Chemically induced decomposition, of which two further categories can
be considered namely substrate induced decomposition and poisoning by
impurities or products.

e Physical loss from the process.

These will now be considered briefly in turn

1.2.1 THERMALLY INDUCED DECOMPOSITION

As mentioned above one of the fundamental attributes ascribed to homogeneous
catalysts is superior activity at low temperature. However, even within classes of such
catalysts, improvements in catalyst activity can be made allowing operation at lower
temperatures, thus reducing or avoiding completely this mode of catalyst decay. One
such example can found in recent advances in palladium catalysed ethene carbonylation
(Equation 1.1).

CH2:CH2 +CO+ROH — H-{CHzCHzC(O)}n'OR

Equation 1.1. Ethene carbonylation leading to alkyl (R) propionates (n = 1) or to ethene carbon monoxide
copolymers (n is large)
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This reaction to give methyl propanoate can be catalysed by a combination of
palladium acetate, triphenylphosphine and methanesulphonic acid [7]. However in
order to obtain acceptable rates the reaction must be carried out at over 100 ° C. At this
temperature catalyst life is short due to a variety of side reactions [8, 9] and very
expensive palladium is lost. Advances in catalyst design have identified alternative
phosphine ligands such as 1,2-bis(ditertiarybutylphosphinomethylbenzene) that can
give much increased activity even at 30° lower temperatures and thus avoid thermal
decomposition [10]. Whilst this and other examples show that increased understanding
can lead to improvements in catalyst design such that reactor operating conditions can
be changed so as to avoid decomposition, no such activity enhancement will impact on
the separation process which is governed by the physical properties of all products and
reactants. An example here would be the hydroformylation of alkenes. Scientific
advances have resulted in phosphine modified rhodium catalysts that exhibit much
greater activity than for example unmodified cobalt catalysts, but when this technology
is applied to higher molecular weight alkenes (C10+) the separation of products from
catalyst in such a way as to avoid extensive decomposition of expensive catalyst is a
formidable technological challenge. Different possible separation methodologies for
long chain aldehydes formed by hydroformylation reactions are explored in more detail
in the subsequent chapters of this book.

1.2.2 CHEMICALLY INDUCED DECOMPOSITION

No catalyst has an infinite lifetime. The accepted view of a catalytic cycle is that it
proceeds via a series of reactive species, be they transient transition state type
structures or relatively more stable intermediates. Reaction of such intermediates with
either excess ligand or substrate can give rise to very stable complexes that are
kinetically incompetent of sustaining catalysis. The textbook example of this is
triphenylphosphine modified rhodium hydroformylation, where a plot of activity versus
ligand:metal ratio shows the classical “volcano plot” whereby activity reaches a peak at
a certain ratio but then falls off rapidly in the presence of excess phosphine, see Figure
1.2 [11]. On occasion these over ligated complexes are materials that can be identified
in solution or perhaps more tellingly isolated from catalytic reactions. Such reactions
can often be reversed by removal of the excess reagent. Such processes are not
considered in the context of this book as resulting in loss of overall turnover number.

1

Rate

P:Rh

Figure 1.2. Typical plot of the effect of rate on the P:Rh ratio for a Rh/PPh; hydroformylation catalyst. The
exact position of the maximum depends on [Rh], pco and T
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A more serious but potentially soluble problem is that of poisoning by impurities in the
feed to a catalytic reaction. Homogeneous catalysts are again believed to be more
susceptible to this mode of decomposition than their heterogeneous counterparts. This
problem may be solved by the development of more robust catalysts, but a more usual
solution is feedstock purification. An example where this purification is carried out in
situ involves the addition of large quantities of aluminium reagents (such as
methylaluminoxane, MAO) to polymerisation and oligomerisation reactions. The ratio
of aluminium to transition metal can be very high (>500) and part of the purpose of this
large excess is believed to be removal of oxygenates from alkene feeds [12].

1.2.3 PHYSICAL LOSS FROM THE PROCESS

The loss of expensive catalyst from the reactor system can be fatal for any process.
Physical loss involves the removal of active catalyst from the closed loop of the
process. This can include the plating out of metal or oxides on the internal surfaces of
the manufacturing plant, failure to recover potentially active catalyst from purge
streams and the decomposition of active catalyst by the process of product recovery.
The first two can be alleviated to some extent by improvements in catalyst or process
design, the last is an intrinsic problem for all manufacturing operations and is the
subject of this book.

Catalysts are traditionally designed and optimised based on their performance in
the reactor and not for their ability to withstand traditional separation processes.
However, on taking any system from the laboratory to the pilot plant and beyond, this
need to isolate product whilst efficiently recovering the catalyst often becomes the most
important single issue. The best option is selection of a product isolation method that
maintains the integrity of the catalyst and requires no further treatment of the catalyst
prior to reintroduction into the reactor, or leaves the catalyst in the reactor at all times.

A compromise solution can be that, although a catalyst may not be in its active
form in the separation unit, it can be recovered and regenerated easily at the production
facility. A final option is that spent catalyst can be recovered, concentrated and returned
to the original supplier for reprocessing. Whilst this is an expensive and inelegant
option, it remains the most pragmatic solution until technologies described in this book
reach maturity.

1.3 Layout of the Book

In this book, we report on the state of the art of methods for catalyst separation

recovery and recycling, not just describing the chemistry, but also discussing the
process design that would be required to put the processes into practice.
Conventional processes involving distillation of the product directly from the reactor or
batch continuous operation where the distillation is carried out in a separate chamber
(Chapter 2) provide the backdrop for the many alternative processes that are being
discussed.



HOMOGENEOUS CATALYSIS - ADVANTAGES AND PROBLEMS 7

These alternative processes can be divided into two main categories, those that

involve insoluble (Chapter 3) or soluble (Chapter 4) supports coupled with continuous
flow operation or filtration on the macro — nano scale, and those in which the catalyst is
immobilised in a separate phase from the product. These chapters are introduced by a
discussion of aqueous biphasic systems (Chapter 5), which have already been
commercialised. Other chapters then discuss newer approaches involving fluorous
solvents (Chapter 6), ionic liquids (Chapter 7) and supercritical fluids (Chapter 8).
No attempt is made to provide comprehensive coverage of all the work carried out in
these different media, but rather to give a flavour of the kind of systems for which the
different approaches may be appropriate. In all the chapters, a more detailed discussion
of the rhodium catalysed hydroformylation of 1-octene to nonanal, as a representative
example of the synthesis of a long chain aldehyde with relatively low volatility, is
provided [13, 14]. This reaction has been chosen because:

e [tis areaction demonstrating 100 % atom economy

e [tis areaction which uses both gas and liquid substrates

e  The rate of the reaction is crucial for successful commercialisation

e There are important issues relating to chemoselectivity (aldehydes or alcohols
may be the products and alkene isomerisation is a competing side reaction,
which must be reduced to a minimum) and regioselectivity (linear aldehyde is
much preferred over branched)

e [t is a commercially important reaction as a step in the synthesis of nonanol,
an important plasticizer alcohol. Other long chain alcohols, derived from
product aldehydes by hydrogenation are used as the basis of soaps and
detergents,

e  Currently the reaction is carried out using cobalt based catalysts with severe
penalties in terms of harsh operating conditions (80 bar CO/H,, 200°C). In
addition, substantial loss of substrate (ca. 10%) to hydrogenation makes the
overall selectivity to the linear alcohol ca. 80% [15]. Rhodium based systems
are capable of giving higher selectivities (>90%) to the desired linear aldeyde
product under milder conditions (20 bar, 100°C) [13]

e The reaction has been studied using all of the different possible separation
methods and represents a system where advantages and disadvantages of the
various processes can be compared [5]

e Despite the very attractive properties of the rhodium-based system, no
commercial plants used it because the low stability of the catalyst meant that
the catalyst separation problem prevented commercialisation. Very recently,
this situation has changed with the introduction of rhodium-based plant by
Sasol in South Africa which uses technology developed by Kvaerner Process
Technology (now Davy Process Technology). This batch continuous plant
produces medium - long chain aldehydes and the separation is carriedout by low
pressure distillation [16-18]

In the final Chapter of the book (Chapter 9), all the different processes are compared
with a discussion of the various areas where further research will be required to
improve the new processes to a point where they may be commercially attractive.
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21 Coverage of Chapter

When considering a separation technique for a homogeneous catalytic process, one
must realize that catalyst/product/byproduct separation is an integral part of the entire
process. The selection and design of the separation technology goes hand-in-hand with
catalyst design, often in an iterative fashion. That is, a catalyst is selected and tested in
a continuous unit, with recycle of streams, to discover if there are problems that will
necessitate redesign of the catalyst. Redesign is more often the fact than the exception.

The objective of this chapter is to detail considerations that must be addressed in
order to successfully marry a catalyst technology with catalyst/product separation tech-
nology. The focus of this chapter is hydroformylation, but the general principles should
apply to many homogeneous precious-metal catalyzed processes.

2.2 General Process Considerations

There are four principal factors that are paramount in selecting the best separation tech-
nique. They are the energy required for the separation, the capital required for the
equipment used in the separation, the efficiency/effectiveness of the separation, and the
vitality of the catalyst after the separation. General process considerations include:

® Transitions of any type including temperature, pressure or phase changes
should be minimized.

® Cooling below 40 degrees Celsius becomes more expensive (river water can-
not be used).

®  Vacuum below 20 mm Hg is challenging.

® Byproduct formation should be minimized. Single product processes are bet-
ter. A distillation column, or other step, will be required for each material in
the mixture.
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® Everything feasible should be recycled so as to minimize waste.

®  Pressures should be kept below 35 bar, at least below 100 bar, to minimize
costs and because most process design experience is here.

® The use of rotating equipment such as compressors or centrifuges should be
minimized to minimize maintenance costs.

Corrosive materials, particularly chloride, should be avoided.
Batch operations should be avoided.
® The handling of solids should be avoided.

2.3 Everything is a Reactor

This may be a good time to introduce a very simple principal of process chemistry, but
one that is not widely recognized. It is taught in chemical engineering that the only
things in chemistry that matter are temperature and concentration. Every other variable
can be reduced to these two. For example, time is simply a reflection of changing con-
centration.

Now a corollary: since every piece of process equipment has associated with it
temperature and concentration, all pieces of process equipment are reactors. Stated dif-
ferently, everything is a reactor.

There is a tendency to think that once the catalyst is removed from the reactor, all
chemistry ceases. Chemistry is occurring throughout the process, and that is why sepa-
ration of products cannot be viewed in isolation from the process that made them.

24 Overview of Separation Technologies
24.1 TRADITIONAL COBALT WITH CATALYST DECOMPOSITION

Traditional cobalt hydroformylation separations will not be covered in detail since they
have been described in many excellent references.[1] A key factor in understanding
cobalt hydroformylation conditions and cobalt/product separations is to recognize that
cobalt is a relatively unreactive catalyst that requires high temperatures to achieve
commercially viable rates. Cobalt carbonyls have limited thermal stability. By using
high (200 bar) partial pressures of syn gas (CO/H,), thermal stability is achieved during
hydroformylation. However, to separate the cobalt catalyst from the hydroformylation
products the pressure must be reduced. Separation is achieved by decomposing the
catalyst in a step referred to as decobalting. There have been a variety of techniques
disclosed for achieving this goal.[2]

A major advance in homogeneous catalysis was the introduction of a trialkyl-
phosphine to supplement the role of carbon monoxide in catalyst stabilization.[3] A
ligand modifier such as trialkylphosphine serves three principal roles in a homogeneous
catalytic process. It stabilizes the metal, it influences the reaction rate, and it influences
process selectivity.



CLASSICAL SEPARATION TECHNOLOGY 11

In cobalt hydroformylation, the trialkylphosphine provides a more thermally stable
catalyst so that decobalting is not required. Its influence on reaction rate is not a desir-
able one in that the TOF (turnover frequency) of the cobalt is reduced with the
consequence that higher operating temperatures are needed to achieve commercial
rates. Finally, the trialkylphosphine significantly alters process selectivity. Rather than
making mainly aldehydes, as is the case with unmodified cobalt, the principal product
in phosphine-modified cobalt catalysis is the corresponding alcohol. For many alkenes
this is not undesirable since higher molecular weight aldehydes would probably be re-
duced to alcohol in subsequent processing steps. For butanal, however, the
circumstance is different.

2.42  UNION CARBIDE-DAVY GAS RECYCLE PROCESS

Butyl alcohol is not the principal use of butanal obtained by propene hydroformylation.
Rather its major market is 2-ethylhexanol that is prepared via aldol condensation fol-
lowed by hydrogenation.[4] Thus formation of alcohols when aldehydes are desired is
not only a direct efficiency loss, but also the alcohol impurity will form hemiacetals
and acetals that complicate refining and lead to increased operating costs.

A breakthrough in hydroformylation was achieved with the introduction of a tri-
arylphosphine-modified, in particular triphenylphosphine-modified, rhodium
catalyst.[5] This innovation provided simultaneous improvements in catalyst stability,
reaction rate and process selectivity. Additionally, products could be separated from
catalyst under hydroformylation conditions. One variant is described as Gas Recycle
(Figure 2.1) since the products are isolated from the catalyst by vaporization with a
large recycle of the reactant gases.[6] The recycle gas is chilled to condense butanals.

Cycle
Compressor

Condenser

Liquid-Vapor |

Separator S .
To Stripper an

% Product Recovery

COMH,
_>

Reactor

Figure 2.1. Gas Recycle Hydroformylation Process

In the practice of gas recycle hydroformylation [7], rhodium complex and triphenyl-
phosphine are dissolved in a suitable solvent. The reactor is pressurized with the
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reactants, carbon monoxide, hydrogen and propene. The entering gas is passed through
the catalyst solution and becomes saturated with aldehyde. Gas exiting the reactor is
chilled to condense butanal, and the reactant gases are compressed and returned to the
reactor.

One advantage of Gas Recycle operation is that the catalyst remains in the reactor
and is thus always working. This reduces the inventory of the expensive precious metal.
Another advantage is that part of the heat of reaction is used to vaporize aldehyde prod-
ucts. A downside is the energy consumption of the recycle compressor. Another
downside is that the large gas flows through the catalyst solution expand its volume
such that a greater reactor volume is required resulting in increased capital cost.

Gas Recycle is a relatively simple operation. Rather than being circulated through
a variety of pipes, pumps and columns, the catalyst remains in one place. A key control
variable is maintaining a constant liquid level in the reactor. This is not as simple as it
might first seem because in addition to butanal isomers forming, butanal condensation
products including dimers and trimers also form to give what are collectively termed
“heavies”.

Heavies formation is accelerated by a variety of materials.[8] Successful Gas Re-
cycle operation depends on keeping the catalyst solution as pristine as possible to limit
heavies formation since in Gas Recycle there is no independent way to remove heavies.
There are a single set of conditions for product formation, product removal and by-
product (heavies) removal. A key to successful operation is identifying conditions
under which the heavies can be removed essentially at their rate of formation. A down-
side of Gas Recycle is that it may be difficult to recover from upsets in operation,
which result in the catalyst solution containing a disproportionate amount of heavies.

Gas Recycle technology has been licensed worldwide by Union Carbide-Davy for
the hydroformylation of propene.[9] It has also been operated by Union Carbide for
ethene hydroformylation. Its use with butene is feasible, but at the margin of operabil-
ity. Liquid Recycle, described below, is a better option for butene.

In spite of its limitations, Gas Recycle technology remains a viable option in cer-
tain circumstances where its selection may be favored by plant scale or capacity. Other
keys to the decision are as mentioned earlier: energy consumption, capital investment,
separation efficiency and catalyst vitality.

243 LIQUID RECYCLE

In Liquid Recycle, the conditions for the reaction are decoupled from those for the
separation system.[10] Distillation is a widely practiced and well-understood technol-
ogy, so it is generally the first consideration for any homogeneous catalytic process. A
typical Liquid Recycle system is shown in Figure 2.2.
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Figure 2.2. Block Flow Diagram for a Liquid Recycle Process

Propene and syn gas are fed to a reactor (1 in Figure 2.2) where the gases are intimately
contacted with an organophosphorus-modified rhodium catalyst. The exothermic heat
of reaction is controlled with heat exchanger (2). Effluent from the reactor passes to a
column (3) where the solution is degassed. Propane in the cycle from hydrogenation of
propene is vented along with some propene and syn gas. From the degassing column,
the catalyst solution passes to column (4) where aldehyde products and condensation
byproducts are separated from catalyst solution. The catalyst solution is recycled to the
reactor, and the product mixture is transferred to column (5) where isolation of the bu-
tanal occurs.

Feed to tails ratio may be defined as the ratio between the liquid fed to column (4)
and the liquid in the catalyst recycle. Higher feed/tails ratios contribute to higher con-
version since with only catalyst and heavy solvent being recycled more of the reactor
volume is available for product.

Whereas in Gas Recycle the product must be removed at the same temperature and
pressure at which it is formed, in Liquid Recycle the separation of product (and by-
products) from catalyst is independent of the conditions under which the products were
formed. This added degree of control brings a variety of benefits. Since large gas flows
are no longer required in the reactor, the liquid expansion due to gassing is reduced and
more catalyst can be contained in a specific reaction vessel. Reactor temperature and
reactant concentrations can be tuned for optimum catalyst performance. The conditions
in the separation system can likewise be tuned for optimum performance. In particular,
more severe conditions will permit better control over the concentration of heavies in
the catalyst solution.

The more concentrated the catalyst exiting the separation system (vaporizer) and
being returned to the reactor, the higher the concentration of product in the effluent
from the reactor. Higher product concentration means fewer passes of the catalyst
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through the vaporizer for a given production, and fewer passes means higher efficien-
cies in the conversion of raw materials to products since each time catalyst is removed
from the reactor some unconverted reactants will be lost.

Another advantage of Liquid Recycle is that multiple reactors may be arranged in
series with the effluent from one passing on to the next. The alkene concentration is
less in the downstream reactors, but reaction conditions can be adjusted to optimize
each reactor’s performance. In back mixed reactors in continuous operation, the efflu-
ent from the reactor is the same as the catalyst solution throughout the reactor. By
placing reactors in series, the first reactor can be optimized for high rates and later reac-
tors for high conversion.

There are some downsides to Liquid Recycle operation. The first has been referred
to as thermal degradation [11] or thermal shock, although this term suggests that only
temperature is responsible, but remember that in chemistry the two key variables are
temperature and concentration.[12] What one observes is that the catalyst may become
less active or even less soluble when passed through a vaporizer or when exposed to
carbon monoxide and hydrogen in the absence of alkene. The successful development
of a homogeneous catalytic process requires the close cooperation of both chemists and
engineers to manage the tradeoffs as product is separated from catalyst.

2.4.4  BIPHASIC SYSTEMS; WATER-ORGANIC

Considerable work has been conducted on a water-soluble catalyst using sulfonated
phosphine-modified rhodium. Details of this chemistry will be described in Chapter 5.
The general concept (Figure 2.3) is to make the catalyst water soluble, then after prod-
uct formation, decant the product. In order for the water-soluble catalyst to be effective,
the alkene must dissolve in the aqueous layer. This has been demonstrated on a com-
mercial basis using propene. The low solubility of higher alkenes in the aqueous
catalyst layer has proven problematic. The desirable characteristic of the ligand, water
solubility, is needed in the separation step but is a disadvantage in the reaction step.

Reactor
Decanter

— W |
1 Organic Phase
1 (e

Aqueous

Catalyst

Phase

Figure 2.3. Water-Organic Biphasic Catalyst System
2.4.5 INDUCED PHASE SEPARATION

An approach that overcomes the disadvantage of having alkene and catalyst in separate
phases in the reactor(s) is to use a phosphine ligand that is less highly sulfonated. One
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can prepare catalysts with monosulfonated phosphines which are organic soluble. Dur-
ing hydroformylation higher alkenes will be in the same phase as the catalyst and
significantly higher rates will be obtained. To achieve separation, a small amount of
water is added so that phase separation occurs.[13] After product separation, the cata-
lyst is dried and then returned to the reactor (Figure 2.4).

Reactor alf@@»

Induced Phase distilled gyt

water  Separator water
olefin Decanter

product —

K= L catalyst EVater
xtractor
‘ recvcled water/NMP |

| water -
<
catalyst recycle <
Primary Water/
gatzﬂ]yst Catalyst
fying Separation

Figure 2.4. Induced Phase Separation Flow Diagram

In this process, catalyst solution leaving the reactor goes to a separator where the small
amount of water is added to induce phase separation. The mixture passes to a decanter
where the catalyst is separated from the product. The catalyst stream passes through
two drying stages; the first stage produces distilled water that is fed to the water extrac-
tor, the second stage completes the drying of the catalyst which then is returned to the
reactor. The product phase from the decanter is sent to the water extractor to remove
the NMP used to facilitate solubilizing the catalyst.

Advantages of Induced Phase Separation are that very high molecular weight al-
kenes can be hydroformylated and the aldehyde product and byproducts can be
separated without the catalyst suffering “thermal shock”. Disadvantages include a more
limited ligand selection and the removal of water that has a high heat of vaporization.
In addition, this technology is, as is the water-soluble sulfonated catalyst, limited to the
formation of nonpolar products.

24.6 NON-AQUEOUS PHASE SEPARATION

A major breakthrough in separation of products from catalyst, in particular heat sensi-
tive products, came with the discovery of the NAPS or Non-Aqueous Phase Separation
technology. NAPS provides the opportunity to separate less volatile and/or thermally
labile products. It is amenable to the separation of both polar [14] and non-polar [15]
products, and it offers the opportunity to use a very much wider array of ligands and
separation solvents than prior-art phase separation processes. The phase distribution
characteristics of the ligand can be tuned for the process. Two immiscible solvents are
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normally required to effect catalyst/product separation, but in some cases the product
itself may have the appropriate polarity to behave as either the polar or non-polar sol-
vent. For example, an aliphatic hydrocarbon such as hexane is a typical non-polar
solvent while acetonitrile and methanol are typical polar solvents. The catalyst system
is modified to have polarity opposite to the product. The ligand provides the basis for
the desired catalyst separation selectivity.

2.4.6.1 NAPS Using a Non-Polar Catalyst

An alkene which will give a polar aldehyde product and syn gas are introduced into the
reactor containing a non-polar ligand modified rhodium catalyst. Catalyst solution exit-
ing the reactor enters a Flash stage where CO/H, are purged. The catalyst solution then
enters an extractor where it is contacted with a polar solvent. The product aldehyde is
captured in the polar solvent in the extractor, then concentrated in the Solvent Removal
Column. Polar Solvent is recycled to the Extractor. The Non-Polar catalyst solution is
recycled to the reactor (see Figure 2.5).

Non-Polar Catalyst Recycle

CO/H,
| Purge ’
Polar
Solvent
—»
Reactor Hash Lt
L
Product in Product

olefin | Polar Solvent §glvent
—_—p Extractor Removal
COH, Column

Figure 2.5. NAPS Flow Diagram for Polar Products
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2.4.6.2 NAPS Using a Polar Catalyst

Product in
COH Non-Polar
IWIgeL» Solvent
>
- >
Reactor
Hash
Non-Polar
Sol vent
Non-Polar
olefin Solvent Product
CO/H B Polar Catalyst Iéf)lﬂlorzﬁll
Extractor

Figure 2.6. NAPS Flow Diagram for Non-Polar Products
In hydroformylating with a polar ligand modified rhodium catalyst to give a relatively
non-polar aldehyde product, after the flash column, the catalyst solution is extracted
with a non-polar solvent. Polar catalyst recycles from the extractor to the reactor. The

non-polar solvent is removed and recycled to the extractor (see Figure 2.6).

2.4.6.3 Ligand Structure and Solubility Properties

OCH;  OCH, i i

O/ \O O/ O O/ \O O/ \O

T ¥ IY

OCH;  OCH;, OCH;  OCH;,

Selective for Polar Phase Selective for Non-Polar Phase
Figure 2.7. Ligands for different NAPS hydroformylation systems

Whereas ligand selection for the biphasic water-organic and the induced phase separa-
tion system are somewhat limited, there is very wide array of organophosphorus



18 D. R. BRYANT

ligands to consider for Non-Aqueous Phase Separation. Two of these are shown in Fig-
ure 2.7. From the standpoint of separation efficiency, selection of appropriate
ligand/solvent combinations may be evaluated using distribution coefficients to meas-
ure the partitioning of the product, ligand, catalyst and byproducts between potential
polar and nonpolar solvents.[16]

2.5 Hypothetical processes - How might the Product be separated from the
Catalyst?

In order to see how a product forming process might be coupled with a separation tech-
nology, we shall consider a matrix of processes and separations.
Hydroformylation processes include:
Propene to butanal
Octene to nonanal
Allyl Alcohol to 4-hydroxybutanal
Methoxyvinylnaphthylene to (2-(6-methoxy)naphthylpropanal, an in-
termediate in the formation of the anti-inflammatory drug, naproxen)

Separation technologies include:
e Gas Recycle
e Liquid Recycle
e Induced Phase Separation
e NAPS
e  Water-Soluble Phosphine Catalyst
e  Water Extraction

For homogeneous precious metal catalyzed processes, there are four major consid-
erations. They are speed (or rate), selectivity, stability and separation. Of these four,
speed is the most important since if you can obtain a high or very high reaction rate,
you can use the flexibility that high rate provides by, for example, reducing reaction
temperature and thereby slowing some byproduct forming reactions.

Selectivity refers to the fraction of raw material alkene that is converted to product
aldehyde, but since hydroformylation typically gives both a linear and branched isomer,
selectivity also refers to the relative amounts of each. The linear:branched (1:b) ratio is
highly catalyst dependant. One must simultaneously consider whether the proposed
catalyst will give the desired L:b selectivity and also whether the proposed catalyst is
feasible for use with the catalyst/product separation technologies. For example, water
extraction of a polar product, such as in the hydroformylation of allyl alcohol to give 4-
hydroxybutanal, would not work well with a sodium salt of a sulfonated phosphine
since both are water soluble.

Stability refers to the stability of the product, to the stability of the ligand and to
the stability of the ligand-modified rhodium complex.

In separation technologies, as in medicine, the first consideration is to do no harm.
Not only must one separate product from catalyst, one must also separate catalyst from
product. In addition, one must separate heavy organic byproducts such as aldehyde
dimers and trimers, and separate certain ligand decomposition products — in particular



CLASSICAL SEPARATION TECHNOLOGY 19

acidic ones arising from phosphite degradation. Finally, catalyst/product separation
should be conducted under conditions such that the catalyst does not undergo undue
deactivation or be converted to insoluble or much less soluble forms. Recall that in
Liquid Recycle technology, the catalyst components may undergo a three to four-fold
change in concentration. In addition, reagents including CO/H, and alkene that may
have been providing some catalyst stabilization are at significantly lower levels in the
separation system.

The different temperature and concentrations in the separation system may favor
the formation of metal aggregates or clusters. Some may revert to a monomeric form in
the reactor; others may show less or no catalytic activity. A consequence is that in addi-
tion to studying chemistry in the reactor, one must also study the chemistry of the
separation system.

Separation technologies for different substrate types are compared in Table 2.1

TABLE 2.1. Matrix of Reactions and Separation Technologies

Separation Propene Octene Allyl Alcohol 2-vinyl naphtha-
process lene
Gas Recycle OK Impractically large gas Insufficient volatility ~ Insufficient
flows volatility
Liquid Recycle OK OK Product thermally Product labiality
unstable
Induced Phase Not the best  OK No, product soluble No suitable
Separation choice in catalyst phase catalyst
NAPS Possibly OK OK Possibly
Water Soluble OK Alkene not sufficiently No, product soluble No. Catalyst is
Phosphine soluble in aqueous cata- in catalyst phase unsuitable
lyst
Water Extrac- Poor Choice  No Yes No

tion

2.5.1 PROPENE HYDROFORMYLATION

From the standpoint of separation technologies, propene hydroformylation has the larg-
est group of commercialized processes. The earliest commercialized process using a
phosphine-modified rhodium catalyst was Gas Recycle. This was followed by Liquid
Recycle and by a process using the catalyst in an aqueous phase. Propene can be hydro-
formylated and butanal separated using a variety of catalysts including those that give
high 1:b ratios and those that give low.

NAPS technology in which butanal is extracted with a non-aqueous solvent would
probably also work technically, but it would be economically disadvantaged over proc-
esses in which butanal is separated by vaporization. In addition, since aldehyde
byproduct formation can be controlled by vaporization of dimers and trimers and ligand
decomposition products can be controlled by adjustments of reactor and separator con-
ditions, neither of these problems would be uniquely solved using NAPS.

Water extraction would be a very poor choice for isolation of butanal, because.
butanal solubility in water is relatively low. Considerable energy would be required to
isolate butanal that is dissolved in the aqueous fraction. The solubility of aldehyde
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dimers and trimers is negligible in water, so that the buildup of these aldehyde conden-
sation byproducts could limit catalyst lifetime.

Induced Phase Separation would work technically, but would be uneconomic rela-
tive to Liquid Recycle because of additional unit processes and increased energy
requirements.

2.52  1-OCTENE HYDROFORMYLATION

The volatility of nonanal is sufficiently low to require impractically high levels of recy-
cle gas. It would not be possible to remove the aldehyde dimers and trimers of nonanal
by gas recycle. Practically speaking, pentanal is at the border of aldehydes that may be
isolated this way. Removal of the dimers and trimers of pentanal would be problematic.

Another aspect of gas recycle that would need to be considered is the degree of
catalyst solution expansion that would result from very high gas recycle flows. The
catalyst solution might be blown out of the reactor, or if a very tall reactor were built, it
would suffer from excessive capital costs for the large containment needed for the gas-
expanded catalyst.

Liquid Recycle is practical for octene hydroformylation. 1-Octene is readily solu-
ble in organic based catalyst solutions, and product aldehyde and its condensation
products can be separated by vaporization.

Induced Phase Separation is also a good choice for octene hydroformylation. Oc-
tene can easily dissolve in the organic based catalyst solution, and with addition of
small amounts of water, nonanal and its condensation products will readily separate
from the sodium salt of a monosulfonated phosphine. To choose between Liquid Recy-
cle and Induced Phase Separation would require a detailed technical and economic
study that is outside the scope of this chapter.

NAPS is also a possibility for octene hydroformylation, but again a detailed tech-
nical and economic comparison would be required in order to chose among it, Liquid
Recycle and Induced Phase Separation.

The use of a water-soluble phosphine based catalyst is not a preferred choice for
octene hydroformylation. Although separation of nonanal and its condensation products
from an aqueous catalyst should be facile, forming nonanal at a commercially viable
rate could be challenging. In order to react, octene needs to be in the same phase as the
catalyst, and octane has very low solubility in water.

Finally, water extraction of nonanal and its condensation products is totally im-
practical.

253 ALLYL ALCOHOL

CO/H, HOCH,CH,CH,CHO
HOH,CHC=CH, —————» "
Rh catalyst HOCH2|CHCHO
CH;

Equation 2.1. Allyl alcohol hydroformylation
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The desired product in the hydroformylation of allyl alcohol is 4-hydroxybutanal. As
with other alkenes, hydroformylation gives both a linear and a branched isomer (Equa-
tion 2.1).

Through dehydration (Equation 2.2) the branched isomer will yield methacrolein,
an o, -unsaturated carbonyl compound.

HOCH,CHCHO -H,0 CHy==C CHO
| —>

Equation 2.2. Hydroxyaldehyde dehydration to methacrolein
Dehydration is undesirable because o, -unsaturated carbonyls are catalyst inhibitors.

To make matters worse, phosphines can add to the o, -unsaturated carbonyl (Equation
2.3) to give a product that is a dehydration catalyst, so the deactivation spiral continues.

CH;
H,=C CH H,0 I S)
CHy=CCHO | pp 2 5 R,P-CH,C=CHO
CHjy .
Dehydration Catalyst

Equation 2.3. Initiation of the autocatalytic product decomposition cycle

Product separation by vaporization is not a good option because of the thermal sensitiv-
ity of the product. In addition, because of the autocatalytic nature of the methacrolein-
phosphine adduct, it is imperative that its concentration be controlled.

Kuraray [17] appears to have solved this problem in a very clever way with chem-
istry that is not well understood. Their solution to the problem can be viewed as having
two parts. As rhodium catalyst modifiers, they use both a stoichiometric amount of a
bis-phosphine and excess triphenylphosphine. The second part is to use an aqueous
extraction of the product. This provides at least two advantages. The first is that the
products are not exposed to the type of high temperatures that are associated with va-
porizers. The second, and this is speculation, is that the water also removes the
phosphonium hydroxide.

2.54  METHOXYVINYLNAPHTHALENE

In this example, we will consider asymmetric hydroformylation to give an aldehyde
intermediate with a high ee. Gas Recycle is out of the question because of the low vola-
tility of the product. Vaporization in a Liquid Recycle process is theoretically possible,
but impractical if we wish to maintain the high enantioselectivity of the product.

Up to this example we have given relatively little consideration to the performance
of the catalyst. However, in order to obtain a product with high enantiomeric excess,
the ligand used to modify rhodium must be selected with particular care. At a minimum
it must contain an optically active center to have any hope of achieving enantiomeric
excess [18] It must also show high selectivity towards the branched product, although
for styrenes and vinyl naphthalenes this isomer is somewhat favoured on thermody-
namic grounds.
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Aqueous-phase catalysts are unsuitable since the vinyl naphthalene would have
limited solubility in the phase containing the catalyst. Induced Phase Separation is also
a questionable choice since at this time, suitable enantioselective ligands have not been
identified.

NAPS can be run with a very wide variety of both polar and non-polar ligands that
are enantioselective. One could consider the synthetic possibilities and solvents for the
separation to select potential process/separation combinations. The mild separation
conditions of NAPS are well suited to maintain enantiomeric excess. Water extraction
of the hydroformylation product of methoxyvinylnaphthalene, (2-(6-methoxy)-
naphthylpropanal) is not feasible.

2.5.5 SEPARATION TECHNOLOGY FOR LESS STABLE CATALYSTS

2.5.5.1 Mitsubishi TPPO/TPP Separation

Mitsubishi has patented a triphenylphosphine oxide-modified rhodium catalyst for the
hydroformylation of higher alkenes with both alkyl branches and internal bonds.[19]
Reaction conditions are 50-300 kg/cm® of CO/H, and 100-150 degrees C. The high
CO/H; partial pressures provide stabilization for rhodium in the reactor, but rhodium
stability in the vaporizer separation system is a different matter. Mitsubishi adds
triphenylphosphine to stabilize rthodium in the vaporizer. After separation, triphenyl-
phosphine is converted to its oxide before the catalyst is returned to the reactor.

2.5.5.2 Organic Polymer for Catalyst Stabilization

Rhodium precipitation in solubilized rhodium-phosphite complex catalyzed liquid re-
cycle hydroformylation may be minimized or prevented by carrying out product
recovery in the presence of an organic polymer containing polar functional groups such
as amides, ketones, carbamates, ureas and carbonates.[20] Patent examples include the
use of polyvinylpyrrolidone and vinylpyrrolidone-vinyl acetate copolymer with
diorganophosphite-modified rhodium catalysts.

2.6 Real-World Complications

If one had only to separate the product from the catalyst, the situation would be vastly
simpler than that observed in real life. Catalysts vary in their robustness. They can be
poisoned, inhibited or form other less active species. Organophosphorus ligands can
undergo a variety of degradation reactions.[21] Some degradation products are rela-
tively inert in the process; others may significantly alter the reaction rate and/or
selectivity. Conversion of raw materials to products is not perfect; alkene may be hy-
drogenated and dienes may polymerize. Products, particularly aldehydes, may undergo
a variety of condensation reactions. Products, or subsequent byproducts, may react with
the catalyst or ligand.
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2.6.1  ORGANOPHOSPHORUS LIGAND DEGRADATIONS

2.6.1.1 Oxidation

Arylphosphines are converted with oxygen or peroxides to their corresponding
phosphine oxides (Equation 2.4). Phosphine oxides are relatively inert and are of con-
cern principally because they represent a loss of valuable reagents and secondly
because as their concentration in the catalyst solution increases, the likelihood of pre-
cipitation increases. In a Liquid Recycle vaporizer, the concentration of low-volatility
components may increase three to four-fold. Compounding this is that the process must
be designed for planned and unplanned shutdowns when system heating may be absent.
In addition, some plants may be exposed to extremely cold weather. The best approach
for phosphine oxides is to restrict their formation by excluding oxygen and peroxides.

[@P +0,0orROOH —> l@PO
3

3

Equation 2.4. Oxidation of triphenylphosphine to its oxide with oxygen or a hydroperoxide

2.6.1.2  Alkyldiarylphosphine Formation

Arylphosphines in rhodium catalyzed hydroformylation reactions exchange an aryl
group for an alkyl, principally linear alkyl, corresponding to the alkene being hydro-
formylated to give an alkyldiarylphosphine [22](see Equation 2.5).

Rh
‘@‘P + CH3CH=CH2 _— [@‘P'CH2CH20H3
3 2

CO/H,

Equation 2.5. Formation of propyldiphenylphosphine under hydroformylation conditions

In the hydroformylation of propene using a triphenylphosphine-modified rhodium cata-
lyst, the formation of propyldiphenylphosphine (PDPP) alters both rate and selectivity.
It is both more basic and less sterically hindered than triphenylphosphine. Being more
basic and less sterically hindered allows it to compete for coordination sites on rhodium
even in the presence of a large excess of triphenylphosphine. In the hydroformylation
of propene, PDPP is a minor annoyance. However, as discussed below, if using a
monosulfonated ligand while hydroformylating a higher molecular weight alkene, sig-
nificant separation complications may occur.

If similar chemistry were to occur while hydroformylating a C-12 alkene with
TPPTS trisodium salt or the sodium salt of monosulfonated triphenylphosphine
(TPPMS), the product could be a phosphine with both a long alkyl chain and an aro-
matic group containing a sodium sulfonate group. Such compounds could significantly
alter the separating characteristics of the catalyst solution when water is added since the
compounds resemble a detergent. Loss of the sulphonated aryl ring from TPPMS could
also occur, leading to very low water solubility for the phosphine and compex.
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2.6.1.3 Ligand Scrambling
Non-symmetrical arylphosphines may undergo scrambling of the aryl groups as illus-
trated in Equation 2.6.[23]

SO;Na SO, SO;Na

OO = |- o0, - [OF

Equation 2.6. Scrambling of triphenylphosphine monosulfonated sodium salt under hydroformylation
conditions

This chemistry can have very significant implications in the separation system. As
described in the Section 2.4.4 on Induced Phase Separation, a monosulfonated trior-
ganophosphine can be used to prepare an organic catalyst solution that favors
dissolving and reacting of higher molecular weight alkenes. In the separation system
small amounts of water are added to induce phase separation. [15] With the addition of
water, the catalyst becomes water-soluble and can be separated from product by phase
separation. Product and organic byproducts are in the organic phase; rhodium and
ligand are in the polar phase.

If ligand scrambling occurs, two problems may develop. In the first, some disul-
fonated and trisulfonated phosphine may form. They and their rhodium complexes are
much less soluble in the organic reaction solvent so precipitation may occur. In the
separation system, the triphenylphosphine formed during ligand scrambling can give
rhodium complexes that will be extracted into the organic product layer rather than the
desired polar phase. Ligands can be designed which minimize or avoid scrambling
[24].

2.6.1.4 Phosphine Reactions with Conjugated Systems

Phosphines may react with certain conjugated systems. This reaction may be conducted
deliberately [25] to selectively remove an alkyldiarylphosphine in the presence of a
triarylphosphine. Phosphines may react similarly with o, -conjugated carbonyl reac-
tion byproducts such as methacrolein or ethylpropylacrolein. A further concern is
reaction with the conjugated system of a feedstream. This chemistry is undesirable
when it consumes reagents. Additional harm arises when the reaction product promotes
further side reactions, which consume the product.[26]

2.6.1.5 Phosphite Oxidation

When a phosphite is used as a catalyst modifier, it is susceptible to oxidation in the
same manner as a phosphine. Unlike triphenylphosphine oxide, which is relatively in-
nocuous except for precipitation when the solubility limit is reached, phosphite
oxidation products may hydrolyze to give phosphoric acid. Since phosphites are esters,
phosphoric acid can catalyst additional hydrolysis. Other than limiting formation of
phosphite oxidation products, the best approach is to include some acidity control tech-
nology in the separation or reaction system.
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2.6.1.6 Simple Phosphite Hydrolysis

Phosphites can undergo hydrolysis to phosphorus acid. Aldehyde condensation can
give trace levels of water. The phosphorus acid in turn can catalyze further hydrolysis.
Acidity control should be considered for any homogeneous catalytic process.

2.6.1.7 Poisoning Phosphite Formation

A phosphite degradation reaction that occurs during hydroformylation using an aryl-
phosphite-modified rhodium catalyst involves replacement of one of the aryl groups
with an alkyl group corresponding to the alkyl group of the hydroformylation prod-
uct[.[27] This is illustrated in Equation 2.7

t-Bu

O O But
l ' Rh, C,H,0H

Bis- Phosphlte ngand

n-C4,HoO— P

O

Poisoning Phosphite
Equation 2.7. Formation of a poisoning phosphite during propene hydroformylation

Poisoning phosphites are particularly undesirable because their smaller steric bulk al-
lows them to bind to the rhodium catalyst and inhibit hydroformylation.

2.6.1.8 Aldehyde Acid Formation

Degradation of poisoning phosphite [27] may lead to the formation of an aldehyde acid,
as shown in Equation 2.8. The concentration of aldehyde acid and phosphorus or phos-
phoric acids should be monitored and controlled to minimize losses of the desired
catalyst modifying ligand.
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o4 ) VAW,
/ 2,2'-Biphenol \ /

N\
n-C,HyO—P — > 1n-C;H,CH(OH)—P
H,0, n-C;H,CHO \
o o
Poisoning Phosphite Adduct 1
O
H,0 I
Adduct | ——»  n-C3;H,CH(OH)PH(OH),
Aldehyde Acid
Equation 2.8. Formation of an aldehyde acid during hydoroformylation of propene using a phosphite modi-
fier.
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Figure 2.8. Acidity Control Using Water and an Ion Exchange Resin

2.6.1.9 Acidity Control
Acidity control is essential for the long-term stability of phosphite-modified catalysts.
The acid may be extracted with water with subsequent recycle of water passage through
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an ion exchange resin (Figure 2.8)[28] or over a bed of, for example, calcium carbon-
ate[29] to neutralize the acid. Alternately the aqueous fraction may simply be
discarded.[30] Another variation is to include an acid-neutralizing agent in the aqueous
fraction.[31]

In any case, the amount of water remaining in the catalyst solution recirculated to
the reactor needs to be controlled to avoid undesirable levels of phosphite ligand hy-
drolysis.

2.6.2  SEPARATING BYPRODUCTS FROM REACTANTS OR PRODUCTS

In addition to separating product from catalyst, excess ligand and reaction solvent, one
must also separate byproducts arising from the reactants or products. For example in
hydroformylation, one must separate saturated hydrocarbon, isomerized alkene and
aldehyde dimers and trimers.

2.6.2.1 Alkene Hydrogenation

Alkene hydrogenation as a side reaction, which other than the direct efficiency loss it
represents, is not particularly challenging from the separations viewpoint. Lighter al-
kenes are usually separated in a flash stage prior to separation of the product from the
catalyst. Higher molecular weight alkenes may be separated from the catalyst along
with the product.

The presence of saturated hydrocarbon in the recovered alkene may limit its use-
fulness as a recycle stream for the process. This is particularly true for higher alkenes
where there is less difference in volatility between the saturated and unsaturated com-
pounds. The best approach is to minimize hydrogenation. The next option is to use a
one-pass process, possibly using staged reactors, in which recovered alkene is not recy-
cled. The higher the intrinsic activity of the catalyst, the easier it is to achieve this goal
since the higher activity of the catalyst can somewhat compensate for the lower reac-
tion driving force due to lower alkene concentrations in the later reaction stages.

2.6.2.2 Alkene Isomerization

Alkene isomerization has both positive and negative aspects. The positive aspect is
where isomerization is needed prior to, for example, hydroformylation to give the de-
sired product. The negative aspect of alkene isomerization is similar to that described in
Section 2.6.2.1 on hydrogenation. The byproduct must be separated from both catalyst
and product, and recycle opportunities may be limited. Not only is isomerization a di-
rect efficiency loss, but when the isomerised alkene is purged, desired reactants will
likely also be lost.

2.6.2.3 Aldehyde Dimerization and Trimerization

Aldehyde dimers and trimers are common byproducts produced during the
hydroformylation of propene. Union Carbide addressed the problem in a creative way
when it was discovered that the dimers and trimers could be used as the principal
reaction solvent for hydroformylation.[32] Elimination of an extraneous solvent
simplified the process. The Ester-diol Trimers may equilibrate, as shown in Equation
2.9 to give a mixture of diol, a dimer, and the diester of the diol, which is a tetramer of
butanal.
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OH
2 CH;CH,CH,CHO —» CH;CH,CH,CHCHCHO
aldol CH,CH,

1. CH,CH,CH,CHO

2. Rearrangement

(I)H (0]
—_ |
CH;CH,CH,CHCHCH,CH;
CHZOﬁCHZCHZCH3
Ester-diol Tri Ester-diol Trimer
ster-diol Trimer CH,0H

Equation 2.9. Trimer formation from butanal

2.6.2.4 Formation of Conjugated Carbonyls

Aldehyde dimer may undergo dehydration to give an o, -unsaturated carbonyl. From
butanal, the conjugated carbonyl is ethylpropylacrolein (Equation 2.10). The conju-
gated system of this material competes for coordination sites on the rhodium catalyst so
that hydroformylation inhibition is observed.[8] The formation of 2-ethylhex-2-enal
can be limited by minimizing the concentration of dimers. Dimers are removed along
with the product in a liquid recycle separation system.

OH
- H0 —
CH,CH,CH,CHCHCHO ———2~ 3 CHaCHzCHzCH—fCHO

aldol CH,CH;4 ethylpropylacrolein CH,CH,

Equation 2.10. Formation of 2-ethylhex-2-enal via aldol condensation of butanal
2.6.3 INTRINSIC CATALYST DEACTIVATION

It was recognized during the development of propene hydroformylation that propene
provided some stabilization for the catalyst. In the absence of the alkene, but in the
presence of carbon monoxide and hydrogen, the catalyst can undergo what has been
termed intrinsic deactivation.[33] Apparently after oxidative addition of triphenyl-
phosphine to rhodium, diphenylphosphido bridged rhodium complexes are formed.
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These complexes are not effective hydroformylation catalysts. A reaction regime in
which this phenomenon is minimized was disclosed.[33]

A method to reduce degradation/deactivation of a phosphite modified rhodium
hydroformylation catalyst in the separation system involves feeding a diene such as
butadiene to the vaporizer to convert the phosphite-modified rhodium catalyst to a
more stable form.[34] In the reactor, the diene is hydrogenated and catalyst activity is
restored.

2.7 Further Separation Challenges

The separation challenge is often thought of as simply separating the product from the
catalyst. In addition, one must separate the catalyst from the product. Precious metal
losses with product are desirably in the low parts per billion (ppb). High value specialty
products may economically permit significantly higher metal losses.

If a solvent is used as part of the catalyst solution, then it also must be separated
from the product. Finally, the buildup of various byproducts from ligand degradation,
from raw material side reactions and from subsequent reaction of the desired product
must be addressed so that the catalyst solution remains fully functional to achieve an
economic catalyst life.

2.7.1  RECOVERY OF METAL VALUES FROM A SPENT CATALYST

For the purposes of the following discussion, the catalyst precursor is the metal com-
plex, purchased or prepared locally, that is charged to prepare the catalyst solution. The
active catalyst is that which exists under reaction conditions and is involved in the cata-
Iytic cycle. Deactivated catalyst is that fraction of the metal which remains in the
catalyst solution but which is not involved in the catalytic cycle.

When a catalyst has sufficiently deactivated to justify taking some action is deter-
mined by economics. Both Gas and Liquid Recycle hydroformylation plants may be
operated to give essentially constant production rates as the catalyst deactivates. Hydro-
formylation is approximately first order in both rhodium and alkene concentration. As
the rhodium catalyst deactivates, the alkene concentration may be allowed to increase
to compensate for the declining catalyst activity. Action is taken when the alkene effi-
ciency declines to the point where it approximates or exceeds the cost of catalyst
replacement or reactivation.

A variety of techniques have been disclosed for both extending catalyst solution
life and for catalyst activity recovery. For hydroformylation, the catalyst consists of
rhodium and an organophosphorus ligand. In some circumstances, the value of the or-
ganophosphorus ligand in the catalyst solution may approach the value of the rhodium.

A consequence of the value of the ligand is that one of the simplest ways to restore
catalyst activity is simply to add fresh catalyst precursor. Unfortunately, there are prac-
tical limits as the rhodium concentration increases. First one must consider metal
complex solubility, particularly in the recycle catalyst solution in a liquid recycle sys-
tem. Secondly, higher rhodium concentrations favor formation of various types of
rhodium clusters.[11] As rhodium increments are added to a partially deactivated cata-
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lyst, catalyst lifetimes for the added increments are ever shorter. Catalyst management
strategies are a sophisticated and highly confidential part of hydroformylation technol-

ogy.
2.7.1.1 Catalyst Containment and Capture Technologies

Entrainment Separators. In any process in which the product is volatilized, including
both Gas Recycle and Liquid Recycle, ppm or ppb levels of metal catalyst may be en-
trained in the vapors leaving the separation system. Entrainment separators (Figure 2.9)
are often included to recover the metal. Vaporous product effluent from a gas recycle
reactor may be sent to a separator where it is passed through a demisting pad to return
some aldehyde and condensation product and particularly to prevent potential carry-
over of catalyst.[6]

To Condenser

|_>

® Demister for

Rhodium
Capture

Gas Recycle
— Reactor

—

Figure 2.9. Entrainment separator for trace rhodium recovery

Selective Condensation of Vaporized Organophosphorus Ligand. Certain phosphorus
ligands have sufficient volatility that portions may be volatilized when aldehyde and
higher boiling aldehyde condensation byproducts are separated from the catalyst solu-
tion in, for example, a liquid recycle vaporizer. The phosphorus ligand may be
condensed, recovered and returned to the catalyst solution [35] according to the proce-
dure disclosed in US 5,110,990.

“...the improvement comprising (a) selectively separating the phosphorus ligand
and vaporized higher boiling aldehyde condensation by-products contained in
said vaporized aldehyde product stream by thoroughly contacting said stream
with a dispersed liquid having a lower boiling point than said higher boiling al-
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dehyde condensation by-products so as to condense vaporized phosphorus
ligand and vaporized higher boiling aldehyde condensation by-products con-
tained in said volatilized aldehyde product stream, and (b) recovering the
condensed phosphorus ligand and condensed higher boiling aldehyde condensa-
tion by-products so obtained from the volatilized aldehyde product stream, said
dispersed liquid being employed in the form of droplets and in an amount such
that the percent of phosphorus ligand so separated and recovered is at least about
1.2 times higher than the percent of higher boiling aldehyde by-products also so
separated and recovered.”

This process is illustrated in Figure 2.10, where butanal liquid is sprayed into
vaporized butanal, heavies and a phosphine such as triphenylphosphine. Exam-
ple No. 10 of Table 2 of US 5,110,990 illustrates how by using this technique,
99% of the triphenylphosphine in the stream may be recovered while allowing

97% of the contained aldehyde condensation by-products to remain in the vapor.
butyraldehyde

vapor and heavies

liquid
butyraldehyde
1 at40° C

AERRN
TR
1 [
butyraldehyde,
heavies and
organophosphorup

ligand vapor

—>
Organophosphorus
ligand with some
heavies

Figure 2.10. Selective recovery of phosphorus ligand

Trace Rhodium Recovery from Product or Byproduct Streams. As will be discussed
later, there are what might be viewed as the ultimate rthodium recovery methods in
which the organic matrix is burned, the rthodium recovered as an ash, then processed
through a precious metal refinery before conversion into a catalyst precursor. Once
rhodium is processed into an ash, there is significance expense associated with its con-
version to a suitable catalyst precursor. Therefore, technologies which permit capture
and reuse or reactivation and reuse are strongly preferred over more extreme proce-
dures.

A technique that is suitable for capture of trace levels of precious metal is the use
of an ion exchange resin on which is loaded a basic or acidic salt of a phosphine li-
gand.[36] A portion of the disclosure of US 5,114,473 reads:

“Ionic ligand-functionalized resins suitable for use in recovering rhodium from
polar and non-polar liquid solution starting materials in accordance with the pre-
sent invention can be prepared simply by contacting under ambient conditions
an anion-exchange resin with an acidic or acidic salt derivative of an organo-
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phosphorus ligand or by contacting a cation-exchange resin with a basic or basic
salt derivative of an organophosphorus ligand. For convenience, such deriva-
tives will be referred to herein simply as ionic organophosphorus ligands. For
example, the ionic organophosphorus ligand generally can be dissolved in water
or a polar solvent such as methanol and the solution subsequently contacted with
the ion-exchange resin. Sufficient contacting is provided simply by mixing an
aqueous slurry of the resin and a solution of the ligand, or by passing the ligand
solution in contact with a bed of the resin. The contacting need only be suffi-
cient for the ion-exchange resin to take up the ionic ligand from the solution,
e.g. to exchange the original ionic moiety of the resin for the ionic ligand. Suit-
able conditions for carrying out this contacting can be identified using routine
experimentation. Such contacting need only be sufficient to effect ion-exchange
or reaction between the active sites of the resin and the ionic organophosphorus
ligand. The resin then is separated from the aqueous solution and is appropri-
ately washed and then dried as needed before use.”

Advantages of this technique include the use of ionic rather than covalent bonds to in-
corporate phosphine into the resin. In addition, one can elute rhodium by passing
through a solution of ionic phosphine. This simultaneously displaces the rhodium and
regenerates the resin.

Recovery and/or Reactivation of Spent Catalysts. Technologies are available for deal-
ing with spent catalyst. There are procedures for separating active catalyst from
deactivated catalyst, and there are procedures for reactivating deactivated catalyst. If
neither of these is suitable, then the catalyst solution can be concentrated and returned
to a precious metal refiner such as Johnson Matthey in England for recovery.

Extraction of Active Catalyst Using TPPMS and Conditioning Agent.

Rhodium Solution
Containing Reduced
Amounts of Tonic
Phosphine

Organics and e Recovered Active
non-extracted Conditioning Rhodium Catalyst

Polar Solution Rhodium Reagent with Non-Polar Ligand
of an Ionic | > I—u
Organophosphosphine

Ligand > *
Extraction Extraction
Column Treia;:n:m Column
Hydroformylation
Reaction Medium

Polar Solution Non-Pol Polar Solution

Containing on-Polar -

Extracted Rhodium  Ligand with Reduced
Rhodium

Figure 2.11. Active Catalyst Recovery
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As outlined in Figure 2.11, a polar solution of an ionic organophosphine ligand such as
triphenylphosphine monosulfonated sodium salt in an aqueous solution will extract
active rhodium from a hydroformylation reaction solution. The aqueous phase contain-
ing the rhodium may then be treated with what is described [37] as a conditioning
reagent, such as for example, maleic acid. The phosphine ligand adds to maleic acid to
give an ylid. Rhodium is isolated from the aqueous layer by extraction with an organic
solvent containing, for example, triphenylphosphine.

Wiped-Film Evaporator/O, Reactivation of Catalyst. In this technology [38], spent or-
ganophosphine-modified rhodium catalyst is first concentrated in a wiped-film
evaporator where most of the organophosphine is removed. The rhodium concentrate is
contacted with air to break down phosphido bridges in rhodium clusters. This air
treated concentrate may then be used as a catalyst precursor. This procedure is suitable
in circumstances where most of the aldehyde dimers, trimers and tetramers are suffi-
ciently volatile to be removed in a wiped-film evaporator.

Capture of Active Catalyst Using Solid Acidic Support with H, Elution. The limit on the
practical life of a catalyst solution may be determined by several factors including the
presence of poisons or inhibitors, the buildup of less soluble materials such as the oxi-
dation products of organophosphorus ligands, or an increase in the concentration of
heavy aldehyde condensation products in the catalyst solution. In the latter case, there
may be substantial amounts of active catalyst, but it is in a solvent that is unsuitable.
Alternately, active rhodium catalyst may have been carried over with product. Tech-
nology has been disclosed [39] that permits the isolation of an active metal hydride
catalyst. Steps include:

(a) removing a stream from a reactor, said stream comprising the homogeneous
metal hydride catalyst;

(b) contacting the stream with a solid acidic absorbent under process conditions
which allow at least some of the metal to become bound to the adsorbent;

(c) subjecting the metal bound to the absorbent, under process conditions which
allow desorption of the metal, to a fluid stripping medium comprising hydro-
gen and solvent; and

(d) recovering the active metal hydride catalyst.

Apparently an ion-exchange resin will allow the absorption of the metal hydride
species onto its surface by protonation and subsequent elimination of hydrogen (Equa-
tion 2.11). This hydrogen elimination is a reversible reaction. The metal species
remains as a labile species that can be desorbed by hydrogen in a fluid-stripping me-
dium.

HM(X), +-SO;H —» -SO;M(X), + H,

Equation 2.11. Absorption of a metal hydride onto an ion exchange resin

In a preferred aspect of the invention, the catalyst solution is passed through an
oxidizer where it is contacted with air to break down clusters before being brought into
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contact with the absorbent. For a rhodium catalyst having triphenylphosphine as a li-
gand, air will break down the clusters by oxidation of phosphido bridges.

The separation of rhodium hydride complex from a stream comprising catalyst and
high molecular weight aldehyde condensation products using a carboxylic acid func-
tionalized ion exchange resin in illustrated schematically in Figure 2.12.

Rhodium catalyst with

aldehyde condensation COMH,
products Solvent
OOH OORh OOH
OOH OORh OOH
OOH OORh OOH

Step 1 Step 2 Step 3
Rhodium captured; Rhodium eluted
condensation products from resin
pass through

Figure 2.12. Recovery of Active Rhodium from a Spent Catalyst Solution

Catalyst Reactivation Using Propargyl Acetate. The Wiped-Film Evaporator/O, reacti-
vation procedure and the Capture of Active Catalyst Using Solid Acidic Support with
H, Elution procedure (see above) both involve the separation of uncomplexed
phosphine from rhodium complex. Since the value of the uncomplexed phosphine is
significant, technology that does not require separation of phosphine during catalyst
reactivation is desirable.

Catalyst reactivation without the need for concentration of the catalyst solution
and/or separation of the organophosphine ligand has been disclosed [40] using a variety
of compounds including alkynes having the formulae shown in Figure 2.13.

o
Il
R-C==CCH,X HC=CCH,0OCR

Figure 2.13. Alkynes used for catalyst reactivation
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[Structure for illustrative purposes only.]

Equation 2.12. Reactivation of a phosphido bridged deactivated catalyst

Such compounds may be contacted with partially deactivated hydroformylation catalyst
under non-hydroformylation conditions to effect disruption of the phosphido bridges of
a thodium cluster (Equation 2.12). After the treatment period, the catalyst solution is
again suitable for hydroformylation.

Preparation of a Rhodium Hydride Catalyst Precursor from Spent Catalyst. 1f, for
whatever reason, none of the reactivation procedures above are suitable, one is faced
with the option of returning the catalyst concentrate to a vendor for conversion into a
catalyst precursor. If the recovery involves reduction of the catalyst concentrate to a
rhodium ash, significant expense is involved. Procedures that avoid rhodium ashing
may be more economic.

In one such procedure a rhodium complex concentrate prepared from a 400 ppm
rhodium containing hydroformylation catalyst solution, for which catalytic activity had
declined to about 30 percent of its initial value, was concentrated in a wiped-film
evaporator to about 27,700 ppm rhodium. This concentrate was oxygenated with tertbu-
tylhydroperoxide. After isolation and treatment with triphenylphosphine, a 70% yield
of [HRh(CO)(PPh;);] was obtained.[41]

2.8 Concluding Remarks

Consider the effect of every impurity or potential impurity in every feedstock, in the
solvents in the ligand and in the catalyst. What harm, if any, will befall the
product or catalyst if these impurities enter the process, and in particular, if they accu-
mulate? Is the product stable in both the reaction and separation system? If byproducts
form, what affect will they have on the process and catalyst life?

After considering the direct and byproduct chemistry, the next most important
thing to do is to pilot the process with all recycle loops closed. Remember the principal
that the only things in chemistry that matter are temperature and concentration. By
closing the recycle loops, the concentrations of process components build to equilib-
rium levels, and process parameters can be adjusted sooner.
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CHAPTER3 SUPPORTED CATALYSTS

Immobilisation of Tailor-made Homogeneous Catalysts
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3.1 Introduction

The enormous increase in knowledge of organometalic chemistry acquired over the
past decades has had a great impact on catalysis, and numerous homogeneous transition
metal catalysts for commercially interesting conversions are nowadays available. One
of the factors hampering the commercialisation of the newly discovered catalytic
conversions is the introduction of an additional separation step required to remove the
homogeneous catalyst from the product, a problem that is not an issue for
heterogeneous catalysts. The importance of the separation problem has been
acknowledged for more than three decades [1] and, ever since, intensive research has
been devoted to trying to solve this problem. Several elegant strategies to overcome
this drawback have been explored including two-phase catalysis using various solvent
combinations and the use of supercritical fluids. The most natural solution to combine
the advantages of homogeneous and heterogeneous catalysis is the immobilisation of
homogeneous catalysts to obtain tailor-made catalysts that can be applied in fixed bed
or slurry type reactors. Indeed, this approach is probably the most widely studied as is
evident from the numerous papers, reviews and books on this topic [2]. Remarkably,
there are many patents on immobilised catalysts, but so far there is only one
commercial process based an anionic rhodium complex [RhI,(CO),] that is bound to
an ion exchange resin and is used for the carbonylation of methanol [3, 9a]. This
indicates that there is a common belief that the immobilisation of catalyst on a support
is a suitable solution for the separation problem, but there are several difficulties which
prevent the step to real commercial success: (a) metal leaching from the support, (b)
reduced activity and selectivity upon catalyst immobilisation, (¢) limited mechanical
strength and swelling properties of the support, and (d) non-innocence of the support.
Considering the amount of work published in the literature it is impossible to give a
complete overview of this area. We will therefore limit this chapter to important
contributions that are illustrative of the field and we will attempt to give a clear view of
the current state of the art including a view of the remaining challenges. Since
hydroformylation is the model reaction used through-out this book, we will strong
focus strongly on supported catalysts developed for this reaction, and we will only
briefly discuss a few other reactions.
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3.2 Short Historical Overview

A literature search on “supported catalysts” revealed a few early examples (1923) of
nickel and palladium catalysts supported on various substances such as BaSO, and
kieselguhr [4]. These are the first examples of supported catalysts in which the metal is
directly attached to the support. Much later, after the development of transition metal
complexes as catalysts, methodologies have been explored to immobilise ligands on
supports in order to obtain supported transition metal complexes. The first publications
and patents involve the immobilisation of cationic platinum complexes on sulfonated
polystyrene (Merrifield) via ionic interactions [1]. This work was basically inspired by
Merrifield, who had just reported the preparation of polymer supported enzymes [5].
The work rapidly expanded into an active area of research, and at the end of the
seventies several reviews had already appeared on this topic [2]. The use of structured,
insoluble supports in the form of zeolites and supported liquid phase catalysis as a
strategy to immobilise catalysts were also reported in the late sixties [6]. In the early
seventies the first supported chiral ligands appeared in the literature [7]. The
preparation of immobilised catalysts via sol-gel procedures were introduced much later
[8]. Several recent reviews on catalyst immobilisation have appeared [9], discussing
various important aspects in more detail, including molecular accessibility [10],
immobilised chiral catalyst for asymmetric C-C bond formation [11] and interphase
catalysis [12].
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Figure 3.1. Several approaches that lead to supported catalysts: catalyst entrapment, anchoring via an

interaction between the metal and the support, anchoring a ligand to a support, and anchoring via ion pairing
(or other noncovalent interactions).

There are many ways to make polymer supported catalysts (Figure 3.1). Catalysts can
be entrapped, retained by the polymer via ionic interactions or covalently attached to
polymeric material. In the latter case the catalyst can be grafted onto a pre-derivatised
support or can be co-polymerised. Alternatively, the catalyst can be attached to a
support via hydrogen bonds, or it can be dissolved in a thin layer of water adhered to
the support (SAPC, supported aqueous phase catalysis). The various ways of
immobilisation each have their advantages. One can imagine that entrapped catalysts
are easy to prepare since known catalysts can be used without further modification and
they likely retain their properties, but catalyst leaching is a severe problem. In contrast,
covalently attached ligands can eliminate ligand leaching and metal leaching if the
metal-ligand interaction is sufficiently strong, but now a new ligand has to be prepared
that enables anchoring to the support. Catalyst anchoring via ionic interactions can
work well if ionic catalysts are used, but the properties of the catalyst might change
especially if the catalyst performance depends on the counter ion. In addition, catalyst
leaching can be expected if salts are produced during the reaction. For hydrogen
bonded catalysts one needs to introduce a binding motive, which indeed involves the
synthesis of new ligands, and also here competition with substrates, by-products or
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solvents presents limitations. The type of support ranges from the classical organic
supports such as polystyrene (possibly cross-linked with disubstituted reagents or
functionalised with polyethylene glycol spacers (TentaGel)) to inorganic supports such
as alumina and silica. The choice of support is of crucial importance as all have
advantages and disadvantages. For example, the mechanical strength and thermal
stability of polystyrene are rather limited, which is a problem that nowadays can be
managed through various technical solutions. In addition, these types of organic
polymers have swelling properties that depend on the solvent used, and the swelling in
turn influences the accessibility of the active sites. So there are many variables in the
area of catalyst immobilisation, and there is no general solution that works best for all
catalytic conversions. We will discuss various strategies applied to the rhodium
catalysed hydroformylation of alkenes and, where required, we will add examples of
other reactions. We will focus on catalyst performance, deactivation and metal/catalyst
leaching, since these are crucial parameters when it comes to commercial applications.

33 Polystyrene Supported Catalysts

The use of polystyrene as support has the main advantage that it is relatively cheap and
commercially available in many variations. For industrial applications polystyrene
supported catalysts have some serious disadvantages. For fixed bed reactors the
swelling properties of the organic support will lead to blocking of the inter-bead
channels reducing the flow through of the reactor bed. The low mechanical strength of
the polymer support will result in high resistance in fixed catalyst beds, and to attrition
of particles in fluidised beds. These problems become even worse if the (local)
temperature is high leading to degradation of the polymer. That polystyrene can be
used on a large scale is proven by the fact that ion-exchange materials have found wide
application. For laboratory use, polystyrene is an excellent support since most reactions
are carried out batch-wise and at relatively small scales. A recent review on the use of
polystyrene supported catalysts lists all the reactions that have been explored so far
[13], which includes hydroformylation, hydrogenation, hydrosilylation,
oligomerisation, Heck arylation, Suzuki coupling, Hartwig-Buchwald amination, allylic
substitution, metathesis, cycloaddition, and aldol and Mannich type reactions.

Br, 1) BulLi
O == O = ()

2) PPh,Cl

KPPh Pth
o .—’PPh PPh,

Scheme 3.1. Direct functionalisation of polystyrene with phosphine ligands.

Early work reported by Grubbs showed that polystyrene supported phosphine ligands
can be prepared by direct functionalisation of polystyrene via bromination and
subsequent lithiation (schemel) [14]. Rhodium complexes of this material were shown
to be active in hydrogenation. The activity strongly depended on the catalyst loading
and the degree of cross-linking. Pitman et al. reported an unusually high selectivity
(linear branched ratio, I:b, up to 16) in the rhodium catalysed hydroformylation of 1-
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pentene upon using polystyrene supported phospine ligands [15]. The explanation is
straight-forward; the local concentration of phosphine and rhodium within the resin is
much higher then in the homogeneous phase under similar conditions because the resin
beads only occupy a small portion of the reaction volume. Indeed if the degree of
phosphination of the resin is low, the catalyst properties were close to those of the
homogeneous analogue. Hartley et al. studied the rhodium catalysed hydroformylation
of 1-hexene using phosphinated polypropylene in detail and they reported similar
effects [16]. At relatively low temperature (65 °C) the selectivity for the linear
aldehyde is 3.5 times higher (I:b=16) than that of the corresponding homogeneous
catalyst. At higher temperatures (85 °C) the selectivity dropped to 1:b=6. With respect
to catalyst leaching they report that the use of [Rh(acac)CO,] as precursor is much
better then [RhH(PPh;);CO], because of the absence of free triphenylphosphine. Still
rhodium leaching is between 5% and less then 1%, which is far too high for bulk
processes. Clearly a stronger metal ligand interaction is required. This can be achieved
by using bidentate ligands. Pitman et al. prepared one of the first styrene supported
bidentate ligands via a simple procedure (Scheme 3.1) [17]. Both the homogeneous and
the supported dppe ligands gave rise to low selectivities in hydroformylation of 1-
pentene, which we now can attribute to the small bite angle of the bidentate ligand[18].
Interestingly, the supported catalyst could be recycled 20 times with only a little loss in
activity. In addition, the leaching of rhodium from the supported catalyst was
investigated by extensive extraction of the support with toluene under a relatively low
pressure of 1 bar of CO. No change of rhodium content was observed using atomic
absorption spectroscopy, suggesting that metal-ligand complexation is indeed strong
with this chelating ligand and metal leaching will be at the ppm level or lower. For bulk
chemical processes leaching is only acceptable at the ppb (1 part in 10°) level.

T

o
OO —_— Cross-linked polymer
R

Initiator
Toluene/ 80°C
1a R'=H, RZ2=H

1b R’=vinyl, R2=H
1c R'=H, RZ=vinyl
1d R’'=vinyl, R2=vinyl

Figure 3.2. Chiral phosphine-phosphite ligands on a highly cross-linked polystyrene polymer

For small scale applications asymmetric hydroformylation is more important, and
immobilisation of expensive ligands can be worthwhile. An illustrative example of a
chiral hydroformylation catalyst immobilised on a highly cross-linked polystyrene
support was reported by Nozaki and Takaya [19]. Several BINAPHOS ligands carrying
vinyl groups have been prepared and co-polymerised with ethylstyrene and
divinylbenzene (Figure 3.2). By using different ligands (1b-1d) the degree of freedom
of the ligand in the polymer matrix was varied. The influence of the degree of cross-
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linking and the polymer/catalyst preparation method on the catalyst performance was
investigated (Table 3.1). Generally, the selectivity (90 % ee, 1:b=0.2) obtained with the
polymer-supported catalysts is similar to those obtained using the homogeneous system
(run 1, Table 3.1).

TABLE 3.1. Asymmetric hydroformylation of styrene using polystyrene supported rhodium catalysts based
on (R,S)-BINAPHOS)*

Run Catalyst 1:'b ee (%)
1 Rh(acac)(1a) 0.12 92
2 (PS-1b)-Rh(acac) 0.19 89
3® (PS-1b)-Rh(acac) 0.25 81
4 (PS-1b)-Rh(acac) 0.20 89
54 (PS-1b)-Rh(acac) 0.23 84
6 (PS-1¢)-Rh(acac) 0.12 89

(PS-1d)-Rh(acac) 0.14 68
(PS)-[Rh(acac)(1b)] 0.18 90
(PS)-[Rh(acac)(1¢)] 0.11 97

10 (PS)-[Rh(acac)(1d)] 0.15 85
11¢ (PS)-[Rh(acac)(1b)] 0.18 90

*Conditions: 6.20 mmol styrene in benzene, 0.0031 mmol catalyst, 20 bar CO/H, (1:1), 60 °C, 12 hours,
conversions to aldehydes >99%. ® Hexane as solvent. ¢ Lower cross-linking degree. ¢ Higher cross-linking
degree.

Two methods of catalyst-preparation were tested: the co-polymerisation of the ligand
and subsequent formation of the rhodium acetylacetonate complex (runs 2-7) and co-
polymerisation of the rhodium acac complex of the ligand (runs 8-11). This generally
gave the same results, except for ligand 1d (cf. run 7 and 10). Ligand 1d is cross-linked
with the matrix at three positions, which give rise to constrained conformations.
Apparently, this leads to lower enantioselectivity in the hydroformylation reaction. In
contrast, the other ligands have more freedom and can therefore form the proper
catalyst conformation after the polymerisation. The degree of cross-linking has no
significant influence on the selectivity of the reaction (runs 2, 4, 5, and 11). The
reaction performed in hexane instead of benzene yielded slightly lower ee. The
recycling experiments clearly show the drawback of these types of supports. The
polymers were partly crushed by the stirring bar and approximately 50% of the initially
charged rhodium was removed after the first run.

In subsequent work the same supported catalysts were used in different reactor set-
ups [20] (Figure 3.3). A vapour-phase reactor in which the supported catalyst was
mounted on a bed was used for the hydroformylation of volatile alkenes such as cis-2-
butene and trifluoropropene. The initial activities and selectivity’s were similar to those
of the homogeneous solutions, i.e. a TOF of 114 and 90% ee in the hydroformylation of
trifluoropropene was reported. No rhodium was detected in the product phase, which
means less then 0.8% of the loaded rhodium had leached. The results were, however,
very sensitive to the conditions applied and, especially at longer reaction times, the
catalyst decomposed. In a second approach the polymer supported complex was packed
in a stainless steal column and installed in a continuous flow set-up.

Volatile substrates were again reacted in the gas-phase, and selectivities equal to
those from the homogeneous phase reactions were obtained. For less volatile substrates
supercritical CO, was used as mobile phase and the substrates were added via a
stepwise injection. For styrene a small drop in selectivity was observed compared to the
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reaction carried out in benzene (85% vs 92% ee). The most important point is that in
these reactors the mechanical breakdown of the support was not observed.

Substrate inlet

L bl
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Figure 3.3. Asymmetric hydroformylation of non-volatile substrates using a stepwise injection into
continuous flow reactor with scCO, as mobile phase

Substrate injection

3.4 Silica Supported Catalyst

The covalent anchoring of catalysts onto inorganic silica surfaces was already being
studied in the late seventies [21]. The most common strategy involves the
functionalisation of ligands with alkoxysilane groups, which can subsequently be used
to graft the ligand to the surface of silica type materials via a simple condensation step.
Nowadays many building blocks required for this synthetic route are commercially
available. In the first examples in which hydroformylation catalysts were anchored to
an inorganic support a slightly different procedure was followed. Chloromethyl silicone
polymers were converted to the iodo-analogues and subsequently reacted to form the
diphenylphosphinemethyl polysiloxanes [22]. After treatment with [RhCI(CO)(PPhs;);]
these materials were used as catalysts in the hydroformylation of 1-hexene (68 bar
CO/H; (1:1), 100 °C, benzene). Under these conditions metal dissociation from the
support was a major problem. The leached metal formed very active rhodium carbonyl
species in solution that was responsible for the low selectivity.

An alternative strategy to obtain silica immobilised catalysts, pioneered by Panster
[23], is via the polycondensation or co-condensation of ligand functionalised
alkoxysilanes. This co-condensation, later also referred to as the sol-gel process [24],
appeared to be a very mild technique to immobilise catalysts and is also used for
enzyme immobilisation. Several novel functional polymeric materials have been
reported that enable transition metal complexation. 3-Chloropropyltrialkoxysilanes
were converted into functionalised propyltrialkoxysilanes such as diphenylphosphine
propyltrialkoxysilane. These compounds can be used to prepare surface modified
inorganic materials. Two different routes towards these functional polymers can be
envisioned (Figure 3.4). One can first prepare the metal complex and then proceed with
the co-condensation reaction (route I), or one can prepare the metal complex after the
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polymerisation step (route II). The former route results in far better catalysts due to the
higher structural homogeneity. In addition, more stable catalysts are obtained, showing

less metal leaching.
Route |
\\ Q
‘S? PN rhci
O)Si 3
Route Il
< > /\"Si(OC,Hg);  co-condensation QSL _@ /
Si(OCoHs)s > ‘ |
o"SI 3

/N\Si(0CHg);  RACP Si(OC,H
NANSi0CHsy, . RACI (PhP\XSiEOCzH:)Z>
3
Figure 3.4. Two different routes to prepare sol-gel immobilised transition metal complexes

Panster studied the hydroformylation of 1-octene using a polysiloxane-anchored
rhodium phosphine-amine based catalyst in a trickle-bed reactor [25]. The selectivity
for the linear product was low (I:b =1.5), but the catalytic performance was retained
over a period of 1000 h, and almost no rhodium leaching was detected. Initial leaching
of rhodium was in the range of 2-3 ppm, which declined to 0.3 ppm after the start-up
phase. Contrary to the homogeneous phase reaction, the presence of an excess of
phosphine ligands did not result in a higher selectivity for the linear product, which was
attributed to the rigid structure of the polymeric material. Using this type of material
the ligands can be considered as site-isolated [26], i.e. they are fixed at such a distance
that they are unable to coordinate to the same metal.

QPth o fPth
(OMe)sSi”~ > N (EtO)3S/\/\N)J\N\\/

O
H

PPh, PPhy

2 3

The immobilisation of 2 and 3 on silica has been studied in detail. Both ligands were
immobilised using a sol-gel procedure [27] (I, Scheme 3.2) and 2 was also grafted onto
commercially available silica in four different ways [28]. In the first three approaches,
2 was covalently tethered to silica to obtain silica(2) by refluxing a suspension of 2 and
silica in toluene. The subsequent complexation of the rhodium precursor was
performed under three different conditions. In the first approach the rhodium precursor
[Rh(acac)(CO),] and silica(2) were simply mixed together and stirred in a THF
suspension (material II). In the second, silica(2) was first reacted with
dimethoxydimethylsilane in order to modify the acidic silanols on the silica surface. To
this end a suspension of silica(2) and dimethoxydimethylsilane was refluxed in toluene
and subsequently stirred in a solution of [Rh(acac)(CO),] in THF at room temperature
(material IIT). In the third approach, [Rh(acac)(CO),] was added to a pre-stirred mixture
of silica(2) and triethylamine in THF (IV). The fourth method involved the synthesis
of the diphosphine rhodium complex Rh(2)(acac)(CO) prior to the immobilisation on
predried silica (V). Interestingly, in the examples in which the Rh(acac)(CO)2 complex
was used for the immobilisation, cationic rhodium complexes were formed during the
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process. These were converted to neutral hydride species under proper
hydroformylation conditions.

Sol gel procedure TMOS + H,0 + [Rh]

e O—C:Rh [

2

. o ®
Grafting - (O)—Crn i [
(—C MeORSME: (i L og——Cen M

’ S O—C = (O—Cw W

[Rh] N silica o
'Rh _Rh VvV
9 - |\ O &

Scheme 3.2. Schematic representation of different routes to prepare silica immobilised [Rh(2) (CO)]".

The selectivity for the linear aldehyde of sol-gel immobilised 2 was found to be as high
as 93%, which is similar to that of the homogeneous catalysed reaction (Table 3.2,
entries 1 and 6). Sol-gel immobilised 3 gave a much lower selectivity (70%) for the
linear aldehyde, and in the absence of ligand the selectivity to the linear aldehyde is
only 26%. This proves that catalysts based on these ligands retain the selectivity upon
immobilisation, which means that the selectivity is dominated by the size of the P-Rh-P
bite-angle of ligand [18].

TABLE 3.2: Hydroformylation of 1-octene using silica immobilised [Rh(2)CO]" *

Entry Catalyst Time Conv. TOF’ l:b l-aldehyde  b-aldehyde l-alcohol  2-octene,

(h) (%) (") Ratio (%) (%) (%) octane

(%)

1 solgel2 2 20 183 65 94.6 15 36 0.2
@O

2 I 0.5 97 n.d. 2 40.1 22.0 0 379
3 m 23 24 8.0 19 85.5 45 0 9.9
4 v 2 18 8.7 37 96.2 2.6 1.0 0.2
5 v 2 37 132 37 90.7 2.6 5.1 1.6
6 hom. 2 2 19 283 32 93.3 2.9 0 37
7 solgel-3 2 72 119 2 70.0 289 0.1 1.0

* Ligand to rhodium ratio is 10, catalysis performed in 13 ml of toluene using 1ml of 1-octene as the substrate
at 80 °C and 50 bar CO/H,. Samples were analysed by means of GC and GC-MS.* Average turnover
frequencies were calculated as (mol product)(mol catalyst)'h™!

The method of catalyst immobilisation appeared to affect its performance in catalysis.
Catalyst obtained by method II showed a low selectivity in the hydroformylation of 1-
octene (I:b aldehyde ratio was even lower than 2) at a very high rate and high yields of
isomerised alkenes (Table 3.2, entry 2), whereas procedure IV resulted in a catalyst that
was highly selective for the linear aldehyde (with a 1:b ratio of 37) (entry 5). In
accordance with examples from literature it is likely that procedure II gave rise to the
ionic bonding of ligand-free rhodium cations on the slightly acidic silica surface [29],
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i.e. a direct connection of the rhodium to the silica material. If the rhodium phosphine
complex is prepared prior to anchoring (V) no ligand-free rhodium is attached to the
silica. The effect of the acidic silanols on the catalyst preparation can be eliminated via
chemical modification of the silica surface (III) or upon addition of a neutralising base
(IV). Pre-modification of the silica using dimethoxydimethylsilane largely improved
the catalyst selectivity (I:b aldehyde ratio of 19) at the cost of some activity. The
addition of triethylamine (IV) also resulted in a very selective hydroformylation
catalyst with a I:b aldehyde ratio of 37.

It is interesting to note that using the sol-gel procedure (I) the pre-formation of the
rhodium diphosphine complex suppressed the formation of ligand free rhodium-cations
on the silica surface. This approach gave rise to a well-defined, very selective
hydroformylation catalyst. All immobilised catalysts were 10 to 40 times slower than
the homogeneous catalyst under the same conditions, the sol-gel procedure yielding the
fastest catalyst of this series.

TABLE 3.3. Hydroformylation of 1-octene using sol-gel and silica immobilised rhodium catalyst 2 in
subsequent catalytic runs.”

Entry Meth Time Conversion TOF® I:b 1- b- 1- Side-
[cycle] of (h) (%) (™) Ratio aldehyde  aldehyde  alcohol products
prep (%) (%) (%) (%)
1[1] 1 2 20 18 65 94.6 1.5 3.6 0.2
2[4] 1 2 12 12 62 89.6 1.6 8.8 0
3[1] 1 18 38 23 22 61.0 4.1 29.6 5.3
412] 1 18 30 17 25 77.9 3.7 15.1 3.4
501] A% 22 37 13 37 90.7 2.6 5.1 1.6
6 [3] \% 72 61 8 27 79.9 3.5 13.2 3.4
7[1] 1 23 24 8 19 85.5 4.5 0 9.9
8[4] I 72 44 5 16 84.8 5.4 0 9.8
9[1] I’ 24 69 35¢ 32 92.8 3.0 2.5 1.7
10 [4] I 24 67 354 35 94.5 2.7 1.3 22
11 I° 2.5 7 4 33 92.0 2.8 0 5.2

* Ligand to rhodium ratio is 10, catalysis performed in 13 ml of toluene using 1 ml of 1-octene as the
substrate at 80 °C and 50 bar CO/H,. Samples were analysed by means of GC and GC-MS analysis. "
Average turnover frequencies were calculated as (mol product)(mol catalyst)'h™. ¢ 1 ml of 1-propanol added
to the catalyst mixture ¢ Initial turnover frequency. ¢ 1 ml of triethylamine added to the catalyst mixture.

Sol-gel and silica immobilised Rh(2) were tested in successive hydroformylation
reactions of 1-octene to investigate the effect of the support on the recyclability of the
catalyst (Table 3.3). For both systems the selectivity was found to be similar to that of
the homogeneous analogue. Upon recycling, the high regioselectivity for the linear
aldehyde was maintained (1:b ratios ranging from 22 to 65) while only a small amount
of alkene isomers was formed as side products. A small decrease in hydroformylation
activity upon recycling along with an increasing formation of 1-nonanol (4-13 %) was
observed, especially at longer reaction times (Table 3.3), a phenomenon not obtained
with the analogous homogeneous catalysts. This strongly suggests that the silica
support plays a role in this secondary reaction. It is likely that the acidic silica
increasingly suppresses the formation of [HRh(2)(CO),] from [Rh(2)CO]". The cationic
rhodium complex is responsible for hydrogenation activity converting the aldehyde into
the corresponding alcohol, and is not active in hydroformylation [30].

When the silica material with the capped (acidic) silanols was used (III) the influence
of the silica on the selectivity after recycling was largely suppressed. No hydrogenation
of the aldehyde was observed as a secondary reaction in any of the successive catalytic
runs (Table 3.3, entry 7-8). The modification of the surface silanols with alkylsilanes
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did not yield an optimal catalyst system. The overall selectivity for the linear aldehyde
was slightly lower compared with the other catalysts; more isomerisation and branched
aldehyde was obtained.

A more subtle method to reduce the influence of the silica comprises the addition of
I-propanol, which leads to an efficient suppression of hydrogenation activity. A high
overall selectivity for the linear aldehyde was obtained in subsequent batch-wise runs
(Table 3.3, entries 9-10). Interestingly, in other examples alcohols or amines were
added to promote the hydrogenation of aldehydes via a transfer hydrogenation reaction
[31], showing that this co-solvent can have different functions. In the present example
alcohol prevents the formation of the cationic hydrogenation catalyst from the neutral
hydroformylation catalyst by deactivating the acidic silanols on the silica surface. The
addition of triethylamine as a base also enabled the suppression of the hydrogenation
activity (Table 3.3, entry 11).

1-octene octane

Ph Ph Ph Ph
ca
) \l sili | ©

/\CO 1-propanol I
R R
Ph Ph Ph Ph
hydroformylation hydrogenation
1-octene nonanal nonanol

Scheme 3.3. Schematic representation of the interconversion of the catalyst systems [Rh(2)(CO)]" and
[HRh(2)(CO),] and the products generated from each catalyst species.

It is evident that the silica support influences the catalytic performance and it is
important to understand the details of the processes involved. For the sol-gel material it
was shown by *'P NMR spectroscopy that the immobilised cationic complex
completely transforms to the neutral rhodium-hydride species under a CO/H,
atmosphere (Scheme 3.3). On dried silica, however, this conversion might not be
complete since the dried support is more acidic [32]. It is therefore very likely that the
neutral and cationic rhodium complexes co-exist on the silica support. *'P NMR
measurements on homogeneous rhodium complexes have shown that a simple
protonation indeed converts the neutral rhodium hydride species into the cationic
complex.

The existence of two different rhodium species co-existing on the silica support can
be used as an advantage by controlling their relative amount. Under standard
hydroformylation conditions, the cationic species and the neutral hydride complex are
both present in significant amounts. Hence hydroformylation and hydrogenation will
both proceed under a CO/H, atmosphere. Indeed a clean one-pot reaction of 1-octene to
I-nonanol was performed, using the supported catalyst for a hydroformylation-
hydrogenation cascade reaction. 98 % of the Il-octene was converted in the
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hydroformylation reaction and 97 % of the linear nonanal was subsequently
hydrogenated to 1-nonanol resulting in an overall selectivity of 90 % for the linear
alcohol. Importantly, no heavy-end side-products were observed in this reaction owing
to the mild conditions applied. In the first few hours of the cascade process, mainly the
hydroformylation of 1-octene to the aldehyde was observed. The hydrogenation
towards the corresponding alcohol started at higher aldehyde concentrations. When
approximately 90 % of the l-octene was consumed (after 60 hours) the
hydroformylation activity had decreased significantly, which is in line with the first
order rate dependency in substrate concentration. In contrast, the hydrogenation of the
aldehyde product proceeded after 60 hours. As a result, the aldehyde concentration
decreased again after approximately 40 hours, which in turn caused a decrease of the
hydrogenation rate.

TABLE 3.4. Results from switching between hydrogenation, hydroformylation and hydroformylation-
hydrogenation sequence reactions using sol-gel immobilised [Rh(2)CO]"*

Entry" Time Conversion Conversion I:b  l-aldehyde  b-aldehyde  l-alcohol  Octane*
(h) Octene (%)  Aldehyde (%) (%) (%) (%) (%)
1 172 97 75 23 18.5 3.6 66.7 11.2
2 24 100 100 - 0 0 100 100
3 68 60 16 18 65.2 4.5 13.7 16.6
4 2 98 10 - 0 0 9.7 98
5 96 96 0 18 90.7 5.1 0 4.3

* Ligand to rhodium ratio is 10, catalysis performed at 80 °C, in 13 ml of toluene using 1 ml of 1-octene (plus
1 ml of 1-nonanal entries 2 and 4). Samples were analysed by means of GC and GC-MS analysis. * Entries 1,
3, and 5; 50 bar syn gas. Entries 2 and 4; 50 bar H,. © Numbers include isomers of 1-octene since these are not
separable from octane on GC.

The ratio of the two co-existing catalyst species could be controlled by modification of
the conditions and the catalyst was recycled by a simple filtration procedure, enabling
the use of the supported catalyst for different subsequent conversions. This was
demonstrated by a series of catalyst experiments using 1-octene as the substrate and
polysilicate immobilised Rh(2). A first reaction under standard conditions, thus with
the catalyst as a mixture of the neutral and cationic species, resulted in a product
mixture that consisted for 66.7 % of 1-nonanol and 18.5 % of 1-nonanal (Table 3.4,
entry 1). After this reaction, the system was recycled and transformed into a
hydrogenation catalyst just by washing it with toluene and subsequently adding a
mixture of 1-octene and 1-nonanal in toluene to the catalyst mixture. After a reaction
time of 24 h under an H,-atmosphere a complete hydrogenation of both substrates was
observed to octane and 1-nonanol, respectively (Table 3.4, entry 2). This modulation is
completely reversible; in the third catalyst cycle the system was applied again as a
mixed catalyst by changing the atmosphere from H, to CO/H, and using 1-octene as the
substrate. This resulted in a switch of the catalyst from the hydrogenation mode back to
the hydroformylation-hydrogenation sequence mode. The regioselectivity for the linear
aldehyde and alcohol (overall 1:b ratio of 18) was largely restored (Table 3.4, entry 3).
This provides evidence that the catalyst is stable during the switching procedure, since
even a small amount of decomposed rhodium catalyst would result in a dramatic drop
in selectivity. In the fourth cycle, the hydrogenation catalyst 5 was restored (Table 3.4,
entry 4). This time, the hydrogenation reaction of a 1:1 mixture of 1-octene and 1-
nonanal was stopped after 2 h and a chemoselectivity for the alkene reduction over
aldehyde reduction was observed (96 % alkene and 10 % aldehyde was hydrogenated).
From these four catalytic runs it can be concluded that the immobilised catalyst system
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is switched easily and repeatedly between the hydrogenation mode and the
hydroformylation-hydrogenation cascade mode. In the fifth run the catalyst was
switched to a pure hydroformylation catalyst (Table 3.4, entry 5) by using an
atmosphere of CO/H, and the addition of 1 ml 1-propanol, along with a fresh batch of
1-octene in toluene. After 96 hours, 1-octene was almost completely converted to the
linear aldehyde with a complete suppression of its hydrogenation to the alcohol! These
results nicely demonstrate the importance of detailed knowledge of the effect of
immobilisation on the catalyst. In this example the immobilised catalyst Rh(2) can not
only be recycled, but it can also be switched reversibly between two different states
leading to different products. In addition, the catalyst is very stable and metal leaching
is below the detection limit. An important advantage of the supported catalyst is that
solubility issues of the catalyst in the reaction medium do not play a role. As such, a
hydroformylation experiment was performed in pure l-octene and under these
conditions the activity was similar as that of the homogeneously catalyzed reaction
(TOF =287 mol/mol/h) [27].
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Figure 3.5. Schematic representation of the ROTACAT concept: a homogeneous complex,
immobilised on monoliths, and the implementation of these monoliths in the blades of a
mechanical stirrer. Inset: a picture of the stirrer with a silicon-carbide monolith
In recent years monolithic reactors have found wide application in gas-solid processes
such as automotive emission control [33] and industrial off-gas purification [34]. In
addition, these systems are being considered for gas-liquid-solid processes such as
hydrogenations and oxidations [35]. Recently, Moulijn et al. reported on a novel reactor
configuration in which blocks of monoliths are arranged in a stirrer-like fashion [36].
Using this setup a reasonably large surface area of the immobilised catalyst is retained,
but many problems of handling a suspension of finely divided supported catalyst
species are eliminated. In an attempt to increase the applicability of immobilised
catalyst Rh(2) a new concept (ROTACAT: an immobilised homogeneous rotating
catalyst) was developed that unites the above-described processes (Figure 3.5) [37].
Rh(2) was covalently anchored to monoliths and these monoliths were implemented in
two hollow tubes that were constructed as blades of a mechanical stirrer. Two types of
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monoliths (Si and SiC) were explored that differ in mechanical strength and surface
area. The Si monoliths have a higher surface area (120 m?/g vs 0.5 m*/g) whereas the
SiC monoliths are mechanically far more stable. The SiC monoliths required a special
treatment since the surface area of this type of monolith is too low (less than 0.5 m*/g
according to BET surface area measurements). Only very little of ligand 2 could be
loaded on a SiC monolith of 3.5 g. To increase the surface area the SiC monoliths were
first wash-coated with a porous silica top-layer of approximately 15 weight %. The
silicon top layer, causing an increase in surface area to 17 m*/g (determined by BET
surface area measurements), enabled a sufficient ligand loading (0.02-0.04 mmol/g
monolith). The Si monoliths could be charged with a sufficient amount of ligand
without pre-treatment (~0.05 mmol g”' monolith). The mechanical stirrer of a 200 ml
autoclave, consisting of two parallel cylindrical tubes, was charged with two monoliths.
A sufficient amount of 2 was immobilised on the monoliths by agitation in a toluene
solution of 2 at 80 °C under an inert atmosphere. The immobilised ligand was
subsequently functionalised with the rhodium precursor by stirring a toluene solution of
[Rh(acac)(CO),] at 80 °C under 50 bar of CO/H, (1:1) for 1 hour in an autoclave,
equipped with the ligand functionalised rotor.

In the hydroformylation of 1-octene, using Rh(2) immobilised on the SiC
monoliths, the overall selectivity for 1-nonanal was 89 £ 3 %. As was found previously
for the homogeneous system and the silica-immobilised system, the I:b aldehyde ratio
was very high (ranging from 20 to 46). Remarkably, the selectivity for the linear
product using Rh(2) immobilised on the Si monoliths was lower (72 %). The
regioselectivity for the linear aldehyde was rather high (I:b ratio of 14) but alkene
isomerisation was observed to a large extent (18 %). Furthermore, significant
hydrogenation of 1-nonanal to the alcohol was observed (4.8 %). Similar to sol-gel
immobilised catalyst the hydrogenation could be completely suppressed by the addition
of a small amount of 1-propanol during catalysis, suggesting that the lower catalyst
selectivity of the Si- monolith immobilised catalyst is a result of the higher acidity of
this material.

The SiC ROTACAT was studied in more detail. The initial rate of
hydroformylation under standard conditions was found to be low (between 1 and 2 mol
mol™ h™"). Compared to the sol-gel immobilised analogue this is about 15 times lower.
In an octene/toluene 1:1 mixture the rate of the reaction increased to 15 mol mol™ h™ as
a result of the higher concentration of octene. Under optimised conditions the reaction
rate reached 97 mol mol™ h™" when the catalysis was performed in neat 1-octene. The
SiC ROTACAT could be reused in ten consecutive catalytic cycles showing no
systematic deterioration in hydroformylation performance. To demonstrate the
advantage of this multipurpose reactor set-up, the same catalyst was used for
hydroformylation reactions in the gas phase (propene), in aqueous phase (propene) and
again in toluene. In all cases clear colourless product solutions were drawn from the
autoclave that did not contain rhodium or phosphine, as indicated by means of Atomic
Emission Spectroscopy. The catalyst showed a remarkable long-term stability. It was
found that this catalyst system (2 mg of Rh!) was reusable for over six months without
decrease in catalytic performance. This makes ROTACAT among the most stable
hydroformylation systems reported in the literature. Importantly, the bond-strength of
the chelating diphosphine to the rhodium is sufficiently high and the rhodium-
diphosphine complex is solidly anchored on the monolithic rotor. The system enables a
straightforward recycling procedure (compared to slurry reactions) in which required
washings do not damage the catalyst.
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One strategy to reduce the negative effects of catalyst immobilisation on the activity
is the use of supercritical fluids such as scCO,. scCO, has solvation properties
comparable to higher alkanes, and at the same time the diffusion is much higher
because of the low density [38]. Importantly, dihydrogen and carbon monoxide
dissolve very well in scCO,. At Nottingham, a set-up for continuous processes with
scCO, as mobile phase and supported catalyst as stationary phase has been built and
successfully applied to hydrogenations, Friedel-Crafts alkylations and etherification
reactions [39]. The reactor set-up has also been used to study the properties of
immobilised catalyst Rh(2) in the hydroformylation of 1-octene [40]. For this purpose
the rhodium complex was immobilised on silica with particle size 200-500 pm.
Typically 1g of silica with a 0.4% Rh loading was loaded into a 5 ml supercritical flow
reactor.

TABLE 3.5. Results from the hydroformylation of 1-octene using silica-immobilised Rh(2) using a
continuous flow reactor with scCO, as the mobile phase *

Entry TOF® Linear Branched Alkene Linear I:b 1-Octene
aldehyde® aldehyde® isomers* alcohol® ratio conversion
(%) (%) (%) (%) (%)
14 39 96.1 2.4 1.5 0 40 3.6
2 87 92.9 3.0 3.8 0.3 32 9.4
3¢ 112 94.4 2.4 2.5 0.7 40 10.1
4' 117 92.6 3.8 2.5 1.0 24 10.3
5¢ 44 90.7 4.4 3.7 1.3 21 14.3
6" 160 93.5 2.8 2.9 0.8 33 4.1
7 93 96.0 1.9 1.1 0.9 50 14.3
8! 96 91.3 4.1 43 0.3 23 4.6

* Ligand : Rh ratio is 10:1 and the catalysis was performed at 80°C, 120 bar CO, at 0.65 l/min flow rate (at
20°C, 1 atm), 50 bar overpressure syngas and an 1-octene flow rate of 0.05 ml/min (substrate:syngas = 1:10)
unless otherwise stated. Catalyst: see text. Values shown are average numbers over a period of 3-6 hours. ”
Average turnover frequencies were calculated as (mol aldehyde/mol catalyst)'/h™". ¢ Determined by means of
GC analysis using decane as an internal standard. ¢ Reaction temperature is 70°C. ¢ Syngas overpressure is 25
bar. £ 0.3 I/min CO, flow rate (at 20°C, 1 atm). ¢ 180 bar CO,. " Reaction temperature is 90°C. ' 1-Octene
flow rate of 0.03 ml/min. ’ 1-Octene flow rate of 0.1 ml/min.

The catalyst system converted 1-octene selectively to linear nonanal. The average I:b
aldehyde ratio was 40:1. 1-Octene conversions up to 14% per pass were obtained
(Table 3.5) and only a few % of octene isomers and a trace amount of alcohol were
observed as by-products. At 70 °C and a 1-octene flow rate of 0.05 ml/min the rate of
hydroformylation was moderate (39 mol mol” h”, Table 3.5, entry 1). The rate
increased to 87 mol mol”' h™' with the catalyst bed at 80 °C (entry 2) and improved
further to 112 mol mol™ h™' on decreasing the syngas pressure from 50 to 25 bar (entry
3). The latter effect is consistent with the negative order in CO pressure that is
commonly observed in hydroformylation reactions. A TOF of 117 mol mol" h™' was
observed on increasing the residence time of the substrate in the reactor by decreasing
the CO, flow rate (entry 4). An increase of the CO, pressure resulted in a decrease in
TOF to 44 mol mol™ h™' (entry 5). This suggests that a higher pressure, which results in
a higher density of CO,, changes the transport properties in the reactor. The highest
TOF (160 mol mol™ h™") was observed at 90 °C (entry 6). On decreasing the 1-octene
flow rate from 0.1 to 0.03 ml/min an increase in the I:b ratio from 23 to 50 (entries 2, 7
and 8) was observed.
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Figure 3.6. Turn over number (TON) displayed as function of time for the hydroformylation of 1-octene
using a set-up for continuous processes with scCO, as mobile phase and supported catalyst 2

It is remarkable that the hydroformylation rate is at least four times higher than the
batch reaction with the use of the same immobilised catalyst in toluene and only half
the rate of the homogeneous analogue. The high rate in scCO, is probably caused by
enhanced mass-transport properties and the lower viscosity of the solvent medium. The
catalyst appeared to be very robust, as its performance is constant over at least 30
hours. In Figure 3.6, the turnover number (TON), is plotted against reaction time. The
TON increased linearly with time at both 70 and 80 °C. Moreover, the catalyst was
used for six non-consecutive days with no observable decrease in either activity or
selectivity. Furthermore, no rhodium leaching was found (detection limit of used
technique (ICP-AES) is 0.2% of the total amount of rhodium of the catalyst). This
again demonstrates that the rhodium-diphosphine bond in this catalyst also remains
stable under hydroformylation conditions if scCO, is used as the solvent.

The process is potentially interesting in the manufacture of chemicals and this
approach has several advantages compared to conventional homogeneously catalysed
reactions. Firstly, scCO, is a clean, environmentally benign medium that can be easily
separated from the organic phase [38]. Secondly, the application of an immobilised
homogeneous catalyst in the flow reactor provides a direct and quantitative separation
of the products from the catalyst and avoids any solubility limitations of homogeneous
catalysts. Furthermore, the catalyst is very robust and leaching levels are very low. The
use of high pressures adds to the cost of the process, but, in addition to the above
benefits, it should be mentioned that the space-time yields of the immobilised system
are one order of magnitude higher than those of selective homogeneous catalyst
systems.

3.5 Catalysis in Interphases

The term “chemistry in interphases” was first introduced in the field of reverse-phase
chromatography [41]. In 1995 Lindner et al. transferred the concept to the area of
transition metal catalysis [42] and in a recent review the concept is explained in detail
[43]. The interphase is defined as a region within a system in which the stationary and a
mobile component penetrate on a molecular level without the formation of a
homogeneous mixture. In these regions the reactive centre on the stationary phase
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becomes mobile, thereby simulating the properties of a solution. Therefore, this should
lead to a system that is conceptually in between homogeneous and heterogeneous. In
practice, this means that the stationary phase consists of an inert rigid matrix
functionalised with a flexible spacer with a reactive centre at the end. The mobile phase
can be chosen in a more classical way: a solvent or a gas containing the reactants. Of
course one can also decide to use scCO; as the mobile phase.
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Figure 3.7. The concept of chemistry in interphases; visualisation of two different ways to obtain such a

material, sol-gel procedure using different reagents (left) and silica grafted materials with sufficiently long
spacers (right). Solvent occupies the space between the spacers

Organic-inorganic hybrid polymers are suitable as matrices (Figure 3.7 left), but also
suitable are rigid porous materials with sufficiently long organic spacers between the
active centre and the support (Figure 3.7 right). It is noteworthy that these types of
materials were already studied before the introduction of the concept of chemistry in
interphases. An example is shown in Figure 3.8, where phosphite functionalised
polystyrene was grafted on silica [44]. This material was used in a continuous flow
reactor and the rhodium catalysed hydroformylation of styrene was carried out for a
period of ten days (syngas pressure 30 bar, 100 °C, benzene). In this period no metal
leaching (<0.05%) nor catalyst deactivation was observed. In toluene the catalyst was
about 8 times more active, but now a significant amount of metal leaching occurred.
The metal leaching was explained by incomplete coordination of the rhodium due to
contraction of the polymer in this solvent.
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Figure 3.8. An early example of a hybrid support applied in the rhodium catalysed hydroformylation
operated in a continuous flow reactor. Polystyrene containing phosphite ligands were grafted on inorganic
silica, such that the catalyst will behave as a homogeneous catalyst when using a compatible solvent



SUPPORTED CATALYSTS 55

Lindner et al. carried out detailed studies on the use of the sol-gel procedure to obtain
new materials as suitable matrices [45]. A co-condensation of Si(OR),, Si(OR);-spacer-
Si(OR); and Si(OR);-spacer-ligand resulted in new hybrid materials, the properties of
which strongly depended upon the spacer and the ratio of the different components
used. Most of these materials were characterised with IR, EXAFS, and EDX
spectroscopy, scanning electron microscopy and solid state NMR spectroscopy. Solid
state >'P NMR was used to quantify the mobility of the interphases; the changes in line-
widths reflect the flexibility of the material. It is
o— noteworthy that these matrices lost the
/_/ characteristic properties of silica and showed

R L . .
@ \/\/Si(OMe)3 significant swelling depepdmg on ‘Fhe solvent
used. In one of the contributions Linder et al.
4 used hemi-labile ligands such as 4, and their
ruthenium complexes for the sol-gel process and
the materials obtained were characterised in detail using solid state NMR spectroscopy
[46]. These materials proved to be efficient catalysts for the ruthenium catalysed
hydrogenation and some interesting features were observed. The catalytic behaviour
was strongly dependent on the solvent used. A significant increase in activity was
obtained in polar solvents. There was only a very small effect of the hydrogen pressure
and a strong effect of substrate concentration (if bulky phenyl ethyne was used as a
substrate). This suggests that the diffusion of these large molecules is involved in the
rate limiting step. Importantly, the supported catalyst showed higher activity then the
homogeneous analogue. This was attributed to the decrease in formation of inactive
rhodium dimer due to the spatially isolation of the metal centres on the stationary phase.

Lindner et al. also prepared catalysts for the hydroformylation of olefins using a sol-
gel-procedure to obtain rhodium complexes Sa-¢ (Figure 3.9). The bifunctional co-
condensation  agent  (MeO);Si(CH,)Si(OMe); and a  carbonylhydrido-
(trisphosphine)rhodium complex with T-silyl-functionalised diphenylphosphine ligands
containing three- or six-membered hydrocarbon spacers were employed as starting
materials. The polymer-bound complexes Sa-¢ were good catalysts for the
hydroformylation of 1-hexene and they have been studied ina wide variety of solvents
(toluene, THF, acetone, ethanol, methanol and water). Polar organic solvents such as
methanol afforded the highest activities (TOF=340 mol(sub) mol(cat)’ h™) with low
selectivities (1:b=3.3), whereas the selectivity toward the formation of 1-heptanal was
optimal in solvents of medium polarity such as ethanol (1:b=5.5) or acetone at the
expense of the activity (TOF (ethanol) =234 mol(sub) mol(cat)’ h™"). In water the
activity was rather low (TOF=20 mol(sub) mol(cat)' h™"). The high activity in solvents
of medium polarity was explained by the optimal swelling of the polymers in these
solvents, and the state of the reactive centres was suggested to be similar to those in
solution. In line with this, wide-line separation (WISE) NMR spectroscopic
investigations revealed a substantial decrease in line-width for the swollen polymer. In
addition to hydroformylation a high isomerisation activity was observed (typical 20-
30%).

These materials were also prepared via a sol-gel process in the presence of free
phosphine ligands leading to materials with non-coordinated ligands. These supported
catalysts gave rise to higher selectivities for the linear aldehyde in the hydroformylation
of 1-hexene; a L:b ratio of 14:1 with an average turnover frequency of 164 mol(sub)
mol(cat)' h”' was obtained with these materials. In addition the isomerisation side
reaction was suppressed to a large extent (5%). The longer spacers between the catalyst
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and the solid support in material 5¢ were introduced for higher mobility and thus
improved performance. However, 1:b ratio (6) and turnover frequencies (118) obtained
with S¢ were lower than those observed with 5b. This was attributed to the lower actual
concentration of phosphine functions in 5¢ (mmoles of phosphine per unit volume of
swollen catalyst bead at constant P/Rh) in the swollen polymer. Olefins higher than 1-
hexene were also hydroformylated with Se¢ giving similar results.
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Figure 3.9. Sol-gel processed rhodium complexes using various procedures. These catalysts gave
different results in the hydroformylation

In a similar study with modified phosphine ligands several hybrid polymers were
prepared [47]. A novel triphenylphosphine analogue was prepared by the introduction
of a spacer at the para-position of one of the phenyl rings. Subsequent reaction with a
rhodium precursor yielded the catalytically active T-silyl-functionalised rhodium(I)
compound CIRh(CO)[PPh,CcH,NHCONH(CH,);Si(OEt);],. The modified complex
was co-condensed with (MeO),MeSi(CH,)SiMe(OMe),, (MeO),MeSi(CH,)s(1,4-
C¢Hs)(CH);SiMe(OMe),,  (MeO);Si(CH,)6Si(OMe);, and  (MeO);Si(CH,)s(1,4-
CsH4)(CH,);Si(OMe)s;. Structural and mobility investigations of these novel stationary
phases were carried out by multinuclear solid-state NMR spectroscopy (**C, *’Si, *'P).
Complexes were successfully employed in the hydroformylation of 1-hexene with good
turnover numbers. If the reaction was carried out at 60 bar pressure, mobility became
less important, and highly cross-linked supports gave better results. This shows that the
concept of “chemistry in interphases” works under limited conditions only. No leaching
of the transition metal complexes during the reactions was observed by atomic
absorption spectroscopy, indicating that the metal-ligand interaction was sufficient for
catalyst recycling.

The use of dendrimers as supports to anchor transition metal catalysts has attracted
considerable attention over the past decades [48] (see also Chapter 4 of this book).
Several groups studied the use of dendrimers immobilised on insoluble supports [49],
and this type of material meet the requirements for catalysis in interphases. Alper
reported the use of diphosphine functionalised polyamidoamine (PAMAM) dendrimers
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that were anchored onto a silica support [50] as polydentate ligands in alkene
hydroformylation. The dendrimer was actually synthesised on the support, which
simplified the synthetic procedures but complicates detailed analysis of the system. The
Rh-PPh)-PAMAM-SiO, catalyst was shown to be an active catalyst for the
hydroformylation reaction and it was, as expected, more selective towards the branched
product. The difference in chain-length (n = 0, 2, 4) (see Figure 3.10) had mainly an
impact on the recyclability of the catalyst and it was suggested that this is due to steric
congestion of the more compact dendrimers. Indeed, colored product solutions were
obtained indicating that slow metal leaching occurred. Additional Soxhlet extraction
experiments showed that rhodium leached under catalytic conditions only; both CO and
substrate promote metal leaching from the support. Unfortunately, the properties of the
supported catalysts have not been compared with the analogous homogeneous
compounds.
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Figure 3.10. Phosphine functionalised PAMAM dendrimers anchored on a silica support

Arya et al. used solid phase synthesis to prepare immobilised dendritic catalysts with
the rhodium centre in a shielded environment to mimic nature’s approach of protecting
active sites in a macromolecular environment (e.g. catalytic sites inside enzymes) [51].
Two generations PS immobilised rhodium-complexed dendrimers, 6 and the more
shielded 7, were synthesised.The PS resin immobilised rhodium-complexed dendrimers
were used in the hydroformylation of styrene, p-methoxystyrene, vinyl acetate and
vinyl benzoate using a total pressure of 70 bar 1:1 CO/H; at 45 °C in CH,Cl,.

N HAc

CI(OC),RH, CIOCLRH N

Php—/ “—NHAc PhoP—/ NH
HN{ HN{
il a3
Q- Q
. H o] o]
Resin O HN Resin O H HN
PhoP—, NHAG PhoP—\ NH
CIOCKRA N CIOC)RK, N
Ph,P Ph,P o HN—<©/ T(\
NHAG

N HAc

PhP— PhP— 0 HN*{©\ J\/NHAC
N—< >—

Using styrene as substrate both 6 and 7 could be recycled four times, apparently
without loss in activity or selectivity (>99% conversion after 20 hours; b:1 ratio '+ 18 :
1). When p-methoxystyrene was used as a substrate the first three cycles did not suffer
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from any deactivation (>99% conversion after 20 hours, b:l ratio + 17:1). The fourth
cycle did not reach full conversion after 20 hours for 6 (56% conversion, b:l ratio =
30:1) nor for 7, although this more shielded dendritic catalyst did reach a higher
conversion (85% conversion, b:l ratio = 30:1). In the hydroformylation of vinyl acetate
catalysts 6 and 7 gave similar results. Similar selectivities (b:l + 17:1) and slightly
declining activities per cycle were observed (99% conversion for the 2™ cycle — 85 %
conversion for the 5" cycle). Using vinyl benzoate as substrate the immobilised
dendrimers 6 and 7 could be recycled with constant activity and selectivity for three
cycles (>99% conversion after 20 hours, b:l + 25:1). In the fourth and fifth cycle
deactivation of both catalysts was observed. A dramatic drop in activity was found for
6 (4™ cycle, conversion 43%; 5™ cycle, conversion 20%). A smaller drop in activity
was observed for 7, which was speculated to be due to the larger dendritic environment
(4™ cycle, conversion 91%; 5™ cycle, conversion 83%). Determination of the turn-over
numbers of both systems should give a conclusive support for this dendritic effect.

The studies on catalysis in interphases have taught us several lessons. The most
important points are that the catalyst must be connected to the insoluble support via a
sufficiently long spacer enabling good mixing with the solution that contains the
reactants. The spacer should consist of solvophylic material and should not adsorb to
the surface. The second point is that the properties of the insoluble support can be fine-
tuned by using organic network modifiers. This enables better penetration of the
solvents, making the catalyst more accessible to the substrates. These properties can be
measured by NMR techniques, but only a limited number of studies have been reported
in which these detailed studies have been combined with catalysis. Therefore, it is very
hard to judge if examples in the literature meet the requirements for the classification
“catalysis in interphase”, which makes the border between immobilised catalysts and
these systems vague. An important question still to be answered is what the properties
of the matrices are with respect to thermal and physical stability. How these materials
behave in fixed bed reactors is still a question to be answered.

3.6 Ordered Mesoporous Support

Most examples discussed so far made use of amorphous inorganic supports or sol-gel
processed hybrid polymers. Highly disperse materials have recently become accessible
via standard processes and, as a result, materials with various controlled particle size,
pore diameter are now available. Micelle-templated synthesis of inorganic materials
leads to mesoporous materials such as MCM-41, MCM-48, MSU, and these have been
extensively used as solid supports for catalysis [52]. Modifications of the polarity of the
material can increase the reactivity of the embedded centre, or can decrease its
susceptibility to deactivation. In rare cases, enhanced stereo- or even
enantioselectivities have resulted from complex immobilisation, via mechanisms
related to the "confinement concept" [53]. Accurate control of pore shapes and
dimensions is needed to control precisely the environment of the active site, and it is
clear that for such aims zeolites and ordered mesoporous molecular sieves offer much
better perspectives than relatively disordered, amorphous materials such as silica or
alumina. In the case of ordered mesoporous materials, there are several illustrations of
the effect of pore diameter on the reactions of embedded complexes [52].

Mesoporous supports have been studied in ligand-free rhodium-catalysed
hydroformylation aiming at the stabilisation of specific catalytic species to induce
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stereochemical control of the regioselectivity. Among the procedures for preparation of
Rh-zeolites, dilute aqueous exchange at room temperature with RhCIl; or
[Rh(NH;)sCI]Cl, is most popular [54]. In large-pore zeolites such as Y and mordenite,
Rh can be uniformly distributed across the zeolites, while medium pore-size zeolites
(ZSM-34 and ZSM-11) show rhodium enrichment at the surface due to hydrolysis. In
small pore zeolites (e.g., erionite, zeolite A, ZK-5) surface hydrolysis dominates, and
most rhodium is found on the external surface. Depending on the pretreatments of these
zeolites, e.g., calcination, autoreduction, reduction at various temperatures, under H, or
CO, various species can be formed, e.g., lattice-coordinated Rh**, RhO,, or Rh,O5
particles, metallic Rh’ clusters, or carbonyl complexes such as Rh'(CO), or
[Rhe(CO)y6]. These zeolites have been applied for gas and liquid-phase reactions [55].
As an example, gas-phase hydroformylation of 1-hexene was performed with a zeolite
CaA synthesised in the presence of Rh. Enhanced selectivity for the linear aldehyde
was observed in comparison with an exchanged zeolite, but loss of volatile Rh-
carbonyls resulted in a gradually decreasing activity. Liquid phase 1-hexene
hydroformylation was investigated with [Rh(NH;)sCl1]*" exchanged NaY zeolite after
carbonylation treatment. This material contains [Rhs(CO);¢] clusters associated with the
zeolite crystals. This catalyst was characterised by a high hydroformylation selectivity
and a lack of regioselectivity. This is very similar to the behavior of ligand free
rhodium carbonyl complexes, which were indeed present in the reaction mixture. While
for Rh"-exchanged NaY and CaA the observed activity is caused by eluted rhodium,
experiments with poisons and additives suggested that in materials with NaX zeolites
exchanged with [Rh(NH3)s(H,O)CI]Cl, the activity was from homogeneous as well as
heterogeneous sources. At high reaction temperatures, leaching from the zeolite
decreased, possibly because of the formation of larger Rh clusters that are not easily
converted into soluble species [56]. Unfortunately, under such conditions, the
chemoselectivity is largely in favor of substrate isomerisation, probably catalysed by
residual zeolite acidity. We can tentatively conclude that rhodium carbonyls entrapped
in zeolites are not an ideal choice for immobilisation since the neutral character of the
active species results in severe leaching due to weak binding to the zeolite.

In a recent contribution of Chaudhari et al. several mesoporous and microporous
materials were used to encapsulate [HRh(CO)(PPh;);] in the channels of the materials
[57]. They functionalised MCM-41and MCM-48 at the inner wall with aminopropyl
groups and at the outer wall with diphenylsilane moieties (Figure 3.11). As a reference
support MCM-48 with aminopropyl groups at the outside of the material was prepared.
The materials obtained were characterised in detail using CP-MAS NMR, FT-IR, TEM,
XPS and powder XRD. The catalytic performance was tested in the hydroformylation
of styrene, 1-hexene, 1-octene and 1-dodecene. Generally the activity obtained was
high, whereas the selectivity was moderate to low. The effect of the location of the
catalyst was high: the activity of the MCM-48 material with the catalyst at the outer
wall was higher (reported TOF=583 mol(styrene) mol(cat)’ h™', at full conversion, 100
°C) then that of the encapsulated material (TOF=325 mol(styrene) mol(cat)’ h™") and
the supported catalysts showed similar activity (I:b=0.41). Importantly, the
encapsulated catalyst showed significantly less leaching. Typically, the total amount of
rhodium leaching after six consecutive cycles was <0.05% for the encapsulated system,
whereas the material with the catalyst at the outer wall showed around 6% leaching. In
addition, the selectivity and the activity were retained indicating that the encapsulated
catalyst was also stable.
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Figure 3.11. Schematic representation of MCM materials functionalised at the outside with diphenylsilane
and with the rhodium catalyst encapsulated at the inside of the pores

TABLE 3.6. Comparison of the activity and selectivity in the hydroformylation of linear alkenes using
homogeneous [HRh(CO)(PPh;);] and [HRh(CO)(PPhs);] encapsulated in MCM-48 *

Catalyst Substrate Substrate selectivity Aver. I:b 1-Octene

concentr.® aldehyde (%) TOF* ratio conv. (%)
[HRh(CO)(PPhs);] 1-hexene 3.20 98.8 2467 2.6 98.8
Rh-MCM-48 1-hexene 0.64 99.5 338 2.3 100
[HRh(CO)(PPh;)s] 1-octene 2.55 98.2 1391 2.4 98.8
Rh-MCM-48 1-octene 0.51 99.4 270 1.7 100
[HRh(CO)(PPh;)5] 1-decene 2.11 92.2 961 1.4 98.2
Rh-MCM-48 1-decene 0.42 99.2 109 1.5 99
[HRh(CO)(PPhs);] 1-dodecene 1.80 89.1 630 0.8 97.4
Rh-MCM-48 1-dodecene 0.36 98.6 88 1.0 99

* Reaction conditions: catalysts, 0.96 g/L [HRh(CO)(PPhs);] or 8 g/L Rh-MCM-48 (containing 0.69 wt/wt %
Rh); Pco, Pyr = 2.04 MPa; T=100°C; Toluene. ® mol/L °Average turnover frequencies were calculated as
(mol alkene/mol catalyst)'/h™".

The activity of the encapsulated catalyst was also compared to that of the homogeneous
analogue (Table 3.6). Although it is hard to compare the difference in activity because
the reactions were performed at different substrate concentrations and the TOF was
determined at too high conversions, it seems that the activity of the MCM-48
encapsulated catalyst is lower then the homogeneous analogue. It is noteworthy that the
selectivity of the encapsulated catalyst is different from that of its homogeneous
counterpart. For 1-hexene the 1:b is lower whereas that for 1-dodecene is higher, which
was attributed by the authors to the geometric constraints of the substrates accessing the
complex inside the support.

3.7 Non-covalently Supported Catalysts
One of the only examples of a commercial process using immobilised homogeneous

catalysts comprises an anionic rhodium complex [RhI,(CO),] that is bound via ionic
interactions to an ion exchange resin [3] and is used for the carbonylation of methanol.
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The metal leached from the support is re-adsorbed to a guard bed of ion exchange
material. This shows that the concept of noncovalent anchoring is very attractive,
especially if the homogeneous catalyst needs no further modification.

Augustine et al. reported a similar approach in which cationic rhodium complexes
were immobilised on support via ionic interactions [58]. Heteropoly acids such as
phosphotungstic acid (PTA) appeared to be very suitable materials for this purpose, but
alumina was also demonstrated to work well. Upon mixing a cationic rhodium complex
such as [Rh(dipamp)(COD)|BF, with the PTA material, a supported chiral rhodium
catalyst was obtained that was active in the asymmetric hydrogenation of methyl 2-
acetamidoacrylate. Interestingly, the activity and ee were higher (after the first run)
than that of the homogeneous parent complex. The degree to which the nature of the
HPA influences the performance of the reaction suggests that a direct interaction
between the HPA and the metal is responsible for the increased performance of the
catalyst upon immobilisation [59]. The catalyst was recycled 15 times without loss in
performance. Analysis of the product mixtures revealed that no rhodium leached from
the support (detection limit 1 ppm). The major advantage of this approach is its
generality and several pre-formed rhodium catalysts were immobilised in a similar
manner. The strategy is limited to ionic catalysts and it can therefore not be used to
immobilise neutral hydroformylation catalysts.

Bianchini reported a fascinating strategy, denoted as supported hydrogen-bonded
catalysts (SHB-catalysts), in which the immobilisation procedure involved the grafting
of tailor-made catalysts equipped with a sulfonate tail on high surface area silica
(Figure 3.12) [60]. The interaction between the catalyst and the support is based on
hydrogen bonds between the silanols of the surface and the oxygens of the sulfonate
group of the ligand. The existence of these interactions was supported by IR, EXAFS
and CP MAS *'P NMR studies.
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Figure 3.12 .Silica grafted catalysts for hydroformylation and hydrogenation, the immobilisation is based
on hydrogen bonding between the surface and the sulfonate group (supported hydrogen-bonded (SHB)
catalysts)

The grafting procedure is straightforward, which is a major advantage of this method.
The silica was pretreated to remove water from the support, after which it was added to
a dichloromethane solution containing the catalyst. After 6 hours of mixing the
supported catalyst was isolated by filtration. The remaining solvent was colourless
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while the supported had turned yellow. Catalyst 8a was a good catalyst for the
hydrogenation of styrene, 100 % conversion was reached after 3 hours using 1 mol %
of catalyst, 120 °C and 30 bar of molecular hydrogen. Catalyst 8a was also active in
the hydroformylation of 1-hexene. Using 1 mol% of catalyst at 120 °C and 30 bar of
syngas the substrate was completely converted in three hours. The branched aldehyde
was the main product (1:b=0.8, 41 % branched) and also some 2-ethylpentanal (15 %)
and hydrogenated product (4 %) were formed. No rhodium was detected in the product
phase by atomic absorption analysis, and the recycled catalyst was reused for both
hydrogenation and hydroformylation giving identical results as the first runs. The
results obtained with the supported catalysts 8 were different from those obtained in the
homogeneous phase and in two-phase processes. In THF these catalysts were less
chemoselective, hydrogenation being the side reaction, and showed a lower activity.
The transformation of the mononuclear rhodium complex into binuclear species was
proposed to be responsible for the lower activity in the homogeneous phase, and the
better performance of the SHB catalysts was ascribed to the site isolation of the active
sites preventing the formation of such dimers. Attempts to use these catalysts in solid-
gas hydroformylation reactions failed, whereas solid-gas hydrogenation of ethene was
successful. One of the additional advantages of this approach is that the catalyst can be
removed from the support by washing with methanol, which enables detailed analysis
of the complex after the reaction.

o MeNC CNMe
MeNC\R/ ©)
/ PPhy PPh,
Ph,R
(o]
CF3
| ©
S—_ S—_
A e, F e
JREE- TN R SN
H H H\ H' H H\

Figure 3.13. Silica grafted ruthenium catalysts with the counterion also immobilised via hydrogen bonds

In subsequent work the approach was extended to dicationic ruthenium complexes that
were active in hydrogenation [61]. The complex is now no longer zwitterionic and the
counterion is also bound to the support via hydrogen bonds (Figure 3.13) and therefore
the metal complex should be more strongly bound to the support. The hydrogenation of
trans-4-phenyl-3-buten-2-one (benzylideneacetone) was more chemoselective with the
supported catalyst than the homogeneous parent catalyst, at the expense of activity
(factor 14). The supported catalyst yielded mainly benzylacetone as the product,
whereas the homogeneous catalyst gave 100 % of the saturated alcohol. The work has
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been extended to asymmetric hydrogenations, but in at least half of the examples the
enantioselectivity was lower than that of the homogeneous analogue [62].

Figure 3.13 already suggests that the use of sulfonated ligands is not required for
this approach. Indeed Rege et al. showed that chiral cationic rhodium complexes can be
immobilised on silica by using triflate as counterion that forms hydrogen bonds with
the support [63]. In fact, this strategy is a hybrid between the two previously described
approaches. By stirring a dichloromethane solution containing [(R,R)-Me-
(DuPHOS)Rh(COD)]OTTf in the presence of MCM-41 the catalyst was immobilised.
Powder X-ray diffraction revealed that the MCM-41 structure remained unchanged,
whereas elemental analysis showed that the material contained 1 % (wt) rhodium,
consistent with the theoretical amount. The BET surface area decreased from 953 m?’g”!
to 854 m’g”". Interestingly, the mesopore volume decreased indicating that the catalyst
was in the pores of the material. The performance of the immobilised catalyst equalled
that of the homogeneous analogue and in some examples the selectivity and activity
was even better. The catalyst was recycled with retention of catalyst performance. No
active catalyst leached from the support, and the catalyst was shown to be stable for 16
h under hydrogen-free conditions.

3.8 Supported Aqueous Phase Catalysis

Davis and Hanson developed a new concept of immobilising homogeneous catalysts,
denoted as supported aqueous phase catalysts (SAPC) [64]. They reasoned that in
aqueous biphasic catalysis the reaction mainly takes place at the interface. In order to
increase this interface they used a high-surface-area hydrophilic support (Figure 3.14).
These materials have a thin film of water adhered to the surface, in which the water-
soluble catalyst is dissolved. The substrate and the product are in an organic solvent
such as toluene, and reaction takes place at the water-organic interface. The supported
catalyst has a very large interfacial area, which results in very efficient catalysis for
organic substrates. Furthermore, the catalyst stays completely on the support.
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Figure 3.14. Schematic representation of the concept of supported aqueous phase catalysis

The important issues are the generality of the concept, the robustness of the catalyst
system and the influence of the thickness of the water layer [65]. This water layer has
an enormous impact on the catalytic activity (Figure 3.15). It was observed that if the
layer is too thin the activity of the catalyst is much lower due to a decrease of the
catalyst mobility. The catalyst is bound to the silica resulting in a heterogeneous
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system. This was verified by *'P NMR spin relaxation measurements, which show that
the spin relaxation declines with increasing water content [66]. It was observed in the
hydroformylation of 1-heptene using a [HRh(CO)(TPPTS);-SAPC] that the TOF
increases by a factor as high as 100 when going from 2.9 to 9 wt. % water (Table 3.7).
If higher water contents were adhered to the support the water layer became too thick
and the substrate had to diffuse into the water layer, or the catalyst had to diffuse to the
interface. The result is a decrease in catalyst-product contact time leading to lower
activities. This sensitivity towards water is a drawback of this otherwise attractive
concept, since it requires an additional parameter to be controlled.

TABLE 3.7. Hydroformylation performance of SAPC compared with homogeneous and biphasic systems

Catalyst system Substrate T (°C) TOF (mol mol™ h™)
SAPC (2.9 wt.% H,0)* 1-heptene 75 0.75
SAPC (9 wt.% H,0)* 1-heptene 75 72
Homogeneous " 1-heptene 75 288
SAPC* Mixture" 100 432432 7396 ¢
Homogeneous ¢ Mixture" 100 1656°¢/1800/1800¢
Biphasic © Mixture" 125 17¢/5°/1¢

*[HRhCO(TPPTS);], P=7 bar (Hy/CO=1:1) [16d]. " [HRhCO(PPh;);] in toluene, P=7 bar (H,/CO=1:1) [16b].
¢ [HRhCO(TPPTS);], P=51 bar (Hy/CO=1:1) [18]. “[HRhCO(PPh;);] in hexane, P= 51 bar (H/CO=1:1) [18].
"The substrate was a 1:1:1 mixture of 1-hexene, I1-octene and 1-decene. ® Heptanals. "Nonanals. ¢ Undecanals.

Horvath performed experiments using substrates with different solubilities in water and
showed that, under optimal conditions, this solubility did not influence the activity [67].
These experiments clearly support the fact that the reaction takes place at the organic-
water interphase. Furthermore, he performed a hydroformylation reaction in a
continuous system and even under reaction conditions no leaching of rhodium complex
was detected. Water obviously leaches if the SAPC is used in a continuous flow
system, which in a practical application should be compensated for by using water-
saturated organic solvents.
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Figure 3.15. The influence of the water contents of the hydrophilic support on the relative catalytic activity

A water-soluble chelating diphosphine ligand (9) based on the xanthene backbone was
also studied as supported aqueous phase catalysts. It was shown that this ligand
performed well as SAPC since it is much more selective than other SAPC systems
reported in literature [68]. Recycling experiments showed that these catalysts retained
their activity and selectivity for at least ten consecutive runs, whereas under similar
conditions the TPPTS based catalyst showed a reduced performance in the fourth run.
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This shows that the strong chelating effect of the bidentate ligand efficiently retains the

metal attached to the support.
L
PPh, PPh,

9

NaO3S SO3Na

Mortreux and co-workers compared the activity of the SAPC catalysts with that of the
homogeneous analogue in the hydroformylation of methyl acrylate [69]. They observed
an activity for the SAPC that was strongly dependent on the amount of water present in
the system. More remarkably, the optimised activity of the SAPC was higher than that
of the homogeneous systems. This effect was ascribed to the polar interactions between
the substrate and the silica support. This effect was not observed for nonpolar
substrates such as propene, which supported the hypothesis.

In order to show the versatility of the method Davis extended the concept to other
hydrophilic liquids such as ethylene glycol and glycerol [70]. The reactions then take
place at the hydrophilic-hydrophobic liquid interface. In this specific example the
supported-phase concept was used for asymmetric reduction using a ruthenium catalyst.

3.9 Process Design [71]

A process for the hydroformylation of 1-octene to nonanal was designed for an
immobilised homogeneous catalyst. The production capacity was fixed at 100 kton of
nonanal. Kinetic data reported for the rhodium catalyst complex of N-(3-
trimethoxysilane-n-propyl)-4,5-bis(diphenylphosphino)-phenoxazine immobilised on
silica, (2) was used as a starting point. Other process specifications are given in Table
3.8.

TABLE 3.8. Process and reactor specifications for hydroformylation of 1-octene

Operating pressure (bar) 50
Operating temperature (°C) 80
Syngas / 1- octene ratio 10:1
Catalyst: Rh complex with 2 immobilised on 0.1 wt%
silica
1-octene conversion per pass 70%
Selectivity toward n-nonanal 93%
by-products: iso-nonanal / 1-nonanol 4% /3%

A systematic process design procedure going through the levels of black box,
conceptual design, and index flow sheet design, resulted finally in the process flow
sheet (PFD) shown in Figure 3.16, which was simulated in Aspen Plus. In this process
pure 1-octene (#1) is mixed with a recycle stream of 1-octene (#31), pressurized to 50
bar in pump P-101 and heated to 80 °C in E-102 before it enters reactor R-101. Pure
syngas (CO: Hy= 1:1) is mixed with a recycle stream of syngas (#21), pressurised in
compressor C-101 to 50 bar, mixed with syngas recycle stream (#14) and heated in E-
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101 to 80 °C before entering the reactor R-101. In reactor R-101 the hydroformylation
reaction of 1-octene with syngas to form nonanal takes place (for details see Table 3.8).
The reactor consists of a packed bed in which large amounts of syngas is contacted
with the liquid 1-octene. It is assumed that the operationing conditions are such that the
reaction is kinetically controlled. The proposed first order kinetics in 1-octene favour
the plug flow character for the reactor. Since the reaction is also highly exothermic the
reactor needs to be effectively cooled to keep the reaction temperature at 80 °C.
Combined this leads to a co-current trickle flow reactor column with in-situ cooling.
The reaction product stream (#10) is cooled in E-103 to 40 °C and is fed to a gas-liquid
separator V-103. The gas stream (#12) containing mainly CO, H, and a minor amount
of l-octene is recycled after purging 0.01% (#13) and recompressing in C-102. The
liquid stream (#15) is expanded to 3 bar, heated in E-104 to 60 °C before separating the
gas from the liquid in V-104. The gas stream (#19) is recycled after purging a small
part of the stream. The liquid product stream (#22) is depressurised to 1 bar, heated in
E-106 to 100 °C and separated in distillation columns T-101 and T-102. Column T-101
removes the compounds like 1-octene and minor amounts of CO and H, which are
lighter than nonanal. These lights (#25) are cooled in E-106 to 25 °C, the 1-octene
condenses and is separated from the gas stream in gas-liquid separator V-105. The gas
stream (#27) is purged. The liquid stream (#29) with 98%+ 1-octene is recycled after
purging 0.01% and is mixed with fresh 1-octene. Finally, Column T-102 separates the
product, the nonanal mixture (#33, 95%+ nonanal, 4% 2-Me octanal) from the rest
which is mainly 1-nonanol. At this stage nonanal and 2-Me octanal are not separated
but sold as a mixture. The bottom stream of column T-102 contains nonanol, heavies
and Rh leached from the reactor. This stream should be treated to recover the lost
rhodium. Details of the different process units are shown in Table 3.9.

TABLE 3.9. Specifications of different units in the 1-octene hydroformylation process as shown in Figure

3.16.
Heat exchangers E-101 E-102 E-103 E-104 E-105 E-106
Duty (kW) 809 458 -1280 215 455 -669
U (W/m%,C) 165 600 625 600 600 600
A (md) 108 12 93 6 21 59
Heat exchangers E-107 E-108 E-109 E-110
Duty (kW) -230 1590 -2190 3290
U (W/m?,C) 600 600 600 600
A (m?) 4 27 36 55
Flash Drum V-103 V-104 V-105
orientation Vert. Horz. Horz.
Diameter (m) 1.0 0.3 0.25
Height (m) 4.6 1.2 1.2
Compressor C-101 C-102 C-103 Pump P-101
P at inlet (bar) 3 45 P at inlet (bar) 1
P at outlet (bar) 50 50 P outlet (bar) 50
Flow (m3/hr at Piyjer) 1640 1430 Flow (m3/hr) 21
Power (kW) 630 270 Power (kW) 54
Efficiency 72% 72% Efficiency 52 %
Distillation columns T-101 T-102 Reactor R-101
Reflux ratio R 0.5 2 Type: Gas Liquid Solid Reactor
Number of trays 13 46 Pressure (bar) 50
Condensor duty (MW) -0.23 2.2 Temperature (C) 80
Reboiler duty (MW) 1.6 33 Catalyst volume (m®) 70*
Diameter (m) 0.83 1.42 Amount of Rh (kg) 70
Height (m) 7.5 24 Duty (MW) -3.6

* The catalyst volume can be significantly reduced by increasing the Rh concentration on the catalyst.
In case of 0.4 wt % Rh the catalyst volume will be 18 m”.
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For the supported catalyst it is expected that the ligand does not leach since it is
chemically bonded to the carrier. In contrast, the rhodium metal bound to the ligand is
subject to leaching due to the reversible nature of the complex formation. The amount
will depend on the equilibrium between rhodium dissolved in the organic phase and
that bound to the ligand. When an equilibrium concentration of 10 ppb Rh is attained,
the yearly loss of Rh for a 100 kton production plant will be about 1 kg Rh per year.
Compared to the reactor contents of rhodium (see Table 3.9, 70 kg Rh) this would
result in a loss of 1.5% of the inventory per year, which would be acceptable.

3.10 Concluding Remarks

The immobilisation of a catalyst on a support is a suitable solution for the separation
problem and solutions exist nowadays for most of the problems that prevent the step to
commercialisation. Metal leaching from the support has been the major problem for a
long time. From the examples given in this chapter it is clear that bidentate ligands are
required to retain the metal on the support, and also the use of an excess ligand
compared to metal does suppress metal leaching. Most experiments were run as batch
reactions, and these are not necessarily representative of continuous processes.
Leaching for several cases was below the detection limit, which is roughly 0.1-1 ppm
of rhodium in the liquid product. As indicated, for an industrial application for low-
value products, this number should perhaps be two orders of magnitude lower and more
accurate measurements are required to show that metal leaching is even as low as 1-10
ppb. For high-value products ppm levels of metal losses are economically acceptable,
but health, safety and environmental issues should also be taken into consideration.
With respect to catalyst anchoring one can conclude that catalysts for hydroformylation
cannot be immobilised via ionic interactions between the metal and the support since
the active species comprises a neutral species. For cationic (rhodium) catalysts such as
those for hydrogenation, this is a proper strategy which is very easy to apply.

With respect to the selectivity of immobilised catalysts one can conclude that the
selectivity is generally dominated by the ligand coordination, which remains identical
to the homogeneous analogue if chelating bidentate ligands are used. This is clearly
demonstrated by the Xantphos type ligands and the BINAPHOS ligands. Upon using
monodentate ligands, there is a risk of obtaining monophosphine coordinated species
since site-isolation of the ligands can prevent biscoordination. The acidity of the silica
can change the chemoselectivity of the reactions as was observed for immobilised
Xantphos-rhodium hydroformylation catalyst. Detailed analysis showed that cationic
rhodium complexes were responsible for the effect and the formation of these species
was suppressed by the addition of alcohol (or triethyl amine) to the liquid phase.
Immobilisation of catalysts generally results in a lower activity. This effect can be
minimised in several ways.

The lesson learned from the “catalysis in interphase” approach is that the spacer
between the insoluble support and the actual catalyst should be sufficiently long and
soluble in the solvent of interest to obtain active catalysts. The use of supercritical
fluids can also be very beneficial for the activity. Upon using Xantphos immobilised on
silica in scCO2 for example, the rates are only half of those of the homogeneous
catalyst. Expressed as space-time yields the solid catalysts are almost an order of



J.N.H REEK 69

magnitude faster, admittedly neither of them has been optimised. Thus, there is clearly
a benefit in the supercritical system, which has to be weighed against the extra costs of
the high pressures involved. The scCO, runs, however, were continuous runs and the
losses over longer periods were below 0.2 %, which was again the detection limit and
the actual result may be better than this. Another interesting feature that has so far
received little attention is the fast heat transfer in scCO,, in addition to the fast mass
transfer. The hydroformylation reaction is highly exothermic and when the rates start
approaching those of the homogeneous systems this certainly becomes a limiting factor
for heterogeneous hydroformylation catalysts. For lower alkenes the starting alkenes
could form the supercritical phase as well, thus reducing the extra costs involved in the
high pressures.

For several silica-supported catalysts in condensed phase, including the SAPC
system, the rates are disappointing. This can be assigned to slow mass transfer, and
perhaps to incomplete rhodium hydride formation as we have discussed and observed.
The sol-gel catalyst is relatively fast and is sometimes only a few times slower than the
homogeneous one. Since only limited ways of preparation were tested, there is
probably more scope for sol-gel catalysts. Space-time yields are promising at the
present state of affairs.

The limited mechanical strength and the swelling properties of the support are not
necessarily a problem. Silica and alumina have proven their value as supports in
various reactor set-ups. The example given by Nozaki clearly shows that polystyrene
can also be used in well designed reactors. Considering the recent progress in the field
we are confident that the problems related to immobilised catalysts no longer present
limitations that prevent commercialisation of processes using these materials.
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CHAPTER 4 SEPARATION BY SIZE-EXCLUSION FILTRATION

Homogeneous Catalysts Applied in Membrane Reactors

N.J. RONDE AND D. VOGT
Laboratory of Catalysis and Inorganic Chemistry, Schuit Institute of

Catalysis,  Eindhoven  University  of  Technology,  Eindhoven,
The Netherlands

4.1 Introduction

The high selectivity and activity of homogeneous catalysts under mild reaction
conditions combined with the ability to tailor and fine-tune the systems for a given
substrate are unbeaten by their heterogeneous counterparts. Unfortunately, the
separation of the catalysts from the reaction medium is still an important drawback,
which often hampers industrial applications. Only a few processes are applied in
industry nowadays, among which are the production of adiponitrile by Koch (formerly
Dupont), acetic acid and acetic acid anhydride by Monsanto, butanal by Celanese
(former Ruhr Chemie), and linear a-olefins in the SHOP (Shell Chemicals).[1,2] In
each case an individual solution was developed for catalyst separation and recovery. A
general toolbox for this is required. Table 4.1 summarizes the advantages and
disadvantages of homogeneous versus heterogeneous catalysts. In this way the major
problem of homogeneous catalysis becomes obvious.

TABLE 4.1. Homogeneous versus heterogeneous catalysis

Homogeneous Heterogeneous
Activity +++ R
Selectivity -+ +
Catalyst Description ++ -
Catalyst Recycling - +4++
TON + o+
Quantity of Catalyst ++ +

A number of potential methods for homogeneous catalyst separation and recovery have
been discussed in the preceding chapters. This chapter addresses the separation of
homogenecous catalysts by means of advanced filtration techniques. Separation of
homogeneous catalysts by size exclusion (ultra- or nanofiltration, defined in detail in
Section 4.3.1) offers several advantages:

e the catalyst remains homogeneous

- o to little mass-transfer limitations

- high activity
e low energy consumption of the separation step
e simultaneous catalyst and product separation
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e potential for continuous homogeneous catalysis

A prerequisite for the application of filtration methods is a significant difference in
molecular size of the catalyst and the reactants / products. Molecular enlargement, i.e.
binding the homogeneous catalyst to soluble supports, is often the method of choice.
These supports can be dendrimers, hyper-branched polymers or even simple polymers,
giving the opportunity to tailor the support according to the given process.

All the above-mentioned methods will be discussed in this chapter. A number of
filtration and reactor units that have been used in published work will be described and
an overview of the different membrane materials will be given. As generally catalytic
reactions deal with organic substrates and are usually carried out in an organic solvent,
the membranes have to be solvent resistant. Thermal stability can also be an issue
depending on the process conditions.

4.2 Reactors

All experimental setups described in the literature for the separation of homogeneous
catalysts by membrane filtration technology can be divided into two general classes:
Dead-end filtration and cross-flow filtration. The first type of unit is characterized by a
product flow perpendicular to the surface of the membrane, while the flow in the case
of cross-flow filtration is parallel to the membrane surface (see Figure 4.1).

Product $ Product
o
"
|~ Membrane . //Membrane
To )
reactor oy
-,
From ) )
Feed reactor Circulation
pump
Dead-end Cross-flow

Figure 4.1. Principles of dead-end and cross-flow filtration

The dead-end setup is by far the easiest apparatus both in construction and use. Reactor
and separation unit can be combined and only one pump is needed to pump in the feed.
A cross-flow setup, on the other hand, needs a separation unit next to the actual reactor
and an additional pump to provide a rapid circulation across the membrane. The major
disadvantage of the dead-end filtration is the possibility of concentration polarization,
which is defined as an accumulation of retained material on the feed side of the
membrane. This effect causes non-optimal membrane performance since losses through
membrane defects, which are of course always present, will be amplified by a high
surface concentration. In extreme cases concentration polarization can also lead to
precipitation of material and membrane fouling. A membrane installed in a cross-flow
setup, preferably applied with a turbulent flow, will suffer much less from this
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phenomenon. In the following section different types of reactors that have been
reported in literature are discussed.

4.2.1 DEAD-END FILTRATION REACTORS

The separation of homogeneous catalysts by means of membrane filtration has been
pioneered by Wandrey and Kragl. Based on the enzyme-membrane-reactor
(EMR),[3,4] that Wandrey developed and Degussa nowadays applies for the production
of amino acids, they started to use polymer-bound ligands for homogeneous catalysis in
a chemical membrane reactor (CMR).[5] For large enzymes, concentration polarization
is less of an issue, as the dimension of an enzyme is well above the pore-size of a
nanofiltration membrane.

iM— Gas supply
—

BPR
&—’ Products

Nanofiltration
membrane

[ ———
SO — A N\
\ 7
Magnetic stirrer
D
\Z
Substrate HPLC HPLC Substrate
solution 1 pump pump solution 2

Figure 4.2. Dead-end filtration reactor described by Vogt et al.[6,7]

In collaboration with the Wandrey group, Vogt et al. developed a dead-end filtration
reactor for application at high pressures (Figure 4.2). It was first used for the
hydrovinylation of styrene.[6,7] In this reaction, ethylene was used as a solution in
dichloromethane, prepared separately in a stainless steal tank (substrate solution 1).
Using a second HPLC pump, styrene dissolved in dichloromethane was pumped into
the reactor. The catalyst solution was introduced via an HPLC injection valve equipped
with a loop of 2 mL. The products and unreacted compounds crossed the membrane
and left the reactor on top where the pressure was regulated by a backpressure regulator
(BPR). Details about the reaction can be found in Section 4.4.3. This dead-end reactor
has also been used for hydrogenation reactions using polymer-stabilized Pd-
nanoparticles, applying a solution of H, in the solvent.[8] This example clearly shows
the limitations of the setup, as an internal gas phase is not permitted.

A similar reactor setup was used by Keurentjes et al.[9,10] A Wilkinson catalyst
with fluorinated ligands was applied in the hydrogenation of 1-butene in supercritical
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carbon dioxide. Tubular microporous silica membranes (ECN, Petten, The
Netherlands) were used. The process started with the preformation of the catalyst, after
which the reactor was pressurized up to 20 MPa. Substrate and hydrogen were fed
continuously into the reactor. A trans-membrane pressure was created by opening a
needle valve on the permeate side, which started the continuous process (Figure 4.3).
The process will be discussed in detail in Section 4.6.1.

co, Silica membrane tube

1-butene
Needle valve
H, | /
I co,
EETTTrrrreee) / ............. 1-butene
v H

2
butane

Figure 4.3. Dead-end filtration reactor4 described by Keurentjes ez al.[9,10]

Figure 4.4. High-Output Stirred Figure 4.5. ULTRAN® - MaxiFlex from
Cell from Millipore.[12] Schleicher & Schuell.[13]

Using unmodified Ru-BINAP and Rh-Et-DUPHOS catalysts Jacobs et al. performed
hydrogenation reactions of dimethylitaconate (DMI) and methyl-2-acetamidoacrylate
(MAA), respectively.[11,47] The continuous hydrogenation reaction was performed in
a 100 mL stirred autoclave containing an MPF-60 membrane at the bottom, which also
acts as a dead-end membrane reactor. The hydrogenation reactions will be discussed in
paragraph 4.6.1.

Commercial dead-end filtration cells are available from Millipore [12] suitable for
ultrafiltration (Figure 4.4, e.g. model 8003 and 8010) and from Schleicher & Schuell
[13] (Figure 4.5) applicable for ultra- and nanofiltration.

422  CROSS-FLOW FILTRATION REACTORS
A coupled reactor-separation system (Figure 4.6) was used by Livingston ef al. in

which they were able to perform a Heck reaction and to recycle the catalyst 10 times
using a semi batch method.[14,15] To prevent degradation of the membrane by the
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reaction mixture, the actual catalysis was performed in a separated stainless steel
reactor. When the conversion reached more than 95%, the reactor was cooled to room
temperature and the reaction mixture was pumped through the solvent resistant
nanofiltration membrane (SRNF), where it was filtered until 85% of the initial volume
had penetrated. The retained catalyst-rich solution was then transferred back into the
reactor and diluted with fresh reactant solution, before a new catalysis cycle was
performed. STARMEM membranes were used as well as Koch MPF-60 membranes
(discussed in Section 4.3.2). The STARMEM membranes deteriorated in THF and were
replaced after each cycle, whereas the Koch membranes showed long-term stability.

| Reactor

FeedT>

Catalyst
recycling *
stream )
Solvent-Resistant
B NF membrane
QJV
—D< —— Product

Figure 4.6. Cross-flow filtration reactor described by Livingston ef al.[14,15]
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Figure 4.7. Cross-flow filtration reactor described by Vogt e al.[16]

/Membrane tube

A special type of cross-flow reactor was developed in the laboratories of Vogt [16] to
handle continuous gas / liquid reactions. The challenge in the reactor design was to
combine efficient gas-liquid mixing, liquid level control in the reactor, turbulent flow
across the membrane, and efficient gas-liquid separation to avoid gas contacting the
membrane, which would lead to a shunt of gas. The total internal volume should not
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exceed ca. 250 mL. The problems were solved by a combination of an IR level control,
steering the feed pump and special geometric arrangements of sieves (Figure 4.7).
Ceramic membrane tubes (HITK [26]), showing a higher temperature stability and
significantly better solvent resistance, were used.

4.3 Membranes

In the 1970s the first papers were published combining membranes with reaction
engineering. Before, membranes were used for water purification, and in the food and
dairy industries. Since this new application of membranes started, pioneered by Alan
Michaels, membrane reactors were used first in combination with enzymes.[3] Later
on, when membranes with smaller pores and resistance against organic solvents
became available, membrane technology was also applied for homogeneous
catalysis.[17,18] In the following part, the different types of membrane filtration will be
discussed. Furthermore, the advantages and disadvantages of the different materials of
membranes will be explained. Finally an overview of the membranes used in literature
will be given.

43.1  CLASSIFICATION OF FILTRATION TYPES

In the field of membrane filtration, a distinction is made based upon the size of the
particles, which are retained by the membrane. That is: micro-, ultra-, nanofiltration
and reverse osmosis. Figure 4.8 shows a schematic picture of the classification of
membrane processes. The areas of importance for application with homogeneous
catalysts are ultra- and nanofiltration, depicted in gray.
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Figure 4.8. Classification of membrane processes

To find a suitable membrane for a certain application, an important parameter is the
molecular weight cut-off (MWCO). The MWCO is defined as the molecular weight at
which 90% of the solutes are retained by the membrane. It should be taken into account
that the pore size of many ultra- and nanofiltration membranes is greatly influenced by
the solvent and by the temperature used under experimental conditions. This
particularly concerns polymeric membranes as will be discussed in the next paragraph.
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43.2 MEMBRANE MATERIALS

There are basically two types of membranes, inorganic (ceramic) membranes and
organic (polymer) membranes. Both types of membranes have their advantages and
disadvantages as will be discussed in this section. The ideal membrane would have a
very narrow pore size distribution, which is not influenced by solvent or temperature
changes. Furthermore it should be stable under real reaction conditions, i.e. stable
towards organic solvents, aggressive reagents and elevated temperature. Additionally a
sufficient flow under all circumstances and at a low trans-membrane pressure is
required.

The most widely applied commercial nanofiltration membrane is the MPF series of
Koch Int.[19] (Figure 4.9). The series contains polymeric silicon-derived membranes in
the MWCO range of 400-700 Da.[20] The membranes are supplied in a 50% ethanol /
water mixture, and should under no circumstances be allowed to dry out. Before use,
the membranes must be conditioned with the solvent of choice.

Figure 4.9. A used nanofiltration Figure 4.10. TEM picture of a ceramic
membrane (Koch MPF-50) membrane

Since these membranes are polymer-based, their MWCO is highly dependent upon the
solvent used.[21]

Another nanofiltration membrane often applied is the STARMEM™ series of
MET.[22] These membranes have an active layer manufactured from polyimides and
are available with MWCQO’s in the range of 200-400 Da. The membranes are supplied
in dry form containing a conditioning agent, which can be easily washed out. In
contrast to the MPF membranes, these membranes are not stable in chlorinated solvents
or THF, but have higher temperature stability. Livingston ef al. made a comparative
study for these two membrane types together with the Desal-5 (Osmonics [23])
membrane.[50] More details about the polymeric membranes are given in Table 4.2.
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TABLE 4.2. Commercially available solvent resistant nanofiltration membranes

Membrane MWCO Manufacturer Material Solvents Ma()é ée)mp
STARMEM120 200 MET polyimide Tol, Xyl, EtOAc 60
STARMEM?220 220 MET polyimide Tol, Xyl, EtOAc 60
STARMEM?228 280 MET polyimide Tol, Xyl, EtOAc, C6 60
STARMEM240 400 MET polyimide Tol, Xyl, EtOAc, C6 60

silicon common org solvents, limited
MPF-50 700 Koch derived stable in: DMF,NMP, DMA, 40
DMSO
silicon Common org solvents, limited
MPF-60 400 Koch derived stable in: DMF,NMP, DMA, 40
DMSO
Desal-5 350 Osmonics 50

MWCO: Molecular weight cut-off

Dense membranes are a special type of polymeric membranes. Jacobs et al. published
on the use of polydimethylsiloxane (PDMS) dense membranes in the hydrogenation of
dimethylitaconate and acetophenone using standard homogeneous catalysts (see
Section 4.6.1)[48]. The membranes were homemade from a PDMS solution in hexane,
which was cross-linked in a vacuum oven at 100°C. The membranes were able almost
completely to retain unmodified Ru-BINAP dissolved in isopropanol. However, as
mentioned earlier, these applications will strongly depend on the size, i.e. molecular
weight, of the substrate to be converted in order to guarantee a sufficient difference in
size of the product and the catalyst to be retained.

The only ceramic membranes of which results are published, are tubular
microporous silica membranes provided by ECN (Petten, The Netherlands).[10] The
membrane consists of several support layers of - and y-alumina, and the selective top
layer at the outer wall of the tube is made of amorphous silica (Figure 4.10).[24] The
pore size lies between 0.5 and 0.8 nm. The membranes were used in homogeneous
catalysis in supercritical carbon dioxide (see paragraph 4.6.1). No details about solvent
and temperature influences are given but it is expected that these are less important
than in the case of polymeric membranes.

In Table 4.3, a selection of inorganic membrane suppliers is given. Very little data
are available on applications in catalysis so far. The membranes can be used for
separation in the ultra- or nanofiltration range.

TABLE 4.3. Some ceramic ultra- and nanoflitration membranes

Manufacturer Pore size (nm) Material support Material active layer
ECN® 0.5-0.8 o- and y-alumina amorphous silica
HITK?® 30 - 1000 a-alumina AlLO;, TiO,, ZrO,
Corning®’ MF and UF

4.4. Dendrimer Supported Catalysts

Since the pioneering work on dendritic structures by Vogtle et al.,[28] dendrimers have
attracted much attention. The synthesis and investigation of their structural properties
became a new field in science. The application of dendrimers as support molecules for
homogeneous catalysts was first reported by Van Koten et al. in 1994.[29] Dendrimers
have the advantage of having perfect structures unlike polymeric structures and are
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therefore preferred in academic research. Catalytic properties can be investigated using
standard high-resolution techniques in solution, whereas heterogeneously supported
catalysts require more sophisticated techniques that often give less detailed
information. In the next section the applications of dendritic supports for the recycling
of homogeneous catalysts will be discussed.

44.1 KHARASCH ADDITION REACTION

Building on the experience with enzyme catalysis in membranes reactors, Kragl and
Van Koten performed one of the first continuous catalysis experiments using dendrimer
supported homogeneous catalysts.[39,40] Zeroth and first generation carbosilane
dendrimers were functionalized with 4, respectively 12 NCN pincer ligands (Figure
4.11). Nickel was introduced by lithiation followed by the reaction with [NiCl,(PEt;),].
Both dendritic catalysts were tested for their retention in a nanofiltration cell equipped
with a Koch (former SELRO) MPF-50 membrane using CH,Cl, as the solvent. The
measured retention for zeroth generation catalyst was found to be 97.4%, while 99.75%
of the first generation was retained.

After reaching its maximum productivity (after ca. 8 hours.) the [G1]-Ni;; showed a
fast deactivation when applied in continuous catalysis performed in a membrane reactor
(Figure 4.12). The fast loss of activity cannot be due to a lack of retention of the
catalyst. Due to the high retention measured, this process should be much slower. A
model study revealed that this deactivation process probably takes place by the
formation of insoluble Ni(III) species (see Section 4.5 for further details).
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Figure 4.11. G, carbosilane dendrimer with 12 NCN-pincer-Ni groups



82 SEPARATION BY SIZE-EXCLUSION FILTRATION

STY/% ,|

g T e T - 1
4] 1000 2000 3000

Ymin

Figure 4.12. Continuous Kharasch addition. (Reprinted with permission from ref. 40. Copyright 2000
American Chemical Society)
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Figure 4.13. G, DAB dendrimer with 32 PPh, groups.[30]
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Another reaction performed in the dead-end reactor discussed before, is the allylic
amination of 3-phenyl-2-propenyl-carbonic acid methyl ester with morpholine.[30]
First and second generation commercially available DAB-dendrimers were
functionalized with diphenylphosphine groups (Figure 4.13). Two different membranes
were used, the Nadir UF-PA-5 (ultrafiltration) and the Koch MPF-50 (former SELRO)
(nanofiltration), which gave retentions of 99.2% and 99.9% respectively for the second
generation functionalized dendrimers.

The third generation dendritic catalyst was applied in continuous catalysis. The
catalyst remained active for more than 100 residence times with a conversion ranging
from 100% at the beginning to 80% at the end of the run (Figure 4.14). Leaching of
palladium of only 0.07-0.14% per residence time was found. The authors give the
formation of inactive palladium species as another possible reason for the drop in
activity, next to the leaching of palladium. NMR data indeed indicate the formation of
inactive palladium species such as [ligand-PdCl,] complexes, possibly resulting from a
decomposition of the complex by a reaction with dichloromethane.
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Figure 4.14. Continuous allylic amination. (Reprinted with permission from ref. 30. Copyright 1999 Science
Direct)

Van Leeuwen et al. used several generations of carbosilane dendrimers with 4, 8, 24,
and 36 diphenylphosphine end-groups (Figure 4.15) for the allylic alkylation reaction
of allyl trifluoracetate with sodium diethyl 2-methylmalonate.[31]

Application of the largest dendritic catalyst 8 (Figure 4.15) in a continuous process
showed activity over 15 exchanged reactor volumes (Figure 4.16). The decrease in
activity caused by wash out was calculated to be only 25% (retention of ligand 98.1%).
The drop in activity was therefore ascribed to the decomposition of the palladium
catalyst. Addition of membrane material to batch catalysis experiments did not change
the conversion showing that this was not the cause of decomposition.
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Figure 4.15. Synthesis of phosphine-functionalized carbosilane dendrimers.[31]
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Figure 4.16. Continuous allylic alkylation.[31]

Further investigations using model compounds showed that the formation of PdC], by a
reaction with the solvent, as suggested by Brinkmann ef al. [30], was also not
responsible for the observed rapid deactivation. Palladium leaching after formation of
Pd(0) was also excluded by experiments. The authors concluded therefore that the
presence of allyl acetate facilitated the decomposition.

More dendritic ligand systems were synthesized with an ethylene spacer between
the terminal silicon atom and the phosphorus atom.[32] This enlarged system showed a
higher stability in the continuous allylic amination. During the exchange of 15 reactor
volumes, more or less constant conversion was observed, slowly decreasing from its
maximum (~70%) after 5 h, to ~50% after 15 reactor volumes. When the P / Pd ratio
was increased from 2 to 4, the activity increased significantly giving almost
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quantitative conversion after about 7 exchanged reactor volumes which slightly
decreased to ca. 80% after 15 reactor volumes (Figure 4.17). This finding showed that a
relative small change in the backbone of dendritic catalysts could increase the stability

significantly.
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Figure 4.17. Continuous allylic amination with a modified catalyst. (Reprinted with permission from ref. 32.
Copyright 2002 Wiley)

A non-covalently functionalized dendrimer was also applied in a continuous allylic
amination reaction.[33] PPI dendrimers functionalized with urea adamantyl groups can
act as host molecules for phosphorus ligands equipped with acetyl urea groups (Figure
4.18). The so formed supramolecular complex was reacted with a palladium precursor
and used as catalyst in the allylic amination reaction.
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Figure 4.18. Gs PPI dendrimer with 32 host-guest complexes.[33]

Both the acid and ester were applied in continuous allylic amination. The maximum
conversion (ca. 80%) was reached after 1 h in both experiments. Using the acid
derivative of the guest, a slight drop in activity was observed ((a) in Figure 4.19),
which is probably caused by a slow deactivation of the catalyst and has also been
observed for covalently functionalized dendrimers (described above). When using the
ester-functionalized guest, the activity dropped faster ((b) in Figure 4.19). This
decrease in activity is caused by lack of retention (99.4% for the acid vs. 97% for the

ester) as well as by deactivation.
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Figure 4.19. Continuous catalysis with non-covalently functionalized dendrimers a) acid-, b) ester-
functionalized guest. (Reprinted with permission from ref. 33. Copyright 2001 American Chemical Society)

4.43 HYDROVINYLATION REACTION

In the group of Vogt, zeroth and first generation carbosilane dendrimers were
functionalized on the periphery with 4 or 12 hemilabile P,O-ligands (Figure 4.20).[6,7]
The allyl palladium complexes of these systems were used as catalysts in the
hydrovinylation of styrene. At higher conversion the primary codimerization product 2-
phenyl-1-butene can isomerize in a consecutive reaction to form the E/Z-mixture of
internal 2-phenyl-2-butene, an undesired byproduct, especially in case of asymmetric
catalysis. The possibility to perform this homogeneously catalyzed reaction
continuously is therefore interesting since it can combine a high productivity with
incomplete conversion suppressing the isomerization reaction.

The retention of the free [Gy]-ligand system (without palladium) was 85%, the
molecular weight of the actual catalyst is much larger (M,, = 2868 Da versus 1314 Da
for the Gy-system), which should be sufficient for initial experiments. The result of this
continuous hydrovinylation is shown in Figure 4.21.

After an induction period of ca. 9 hours, the maximum productivity was reached.
This was followed by a decrease in activity, which cannot solely be explained by the
lack of retention. Calculations showed that at least 20% of the catalyst should still
remain in the reactor after 80 h. Additional to this wash-out effect, a deactivation
process took place, visible by precipitation of palladium black on the surface of the
membrane. Although the catalytic system suffered from deactivation, its selectivity
towards 3-phenylbut-1-ene was excellent, being 98% and 85% for the Gy- and G-
catalysts respectively.
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Figure 4.20. G, carbosilane dendrimer with 12 Pd-complexes.[6,7]

8000 -
-_.1:_ )
S 4,8
Y 2
60001 o T.‘*\\
e
o
4000 o
2000 s
@]
o o
[ R ! : : —
0 20 40 60 80 100

t/h —

Figure 4.21. Continuous hydrovinylation experiment.[7]
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444  HYDROGENATION REACTION

A set of core-functionalized dendrimers was synthesized by Van Leeuwen et al. and

one compound was applied in continuous catalysis.[45] The dendritic dppf, Xantphos
and triphenylphosphine derivatives (Figures 4.22, 4.30 and 4.31) were active in
rhodium-catalyzed hydroformylation and hydrogenation reactions (performed batch-
wise). Dendritic effects were observed which are discussed in paragraph 4.5. The
dendritic rhodium-dppf complex was applied in a continuous hydrogenation reaction of
dimethyl itaconate.

In their experiments, an unsubstituted dppf-complex was compared with the
analogous dendritic complex (Figure 4.23). After 35 exchanged reactor volumes the
dendritic catalyst still showed a conversion of 77% (maximum: 85% after 10 reactor
volumes) while the unsubstituted catalyst deactivated from 70% to 15% at the end of
the catalytic run. The drop in activity for both systems can be completely explained by
their retention (97% and 99.8% for the unsubstituted and the dendritic complex,
respectively). This means, no deactivation of the catalyst occurred during catalysis,
which is often the case for palladium-catalyzed continuous catalysis.

Me,Si Me;Si

Me.S ! e3Si

Me;Si . e3Si

Me,si MesSi 7\ SiMe;
Me3S| Si

S'
SlMe3 s S|/\/\Me38|
SI\/\/SI\/\/SIMG;;
SlMe3v\/S|¢\/S|
SlMe3
SlMe3 @P

SlMe3
SiMe;
|/\/\ Sl\\/\\\/\ SiMe;

o J \ | Ms,vjj€ Hi& S,

SiMes si Si__~_ Me3SI. SiMe;
. Me;Si
SiMes Me.si MesSi
Me;Si 3 Me;Si
Me;Si Me-Si

Me,Si
Figure 4.22. Core functionalized dppf-carbosilane dendrimer.[45]

The same ligand system was used in the allylic alkylation of allyl trifluoroacetate with
sodium diethyl-2-methylmalonate showing a more or less constant conversion over 8 h
(20 exchanged reactor volumes). This is in contrast to peripheral functionalized
dendrimers (Section 4.4.2), which deactivated at longer reaction times.
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Figure 4.23. Continuous hydrogenation using dppf (a) and the core-functionalized dppf-carbosilane system
(b). (Reprinted with permission from ref. 45. Copyright 2002 Kluwer)

445 MICHAEL ADDITION REACTION

A dodecakis(NCN-Pd") catalyst, synthesized in the group of Van Koten (Figure 4.24),
was applied in the a continuous double Michael addition reaction between methyl vinyl
ketone (MVK) and ethyl a-cyanoacetate.[34] The reaction was performed in the dead-
end reactor discussed in paragraph 4.2.1. Two catalytic runs were performed differing
in the amount of catalyst and in the applied flow (both increased by a factor 2.5). Both
runs showed high productivity for more than 24 h (Figure 4.25).

OH2 12@
Qd ""*’2""'92”~pd\ [BFL11;

—

NMe

Mez

N
20 Mez
Mezh/ NMez

Figure 4.24. Dodecakis(NCN-Pd") dendrimer for Michael addition reaction.[34]



90 SEPARATION BY SIZE-EXCLUSION FILTRATION

For run II, the Pd concentration in both the retentate and the permeate was determined
by ICP-AAS analysis. A catalyst retention of 99.5% was determined, which is almost
identical to the value determined earlier for an isostructural platinum analogue (R =
99,9%).[35] This low leaching of the catalyst completely accounts for the slow
decrease in activity after reaching stable conversion.
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Figure 4.25. Continuous double Michael addition. (Reprinted with permission from ref. 34. Copyright 2003
Wiley)

4.5 Dendritic Effects

Dendrimers are not only unreactive support molecules for homogeneous catalysts, as
discussed in the previous paragraph, but they can also have an important influence on
the performance of a catalyst. The dendrons of a dendrimer can form a
microenvironment in which catalysis shows different results compared to classical
homogeneous catalysis while peripheral functionalized dendrimers can enforce
cooperative interactions between catalytic sites because of their relative proximity.
These effects are called “dendritic effects”. Dendritic effects can alter the stability,
activity and (enantio)selectivity of the catalyst. In this paragraph, different dendritic
effects will be discussed.

Cole-Hamilton et al. reported one of the first dendritic effects. Dendrimers based on
polyhedral oligomeric silsequioxane (POSS) cores were synthesized (Figure 4.26); the
dendrons of this dendrimer were functionalized on the periphery with 8, 24 and 72 PR,
arms respectively (R = Me, Et, hexyl, Cy, or Ph).[36]

The dendritic ligands were tested in the cascade rhodium-catalyzed
hydroformylation of alkenes followed by the hydrogenation of the aldehyde towards
alcohols in ethanol as solvent. A slight increase in selectivity was observed using the
dendritic ligand systems with PEt, bound to 24 arms. A linear to branched ratio (1:b) of
3.1 was observed in the product distribution while unsubstituted PEt; has a 1:b ratio of
2.4, suggesting that perhaps large dendrimer-based ligands exert some control over the
reaction. For the PMe, and PPh, derivatized dendrimers, the 1:b ratio was similar to that
obtained using related monodentate phosphines.
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Figure 4.26. POSS core with 72 PMe, groups

In a later publication [37] these effects were addressed in more detail using the POSS
dendrimers with 8 -C,H,(SiMe(C,H4PPh,), dendrons. In the hydroformylation of 1-
octene, a 1:b of 14:1 was observed while Me,Si(C,H4PPh;), dendrons give a I:b ratio of
3-4:1. From this study it was concluded that the dendrimers have sufficient steric
crowding to make eight-membered ring bidentate coordination favorable and that these
rings enhance the selectivity towards the linear aldehydes in hydroformylation
reactions. Different spacer lengths or replacing CH, with O gave dendrimers which
show little enhancement of selectivity over the small molecule analogues.

Jacobsen et al. reported enhanced catalytic activity by cooperative effects in the
asymmetric ring opening (ARO) of epoxides.[38] Chiral Co-salen complexes (Figure
4.27) were used, which were bound to different generations of commercial PAMAM
dendrimers. As a direct consequence of the second-order kinetic dependence on the
[Co(salen)] complex concentration of the hydrolytic kinetic resolution (HKR),
reduction of the catalyst loading using monomeric catalyst leads to a sharp decrease in
overall reaction rate.

In order to assess whether intramolecular cooperativity occurs, catalysis was

performed with very low (dendritic) catalyst loading (0.027 mol% vs. 0.5 mol% for the
monomeric catalyst). The dendritic Co complex effected complete kinetic resolution
(98% ee, 50% conversion), while the unsubstituted analogue showed no measurable
conversion.
To investigate this dendritic effect, a dimeric model compound was synthesized which
mimics the tethered relationship of two catalytic units within one branch of the
PAMAM dendrimer. All dendritic catalysts were more active in the HKR than the
parent complex. Furthermore, the dendritic catalysts also displayed significantly higher
activity than the dimeric model compound. The authors proposed that this positive
dendritic effect arises from restricted conformation imposed by the dendrimer structure,
thereby creating a bigger effective molarity of [Co(salen)] units. Alternatively, the
multimeric nature of the dendrimer, may lead to higher order in productive cooperative
interactions between the catalytic units.
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Figure 4.27. G PAMAM dendrimer with 8 [Co(salen)] units.[38]

Van Koten ef al. reported on a negative dendritic effect in the Kharasch addition
reaction.[39,40] A fast deactivation for the carbosilane dendrimer supported NCN
pincer catalyst (Figures 4.28 and 4.29) was observed by comparison with a
mononuclear analogue. This deactivation is expected to be caused by irreversible

formation of inactive Ni(III) sites on the periphery of these dendrimers.
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Figure 4.28. Formation of inactive Ni(III) species. (Reprinted with permission from ref. 39. Copyright 2000

American Chemical Society)
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This hypothesis was supported by results of model studies as well as ESR spectroscopic

investigations. The use of alternative Ni-containing dendrimers in which the distance
between the Ni sites was increased (Figure 4.30), led to significantly improved catalytic

efficiency.
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Figure 4.29. Carbosilane dendrimer with Figure 4.30. Extended G, carbosilane dendrimer.[40]
12 Ni-NCN groups.[39]
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Zeroth to fourth generation poly(propyleneimine) (PPI) dendrimers functionalized with
Pyrphos ligands (Figure 4.31) were synthesized by Gade et al.[41] In the asymmetric
hydrogenation reaction of acetamidocinnamate the activity of the catalysts decreased
when going to higher generations. Also the enantioselectivity decreased from 93 to
88% on going from G, to G,. Back folding of the attached rhodium complexes is
expected to be the cause of the drop in activity for higher generations of dendrimers. It
reduces the accessibility of the catalytic centers and at the same time renders their
immediate environment less uniform than originally envisaged. It was stated that the
use of more rigid dendrimers might partially suppress this negative effect.

®|‘ NJ‘\/\/”\ \/:[Pphz cl

PPh, CI

PPI
PAMAM

Figure 4.31. PPl and PAMAM dendrimers functionalized with Pyrphos.[41,42]

In 2003 Gade et al. reported on poly(amidoamine) (PAMAM) dendrimers
functionalized with Pyrphos ligands (Figure 4.31).[42] In the palladium-catalyzed
allylic amination reaction, an increase in enantioselectivity was observed on going from
the mononuclear BOC-Pyrphos to the fifth generation PAMAM dendrimers bearing 64
Pyrphos ligands. The results with the PAMAM supported catalysts were compared with
those from PPI supported catalysts. The latter dendrimers had a smaller, but still
positive effect on the enantioselectivity when going to higher generations. In contrast to
the highly charged cationic Pyrphos-rhodium dendrimers used in the aforementioned
asymmetric hydrogenation, the neutral dichloropalladium derivatives showed no
significant tendency to aggregate in solution or upon precipitation. This was concluded
from TEM studies and from the determination of the hydrodynamic radii in solution.
The aggregation of the cationic dendrimer-metal complexes could contribute to the
lower activity and selectivity discussed above.

A slight increase in reactivity and enantioselectivity in Diels-Alder reactions was
reported by Chow and Wan.[43] Rigid catalysts bearing three and six (chiral) [1,1°-
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binaphthalene]-2,2’-diol (Binol) groups were compared to their unsubstituted
analogues. The turn-over-frequency (TOF) increased from 2.0 h™' for the unsubstituted
Binol to 15.0 h™' for the catalyst with six Binol groups. The ee increased from 10 to
16%, respectively. The increase in ee was not further investigated.

Simanek ef al. investigated the structure dependence of the kinetics of thiol-
disulfide exchange reactions.[44] In general, the rate of exchange decreased as the size
of the dendrimers increased. Dendrimers with disulfides attached near the core undergo
exchange more slowly than dendrimers with disulfides at the periphery. No evidence
was found for intramolecular macrocyclization (cooperative) exchange.

The last example of a dendritic effect discussed in this chapter is the use of core-
functionalized dendritic mono- and diphosphine rhodium complexes by Van Leeuwen
et al.[45] Carbosilane dendrimers were functionalized in the core with Xantphos,
bis(diphenylphosphino)ferrocene (dppf) and triphenylphosphine (Figures 4.22, 4.32
and 4.33).

Rhodium complexes of these mono- and bidentate ligands were tested in the
hydroformylation of 1-octene. Depending on the ligand, a small effect of the dendritic
encapsulation was observed.
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Figure 4.32. Triphenylphosphine derived dendrimer Figure 4.33. Xantphos-derived dendrimer

When bulky substrates were used in the hydroformylation reaction with the dppf-based
ligand, a decrease in reactivity was observed on going to higher generations. This is in
agreement with the first order dependency in substrate concentration observed for these
types of reactions because of the lower diffusion rate of bulky substrates to the active
center. The authors suggested taking advantage of this decreased activity for larger
substrates as a possibility for substrate selective catalysis.

4.6 Unmodified or Non-dendritic Catalysts

Under carefully adjusted experimental conditions unmodified catalysts can be used in
nanofiltration coupled homogeneous catalysis. Also non-dendritic but nanosized rigid
catalytic systems can be retained by nanofiltration membranes. In this section,
unmodified catalysts and rigid non-dendritic systems applied in continuous catalysis
will be discussed.
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In 1977, Parshall and co-workers published their work on the separation of various
homogeneous catalysts from reaction mixtures.[46] Homemade polyimide membranes,
formed from a solution of polyamic acid were used. After reaction the mixture was
subjected to reverse osmosis. Depending on the metal complex and the applied
pressure, the permeate contained 4-40% of the original amount of metal. This
publication was the beginning of research on unmodified or non-dendritic catalysts
separated by commercial and homemade membranes.

4.6.1 HYDROGENATION

Using unmodified Ru-BINAP and Rh-Et-DUPHOS catalysts (Figures 4.34 and 4.35)
Jacobs et al. performed hydrogenation reactions of dimethylitaconate (DMI) and
methyl-2-acetamido-acrylate (MAA), respectively.[47]
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Figure 4.34. Ru-BINAP Figure 4.35. Rh-Et-DUPHOS

The continuous hydrogenation reactions were performed in a stirred 100 mL autoclave
containing a Koch MPF-60 membrane at the bottom. The hydrogenation of DMI was
performed for more than 40 h (10 exchanged reactor volumes) without a significant
loss in enantiomeric excess. However a slight decrease in activity was observed caused
by the incomplete retention (>98%) of the catalyst. In the hydrogenation of MAA with
Rh-Et-DUPHOS, a significant drop in activity and selectivity was observed. The
retention of 97% alone, cannot account for this effect. A slow deactivation of the
catalyst, possibly due to oxidation of the phosphine ligand, was assumed but needs
further investigation. The total TON for the hydrogenations with Ru-BINAP and Rh-
Et-DUPHOS were 1950 and 930, respectively.

Another setup used for the hydrogenation of DMI with Ru-BINAP was equipped
with dense PDMS elastomer membranes (Jacobs et al.[48]). The catalyst solution was
present in a submerged membrane system, prepared as a sealed “PDMS capsule”. The
catalytically active complex was retained by the membrane while substrate and
products, dissolved in the bulk phase, could cross the membrane under the influence of
the concentration difference without the need for mechanical pressure.
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Figure 4.36. Catalysis using a catalyst in a PDMS capsule. (Reprinted with permission from ref. 48.
Copyright 2003 Wiley)

The catalysis was performed batch-wise (Figure 4.36). After reaching ca. 90%
conversion, the bulk phase was replaced and similar turnover frequencies (TOF) of
about 25 h' were obtained in the following three runs 2, 3 and 4. When the catalyst
capsule was removed, no further activity was detected. Furthermore, the Ru content in
the bulk phase was always below the detection limit of AAS, which shows good
catalyst retention by the membranes used.

Keurentjes et al. performed a continuous hydrogenation of 1-butene in supercritical
carbon dioxide.[9,10] A fluorous derivative of Wilkinson’s catalyst was prepared in
situ by mixing the ligand with [(COD)RhCI], under hydrogen / carbon dioxide pressure
(Figure 4.37).

Me
RsP., . .Cl
“Rh Rep = [Tl g, P
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Figure 4.37. Fluorous derivative of Wilkinson's catalyst

After preformation, the substrates and carbon dioxide were supplied continuously. The
membrane reactor was pressurized at the feed side up to 20 MPa with the reaction
mixture. A trans-membrane pressure was created by opening a needle valve on the
permeate side after which the continuous process started.
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Figure 4.38. Continuous hydrogenation of 1-butene in supercritical CO,. (Reprinted with permission from
ref. 10. Copyright 2003 Science Direct)

After an activation period of 4 h, the conversion showed a maximum of 40% followed
by a steady decrease in conversion (Figure 4.38). Overnight, the pressure was
decreased to 6 MPa and the needle valve on the permeate side was closed. This
shutdown procedure caused the catalyst to precipitate and no reaction occurred
anymore. The precipitated catalyst can be used for a new cycle by pressurization of the
membrane reactor, redissolving the catalyst. At the end of the third run the conversion
had dropped to ~33%. A TON of 1.2x10’ in 32 h (t ~ 62 min) was obtained. ICP-AAS
analysis of the permeate stream indicated complete retention of the catalyst. The
authors propose possible traces of oxygen as the cause of the decrease in activity of the
catalyst.

4.6.2 PHASE TRANSFER CATALYSIS

Livingston et al. performed phase transfer catalysis (PTC) using membrane technology
to separate the catalyst from the products in the post-reaction mixture.[49,50] The PT
catalyst (tetraoctylammonium bromide) was re-used after separation in subsequent
reactions. The conversion of bromoheptane into iodoheptane was performed in a 100
mL glass vessel with 40 mL aqueous phase (2 M KI) and 40 mL organic phase (0.5 M
bromoheptane and 0.05 M catalyst). After complete reaction, the organic phase was
transferred into a separation cell (SEPA ST, Osmonics, CA, USA) equipped with a
STARMEM™ 122 membrane. The cell was pressurized to 30 bar at room temperature
starting the filtration of the post reaction mixture. After filtering 35 mL of the original
40 mL of organic liquid, the catalyst was washed out using toluene or fresh
bromoheptane to form a new organic phase for the next catalytic run. Both procedures
were applied for the recycling of the catalyst in three consecutive runs. Similar
conversions were obtained in all three runs while more than 99% of the catalyst was
retained.

In a later publication,[51] Heck reactions (between iodobenzene and styrene) were
performed in the same way. In contrast to the PTC, the catalyst for the Heck reaction
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had a retention lower than 90% (for the first cycle). Nevertheless, this catalyst was
recycled 5 times resulting in only 20% of the initial activity in the last run.

The retentions of the catalysts were also measured on a synthetic reaction mixture.
The Heck-catalyst showed a retention of 96% while under experimental conditions
retentions lower than 90% were obtained. For the PTC the values are both higher than
99%. The authors assume that this big difference for the Heck-catalyst is caused by the
formation of smaller Pd species in the catalytic cycle. However, no precipitation or Pd-
black formation was observed.

4.7 Soluble Polymer Supported Catalysts

Because of the tedious synthesis involved in the preparation of dendrimers needed to
support catalysts in a homogeneous way, many research groups are working on the use
of soluble polymers as homogeneous supports. The soluble polymers have the
advantage of easy, and thus cheaper synthesis, while the resulting catalyst still acts as a
true homogeneous system without the problems related to heterogeneous systems such
as mass transfer limitation and lower activity. In this section, catalytic systems using
soluble polymers as supports and separation from the reaction mixture using
membranes are discussed.

In the early 1970°s, Bayer et al. reported the first use of soluble polymers as
supports for the homogeneous catalysts.[52] They used non-crosslinked linear
polystyrene (M,, ca. 100 000), which was chloromethylated and converted by treatment
with potassium diphenylphosphide into soluble polydiphenyl(styrylmethyl)phosphines.
Soluble macromolecular metal complexes were prepared by addition of various metal
precursors e.g. [Rh(PPh;)CI] and [RhH(CO)(PPh;);]. The first complex was used in the
hydrogenation reaction of I-pentene at 22°C and 1 atm. H,. After 24 h (50%
conversion in 3 h) the reaction solution was filtered through a polyamide membrane
[53] and the catalysts could be retained quantitatively in the membrane filtration
cell.[54] The catalyst was recycled 5 times. Using the second complex, a
hydroformylation reaction of 1-pentene was carried out. After 72 h the reaction mixture
was filtered through a polyamide membrane and recycled twice.

Kragl and Dreisbach reported on the asymmetric diethylzinc addition to
benzaldehyde wusing a chiral homogeneous catalyst supported on a soluble
polymethacrylate.[55] 1, -Diphenyl-L-prolinol was bound to a copolymer from 2-
hydroxyethylmethacrylate and octadecylmethacrylate forming a soluble catalyst with a
M,, of 96 000 (Figure 4.39).

Figure 4.39. |, -Diphenyl-L-prolinol immobilized on a polymethacrylate.[55]
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Membrane filtration using a polyaramide membrane [56] showed a retention of more
than 99.8%. Application of this catalyst in a continuously operated membrane reactor
showed conversion for more than 150 h. The ee dropped from 80% in the beginning
(non-bonded analogue 97%) to about 20% after 150 h. The average ee for the first 80 h
was 50%.

Another soluble polymer-enlarged catalyst was synthesized and tested by Wandrey
et al.[57] The catalyst was prepared by a coupling of an oxazaborolidine via a
hydrosilylation reaction to a methyl hydrosiloxane-dimethylsiloxane copolymer (Figure
4.40). The catalyst was used in the enantioselective borane reduction of ketones.

Me Me
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e

Figure 4.40. Oxazaborolidine ligand on siloxane polymer.[57]

The reduction of acetophenone was carried out at r.t. giving 86% yield with an ee of
97%. This is similar to the ee obtained with unbound analogues. A limited study was
conducted on the retention of the catalyst by nanofiltration. It was found that the
compound could be retained in the membrane reactor but no specific details were given
about these measurements.

The use of such an oxazaborolidine system in a continuously operated membrane
reactor was demonstrated by Kragl et al.[58] Various oxazaborolidine catalysts were
prepared with polystyrene-based soluble supports. The catalysts were tested in a dead-
end setup (paragraph 4.2.1) for the reduction of ketones. These experiments showed
higher ee’s than batch experiments in which the ketone was added in one portion. The
ee’s vary from 84% for the reduction of propiophenone to up to >99% for the reduction
of ([ -tetralone. The catalyst showed only a slight deactivation under the reaction
conditions. The TTON could be increased from 10 for the monomeric system to 560 for
the polymer-bound catalyst.

Kragl and Wandrey made a comparison for the asymmetric reduction of
acetophenone between oxazaborolidine and alcohol dehydrogenase.[59] The
oxazaborolidine catalyst was bound to a soluble polystyrene [58] and used borane as
the hydrogen donor. The carbonyl reductase was combined with formate
dehydrogenase to recycle the cofactor NADH which acts as the hydrogen donor. Both
systems were run for a number of residence times in a continuously operated membrane
reactor and were directly comparable. With the chemical system, a space-time yield of
1400 g L' d"'" and an ee of 94% were reached whereas for the enzymatic system the
space-time yield was 88 g L™ d”' with an ee of >99%. The catalyst half-life times were
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1.2 and 31.1 days respectively for the chemical and the enzymatic system, which lead
to a TTON of 560 for the chemical system vs. 78 000 for the enzymatic system.

Liese et al. attached a transfer-hydrogenation catalyst to a soluble polymer and
applied this system in a continuously operated membrane reactor.[60] A Gao-Noyori
catalyst was bound to a soluble polysiloxane polymer via a hydrosilylation reaction

(Figure 4.41).
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Figure 4.41. Goa-Noyori catalyst bound to a polysiloxane polymer.[60]

Application of this system in the continuous transfer-hydrogenation reaction of
acetophenone gave a stable conversion of about 87%, an ee of 94%, and a space-time
yield of 255 g L' d. A continuous dosage of isopropoxide was necessary in order to
compensate for deactivation caused by traces of water in the feed stream. Under these
circumstances a TTON of 2360 was reached. Comparison of this system with an
enzymatic process showed that both approaches offer different advantages and are
therefore complementary.

A non-covalently bound catalyst was reported by Mecking et al.[61] The system
was prepared by reacting poly(diallyldimethylammmonium chloride) (PDADMAC)
with NaBAr", to form PDADMA-BAr',. Exchanging multiple NaBAr", for
[(H)Rh(CO)(NaTPPTS);] resulted in the formation of the electrostatically polymer-
bound complex (Figure 4.42).
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Figure 4.42. Electrostatically polymer-bound rhodium complex.[61]
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After a hydroformylation run, the reaction solution was subjected to ultrafiltration
using an asymmetric polyethersulfone membrane (MWCO 50 kDa) supplied by
Sartorius. A retention of 99.8% was found. When the catalyst solution was recycled,
virtually the same catalytic activity was observed again (165 TO h™). Repetitive
recycling experiments resulted in 2-7% loss of rhodium, which was subscribed to
partial oxidation of the phosphine ligand.

Plenio et al. tested an adamantyl phosphine ligand bound to soluble polystyrene
(Figure 4.43) in various palladium-catalyzed C-C coupling reactions.[62] The retention
of metal complexes of the polymer-bound phosphine ligand were determined to be
higher than 99.95%.

Hs [n-m [ + Im
H

Figure 4.43. Polymer-bound adamantyl phosphine ligands.[62]

A complex prepared from this ligand system and [Pd(PhCN),Cl,] was tested in the
Sonogashira coupling showing high yields. After the reaction the solution was filtered
through a hydrophobic membrane composed of a dense poly(dimethylsiloxane) layer
cast on a porous sublayer of poly(acrylonitrile). The catalyst was recycled seven times,
resulting in a slight decrease in conversion from 98% to 80% in the last cycle. The
Pd(OAc), complexes of the same polymeric ligand were tested in the Suzuki coupling
also showing high yields with a slowly decreasing conversion over multiple cycles.
Using [Pd(dba),] as the metal source, the system was tested in the Heck coupling.
Yields between 87% and 80% were obtained. However, on attempting the
nanofiltration of the NMP solution, the membrane immediately suffered severe
damage. No suitable solvent could be found for this system. Nanofiltration experiments
were conducted with the NMP solutions diluted with large amounts of cyclohexane.
However, low yields and deactivation of the catalyst resulted.

Van Koten and Frey used a hyperbranched poly(triallylsilane) as the support for
palladium- pincer complexes.[63] The supported palladium-pincer complexes were
applied in the catalytic aldol condensation of benzaldehyde and methyl isocyanate.
Their activity was similar to that of single site Pd catalysts. According to the authors,
the complex is suitable for continuous membrane applications, as demonstrated by their
purification by means of dialysis.
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4.8 Concluding Remarks

Since none of the commercially available nano- or ultrafiltration membranes so far
shows real long-term resistance against organic solvents under the reaction conditions
needed for a commercially interesting hydroformylation process and since no prices are
available for bulk quantities of membranes for larger scale applications, considerations
about the feasibility of such processes are difficult and would be highly speculative.

However, with the combined arguments of process intensification due to
simultaneous product and catalyst separation, increased product purity, and the reaction
engineering advantages provided by a continuous homogeneous catalysis, a rapid
development can be foreseen. A lot more fundamental work is needed in order to
underline the applicability, together with the development of new membrane materials
showing better performance. This field is an ideal example of multidisciplinary
research in which contributions from many fields is a prerequisite for success. The
availability of larger quantities of solvent resistant membranes will be driven by a
strong technology push in the near future.
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5.1 Introduction

Biphasic techniques for recovery and recycle are among the recent improvements of
homogeneous catalysis - and they are the only developments which have been recently and
successfully applied in the chemical industry. They are specially introduced into the
hydroformylation (or "oxo") reaction, where they form a fourth generation of oxo
processes (Figure 5.1 [1]). They are established as the "Ruhrchemie/Rhone-Poulenc
process" (RCH/RP) [2]; cf. also Section 5.2.4.1), with annual production rates of
approximately 800,000 tonnes y™' (tpy).

Rh-Processes Co-Processes

<— Generation/Time

1980-2000s

\/

Figure 5.1. The generations of oxo processes [3] (symbolized by full points).A, First generation Ruhrchemie
process 1943 (diaden process [4]); B, second generation Ruhrchemie process; C, second generation BASF
process; D, second generation Kuhlmann process; E, third generation Shell process; F, third generation LPO
(UCC) process; G, third generation BASF process; H, third generation Exxon (Kuhlmann) process; I, fourth
generation Ruhrchemie/Rhone-Poulenc process

According to the early scientists developing this process, Manassen/Whitehurst [5a] and
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Joo [5b,c,d], biphasic stands for the use of two immiscible liquid phases, one containing
the catalyst and the other containing the unreacted substrate and the reaction products. The
tremendous progress in homogeneous catalysis is that both liquids, i.e., phases, can be
separated off after the reaction is complete by simply separating the second phase from the
catalyst solution, thus making it easy to recirculate the latter without any thermal or
chemical stress (which is the case in all classical separation methods, see Chapter 2 and
[3]). Therefore, this technique allows full utilization of the inherent advantages of
homogeneous catalysis and avoids the costly recycling procedures of traditional
homogeneous catalysts. In this respect, biphasic catalysis is the most successful variant of
an immobilization technique, i.e., an "anchoring" of the catalyst onto a liquid support [6].
The application of biphasic catalysts simplifies the process of homogeneous catalysis
considerably.

Early experimental work on biphasic techniques came up with large scale processes for
the above mentioned hydroformylation of alkenes, oligomerization of ethene,
telomerization of butadiene, and some small-scale processes for the manufacture of fine
chemicals. Whereas the oligomerization proceeds in an organic/organic biphasic system
(SHOP process of Shell; [7]), the other reactions use biphasic aqueous conditions which
offer an especially advantageous mode of operation. Speaking of "Green Chemistry" and
"Green Catalysis" and their definitions (Ken Seddon: "Green chemistry is all about
reducing the number and amount of harmful chemicals that are used and/or generated in
research and industry.... This new field is all about minimizing the amount of waste..."),
reacting substrates in aqueous biphasic operation is the most progressive example [8] - far
beyond other techniques such ionic liquids where the specialists make encouraging
statements such as "You think your process is green, how do you know?" [8c] or "lonic
liquids are not always green!" [8d].

This Chapter will concentrate on the hydroformylation of propene by means of rhodium
catalysts, modified by water-soluble ligands such as TPPTS (triphenylphosphine m-
trisulfonate).

5.2 Immobilization with the Help of Liquid Supports
52.1  GENERAL

In Chapter 3 about Supported Catalysts the numerous unsuccessful attempts to
heterogenize oxo-active transition metal complexes are compiled: the difficulty of
catalyst/product separation appeared to have been solved. However, it was discovered
during long-term tests to verify the utility of the concept (tests which do simulate industrial
conditions in terms of uninterupted long runs and numerous catalyst cycles, TONs and
TOFs, changes of temperatures, pressures, loads, etc.) all of these essentially supported
oxo catalysts, tended to leach out. This means that the active catalyst metal and also the
modifying ligand slowly, but steadily, became detached from the heterogeneous support
and were carried away after an uneconomically short time: the problem of homogeneous
catalysis may have been delayed but has not been solved. Even hybrid techniques such as
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SLPC or SAPC (supported liquid [or aqueous] phase catalysis [9,10,62,64]; see also
Section 5.2.5) provide no improvement, probably because of the tremendous stress on the
support/transition metal bond during the repeated change between tetrahedral and trigonal-
bipyramidal metal carbonyls over the course of a single catalyst cycle. Only recent
publications [11,21,26b,28h] report on successful realization of supported homogeneous
hydroformylation catalysts, but so far there is no confirmation by practise-soriented tests -
not to mention by commercial applications.

522  BIPHASIC SYSTEMS

Only the biphasic method, specially of aqueous-biphasic catalysis, has provided a
fundamental remedy to the problem of stress-free and economical recovery and recycle of
homogeneous oxo catalysts [12]. The fact that the catalyst, which still acts
homogeneously, is dissolved in water, thus in a polar solvent, and remains dissolved,
enables it to be separated from the nonpolar products without problems and with minimal
effort after reaction.

The decisive step was the development of ligands with two concurrent properties: they
are simultaneously water-soluble and they modify the catalytically actice complex [13].
Pioneering work was carried out by Jod (mainly concerning hydrogenations) [5], Kuntz
(then with Rhone-Poulenc, [12g,14]), and the former Ruhrchemie AG [12,77,79] - and
thus in industry - which led to the first large-scale utilization of the aqueous, homogeneous
catalysis technique at the beginning of the 1980s [7,12]. The generally used embodiment
of two-phase catalysis (e.g., as practized in Shell's SHOP method [7]; see also Section
5.2.6) was thus joined by aqueous two-phase catalysis.

In classical homogenous catalysis, an organic compound, i.e., a real liquid phase (a
solvent) dissolves all of the reactants, catalysts, and products. The role of the solvent is
underlined by the fact that it has to be separated from the reaction products by an
additional and costly step, for example by distillation.

Olivier-Bourbigou and Hugues [15] define the importance of solvents as follows: "The
role of the solvent in organic reactions is of the utmost importance [16b]. Its effect can just
be limited to a "physical effect" in making possible the solubilization of the reactants, with
no direct interaction with the active center. More interesting are the cases in which the
solvent interacts through specific forces, such as hydrogen bonds, thus altering the
mechanism, the rate, and eventually the selectivity of the reaction in stabilizing certain
reaction intermediates. In homogeneous catalysis, the solvent effect is often difficult to
explain due to the large number of reaction intermediates involved. However, for catalytic
applications involving coordinatively unsaturated cationic metal centers, the "ideal"
solvent should be able to solubilize the metal ion, while maintaining its ionic character,
and should create weak and labile metal-solvent bonds. It should he highly polar and non-
coordinating for the active metal center. Most of the classical organic solvents are covalent
and do not satisfy the above requirements." Especially the necessity for a separate and
costly separation step is a heavy burden for bulk chemical processes operating with real
solvents, diluents, etc.

For aqueous biphasic systems, the "solvent" is water which shows pronounced solvent
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effects (cf. Section 5.2.3.1) but, on the other hand, does not have to be separated by means
involving thermal or other stresses either from the reactants or from the products.
Therefore, the water of the aqueous-phase processes has to be regarded as a "supporting
fluid" rather than a real solvent although there are many cases known in which water acts
as an accelerator for organic and even organometal-catalyzed reactions [17,18]. The key
for this behavior is the role of water in both, the influence on activity and selectivity of the
desired reaction and the suitability to act as phase separating agent [19] - presumably
enhanced by its tendency to form micelles, microemulsions, or other surface-based
aggregates [51b,51¢,52d, 54,58]. Not recognized by all academian scientists [20], the
phase-separating power is the decisive advantage of water .

523  AQUEOUS BIPHASIC CATALYSIS

5.2.3.1 Water as a Solvent

Aqueous biphasic catalysis is a special case of the two-phase processes of homogeneous
catalysis. Despite the academic literature's provocative question "Why water?" [18a,18b],
the advantages of water as the second phase and the "liquid support" are numerous. On the
one hand, the search for the necessary solubility gap is much easier with water than with
various organic-phase liquids (Figure 5.2). Additionally, water has many properties which
predestine it as a ideal liquid support in homogeneous catalysis (see Table 5.1) [18c,18d].

Water n-Heptane

Sltygcl)lene Carbon-
tetrachloride
Ethanol § } Toluene
Acetic acid Diethyl ether

Methyl ethyl Acetic acid
ketone ethyl ester

Figure 5.2. Miscibility diagram (and solubility gaps) of water and organic-phase liquids. Solvents not
connected by a binding line in Figure 5.2 are immiscible; solvents of unlimited miscibility are connected by a
solid line, those of limited miscibility by a dotted line [16]

Water has several anomalous features (e.g., density, being the only nontoxic and liquid
"hydride" of the non-metals, melting point varying with pressure, etc.). Of direct
importance for the aqueous biphasic process are the physiological (entries 2 and 4 of Table
5.1), economic (1,3,6,9), ecological/safety-related (2,3,4,9), process engineering
(1,6,7,9,10,11,12), and chemical and physical properties (1,5,6,8,11,13) of water. The
different properties interact and complement each other. Thus water, whose high
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Hildebrand parameter and high polarity advantageously influence organic chemical
reactions (such as hydroformylation), has sufficiently high polarity and density differences
compared to organic (reaction) products to enable separation of the phases after the
homogeneously catalyzed reaction is completed [17].

TABLE 5.1. Properties of Water as a Liquid Support [12j]

Entry Property

1 Water is polar and easy to separate from non-polar solvents or products; its polarity may influence
(i.e., improve) reactivity

2 Water is non-flammable and incombustible: A decisive advantage in terms of safety and occupational
health

3 Water is ubiquitous and available with suitable quality

4 H-O is odourless and colourless which makes contamination easily detectable

5 The physical and physico-chemical characteristics (e.g., hexagonal 2D surface structure, tetrahedral

3D molecular network) influence the mutual (in)solubility significantly; chaotropic compounds lower
the order by H-bond breaking

6 The Hildebrand parameter as the unit of solubility of non-electrolytes in organic solvents/ reaction
products is high

7 Water's density of 1 grem™ provides a sufficient difference in density from those of most organic
substances

8 The dielectric constant, DK, is very high; the refraction index np is low

9 The high thermal conductivity, the high specific heat capacity, and the high evaporation enthalpy of
water make it suitable as solvent and heat removing fluid

10 Water has a high solubility for gases, especially CO,

11 Water may form hydrates and solvates

12 Water is highly dispersable; it has a high tendency to support micelle and/or microemulsion formation.
These tendencies may be enhanced by additives such as surfactants

13 Water has amphoteric behaviour in a Brensted sense

Compared with this, the high solvent power for many compounds and gases, in some cases
boosted by solvate or hydrate formation or by H-bonding, facilitates reactions in the two-
phase system.

The chaotropic properties of many chemical compounds prevent the H,O cage structures
necessary for the formation of solvates and thus facilitate the transfer of nonpolar
molecules between nonaqueous and aqueous phases. Water is incombustible and non-
flammable, odorless and colorless, and is universally available in any quality: important
prerequisites for the solvent of choice in catalytic processes. The DK and np can be
important in particular reactions and are advantageously used for the analysis and control
of substrates and products. The favorable thermal properties of water make it highly
suitable for its simultaneous dual function as a mobile support and heat transfer fluid, a
feature that is utilized in the RCH/RP process (see below).

Compared to the inexpensive and ubiquitous solvent and support, water, with its unique
combination of properties, other alternative solvents may well remain unimportant. Others
make the same comments using different words (Table 5.2).
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TABLE 5.2. Pros and cons of water as a reaction fluid[21]

Advantages Disadvantages

* Not inflammable * Large heat of evaporation'

* Non-toxic * Detection in case of leakage®

* No smell * Low solubility of many nonpolar substrates

* Good separation with many organics * Hard to collect in case of spills’

* Cheap

* Unique fluid properties * No incineration of bleed streams®

* Stabilization of certain organometalic * Decomposition of water-sensitive
complexes compounds’

! Possibly an advantage within the economics of the heat compound; > an advantage since contaminated water
smells intensively; by the way the danger occuring in case of spills is severely overestimated. Additionally, it
must be underlined that the danger in case of spills is identical with biphasic or with homophasic
(conventional) operation; * True for all "solvents" and all organic liquids and no specific disadvantage of water;
* Advantageous when containing the water-soluble catalyst - the system is self-extinguishing; > A matter of
evaluation: nobody will recommend water in case of decomposition of water-sensitive compounds.

5.2.3.2 Aqueous-phase Catalysis as a Unit Operation

Operating homogeneously catalyzed conversions under aqueous-biphasic conditions is
certainly a recently introduced technique but does not necessarily require newly designed
apparatuses and exorbitant new sets of reaction conditions. To "do the solubility split"
[19], the catalyst should only be soluble in one of the liquids (i.e., water), while the
products (and occasionally the reactants) should be mainly soluble in the other -
preferentially the phase of the reaction products itself. In this case, the separation of the
catalyst from the products can simply be achieved by decantation (or temporarily by other
means such as extraction, etc.). In all cases, the reactor design ought to maintain biphasic
operation by proper mixing of the reactants. After decantation, the phase containing the
catalyst can simply be recycled to the reactor, and the products can be separated and/or
purified without the need to consider any stability or reactivity problems for the catalyst or
the product. Basically, the flow sheet of an aqueous-biphasically and homogeneously
catalyzed oxo process is as simple as shown in Figure 5.3 b) in comparison to the scheme
of a classical hydroformylation unit Figre 5.3 a). The comparison gives an impression of
the tremendous savings in investment made possible by aqueous biphasic operation.

An important feature of biphasic hydroformylation is the separability due to density
differences. Because of the differences in density of the polar compound water (1.0 g-em™)
and the hydrophobic oxo products (average 0.8), no problems occur. Additionally, the
hydroformylation products are not sensitive to water. Another important question is to
what extent water and the reactants are mixed. Therefore, the reactor in Figure 5.3 b), a
continuously stirred tank reactor (CSTR) [22], normally contains usual installations to
guarantee excellent mixing. For the lower alkenes with their significant water solubility
(propene, butene) this is no problem. In these cases, the hydroformylation reaction takes
place at the interfacial region [23].
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Figure 5.3. Basic flow-sheets of a) a conventional, homogeneously catalyzed process and b) an aqueous-
biphasically, homogeneous catalytic process.1, Reactor; 2 Separator(s); 3, Catalyst separator; 4 , Make-up; 5,
Further purification and processing;6, Gas recycle(s); 7, Catalyst recycle; 8, Reactant feed; 9, Withdrawal of high
boilers

So far only propene and butene are hydroformylated commercially using the RCH/RP
process. A reason which has been postulated for this is the decreasing solubility in water
with increasing number of C atoms in both the starting alkene and the reaction products
(Figure 5.4) and the associated mass-transfer problems in the relatively complicated gas-
liquid-liquid, three-phase reaction.
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Figure 5.4. Solubility of alkenes and aldehydes in water (calculated. from [24])

Up to now only limited kinetic data and thus rate models (and even mechanistic details) of
aqueous phase operation are available. Thus, in many cases only estimates and
experimentally found data are at the disposal for reaction engineers' work (e.g.[25]). The
state of the art of the hydroformylation of higher alkenes (>Cs) comprises additions of
supplementary solvents/diluents or extraction fluids, surface-active agents (detergents),
intensity and mode of stirring ([22b], power of agitation (cf. Figure 5.5) operation in
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micelles [51b,51¢,52d,54,56h,58], thermo-regulated systems, etc. [26a,27,54a]. Up to now,
it has to be noted that many measures may improve conversion and yield but not
sufficiently to cover the additional expenses. The same is true for new and exotic ligands,
although this measure would be the ideal solution of the problem when no additional
solvents/extracting agents and their costly recycling are permitted [27,28,41¢].

U )

-@— Products/

Catalyst

ool
@*E%D% Y

Reactants

Catalyst recycle

Figure 5.5. Example of a highly sophisticated CTSR [25a; other examples see 25c¢].
1, CTSR; 2, Interphase gas/liquid; 3, Self-rotating floating baffle; 4, Annulus for position limiting; 5,
Rushton disk turbine; 6, Interphase liquid/liquid; 7, Pitched blade turbine upward (mixer/stirrer); 8, Aqueous-
phase catalyst recycle

Quite new ideas for the reactor design of aqueous multiphase fluid/fluid reactions have
been reported by researchers from Oxeno. In packed tubular reactors and under
unconventional reaction conditions they observed very high space-time yields which
increased the rate compared with conventional operation by a factor of 10 due to a
combination of mass transfer area and kinetics [29]. Thus the old question of aqueous-
biphase hydroformylation "Where does the reaction takes place?" - i.e., at the interphase or
the bulk of the liquid phase [23,56h] - is again questionable, at least under the conditions
(packed tubular reactors, other hydrodynamic conditions, in mini plants, and in the
unusual,and costly presence of ethylene glycol) and not in harsh industrial operation. The
considerable reduction of the laminar boundary layer in highly loaded packed tubular
reactors increases the mass transfer coefficients, thus Oxeno claim the successful
hydroformylation of 1-octene [25a,26,29¢,49a,49¢,58d,58f]. The search for a new reactor
design may also include operation in microreactors [59].

The hydroformylation reaction is highly exothermic, which makes temperature
control and the use of the reaction heat potentially productive and profitable (e.g, steam
generation). The standard installation of Ruhrchemie/Rhone-Poulenc's aqueous-phase
processes is heat recovery by heat exchangers done in a way that the reboiler of the
distillation column for work-up of the oxo products is a falling film evaporator
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incorporated in the oxo reactor itself [2,12]. The heat of the oxo reaction is thus
recovered as the reboiler heat source. This is a great advantage over the classical (non-
aqueous) hydroformylation, which simply discard parts of the oxo reaction heat. The
RCH/RP process is a net steam exporter. In the case of the above mentioned Oxeno
developments the large catalyst flow is said to serve as a heat transfer medium itself
thus making the process nearly isothermal [29g].

There are many proposals for addressing the problem of proper phase separation (and
reducing the leaching of the catalyst) of aqueous-phase processes when partial mixing
of the two phases occurs (or is necessary because of reaction engineering reasons). In
this case the simple, rapid, and perfect phase separation without any leaching as in the
RCH/RP process (the losses are of the order of 1 ppb [12¢]) needs considerable effort;
for example extraction with an appropriate additional solvent which is either added
after the catalytic conversion or is already present during reaction [30]. In all cases,
the reaction loop has to be completed by additional stages such as extraction devices
and separation, recovery, and recycle of the extraction fluid. Two examples are given in
Figure 5.6; they should be compared with the simple flowsheet of RCH/RP's oxo
process (cf. Section 5.2.4.1) to recognize the expense which ia associateded with those
solutions [21,30a,31].

Theoretically, it is possible to control chemical reactions by the different solubilities of
the reactants or of special intermediates (e.g., according to their nucleophilicity) in
different solvents or various catalyst fluids. The principle has been proven but is not yet
used for special applications in industry [32].

The search for new ligands (which in a restricted sense is no unit operation) which would
combine various properties such as modification of the central atoms of the complex
catalyst, creating modifying and surfactant properties, offering chiral properties, etc. is still
going on. There are some results but no ligand better than TPPTS has been developed so
far ("better" includes simultaneously water-solubility, activity, selectivity, and price
[17h,33]). On the contrary, all proposed new ligands are more expensive and shift the level
of their costs close to those of the precious metals such as rhodium, palladium, or
platinum. The search for "novel catalysts" for multiphase reactions must be done as an
integrated task in close relationship with reactor design [34,48] - colloidal suspensions
included [35a].
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Figure 5.6. Process flowsheets of biphasic reaction A+B — C+D and extraction
1, Simultaneous reaction and extraction within the reactor; 2, Separate reaction and catalyst extraction

5.2.4 EXAMPLES OF AQUEOUS BIPHASIC CATALYSIS

5.2.4.1 Hydroformylation (Ruhrchemie/Rhéne-Poulenc[RCH/RP] process)

The RCH/RP process converts propylene to »n- and iso-butyraldehydes (or butenes to
valeraldehydes) in the presence [HRh(CO)(TPPTS)] (with TPPTS = tris[sodium-m-
sulfonatophenyl]phosphine as water soluble ligand) according to Equation 5.1.

cOH CHO
rOOH, CHO Y
A [HR(CO) (TPPTS)] NS T AN
n- iso-

butyraldehyde

Equation 5.1. Hydroformylation of propylene in the RCH/RP
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Figure 5.7. Process design for the Ruhrchemie/Rhone-Poulenc oxo process

The process scheme is shown in Figure 5.7. The reactor 1 is stirred and supplied with
reactants and the catalyst. The catalyst [HRh(CO)(TPPTS);] is prepared by mixing a Rh
salt and aqueous TPPTS solution (which may partly be recycled; see Section 5.3) in a
simple “preforming” step (much simpler than the preforming in other oxo processes [35b-
e]). Temperature is controlled via the heat recovery system with the reaction heat from the
exothermic hydroformylation being used in the reboiler of the distillation column 5. The
reboiler is the internal cooler 6 of the reactor. The cooling medium is the reaction product,
n-butanal. From the reactor, the reaction products pass through a downstream phase
separator (decanter 2) and stripping column 4. The major part of the catalyst solution
remains in the reactor; only a smaller part is separated in the decanter and returns directly
to the reactor. In the phase separator, the crude aldehyde formed is freed of gases and
further separated into mutually insoluble phases. This decanter ensures the essentially
spontaneous phase separation. The reaction heat that is retained in the catalyst solution is
recovered by a heat exchanger 3, and the catalyst solution, supplemented by an amount of
water equivalent to that carried off with the iso-butanal (since the n-aldehyde is practically
anhydrous), is recirculated to the reactor. The crude aldehyde is freed of any unreacted
alkene in the stripper 4 by means of syngas flowing countercurrently. It is essential that
this stripping is accomplished in the absence of the oxo catalyst and, therefore, no
selectivity- and/or yield-reducing secondary reactions of the crude aldehyde occur. Typical
for the RCH/RP process are high yields and selectivities (99% butanals with an #/i ratio of
up to 98:2; selectivity toward C, products: >99.5%) under mild conditions (120°C at 5
Mpa) [2,12].

The process is highly effective and, as the process data illustrate, represents an economic
advantage as well (cf. Section 5.3.3). In ecological terms, the RCH/RP process also
provides a considerable improvement (Section 5.3.4) over conventional methodologies.
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Recovery and recycle of the catalyst are described in Section 5.3.

5.2.4.2  Other Industrially Used Aqueous-biphasic Processes

Hydroformylation comprises the state-of-the-art of bulk chemical production via aqueous-
biphasic processes. At present five plants produce worldwide some 800,000 tpy of oxo
products [1]. Another bulk process - the hydrodimerization of butadiene and water, a
variant of telomerization — is run by Kururay with a capacity of 5000 tpy (Equation 5.2
[31b,36]).

The reaction product of telomerization is 2,7-octadiene-1-ol. In subsequent steps this
dienol may be converted to 1-octanol by hydrogenation or hydrogenated/dehydrogenated
to l-octenal. This unsaturated aldehyde again can be hydroformylated to yield
nonadialdehyde and then hydrogenated to nonadiol.

N+N+HZO

[PAITPPTS]

/\/\/\V\OH

Equation 5.2. Hydrodimerization of butadiene and water

Ni +
/\/ + HCN —IP /\/\ CN ﬂ» Nc\/\/\CN

Ni
+ Hzol

HOOC- (CH,),-COOH

Equation 5.3. Hydrocyanation of butadiene

The remarkably versatile C, building block HCN may be used in the aqueous two-
phased hydrocyanation, too (Equation 5.3; [37]). Also, some fine chemicals such as
intermediates for vitamins, phenyl acetic acid, etc. are manufactured on an industrial
scale using this technology (Equations 5.4 and 5.5; [12¢,31b,38]).
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0o o0
)\/\)J\/"MOE

myrcene ethyl acetonate

[Rh/TPPTS] l

(o)

COOE

hydrolysis
decarboxylatio

: (o]
Vitamin E :)\/\)\M

C,3 geranvlacetone

Equation 5.4. Manufacture of vitamin E precursors

X cl X COOH

CO/H,0

Pd / TPPTS

Equation 5.5. Manufacture of phenyl acetic acid

Today, the Suzuki cross coupling of aryl halides and arylboronic acids is also carried out in
aqueous-biphasic operation starting from chlorinated derivatives instead of their more
costly bromo or iodo equivalents (Equation 5.6, [39]).

The commercially applied biphasic processes are compiled in Table 5.3. Tests to produce
economically interesting profens or other analgesics by two-phase hydrocarboxylation [40]
remain industrially unsuccessful.
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CH,
(OH),B
Pd/H,0
+ -
TPPTS
Cl
NC

OO

CN

Equation 5.6. Suzuki coupling to yield aromatic biphenyls

TABLE 5.3. Commercial biphasic processes

Process/Catalyst Products Capacity
/ [tpy]

Shell SHOP/ L -Olefins and internal olefins 900 000

Ni-P,0 ligand

Ruhrchemie-RP (now n-Butanal 800 000

Celanese)/Rh-TPPTS

Kururay Co Ltd/ n-Octanol, nonadiol 5000

Pd-TPPMS

Clariant AG/Pd-TPPTS  Substituted biphenyls <1 000

Rhodia (former Rhone- Vitamin precursors *

Poulenc)/Rh-TPPTS

* Exact production figures not known

5.2.4.3 Short Overview of Other Reactions
A multitude of other reactions are compiled in (Table 5.4,[12m]). A proper choice of
ligands and reaction conditions will make many other reactions available via aqueous-

biphasic operation.
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TABLE 5.4. Recently described examples for aqueous-biphasically operated reactions

Type of reaction/Catalytic metal involved Refs.
Aldolization/Sc,In,Cu,Ln [41a-d]
Alkylation/K,Pd, organocatalysts [41e-g]
Allylation/Ru,Pd [41d,h]
Alternate copolymerisation of CO-ethylene/Pd [42]
Carbonylation [43]
Claisen rearrangement/Al [41i]
Diels-Alder reaction/Si,Cu [41d,j,k]
Epoxidation/W,Re,Mn [411-p]
Friedel-Crafts reaction/Sc [41q]
Heck reaction/Pd [41r-v]
Hydrogenation/Ru,Rh,Pd,Ir,Pt [5b],[41w-ii]
Hydrosilylation/Pt [4135]
Mannich reaction/Zn [41d,vv]
Metathesis/Ru [44]
Michael reaction/Ln [41d,45]
Oxidation/Ru,Pd,Os,W.,Mn [46]
Polymerization/Cu,Ti,Ni,Pd,Rh,Co [41kk-pp]
Reformatsky reaction/Zn [57]
Sharpless dihydroxylation/Os [41qqg-ss]
Ullmann reaction/Pd,Rh,Ni [41tt,uu]

5.2.5 OTHER PROPOSALS FOR WATER - BIPHASIC SYSTEMS

With the RCH/RP process, it is possible to hydroformylate propene up to pentenes with
satisfying space time yields. On the other hand, heavier aldehydes such as Cio (iso-
decanal) or higher from the hydroformylation of nonene(s), decenes, etc. can not be
separated from the oxo catalysts by conventional means such as distillation due to thermal
instability at the required temperatures and thus especially needs the careful aqueous-
biphasic separation technique. There are numerous attempts to overcome the problem of
low reactivity of higher alkenes which is due to low miscibility of the alkenes in water
[26,27b, 50a,58d]. These proposals can briefly be summarized as:

(1) The use of amphiphilic water-soluble ligands which influence the alkene solubility
or increase the catalyst concentration at the interface area of the phases [48,49];

(2) The use of co-solvents such as alcohols or detergents to improve interface exchange
of the feedstock and the reaction products [11,21,26b,28h,50,51¢,56g, 58i];

(3) Substitution of the water-biphasic procedure by supported aqueous phase catalysis
(SAPC, see below) [39,10,26b,64];

(4) The separation of the reaction products from the catalyst solution by membrane
techniques (Figure 5.8, [52]);

(5) In continuation of Bayer/Schurig's work from 1975/1976 [28a,b], the use of
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polymeric water-soluble supports as “smart ligands™ (see also the work of Bergbreiter
and Mecking [48,53,56m,60,61] );

(6) The addition of surfactants to improve the formation of micelles, microemulsions,
etc. [26e, 51,58];

(7) The introduction of specially developed ligands [11,26h,27b,28,33,49a,54a,60,61];
(8) Measures for the controlled switch of the catalyst system from the two-phase

system (suitable for the separation of products from the catalyst) to a monophasic
system which supports the reaction itself (Figure 5.9, [27,54]).

C + D+ aqu. cat.

Phase separator

Figure 5.8. Membrane steps as a constituent part of aqueous-biphasic hydroformylation A+B->C+D

The method outlined in 8) above may be applied by the use of thermo-regulating or -
separating systems. These take advantage of a temperature-dependent "cloud-point"
associated with P-bound poly(alkylene glycol ether) as ligands, i.e., oxo catalysts which
combine water solubility together with phase separating properties depending upon
temperature. Developments of Fell and Jin based on ethoxylated phosphines give the first
pointers to such a procedure.

As shown in Figure 5.9, at the cloud point the ligand (and thus the catalyst complex)
loses its hydration shell, just as in the case of other compounds of this type, causing the
two-phase reaction mixture, normally obtained when (higher) alkene is added to the
catalyst solution, to merge into a single phase, thereby initiating a rapid conversion that is
no longer impeded by mass transport problems. Subsequent lowering of the temperature
causes the hydration shell to be reversibly restored, inducing the catalyst complex solution
once again to separate out as an independent phase, this time from the reaction products,
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viz. the desired higher aldehydes. The disadvantage of this higher cost technique is the
resulting lower linear/branched (n/iso) ratio. Jin refined this technique to a highly
sophisticated method, including transitions to other variants (e.g., water-soluble polymers,
pH-dependent operation, etc.)[55].

The membrane process, incorporated into the catalyst recycle either in the main stream
or in the side stream, may also separate the reaction products from the remaining catalyst
(Figure 5.8).
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Figure 5.9. Phase change of thermoregulating ligands

As an alternative to the heterogenization of homogenous catalysis, there are some
proposals to realize a solid catalyst with an immobilized species in aqueous-organic media.
This concept, a continuation of the "supported (or solid)-liquid phase catalysis" (SLPC)
has mainly published and highlighted by Scholten et. al [62], consists of a thin film of
catalytic material that resides on a high-surface-area support such as controlled-pore glass,
silica, zeolites, etc. Thus this concept of a "supported aqueos-phase catalysis" (SAPC)
contains both a hydrophilic liquid and a hydrophilic organometallic catalytic complex on a
solid support as shown in Figure 5.10 [63].

Reactions take place at the water film - organic phase interface and are catalyzed by the
phase-immobilized complex catalyst which is usually [HRh(CO)(TPPTS);]. Other



122 E. WIEBUS AND B. CORNILS

hydrophilic solvents, e.g., glycols or suitable liquids, adjusted to the requirements of the
respective reaction, can be used instead of water for the formation of the immobilized
liquid layer. As in all SPC variants, the catalytic process proceeds homogeneously in the
supported film (SLPC) or at the interface_(SAPC), thus avoiding the problem of the
separation of the reaction products from the catalyst. It is believed that the hydrophilicity
of the ligands and the support creates interaction energies suffient to maintain the
immobilization.

Porous network of
catalyst (support)

Catalyst pellet

Aqueous
phase
Organic

phase
Immobilized
catalytic phase

Figure 5.10. Schematic illustration of a supported aqueous-phase catalytic system (SAPC)

So far, various reactions have successfully been accomplished with SAPC such as
hydrogenation (including asymmetric hydrogenation), hydroformylation, alkylation,
Wacker oxidation, etc.[64]. However, no continous long-term runs nor commercial
tests have been carried out. As a process requiring relatively complex processing, the
SAPC technique is most likely to find applications in the manufacture of sophisticated
and high-priced products (e.g., pharmaceuticals or chiral intermediates). It is likely that
rare metals and unusual and specially designed ligands are needed to fully meet the
demands of those processes and products. The lifetime of SAPS catalysts under
continuous operation and industrial load is as yet unknown.

Advantageously, SAPC as a technique with immobilized catalysts does not need devices
for catalyst separation and recycling, since the reactions can in principle be carried out
using standard flow reactors commonly used in heterogeneous catalysis. On the other
hand, the presumed processes for the work-up of the constituents of the catalyst, the ligand
(and - may be - the support) will be demanding and expensive, too.
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52.6  INTERLUDE - BIPHASIC SYSTEMS: ORGANIC-ORGANIC

The first biphasic process which has been commercialized uses Ziegler's Aufbaureaktion
("growing reaction") of ethene yielding oligomeric alkenes (Equation 5.7, [65]).
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Figure 5.11. Scheme of Shell's SHOP process

Based on this reaction, commercial processes have been developed by different companies
such as Chevron, Ethyl, Mitsubishi, Idemitsu, and Shell [66]. The processes use Ziegler-
type catalysts (Chevron, Ethyl, Mitsubishi), Zr compounds (Idemitsu), or specially
developed, P,O bidentate Ni complexes (Shell). Shell runs the largest capacities with
approximately 900,000 tpy of "SHOP" (Shell Higher Olefin Process) products, consisting
of valuable terminal alkenes and of special internal alkenes (see Table 5.3). Combining the
oligomerization (Aufbaureaktion) with subsequently operated isomerization and
metathesis stages, the overall product range of SHOP plants are linear terminal alkenes Cy-
Cis and internal alkenes C;,-Ci4 [67]. The biphasic operation of the process is a
consequence of the fact that the chelating catalyst is dissolved in polar 1,4-butandiol and
the nonpolar products, the alkenes, are insoluble in the diol. Thus, the catalyst-containing
solution can easily be separated from the insoluble products in a decanter. In a series of
distillation towers, the various terminal alkene cuts (preferred are C4-Cs) are isolated. The
lower and the Cig. fractions are combined to be isomerized to internal linear alkenes by
catalysts such as Na/K on alumina or MgO in the liquid phase. The resulting linear alkenes
are subsequently subject to a metathesis reaction which combines the lower and the higher
internal alkenes to give a mixture of alkenes with odd and even carbon chain lengths. The
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process is depicted in Figure 5.11. The catalytic cycle is shown with Figure 5.12.

Only a small amount of information has been released by Shell about the recovery and
recycle of the special P,O bound Ni catalyst. Obviously, the overall operation of the SHOP
plants is economical but one has to keep in mind that the non-homogeneously catalyzed
parts of Shell's integrated system of processes use inexpensive, heterogeneous catalysts. It
is to be expected that a large part of these catalysts can be disposed off without any
recycling — neither of the metal content nor of the supports.

According to Figure 5.2 and to chemical experience, the selection of other pairs of non-
miscible organic liquids is difficult and yields mainly unusual (not to say, exotic) solvents
or pairs of solvents [68] such as fluorous liquids (cf. Chapter 6). This is the reason why no
other organic-organic biphasic catalytic processes have yet been commercialised.
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Figure 5.12. Postulated mechanism for ethylene oligomerization according to Shell's SHOP process with a P,O-
stabilized catalyst

/

1-Butene

5.3 Recycle and Recovery of Aqueous Catalysts

Recovery and recycle of homogeneous catalysts are said to be the focal point of any new
generation of, for example, hydroformylation technologies. Additionally, the costs of the
new process are determined by the losses, which may be a particular problem when using
high-price rare metal catalysts such as rhodium or palladium. Obviously this is true
because a new mode of recyling charaterizes a new process. But on the other hand, metal
losses (and supplementary ligand costs) are only a (minor) part of the overall cost as will
be demonstrated in Section 5.3.3.

In recent years, the evaluation of environmentally benign (so-called "green" processes)
has been a focal point of oxo developments, according to the definitions and targets of the
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OECD Workshop on Sustainable Chemistry (1998) [&c]:

"Within the broad framework of sustainable development, we should strive to
maximize resource efficiency through activities such as energy and non-
renewable resource conservation, risk minimization, pollution prevention,
minimization of waste at all stages of a product life-cycle, and the development of
products that are durable and can be re-used and recycled. Sustainable chemistry
strives to accomplish these ends through the design, manufacture and use of

efficient and effective, more environmentally benign chemical products and
processes'".

In this respect, risk minimization and life cycle assessments play a major role.

Figure 5.13. Large-scale oxo plant using the water-soluble Ruhrchemie/Rhone-Poulenc catalyst
[HRh(CO)(TPPTS)s]. Note the horizontal decanter in front of the reactor
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53.1 RECYCLING

As mentioned in Section 5.2.4.1, the part of the aqueous catalyst solution which leaves the
oxo reactor accompanying (but not dissolved in) the reaction products passes through a
phase separator (decanter 2 in Figure 5.7) which is a characteristic part of the plant shown
in Figure 5.13. In this decanter, which ensures essentially spontaneous phase separation,
the crude aldehyde formed by hydroformylation according to Equation 5.1 is freed of
gases and separated into mutually insoluble phases. The catalyst solution, supplemented by
an amount of water equivalent to the water content of the crude aldehyde, is recirculated to
the reactor. During its active life, the Rh catalyst is mainly situated in the oxo reactor, it is
not moved in bulk and no aliquots are withdrawn as in other processes. For this reason,
rhodium losses are low - in the range of parts-per-billion (ppb) - and thus the background
for the high economy (see Section 5.3.3) [12e,121]. Like every technically rused and thus
"real" catalyst, the complex [HRh(CO)(TPPTS);] and the excess ligand TPPTS undergo a
degree of decomposition that determines the catalyst's lifetime as measured in years. The
catalyst deactivation mechanism has been clarified in detail (Figures 5.14 and 5.15;
Equation 5.8) [69].
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Figure 5.14. From the precatalyst to the oxo-active species

The compound [HRh(CO)(TPPTS);] is a "precatalyst" and dissociates to the 16e species
[HRh(CO)(TPPTS),]. This oxo-active complex initiates the hydroformylation cycle. Under
oxo conditions (presence of CO/H», H,0, and a surplus of TPPTS) the hydroxo complex
[(HO)Rh(CO)TPPTS),] may be formed and again reversibly converted to
[HRh(CO)(TPPTS)s] (equilibrium lies almost completely towards the hydride). However,
higher carbon monoxide partial pressures may cause the displacement of TPPTS by CO
according to Equation 5.8.
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Figure 5.15. Deactivation Mechanism of Rh'-TPPTS Catalyst (Ar = 3-CsH,SO3Na)

The hydroxo complex [(HO)Rh(CO),TPPTS] starts the deactivation cycle as shown in
Figure 5.15 [69] [70ab]. The single steps will not be discussed here. Other
decomposition products such as the reductively eliminated bis(meta-
sulfophenyl)phosphinous acid Ar,POH (cf. Figure 5.15) and the phosphine oxides
Ar,P(OH)(=0) and Ar,P(=0O)(CH[OH]|C;H;) (Ar = 3-CcH4SO;Na) have been
identified. According to Figure 5.16, the intermittent addition of excess ligands extends
the catalyst's lifetime in a saw-tooth curve. This addition of ligand compensates for the
system-immanent formation of deactivating substances which are brought into the
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system by the feedstocks. Most of the gaseous poisons are removed with the heavy
ends of the stripper 4 in Figure 5.7. Filters, guard beds, or special precautions to avoid
larger sulfur or oxygen inputs and their concentrations (as in other processes, [70c,d])
are not necessary. Additionally, other activity-lowering oxo poisons may be separated
with the organic product phase of the decanter and are thus continuously removed at
the very point of their formation from the system: any accumulation of activity-
decreasing poisons in the catalyst solution is prevented. It might be worth mentioning
that the Ruhrchemie plant has been supplied over longer periods with syngas
manufactured from coal by the TCGP (Texaco coal gasification process) [12¢].

—

Activity
)
© With intermittent
= ligand compensation
a
S
©
E
Without
compensation

Catalyst lifetime [yrs.] —

Figure 5.16. The effect of excess ligand on the catalyst's lifetime

Catalyst deactivation includes (among other reactions) the formation of inactive Rh
species, ligand decomposition, or P-C cleavage by direct oxidative insertion of the
rhodium metal for formation of PDSPP (propyldi[m-sulfophenyl]phosphine) acting as
strong electron donor reducing the amount of active Rh catalyst. It turned out to be
beneficial to control the P"/Rh ratio and the CO partial pressure very carefully.

After years of use catalyst solutions typically contain 20 mg-L™ iron and 0.7 mg-L" of
nickel, thus showing no corrosivity. The Rh content of crude aldehyde is in the ppb range;
this corresponds to losses of less than 10” g kg™ n-butanal, totalling some kg rhodium over
a twenty-year period and a production of approximately 5 million metric tons of #-butanal.

53.2 RECOVERY

Eventually, the spent catalyst solution has to leave the oxo loop for work-up. The
Ruhrchemie works of Celanese AG in Oberhausen (Germany) operate several rhodium-
based oxo processes: besides the well-known Ruhrchemie/Rhone-Poulenc process
(RCH/RP, the described low pressure oxo process with TPPTS-modified Rh catalyst),
there are the “Ruhrchemie process” with an unmodified Rh catalyst at high pressure
(comparable to the late ICI process [76]; this variant is for the benefit of a high iso/n ratio



BIPHASIC SYSTEMS: WATER — ORGANIC 129

in cases where this strange ratio is required), and a high pressure technique using ligand-
modified rhodium catalysts. The various processes deliver aldehydes from C4 up to Cyg
and additionally fine chemical aldehydes, starting from bicyclic alkenes, functionalized
alkenes, etc.

The compound of the distinct three oxo processes, all rhodium-based, enables a highly
efficient recovery system to be achieved. Figure 5.17 describes the TPPTS manufacture
and its use for the preparation of the rhodium catalyst, using either freshly introduced Rh
acetate or recycled Rh 2-ethylhexanoate. The recycle technique of the RCH/RP process
and its performance is depicted earlier. Spent Rh-TPPTS solutions are worked-up (see
Figures 5.18 and 5.19), the resulting TPPTS returns to the RCH/RP process. The rhodium
portion passes also a work-up stage and is reformulated as Rh 2-ethylhexanoate. This Rh
salt may serve all various oxo processes of the oxo loop and will compensate for possible
Rh losses as mentioned earlier.
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Figure 5.17. Compound of various oxo processes at the Ruhchemie works

According to Figure 5.17, the only external input is rhodium(Ill)acetate besides TPPTS
from its own manufacturing unit. Rhodium compounds which are too difficult to be
worked-up (catalyst poisons, metal aggregates, clusters, etc.) together with decomposition
products, residues, etc. leave the recovery steps to be processed by external precious-
metals refiners. These have their own expertise and trade (and production) secrets as far as
the technical know-how is concerned. Depending upon the status and the “quality” of these
fractions (if necessary, following a referee’s check, various samplings, etc.), the credit for
the rhodium is >95% of its content [80].

The work-up scheme as described in Figure 5.17 takes into account the decomposition
rate of TPPTS (and thus the ligand losses), the different volume of the consumed Rh
streams and their residual activity, and — last but not least — the Rh losses. Advantageously,
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these losses may be minimized by proper use of the different sources from the various oxo
stages. Most steps are covered by patents [77 ], and the same is true for similar processes
developed by competitors [78].
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Figure 5.18. TPPTS recovery

The economics of the TPPTS recovery (cf. Figure 5.18) depend on the costs and its
relation to the Rh price. Since the procedure of work-up is identical with some steps within
the manufacture of fresh TPPTS [78], existing devices of the TPPTS manufacture unit can
be used advantageously. According to Figure 5.18, the work-up of rhodium follows an
acidification of the spent catalyst and extraction with a mixture of a tertiary alkylamine and
toluene. The resulting two phases (aqueous phase #1, containing rhodium, and the organic
phase with amine/toluene and TPPTS) are further processed. The organic phase is
reextracted with aqueous NaOH (which purifies existent Rh(III) compounds and TPPTS),
yielding three pH-dependent fractions: An aqueous solution #2 of rhodium compounds,
the TPPTS fraction (TPPTS as sodium salt, ready for recycle and re-use; recovery rate:
approximately 80%), and the amine/toluene phase which is recycled either to the
manufacture of fresh TPPTS or to the TPPTS recovery. Both rhodium-containing fractions
of the TPPTS recovery (#1 and #2) are subject to the rhodium recovery as depicted in
Figure 5.19.
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Figure 5.19. Rhodium recovery

These Rh-containing phases are mixed with NaOH and 2-ethylhexanoic acid and
subsequently oxidized with air, HO,, or other oxidizing agents. The Rh compounds in
phase #1 and #2 are thus converted to Rh 2-ethylhexanoate and are extracted in a cross-
flow manner by means of 2-ethylhexanol. The recovery rate of rhodium is 97-98%. The
residual water phase ends up in the fraction for external work-up as described above.

It may be expected that higher-valued ligands (which might be used for the conversion of
long-chain alkenes) or even co-ligands, co-solvents, modifiers, surfactant promoters,etc.
can be processed the same way. There are already small-scale processes employing
aqueous-phase catalysis which use “exotic” ligands such as di-, tri-, or multidentate
phosphines where the situation demands drastic measures including a high-sophisticated
management for rhodium and ligand recycle and recovery (e.g., [73]).

The "real" oxo precatalyst [HRh(CO)(TPPTS);] is easily made in the oxo reactor by
reacting suitable Rh salts (e.g., rhodium acetate or rhodium 2-ethylhexanoate) with TPPTS
— both components freshly prepared or recovered and recycled - without any additional
preformation step. The reaction starts after formation of the active species and adjustment
of the whole system with water to the desired P/Rh ratio (ensuring the stability of the
catalyst and the desired »/iso ratio).
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5.3.3 ECONOMICS OF THE PROCESS

In comparison to other oxo variants the RCH/RP process is highly economic, inter alia
reflecting the technological progress of the aqueous-phase operation, better energy
management, and the higher selectivities which are a consequence of the TPPTS ligand.
Under equal conditions (basing on market prices without internal clearing prices) the
RCH/RP process offers clear advantages of approximately 10% over other ligand-
modified processes (Table 5.5) [12¢].

TABLE 5.5. Manufactering costs of 100 kg #-butanal (RCH/RP=100)

Costs RCH/RP Other rhodium
Process catalysed process

1. Raw materials 88.9 89.0

2. Energy 1.5 9.7

3. Credits (iso-butanal, #n-butanol, others) -7.7 -114

4. Costs for materials (sum 1+2+3) 82.7 87.3

5. Fix cost plus license fee" 17.3 22.1

6. Sum 4+5 = Manufacturing costs" 100.0 109.4

" For updating see the Chemical Engineering Plant Cost Index (CEPCI, [12n]).
53.4  ENVIRONMENTAL ASPECTS

In addition to their economic advantages (see Section 5.3.3), catalyzed organic reactions in
aqueous media have received signifcant attention as a result of environmental
considerations [6,15]. The fundamental advance represented by the RCH/RP process in
terms of the environment, conservation of resources, and minimization of risks such as
enviromental pollution - aiming at sustainable “green” processes - can be demonstrated by
various criteria and proved by means of the analysis of atom economy (according to Trost
[71]) and, more convincingly and constructively, by the environmental E factor according
to Sheldon [72]. The latter defined the E factor as the ratio of the amount of waste ("waste"
is everything except the desired product) produced per kilogram of "target" products and
he specified the E factor for every segment of the chemical industry (Table 5.6; [74]).

TABLE 5.6. The Environmental factor £

Industry segment Product tonnage E factor
[tpy]

Oil refining 10%-10° approx. 0.1

Bulk Chemicals 10*10° <1-5

Fine chemicals 10%-10* 5-50+

Pharmaceuticals 10-10° 25-100+

As expected from Table 5.7, this environmental quotient for conventional oxo processes
(basis: Co catalysts) and for the manufacture of the bulk chemical n-butanal is actually
about 0.6-0.9, depending on the definition of the term "target" product. The range 0.6-0.9



BIPHASIC SYSTEMS: WATER — ORGANIC 133

indicates that the by-product iso-butanal occuring with conventional oxo processes is
further processed by some producers (to iso-butyric acid, neopentylglycol, etc.) so that the
iso-aldehyde thus becomes a target product and the E factor falls from 0.9 to 0.6. Strictly
speaking, this observation is included in Sheldon's wider assessment, according to
which the E factor is refined and becomes the environmental quotient EQ, depending
on the nature of the waste. Since such quotients are "debatable and will vary from one
company to another and even from one production to another" (Sheldon) they will not
be discussed here. The crucial point is that on the same basis, taking into account all by-
products including those produced in ligand manufacture, etc., which exhibit for
conventional oxo processesve an E factor of 0.6-0.9, this factor falls to below 0.1 in the
RCH/RP process: an important pointer to the environmental friendliness of the RCH/RP
process (Table 5.7).

TABLE 5.7. E factors of different processes for the hydroformylation of propene

E factor
iso-butanal iso-butanal
as value product  as by-product
Co catalyst >0.6 >0.9
Rh catalyst (RCH/RP) <0.04 <0.1

Whereas this important quotient is calculated solely from the product spectrum, process
simplifications are a consequence of combining the rhodium catalyst with the special two-
phase process. Compared with the conventional oxo process and with other variants
(which, for example, include disadvantegeously thermal separation of the oxo reaction
products from the catalyst) the procedure is considerably simplified (as shown in several
papers, e.g., [2,12]).

The conservation of energy resources with the RCH/RP process is dramatic. Note should
be taken of the much milder reaction conditions and of the fact that the RCH/RP process is
an energy exporter because of an intelligent, integrated heat network - an unusual
occurence for conventional oxo processes, competing processes with PPhs-modified Rh
catalysts included. Furthermore, the steam consumption figures for the older, cobalt-based
processes are very much higher than those for the Rh process and power consumption was
twice as high as that of the RCH/RP process: both of theses factors represent an
environmental burden. The relative compression costs alone for the required syngas are
1.7:1 (Co versus Rh process). The volume of waste water for the RCH/RP process is 70
times lower than that from the cobalt-based high pressure process - convincing evidence of
an environmental benign and "green" process and one of the reasons for the advantageous
results from the life cycle assesssment. It may be added that the process thus meets the
requirements of the "production-integrated environmental protection", sometimes known
as "cleaner production" which has the aim of avoiding and reducing residues and using
resources carefully [8c,75].

The solvent water reliably averts the risk of fire, which was inherent in the old cobalt-
based process as a result of leaking highly flammable, metal carbonyls. The technique with
its "built-in extinguishing system" reliably prevents such fires, and the painstaking



134 E. WIEBUS AND B. CORNILS

measuring and monitoring procedure necessitated by the valuable rhodium-based catalyst,
accompanied by constant simultaneous balancing of the RCH/RP process, permits any
leaks from the aqueous system to be detected much earlier than was ever possible with the
expensive mass and liquid balance of the old Co process. This also applies for the cooling
system, in which any leak from the falling film evaporator would be noticed immediately.
For the other advantages of using water as the solvent, see Section 5.2.3.1.

54 Concluding Remarks

Taking all criteria into consideration, aqueous two-phase techniques are very sound
methods for homogeneously catalyzed processes such as hydrogenations or
hydroformylations. Of the various alternatives to the conventional (and solvent-free)
processes most progress in terms of ecological impact and economics has been attained by
the aqueous biphasic approach (Figure 5.20).

Homogeneously catalyzed processes

{ | |

Operation without Operation
(additional) solvent with solvents
' '
System org./organic System water/organic
‘ y * ‘ v }
Fluorous | |Non-aqueous| | SHOP Supercriticall | RCH/RP
liquids ionic liquids process liquids process
v 2 ? Y ? ¥
Conventional Shell oligo- RCH/RP hydro-
processes merization formylation

Figure 5.20. The various possibilities for biphasic operation of homogeneous catalysis

So far, only the systems organic/organic and water/organic have produced cost-effective,
commercial processes. It is believed that aqueous biphasic systems have larger potential
than organic/organic systems because their solubility patterns are more promising. The
other possibilities such as fluorous liquids, supercritical fluids and non-aqueous ionic
liquids are discussed in detail in later chapters of this book, but none have yet been
commercialised They are labeled with a question mark in Figure 5.17 to underline the
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uncertainty of their development. The same is true for recent work using water-soluble
polymers [61]. All of these processes need costly media (fluorous solvents, non-aqueous
ionic liquids), high-priced ligands (fluorous processes or processes with supercritical CO5),
and /or additional means such as phase separating fluids, co-solvents, etc.

The aqueous-biphasic processes are easy to handle thus emphasizing their great
environmental compatibility. They have significant potential for further development
whether in terms of varying the ligand TPPTS (and thus the activity and selectivity of the
conversions chosen, e.g., the hydroformylation; [74]) as well as the possibility of achieving
asymmetric conversions, or in terms of other feedstocks. The adoption of the aqueous two-
phase reaction for hydroformylation in particular (but also for other homogeneously
catalyzed conversions in general) shows the striking and unequalled advantages of this
special neat type of "immobile" catalyst and its "heterogenization" by the catalyst carrier,
water as a result of which it is handled in similar fashion to a heterogeneous catalyst. This
affects the costs as well as the enviromental compatibility

The advantages of successful waste management and avoiding by-products are further
good points of the process, which ultimately lead to the higher cost-effectiveness as a
result of the mentioned advantages together with less downtime: further proof of the
likelihood that even in the medium term only environmentally sound processes will remain
the most effective. The fact that basicly Sheldon's E factor is inversely proportional to a
successful life cycle assessment underlines the superior quality of aqueous-organic
biphasic systems.
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CHAPTER 6 FLUOROUS BIPHASIC CATALYSIS
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6.1 Introduction

Biphasic systems, in which the catalyst is designed to be dissolved in a liquid phase
which is immiscible with the product (either with or without a separate solvent)
potentially provide some of the most attractive solutions to the problem of product
separation in homogeneous catalysis.

In Chapter 5, aqueous biphasic systems were described. These are very elegant in
that a water soluble catalyst is kept completely separate from the lypophilic product,
except under conditions of fast stirring. Stopping stirring leads to rapid phase
separation and the product can be collected by decanting. Such processes have been
commercialised for short chain substrates, which have significant solubility in water,
but it has been observed that the rates of reaction when using longer chain, less
hydrophilic substrates are too low to be of commercial interest, presumably because
mass transport limitations dominate the reaction.

Various other biphasic solutions to the separation problem are considered in other
chapters of this book, but an especially attractive alternative was introduced by Horvath
and co-workers in 1994.[1] He coined the term “catalysis in the fluorous biphase” and
the process uses the temperature dependent miscibility of fluorinated solvents (organic
solvents in which most or all of the hydrogen atoms have been replaced by fluorine
atoms) with normal organic solvents, to provide a possible answer to the biphasic
hydroformylation of long-chain alkenes. At temperatures close to the operating
temperature of many catalytic reactions (60-120°C), the fluorous and organic solvents
mix, but at temperatures near ambient they phase separate cleanly. Since that time,
many other reactions have been demonstrated under fluorous biphasic conditions and
these form the basis of this chapter. The subject has been comprehensively
reviewed,[2-6] so this chapter gives an overview and finishes with some process
considerations.

Fluorous biphasic systems operate on the premise that the catalyst complex is
preferentially soluble in the fluorous phase. This is achieved by synthesising
fluorinated ligands that have a high weight-percentage of fluorine. It has been reported
that for a complex to be preferentially soluble in fluorous solvents it must contain >60
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wt% fluorine.[7] However, work by Hope and co-workers, has shown that this is not
necessarily so. In fact, ligands with identical analytical composition, such as para-,
meta- and ortho- isomers, may have very different solvent preferences. It is more
important that the organic core is enveloped to ensure preferential fluorocarbon
solubility rather than containing a specific wt% of fluorine atoms.[8] They also report
that preferential solubility of a perfluorinated ligand does not immediately imply
preferential solubility of the corresponding catalyst. Rabai and co-workers report that
increasing the length of a single fluorous ponytail will be detrimental to the solubilities
in both solvents[9] and an increase in the partition coefficients is observed when the
number of fluorous ponytails attached to the ligand is increased. Provided that the
partition properties of the solvent system are known (solubilities of one within the
other), partition coefficients of solutes between fluorous and organic solvents can be
calculated[10] with remarkable accuracy using a model which relies only on estimating
the molar volume (V,) and the modified non-specific cohesion parameter (,’) of the
solute, both of which can be estimated using group contribution incremental methods.
The value of the partition coefficient (P) depends on the size and non-specific
vaporization energy (E,’) of the organic core of the solute as well as the length and
number of attached fluorous ponytails. Generally, log P increases with the chain length
and number of chains unless E,’ is very large, when either can lead to a decrease in
partition into the fluorous phase. Some systems have been shown to give lower log P
on increasing the chain length or number of fluorous chains,[11, 12] but these do not
have very high values of E,’ for the organic core. So some modification of this aspect
of the modelling is required. Clarke has recently published his findings with phosphino-
amine fluorous soluble metal complexes.[13] He demonstrates that the addition of one
fluorous ponytail to a (C¢Fs),P fragment is sufficient to ensure a high partition co-
efficient in perfluoromethylcyclohexane (PFMC)/toluene. Initially the synthesis of
fluorous soluble ligands focussed on fluorinating known ligands, for example; fluorous
analogues of triphenylphosphine in Vaska’s complex[14] and Wilkinson’s catalyst[15]
or other triaryl phosphines.[16, 17] Further work investigating the influence of the
position of these perfluoroalkyl modifying “ponytails” on the aryl ring has been
undertaken by Hope and co workers.[18, 19]

With the catalyst immobilised in the fluorous phase, the substrate can be
introduced either in solution, e.g. with toluene, or neat.[20] When heated, the two
phases form a single homogeneous phase, which allows the substrate to be in intimate
contact with the catalyst at all times. With the addition of reacting gases, reaction will
occur at this elevated temperature and the catalyst and product are easily separated by
cooling the mixture and decanting the product allowing easy reuse of the catalyst
phase. The concept is shown schematically in Figure 6.1 for the hydroformylation of
alkenes, which was the test reaction first reported by Horvath and co-workers.

Although temperature dependent solubility is generally used to affect the required
phase transitions (miscible — immiscible), an alternative involves the use of CO, to
affect the transition.[21] Being soluble in both organic and fluorous solvents, the CO,
can render a biphasic system monophasic without raising the temperature. The concept
has been demonstrated using hydrogenation and epoxidation of alkenes, and significant
rate enhancements (50-70%) were observed at room temperature. Almost similar
enhancements can, however also be achieved in the biphasic systems by using more
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efficient stirring. The CO, approach may have particular appeal in systems where one
of the substrates or products is thermally sensitive.

Substrate HEAT COOL Product
Organic solvent Organic solvent
(Org ) — Homogeneous | (Org )
— Reaction occurs —

Catalyst Catalyst
Fluorous solvent Fluorous solvent

Figure 6.1 The fluorous biphase concept illustrated for the hydroformylation of an alkene (substrate) to an
aldehyde (product)

The influence of the fluorous ponytails on the metal complex is an important factor to
understand as the strongly electron withdrawing effect of the fluorine atoms may affect
the behaviour of the phosphorus atom. A spacer group between the phosphorus and the
fluorine tail is usually included in the ligand design. Generally this is an aryl or alkyl
group that is effectively acting as a shield to the phosphorus and metal centre from the
powerful electron withdrawing effect of the perfluoroalkyl tail. Horvath and co-workers
studied the optimum length of an alkyl spacer group and found that the electronic
properties of the ligand could be tuned by varying the length of the alkyl spacer group
between the phosphorus atom and the perfluoroalkyl tail.[22] The results they reported
from theoretical calculations implied that two methylene groups would provide
sufficient shielding of the phosphorus atom, but in practice a C,H, spacer does not
entirely eliminate the electron withdrawing effect of the perfluoroalkyl tail. An alkyl
spacer is expected to be a better insulator of electron effects than an aryl group, which
may transmit electronic effects especially to the o- and p- positions of the ring.
Insulation of the effects of the fluorous substituents on aryl groups can be achieved by
using a C,Hy or O(CH,), (n = 1 or 5) [23] spacer between the aryl group and the
fluorous tail, or by attaching the fluorous tail to a SICH,CH, spacer.[11, 24] Ligands
such as P(4—C6H4SiMe:‘,,n(CHzCHQCéF]3)n)3 (Il = 1-3) and {CHQP(4-
C¢H4SiMes ,(CH,CH,CgF13)0)2} 2 have been shown to be electronically very similar to
PPh; and Ph,PCH,CH,PPh, and sterically only marginally larger. Only the ligands with
n = 3 are preferentially soluble in fluorous solvents, but the rhodium and nickel
complexes tend to show much higher fluorophilicities because the coordination of
multiple ligands encapsulates the organic centre of the molecule better. The fluorous
content (Wt %) actually decreases slightly for the complexes.

There has been great interest since Horvath’s original paper, in synthesising new
and more fluorous soluble ligands for various reactions. From the wide ranging topics
published it would appear that the general consensus is that if the reaction can be
carried out under homogeneous conditions, then it should be possible to fluorinate the
ligands and perform the reaction under fluorous biphasic conditions. We now discuss
the reactions that have been reported using fluorous biphasic systems.
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6.2 Alkene Hydrogenation

Having successfully produced a fluorous analogue of Wilkinson’s catalyst for the
hydroboration of alkenes, Horvath and co-workers applied this complex {CIRh
[P(CH,CH,(CF,)sCF;);3]5} to the hydrogenation of a range of alkenes.[25] Using a
PFMC/toluene biphasic system at 45°C under a balloon pressure of H,, the reaction of
2-cyclohexen-1-one showed clean conversion to cyclohexanone, 98% yield.
Throughout the study, conjugated alkenes, terminal alkenes and disubstituted alkenes
were tested. Separation of the toluene layer and reuse of the PFMC layer for further
catalytic reaction of 2-cyclohexen-1-one showed a small drop in yield over 3 cycles
(from 96 to 92%). However, for the reaction of 1-dodecene, by the third cycle a black
solid had precipitated and any further hydrogenations suffered a substantial drop in
rate. By recycling the catalyst solution into new vessels, the reaction proceeded
normally. These results do not compare to those for the best homogeneous catalysts,
but the ease of recycling the expensive catalyst, does make this a useful reaction
system. Hope et al have also described a rhodium-catalysed hydrogenation of styrene in
the fluorous biphase using a range of fluorinated ligands.[26] The purpose of this study
was to investigate the effects of the perfluorocarbon solvent and the fluorous ponytail
substituents on the catalytic system. The best rates were achieved with the fluorous
ligand P(4-C¢H4,OCH,C-F5);, 201 mmol dm? h'l, in a toluene/hexane/perfluoro-1,3-
dimethylcyclohexane (PFDMCH) solvent system. No free ligand was observed in the
organic phase and recharging the reactor with further fractions of substrate resulted in
no effect on the catalytic activity, demonstrating a high catalyst stability and recovery.

Hydrogenation of 1-octene was also carried out by van Koten and co-workers
using analogues of Wilkinson’s catalyst containing P(4-C¢H4SiMe,(CH,CH,Ry)); (Re =
CeF13 or CgFy7).[27, 28] Comparison of this catalyst with [RhCI(PPh;)] and with
[RhCI(P(4-C¢H,4SiMes);] under monophasic conditions in PhCF; showed that the
SiMe; substituent slightly increased the reactivity compared with H, but that the
fluorous tail reduced the activity back to the same as that using PPh; as the ligand. The
ligands with the fluorous ponytails showed good activity under fluorous biphasic
conditions (1-octene/PFMC) at 80 °C for the hydrogenation of l-octene and the
fluorous phase could easily be separated from the product by cooling below 25°C. Over
8 cycles using the ligand with Ry = CgF}; and carrying out the separation at 0°C, the rate
of reaction increased from 177 catalyst turnovers h”' to 600 h™', but this was largely
attributed to loss of significant amounts of the fluorous solvent into the organic phase.
When the lost fluorous solvent was replaced for the 8" run the rate reduced to 155 h™
(87.5% of the initial rate). ICPAAS analysis showed that the overall leaching
corresponded to 1% of the Rh after 9 cycles (0.1% after the first cycle, c.f . 0.3% after
the first cycle with the ligand with Ry = C¢F;3). The phosphine leaching to the organic
phase was much more significant (1.3% and 8% per cycle for Ry = CgFy; and C¢F 3
respectively).

Rhodium complexes of triarylphosphines containing an OCH, spacer (Figure 6.2)
have been used for hydrogenation of methyl (E)-cinnamate in Galden D100 (mainly
perfluoroctane) or FC-77(mainly Cg containing fluorocarbons)/ethanol.[23] Generally
speaking the reactions were slow (<100 turnovers h™); they could be recycled twice but
the reaction half-lives increased with time. Rhodium and phosphine leaching were of
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the order of 0.4 and 1.55% respectively for ligands with only one ponytail. Although
when the ponytail was in the 2-position, the leaching was much higher (2.8 and 5.6%)
because the steric congestion of this ligand inhibited coordination. Leaching was lowest
(0.1 and 0.5% in the second and third runs) for the ligand with two ponytails (as was
the reaction rate). Higher leaching and lower rate in the first run were attributed to
difficulties with coordinating the bulky ligand.

Ph [RhCI(COD)], / L Ph
% + H2
CO,Me D100 /ethanol CO,Me
OCH,C/F4s5
L= Ph / or Ph
\ xOCHZC7H15 5
OCH,C/Fys’ 2

Figure 6.2. Fluorous biphasic hydrogenation of methyl (E)-cinnamate catalysed by rhodium complexes.[23]

Fluorous solvents are of very low polarity so it would be expected that ionic
compounds would not dissolve readily in them. However, ionic rhodium catalysts have
been used successfully in fluorous biphasic systems. [Rh(COD)(Ar,PC,H,PAr,)|BF,
(Ar = 4-C¢H4SiMe,(CH,),C¢F13)] is active for the hydrogenation of 1-octene and partial
hydrogenation of 1-octyne.[29] In the case of 1-octene in acetone, the lower rate of
alkene isomerisation than for the unsubstituted analogue means that the fluorous
compound is a better hydrogenation catalyst. This has been attributed to aggregation,
which has also been observed for other analogues in which there is an Me;Si- or
Me,Si(CgH,7)- substituent, but to a lesser extent. 1-octyne was hydrogenated (40°C, 1
bar H,) under fluorous biphasic conditions with phase separation at 0°C.

F13Ce

/
| Ar * BOS{(CHz)zCers
AN P.
e F13Ce 3
1N,

Ar, Ar = 4-CgH,SiMe,(CH,),CeF 13

B@—CFGF13>
4

Ar = 4-CgH,SiMe((CH,),C6F 13)
Figure 6.3. Fluorous soluble ionic catalysts for the hydrogenation of 1-octene.[30]

Better retention into the fluorous phase was observed when using a polar fluorous
solvent and hexane (>99.82%, insoluble catalyst emulsified in homogeneous reaction
mixture) than when using a PFMC and acetone (97.5%), as expected for the ionic
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catalyst. Phosphine leaching was very similar to that of rhodium in this case suggesting
that the diphosphine remains coordinated throughout the reaction. Turnover frequencies
for these reactions were low (10-30 h™") and the selectivities to cis-4-octene were 60-
70%. The other main product was 4-octyne (15-17%). Using similar cations, but
heavily fluorinated anions (Figure 6.3) the catalysts were fully soluble in the fluorous
biphasic mixture and could be recycled with only 1% losses after the hydrogenation of
1-octene.[30] The complex containing more fluorous tails on the diphosphine and [B(4-
C¢H4C4F13)4] was the more active hydrogenation catalyst.

(R)-BINAP ligands bearing fluorinated substituents (Figure 6.4) have been
prepared by Hope and co-workers.[31] The ruthenium complexes of the two ligands
were compared with Ru-(R)-BINAP for the asymmetric hydrogenation of dimethyl
itaconate in methanol at room temperature and 20 bar H, with a substrate/catalyst ratio
of 2000. The enantioselectivity of the compound, to the (S)-enantiomer, was unaffected
(>95% each) by the addition of the perfluoroalkyl groups. However, they did affect the
conversions, only 42% with Ru-(B) and 83% with Ru-(A) compared to 88% conversion
with the non-fluorous analogue, the more electron-withdrawing ponytails lowering the
activity of the catalyst. Theses reactions were not carried out under fluorous biphasic
conditions.

NG T

PPh, PPh,

F.sC
F1SCGC2H4 1876
A B
Figure 6.4. (R)-BINAP ligands used in ruthenium catalysed asymmetric hydrogenation of dimethyl
itaconate.[31]

Me. _OH
I(COD)Cl, .
+ ProH H + Me,CO
X X
~—N N—
Y oH HO Y
X Y z e e
Ph CgHi7 H 1a 0
Ph CaHy7 B 1b 56
Xo
(CHy),  CgHy7 Bu 2a 5
(CHa)y  3,5-CeHa(CgHiz)e gt 2b 10
(CHz)s  CgHy7 CgHy7 3 47

Figure 6.5. Transfer hydrogenation of acetophenone in Galden D-100.[32, 33]
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The asymmetric transfer hydrogenation of acetophenone by 2-propanol has been
carried out in Galden D-100 (mainly perfluorooctane) using iridium complexes of
salicaldehyde diaminoethane Schiff bases as ligands (Figure 6.5).[32, 33] High yields
(>90%) with enantiomeric excess up to 57% were observed when the reactions were
carried out at 70°C. These e. e.’s are higher than observed with non-fluorous analogues
(<22%), but the catalyst was destroyed during the reaction so that the recovered
fluorous phase was much less active giving an e. e. of only 6%. The organic phase was
also active, but not enantioselective. Other ketones and [diketoesters were also
reduced with e. e. between 18 and 60%.

6.3 Alkene Hydrosilation

Complexes of the form [RhCI(P(4-CsHsSiMes.,((CH,),CsF17),)3] have been used for
the fluorous biphasic hydrosilation of 1-hexene (Figure 6.6) in PFMC without an
additional organic solvent (alkene:silane = 2:1).[34] The reactions were monophasic at
the reaction temperature (reflux), but the more fluorinated catalyst was not completely
soluble in the monophasic mixture. It was redissolved in the PFMC phase, which
separated on cooling to room temperature. Reaction rates were similar to those
obtained using [RhCI(PPh;);] in benzene. Reactions were carried out for 15 min and
the fluorous phase was recycled twice, with 100% conversion of the silane being
observed in each case. However, ICPAAS analysis showed that, for less fluorous
catalyst, rhodium and ligand leaching were high (12 and 19% respectively), whilst the
retention of the more fluorinated catalyst was better (1.7 and 2.2%). In an interesting
variant of the fluorous biphasic principle, fluorinated alkenes were hydrosilated with
e.g. HSiMe,Cl using [RhCI(PPh;);] in benzene or toluene. The fluorous product could
be extracted using FC-72 (a mixture of perfluoro hexanes) and the organic phase
containing the catalyst recycled. Rhodium and phosphorus were undetectable (<1 ppm)
by ICPAAS in the fluorous phase.

A~~~ + HsiR, _[RClLs _ S gR
IR3

PFMCH

L= P(4-06H4SiMe3_n(CH2)208F17)n

Figure 6.6. Hydrosilation of alkenes under fluorous biphasic conditions.[34]

6.4 Alkene Hydroboration

Fluorous biphasic catalysis (FBC) has been applied to the rhodium-catalysed
hydroboration of alkenes and alkynes by Horvath and co-workers.[15, 35] This was
achieved by synthesising a fluorous analogue of Wilkinson’s catalyst [RhCI(PPh;);],
using the perfluorinated phosphine [P(C,H;C¢F13);]. The modified catalyst was highly
soluble in PFMC and CF;C¢Hs, slightly soluble in THF and acetone, but insoluble in
other organic solvents. The catalyst was effective at a loading of 0.01 — 0.25 mol%,
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affording turnover numbers (TON) as high as 8500. The reaction was carried out in
PFMC without an added organic solvent as it was observed that the reactions occurred
more rapidly in the absence of a non-fluorous solvent. A high degree of catalyst
recovery was observed in repeat reactions of norbornene although some loss of catalyst
was indicated by a drop in yield and TON, 90% yield with TON 854 in the first run
compared to 83% yield and TON 785 in the second run. In their later paper,[35] this
catalyst loss was studied further and quantitatively by atomic absorption analysis, the
rhodium loss was found to be 0.4% per cycle, for the Rh complex bearing the above
ligand. However, the Rh complex with [P(C,H4CgF;7);] only showed a loss to the
organic phase of 0.2% per cycle. It was also noted that after three cycles, the
perfluorohexyl complex deposited a black solid and accordingly the activity dropped,
suggesting decomposition of the catalyst. Low catalyst loading and Rh loss do make
this a favourable method of hydroboration of alkenes and alkynes especially due to the
ease of separation of the products from the fluorous phase.

6.5 Alkene Hydroformylation

R R
R [Rh(CO),(acac)] \ + ) —
\: + CO + H2 CHO OHC
P(CH,CH,CgF43)3 _
Ilnlear brané:hed

Figure 6.7. Hydroformylation of an alkene using a rhodium complex bearing a fluorous ponytail.[1, 22]

In his original paper introducing FBC,[1] the reaction Horvath chose to demonstrate the
principle was the hydroformylation of 1-decene (Figure 6.7 (R = CgF;). Due to the lack
of fluorous soluble ligands available, the synthesis of a new fluorinated phosphine was
also necessary, P(CH,CH,(CF,)sCF;); was chosen. PEMC was used as the fluorous
phase, toluene as the organic phase and the catalyst was prepared in sifu from the Rh
precursor [Rh(acac)(CO),] and the phosphine. After 24 hours, they report that only
trace amounts of conversion products were observed by GC analysis indicating that
very little catalytic species has leached from the fluorous phase throughout the initial
reaction. In a later paper by the same authors,[22] further investigation of the shielding
of the phosphine from the electron-withdrawing fluorous tail indicated that, although it
does not completely shield the effects, a -C,Hy- group between the phosphine and
fluorous tail provides sufficient shielding. A kinetic investigation carried out on this
reaction showed it to be first order in both [Rh] and 1-decene. Increasing
[P(C,H4CgF3);] increased the I:b ratio but decreased the activity of the
hydroformylation, which is consistent with the known negative order in [phosphine] for
hydroformylation reactions. This paper also reports the semi-continuous
hydroformylation of 1-decene, recycling the catalyst phase in nine successive runs. A
slight rise in activity and a slight decrease in 1:b ratio (4.5 — 3.5) and selectivity to
aldehydes, 91.5% to 88.3% were observed, with a corresponding rise in isomerisation
from 7.8% to 11.0%. These results are as expected if phosphine is being lost to the
organic phase as the reaction has a negative order in [phosphine] and the linear
selectivity is lower at lower [phosphine]. The Rh loss from the fluorous phase was
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measured as 4.2% over 9 runs. This is equivalent to 1.18 ppm Rh loss/mol aldehyde.
Being a trialkyl phosphine and not very bulky, very high [phosphine] (0.3 mol dm™)
was at required for high 1:b ratios (7.8:1) in the product aldehyde. The catalytic system
was also tested for the hydroformylation of ethene using FC-70 (predominantly
perfluoro compounds with 15 carbon atoms) as the fluorous solvent under continuous
flow operation and gave a selectivity of 99.3% to propanal. This reaction was
successfully carried out for two months with no loss in activity, but the product was
removed in the gas phase.

Various groups have studied fluorous analogues of triphenylphosphine in attempts
to increase the linear selectivity. Masdeu-Bultdo and co-workers have reported the
successful fluorous biphasic hydroformylation of 1-octene using a Rh complex with the
fluorinated phosphine P(C¢H4-4-OCH,C;F;5)3.[36] Rh/P = 5, at 80°C and 40 bar. The
biphasic solvent system used was PFMC/toluene (60/40, v/v). After 1 hour of reaction a
conversion of 98% with an aldehyde selectivity of 97% was achieved. The 1:b ratio was
2.6:1% . However, on recycling the catalyst solution, a drop in the aldehyde selectivity
was observed without a drop in conversion, indicating a loss of ligand to the
organic/product phase. On cooling, the toluene phase was observed to be slightly
coloured symptomatic of catalyst leaching from the fluorous phase. By increasing the
temperature of separation from 10°C to 50°C, the separation improved. Reusing this
catalyst phase allowed three recycles with little reduction in aldehyde selectivity
observed (99%, 97% and 91%). After the first recycle, analysis of the product phase
showed Rh and P in the toluene phase and traces of aldehyde are reported as being
observed by GC analysis in the fluorous phase. An increase of the substrate/Rh ratio
from 500/1 to 2000/1 showed a lower conversion, 20%, after 1 hour, as expected, but
the selectivity to aldehydes remained high, 94%. By removing the toluene from the
reaction an increase in activity (68% conversion in 1 h) was observed, this effect has
also been observed by others.[20]

Hope and co-workers have synthesised a large number of perfluorinated ligands
and carried out testing of these ligands in the hydroformylation of 1-hexene[37] using
[Rh(acac)(CO),] as the precursor and a P/Rh ratio of 3. After I h in a high pressure
reactor using a 1:1 organic:fluorous solvent mixture, 70°C, 20 bar CO/Hy(1:1) the
fluorous analogue of triphenyl phosphine, P(4-CcH4C¢F13);, gave 89.2% selectivity to
aldehydes, with an l:b ratio of 3.8 compared with values for triphenylphosphine of
98.2% selectivity and 1:b ratio of 3.1. Further studies[20, 38] on this ligand with 1-
octene as the substrate demonstrated that using [Rh(acac)(CO),] (2 mmol dm™) and
[P(4-C¢H4CyF13)3] (20 mmol dm‘3) at 60°C and 20 bar in PFMC, an 1:b ratio of 6.3:1
(selectivity to linear aldehyde = 80.9%) could be obtained with a turnover frequency of
4 400 h" and with 99.95 and 96.7% retention of rhodium and phosphine into the
fluorous phase. The rhodium retention is better than that of the phosphine because the
form of the catalyst at room temperature, where the separation was carried out, is
[RhH(CO)(P(4-C4H4C¢F13)3)3], anchoring it into the fluorous phase by 9 fluorous
ponytails.[39] Higher rates and more Rh leaching were observed at higher reaction
temperatures. By omitting the organic solvent, higher rates, linear selectivity and
retention into the fluorous phase were observed. Even though the system becomes
biphasic under the reaction conditions at 20% conversion,[40] the kinetics were first
order up to at least 80% conversion,[20] showing that mass transport does not become
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rate determining provided that the mixture is stirred efficiently. The rate and selectivity
are much better than those obtained using PPh; under the same conditions. This is due
to the electron withdrawing effect of the fluorous tail, which is transmitted to the
rhodium centre via the phenyl ring. The higher binding constant of the fluorinated
ligand than PPh; accounts for the better linear selectivity at low phosphine loadings.
This conclusion is supported by the observation that the selectivity under comparable
conditions but with less phosphine (80°C, 30 bar, P:Rh = 3) for this system is higher
(I:'b = 3.5)[20] than for the analogous ligand with an —OCH,- spacer (80°C, 40 bar,
P:Rh =5, 1:b = 2.6).[36] although it should be noted that toluene, which may reduce the
l:b ratio was present in the latter system. In the presence of toluene under slightly
milder conditions and with the lower P:Rh ratio (70°C, 20 bar, P:Rh = 3) the selectivity
of the complex without the spacer was still higher (I:b = 3.8).[37] The high rates,
selectivities and the omission of the organic solvent meant that this system was chosen
for more detailed studies in a continuous flow system (see Section 6.13).[41, 42]
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Figure 6.8. Concentration of rhodium in the organic phase as a function of conversion during the
hydroformylation of 1-octene catalysed by Rh/ [P(4-CsH4CeF3)3].[41]

A comparison between [P(4-C¢H4CeF13)3], [P(4-C¢HsCsFi7);] and  [P(3,5-
CsH4(CF3),)(4-CsH4CyF13),] suggests that a catalyst bearing the ligand containing the
Cg fluorous ponytail undergoes only 10% of the leaching of the other two ligands,
whilst their activities (first order rate constant, k= 1.9 x 103, 1.3 x 107, 2.5 x 107 s'])
and selectivities (I1:b = 6.3, 6.7 and 4.7 respectively) are similar.[8] Other studies have
shown that the retention of the catalyst within the fluorous phase is very dependent
upon the conversion, being much enhanced at high conversions (see Figure 6.8).[43]
The fluorinated analogue of triphenyl phosphate, P(O(CsH4C4F13);, also performed
well in the hydroformylation of 1-hexene when compared with P(OPh); with a
selectivity of 82.3% and 1:b ratio of 6.4 compared to 92.0% and 2.9 respectively.[8]
This represented one of the first examples of phosphite ligands being used for
hydroformylation in fluorous biphasic catalysis. Further optimisation[20, 38] of this
system in perfluorodimethylcyclohexane (PFDMCH) using 1-hexene and 1-octene
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showed that high rates and linear selectivities (1:b up to 9.9:1) could be achieved, but
alkene isomerisation was always ca. 13%, whilst leaching of Rh (>2.5%) and
phosphine (>4%) were much higher than for the phosphine analogue. This leaching,
which was much worse when toluene was present, was attributable to degradation of
the phosphite, either through direct reaction with the aldehyde, or through reaction with
water formed by aldol condensation of the product. Either would produce complexes in
which one or more fluorous tails had been removed, so that the fluorous solubility
would be reduced.

Mathivet et al have extended this work on phosphites in the hydroformylation of
higher alkenes under fluorous biphasic conditions.[44, 45] They have synthesised and
studied the affect of a number of ligands with the fluorous ponytails in various
positions on the aryl group, Figure 6.9. The two ligands with a single fluorous ponytail,
A and B, partition in a solvent mixture of 1-decene and CgF;H in a 5/95 ratio and the
ligand with two fluorous tails, C, partitions with a ratio of 1/99. There is likely to be
some loss of ligand through leaching throughout the reaction as all the ligands dissolve
to some extent in the substrate.

R R'
P 0 4@ R"
3

A:R=C,H,CF,,,R=R"=H D:R=CyF,,,R'=R"=H G:R=CH,,R'=H,R"=C¢F,

B: R=R'=H, R"=C,H,C(F, E:R=H,R'=CF,,R"=H H:R=C(F,,R'=H,R"=C{F,

C: R=R"=C,H,C,F,;,, R=H F:R=R'=H,R"=CF17 J:R=C(F,,R'=H,R"=COC,F,;
Figure 6.9. Fluorinated ligands used in the rhodium catalysed hydroformylation of alkenes.[44, 45]

The three ligands were tested in the hydroformylation of 1-decene with no organic
solvent using only CgF;H at 80°C under 40 bar CO/H, (1:1) and run to 100%
conversion. A and C are both sterically hindered and gave similar results, 100%
conversion was achieved quickly after 15 and 12 min respectively with an aldehyde
selectivity of 85% in both cases, this results in TOFs of 10 000 and 11 000 h'. The
unhindered ligand B achieved 100% conversion in 30 minutes, but showed a higher
aldehyde selectivity of 95%, TOF 3900 h™'. Results with B and various terminal alkenes
demonstrate the high selectivity of this phosphite to aldehyde formation. Catalyst
recycling was also considered. Using 1-decene as the substrate allowed direct
comparison with Horvath’s work. Each reaction was run for just 10 minutes and the
first three runs for each ligand show a slight increase in conversion with the fourth run
showing a marked drop for ligand A, however the selectivities for each ligand dropped
slightly in each cycle. In the fourth recycle, the organic phase was noted as being
yellow in colour, which indicates that leaching of Rh is occurring. The reason for the
differences in results between the various ligands lies in the steric hindrance that exists
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with ligands A and C, which will result in only one phosphite coordinating to the Rh
making the active species [HRhL(CO);] and allowing facile binding to the alkene,
causing the fast reaction. The single ligand makes the catalyst less selective, whereas B
is more similar to the triphenyl phosphite modified catalyst, which forms the bis
phosphite. In order to try to overcome some stability issues with these ligands, further
syntheses of ligands D-J were carried out and reported in a second paper.[44] An
investigation of the effect of the position of the fluorous group on the ring D-F show
that the activity increases as the fluorous group gets closer to the phosphorus (TOF of
10 000 h™', 6300 h™' and 3500 h for D, E and F). Conversely, aldehyde selectivity
increases as the fluorous group moves away from the phosphorus atom; thus the para-
substituted phosphite shows the highest selectivity towards aldehyde (71%, 80% and
85% for D, E and F). It is also noted from the comparison of C and H that the removal
of the ethyl spacer group has a marked effect on the aldehyde selectivity (85% and 46%
respectively). This is perhaps due to the electronic effect of the fluorous tail on the
metal or may simply be due to the steric hindrance of the ligand about the metal centre.
Again the hydroformylation of internal and different terminal alkenes was examined
using E. It was found that decreasing the length of the substrate caused the activity, I:b
ratio and aldehyde selectivity to increase (see Table 6.1)

Recycling of the ligands was investigated for ligands D, E and J. over four
recycles the conversions dropped for all three phosphites, however the most marked
decrease was with E (<10% conversion in the fourth recycle). The selectivity of the
catalysts to aldehyde products did not decrease so drastically but a decrease in the
selectivity of E was most notable in the second recycle. This suggests that some
leaching of the three phosphites to the organic phase does occur.

TABLE 6.1. The results of hydroformylation reactions carried out using rhodium
complexes ligand E (Figure 6.9).[44, 45]

Alkene TOF /h’' I:b Selectvity to aldehyde / %
1-hexene 7800 6.5 94
1-octene 6900 6.3 87
1-decene 6300 5.8 80

Another approach to the fluorous biphasic hydroformylation of alkenes has been
investigated by Xiao and co-workers using a fluorous soluble polymer catalyst.[46] The
poly(fluoroacrylate-co-styryldiphenylphosphine) ligands are of the form shown in
Figure 6.10. Neither ligand is soluble in normal organic solvents but both are soluble in
fluorinated solvents. The hydroformylation of 1-decene was performed in a batch
reactor using a solvent mixture of hexane-toluene-PFMC (40:20:40) (the hexane
proved necessary to form a homogeneous phase under the reaction conditions). The
catalyst was formed in situ from [Rh(acac)(CO),] and the ligand (P/Rh = 6) under
CO/H, (30 bar, 1:1). The results showed a turnover frequency of 136 mol aldehyde
(mol Rh h)" and a selectivity to aldehyde of 99%, the 1:b ratios of 4.8 (polymer a in
Figure 6.10) and 5.9 (polymer b in Figure 6.10) are also competitive with those
obtained from homogeneous hydroformylation reactions in conventional solvents. The
recycling of the catalyst phase was carried out in the hydroformylation of 1-hexene.
Three consecutive reactions were carried out and a 1 ppm loss of Rh was observed for
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each recycle. However, by the end of the third run all PEMC had leached to the product
phase, which in turn caused loss of ligand and catalyst to the product phase.
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Figure 6.10. Fluorous polymers with bound PPh; used in the hydroformylation of 1-hexene.[46]

Ojima and co-workers[47] have reported fluorinated analogues of BINAPHOS, an
unsymmetrical bidentate ligand having one phosphine and one phosphite donor, for
rhodium-catalysed asymmetric hydroformylation. Unlike the previous papers, this deals
with the hydroformylation of styrene, which preferentially forms the branched product.
This is desirable because the linear product has no chiral centre and because the
branched product is a possible intermediate in the formation of ibuprofen type anti-
inflammatories. The ligands were found to be preferentially soluble in toluene over
PFMC, possibly due to the aromatic nature of the naphthalene groups and the slightly
low fluorine content. All ligands displayed good solubilities in perfluorotoluene (PFT).
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Figure 6.11. (S,R)- [C¢F13(CH,);].-BINAPHOS and related ligands used in the rhodium catalysed asymmetric
hydroformylation of styrene.[47]

The hydroformylation reactions were carried out in a number of different solvent
systems, Table 2, at 50-60°C and 40 bar CO/H, (1:1) using the (S,R)- [n-C¢F13(CH,)3].-
BINAPHOS ligand, Figure 6.11. After 18 hours in the PFMC/toluene system, 100%
conversion was achieved with 100% selectivity to aldehydes of which 92% were
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branched, with an enantiomeric excess of 85%. With only PFMC as solvent only 88%
conversion was observed, with a b:l ratio of 94:6 and an e. e. of 8§7%. Changing the
fluorous solvent to PFT showed 73% conversion after 16 hours with 100% selectivity
to aldehydes of which 91% were the branched form with an overall e. e. of 82%.

TABLE 6.2. The RW/(S,R)- [n-C¢F3(CH,);],-BINAPHOS catalysed hydroformylation of styrene.[47]

Solvent System Styrene:Rhodium Time (h) Conv. (%) b/l e.e. (%)
PFMC/Toluene 2235 24 84 91/9 90
PFMC/Toluene 1042 18 100 92/8 85
PFMC 1042 18 88 94/6 87
PFT 2235 2 11 91/9 94
PFT 2235 16 73 91/9 82

6.6 Alkene Epoxidation

The large amounts of molecular oxygen that can be dissolved into fluorous solvents,
together with their oxidation resistance makes them potentially very suitable solvents
for oxidation reactions. Fish and co-workers reported the synthesis of a novel
perfluorinated triazacyclononane (TACN) ligand, shown in Figure 6.12, which is
soluble in perfluoroalkanes.[48] Using this ligand along with a fluorinated carboxylate
synthon, [M(O,C(CH;),CgF17),] (where M is Co or Mn), they have successfully carried
out the epoxidation of a variety of alkenes, in a fluorous biphasic system. The
suggested form of the -catalyst produced in situ is [CgF;,CH,CH,CO,M-
{(CgF 17(CH2)3)3TACN}]2+. The reactions were carried out in perfluoroheptane with the
substrate acting as the organic layer, in an oxygen barosphere in the presence of tert-
butyl hydroperoxide (TBHP). Alkenes bearing allylic hydrogens gave the highest yields
under these conditions. Removal of the upper, organic layer and adding new
cyclohexene and TBHP provided similar results to the first run, showing that leaching
of the catalyst into the organic phase was negligible, but no quantitative data was
provided. [CuCl{(CgF;7(CH,););TACN}] is also active for alkene oxidation by
Bu'OOH/O, in perfluoroheptane at room temperature (biphasic).[49] The best results
were obtained with cyclohexene, which gave cyclohexanone and cyclohexanol (78:22)
in 435% conversion based on Bu'OOH, O, being responsible for the majority of the
oxidation. The catalyst was recycled twice with the yield dropping to 75% and 50% of
that obtained in the first run, suggesting catalyst instability or leaching. Cyclohexane
could be oxidised to cyclohexanone and cyclohexanol and toluene to benzaldehyde
using the same system, but the yields were very low 97.5 and 17% based on Bu'OOH
respectively. These values represent catalyst turnover numbers of 5 and 13 respectively.
A copper complex of bipyridine bearing fluorous ponytails, which also contained
fluorinated carboxylate groups, was not successful in these oxidation reactions. The
organic phase was blue at the end of the reaction and conversions were very low.
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Figure 6.12. Fluourinated TACN ligand used in epoxidation reactions.[48]

Pozzi and co-workers have also reported a fluorous soluble cobalt complex, which is
active in the aerobic epoxidation of alkenes in a fluorous biphasic system (FBS).[50]
The ligand used in this complex was a fluorinated tetraarylporphyrin, with eight
perfluorooctyl chains shown in Figure 6.13. The cobalt complex was dissolved in
perfluorohexane and added to a solution of the alkene with 2-methylpropanal
(aldehyde: substrate = 2:1) at room temperature.

Ar
CF,(CF,),CF,
Ar Ar Ar =
CF,(CF,),CF,
Ar
+  Co(0Ac),

Figure 6.13. Fluorinated porphyrin ligand used in the cobalt catalysed aerobic oxidation of alkenes.[50]

The yields for reactions of unsubstituted terminal alkenes were lower than for
substituted alkenes but they were still reasonable and could be increased further by
increasing the aldehyde:alkene ratio. Total conversions of substrate were reported with
epoxide selectivity as high as 95% in some cases. The FBC system allows for a much
higher substrate:catalyst ratio (1000:1) than the non-fluorous epoxidation reported
(20:1) previously. Recycling the fluorous layer once showed no reduction in conversion
or selectivity.

Further efficient ligands for the epoxidation of alkenes have been reported by
Pozzi, but using PhIO as the oxidant and pyridine N-oxide as an additive in FBS.[7, 51-
53] Chiral (salen)Mn complexes have been synthesised, which are soluble in fluorous
solvents and active in the epoxidation of a variety of alkenes. The catalysts were of the
form shown in Figure 6.14.
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Figure 6.14. Chiral salen complexes used in the asymmetric epoxidation of alkenes.[7]

1 and 2 were initially reported in 1998 although the free ligands were soluble in diethyl
ether and ethanol the Mn-complexes were insoluble in organic solvents. The FBS
allowed a much smaller catalyst:substrate ratio (0.005:0.33 mol dm™) compared to
other homogeneous systems and provided good yields of epoxides (up to 85%); no
significant decrease in activity was observed when the fluorous phase was recycled a
second time. However, only the epoxidation of indene showed high enantioselectivity
(92%). The low enantioselectivity (<15%) of the ligands 1 and 2 was attributed to the
low steric hindrance of the perfluoroalkyl groups, as well as possible inefficient
shielding of the strong electron-withdrawing effect of these fluorinated groups. Further
work and synthesis produced 3 and 4 as “second generation (salen)Mn" complexes.
They were, indeed, more enantioselective than the original complexes. In the case of
1,2-dihydronaphthalene, the e. e. increased from 10% to 50% with the second-
generation complexes. Further investigation of the catalyst was carried out and it was
found that the fluorous layer could be recycled up to three times after the first reaction,
but the catalytic activity dropped significantly in the fourth run. This was attributed to
oxidative decomposition of the catalyst and was indicated by the gradual disappearance
of the characteristic UV-Vis-absorption bands of the (salen)Mn™ from the fluorous
layer and their non-appearance in the organic layer.

The same catalysts have been investigated for the asymmetric oxidation of dialkyl
sulfides using PhIO as the oxidant in CH;CN:perfluorooctane.[54] Although the
conversions (>80%) and selectivities to sulfoxides (>90%) were generally good, and
the more heavily fluorinated catalysts could be recycled 4 times with only small drops
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in activity, which were attributed to oxidation rather than leaching, the e. e.’s in these
reactions were poor (<20%).

6.7 Other Oxidation Reactions

Knochel and co-workers have reported biphasic aerobic oxidation of aldehydes,
sulfides and alkenes, using nickel and ruthenium catalysts with a perfluorinated 1,3-
diketone ligand, see Figure 6.15.[55] The nickel complex, when reacted with aldehydes
in a toluene/perfluorodecalin reaction mixture at 64°C, provided yields of the expected
carboxylic acids of 71-87%. The same catalytic system was active for the oxidation of
sulphides, but required the presence of isobutyraldehyde and the nickel catalyst did not
oxidise alkenes. The ruthenium form of the catalyst in CgF;Br was active in the
epoxidation of disubstituted alkenes. After “several” recycles, the ruthenium complex
was recovered in 95% yield. The catalytic leaching was small as yields of 70% were
still obtained after 6 runs, but this corresponds to a drop in yield from 87% - 70% over
the six recycles. Quantitative data of the metal loss to the organic phase is desirable for
comparison with other systems. Using the same fluorinated diketonate ligand, Knochel
and co-workers have also reported a fluorous biphasic system for the Wacker oxidation
of alkenes to aldehydes, suitable for a variety of alkenes.[56] The catalyst system was a
palladium (II) complex of the same fluorinated [-diketonate, as shown in Figure 6.15.
Reactions were carried out in CgF;Br with the substrate in benzene and fert-
butylhydroperoxide as the oxidant. Although a wide variety of alkenes was tolerated in
this system, aliphatic alkenes required longer reaction times than styrene derivatised
substrates (8-20 h compared with 2-5 h). The catalyst for the reaction of 4-
methoxystyrene was reused 8 times and initially gave yields of 4-
methoxyacetophenone of 78% but dropped to 72% yield in the 8th recycle, which
indicated low catalyst leaching to the organic solvent. The catalyst was also active for
the epoxidation of some activated disubstituted alkenes.

F15C7

F15C7

Figure 6.15. Perfluorinated [ —diketonate complex used for a variety of oxidation reactions (M = Ni)[55] or
Wacker oxidation (M = Pd).[56]
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Figure 6.16. Aerobic oxidation of 1-phenylethanol catalysed by palladium complexes of a fluorous pyridine
in toluene/perfluorodecalin.[57]

Uemura and co-workers have reported the aerobic oxidation of alcohols to aldehydes
and ketones using palladium complexes containing pyridines with fluorous tails in a
toluene/perfluorodecalin biphasic system at 80°C, using molecular sieves to remove the
generated water.[57] Some catalyst decomposition occurred, but this was minimised by
using excess pyridine ligand. Generally the organic phase contained palladium, but
using the ligand shown in Figure 6.16, the organic phase was colourless. Inductively
coupled plasma optical emission spectroscopy (ICPOES) analysis showed that only
0.8% of the palladium leached to the organic phase during oxidation of 1-phenylethanol
to acetophenone. Recycling could be carried out 3 times, but the yield dropped form 90
to 74% even though extra ligand was added before the third cycle. A wide range of
primary and secondary alcohols was oxidised in yields usually >75%. 4-Nitrobenzyl
alcohol is oxidised to the corresponding aldehyde using air and TEMPO (1-oxy-
2,2,6,6-tetramethylpiperidine) in  perfluoroheptane in  the presence of
[Cu(O,CCH,CH,C4F7){R{CH,CH,);TACN] at 90°C, when the system is
monophasic.[49] Yields >90% can be obtained and cooling to room temperature allows
phase separation and reuse of the catalyst. Using 6 mol % TEMPO in each run, the
catalyst could be recycled 7 times with yields >90% for the first 5 cycles. Thereafter
the yield dropped to 51 and 8% in runs 6 and 7.

Copper complexes synthesised in situ from [CuBr(SMe,)] and bipyridine bearing —
(CH,)4CgFy7 in the 5 and 5’ positions are also active for the oxidation of a wide range
of primary and secondary alcohols to aldehydes and ketones by air in the presence of
TEMPO under fluorous biphasic conditions (CgF;Br/PhCl at 90°C).[58] Yields were
generally very high (>80%). For 4-nitrobenzyl alcohol, the yield of aldehyde was 93%
after 1.5 h. The fluorous phase was separated and reused 7 times. In the eighth run, the
yield of 4-nitrobenzaldehyde was still 86%. Sterically hindered alcohols are rather
unreactive in this system, but this allowed the selective oxidation of cis-4-
methylcyclohexanol to the corresponding ketone in the presence of trans-4-
methylcyclohexanol, which remained essentially unreacted.

Pozzi has also reported a fluoro-functionalised tetraazacyclotetradecane
macrocycle, which is selectively soluble in fluorocarbons and active in the fluorous
biphasic oxidation of hydrocarbons.[59] This ligand (Figure 6.17) was produced whilst
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trying to generate a simple method of synthesising fluorous ligands. Both the copper
and cobalt complexes of this ligand, using CuCl and the cobalt salt of
pentadecafluorooctanoic acid (Co(C;F5COQ),) as precursors, catalysed the oxidation
of saturated and unsaturated hydrocarbons. The copper complex gave slightly higher
yields and higher ketone selectivities in the oxidation of cyclooctane (80% yield, 80%
cyclooctanone, 20% cyclooctanol). The Co complex only gave 30% yield, (76% ketone
selectivity), but both complexes performed similarly in the oxidation of cyclohexene to
give cyclohex-2-en-1-one and cyclohex-2-en-1-ol. Recycling the fluorous layer, in the
cyclooctane oxidation and the Co catalysed oxidation of cyclohexene, showed no drop
in activity implying negligible catalyst leaching, but the activity of the Cu catalyst for
the oxidation of cyclohexene dropped to 50% on the second cycle (c.f. 80% on the first
cycle).

ReCH,O(CH,) (CH);0CH,R;

C }

R-CH,O(CH,), K) (CH),0CH,R.

Rg = fluorooxyalkylenic chain

Figure 6.17. Fluorinated macrocycles used for the cobalt or copper catalysed oxidation of saturated or
unsaturated hydrocarbons.[59]

6.8 Allylic Alkylation
Ph Ph

— +  NuH Pd/L —
OAc base Nu

Ph Ph

(F,3C¢CH,CH,),Si

0 989
PPh, PPh,

OO OCH,C,F,g OO OCH,
(F15C4CH,CH,),Si

®R) ) ©

C8':17

Figure 6.18. Palladium catalysed allylic alkylation using fluorinated ligands.[60, 61]
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Maillard et al have reported perfluorous analogues of MOP (methoxynaphthyldiphenyl
phosphine), see Figure 16.18, and their application in palladium catalysed allylic
alkylation.[60, 61] Due to the somewhat low fluorine content in these ligands, (R) 56.0
wt% fluorine, (S) 56.88 wt% fluorine, they are slightly soluble in THF and toluene,
which will result in loss of the ligand during reaction and would involve further
separation steps to recycle the ligand fully. The ligands were used in Pd-catalysed
allylic alkylation but they gave low enantioselectivities (0-37%) for various
solvent/base systems. An attempt to recycle the catalyst was made. However, the
second run only gave a conversion of 24% as opposed to 100% in the initial run. This
drop in activity was attributed to significant leaching of the ligand to the organic phase
and is unavoidable unless the fluorine content of the ligands can be increased.

Bayardon and Sinou have reported the synthesis of chiral bisoxazolines, which also
proved to be active ligands in the asymmetric allylic alkylation of 1,3-diphenylprop-2-
enyl acetate, as well as cyclopropanation, allylic oxidations and Diels-Alder
reactions.[62] The ligands do not have a fluorine content greater than 60 wt% and so
are not entirely preferentially soluble in fluorous solvents, which may lead to a
significant ligand loss in the reaction system and in fact, all recycling attempts were
unsuccessful. However, the catalytic results achieved were comparable with those
obtained with their non-fluorous analogues.

6.9 Heck, Stille, Suzuki , Sonagashira and Related Coupling Reactions

Pd/L
|+ CI—@SO@Q BLCLL SN | B
- =W
cl

(CgF1,CH,CH,),Si
OO PPh,
O O PPh,

Figure 6.19. Heck coupling catalysed by fluorinated (R)-F;BINAP palladium complex.[63]

L

(CeF13CH,CH,),Si

Nakamura ef al applied fluorous chiral BINAP ligands to the asymmetric Heck
reaction.[63] R-F3BINAP, see Figure 6.19, is easily air oxidised, but in a benzene/FC-
72 biphasic system, the Heck coupling of 2,3-dihydrofuran with 4-chlorophenyl triflate
occurred with high enantioselectivity (93%), but low yield (39%). Reuse of the
fluorous phase gave a 2% yield, most likely because of deactivation of the catalyst by
ligand oxidation, TLC monitoring of the reaction showed the ligand to be oxidised in
the fluorous phase, but there may also be some catalyst leaching to the organic phase.
Compared with the original reaction with non-fluorous BINAP in
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trifluoromethylbenzene, the e. e. was much higher (90% e. e. Fi3-BINAP, 76% e. e.
BINAP). Therefore, overcoming the air sensitivity of the fluorous BINAP would
provide a highly competitive system for Heck couplings.

L !

N m
v | NS X=Cl,Br, |
T [Ru(=CHPRIPCys),CLl q\( PA/P(4-CoHaCoF 13)3 | Y)W Y=00. 50,
~ — Z=CH.N
z7>x  25°C, biphasic X TI,COs, 110 °C, monophasic % % m=1-4

Figure 6.20. Tandem ring-closing metathesis and Heck coupling for the formation of bridged ring
systems.[64]

Heck coupling has also been used in tandem with ring closing metathesis to give
bridged ring systems (Figure 6.20).[64] In conventional solvents, the Heck catalyst
poisoned the ruthenium catalyst used for the ring-closing metathesis. However, by
carrying out the reaction in a fluorous biphasic system with a standard metathesis
catalyst but a fluorinated palladium catalyst for the Heck reaction, the catalysts could
be kept separate during the low temperature ring-closing metathesis, but on heating the
system became monophasic, thus allowing the Heck reaction to proceed. Yields were
significantly better (37-67%) than in a homogeneous system (0-37%) for reactions
where the Heck reaction could be carried out under relatively mild conditions, but more
forcing conditions led to decomposition of the fluorous tagged palladium complex.
This method for keeping incompatible catalysts separate may have potential for a range
of reactions.

a)
0 [PACl,L,] o)
MeO,C Br Buﬁn@ MeO,C O
DMF / PFMCH
[PdClsz] / N32003
e () )
DME / PFMCH

2Cul / 5L / 2BuNH2
—R R =R’
PFDMCH / DMF
(X-CsH4(CH2)nCSH17)3 (X = 3or 4,n= 0or 2)

Figure 6.21. a) Stille,[65] Suzuki[66] and Sonigashira[67] coupling catalysed by complexes of fluorous
analogues of PPh; (R = NO,, COMg¢, CO,Et or OMe; R = Pr';, Ph or CMe,OH)

Stille,[65] Suzuki[66] and Sonigashira[67] couplings (Figure 6.21) have also been
successfully carried out under fluorous biphasic conditions. Stille couplings of a variety
of electron poor aryl bromides and electron rich aryl stannanes catalysed by
[PACL(P(x-C¢Hy(CH,),,CsF17)3)2] (x =3, n=0; m =4, n =0 or 2) were carried out in
DMF/PFMC at 80°C in the presence of LiCL.[65] The reaction shown in Figure 6.21a
gave 90% conversion with all three catalysts and could be repeated at least 6 times with
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minimal loss of activity. Reactions using 2-tributylstannylanisole were less successful
and could not be recycled, probably because the ortho methoxy group inhibited the
coordination of the ligand.

The same palladium complexes have been successfully employed for the Suzuki
coupling (Figure 6.21b) of a wide range of aromatic bromides (electron rich and
electron poor) with phenylboronic acid.[66] Using 1.5 mol% of catalyst in PFMC/1,2-
dimethoxyethane, at 75°C, >90% conversion was achieved in 2 h. The catalysts were
recycled 5 times, in most cases without appreciable loss of activity. At lower catalyst
loadings (0.1 mol%) using an electron rich bromide and an electron rich aryl boronic
acid, the conversions were high (100%) in the first run, but diminished substantially on
recycling, generally to <10% by the third or fourth run.

The Sonigashira couplings (Figure 6.21c) were carried out using copper (I) iodide
in PFDMCH/DMF in the presence of BuNH, at 100°C over 4 h.[67] The best results
(>98% conversion, recycled twice with little loss of activity) were obtained with
electron poor substrates (R = NO, or CO,Me in Figure 6.21) and Pr'3SiC' CH. For less
electron rich substrates and the other alkynes, yields were between 10 (R = OMe, R’ =
CMe,OH) and 80% and for the electron poor substrates yields fell off dramatically on
recycling.

Knochel and Betzemeier have described palladium(0) - catalysed cross coupling
between arylzinc bromides and aryl iodides as a facile method of forming carbon-
carbon bonds and retaining the expensive catalyst for reuse.[68] The perfluorinated
phosphine used in this reaction was P(CgHy-4-C¢Fy3); in a toluene/CgF;Br solvent
system. The Pd catalyst was preferentially soluble in fluorous solvents and reuse of this
phase did not cause any significant change in the reaction yield. The presence of the
electron-withdrawing perfluoroalkyl groups has a positive effect on the reaction. The
activity of the catalyst was in fact higher than with the non-fluorous catalyst
[Pd(PPh;),]. This is explained by the electron-deficient phosphine favouring reductive
elimination in the cross-coupling reaction. This is obviously an important effect, which
is likely to be utilised further.

6.10 Asymmetric Alkylation of Aldehydes

Chan and co-workers have synthesised perfluoroalkyl-BINOLs and shown them to be
active ligands for titanium catalysed asymmetric carbon-carbon bond formation[69, 70]
(the best one for fluorous biphasic reactions is shown in Figure 6.22). The reaction was
carried out in perfluoro(methyldecalin)/hexane. PhCHO were dissolved in hexane
along with the Ti(O'Pr); and added to a solution of the ligand in
perfluoromethyldecalin. The catalyst complex was formed in situ when the
homogeneous phase was formed at 45°C and Et,Zn was then added. After the reaction,
the mixture was cooled to 0°C to induce phase separation. Although there was no
apparent loss of the (S)-RBINOL to the organic phase in repeated cycles, addition of
[Ti(O'Pr);] was required with every cycle. The catalyst containing four CgFi;
substituents was recycled nine times without substantial loss of yield or drop in e. e.,
but it should be noted that although the 2" — 9™ cycles had yields of 80-70%, the first
cycle had a yield of only 69%. This may indicate inadequate formation of the catalyst
Generally, this system provided yields of 50-80% with e. e.’s as high as 58%. It was
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observed that the more electron deficient substrate, 4-chlorobenzaldehyde, reacted
slightly faster than the electron neutral benzaldehyde and in turn the more electron rich
substrate, 4-methoxybenzaldehyde, reacted more slowly.

OH
20 mol% (S)-RBINOL, Ti(O'Pr), /'\
PhCHO + Et,Zn : o £
perfluoro(methyldecalin) / hexane
450C, 1 hr
CSF17
C8,:17

“OH  (s).RBINOL
OH

C8F17

Figure 6.22. Asymmetric alkylation of benzaldehyde catalysed by a titanium complex of (S)-R{BINOL.[69,
70]

Simultaneously, Takeuchi and co-workers reported another chiral fluorous BINOL,
active in a similar reaction. However, their isomer is the (R)-R{HBINOL[71] as shown
in Figure 6.23. The ligand was dissolved in FC-72 (a perfluorous solvent containing
primarily compounds with 6 carbons) along with [Ti(O-iPr)4]. Diethyl zinc in hexane
was added to this and the solution was cooled to 0°C before adding a benzaldehyde
solution in toluene, thus creating an organic phase consisting of toluene and hexane.
Under these conditions, the system is biphasic at all times. The organic phase was
removed and quenched, before isolating the product. This system produced a higher
enantioselectivity than Chan’s (>80% compared to 58% e. e. respectively) with
comparable yields. Repeat cycles using the fluorous phase showed a slight drop in yield
and e. e. over 5 recycles. Again the yield obtained in the first run was lower (81%) than
those achieved in the subsequent runs (89-87%). Unusually, the ligand loss to the
organic phase has also been reported, 0.2 mmol of the ligand was recovered from the
organic layer per cycle. From this data, the authors conclude that the asymmetric
catalyst is present in the organic phase and that the asymmetric reaction must occur in
this phase. Separating the organic and fluorous layers and performing the reaction in
each, showed some catalytic activity in the organic phase, however a lower e. e. was
achieved, than when using the fluorous phase or the biphasic system, suggesting a
lower concentration of catalyst present in this phase than the fluorous phase.
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(RiH);Si

OH (R)-RHBINOL
RH= -CH,CH,C4F

(RH)Si
Figure 6.23. (R)-RHBINOL used in the asymmetric alkylation of benzaldehyde.[71]

Using AlEt; in place of Et,Zn in the reaction shown in Figure 6.24, but carried out at
53°C afforded higher e. €. (63% rising to 82% at run 5) and high conversions (59% in
the first run, rising to 88% in the third), but it was again confirmed that additional
[Ti(OPr'),] was needed for each run.[70] Higher enantioselectivities were obtained
using zinc aminothiolates of the kind shown in Figure 6.24 (R, = (CH,);, n=10,¢. ¢ =
94%).[72] The reactions were carried out in PFMC/hexane at room temperature and the
catalysts could be recycled up to 4 times, although the e. e. dropped steadily after the
second run to 29% in the fifth run.

NR R = Me, Rf = C6F13
P2 R = Me, Ry = Cy(F;

Zn — -
Ri{(H,C),Me,Si s~ TEt R = (CHy)4, Rf = CqoF 21

Figure 6.24. Alternative catalysts for the asymmetric alkylation of benzaldehyde.[72]

High enantioselectivities could be obtained using [Ti(OPr');] and a BINOL ligand
modified with CH,CH,C¢Fy; only in the 6 and 6’ positions in the allylation of
benzaldehyde using 3-tributylstannylpropene (Figure 6.25).[73] This system did not
give good results in either the organic or the fluorous solvent alone, but in the biphasic
system (hexane/FC72, FC72 mainly contains C¢ fluorinated hydrocarbons) it gave 85%
yield with 90.1% e. e. Very similar results were obtained using a CgF,7 chain (Yield
83%, e. e. 89.8%), but in a much shorter time (5 h c. f. 10 h for the ligand shown in
Figure 6.25). Studies of different aldehyde substrates showed that good yields and e. e.s
are only obtained from electron withdrawing aromatic aldehydes.
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Ti(OPr'), oH
PhCHO  + /\/SnBu3 Ph/k/\
C6F17
ool
I ! OH
CeF17

Figure 6.25. Asymmetric allylation of benzaldehyde catalysed by a fluorinated Ti/BINOL complex under
fluorous biphasic catalysis.[73]

6.11 Miscellaneous Catalytic Reactions

Another fluorous biphasic system, which showed desirable results was reported by
Biffis and co workers[74] who described the preferential silylation of primary alcohols
using [Rhy(PFTD),], (PFTD = perfluorotetradecanoate). Ligands of lower carbon
number were found to leach to the organic (CH,Cl,) phase during the reaction. The best
results were obtained with a DCM/FC-77 (mainly Cg containing fluorocarbons) solvent
system, at room temperature, 1 mol% catalyst and a 1:1 alcohol to silane ratio for 6
hours. This gave a yield of 68%, which was not as good as the non-fluorous reaction
(96% yield in 3 h). Catalyst decomposition caused a decrease in yield by the second
recycle of the fluorous layer. An interesting property of the system was observed when
a range of alcohols was tested and the preference for primary alcohols over secondary
and hydrophilic alcohols became apparent.

Endres and Maas have also described the use of rhodium(I) perfluoro carboxylates,
see Figure 6.26, as active catalysts in the carbenoid reaction of diazoacetate with
toluene in a toluene-PFMC solvent system.[75] Both catalysts are insoluble in toluene.
The complex containing the aryl carboxylic acid gave a total yield of 71% and the other
complex a total yield of 78%. Decomposition of both catalysts was observed.
This explains why only partial catalyst recovery could be made. In a more recent
paper,[76] further perfluorinated chains have been attached to the dirhodium complex,
introducing spacer groups. Only the ligand with Ry = CH,CgF,; was soluble in PFMC.
The spacer group had been introduced to minimise the electronic effect of the electron
withdrawing fluorous ponytail on the dirhodium complex, in order that it more
resembled its non-fluorous analogue, [Rh,(OAc)4]. The polar carboxylate groups make
these fluorinated catalysts different from others reported, which are generally non-
polar. These complexes are also soluble in THF and diethyl ether at room temperature,
which causes the catalyst to leach to the organic phase during a reaction.
Unfortunately, this study shows the limitations of the fluorous analogue of Rh-
catalysed carbene transfer. As the electron-withdrawing effect has to be restricted, two
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or more methylene spacer groups are required, but this in turn makes the catalyst
insoluble in fluorous solvents. Clearly fluorous biphasic catalysis does have its

limitations.
Rh cat
@ + _—COMe CO,Me
N2 PFCMH

| O

% R
~— t
0 \v(!)‘ o/R|h 4-CeHyCoF 13
S-0 C7F4s5
R¢
Ry

Figure 6.26. Carbene reaction catalysed by rhodium(II) complexes containing fluorinated
carboxylates.[75, 76]

6.12 Fluorous Catalysis without Fluorous Solvents

Wende and Gladysz have investigated the reaction of a perfluorinated catalyst system
in the absence of any fluorous solvent.[77] This system catalyses the conjugate addition
of alcohols to methyl propiolate under homogeneous conditions in n-octane at 65°C
(Figure 6.27). The fluorinated phosphine, P(C,H4CgFi7);, without metal, shows
temperature dependent solubility in n-octane such that it is essentially insoluble at
-30°C and it is reported that >97% phosphine recovery is made every run. Through
synthesis of a large number of fluorous ligands, it was observed that the solubilities of
these compounds increased with increasing temperature. The process simply relies
upon the same concept as an ordinary FBS, whereby at room temperature there are two
phases, in this case solid and liquid; at reaction temperature a single homogeneous
solution is formed and upon cooling the solid catalyst is again precipitated and can
easily undergo a heterogeneous separation. However, if there is incomplete conversion,
unreacted substrate and the organic solvent still have to be removed from the final
product.

P{(CH,)x(CsF47)}s  PhCH20

"CO,Me

Figure 6.27. Conjugate addition of benzyl alcohol to methyl propiolate catalysed by a fluorous phosphine
without a fluorous solvent.[77]

=——CO,Me + PhCH,OH
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The reaction was carried out by combining the phosphine ligand {P(C,H4CgF7);}, the
alcohol and methyl propiolate in n-octane at room temperature, the authors report no
visual dissolution of the phosphine. On heating to 65°C a homogeneous phase was
attained. After 8 hours the sample was cooled to —30°C and the phosphine precipitated.
The sample was kept at —30°C whilst the supernatant liquid was removed. It is unclear
why the phosphine undergoes a colour change during the reaction. Before heating it is a
white solid and the authors report that most samples on cooling precipitated an orange
solid, which upon recycling often darkened to red. For benzylic alcohol (PhCH,OH) a
yield of 82% was achieved in the first cycle. This was maintained for three recycles but
in the fifth cycle, dropped to 75%. Interestingly, by omitting the n-octane from the
reaction and making this a totally solvent free system, the initial yield rose to 99% and
was maintained for two further recycles before dropping to 95% in the fourth run. By
total omission of any solvent, not only is the cost reduced but also the process becomes
much more environmentally friendly. There has been some work published by other
groups working on a similar principle, these include catalysed condensations of
carboxylic acids and amines to amides,[78] transesterifications[79] and benzoylations
of alcohols and esterifications of carboxylic acids.[80] This is an interesting approach
from an economic point of view as there is no unnecessary expense on costly
fluorinated solvents. However, it would appear that a phase change of the catalyst at or
above the collection temperature, to provide a much less soluble form of the catalyst
could provide even greater advantages. Such systems do not appear to have been
reported.

6.13 Continuous Processing

Yoshida ef al recently reported the development of a continuous flow reaction system
using a fluorous biphasic system.[81] They report the acetylation of cyclohexanol and
the Baeyer-Villiger reaction of 2-adamantanone using fluorous biphasic conditions (see
Figures 6.28 and 6.29. The acetylation of cyclohexanol employed a fluorinated catalyst,
ytterbium(IIT) bis(perfluorooctanesulfonyl)amide, PFMC at 40°C. The organic phase
was made up of a solution of cyclohexanol in toluene to which was added acetic
anhydride. This organic mixture was continuously added to the stirred tank reactor and
once part filled with reaction mixture the mixture overflowed to a decanter (25°C)
where separation occurred. Once this decanter had filled the organic phase began to
overflow to the product tank whilst the fluorous phase could be recycled to the reactor
(see Figure 6.30). The product was analysed by GC and the results showed conversion
was maintained at >90% over 500 hours (nearly 3 weeks) with less than 2 ppm
ytterbium in the organic phase.

¢ = [Yb(N(SO2CgF17))s]
OH + Ac,O
? toluene / PFMCH OAc + HOAc

Figure 6.28. Acetylation of cyclohexanol carried out continuously under fluorous biphasic conditions for 500
h.[81]
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O o)
O
[Sn(N(SO,CgF 17)2)a]
+ H,0, + HyOy
1,2-C,H,Cl, / PFMCH

Fligure 6.29. Baeyer-Villiger reaction carried out continuously over 200 h under fluorous biphasic
conditions.[81]

In order to see if the reaction system was suitable for water forming reactions the
Baeyer-Villiger reaction of 2-adamantanone with 35% aqueous solution of H,O, was
investigated. =~ Using  tin(IV)  bis(perfluorooctanesulfonyl)amide  in 1,2-
dichloroethane/PFMC a conversion in the region of 50-60% was achieved with a high
selectivity. This reaction was run for 200 hours. The success of these reactions
indicates what may be possible with future continuous flow fluorous biphasic systems,
however no high pressure or gas substrates were involved in these reactions.

products
in organic
solvent

s

#=organic

emulsion

«fluorous

— —a

substrates reactor
in organic solvent phase «
separation
Figure 6.30. Schematic diagram of a reactor used continuously for up to 500 h for fluorous biphasic reactions
without gaseous reagents.[81] (A. Yoshida et al, Development of the continuous-flow reaction system based on the
Lewis acid-catalysed reactions in a fluorous biphasic system, Green Chemisty, 5, (2003), 555) Reproduced
by permission of The Royal Society of Chemistry.

decanter

A reactor which allows the continuous operation of fluorous biphasic reactions
involving gases has been described by Manos, Hope, Cole-Hamilton and co-workers
and demonstrated in the hydroformylation of 1-octene catalysed by complexes formed
in situ from [Rh(CO)y(acac)] and P(4-CsH4C4F13).[41-43] Shown schematically in
Figure 6.31, gases and fresh substrate are continually fed to the continuously stirred
tank reactor (CSTR), which contains the catalyst dissolved in PFMC. All the time, the
mixture is being removed through a dip tube, and flow controller (capillaries) to a
gravity separator. The phases separate and the organic phase is allowed to overflow
through a tube into a collection vessel, whilst the fluorous phase is continuously fed
back into the reactor via an HPLC pump.
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Figure 6.31. Schematic diagram of continuous flow reactor for fluorous biphasic reactions under gas
pressure.[42]
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Figure 6.32. Results for the continuous hydroformylation of 1-octene catalysed by Rh/ P(4-C¢H4CoF3); in
fluorocarbon solvents.[42]

Studies of the phase behaviour at ambient temperature within the separator [43] show
that there is significant solubility of the product nonanal within the fluorous phase and
vice versa. Although this does not present a problem for the nonanal (it will simply be
recycled to the reactor and create a steady state, it does mean that fluorous solvent is
always being lost. The loss of the fluorous solvent (2.8 mol% into pure nonanal), as for
the catalyst and the free ligand [41] is much more significant at low conversion, so
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optimum results should be obtained if the reaction is run at high conversion. This is a
fundamental problem with a continuous flow CSTR since some substrate will always
enter the reactor and pass straight out of it without having significant contact with the
catalyst. A possible solution to this problem, involving two parallel batch reactors is
discussed below. In order to work at as high conversions as possible, the
hydroformylation reaction was run in batch mode (all flows turned off) at the start of
the continuous run and again once the reaction mixture had passed through the system
and just filled the separator. Figure 6.32 presents the results obtained in a continuous
run.[42]

The drop in conversion at the start of the reaction represents the lower conversion
expected in the flow system than in the batch reaction. Since the steady state
conversion in this case was low, it was expected that phosphine and rhodium would
leach significantly to the organic phase (which indeed was yellow). Loss of rhodium
should cause a decrease in rate, whilst loss of phosphine should cause an increase
because the reaction is negative order in [phosphine]. As discussed above, the
phosphine leaches more than the rhodium, hence the increase in rate over the period 5-
10 h. Once the [phosphine] drops below a certain level, complexes of the form
[RhH(CO),(P(4-CcH4C6F13)3)3.0] (n = 2-3) will start to form. These have fewer
ponytails than [RhH(CO)(P(4-C¢H4CcF3)3);] and will leach more heavily, accounting
for the reduction in rate at 17-20 h. The L:b ratio is high throughout the main part of the
reaction (7:1), but this may in part be attributed to the high levels of isomerised alkene
(the branched alkyl intermediate in hydroformylation reactions can lead to the branched
aldehyde (reaction with CO) or to isomerised alkene (C-hydrogen abstraction), so that
high isomerisation can give high 1:b ratios, see Figure 6.33)[82]. The high levels of
isomerisation in this continuous reaction has been traced to inefficient stirring in the
reactor.[41] Although leaching was a major problem in this reaction, the catalyst
performed >15 000 turnovers at an average rate of 750 h™' over the 20 h period of the

reaction.[42]
R
branched
co_Rh —  aldehyde
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Figure 6.33. Relationship between isomerisation and branched aldehyde formation during hydroformylation
reactions

Figure 6.34 shows another continuous reaction.[41] In this case, more catalyst solution
was fed when the reaction rate slowed (represented by the dots in the figure) so that the
conversion was up to 70% for part of the reaction. The 1:b ratio was very high (13:1)
for much of the reaction, but interestingly dropped because of a drop in isomerisation
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activity at the highest conversions. Paradoxically this suggests that the gas mixing is
better at high conversion, when the phases are better separated. Perhaps it reflects the
higher concentration of rhodium in the active phase of the two-phase system.
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80 =% 2-Me-Octanal ALB 20.00 £
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Figure 6.34. Results from the hydroformylation of 1-octene carried out under continuous flow conditions
with extra catalyst solution addition.[41]

The drop in conversion at the start of the reaction is much greater than expected just on
the basis of transferring from a batch to a continuous reaction. It occurs because there is
also substantial leaching of rhodium (300 ppm) at the start of the reaction, either
because the catalyst has not preformed properly or because there is oxygen in the
system and some of the phosphine is oxidised. Rhodium leaching increases at the end
of the reaction (115 ppm), presumably because phosphine is lost to the organic phase
and there is insufficient to keep the catalyst as [RhH(CO){P(1-CsH4CsF}3)5}5], but is
about 20-30 ppm for most of the reaction.

The main conclusions to be drawn from this study are that the reactor design works
well, and that steady state continuous flow operation requires excellent mixing of the
gases and two liquid phases and high conversions. Improvements in the catalyst
(ligand) are required to reduce leaching still further, but commercialisation will also
require a different reactor design or more than one CSTR in series.

6.14  Process Synthesis for the Fluorous Biphasic Hydroformylation of 1-Octene

The fluorous biphasic concept was first tested on the hydroformylation of 1-decene[1]
and has been used more for this type of reaction than for any other. A continuously
operational reactor - separator system using l-octene as the substrate has been
reported.[41, 42] The major problem that is encountered is that the fluorous solvent,
ligand and catalyst all show some solubility in the organic phase. Significant
advantages have been demonstrated when the reaction is carried out without an
additional organic solvent.[20] This improves the reaction rate and selectivity as well as
the retention of ligand and catalyst in the organic phase. In a commercial plant it would
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also remove one complete separation step, that of the product from the organic solvent.
Certain other advantages compared with triphenylphosphine also accrue if the fluorous
pony-tail is attached in the 4-position of the phenyl ring, as in P(4-C4HsCgF3);. The
electron withdrawing nature of the fluorous substituent increases both the rate of
reaction and the selectivity to linear aldehyde.[20] This means that lower phosphorus
loadings are required (Rh:P = 1:10, compared with 1:150-300 in commercialised PPh;
systems)[83] to achieve 1:b ratios of 6:1 in batch processes (10:1 in some continuous
reactions and a linear selectivity of 81% compared with 83-90% for commercialised
propene hydroformylation using PPh;. It should be noted that propene cannot give
isomerised alkene and ca. 4% of 1-octene is isomerised during the fluorous biphasic
hydroformylation. For comparison, commercialised cobalt based hydroformylation
processes can give linear selectivities of 10:1, but 10% of alkene is lost to
hydrogenation so that the selectivity to linear aldehyde product is again ca. 81%.[83]

The fact that less ligand is required when using the fluorous substituent not only
saves in terms of ligand cost, but it also means that the reaction can be carried out with
very high rates at low temperature. At 70°C, the turnover frequency (TOF) is 4400 h™'
compared with 500-700 in commercial propene based systems, which are operated at
100°C.[20] This in turn should mean that ligand degradation, one of the chief repetitive
costs of the processes using PPh;, should be greatly reduced. One possible
disadvantage of omitting the organic solvent is that phase separation occurs under the
reaction conditions at ca. 20% conversion. This might appear to negate the major
advantage of the fluorous biphasic system (homogeneous reaction conditions), but
kinetic measurements have shown that the reaction remains first order way beyond this
conversion and even as far as 80% conversion.[20]

Even when omitting the organic solvent, some leaching of the ligand and the
catalyst still occurs. Catalyst retention is improved because the form of the catalyst,
which is present in the separator [RhH(CO)(P(4-CsH4C¢F13);] contains the maximum
number of fluorous substituents and hence is most fluorophilic.[41] It is also very much
dependent on the degree of alkene conversion to aldehyde because the fluorous ligand
and catalyst have very much higher solubility in 1-octene than in nonanal.[41] It is
clear from Figure 6.8 that reactions should be conducted to 100% conversion if
leaching of the expensive catalyst and ligand are to be minimised. This could be
achieved by using stirred tank reactors in series or in parallel. In Figure 6.35, we show
the use of two tank reactors (R1 and R2) operating in parallel, both feed from the same
supplies and both are attached to the same collecting vessel (C) attached to the same
separator. This design allows the reactions to be carried out to high conversion in batch
mode and allows for the bulk of the catalyst solution to be in the reactor under the
conditions for which it has been optimised at all times. By tunrng off the stirrer each
reactor also acts as the separator. Since only the product phase is withdrawn from the
reactor, the catalyst solution is not itself heated and cooled, so heat losses can be
minimised. A heat exchanger (HE) is proposed for using the heat from the product
leaving the reactor to preheat the fresh substrate. Because the product phase is
withdrawn hot from the reactor, a small amount of fluorous solvent (up to 4 mole %)
[40] and catalyst will be dissolved in it. On cooling in the heat exchanger and separator,
where dissolved gases will also be vented and recycled, the small amount of fluorous
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solvent and catalyst will separate. It will be recycled to the reactors once it has built up
to a significant level. The reactors would be operated in batch mode with a reaction
time of 20 min followed by a settling, separation and refilling period also of 20 min.
The two reactors would be operated in orthogonal cycles, so that the size of the
collecting tank can be reduced to a minimum.The reactors would have feeds for the
alkene, the fluorous solvent/catalyst solution and systems for recycling the unreacted
gases and the small amount of catalyst solution that separates in the collecting vessel.
The product solution will be passed from the collecting vessel to a single fractionating
column (D), where the isomerised alkene, dissolved fluorous solvent and two aldehyde
products will be fractionally separated. The recovered fluorous solvent (expected to be
as much as 2.8 mol % [43]) will be returned to the reactor, whilst the isomerised
alkenes will be burnt as fuel. The complete system is shown schematically in Figure
6.35.

To produce 100 000 tonnes of nonanal per year (25% down time, 100% conversion
of substrate, 80% selectivity to nonanal) requires a production rate from the reactors of
19 tonne h™', so that each batch must be 6.3 tonnes. Assuming a 1:1 ratio by volume of
fluorous solvent:liquid substrate and a 75 % loading, each reactor must have a volume
of 20 m’. If the distillation column were fully integrated into the system it would be
required to handle 19 tonnes aldehyde h™'. An increase in selectivity to the linear
product, which could be achieved using careful ligand design would reduce the reactor
size by up to 25%.

fluorous solvent

1
oy
CO/H, recycle QJ

HE
- —— isomerised alkenes
1-octene_>
R1 ] —— 2-methyloctanol
— nonanal

\_/ — e j D

C
— ¥
Heavies
CO/H, catalyst Phosphine
solution Phosphine oxide

recycle

R2

Figure 6.35. Schematic design of a full-scale fluorous biphasic reactor for the hydroformylation of 1-octene
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The main costs of the process are in the fluorous solvent and in the ligand. The total
estimated cost of the ligand will be of the order of 150 000 € for 30 kg. If we assume
that the rhodium losses can be reduced to 1 ppb (this will require improved ligand
design) and that ligand losses may be 10 times this (0.12 g tonne™), the added cost for
the ligand replenishment will be 60 000 €, increasing the cost of the nonanal by 0.6 €
per tonne. Although some of the fluorous solvent (ca. 0.2 mol%) will be dissolved in
the product, it is expected that almost all of this will be recovered in the distillation unit
and recycled. The total cost of the inventory of the fluorous solvent is 3.5 M€ (based on
a current quotation for 25 tonnes of 140 € kg™"), but this could be reduced to <30 € kg™
(0.75 M € for 25 tonnes) if perfluorohexane were used as the solvent. This is a capital
investment, and a loss of 1% per annum would increase the cost of the nonanal by 0.35
€ tonne” (0.075 € tonne using perfluorohexane). Even though the solvent and the
ligand are very expensive, realistic estimates of losses that might be obtainable on
optimisation of the reaction suggest that the major additional cost to the final price of
the nonanal will still be because of rhodium losses (1 € tonne™"). These costings are
collected in Table 6.3.

TABLE 6.3. Process for optimized nonanal production of 100 000 tonnes y' using perfluoro-
methylcyclohexane in a fluorous biphasic system *

Total Cost of replenishment Increased cost of nonanal / €
cost/ k€ /kEy" tonne”'

T/°C 70

p/ bar 20

Organic:fluorous (v/v) 1

Reactor volume / m’ 20

Collecting vessel volume 20

Rhodium inventory / kg 2.5 1000 100 1

Ligand inventory / kg 30 150 60 0.6

Fluorous solvent 25 750 7.5 0.075

inventory / tonne
Synthesis gas : alkene 1.2
ratio

Selectivity to  linear 80
product / %

Isomerised alkene / % 4
Fluorous  solvent in 3
organic phase g kg™

“ Based on 25% down time, perfluorohexane as fluorous solvent and P(4-C¢H4C4F)3)5 as the ligand.

6.15 Conclusions

The fluorous biphasic concept, which was first suggested by Horvath in 1994, has now
been applied to a very wide range of catalytic reactions, in many cases with the
recycling of the catalyst being demonstrated. In most cases there is a fall off of
conversion with reuse and significant leaching of ligand and metal containing catalyst,
although in some cases very good catalyst retention does appear to have been
demonstrated by ICP analysis and by successive experiments. Two different types of
continuous reactor have been developed for laboratory demonstration on a small scale,
one with and one without the capacity for handling pressurised gases. Two reactions
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have been operated, both without gaseous reagents, continuously for up to three weeks
with no noticeable loss in activity, suggesting that the technique should definitely be
considered for scale-up. Preliminary costings using realistic price estimates suggest that
losses of fluorous ligand and of fluorous solvent during the commercial
hydroformylation of long chain alkenes would not greatly inflate the costs of the
process, despite the high costs of these chemicals. The major renewable cost would still
be from loss of thodium.
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7.1. Introduction
7.1.1 INTRODUCTION TO IONIC LIQUIDS

Ionic liquids are characterised by the following three definition criteria. They consist
entirely out of ions, they have melting points below 100 °C and they exhibit no
detectable vapour pressure below the temperature of their thermal decomposition. As a
consequence of these properties most ions forming ionic liquids display low charge
densities resulting in low intermolecular interaction. Figure 7.1 displays some of the
most common ions used so far for the formation of ionic liquids.

R
N@N Rwl‘\l: Cr, Br
R 7R £ R [AICI,], [ALCIT
. [PFel, [BF4J SO
@ R [CF4COO, [CF;80, (RSOl [RSOS]
L g R [(CFSO,),NI

Figure 7.1. Typical cations and anions used for the formation of ionic liquids

The historical development of ionic liquids can be structured according to the different
classes of anions that were found to form low melting salts in combination with
imidazolium, pyridinium, ammonium and phosphonium cations. Low melting
chloroaluminate salts can be regarded as the first ionic liquids to be studied in detail
and in the modern literature they are often referred to as “first generation ionic liquids”.
They were described as early as in 1948 by Hurley and Wier at the Rice Institute in
Texas as bath solutions for the electroplating of aluminium [1]. Later in the seventies
and eighties, these systems were intensively studied by the groups of Osteryoung [2],
Wilkes [3], Hussey [4] and Seddon [5].
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In 1992, the ionic liquid methodology received a substantial boost when Wilkes and
Zaworotko described the synthesis of non-chloroaluminate, room temperature liquid
melts (e. g. low melting tetrafluoroborate melts) which may be regarded as “second
generation ionic liquids” [6]. Nowadays, tetrafluoroborate and (the slightly later
published [7]) hexafluorophosphate ionic liquids are still widely used in ionic liquid
research. However, their use in many technical applications will be clearly limited by
their relatively high sensitivity towards hydrolysis. Of course, the tendency of their
anions to hydrolyse is much less pronounced than for the chloroaluminate melts but it
still clearly exists. Consequently, the technical application of tetrafluoroborate and
hexafluorophosphate ionic liquids will be effectively restricted to those applications
where water-free conditions can be realised at acceptable costs.

In 1996, Gritzel, Bonhote and co-workers published the synthesis and properties of
ionic liquids with anions containing CF;- and other fluorinated alkyl groups [8]. These
do not show the same sensitivity towards hydrolysis as [BF,] and [PFs] based systems.
In fact, heating [BMIM][(CF;S0,),N] with excess of water to 100°C for 24 h does not
reveal any hint of anion hydrolysis [9]. However, despite the very high stability of
imidazolium bis(trifluoromethanesulfonyl)imides against hydrolysis and a number of
other very suitable properties (e. g. low viscosity, high conductivity, high thermal
stability, easy preparation in halogen-free form due to the miscibility-gap with water
etc.) the high price of the Li [(CF;S0,),N] starting material may be a major problem for
their practical application on a larger scale. Moreover, the presence of fluorine in the
anion may still be problematic even if hydrolysis is not an issue. The obvious disposal
option for technical amounts of spent ionic liquid is thermal treatment and this would
require great additional efforts in the case of fluorinated ionic liquids in order to avoid
the liberation of toxic and highly corrosive HF.

Nowadays, the use of ionic liquids with halogen-free anions is becoming more and
more popular. In 1998, Andersen et al. published a paper describing the use of some
phosphonium tosylates (all with melting points >70°C) in the rhodium catalysed
hydroformylation of 1-hexene [10]. More recently, we found that ionic liquids with
halogen-free anions can be synthesised with much lower melting points and used as
solvents in transition metal catalysis. For example, [BMIM][n-CgH;,SO4] (mp = 35°C)
could be used as solvents in the rhodium catalysed hydroformylation of 1-octene [11]
(more details are given in Section 7.2).

Two groups of newly developed ionic liquids can be distinguished: The first group
can be considered as “bulk ionic liquids”. These ionic liquids are designed to be
produced, used and somehow consumed in larger quantities. Applications for these
ionic liquids are expected to be solvents for organic reactions, homogeneous catalysis,
biocatalysis and other synthetic applications with some ionic liquid consumption as
well as some non synthetic applications (e. g. lubricants, performance additives,
surfactants, phase transfer catalysts, extraction solvents, solvents for extractive
distillation, antistatics etc. ). The cations and anions of these “bulk ionic liquids” are
chosen to make a relatively cheap (expected price on a multi-ton scale: ca 30€/litre),
halogen-free (e. g. for easy disposal of spent ionic liquid by thermal treatment) and
toxologically well-characterized liquid (preliminary studies concerning the toxicity of a
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non-chloroaluminate ionic liquid has been recently published [12]). From all ionic
liquids meeting these requirements only a limited number of candidates will be
produced on a large scale. However, these candidates will become well characterised
and — as a result of their larger production quantities - readily available.

Promising examples for this type of “bulk ionic liquids” include benzenesulfonate
[13], toluenesulfonate [10], octylsulfate [11] and hydrogensulfate [14] ionic liquids.
Some examples are given in Figure 7.2.

INBusMe] Qsos LNQN‘ W] [HSO.]

LN/Q\NW] [n-CgH17-0-S04]

Figure 7.2. Examples for bulk ionic liquids

The second group of recently developed ionic liquids is often referred to as “task
specific ionic liquids” in the literature [15]. These ionic liquids are designed and
optimised for the best performance in high-value-added applications. Functionalised
[16], fluorinated [17], deuterated [18] and chiral ionic liquids [19] are expected to play
a future role as special solvents for sophisticated synthetic applications, analytical tools
(stationary or mobile phases for chromatography, matrixes for MS etc.), sensors and
special electrolytes.
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Figure 7.3. Examples of task specific ionic liquids

Historically, the know-how to synthesise and handle ionic liquids has been treated in
some ways as a “holy grail”. Indeed, only a small number of specialised industrial and
academic research groups were able to prepare and handle the highly hygroscopic
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chloroaluminate ionic liquids which were the only ionic liquid systems available in
larger amounts before the mid-nineties.

Nowadays, a number of commercial suppliers [20] offer ionic liquids, some of them
in larger quantities, [21] and the quality of commercial ionic liquid samples has clearly
improved in recent years. The fact that small amounts of impurities significantly
influence the properties of the ionic liquid and especially its usefulness for catalytic
reactions [22] makes the quality of an ionic liquid an important consideration [23].
Without any doubt the improved commercial availability of ionic liquids is a key factor
for the strongly increasing interest in this new class of liquid materials.

From the historic examples above it is quite clear that there are many different ionic
liquids. More important than the impressive number of possible ion combinations is the
fact, that the physical and chemical properties of these ionic liquid materials can cover
a wide range of density, viscosity, surface tension, heat capacity, polarity, acidity,
coordination etc. Consequently, it is a key interest in ionic liquid development to
understand structure-property relationships in a way that allows a specific ionic liquid
to be designed for a given technical application. In this respect, we are still far from a
conclusive general understanding. However, in the last three years, the available and
reliable data has increased exponentially, providing a much better base for predictive
modelling. Table 7.1 displays some key properties of well-investigated ionic liquids
that may also be relevant for applications in liquid-liquid biphasic catalysis.

TABLE 7.1. Comparison of some properties of well-established ionic liquid systems with the 1-ethyl-3-
methyimidazolium ([EMIM]) and 1-butyl-3-methylimidazolium ([BMIM]) ions

ionic liquid mp./gp. viscosity density” tendency for ref.
[°C] [cP] [g/ml] hydrolysis®

[EMIM][AICl4] 7 (mp) 18° 1.240 very high 24
[EMIM][BF,] 6 (gp) 34 1.240 existent 25
[EMIM][CF;S0s] -3 (mp) 45° 1.390 very low 8
[EMIM][(CF3S0,):N] -9 (mp) 31° 1.518 very low 26
[BMIM][PFq] 6 (mp) 207" 1.363 existent 27
[BMIM][CF;S0s] 16 (mp) 90° 1.290 very low 8
[BMIM][(CF;S0,).N] -4 (mp) 52° 1.429 very low 8
[BMIM][1n-CsH,0S04] 35 (mp) 875" 1.060 low 11

gp = glass point; mp = melting point; a) at 25°C; b) at 20°C; c¢) very high = immediate hydrolysis even with
traces of water; existent = slow hydrolysis with water accelerated at higher temperature; low = slow
hydrolysis only in acidic solutions at elevated temperature; very low = no hydrolysis even at higher
temperature in acidic solutions; n.d. = not determined.

Since the focus of this contribution is clearly on catalysis and catalyst recycle using the
ionic liquid methodology it is not possible to go into more detail on the materials
science aspects of ionic liquids. However, it should be clearly stated that at least some
understanding of the ionic liquid material is a prerequisite for its successful use as a
liquid catalyst support in catalysis. Therefore, the interested reader is strongly
encouraged to explore the more specialized literature [28].

Many transition metal complexes dissolve readily in ionic liquids, thus enabling their
use as solvents for transition metal catalysis. Sufficient solubility for a wide range of



CATALYST RECYCLING USING IONIC LIQUIDS 187

catalyst complexes is an obvious, but not trivial, prerequisite for a versatile solvent for
homogenous catalysis.

The first example of homogeneous transition metal catalysis in an ionic liquid dates

back to 1972 when Parshall described the platinum catalysed hydroformylation of
ethene in tetracthylammonium trichlorostannate (mp. 78°C) [29]. This work was
followed by the pioneering studies of Knifton who reported the ruthenium- and cobalt-
catalysed hydroformylation of internal and terminal alkenes in molten [Bu,P]Br in
1987 [30]. The first biphasic, liquid-liquid catalysis with room temperature ionic
liquids was carried out by Chauvin and Olivier-Bourbigou in the early nineties [31].
However, only the development and broader availability of non-chloroaluminate ionic
liquids led to the much larger number of publications in this research field starting from
the late nineties. Today, a significant part of the ballooning number of publications on
ionic liquid chemistry (more than 1700 in 2004 according to SciFinder) deals with
transition metal catalysis in these unusual liquid materials. This intense publication
activity has been documented in a number of comprehensive review articles and book
chapters [32]. Therefore, there is no need to add another list of reactions and catalyst
systems that have been successfully applied in ionic liquids.
In contrast, we intend to demonstrate the principle aspects of catalyst recycling and
regeneration using the ionic liquid methodology. These aspects will be explored in
more detail for the example of Rh-catalysed hydroformylation (see Section 7.2). First,
however, we will briefly introduce important general facts concerning transition metal
catalysis in ionic liquids (see Section 7.1.2). This will be followed by a consideration of
liquid-liquid biphasic reactions in these media from an engineering point of view (see
Section 7.1.3).

7.1.2 INTRODUCTION TO TRANSITION METAL CATALYSIS IN IONIC
LIQUIDS

There are many good reasons for applying ionic liquids as alternative solvents in
transition metal catalysed reactions. Besides their very low vapour pressure and their
good thermal stability [33], an important advantage is the possibility of tuning their
solubility [34] and acidity/coordination properties [35] by varying the nature of the
anions and cations systematically.

The possibility of adjusting solubility properties is of particular importance for
liquid-liquid biphasic catalysis. Liquid-liquid catalysis can be realised when the ionic
liquid is able to dissolve the catalyst, especially if it displays partial solubility of the
substrates and poor solubility of the reaction products. Under these conditions, the
product phase, which also contains the unconverted reactants, is removed by simple
phase decantation. The ionic liquid containing the catalyst can then be recycled. In such
a scenario the ionic catalyst solution may be seen as part of the capital investment for a
potential technical process (in an ideal case) or at least as a “working solution” (only a
small amount has to be replaced after a certain time of application). A crucial aspect of
this concept is the immobilisation of the transition metal catalyst in the ionic liquid.
While most transition metal catalysts easily dissolve in an ionic liquid without any
special ligand design, ionic ligand systems have been applied with great success to
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prevent catalyst leaching under the conditions of intense mixing in continuous liquid-
liquid biphasic operation. Since many of the important ligand developments have been
made for the biphasic hydroformylation reaction more details on specific ligand
systems developed for the use in ionic liquids will be given in Section 7.2.

Apart from these recycling aspects, liquid-liquid biphasic catalysis can also help to
improve the selectivity of a given reaction. Attractive options arise from the
preferential solubility of only one reactant in the catalyst solvent or from the in-situ
extraction of desired reaction products out of the catalyst layer in order to avoid
unfavourable consecutive reactions (see Figure 7.4) [36].

organic layer: A/A-A= 1:1

A+A

\\* JJMT

(cat] A QA—A—A
+A Q A-A-A-A

ionic liquid layer
A/A-A: 10:1

Figure 7.4. Enhanced dimer selectivity in the oligomerisation of compound A due to the biphasic reaction
mode with an ionic liquid of high preferential solubility for A

The possibility of adjusting acidity/coordination properties opens up a wide range of
possible interactions between the ionic liquid solvent and the dissolved transition metal
complex. Depending on the acidity/coordination properties of the anion and on the
reactivity of the cation (the possibility of carbene ligand formation from 1,3-
dialkylimidazolium salts is of particular importance here [37]), the ionic liquid can be
regarded as an “innocent” solvent, as a ligand precursor, as a co-catalyst or as the
catalyst itself.

Ionic liquids with weakly coordinating, inert anions (e. g., [(CF;S0,),N], [BF,] or
[PF¢] under anhydrous conditions) and inert cations (cations that do not coordinate to
the catalyst themselves and that do not form species under the reaction conditions that
coordinate to the catalyst) can be considered as “innocent” solvents in transition metal
catalysis. In these cases, the role of the ionic liquid is solely to provide a more or less
polar, more or less weakly coordinating medium for the transition metal catalyst that
additionally offers special solubility for the feedstock and products.
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However, unlike most conventional solvents, many ionic liquids combine high
solvating power for polar catalyst complexes (polarity) with weak coordination
(nucleophilicity) [38]. It is this combination that enables a biphasic reaction mode with
these ionic liquids even for catalyst systems which are deactivated by water or polar
organic solvents.

In many other reactions where ionic or polar transition metal catalysts are used it has
been demonstrated that the use of polar and weekly coordinating ionic liquids can result
in a clear enhancement of catalytic activity [32a].

A truly co-catalytic effect of ionic liquids is observed with those ionic liquids
displaying a certain latent or real Lewis-acid character. These ionic liquids are usually
formed by the reaction of a halide salt with a Lewis acid (e. g. chloroaluminate or
chlorostannate melts). In many examples, the Lewis acidity of an ionic liquid has been
used to convert the neutral catalyst precursor into the active form of the catalyst by
halide abstraction (see Scheme 7.1) [39].

Cp,TiCly + [cation][Al,Cl,] [Cp,TiCIJ[AICI,] + [cation][AICI4]

(ligand),NiCl, + [cation][Al,Cl7] + [cation][Al,EtClg]

[(igand)Ni-CH,-CH3][AICL,] + 2 [cation][AICI,] + AlCIz-ligand

Scheme 7.1. Activation of a neutral catalyst precursor by chloroaluminate ionic liquids

Even if the ionic liquid is not directly involved in creating the active catalytic species, a
co-catalytic interaction between the ionic liquid solvent and the dissolved transition
metal complex often takes place and can result in significant catalyst activation. When
a catalyst complex is, for example, dissolved in a slightly acidic ionic liquid some
electron-rich parts of the complex (e.g., lone pairs of electrons in the ligand) may
interact with the solvent, providing increased activity to the resulting catalytic centre.
Acidic ionic liquids can be considered as liquid acid supports for transition metal
catalysts dissolved therein.

7.1.3  MULTIPHASIC CATALYSIS WITH IONIC LIQUIDS — ENGINEERING
ASPECTS

Liquid-liquid multiphasic catalysis with the catalyst present in the ionic liquid phase
relies on the transfer of organic substrates into the ionic liquid or reactions must occur
at the phase boundary. One important parameter for the development of kinetic models
(which are crucial for up-scaling and proper economic evaluation) is the location of the
reaction. Does the reaction take place in the bulk of the liquid, in the diffusion layer or
immediately at the surface of the ionic liquid droplets?

The answer to this question depends mainly on the relative speed of the chemical
reaction vs. mass transfer of the substrate into the ionic liquid layer. If the chemical
reaction is fast vs. the mass transfer rate, a significant part of the reaction will take
place at the surface or in the diffusion layer. If the chemical reaction is slow relative to
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mass transfer, the feedstock concentration will be high in the bulk ionic liquid phase
and the major part of the reaction will take place there. Figure 7.5 shows both cases for
a reaction where substrate 2 is present in large excess in the ionic liquid layer while
substrate 1 has to be transferred from the gas phase into the ionic liquid. For an organic
solvent-ionic liquid biphasic reaction the picture becomes slightly more complex, since
mass transfer resistance on the organic side of the organic-ionic liquid phase boundary
has to be taken into account as well.

gas IL gas IL
E‘-_q_"c""/ll_-cz'; ail
2 i *
T
—
A) B)

Figure 7.5. Concentration of gaseous feedstock 1 in a gas-ionic liquid biphasic reaction for slow (A) and fast
(B) chemical reaction - mass transfer resistance on the gas side is neglected

TABLE 7.2. Viscosities of selected ionic liquids with 1-ethyl-3-methylimidazolium

([EMIM]) as the cation
Anion T/K Viscosity/cP ref.
[CH5CO»] 293 162 [40]
[CH;S0;] 298 160 [40]
[C5F,CO4] 293 105 [40]
[CF;S0s] 293 45 [40]
[CF5CO,] 293 35 [40]
[BF.] 298 34 [40]
[(CF3S0,),N] 293 34 [40]
Br/AlBr; (34.0/66.0 mol%) 298 32 [40]

o o 298 25 [41]

%RCNFﬂ
o

[N(CN),] 298 21 [42]
CI/AICI; (50.0/50.0 mol%) 298 18 [40]
CI/AICI; (34.0/66.0 mol%) 298 14 [40]
for comparison:
ethylene glycol 298 16 [40]

It is important to be able to identify mass transfer limitations that occur when the
reaction rate is high compared with the rate of mass transfer. For a heavily mass
transfer limited reaction, preliminary experiments in a non optimised laboratory reactor
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may indicate slow kinetics while the observed overall reaction rate may become much
higher by scaling-up with an optimized reactor design. If the reaction is exothermic
such a misinterpretation can cause great problems for the heat management in the
reactor.
In the case of ionic liquids, these general aspects for all fluid-fluid reactions are of
particular importance, since mass transfer into an ionic liquid layer is generally slower
than into an organic or aqueous medium. This is because ionic liquids usually have
much higher viscosities than organic solvents. The least viscous ionic liquids are
somewhat similar to ethylene glycol as demonstrated in Table 7.2. However, many
ionic liquids used in liquid-liquid biphasic catalysis are significantly more viscous.

The diffusional mass transfer into an ionic liquid can be expressed by the
following equation:

dn/dt =D, ,"" A dc,/dz

with DLZIL being the diffusion coefficient, A being the liquid-liquid interfacial area and
dc,/dz being the concentration gradient along the z-axis.

As can be seen easily from this equation, relatively high viscosity of the ionic liquid
reduces the mass transport into the catalytically active layer in two ways: a) the higher
the viscosity, the lower the diffusion coefficient D;,"; b) the higher the viscosity the
larger the droplets formed with a given stirring effort in a given device and —
consequently — the smaller the organic - ionic liquid interfacial area A.

The aspects discussed above are not only relevant for the transfer of a component 1
from one liquid organic phase into the ionic liquid but also for the transfer of reactive
gases into the ionic liquids. If the chemical kinetics are relatively fast a special stirrer
design (as shown in Figure 7.6) can help to reduce problems related to mass transfer of
the reactive gas into the ionic liquid.

Figure 7.6. A 150 ml autoclave with a special stirrer design to maximise the intake
of gaseous reactants into an ionic liquid (for more details see [43])

However, it should be noted that in some cases the existence of mass transfer
limitations can be advantageously used to control the exothermicity of reactions. For
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example, a decrease of stirring can be a simple and efficient way to decrease the
reaction rate and hence the heating effect of the reaction.

In many respects liquid-liquid, biphasic transition metal catalysis in ionic liquids is
better regarded as heterogeneous catalysis on a liquid support than as conventional
homogeneous catalysis in an organic solvent. As mentioned above, support-catalyst
interactions are known in ionic liquids and can lead to catalyst activation (or
deactivation). Product separation from an ionic catalyst layer is often casy (at least if
the products are not too polar and have low boiling points) as in classical
heterogeneous catalysis. However, mass transfer limitation problems (when the
chemical kinetics are fast) and some uncertainty concerning the exact micro-
environment around the catalytically active centre represent common limitations for
transition metal catalysis in ionic liquids and on heterogeneous supports.

Of course, there are some still important differences between the use of a liquid
catalyst immobilisation phase and a classical heterogeneous support. Obviously, by
using a liquid, ionic catalyst support it is possible to integrate some classical features of
traditional homogenous catalysis into this type of ‘“heterogeneous” catalysis. For
example, a defined transition metal complex can be introduced and immobilised in an
ionic liquid providing the opportunity of optimising the selectivity of a reaction by
ligand variation, which is a typical approach in homogeneous catalysis. Reaction
conditions in ionic liquid catalysis are still mild and comparable to those in
homogenous catalysis. Analysis of the active catalyst in an ionic liquid immobilisation
phase is, in principle, possible using the same methods developed for homogeneous
catalysis, which should enable more rational catalyst design in the future.

In comparison to traditional biphasic catalysis using water, fluorous phases or polar
organic solvents, transition metal catalysis in ionic liquids represents a new and
advanced way of combining the specific advantages of homogeneous and
heterogeneous catalysis.

7.2. Liquid-liquid Biphasic, Rh-catalysed Hydroformylation Using lonic Liquids

The first investigations of the rhodium-catalysed hydroformylation in room temperature
ionic liquids were published by Chauvin et al. in 1995 [44]. The hydroformylation of 1-
pentene with the neutral catalysts [Rh(CO),(acac)]/triarylphosphine was carried out in a
biphasic reaction using [BMIM][PF;] as the ionic liquid (see Scheme 7.2).
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1
/\/\/\H
n-product
+ CO/H,, [Rh(CO)z(acac)]/PPh,

+
[BMIM][PFg], 80 °C, 20 bar CO/H,
H

iso-product

N

n/iso: 3

Scheme 7.2. First example of Rh-catalysed hydroformylation with room temperature ionic liquid as published
by Chauvin et al. in 1995

However, with none of the well-established ligands tested in this study was it possible
to combine high activity, complete retention of the catalyst in the ionic liquid and high
selectivity for the desired linear hydroformylation product. The use of PPh; resulted in
significant leaching of the Rh-catalyst into the product phase, thus the catalyst was
active in both phases. The catalyst leaching could be suppressed by the application of
the same sulfonated triaryl phosphine ligands that are used with great success in
aqueous biphasic catalysis. Surprisingly these ligands were found to cause major
deactivation when applied in an ionic liquid medium (TOF = 59 h' with tppms
compared to 333 h”' with PPh;). Moreover, all of the ligands used in Chauvin’'s work
showed poor selectivity to the desired linear hydroformylation product (n/iso-ratio
between 2 and 4).

The first ligand system especially designed for the use in ionic liquids was described in
2000 [45]. Cationic ligands with a cobaltocenium backbone were successfully applied
in the biphasic, Rh-catalysed hydroformylation of 1l-octene. 1,1°-
Bis(diphenylphosphino)cobaltocenium hexafluorophosphate (cdpp) proved to be an
especially promising candidate. The compound was synthesised according to Scheme
7.3 by mild oxidation of 1,1’-bis(diphenylphosphino)cobaltocene with C,Cls followed
by anion exchange with [NH,4][PF¢] in acetone. In a typical example, this ionic catalyst
system allowed the hydroformylation of 1-octene at a rate of 800 catalyst turnovers per
hour (ligand/Rh: 2:1, CO/H, =1:1, t = 1h, T = 100°C, p = 10 bar, 1-octene/Rh = 1000, 5
mL [BMIM][PF¢]). Under these conditions, the n/iso-selectivity was found to be as
high as 16.2 corresponding to a selectivity of 94% to the desired linear aldehyde.

It is important to note that with the phosphinocobaltocenium ligand cdpp the reaction
took place almost exclusively in the ionic liquid phase (ca. 0.5% of the Rh was found in
the product layer after reaction). The catalyst phase was separated from the product by
decantation. Moreover, the recovered ionic catalyst solution could be reused at least
once more with similar reactivity to that in the original run.
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Scheme 7.3. Synthesis of 1,1’-Bis(diphenylphosphino)cobaltocenium hexafluoro-phosphate
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Scheme 7.4. Synthesis of a guanidinium modified triphenylphosphine ligand

Subsequently, it was found that modification of neutral phosphine ligands with cationic
phenylguanidinium groups represents a very powerful tool for immobilising Rh-
complexes in ionic liquids [46]. Cationic phosphine ligands containing
guanidiniumphenyl moieties were originally developed to make use of their
pronounced solubility in water [47], [48]. They were shown to form active catalytic
systems in Pd mediated C-C coupling reactions between aryl iodides and alkynes
(Castro-Stephens-Sonogashira reaction) [49] and Rh catalysed hydroformylation of
olefins in aqueous two-phase systems [50]. The guanidinium modified
triphenylphosphine ligand was prepared according to Scheme 7.4 by anion exchange
with [NH4][PFs] in aqueous solution from the corresponding iodide salt [46]. In the
biphasic Rh-catalysed hydroformylation experiment using [BMIM][PF;] as the catalyst
solvent, this ligand reduced Rh-leaching to about 0.07% of the Rh used in the
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experiment. The ionic catalyst solution could be recycled 10 times without significant
loss in activity. The n/iso ratio of 2.5-2.8 was in the expected range for a PPh; derived
ligand system.

Alternative methods of immobilising phosphine ligands by attaching them to ionic
groups similar to the ionic liquid cation have been reported. Both pyridinium-modified
phosphine ligands [51] and imidazolium modified phosphine ligands [52], [53] have
been synthesised and applied in Rh-catalysed hydroformylation (see Figure 7.7). While
the presence of the ionic group led to better immobilisation of the Rh-catalyst in the
ionic liquid in all cases no outstanding reactivity or selectivity were observed with
these ligands. This is not really surprising since all these ligands are electronically and
sterically closely related to PPh;.

— PPh,

NN
XN pphy,

Figure 7. 7. Cationic diphenylphosphine ligands as used in the biphasic, Rh-catalysed hydroformylation of 1-
octene in e. g. [BMIM][PF¢]

Further developments were directed towards ligand systems which are ionic (for highly
efficient immobilisation in the ionic liquid) but have a ligand backbone that allows very
high selectivity towards the linear aldehyde product.

It is well-known that diphosphine ligands with large natural P-metal-P bite angles form
highly regioselective hydroformylation catalysts [54]. Here, xanthene type ligands (P-
metal-P~ 110 °) developed by van Leeuwen’s group proved to be especially suitable
allowing an overall selectivity of 98% towards the desired linear aldehyde in 1-octene
hydroformylation in traditional solvents [55], [56].

While the unmodified xanthene ligand (compound (a) in Figure 7.8) shows highly
preferential solubility in the organic phase in the biphasic 1-octene/[BMIM][PF;]
mixture, both the sulfoxantphos ligand (compound (b) in Figure 7.8) and the
guanidinium-modified xanthene ligand (compound (c) in Figure 7.8) [57] have been
successfully applied using biphasic catalysis with ionic liquids.
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c) guanidinium modified xantphos
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Figure 7.8. Unmodified xantphos (a), sulfoxantphos (b) and guanidinium-modified xantphos ligand (c) as
used in the biphasic, Rh-catalysed hydroformylation of 1-octene

The use of the sulfoxantphos ligand (compound (b) in Figure 7.8) in the biphasic
hydroformylation of 1-octene with [BMIM][PF,] has been studied by Dupont and co-
workers [58]. The ligand allowed recycling of the catalyst solution up to four times
with no loss in activity or selectivity. Highly regioselective hydroformylation (n/iso =
13) was reported for a Rh/phosphine-ratio of 4 (100°C, 15 bar syngas pressure).

The guanidinium modified ligand (compound (c¢) in Figure 7.8) was synthesised by
reacting the corresponding xanthenediphosphine (prepared after [57]) with
iodophenylguanidine in a Pd(0)-catalysed coupling reaction (see Scheme 7.5) [46]. The
ligand was tested in the Rh-catalysed hydroformylation in consecutive recycling runs
both at 10 bar and at 30 bar syngas pressure using [BMIM][PF] as the catalyst layer.
The recycling was performed by simple decantation of the organic phase after reaction
and a replenishment of all feedstock components. Despite this very simple procedure
(e.g. no inert gas atmosphere could be guaranteed during the handling) the catalytic
performance remained very stable over ten repeated runs. At 30 bar, the overall
turnover number reached 3500 mol I-octene (mol Rh)" and the n/iso ratio of the
product was 19 (95% n-product). At 10 bar, the overall turnover number was 2180 mol
1-octene (mol of Rh)" and the n/iso ratio of the product was 24 (96% n-product). In
agreement with the excellent recylability of the ionic catalyst solution, no Rh could be
detected in the product layer by AAS or ICP, indicating a leaching of less then 0.07 %.
In all experiments very good selectivities for the linear aldehyde were obtained, thus
proving that the attachment of the guanidinium moiety to the xanthene backbone does
not influence its known positive effect on the regioselectivity of the reaction. However,
it is noteworthy that the catalytic activity increased during the first runs, achieving a
stable level only after the forth recycling run. This behaviour has been attributed to a
certain catalyst pre-forming in the ionic liquid.
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P(OEt),  P(OEt) PH, PH,

Scheme 7.5. Synthesis of the guanidinium modified xanthene ligand; a) diethylchlorophosphite; b)
LiAlH,/chlorotrimethylsilane; ¢) 4 eq. 3-iodophenylguanidine, 2 mol% Pd,dba; * CHCl;, 80 °C, 24h in DMF

Recently, a novel ionic, phenoxaphosphino-modified xanthene ligand has been
prepared by van Leeuwen and co-workers [59]. The ligand, containing two 1-methyl-3-
pentylimidazolium hexafluorophosphate moieties, was synthesised via a six-step route
from 9,9-dimethylxanthene according to Scheme 7.6 [60].
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Scheme 7.6. Synthesis of the novel dicationic POP ligand
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The ionic catalyst solution was prepared by stirring [Rh(acac)(CO),] with four
equivalents of this ligand in an acetonitrile/[BMIM][PF¢] mixture for 1 h followed by
removal of the volatiles. The reaction conditions for the hydroformylation of 1-octene
were similar to those used by Dupont et al. [58] (see earlier). The results of seven
consecutive recycling experiments are shown in Table 7.3.

TABLE 7.3. Results for the hydroformylation of 1-octene with the Rh-POP catalyst

Cycle Isomerisation” TOF*" n/iso” Selectivity”

[%] [h'] [%]
1 11.8 65 44 86.2
2 8.3 88 49 89.8
3 7.8 93 44 90.1
4 7.7 112 44 90.3
5 9.6 107 38 88.1
6 13.3 318 49 85.0
79 17.7 305 55 80.8

Reaction conditions: T = 100 °C, p = 17 bar, CO:H, = 1:1, ligand/Rh = 4, substrate/Rh = 988; a) percent
isomerisation to 2-octene, turnover frequency, n/iso ratio and percent linear aldehyde were determined at ca.
30 % alkene conversion; b) turnover frequency = mol aldehyde per mol rhodium per hour; ¢) pH, = 40 bar
and pCO = 6 bar.

Again, the catalytic activity of the system increased within the first four cycles. The
authors assume that the conversion of the dimeric species into the active rhodium-
hydride species was incomplete at the beginning. The red colour of the rhodium
complex in the ionic liquid also suggested the presence of the dimeric complex [61].
An increase in hydrogen partial pressure shifted the equilibrium towards the active
hydride species, enhancing the activity to turnover frequencies of higher than 300 h™
(entries 6 and 7). Rh and phosphorous leaching was not detected at all after each
recycle and the catalyst proved to be stable in air for more than 14 days without
significant loss of activity.

So far, research in the field of biphasic, Rh-catalysed hydroformylation using ionic
liquids has been largely dominated by attempts to improve the immobilisation of the
phosphine ligands in the ionic medium. Even if the development of such ionic ligands
is undoubtedly an important prerequisite for all future research in biphasic
hydroformylation using ionic liquids, one should not forget other research activities
with slightly different goals.

The group of Olivier-Bourbigou has shown, for example, that phosphite ligands can
be used in the Rh-catalysed hydroformylation in ionic liquids as well as the well-known
phosphine systems [51]. Since phosphite ligands are usually unstable in aqueous media
this adds, apart from the much better solubility of higher olefins in ionic liquids,
another important advantage to biphasic hydroformylation using ionic liquids in
comparison to the established biphasic reactions in water.

Finally, research efforts to replace hexafluorophosphate (and other halogen-
containing) ionic liquids by some cheap and halogen-free ionic liquids in the Rh-
catalysed hydroformylation should be mentioned. The first attempts in this direction
were made by Andersen et al. [10] These authors investigated the hydroformylation of
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I-hexene in high melting phosphonium salts, such as butyltriphenylphosphonium
tosylate (mp = 116-117 °C). Obviously, the high melting point of the salts used makes
the processing of the reaction difficult, even if the authors describe easy product
isolation by pouring the product off the solid catalyst medium at room temperature.
Recently, in our group, much lower melting benzenesulfonate, tosylate or octylsulfate
ionic liquids have been obtained in combination with imidazolium ions.

These systems have been successfully applied as catalyst media for the biphasic, Rh-
catalysed hydroformylation of 1-octene [11], [62]. The catalyst activities obtained with
these systems were in all cases equal or even higher than those with the commonly used
[BMIM][PF¢]. Table 7.4 compares some typical results using Rh-sulfoxantphos in
alkylsulfate and sulfonate ionic liquids with analogous experiments in a
hexafluorophosphate system.

TABLE 7.4. Biphasic hydroformylation using halogen-free octylsulfate and tosylate ionic
liquids compared with the same reaction in [BMIM][PFg]

Ionic liquid TON" Hydr./Isom. n/iso

(%)
[BMIM] [PFq] 169 3.0 325
[BMIM] [Octylsulfate] 646 9.9 49.5
[BEIM] [Tosylate] 541 8.4 32.8

Reaction conditions: 2 h reaction time, T = 120 °C, p = 11 bar, 5 ml IL, 1-Octene:Rh =
1000, Ligand:Rh = 2.5 ; ligand = sulfoxantphos, a) turnover number = mol aldehyde per
mol rhodium

The results clearly prove that higher activity was obtained with the halogen-free ionic
liquids. This may be attributed to their higher solubilising power for the feedstock 1-
octene. The higher hydrogenation/isomerisation activity of the halogen-free system was
related to the higher conversion that was obtained under standard condition with the
more active systems. Moreover, the regioselectivity was found to be at least
comparable to the halogen-free systems.

Taking into account the much lower costs of the ionic medium, the better stability
against hydrolysis and the wider disposal options related to, for example, an
octylsulfate or a tosylate ionic liquid in comparison to [BMIM][PF], there is no real
reason to centre future hydroformylation research around hexafluorophosphate ionic
liquids.

Another interesting recent development is the continuous, Rh-catalysed
hydroformylation of 1l-octene in the unconventional biphasic system
[BMIM][PF;]/scCO, that has been developed by Cole-Hamilton and co-workers [63].

The concept makes use of the complimentary strengths and weaknesses of the two
unconventional media. While ionic liquids are known to be excellent solvents for many
transition metal catalysts, the solubility of most transition metal complexes in scCO, is
poor (if not modified with e. g. phosphine ligands with fluorous "ponytails" [64]).
However, product isolation from scCO, is always very simple, while from an ionic
catalyst solution it may become more and more complicated depending on the
solubility of the product in the ionic liquid and on the product's boiling point.

Beckman, Brennecke and their research groups first realised that scCO, and ionic
liquid exhibit an interesting mixing behaviour that can be used to design continuous
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catalytic processes. They observed that, although scCO, is surprisingly soluble in some
ionic liquids, the reverse is not the case, with no detectable ionic liquid solubilisation in
the CO, phase [65].

In addition to Rh-catalysed hydroformylation, this special phase behaviour has been
successfully applied to other continuous catalytic reactions — such as Ni-catalysed,
enantioselective hydrovinylation [66] and the lipase-catalysed kinetic resolution and
enantiomer separation of chiral alcohols [67].

A basic scheme of the apparatus that has been used by Cole-Hamilton et al. for the
continuous Rh-catalysed hydroformylation in the system [BMIM][PF;]/scCO, is shown
in Figure 7.9.
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Figure 7.9. Basic scheme of the apparatus used for biphasic Rh-catalysed hydroformylation in an IL/scCO,
mixture

During a 33 h continuous hydroformylation run using this set-up, no catalyst
decomposition was observed and Rh leaching into the scCO,/product stream was less
than 1 ppm. The selectivity for the linear nonanal was found to be stable over the
reaction time with n/iso = 3.1. During the continuous reaction, alkene, CO, H, and CO,
were separately fed into the reactor containing the ionic liquid catalyst solution.
Products and unconverted feedstock dissolved in scCO, were removed from the ionic
liquid. After decompression the liquid product was collected and analysed.

In contrast to the reaction in repetitive batch mode, the continuous operation avoids
any contact with air which is often unavoidable during the phase separation and
refilling procedures. In the repetitive batch mode, Cole-Hamilton et al. observed a
continuous drop of the product’s n/iso ratio from 3.7 to 2.5, an increased isomerisation
activity of the system and significant Rh leaching after the ninth run. The authors
concluded from *'P NMR experiments that ligand oxidation occurred. This resulted in
the formation of [RhH(CO)4] which is known to show more isomerisation activity and
a lower n/iso ratio than the modified catalyst system. Unmodified [RhH(CO),] is also
known to display some solubility in scCO,, which explains the observed leaching of Rh
into the organic layer.
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All these problems could be convincingly overcome by application of the continuous
operation mode [63 d)]. Most interestingly, this unusual continuous biphasic reaction
mode enabled the quantitative separation of relatively high boiling products from the
ionic catalyst solution under mild temperature conditions and without use of an
additional organic extraction solvent. More details of this process are included in
Chapter 8, Section 8.2.2.3.

7.3 Rhodium Catalysed Hydroformylation Using Supported Ionic Liquid Phase
SILP) Catalysis

The term “Supported Ionic Liquid Phase (SILP) catalysis™ has recently been introduced
into the literature to describe the heterogenisation of a homogeneous catalyst system by
confining an ionic liquid solution of catalytically active complexes on a solid support
[68]. In comparison to the conventional liquid-liquid biphasic catalysis in organic-ionic
liquid mixtures, the concept of SILP-catalysis offers very efficient use of the ionic
liquid. Figure 7.10 exemplifies the concept for the Rh-catalysed hydroformylation.
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catalyst particle

Product
\ ~._Substrate
.

Figure 7.10. Supported ionic liquid phase (SILP) catalysis exemplified for the Rh-catalysed
hydroformylation reaction

The basic idea of immobilising a catalytically active solution on a solid support to
obtain a solid catalyst with homogencous type selectivity and efficiency is not new. In
the late seventies, Scholten [69] and Hjortkjeer [70] described supported liquid phase
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(SLP) systems where a high boiling organic solvent was used as the liquid film. Later,
supported aqueous phase (SAP) catalysts where intensively studied [71].

To our knowledge, none of the developed SLP and SAP catalysts made their way into a
technical process. Obviously, the possibility of using a supported liquid catalyst in a
continuous liquid phase reaction is generally very restricted. The reason is that a very
low solubility of the liquid in the feedstock/product mixture is enough to remove the
catalyst from the surface over time (due to the very small amounts of liquid on the
support). Even worse, the immobilised liquid film can be removed from the support
physically by the mechanical forces of the continuous flow even in the case of
complete immiscibility.

Therefore, the most promising area of application for a supported liquid catalyst is a

continuous gas phase process. In this context, the SILP concept offers very important
advantages that make a reinvestigation of supported liquid catalysis with these unique
liquids highly promising.
Among these advantages, the non-volatile character of the ionic liquid is, of course, of
great importance. While SLP and SAP concepts were known to suffer from the fact that
the liquid immobilisation phase is more or less rapidly removed from the carrier by
evaporation (leading to short catalyst lifetimes) evaporation of the liquid support is
negligible in case of an ionic liquid adsorbed on the surface. Moreover, the ionic liquid
adds all its advantages to the concept depending on the cation/anion combination
chosen, such as its good wetability and high surface tension, its high solubilising power
for transition metal complexes, its compatibility with hydrolytically labile catalyst
complexes, its tuneable solvent properties and, finally, the option for catalyst activation
by liquid support interaction (for more details see chapter 7.1).

Besides these points the SILP concept becomes even more interesting because it
helps to overcome some of the major drawbacks of the ionic liquid methodology in
catalysis that still exist: relatively high price of the ionic liquid itself and relatively high
viscosity leading to slow mass transfer. In the SILP concept only very thin films of the
ionic liquids are used in a highly efficient manner. This point is valid for the Rh-
catalysed hydroformylation, too. Since solubility for CO and H, in the ionic liquid is
low (and diffusion of CO is slow), liquid-liquid biphasic catalysis with a highly active
ionic catalyst solution does not take place in the bulk of the ionic liquid, but in the
diffusion layer between the gas phase and the ionic liquid. This results in a large
amount of the precious catalyst metal not being utilised during the reaction. An ideal
system would consist of a bulk phase of the size of the diffusion layer thus allowing for
the complete rhodium inventory to be catalytically active; a condition that is fulfilled in
an ideal manner by the SILP concept.

Two ways of ionic liquid immobilisation have been applied so far: a) the approach in
which part of the ionic liquid phase is fixed to a support by chemical bonds between
either the cation or the anion of the ionic liquid and the support and b) the impregnation
approach in which physisorption fixes the ionic liquid onto the support.
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7.3.1  SUPPORTED IONIC LIQUIDS BY CHEMICAL BONDS

The first example of SILP-catalysis was the fixation of an acidic chloroaluminate ionic
liquid on an inorganic support. The acidic anions of the ionic liquid, [Al,Cl;] and
[AL;Cly]  react with free OH-groups of the surface to create an anionic solid surface
with the ionic liquid cations attached [72]. The catalyst obtained was applied in the
Friedel-Crafts acylation of aromatic compounds. Later, the immobilisation of acidic
ionic liquids by covalent bonding of the ionic liquid cation to the surface was
developed and applied again in Friedel-Crafts chemistry [73].

In 2002 Mehnert and co-workers were the first to apply SILP-catalysis to Rh-
catalysed hydroformylation [74]. They described in detail the preparation of a surface
modified silica gel with a covalently anchored ionic liquid fragment (Scheme 7.7). The
complex N-3-(3-triethoxysilylpropyl)-4,5-dihydroimidazole was reacted with 1-
chlorobutane to give the complex 1-butyl-3-(3-triethoxysilylpropyl)- 4,5-
dihydroimidazolium chloride. The latter was further treated with either sodium
tetrafluoroborate or sodium hexafluorophosphate in acetonitrile to introduce the desired
anion. In the immobilisation step, pre-treated silica gel was refluxed with a chloroform
solution of the functionalised ionic liquid to undergo a condensation reaction giving the
modified support material. Treatment of the obtained monolayer of ionic liquid with
additional ionic liquid resulted in a multiple layer of free ionic liquid on the support.

Bu ) Bu Bu
X |
N + N +
\> + BuCl + CHacN/NaX silica gel
reflux -NaCI ) CHCI3 )
| T |
(THz) (CHZ) (THz)s (C‘?Hz)s
Si(OEt); Si(OEt)s Si(OEt)3 Si

X = BFy4, PFg ‘

Scheme 7.7. Preparation of surface anchored ionic liquid phases

Analysis of the surface coverage revealed an average of 0.4 ionic liquid fragments nm’
2, corresponding to the involvement of approximately 35% of all the hydroxyl groups
of the pre-treated silica gel.

To introduce the Rh-centre in the supported ionic liquid, a solution of
[Rh(CO),(acac)] in acetonitrile was treated with either the ligand tri(m-
sulfonyl)triphenyl phosphine trisodium salt (TPPTS) or the ligand tri(m-
sulfonyl)triphenyl phosphine tris(1- butyl-3-methyl-imidazolium) salt (TPPTI) (Rh/P
ratio of 1:10). The ligand TPPTI was found to dissolve in [BMIM][BF,] and
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[BMIM][PF¢], while the corresponding sodium salt only dissolved in the [BMIM][BF,]
The resulting acetonitrile solutions were combined with the ionic liquid phase (25 wt %
loading) and added to the support. After the solvent was removed under reduced
pressure, a slightly yellow-coloured powder was obtained.

The obtained SILP-catalyst was tested for the hydroformylation of 1-hexene in a
batch-wise, liquid phase reaction. All results obtained where compared to the identical
reaction in a liquid-liquid biphasic reaction. Mehnert et al. found that the SILP-catalyst
exhibited a higher TOF (63 min™'") compared with the biphasic system (23 min™") due to
the higher concentration of Rh at the interface and the generally larger interface of the
supported system. However, at high aldehyde concentrations the ionic liquid
[BMIM][BF,] was found partially to dissolve in the organic phase, thus leading to a
rhodium loss of up to 2.1 mol%. Rhodium leaching could be suppressed at lower
aldehyde concentrations or by using a higher ligand excess.

7.3.2  SUPPORTED IONIC LIQUIDS BY IMPREGNATION

Recently, the SILP concept has been applied by Riisager, Fehrmann and us to the
continuous, Rh-catalysed hydroformylation of propene in a gas-phase reaction [68].
The supported liquid phase catalyst systems were prepared by impregnation.
[Rh(acac)(CO),] and the ligand under investigation were dissolved in dry methanol
together with either [BMIM][PF] or [BMIM][n-CgH,,0SO;]. Appropriate amounts of
silica gel 100 (BET surface area 297.5 m”, pore volume 1.015 cm’, mean pore diameter
137 A) were added, resulting in a Rh loading of 0.2 wt%. Three different ligands
(guanidinium modified phenylphosphine (Rh-guanidinium), NORBOS-Cs; (Rh-norbos
[75]) and sulfonated xantphos (Rh-sulfoxantphos)) were tested for the gas-phase
propene hydroformylation in a continuous fixed-bed reactor as shown in Figure 7.11
(for detailed description of the set-up see [76]).
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Figure 7.11. Set-up for the continuous, Rh-catalysed propene
hydroformylation using an impregnated SILP-catalyst
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TABLE 7.5. Continuous, Rh-catalysed hydroformylation of propene using impregnated SILP-catalysts with
different ligands — results at 300 min time on stream

No. ligand ® L/Rh Liquid loading TOF © n/iso ¥ Linearity
Wt% P [h'] [%]
1 guanidinium 2.9 - 0.00 55.5 0.9 47.4
2 guanidinium 29 108.4 0.78 20.6 0.9 47.4
3 guanidinium 2.9 1389 1.00 16.8 1.0 50.0
4 norbos-Cs 11.3 6.9 0.05 88.4 2.0 66.7
5 norbos-Cs 11.3 20.8 0.15 79.4 1.3 56.5
6 norbos-Cs 21.4 - 0.00 45.8 2.8 73.8
7 norbos-Cs 21.3 6.9 0.05 28.2 2.6 72.2
8 sulfoxantphos 2.5 - 0.00 37.4 1.7 63.0
9 sulfoxantphos 2.4 23.6 0.17 1.5 1.8 64.0
10 sulfoxantphos 2.5 68.1 0.49 5.1 2.0 66.4
11 sulfoxantphos 10.2 - 0.00 40.8 16.9 94.4
12 sulfoxantphos 10.0 25.0 0.18 349 22.6 95.8
13 sulfoxantphos 10.0 72.2 0.52 254 22.0 95.8
14 sulfoxantphos 20.0 27.8 0.20 16.7 23.7 96.0
15 © - 105.6 0.76 - - -

Reaction conditions: alkene:CO:H, = 1:1:1, T = 100 °C, 0.2 wt% Rh metal loading, silica 100; p = 10 bar for
guanidinium and norbos-Cs, p = 5 bar for sulfoxantphos; ionic liquid used for impregnation: [BMIM][PF];
a) molar ligand to metal ratio; b) ratio of ionic liquid volume to support pore volume; c¢) mol aldehyde per
mol rhodium per hour; d) ratio between linear and branched aldehyde; e) support loaded with ionic liquid
only.

The reaction was not influenced by the type of ionic liquid, since no significant
differences were observed when the reaction was carried out in [BMIM][PF¢] or
[BMIM][n-CgH;0S0;3]. In Table 7.5 the most relevant results for the hydroformylation
of propene with the different rhodium catalyst systems in the ionic liquid [BMIM][PF]
are compiled.

Turnover frequencies of up to 56 h”' were obtained for Rh-guanidinium catalysts while
the linearities were poor at 50 % linear aldehyde being formed. The pore filling degree
L was found to influence the activity of the catalyst significantly (entry 1 to 3),
indicating that the ionic liquid induced severe mass transfer limitations. The
performance of the Rh-norbos system was studied at higher L/Rh ratios and lower .
values. TOFs up to 88 h™ were obtained when using an ionic liquid loading of 0.05 and

a L/Rh ratio of 11 (entry 4 and 5). Further increase of the L/Rh ratio to 21 resulted in
linearities around 73 % (entry 6 and 7). Using the bidentate phosphine ligand
sulfoxantphos, n/iso ratios of 23 and linearities up to 96 % were obtained (entries 12 to
14), clearly indicating that in SILP hydroformylation the general principles of
homogeneous catalysis hold true, where chelating ligands also were found to be more
selective towards the linear products. At low L/Rh ratios around 2, the selectivity of the
Rh-sulfoxantphos system was significantly lower and comparable to the best selectivity
of the monodentate phosphines. In comparison to experiments in liquid-liquid biphasic
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mode, this result indicates that there might be some reaction between the ligand and the
solid surface that causes some ligand loss. Similar to the monophosphine system the
absence of ionic liquid resulted in higher activity (entry 11).

From these short time investigations (300 min time on stream) the question may arise
whether the ionic liquid can add anything positive to the reaction system. The adsorbed
catalyst without ionic liquid appears to be active and stable. A convincing answer to
this question was found in 60 h runs using the conditions of entry 11 (without ionic
liquid) and entry 13 (SILP-catalyst) [68, 77]. Without the ionic liquid film the activity
and selectivity started to decrease sharply after 10 h on stream (reaching TOF = 14 h™!
vs. 41 h™" after 300 min and n/iso = 6 vs. n/iso = 17 after 300 min), whereas the SILP
system reached its maximum activity only after 30 h (TOF = 45 h™' vs. 25 h'") and
maintained this level up to 60 h. This indicates that the negative ionic liquid effect on
the catalyst activity as observed in the 300 min runs is in fact based only on a delayed
pre-formation of the catalyst. Moreover, the SILP system showed very stable selectivity
with n/iso still being as high as 21 after 60 h.

The concept of continuous flow SILP hydroformylation was also tested in the
biphasic, liquid-liquid hydroformylation of 1-octene using the Rh-norbos catalyst
system [78]. TOFs of 44 h™! were achieved after 3-4 h with no sign of deactivation at
prolonged reaction times. At steady-state conditions an n/iso ratio of 2.6 was obtained.
No leaching of rhodium metal could be detected by ICP-AES analysis of product
samples at least after these short reaction times.

The few examples where SILP catalysis has been tested so far showed highly
encouraging results. It is very likely that other applications where ionic catalyst
solutions were tested in liquid-liquid biphasic reactions could be reinvestigated under
SILP conditions. If very high catalyst stability over time can be realised or simple
catalyst regeneration protocols can be developed than SILP catalysis can be expected to
make its way into industrial processes.

7.4 Costs and Economics

What can drive the switch from existing homogeneous catalytic processes to novel
ionic liquids technology? One major point is surely if a higher cost-effectiveness can be
obtained in some cases. This can be attributed to an improved reaction rate and
selectivity, associated with more efficient catalyst recovery and better environmental
compatibility.

The cost of the ionic liquid is still a limiting factor. However, the commercial
availability of these liquids has improved considerably over the last few years and
prices have already gone down significantly [20]. This development can be expected to
continue as ionic liquids continue to make their transition “from curiosities to
commodities” [79]. In any case the cost of the ionic liquid has to be weighed against
that of current chemicals or catalysts. If the ionic liquid can be recycled and if its
lifetime proved to be long enough, then its initial price is probably not the critical point.
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To estimate costs for the liquid-liquid biphasic hydroformylation using ionic liquids,
a process was designed for the production of 100,000 tons per year of nonanal. The use
of ionic liquids in hydroformylation catalysis is a fairly new technology and exact
kinetic data are scarce, thus the TOFs reported for the Rh-sulfoxantphos system [80]
have been used to determine catalyst inventory and reactor dimensions. In a similar
way the plant design for the SILP process for a production capacity of 100,000 tons per
year of butanal has been derived based on preliminary literature results [68]. The
process flow sheets for both process variations are shown in Figures 7.12 and 7.13.

Figure 7.12. Process flow sheet for the production of nonanal
using a biphasic ionic liquid system
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Figure 7.13. Process flow sheet for the production of butyraldehyde
based on the SILP concept
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In the biphasic system utilising ionic liquids, syngas is compressed to 50 bar in device
C1, heated to 100 °C in the preheater H1 and enters reactor R1. Substrate octene is
pumped via P1 and heated to 100 °C before entering the continuously stirred tank
reactor R1. Reactor dimensions are given in Table 7.6. A constant product stream is
taken from the reactor and is cooled under reaction pressure to 40 °C in H3. The ionic
liquid is separated from the organic product phase containing unreacted octene in a
separation unit S1. In a flash column S2 the syngas is removed from the product phase,
compressed to 50 bar and recycled via mixer M1. The raw product is heated to 60 °C
and fed into the distillation column S3 in which the octene is removed over top,
reheated to 100 °C and fed into the mixer M2 for reuse. In the distillation column S4
the crude product is separated into the two major products, the linear and the branched
aldehyde with the latter one being removed over top.

The flow sheet for the SILP process is simplified due to the fixation of the catalyst on
a heterogeneous support that allows for fixed bed technology. Since the advantages of
the SILP technique are best when using gaseous substrates, propene was used as
feedstock. Syngas and propene are compressed to 50 bar in devices C3 and C4,
respectively and heated to 100 °C in H6 and H7, before entering the reactor R2. The
product stream is cooled to 30 °C in H8 and unreacted propene is removed by stripping
with fresh syngas in S5. The raw product is separated into the major product n-
butyraldehyde and the by-product iso-butyraldehyde in the distillation column S6.
Further process characteristics are summarised in Table 7.6.

TABLE 7.6. Process characteristics for optimised nonanal production (using liquid-liquid biphasic catalysis
with ionic liquids) and butanal production (using SILP catalysis) on a 100.000 tons/year scale

Biphasic SILP
Temperature / °C 100 100
Pressure / bar 50 50
Alkene Octene Propene
Reactor type CSTR Fixed bed
Reactor volume / m’ 60 25
Rhodium inventory / kg 15 60
Ligand inventory / kg 450 1800
lonic liquid inventory / kg 5200 7000
Silica support / kg - 10000
Syngas to alkene ratio 2 2
Selectivity to linear product / % >95 >95
By-products / % <1 <1

Since in some of the preliminary experiments no rhodium losses could be detected, it is
assumed that in an optimised continuous process the metal leaching will be in the range
of the biphasic Ruhrchemie/Rhéne-Poulenc process operating around 1 ppb. This
would result in a loss of rhodium of 0.1 kg per year which is approximately 0.7 % in
the case of the biphasic ionic liquid process and 0.2 % in the case of the SILP process.
The inventory of the ionic liquid is slightly lower in the case of the liquid-liquid
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biphasic reaction than in the case of the SILP catalysis (on the base of a 70% ionic
liquid loading on the support). Assuming a bulk price for imidazolium octylsulfate
ionic liquid of 50 €/kg the capital investment in ionic liquid for the liquid-liquid
biphasic process would be about 260.,000 €. An operational annual loss of 1% of the
ionic liquid would increase the costs per ton of product by 0.026 € (replacement of
pure ionic liquid).

The ionic liquid investment could be further reduced if future research enables the
application of ammonium based alkylsulfate or arylsulfonate ionic liquids. For these
systems bulk prices around 15 €/kg are expected. Ammonium based alkylsulfate or
arylsulfonate ionic liquids usually show melting points slightly above room
temperature but clearly below the operating temperature of the hydroformylation
reaction. Therefore these systems may be less suitable for the liquid-liquid biphasic
process in which the ionic liquid may be involved in process steps at ambient
temperature (e.g. phase separation or liquid storage). In contrast, for the SILP catalyst a
room temperature ionic liquid is not necessarily required as long as the film becomes a
liquid under the reaction conditions. Assuming an ammonium based SILP catalyst, the
capital investment for the ionic liquid for the industrial SILP catalyst would add up to
105,000 €.

On the base of a Rh-price of about 20,000 €/kg and a ligand price of about 1000 €/kg
it becomes quite obvious that the loss of the ionic liquid would only be a minor part of
the overall cost arising from the case of complete SILP-catalyst deactivation. It should
be noted that a deactivated SILP catalyst may still offer some options for regeneration
(e.g. extraction with scCO, to remove heavies). However, these options are not yet
developed and their efficiency is unclear at this point.

7.5 Conclusions

Ionic liquids offer a highly attractive alternative for the immobilisation of
homogeneous catalysts. Their non volatile nature, tuneable solubilising power and
coordination/acidity properties as well as their large liquid ranges make them suitable
media for both liquid-liquid biphasic catalysis and supported ionic liquid phase (SILP)
catalysis. In all these application the ionic liquid can play its role as either “innocent”
solvent, ligand precursor, co-catalyst or the catalyst itself depending on the specific
cation/anion combination and the reaction under investigation.

For Rh-catalysed hydroformylation the role of the ionic liquid as an innocent solvent
is by far the most important. To our knowledge, none of the published research in this
area claims special chemistry. The selectivity found with the different Rh-ligand
complexes corresponds in most cases to the values obtained in traditional organic
solvent or water (with the surprisingly low selectivity of TPPTS ligands in ionic liquids
being a remarkable exception). Overall activities were found to be very comparable if
mass transfer effects between the gas phase and the two immiscible liquid phases were
overcome by proper stirring.

Recently, van Leeuwen and co-workers provided support for the similarity between
the active catalytic species in ionic liquids and in organic solvents by spectroscopic
investigations [80]. These authors compared the complex formation of [Rh(acac)(CO);]
in the presence of 4 equivalents of sulfoxantphos ligand dissolved in [BMIM][PF¢] and
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organic solvents under different pressures and syngas compositions using high-pressure
IR and NMR techniques. A dynamic equilibrium between the complex isomers was
found (see Scheme 7.8).
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Scheme 7.8. Equilibria between different rhodium species present during hydroformylation in an ionic liquid

The absorbances of the different species were almost identical to those observed when
xantphos was used as ligand in organic solvents. The syngas pressure was found to
have a direct influence on the equilibrium. The ea isomer giving branched aldehydes,
was formed to a larger extent when the syngas pressure was increased thus leading to a
lower selectivity. The equilibrium between the two isomers was not affected by other
Rh-carbonyl complexes present in the reaction media. All observations in ionic liquids
were analogous to homogeneous systems using the same catalyst [81].

Nevertheless, the application of ionic liquids in the liquid-liquid, biphasic Rh-catalysed
hydroformylation offers technically interesting advantages vs. the traditional aqueous
biphasic catalysis e.g. much higher solubility for longer chain olefins and the
compatibility of the ionic liquid with phosphite ligands [51].

A summary of the research activities of the last four years reveals three different
important trends: (a) The design of new ionic ligands for excellent catalyst
immobilisation in ionic liquids and high regioselectivity; (b) the successful application
of cheap, halogen-free ionic liquids in the biphasic Rh-catalysed hydroformylation; (c)
the successful development of unusual multiphasic reaction concepts for Rh-catalysed
hydroformylation, namely catalysis in ionic liquid/supercritical CO, and SILP-
catalysts.

Of course, there is still a large amount of research to be done to develop further the
very preliminary character of the above described economic evaluation of an ionic
liquid hydroformylation process. Only on the basis of more detailed data it will be
possible to decide whether we will see an industrial hydroformylation plant using ionic
liquids in the future.
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CHAPTER 8 SUPERCRITICAL FLUIDS

Compressed Gases as Mobile Phase and Catalyst Support

CHARLES M. GORDON and WALTER LEITNER
Institut fiir Technische Chemie und Makromolekulare Chemie,
RWTH Aachen, Worringer Weg 1, 52074 Aachen, Germany

8.1 Introduction to Supercritical Fluids

Supercritical fluids (SCFs) are substances which have been simultaneously heated
above their critical temperature 7, and compressed above their critical pressure p. [1].
At temperatures above T, isothermic compression results in a continuous increase in
the fluid density, but no condensation to form a liquid occurs. The schematic phase
diagram in Figure 8.1 demonstrates this behaviour for carbon dioxide as prototypical
SCF. Supercritical fluids fill the entire space available to them like gases, but at the
same time can act as solvents for liquids or solids. The solvent properties may be
‘tuned’ over a wide range by adjustments in the fluid density; this can be achieved by
relatively small changes in either temperature or pressure. This unique combination of
gas-like and liquid-like tuneable properties offers new approaches for the
immobilization of organometallic catalysts and a systematic discussion of these
methods is the subject of the present review. General aspects of the use supercritical
fluids for organometallic catalysis have been reviewed in detail [1-3]. A short review
comparing some of the immobilization techniques described here specifically for
hydroformylation as a common benchmark reaction has appeared recently [4].

T

Figure 8.1 Schematic phase diagram of CO,

215

D.J. Cole-Hamilton and R. P. Tooze (eds.), Catalyst Separation, Recovery and Recycling, 215-236.
© 2006 Springer. Printed in the Netherlands.



216 C.M. GORDON & W. LEITNER

Carbon dioxide (scCO,) is by far the most widely used supercritical fluid. It has mild
critical properties (7, = 31.1 °C, p. = 73.8 bar, d. = 0437 g ml'l), 1S non-toxic, non-
flammable and can be handled safely on laboratory and industrial scales. Unlike
classical organic solvents, CO, is not classified as a “volatile organic chemical” (VOC)
and applications of CO, have a GRAS (“generally regarded as safe”) status. The
economic viability of scCO, technology has been demonstrated by commercial
applications in fields as diverse as natural product extraction [5, 6], wood impregnation
[7], wafer production and dry cleaning [8]. A commercial scale multi-purpose plant for
heterogeneous catalysis involving scCO, has recently entered operation [9, 10].
Examples of organometallic catalysis in supercritical fluids are by no means restricted
to CO, [2, 3, 11], but only this medium has been used to date in applications focusing
on catalyst immobilisation. As many of the potential benefits of CO, for multiphase
catalysis are also retained in the near-critical liquid region, operation at or even below
room temperature may be possible in many cases. In certain cases, low density CO, at
temperatures above 7, can also be used for separation purposes, but generally densities
d o d, are required to exploit the solvent properties.

Any method for the immobilization of organometallic catalysts faces the
paradoxical requirements for intimate contact of reagents and catalyst during the
reaction, but a maximum of discrimination at the separation stage. Separation can be
facilitated by introducing phase boundaries and confined spaces, but this approach will
often create additional mass transfer barriers, thus reducing turnover rates and/or
selectivities. This problem is illustrated by the aqueous biphasic hydroformylation
system, which cannot be applied to long-chain olefins because of their low aqueous
solubility. Furthermore, catalyst leaching and cross contamination between the
substrate and catalyst phases are crucial factors for practical implementation of such
biphasic approaches. As will be discussed in more detail in the following sections, the
properties of scCO, can be beneficial in this context. The gas-like mass transfer
properties, for example, can facilitate exchange between catalyst and substrate phases.
Cross contamination of CO, into the catalyst phase is not a problem if the catalyst is
chemically inert towards CO,. The relatively poor solvent power of scCO, for most
organometallic compounds generally leads to reduced leaching compared with classical
organic solvents. Most importantly, the design of SCF-based continuous flow systems
that resemble gas-phase heterogeneous catalytic processes is a very attractive new
approach to reaction engineering of organometallic catalysis.

Three fundamentally different approaches to catalyst immobilization involving
SCFs can be distinguished which are schematically depicted in Figure 8.2. First, the
tuneable solvent properties of the SCF are used to control the solubility of the
organometallic catalyst in the reaction medium with no additional support or solvent
(Figure 8.2a). In certain cases, these systems operate under truly monophasic
supercritical conditions during the reaction stage. We refer to these methods as
“catalysis and extraction using supercritical solutions” (CESS). Such processes are
reminiscent of the temperature-controlled catalysts in conventional solvents sometimes
referred to as “smart catalysts”. The second approach is liquid/supercritical multiphase
catalysis (Figure 8.2b), where the traditional counterpart is in fact triphasic (liquid-
liquid-gas) if gaseous reagents are involved. Finally, the organometallic catalyst can be
anchored to a solid organic or inorganic support which is then contacted with the
supercritical reaction medium (Figure 8.2¢). Again, such a reaction is truly biphasic
(solid-supercritical fluid) in nature, whether additional gaseous reagents are present or
not. This is in sharp contrast to the situation with supported catalysts in organic
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solvents, where triphasic (solid-liquid-gas) reaction systems often lead to severe mass
transport limitations. Examples of all three approaches will be discussed in more detail
in the following sections.

scCO, scCO,
switch scCO, + products <
substrates SLLCLLLLLL products

(a) CO, only ‘smart’ systems (CESS)

substrates products
(b) scCO, / liquid catalysis

scCO, EE ; %i ; ; ; scCO,
substrates products

(c) scCO, / solid catalysis
Figure 8.2. Schematic representation of the three approaches discussed in this chapter

Most examples so far have concentrated on scCO, as the phase containing substrates
and/or products, corresponding to the mobile phase in continuous flow operation.
More recently, the reverse situation where the catalyst is retained in the scCO, phase
has also found increasing interest. These systems have been referred to as ‘inverted’
biphasic catalysis. In this chapter we will use the notation ‘phase/scCO,’ to indicate
that the catalyst is contained in the non-CO, phase, and ‘scCO,/phase’ when the
catalyst is in the scCO, (i.e. ‘inverted’).

8.2 Applications of scCO ,in Catalyst Immobilisation
8.2.1 CO, AS THE ONLY MASS SEPARATING AGENT

The schematic phase behaviour of CO, depicted in Figure 8.1 is only valid for the pure
compound. The phase behaviour of mixtures is much more complex [6], being a
function of composition, and the actual phase diagram can vary considerably even for
seemingly similar components. Reaction systems contain at least three substances
(substrate, product and catalyst), but in most cases more components are present and a
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full description of the phase behaviour is a challenging task [12]. On the other hand,
this permits operating conditions where a condensed phase is in equilibrium with a
compressed CO,-rich phase at temperatures and pressures beyond the critical point of
pure CO,. Although the whole mixture is then not supercritical, the compressed CO,
phase will behave like a supercritical fluid in exhibiting solvent properties. Any
component in such a mixture will partition between the condensed and the supercritical
phase, depending on its molecular structure as well as the pressure and temperature of
the system. This rich phase behaviour and the ability to control the partitioning of
substrates and catalysts allows the design of integrated reaction/separation schemes that
rely on CO; as the only mass separating agent.

With traditional solvents, the “solvent power” of a fluid phase is often related to its
polarity. Compressed CO, has a fairly low dielectric constant under all conditions (€ =
1.2-1.6), but this measure has increasingly been shown to be insufficiently accurate to
define solvent effects in many cases [13]. Based on this value however, there is a
widespread (yet incorrect!) belief that scCO, behaves “just like hexane”. The
Hildebrand solubility parameter (8) of CO, has been determined as a function of
pressure, as demonstrated in Figure 8.3. It has been found that the solvent properties of
a supercritical fluid depend most importantly on its bulk density, which depends in turn
on the pressure and temperature. In general higher density of the SCF corresponds to
stronger solvation power, whereas lower density results in a weaker solvent.
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Figure 8.3. Variation of density and § with temperature and pressure for CO,. The & values for three typical
non-polar organic solvents are also indicated (reproduced with permission from reference [1])

The solubility of a solute in scCO, is extremely dependent on its structure, with three
features of paramount importance. As expected, compounds of low polarity are more
soluble than very polar compounds or salts. However, solubility also increases greatly
with increasing vapour pressure of a substrate. To account for the contribution of
volatility and solvation to the solubility process, Kurt Zosel coined the term
“Destraktion” (from Latin destillare and extrahere) in his pioneering work on natural
product extraction with SCFs [5]. Finally, some specific functional groups like
perfluoroalkyl and polysiloxane substituents, or polyether/polycarbonate copolymers
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are known to give compounds a high affinity to compressed CO, that cannot be
explained through simple polarity or volatility arguments ([14] and references therein).
These “CO,-philic” substituents can lead to dramatic solubility enhancements, thus
allowing control of the phase preference of reaction components at different stages of a
reaction/separation process.

Many organic substrates and products have significant solubilities in scCO,,
whereas the majority of organometallic catalysts are very poorly soluble in this
medium. Attempts have been made to exploit this factor if the main grounds for using
scCO, lie simply in allowing effective catalyst recycling and product isolation. In such
cases it is not necessarily essential to work under fully homogeneous conditions during
the reaction. In some cases the reaction is carried out in the absence of CO,, which is
used only in the separation step and for downstream processing. An early example of
this approach is provided by a BASF patent proposing to regenerate phosphine-
modified rhodium hydroformylation catalysts via extraction of the so-called “heavy
ends” after the more volatile short chain aldehyde products have been removed by
conventional distillation [15]. More recently, the hydroformylation of long chain
olefins was carried out using CO,-insoluble catalysts in a substrate/scCO, biphasic
system. At the end of the reaction, the products were separated by supercritical fluid
extraction allowing repeated reuse of the catalyst (Scheme 8.1) [16-18].

CO/M, CHO

Rh-cat / ligand n iso

Scheme 8.1. Hydroformylation of long chain olefins

In order to fully exploit the potential benefits of the supercritical state for both reaction
and separation, it may be preferable to carry out the reaction in a fully homogeneous
single phase, and only afterwards to induce phase separation. In particular, the
importance of homogeneity of substrates, catalysts and intermediates in one single
phase for high conversion and selectivity in catalytic processes has been noted in
several studies [19-21]. For example, the selectivity between intramolecular ring
closing metathesis and the competitive intermolecular oligomerisation process can be
controlled by pressure control under homogeneous supercritical conditions [22, 23].
Following the reaction step under high density conditions, supercritical extraction of
the macrocyclic product at lower density leaves the poorly scCO, soluble Grubbs
catalyst in an active form in the reactor (Scheme 8.2) [24].

o) - CoHy
scCO,
O/\ﬁ (d=062gmL"
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| c, | ¢
Ru— E=A-
_ o (Z:E =1:3.3)
PCys cycle 1: 30% conversion, 72 h

cycle 2: 67% conversion, 170 h

Scheme 8.2. Batch-wise recycling of Grubbs’ catalyst for ring closing metathesis
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Many transition metal trialkylphosphine complexes have similar solubility properties in
scCO, as the Grubbs catalyst, giving the expectation that similar recycling techniques
may be employed in such cases. In fact, there is a number of examples reporting the
benefits of employing homogeneous solutions of scCO, with such catalysts during the
reaction step compared to the equivalent reactions in conventional solvents, including
the hydrogenation of CO, to formic acid and its derivatives using ruthenium
trimethylphosphine catalysts [3], the hydroformylation of long chain olefins catalysed
by rhodium triethylphosphine complexes [25], and the hydroboration of olefins with
rhodium tricyclohexylphosphine catalysts [26]. The remarkable change in
chemoselectivity from alcohols to aldehydes in hydroformylation with Rh/PEt,
catalysts upon passing from biphasic to monophasic conditions is illustrated in Figure
8.4 [25].

A conversion

@ aldehyde

m alcohol

total pressure (bar)

Figure 8.4. Chemoselectivity as a function of system pressure during the hydroformylation of long chain
olefins with Rh/PEt3 catalysts. The change in chemoselectivity has been correlated with the transition from
biphasic to monophasic reaction conditions

Many, if not most, organometallic complexes exhibit solubilities in scCO,, however,
that are too low even for catalytic applications under single phase conditions. This
applies particularly to the large class of catalysts bearing aryl phosphine ligands, a
structural motif also found frequently in chiral ligands used in enantioselective
catalysis. This problem can be overcome by the introduction of perfluoroalkyl groups
into the ligand periphery of metal catalysts bearing this type of ligand [27]. Again,
these catalysts are soluble in scCO, at high density, but become insoluble at lower
density [28], resulting in separation from the reaction mixture or partitioning into a
liquid phase (if present) upon density reduction. The efficiency of this type of regulated
system for catalyst immobilization has been demonstrated with a rhodium catalyst
bearing fluoro-substituted triphenylphosphine derivatives such as
P[p-CF5(CF,)s(CH,),C¢H,]5 (3-H?F°-TPPP) for the hydroformylation of long chain
olefins as shown in Scheme 8.1 [29]. Using this system in a batch process, a turnover
frequency of 430 h™ was obtained for the hydroformylation of 1-octene, with a n:iso
ratio of over 5:1 in the products and almost complete suppression of olefin
isomerisation. The products were collected after density reduction by careful
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depressurisation of the reactor, and were found to contain only trace amounts of Rh in
the range of 1 ppm under optimised conditions. The catalyst itself could be reused for
five successive catalytic runs with no significant change in selectivity or turnover.

CeF13| 5
3-H?F’-TPPP

Fluorinated groups can be introduced into ligand frameworks via relatively
straightforward synthetic routes. Successful examples of their applications in scCO,
have been reported for rhodium catalyzed alkene hydroformylation [30, 31],
hydroboration [26], and hydroaminomethylation [32], as well as palladium catalysed
C-C bond forming reactions [33-38], oxidation processes [39], and various metal
catalyzed polymerization processes [40-43]. Chiral arylphosphine ligands bearing
fluoroalkyl groups have been investigated for enantioselective catalytic hydrogenation
[44-46] and hydroformylation [45, 47, 48] in scCO,. A representative example will be
discussed at greater length below.

Scheme 8.3 exemplifies the CESS approach for batchwise rhodium-catalysed
asymmetric hydroformylation of styrene using the CO,-philic chiral ligand 3-H?F‘-
BINAPHOS [45, 48]. Eight successive runs were performed and the system was still
active after a total turnover number of more than 12,000 catalytic cycles per rhodium
centre. A noticeable decrease in the enantiomeric excess was encountered after the
fourth run, but regioselectivity and conversion remained uniformly high. The decrease
of the enantiomeric excess may be attributed partly to racemisation of the product
under the experimental conditions [19]. Chemical instability of the phosphite unit in the
ligand framework seems to play a more important role in this case, as indicated by the
fact that the initial high level of enantioselectivity was restored in the final run by the
addition of fresh ligand.

Rh(CO),(acac) / CHO
@& 3-H?FE-BINAPHOS CHO
> +
CO/H; in scCO,
(R)-iso n

Conversion >90% in eight consecutive runs
Total TON >12,000

Scheme 8.3. Hydroformylation of styrene with the CO,-philic in situ catalyst
3-H?F°-BINAPHOS/[Rh(acac)(CO),] (2:1) using a batch-wise CESS procedure

Even with the simple laboratory equipment used in these experiments, the CESS
procedure allowed quantitative recovery of the product free of solvent, and with
rhodium contents ranging from 0.36-1.94 ppm (determined by atomic absorption
measurements). Furthermore, using this approach removal of unreacted starting
material or side products from the product is possible during extraction from the
catalyst, since even small structural differences can result in significant differences in
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CO, solubility. For example, the desired branched aldehyde formed upon
hydroformylation of vinylnaphthalene is considerably more soluble in scCO, than its
linear isomer. Therefore, the ratio of the branched to linear product increases from
approximately 90:10 in the condensed phase to up to 98:2 in the CO, phase in a single
extraction step under the low density conditions of catalyst separation.

The introduction of perfluoroalkyl groups into the ligand periphery of an
organometallic complex can lead to a considerable increase in molecular weight and
size of the catalytically active species. This has been utilized to separate “CO,-philic”
catalysts from the products in a continuous flow membrane reactor [49]. In the reaction
reported, a variant of Wilkinson’s catalyst containing the fluorous phosphine ligand
P(C¢Hy-p-SiMe,CH,CH,CsF;7); was employed for hydrogenation of 1-butene. In
continuous flow operation using a silica membrane, the system gave a turnover number
of 1.2 x 10° after 32 hours reaction. ICP-AAS analysis of the products indicated no flux
of catalyst or free ligand through the membrane, although a decrease in conversion over
the course of the reaction suggested deactivation of the catalyst was occurring. This
intriguing methodology (see also Chapter 4 of this book) may be particularly useful
where highly fluorinated polymers or copolymers are used to stabilize and solubilise
organometallic or colloidal catalysts in scCO, as the reaction medium.

Many organometallic catalysts and especially many chiral catalysts are cationic and
modification of the anion has been found to be very effective for enhancing their
solubility in scCO,. Tetrakis-(3,5-bis-trifluoroimethylphenyl)borate (BARF) was an
early example of such an anion which has proven extremely useful for this purpose
[50], and very pronounced anion effects on the activity and selectivity of the catalysts
are observed in many other cases [44, 51, 52]. Using the BARF-modified “CO,-philic”
chiral iridium catalyst shown in Scheme 8.4, catalytic efficiency was greatly enhanced
and almost identical ee values were observed for the enantioselective hydrogenation of
imines upon changing from CH,Cl, to scCO, as the solvent [51].

scCO,
T =40 °C, py = 200 bar

-Ph H, (30 bar -Ph
N 2( ) N TON (7 cycles): 10,000

Ph)l\ . /k ee =76%

Scheme 8.4. Catalytic hydrogenation of imines using cationic iridium catalysts
with the “CO,-philic” BARF anion

The iridium catalyst was found to be sufficiently soluble for catalysis when in the form
of the substrate complex, but precipitated quantitatively once all substrate had been
consumed. Supercritical fluid extraction at that stage yielded the solvent- and metal-
free product in crystalline form leaving the active and selective catalyst behind for
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further use (Scheme 8.4). Under batch operation, noticeable deactivation occurred after
the fourth cycle which might be avoided by working in a closed system.

8.2.2  BIPHASIC SYSTEMS CONSISTING OF CO, AND LIQUID PHASES

In liquid/supercritical systems, the liquid phase acts as support to retain the catalyst
rather than using the selective solubility properties of scCO, as for the CESS approach
described above. Thus, there is a permanent phase separation between the mobile phase
which is (usually, but not exclusively as we will see below) CO, and the stationary
liquid phase. The fact that the catalyst is molecularly dispersed in the liquid phase
means that the environment resembles the typical situation of homogeneous catalysis.
In order to immobilize the catalyst efficiently, the solubility of the organometallic
intermediates in the liquid phase must be greatly favoured over their solubility in the
supercritical phase. As has been indicated previously, scCO, is a rather feeble solvent
for many organometallic catalysts in the absence of suitable ligands [27]. Therefore, the
risk of catalyst leaching can be expected to be reduced compared to similar
liquid/liquid multiphase systems such as water/organic, fluorous/organic, or ionic
liquid/organic.

No significant cross-contamination of the liquid phase into CO; can be tolerated if it
is to act as an efficient stationary phase, as this would result in its depletion during
continuous flow operation along with contamination of the product. The mixture
critical points of most organic solvents are in the vicinity of those of the pure solvents.
They would thus be at least partially miscible with the SCF and would not form a stable
stationary phase for catalyst immobilization. As has been noted previously, the
solubility of a compound in scCO, is determined not only by its polarity, but also by its
vapour pressure. Therefore, highly polar and/or very non-volatile liquids, which do not
become miscible with CO, until hyperbaric conditions, are the most useful candidates
for liquid catalyst phases together with scCO,. Three different approaches that are
receiving particular interest are discussed in the following sections.

8.2.2.1 Water as the Liquid Phase

The combination of the two environmentally benign solvents water and CO; is a highly
attractive approach to “green” solutions for catalyst immobilization. Specific boundary
conditions apply for multiphase catalysis with water and CO,, similarly to classical
systems were the catalyst is contained in an aqueous phase. The pH of water is
approximately 3 in the presence of the compressed CO, phase, requiring that substrates,
products and catalysts can tolerate such acidic conditions. If necessary, buffer systems
can be added to control the pH even up to slightly basic values [53]. The solubility of
water in CO; is below 1% under typical conditions [54], but some CO, will be lost with
the aqueous phase. Cross contamination between the two solvent systems and resulting
impurities in the products can be tolerated, however, as both are environmentally and
toxicologically benign.

Typical approaches to this biphasic system have involved the immobilization of
catalysts in the aqueous phase as colloids [53] or using water-soluble catalysts based on
ligands such as the trisulfonated TPPTS [55, 56]. Particularly high reaction rates have
been obtained with surfactant-stabilized microemulsions and emulsions that allow for
intimate contact of all reagents with the catalyst during the reaction [57]. The
emulsions separate readily into two phases by small pressure changes and the CO,-
phase is then vented to isolate the products. The catalyst RhCl(tppds); (tppds =
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tris(3,5-disulfonatophenyl)phosphine) was employed for hydrogenation of olefins in the
presence of anionic, cationic and non-ionic surfactants. For styrene the TOF was found
to be 4 h™" in toluene/water, 26 h™ in CO,/water, and 150-300 h™" in the emulsions. The
potential for catalyst recycling was demonstrated by the fact that complete conversion
was observed over three reaction cycles using the same aqueous surfactant/catalyst
phase. *'P NMR analysis of the catalyst solution showed that the catalyst retained its
molecular character.

The techniques discussed up to now use CO, as the mobile phase for substrates and
products. Naturally, this restricts the applications to relatively non-polar and/or volatile
components with sufficient solubility in the supercritical medium. An intriguing
alternative for processing highly polar substrates are “inverted” aqueous systems. In
this approach, a CO,-philic catalyst resides in the non-polar CO, phase, while water-
soluble substrates and products are contained in the aqueous layer [58, 59]. A very
attractive and unique feature of the scCO,/H,O system is that the stationary
supercritical phase is never depressurized and hence the large energy input required for
recompression is avoided. Furthermore, the aqueous solution is not contaminated with
any organic solvent or catalyst residues, which is particularly important if the product is
a fine chemical intended for direct further use in aqueous solution.

As with the CESS system discussed in section 8.2.1, the key prerequisite to
immobilize the catalyst in the carbon dioxide phase is the availability of sufficiently
“CO,-philic” organometallic compounds [60]. The catalysts must have a significant
absolute solubility in scCO, as well as an extremely high partitioning preference in the
biphasic system, usually attained by the use of highly fluorinated ligands and anions
[27]. Gratifyingly, this approach proved successful also for the scCO,/H,0 system [58,
59]. The fluoroalkyl-substituted derivative of triphenylphosphine, 4-H’F°-TPPP, was
used to generate a rhodium catalyst for hydroformylation of an unsaturated carboxylic
acid (Scheme 8.5).

Rh(CO),(acac) / i
; 4-H2FSTPPP H O)Zb
CO,H *
2" COM, in scCOxH,0 © CO,H COzH

CO,Me CO,Me CO,Me
(1:1)

TON (3 cycles, 60 h total) = 4640
Rh : 4-H2F8-TPPP : substrate = 1 : 10 : 2000

Scheme 8.5. Hydroformylation of polar substrates in an “inverted” biphasic scCO,/H,O system

In the inverted system shown in Scheme 8.5, the unmodified rhodium -catalyst
[Rh(CO),(hfacac)] (hfacac = hexafluoroacetylacetonate) gave very inactive and
unstable systems. This was somewhat surprising, as unmodified rhodium complexes of
this type are known to form very soluble and active hydroformylation catalysts in pure
scCO; [29]. Presumably, both the partitioning in the biphasic system as well as the
catalyst stability under acidic conditions is not sufficient for this type of catalyst. The
phosphine modified system resulted in reasonable turnover rates and the catalyst could
be recycled well at high enough catalyst loadings. A total turnover number of 1500 was
achieved over three consecutive runs. This could be increased to more than 4500 at
lower catalyst concentrations, albeit at the expense of noticeable deactivation during
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each recycling step. As catalyst leaching was found to be very low, this loss of activity
at lower catalyst loading must again be attributed to catalyst decomposition. Despite
these practical shortcomings of the model system, the potential of the inverted
aqueous/scCO, system for multiphase catalysis with highly polar products is clear to
see.

8.2.2.2 Poly(ethyleneglycol) (PEG) as the Liquid Phase

Poly(ethyleneglycol) (PEG) has recently been suggested as non-volatile catalyst phase
that can be employed in combination with scCO, [61]. Liquid PEG of low to moderate
molecular weight serves as a reasonably good solvent for many typical organometallic
catalysts, but these systems are still soluble in scCO, or form emulsion-type mixtures,
which may be interesting media for catalysis in their own right [62]. For multiphase
catalysis the use of high molecular weight PEG is preferred, however, owing to its low
solubility in scCO,.

@& H, (30 bar) / RhCI(PPhs)s @/\
PEG-900 / CO,, 40 °C, 19 h

Conversion >99% over five runs

Scheme 8.6. Rhodium-catalysed hydrogenation in the biphasic system PEG/scCO,

PEGs with average molecular weights above 1000 are waxy solids under ambient
conditions, but they melt under CO, pressure to become liquids under typical
conditions of scCO, catalysis [63]. The approach was demonstrated for the rhodium
catalysed hydrogenation of styrene as a test reaction using Wilkinson’s complex
[(PPh;3);RhCl] as the catalyst (Scheme 8.6) [61].

Batch-wise recycling was successfully achieved by extraction of the ethylbenzene
product with the scCO, phase. During this process the catalyst remained stable in the
PEG environment and could be recycled four times without noticeable loss of activity.
Rhodium contamination in the product was below the detection limit (less than one part
per million). Using PEGgq as the liquid catalyst phase, measurable amounts of PEG
were detected among the extracted products, but for PEGysoy the contamination was
found to be as low as 0.1% by weight.

8.2.2.3 lonic Liquids as the Liquid Phase
Ionic liquids (ILs) are low melting point (<100°C) salts of organic cations that are
finding increasing interest as solvents for organometallic catalysis (for more
information see Chapter 7 of this book) [64-67]. Being composed entirely of cations
and anions, ILs exhibit no measurable vapour pressure and consequently they generally
show no detectable solubility in pure scCO,. Carbon dioxide, however, has a
remarkable affinity for ILs allowing high concentrations of CO, in the liquid phase, and
thus rapid mass transfer between the two media [68]. Because of this, scCO, can be
used to extract even high boiling organic substances from the IL phase very efficiently
[69]. These properties make IL/scCO, biphasic systems highly attractive for application
in catalyst immobilization, especially under continuous flow conditions schematically
represented in Figure 8.5 (For related examples in biocatalysis, see [70-72]).

A chiral ruthenium catalyst bearing BINAP-type ligands was used in ILs for
enantioselective hydrogenation of prochiral o, -unsaturated acids followed by
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subsequent CO, extraction [73]. A pronounced effect of protic co-solvents such as
water or 'PrOH was noted for the reaction stage with certain substrates. The standard
substrate tiglic acid (E)-H(Me)C=C(Me)COOH was quantitatively hydrogenated under
optimized conditions with ee values around 90%. Methylpropionic acid was extracted
quantitatively from the IL phase with scCO, (35°C, 175 bar) and the catalyst/IL
solution could be recycled four times without noticeable decrease in conversion or
enantioselectivity.

The hydrogenation of CO, in the presence of amines to give dialkylformamides has
been carried out directly in an IL/scCO, system. In this case, the ionic liquid was
shown to play a dual role [74]. It is an effective solvent for the ruthenium phosphine
catalyst and at the same time allows a distinct phase distribution of the polar carbamate
intermediates and the less polar products formed during the conversion of CO,. As a
result, the selectivity of the reaction can be increased over conditions where scCO, is
used as the sole reaction medium.

As hydroformylation has been selected as a “benchmark’ reaction for comparison of
the different immobilisation techniques discussed in this book, it is instructive to
consider this reaction in somewhat more detail. Hydroformylation of long chain olefins
has been extensively investigated under biphasic IL/scCO, conditions. For this
reaction it was found that the chemical properties of the IL and catalyst must be
carefully matched [75, 76]. Initial investigations using phosphite ligands showed these
to be incompatible with ILs based on the [PF4]" or [BF,] anions used at first, because
small amounts of F~ liberated by anion hydrolysis reacted with the ligands and led to
catalyst deactivation. Sulfonated derivatives of triphenylphosphine proved to be
chemically more robust, but were only soluble in the ILs in the form of imidazolium
salts of monosulfonated triphenylphosphine, e.g. [pmim][Ph,P(m-CsH4SO;3)] (pmim =
1-propyl-3-methylimidazolium). An initial flow process based on a catalyst formed in
situ from [Rh,(OAc)4] and [pmim][Ph,P(m-C¢H4SO3)] dissolved in the IL [bmim][PF]
(bmim = 1-butyl-3-methylimidazolium) gave a turnover number of ca. 100 after 20
hours continual reaction for the hydroformylation of dodecene. This low level of
activity was ascribed to lack of solubility of the substrates in the IL, and optimisation
studies showed that significantly higher levels of activity could be attained by
increasing the alkyl chain length on the imidazolium ring and changing the anion to
[TEN]. In an extensive optimisation study, other factors considered included substrate
flow rate, temperature and gas composition. An optimised system using the IL
[omim][Tf;N] (omim = 1-octyl-3-methylimidazolium) (Scheme 8.7) gave a turnover
frequency of 517 h™' for the hydroformylation of I-octene, with an n:iso ratio of
approximately 3:1.

[omim][Tf,N]/scCO,
T=100 °C, p = 200 bar
CO/H, (1:1)

CHO

CHO
C6H13/\/ * CgHys

P >
CeHig™ ™ [Rh(acac)(CO),JL

. N\ TOF =517 h"
L= thF’4<i>7SO3 /N@N\03H7 n:iso = 3:1

Scheme 8.7. Continuous-flow hydroformylation of long chain olefins in the biphasic system IL/scCO,
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The long term stability of the catalyst was also investigated, and found to depend
principally on the rate of oxidation of the phosphine. When all the phosphine had been
oxidised, the rhodium rapidly started leaching into the CO, stream owing to the
formation of Rhy(CO),. This effect was also demonstrated by an increase in the levels
of alkene isomerisation. Under conditions where phosphine oxidation was not a
problem, however, the leaching of rhodium in the product stream under steady-state
operation could be as low as 0.012 ppm. The authors compared their process with the
cobalt catalysed processes used commercially, as well as a rhodium-catalysed process
under pilot plant investigation. It was concluded that the optimised system displayed
excellent space-time yields in comparison with the established systems, and operated at
comparable temperatures. The main problems highlighted for the IL/scCO, system
were the relatively low n:iso selectivity and the relatively high pressures required (200
bar).

Another potential problem common to all IL/scCO, systems is the current cost and
unknown toxicity of ILs. Although in an optimised system the IL should remain within
the reactor, the absence of toxicity data may prove a hindrance to their acceptance for
products used in the fine chemicals or pharmaceutical industries. In an attempt to
address this problem, Cole-Hamilton and co-workers have recently reported a
development of their IL/scCO, hydroformylation system discussed above, which uses a
similar catalyst system but no IL [18]. In this case, the product nonanal was used as a
solvent for the catalyst, which was based on [pent-mim][Ph,PCsH4SO;] (pent-mim = 1-
pentyl-3-methylimidazolium) and [Rh(acac)(CO),]. The longer alkyl chain substituents
on the phosphine gave improved solubility in the organic phase (and hence higher
activity), but not to the extent that leaching into the CO, phase becomes a problem.

A further example of a reaction which may be optimised in IL/scCO, by selection
of the appropriate anion for the IL is catalytic enantioselective hydrovinylation, a
synthetically interesting and truly atom economic C-C bond forming reaction [77-79].
The nickel complex below has been developed by Wilke and co-workers as precursor
for a highly active and enantioselective catalyst for this process.

Wilke catalyst

This complex is not the actual catalyst for the hydrovinylation, but needs to be
activated in the presence of a suitable co-catalyst. The role of this additive is to abstract
the chloride ion from the nickel centre to generate a cationic allyl complex that further
converts to the catalytically active nickel hydride species. In conventional solvents this
is typically achieved using strong Lewis acids such as Et,AICI. Alternatively, sodium
or  lithtum  salts of non-coordinating  anions such as  tetrakis-
[3,5-bis(trifluoromethyl)phenyl]borate (BARF) can be used to activate hydrovinylation
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catalysts [80]. These active intermediates are highly reactive and extremely sensitive
so that reactions in conventional solvents need to be carried out at low temperatures,
typically -60°C and below. The use of the sodium salt of (BARF) as activator was
found to generate an active catalyst from Wilke’s catalyst giving high yields and
enantioselectivities in liquefied and supercritical CO, [42]. The chemo- and
enantioselectivities in CO, were considerably higher than those obtained in
conventional solvents at the same temperatures. Catalyst recycling by selective
extraction of the products with low-density CO, met with limited success, however,
owing to extreme instability of the active species especially in the absence of the
substrates.

By transferring this reaction in an IL/scCO, system, several significant benefits
could be demonstrated. First it was shown that the ionic liquid can serve
simultaneously as the catalyst phase and co-catalyst. Furthermore, it was found that
dissolving Wilke’s catalyst in various ILs resulted in different degrees of activity and
selectivity depending on the anion present. The degree of conversion decreases in the
order BARF > AI[OC(CF;),Ph], > Tf;N > BF,, in a manner consistent with the
estimated coordination strength of these anions. The high activity in [emim][BARF]
(emim = I-ethyl-3-methylimidazolium) led to significant amounts of consecutive
isomerisation and oligomerisation under the non-optimized conditions of the batchwise
screening, but could probably be avoided under continuous flow conditions by shorter
contact times.

D
PT—[7) |

Figure 8.5. Schematic view of continuous flow reaction setup for IL/scCO, systems (adapted from reference
[81]). C: compressor, CT: cold trap, D: dosimeter, DP: depressuriser, F: flowmeter, M: mixer, MF: metal
filter, P: HPLC pump, PT: pressure transducer and thermocouple, R: reactor, S: styrene

Attempts to recycle the catalyst-containing IL solution after removing the product by
CO, extraction were again frustrated by the instability of the nickel species. It was
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assumed that the absence of excess substrate was a major reason for the deactivation
during batch-wise recycling of this type, so continuous flow operation of the reactions
was employed to ameliorate this limitation. Using a setup similar to that shown in
Figure 8.5, [emim][Tf,N] was used as the IL to activate, tune, and immobilize Wilke’s
catalyst. CO,, the liquid substrate, and ethylene were delivered from a compressor unit,
an HPLC pump, and a gas dosing module, respectively. Liquid CO, at 0 °C was used
in the long term test study, but similar results could be obtained using scCO,. After
passing through a mixer (in its simplest form a four port joint), the substrate flow was
fed into the reactor where it bubbled through the ionic liquid solution containing
Wilke’s catalyst. Styrene was converted to (R)-(1-methylallyl)-benzene with high
activity and selectivity, and the CO, stream transported the product from the reactor
into the separation chamber. Initially, some problems were encountered with foaming
and consequent loss of the IL, but these were resolved through small modifications to
the reactor design. Under optimised conditions, the product separated from the CO,
stream upon pressure reduction, and was isolated as a colourless liquid in pure form.

AN Wilke catalyst / [emim][Tf,N] / CO,
+ CyHy4 >

Conversion 75-80 %
ee = 60-65 %
60 h continuous reaction

Scheme 8.8. Continuous flow enantioselektive hydrovinylation using the biphasic system IL/scCO,

Scheme 8.8 summarizes the remarkable long term stability of this catalytic system
under continuous flow operation. At a reaction temperature of 0°C, conversion
remained practically constant over 60 hours. A short induction period was associated
with the time required to reach the saturation concentration of substrates and products
in the IL. After reaching steady state conditions, the enantiomeric excess showed a
marginal decrease from around 65% to 60%. The most exciting feature of this system is
the ability to optimise it on both the molecular and the engineering level. For example,
based on the results shown in Scheme 8.8, improved matching of the IL and catalyst
can be expected to yield products at better levels of conversion and ee. At the same
time, control of the residence time now becomes an option for homogeneous catalysis,
allowing for example the suppression of consecutive reactions.

With the number of successful examples increasing, it is expected that these general
advantages of continuous flow multiphase catalysis in IL/scCO, will be exploited
further making this a viable option for fine chemical production. A broad range of
reactions can be envisage for the combined IL/scCO, approach, and it is likely that this
list will grow extensively over the coming years. An interesting recent example is the
palladium catalyzed dimerisation of methyl acrylate, which was found to proceed
smoothly in a biphasic [bmim][BF,]/scCO, biphasic system [82]. The catalytic system
comprises phosphonium salts and HBF, as co-catalysts, making the IL environment
particularly attractive. The partitioning of substrates and products between the IL and
scCO, was investigated and the data used for optimisation of the reaction conditions.
Turnover numbers up to 560 and turnover frequencies up to 195 h™ were obtained.
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8.2.3  BIPHASIC SYSTEMS CONSISTING OF CO, AND SOLID PHASES

A third approach for the immobilisation of organometallic catalysts is the use of solid
supports. While many successful examples of the use of both inorganic (e.g. silica,
alumina) and organic (e.g. polymer) supports for organometallic complexes have been
reported (see Chapter 3 of this book), the activity of such systems can often be limited
by the rate of mass transfer between gaseous or liquid phases and the solid phase
catalyst. In a similar manner to the situation in heterogeneous catalysis [83], scCO,
offers an intriguing solution to this problem for solid phase supported organometallic
complexes.

8.2.3.1 Inorganic Supports

A typical example of organometallic catalysis in scCO, is the hydrogenation of CO,
itself to yield formic acid and its derivatives [84, 85]. Ruthenium complexes bearing
silylether phosphine ligands (1) were anchored on silica supports via sol-gel techniques
to yield highly efficient catalysts for hydrogenation of CO, under supercritical
conditions [86, 87]. In the presence of dimethylamine, turnover numbers of up to
110,800 were observed for the formation of dimethylformamide using these catalysts.
The nature of the support has a pronounced effect on the performance of the catalysts,
and even higher efficiencies were reported with a mesoporous ruthenium silica hybrid
aerogel [88].

(EtO)sSi Si(OEt)s

)3 L\ Ph C|P /_/ (ELO)Si on QPPhZ
3!
o o | P NP ,,ZR «Cl .
P, | \ o RIS, (MeO)sSin_~_N ©
\j (Et0)3s|Ith thxSi(OEt);.; @PPh
(EtO),Si Si(OEt), 2
1 2 3

The hydroformylation of 1-hexene was carried out using a similar scCO,/solid phase
system where a rhodium complex with silylether phosphine ligands (2) was anchored
on silica [89-91]. Following this approach, an n/iso ratio of 4.5 was obtained for the
aldehyde product, compared to a value of approximately 3 obtained in toluene solution
using the corresponding free homogeneous catalyst. Hydroformylation of the same
substrate was also effective with rhodium and platinum/tin phosphine complexes
immobilized in the zeolite MCM-41 [92]. A high selectivity for n-heptanal was
observed using the platinum/tin catalysts, while the rhodium based catalysts gave
higher activity but lower selectivity. In another example, silica-supported ligands of the
XANTPHOS-type (3) were shown to form highly selective rhodium catalysts for
continuous-flow hydroformylation of long chain olefins in scCO, [93]. The structure of
the chelating ligand ensured a very high »/iso ratio of 40:1 in the conversion of 1-
hexene. The silica bound catalyst showed reasonable turnover frequencies under
supercritical conditions, comparable to those of its homogeneous counterpart in
conventional solvents. Reactions were operated using a fixed-bed arrangement largely
identical to that applied with traditional heterogeneous catalysts in scCO,. No apparent
rhodium leaching was reported and the catalyst showed stable performance under
continuous flow conditions for 6.7 hours.
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In a somewhat different approach, supported-aqueous-phase-catalysts (SAPC, see
Chapter 5, Section 5.2.5 of this book) have been combined with supercritical CO, in
catalytic hydrogenation [55]. Ruthenium was supported on silica and combined with
the ligand TPPTS in water, after which a scCO,/H, phase was applied together with the
substrate. Better levels of conversion were obtained using scCO, than the equivalent
system with toluene for the hydrogenation of cinnamaldehyde.

8.2.3.2 Organic Polymer Supports

Organic polymers have also been used as catalyst supports with scCO, as the substrate
phase. Heck and Suzuki cross-coupling reactions were performed with palladium
complexes using commercially available amino and phosphino polystyrene resins as
scavengers or supports respectively [94]. Yields of greater than 80% were obtained
using the amine-resin for the coupling of butyl acrylate and aryl iodides both without
added phosphine ligand (“ligandless” reaction), and also with the addition of tri-fert-
butyl phosphine. The results of the same coupling using palladium complexed to the
phosphino resin were very dependent on the base used, those which were CO,-soluble
giving better yields. The wuse of quaternary phosphonium salts such as
tetrabutylphosphonium acetate as the base also resulted in good yields, possibly due to
the melting of the salts under the reaction conditions to form an ionic liquid solvent.

In another example, a polymer-supported chromium porphyrin complex was
supported on ArgoGel Cl and then employed for the ring-opening polymerization of
1,2-cyclohexene oxide and CO, [95]. This complex showed higher activity than a CO,-
soluble equivalent, and the solid nature of the catalyst meant that recycling of the
catalyst was much easier.

Amphiphilic resin supported ruthenium(Il) complexes similar to those displayed in
structure 1 were employed as recyclable catalysts for dimethylformamide production
from supercritical CO, itself [96]. Tertiary phosphines were attached to crosslinked
polystyrene-poly(ethyleneglycol) graft copolymers (PS-PEG resin) with amino groups
to form an immobilized chelating phosphine. In this case recycling was not particularly
effective as catalytic activity declined with each subsequent cycle, probably due to
oxidation of the phosphines and metal leaching.

The chiral BINAPHOS ligand was anchored on an organic resin using a
copolymerization strategy. After loading of the polymer with rthodium, the material was
packed in a fixed-bed column using commercial equipment for supercritical fluid
chromatography. The potential for continuous operation was demonstrated for the
asymmetric hydroformylation of styrene to yield the chiral branched aldehydes (81%
iso-selectivity) with ee values up to 86% [97]. Under the optimised reaction conditions,
sequential hydroformylation of a small library of structurally diverse olefins was
achieved using the same catalyst bed. In all cases excellent regio- and enantioselectivity
was achieved using this straightforward technology.

An anionic rhodium iodide carbonyl complex was supported on
polyvinylpyrrolidone for the carbonylation of methanol in the presence of scCO, [98].
Depending on the reaction conditions and method of extraction, less than 0.08%
rhodium leaching was observed. Saturation of the support with methyl iodide was
found to be vital to enhance the longevity and recyclability of the catalyst.

An “inverted” system based on the CO,-soluble catalyst Pd(OAc),/P'Bu; has been
utilized for Suzuki-coupling of resin-bound substrates [33]. The use of scCO, with
polymer-supported substrates seems highly attractive owing to the known plasticizing
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and swelling effects of compressed CO, on polymeric compounds. Excess reagents and
catalysts can readily be stripped off with scCO,, yielding the solid-phase-bound
product without the need for subsequent drying or purification steps. Interesting
applications of this technique to parallel and/or high-throughput synthesis of
biologically active compounds can be envisaged.

8.3. Economic Evaluation and Summary
8.3.1 POTENTIAL FOR SCALE-UP

Supercritical CO, offers three fundamentally different procedures, each of which can
be carried out as conventional or inverted biphasic systems. Concentrating on the
methods using scCO, as the product stream (i.e. conventional systems), the major
difference results from the nature of the catalyst phase. Using the CESS procedure the
catalyst is homogeneously dissolved in the scCO, phase during the reaction stage,
whereas it is dissolved in a separate liquid phase in liquid/scCO, systems, or attached to
a solid in solid/scCO, systems. Consequently, three different approaches must be
considered for continuous flow operation of these methods. The solid/scCO, would be
accomplished by straightforward fixed bed technology as already implemented on a
commercial scale for heterogeneous hydrogenation [9, 10]. A continuously stirred tank
reactor would probably be the method of choice for the liquid/scCO, system. Detailed
descriptions of corresponding laboratory setups have been given elsewhere [70, 76].

The CESS approach would require a loop technology to combine the reaction and
separation steps into one quasi-continuous process. It is the most complex and
expensive of the methods described in this chapter, and can thus be regarded as the
most demanding scenario for cost implications of processes employing scCO,. A
potential flow sheet for hydroformylation as prototypical catalytic process is illustrated
in Figure 8.6, along with process conditions outlined in Table 8.1. The catalyst used
for this process is [(cod)Rh(hfacac)]/4-H?F°-TPP (cod = cyclooctadiene, hfacac =
hexafluoroacetylacetonate) in a molar ratio of 1:10. The 1-octene feed is heated to
65 °C in E101, then pumped into the reactor R101. At the same time the syngas (20
bar) and CO, pass through compressors C101 and C102 respectively, are mixed with
the recycle stream from V101, heated to 65 °C, and fed into R101 at a total pressure of
200 bar. If necessary (for example at the beginning of the process), a solution
containing the catalyst is pumped into R101 by P103 through E104 where it is heated to
65 °C. The product stream from V101 is then heated to 125 °C in E103, after which
the pressure is reduced in C103 to 140 bar and the stream passes into separator S101.
In this vessel 20% of the product precipitates as a liquid phase containing the catalyst.
This stream is pumped back into R101 by P102, at the same time being returned to 65
°C in E104. The remainder of the product stream is then cooled to 25 °C in E105, the
pressure adjusted to 50 bar by C104, and then passes into isolation chamber V101. At
this stage, the liquid product is separated by gravity, while the remaining gas stream is
recompressed to 200 bar by C105, whereupon it rejoins the feed stream. The isolated
aldehyde mixture can be subjected directly to a conventional n/iso distillation without
the need for further purification.
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TABLE 8.1. Projected process and reactor
specifications for hydroformylation of 1-octene
in a possible CESS procedure

Reaction pressure (P;) 200 bar
Reaction temperature (T;) 65 °C
Separation pressure (P») 140 bar

Separation temperature (T,) 125°C

Isolation pressure (P3) 50 bar
Isolation temperature (T3) 25°C
Rh:L:substrate (mol) 1:10:5000
1-octene conversion per pass 90%
E103 C103
NS

T R101

E104

m T\/ P102

1—octene@ U product
E101 E102

P101 Pw;g;catalyst /‘

—

C105

c101 c102
co,

syngas
Figure 8.6. Process flow sheet for hydroformylation of 1-octene to 1-nonanal using the CESS approach

Such an approach clearly requires advanced engineering. Large costs are associated
with the energy of compression, a feature of all three approaches involving scCO,.
This problem can be somewhat ameliorated by the use of temperature to control
density, and hence the solubility, thus reducing the need for drastic alterations in
pressure. The existing examples of industrial-scale processes employing pressurised
CO, demonstrate that the cost of generating such pressures need not be prohibitive, and
additionally provide a technical framework on which new methods may be developed.
Whereas the CESS procedure seems to be particularly applicable to high value added
products, the other two approaches described in this chapter could potentially reach the
bulk and commodity businesses if suitably optimised. A major advantage of using
scCO, for catalyst immobilisation is the effectively solventless generation of the final
products. Thus, all downstream processing related to solvent removal, recycling or
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disposal is avoided. This can be especially important in cases such as fragrances, food
additives or pharmaceuticals where even trace amounts of solvent residues must be
avoided.

8.4 Summary

In this chapter we have outlined a number of approaches to catalyst immobilisation in
systems employing scCO, either as mobile phase or catalyst support. Clearly no single
approach is ideal for all cases, so parallel development routes are essential.
Gratifyingly, scCO, is compatible with virtually any of the catalyst supports currently
known, and further examples are likely to emerge in the near future. Probably the
greatest strength of pressurised CO, as a solvent is the ability to change its solvent
properties simply by altering the density of the medium. The short history of this
exciting research area as highlighted in this chapter has already yielded a variety of
successful examples of sustainable catalysis on a laboratory scale. While no industrial
application has been implemented to date, there seems to be no fundamental
technological or economical barrier to prevent such a development.

This chapter illustrates that the potential of scCO, for reaction engineering of
homogeneous catalysis offers a great scope for possible scientific and technical
innovation. This newly emerging field of catalysis research lies at the interface of
molecular sciences and process engineering and its future development will require
truly interdisciplinary efforts from experts in both fields.
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9.1 Introduction

A wide variety of new approaches to the problem of product separation in
homogeneous catalysis has been discussed in the preceding chapters. Few of the new
approaches has so far been commercialised, with the exceptions of a the use of aqueous
biphasic systems for propene hydroformylation (Chapter 5) and the use of a
phosphonium based ionic liquid for the Lewis acid catalysed isomerisation of
butadiene monoxide to dihydrofuran (see Equation 9.1). This process has been
operated by Eastman for the last 8 years without any loss or replenishment of ionic
liquid [1]. It has the advantage that the product is sufficiently volatile to be distilled
from the reactor at the reaction temperature so the process can be run continuously with
built in product catalyst separation. Production of lower volatility products by such a
process would be more problematic. A side reaction leads to the conversion of
butadiene oxide to high molecular weight oligomers. The ionic liquid has been
designed to facilitate their separation from the catalyst (see Section 9.7)

N oct;Snl . @

o) [P(oct);CqgH37]l o)

Equation 9.1 Commercialised Lewis acid catalysed production of dihydrofuran in a phosphonium ionic
liquid.

In this chapter, we examine the various processes by taking a qualitative look at which
parts need to be improved by further research in order to make them commercially
attractive for the separation of lower volatility products and especially competitive with
low pressure distillation. Once again we focus on the rhodium/tertiary phosphine
catalysed hydroformylation of long chain alkenes, specifically 1-octene, since data
concerning this reaction is provided in the preceding chapters. A summary of the best
results obtained from each of the processes and the problems associated with their
implementation appears in Table 9.1. A full economic analysis of each approach to the
product separation problem is beyond the scope of this book, so any conclusions as to
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what research is still needed to render any of the processes commercially viable will at
least to some extent be subjective.

9.2 Conventional separation methods (See Chapter 2)

Conventional distillation directly from the reaction chamber is not possible for longer
chain aldehydes than Cs because the volatility of the aldehyde is too low for it to be
removed at an economically viable rate without raising the temperature above the
decomposition temperature of the catalyst. In principle, an alternative to higher
temperature is a faster flow of the gas phase through the reactor so that more product is
removed per unit time. However, there is a limit in that liquid expansion (foaming)
occurs and the reactor would have to be prohibitively large to prevent foam filling it
entirely and the liquid catalyst solution also being carried out of the reactor. Once
again, this limit is reached at about Cs aldehydes. The formation of heavy (aldehyde
dimer and trimer) products is also enhanced during the distillation process (higher
aldehyde concentration and high temperature, see below).

Batch continuous processing, in which part of the catalytic solution is removed to
a low pressure distillation unit, on the other hand, has recently been commercialised [2-
4]. Very little information is available in the public domain concerning this low
pressure distillation process, but the main extra cost will be in generating the reduced
pressure required for the distillation. The estimated vapour pressures at 110°C of
various long chain linear aldehyde products that are commercially desirable are shown
in Figure 9.1. This temperature has been chosen because this is the high temperature
limit above which the rhodium triphenylphosphine complex starts to decompose. Any
commercial process will require to operate the product distillation step at a pressure no
higher than those shown for the individual aldehydes.

45
40+ @
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20 o <
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5 | *
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Vapour pressure at 110 C / torr

Figure 9.1. Estimated vapour pressures at 110°C of aldehydes of different chain lengths
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The low pressure distillation may also lead to volatilisation of the ligand so that ligand
losses may be high. Some of this ligand will be recycled, whilst some must be replaced.
Finally, there is a major issue concerning heavies formation in systems manufacturing
long chain aldehydes.

High boiling point products (heavies) are dimers or trimers produced from the
aldehyde products by aldol condensation reactions. They, thus, have a molecular mass
which is approximately twice that of the product aldehyde (or greater) and very much
reduced volatility. In the production of butanal, they are removed at about the rate at
which they are formed, so once they have built up sufficiently to act as the reaction
solvent, they reach a steady state level in the reactor. For longer chain aldehydes, the
heavy products are essentially involatile, so they must be removed by a liquid purge,
which also removes catalyst. Here the separation problem is extremely severe. One
way to reduce this problem is to operate in an inert diluent (reaction solvent). Since
aldol condensation is second order in aldehyde (i.e the rate of aldol condensation o
[aldehyde]®), working at lower aldehyde concentration substantially reduces the rate of
aldol condensation and the build up of heavies, thus allowing a longer time between
liquid purges and a longer lifetime for the catalyst. Processes have been developed for
the recovery of some of the catalyst in the liquid purge stream, e. g. by adsorption onto
an insoluble support such as an acidic ion exchange resin [4].

Despite these problems, this low pressure distillation process has proven
sufficiently economical to be commercialised for the hydroformylation of long chain
alkenes and represents the benchmark against which all other processes must be
judged.

9.3 Catalysts on insoluble supports (Chapter 3)

Until recently, all attempts that have been made to carry out catalytic reactions using
metal complexes anchored to insoluble supports such as solid oxides or polymers have
been prone to a degree of leaching that is too large for commercialisation, unless the
leached material is recaptured on a guard bed of the same carrier, which in time takes
on sufficient catalyst loading that it can be recycled as the active catalyst bed. The
recapturing is carried out at lower temperature and pressure than the reaction, so that
the stability constant for binding of the catalyst to the resin is maximised. More
recently, catalysts have been developed in which the leaching is undetectable and
single samples of catalyst have been used in a variety of reactions for over one year
[22]. This is an exciting development, which relies upon the use of bidentate binding to
the metal, so that the metal is retained with high efficiency, and covalent linking of the
ligand into the solid matrix via a sol-gel reaction, ensuring that the ligand itself cannot
break free from this support. The ligand shown in Figure 9.2 has been used
successfully for the hydroformyation of 1-octene with no leaching being detectable
(<0.005 ppm Rh, <0.1 ppm P).
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Figure 9.2. Ligand used for supporting a hydroformylation catalyst on a solid support. Leaching of thodium
under the reaction conditions is insignificant.

This is a very attractive process, which does not require any special engineering
solutions because the catalyst can be used in a fixed bed, just like a heterogeneous
catalyst. The cost of the ligand and the slightly diminished activity mean that cheaper
more active catalysts of this kind represent a worthwhile goal and a significant
challenge. Multipass operation may overcome the activity problem to some extent, but
this has not been demonstrated.

Other factors which affect all new approaches to the catalyst separation problem
include ligand degradation and heavies formation, although the latter may not be a
serious problem for the supported catalysts as the heavy products should be removed
with the organic product. In addition, there are the added complications of catalyst
fouling and of mechanical abrasion that can occur with solid phase catalysts. The
extent of these problems will only become apparent after continuous long term
investigations under the conditions that would be used for a commercial process. The
recent advances with supported catalysts suggest that the time is right to carry out these
studies.

The same types of catalyst have been employed in 1-octene hydroformylation, but

with the substrates and products being transported to and from the reaction zone
dissolved in a supercritical fluid (carbon dioxide) [9]. The activity of the catalyst is
increased compared with liquid phase operation, probably because of the better mass
transport properties of scCO, than of the liquid. This type of approach may well reduce
heavies formation because of the low concentration of aldehyde in the system, but the
heavies that do form are likely to be insoluble in scCO,, so may precipitate on and foul
the catalyst. The main problem with this process, however, is likely to be the use of
high pressure, which is common to all processes where supercritical fluids are used
(see Section 9.8).
Supported aqueous phase (Chapter 3, Section 3.6, Chapter 5, Section 5.2.5) and
supported ionic liquid phase catalysts, Chapter 7, Section 7.3) are probably not suitable
for use with higher alkenes because the liquid feed slowly dissolves some of the water
or ionic liquid changing the nature of the catalyst and leading to catalyst leaching.

9.4 Catalysts on soluble supports (Chapter 4)

Dendrimers and soluble polymers provide alternative supports to solids, which have the
advantage that access to the catalytically active sites is not restricted. The main
problem in these cases is not in the catalysis — reactions with high rates and
selectivities have been reported - but rather in the separation which relies on nano- or
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ultrafiltration. One way of circumventing these problems is to support dendrimers on
solid beads so that flow systems or simple filtration can be used. Because of the nature
of the dendrimers, all their active sites are on the surface so all are accessible from the
liquid phase even if they are supported on an insoluble support. This approach has only
been applied in a very restricted number of reactions [12, 23] so increased research in
this area could prove to be very productive.

For dendrimers and soluble polymers, there are two main problems: leaching of
metal from the catalyst and lack of retention of the dendrimer or polymer by the
membrane. Leaching could perhaps be addressed by using bidentate coordination and
covalent attachment of the ligand, as in the solid supported catalysts described above,
whilst the retention issue is potentially more difficult. The macromolecules could leak
through the membrane either because the size of the channels is varied and some are
large enough to allow the macromolecules through or because of imperfections such as
pinholes.

Although membranes have successfully been developed for ultrafiltration in
biological systems in water (removal of whole cells), the research on membrane
materials for use with organic solvents and under gas pressure is in its infancy. This is
an area where considerable further research could be carried out. Preventing membrane
fouling is also an area where more information is required. Cross flow arrangements
seem to be much more successful in this regard than dead-end filtration and they also
allow continuous (loop) operation. Attention to the detailed shape and design of the
channels could well pay large dividends in improving the efficiency of such systems.

Heavies that form in these reactions may be of sufficient size to be excluded by the
membrane and hence retained with the catalyst. This would present a major problem as
their separation from the catalyst will be non trivial.

9.5 Aqueous biphasic catalysis (Chapter 5)

Water - organic biphasic systems are the most developed of all the alternative
technologies for homogeneous catalyst separation. Such a system has been
commercialised by Ruhr Chemie/Rhone Poulenc/for the hydroformylation of propene
to butanal and has been operating successfully for many years. The major problem with
adapting such a process to the hydroformylation of longer chain alkenes does not
concern the product separation, but rather the reaction itself. Very low rates are
achieved using longer chain alkenes. Despite the fact that this approach was first
described 30 years ago, it is still not entirely clear where the reaction takes place — in
the aqueous phase or at the water — organic interface. It almost certainly does not occur
in the organic phase or catalyst leaching would be a problem. Detailed studies aimed at
clarifying this question would be highly beneficial.

As outlined in Chapter 5, Section 5.2.3.2 various approaches to overcoming the
low rates of the hydroformylation of long chain alkenes in aqueous biphasic systems
have been proposed. Some of these, such as the use of microemulsions [24-26] or pH
dependent solubility [27], have provided improvements often at the expense of
complicating the separation process. Perhaps the most promising new approaches
involve the introduction of new reactor designs where improved mixing allows for
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much better rates of mass transport between the three phases (water, organic and gas)
[28]. The use of thermoregulated systems [13] in which a temperature dependent phase
transition makes the catalyst organic phase soluble under the reaction conditions, but
water soluble on cooling is a very neat approach worthy of more development.
Thermomorphic or latent biphasic polymers may also be important in this regard [29].
Further investment in these types of study would be very useful and could allow the
commercialisation of such systems. The very attractive properties of water make this
approach one of the most environmentally beneficial and many the problems associated
with ligand degradation, long term catalyst stability and spent catalyst recycling have
been solved (see Chapter 5, Section 5.3). Heavy aldehyde dimers should be removed
with the organic phase and so will have to be separated from the product, probably by
simple distillation.

9.6 Fluorous biphasic catalysis (Chapter 6)

It is generally considered that the major obstacle to the commercialisation of reactions
employing the fluorous biphasic concept is the cost of the fluorous solvent and the cost
of the ligand, which must contain very large amounts of fluorine to retain the catalyst
within the fluorous phase. However, preliminary calculations (see Chapter 6, Section
6.14) suggest that careful handling of both the solvent and the ligand could reduce
these costs to well below 1 € per tonne of product and that the costs here will be lower
than those resulting from rhodium losses. However, this analysis does not take into
account ligand degradation to give alkyl phosphines with all the problems, outlined in
Chapter 2, Section 2.6 and Chapter 5, Section 5.3, that this brings associated with
lower catalyst activity and selectivity as well as poorer catalyst retention. It should also
be noted that the environmental persistence and very high global warming potential of
fluorinated compounds may make their licensing for wide scale use problematic.

One advantage of the fluorous ligands, which also has implications for reducing
the cost, is that the electron withdrawing fluorous ponytails increase the stability
constants for complex formation and favour the linear product more than less electron
withdrawing ligands. This means that high selectivity towards the linear product can be
obtained at low ligand:metal ratio (low ligand loading). Because hydroformylation
reactions are inhibited by excess phosphine ligands, the low ligand loadings possible in
these systems mean that high rates are obtained and the reaction can be run at lower
temperatures, still giving commercially attractive reaction rates [15]. The lower
reaction temperature should lead to less degradation of the ligand by all the possible
mechanisms, so that ligand losses will be greatly reduced.

Heavy products will be dissolved in the organic phase so that contamination of the
catalyst phase and regular purging will not be necessary.

One major problem remains, however, leaching of the ligand and catalyst into the
organic phase. The calculations in Chapter 6, Section 6.14, assume that the rhodium
leaching can be reduced to 1 ppb and that the ligand losses may be 10 times this. At
present, no catalyst has been reported that comes anywhere near this goal, so
significant research is required to discover new catalyst designs which retain the ligand
much more effectively into the fluorous phase. In addition, the leaching is much
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reduced if reactions are carried out to high conversion [30]. The reactor design
proposed in Chapter 6, Section 6.14, for obtaining high conversion is rather simplistic
and research into new reactor design, which would allow high conversions under
continuous flow operation would be highly beneficial.

9.7 Reactions involving ionic liquids (Chapter 7)

As indicated in Section 9.1, one of the few examples of the implementation of an
alternative strategy for homogeneous catalyst — product separation involves an ionic
liquid. In this reaction, the isomerisation of butadiene oxide to dihydrofuran (Equation
9.1), the product is sufficiently volatile to be distilled form the reactor under the
reaction conditions in a continuous manner. Where this is not the case, the reaction
kinetics require that the substrate and the catalyst both dissolve within the ionic liquid.
If the product is much less polar than the starting material, it may phase separate and be
removed by decantation. If, however, as in long chain alkene hydroformylation, the
product is more polar than the substrate, it is likely that it too will be soluble in the
ionic liquid and hence might require extraction. In practice, the engineering solutions
described in Chapter 7, Section 7.4 rely upon the ionic liquid becoming saturated with
product so that a separate organic phase consisting of unreacted substrate and products
forms and can be separated by decantation rather as in the aqueous biphasic process.
The main advantage of the using an ionic liquid over using water is that the ionic liquid
can be tuned to dissolve the substrate, even if it is of relatively low polarity so that high
reaction rates can be achieved. The main disadvantage in a chemical sense is that the
ionic liquid may be soluble to some extent in the organic phase, thus leading to the
leaching of both ionic liquid and catalyst. The catalyst can be anchored within the ionic
liquid phase by making it highly polar, although not so polar that it does not dissolve in
the ionic liquid, but rather little has been reported about the solubility of the ionic
liquids in the product stream. If the catalyst is retained within the main ionic liquid
phase, the extracted ionic liquid can, in principle, be collected from the bottom of the
product distillation column. In reality, this could be a major problem as the aldol
condensation products, which are also essentially non-distillable, will be almost
impossible to separate from this extracted ionic liquid. The cost of the ionic liquid
means that such losses must be kept to an absolute minimum, so ionic liquids which
dissolve the organic substrate but are insoluble in the product would be the ideal
solution to the problem, although whether such liquids represent a realistic possibility
remains to be seen. Most of the heavies will be in the organic phase, but they may also
build up in the ionic liquid, in which case a purge will be required. Fortunately, on this
occasion, the heavies should be extractable from the ionic liquid and catalyst using an
organic solvent and the ionic liquid phase could be recycled.

In the Eastman process for 2,5-dihydrofuran production, the situation is different
and the problem of heavy products has been tackled in a highly original manner.[31]
The oligomers formed in the process are highly polar and insoluble in alkanes. The
ionic liquid, [P(oct);CigH;7]I and the Lewis acid catalyst, [Sn(oct);]I, which are non
toxic (LDso > 2 g kg for each), non-flammable (flammability 1) and non-corrosive
(340 stainless steel is used for the reactor), have been designed to be soluble in
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heptanes. Part of the ionic liquid containing the oligomers, which is being recycled
from the distillation unit to the reactor, is purged to a counter current extractor where
the catalyst and the ionic liquid are extracted into heptanes. They are then stripped of
the heptanes and returned to te reactor whilst the oligomers, now freed from the
catalyst and ionic liquid, are incinerated.

Another solution to the problem of ionic liquid loss to the organic phase is to
extract the product from the ionic liquid using a supercritical fluid (See Chapter 8§,
Section 8.2.2.3). It has been demonstrated that this can be done continuously for a
variety of reactions including the hydroformylation of long chain alkenes [20], and that
neither the ionic liquid nor the catalyst are leached to significant extents. The only
problem here is the high pressures involved (see section 9.8).

Other problems with ionic liquids in addition to their cost, which is falling, are:

e their environmental persistence, especially important if they are lost with the

heavies purge

e their lack of flammability, which may mean that destruction by incineration is

difficult

e their slight but significant toxicity [32, 33]

e and their corrosive properties [34]

Many of these problems may be overcome by using ionic liquids based on sugars [35]
or deep eutectic mixtures. Deep eutectic mixtures such as that derived from choline
chloride and urea (m. pt. 12°C [36]) or carboxylic acids [37] can be liquids and have
very low vapour pressure. They have been successfully used as electrochemical
solvents, but their use in catalysis remains little explored. Urea is a fertiliser and
choline chloride (Vitamin B4) is a component of chicken feed so the mixture is
environmentally acceptable.

With the myriad of ionic liquids that are available, there is surely ample scope for
further research of these important solvents and considerable grounds for optimism that
improvements of the current systems to an extent that encourages commercialisation
are possible.

9.8 Reactions using supercritical fluids (Chapter 8)

Like water, carbon dioxide is and environmentally very attractive solvent. The ability
to control its solvating power by simple swings in temperature and pressure makes it an
ideal medium for homogeneous catalysis. The main problem compared with
conventional systems is that such swings, especially in pressure, require costly
recompression and care must be taken to control the temperature whilst the pressure
swing is occurring so that mixed liquid and gas phases do not form. They are very
difficult to pump. The results presented in Chapter 8 suggest that rates and selectivities
for the hydroformylation of 1-octene and other long chain alkenes can be commercially
attractive and that separation of the catalyst can be achieved at least in styrene
hydroformylation using the CESS process [38] (see Chapter 8.2). These preliminary
experiments on the CESS approach suggest that some rhodium leaching still occurs, so
improvements will be required either in the ligand design or in the optimisation of the
pressure swings to reduce this still further. The necessity to use costly fluorous derived
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ligands to render the catalysts soluble in scCO, adds extra impetus to the search for
better catalyst retention. An attractive aspect of the CESS process is that the formation
of heavy aldehyde dimers will be reduced because of the low aldehyde concentration
and that any that do form will precipitate during the reaction and be easily separated. It
is important, however, that they should not extract the catalyst from the scCO,.

Biphasic systems in which the scCO, simply acts as a transport vector, but the
catalyst is dissolved in a separate liquid phase mean not only that catalyst retention can
be improved, but also that fewer pressure swings are required. The main disadvantage
of these systems is that the solvent (water or polyethyleneglycol) can show some
solubility in scCO,, thus complicating the separation. Ionic liquids allow excellent,
although not as yet perfect, catalyst retention and no loss of solvent [20]. Heavy
products will be reduced because both the ionic liquid and the scCO, will act as
diluents, but they will eventually build up in the ionic liquid phase. This will lead to a
requirement to purge the ionic liquid — catalyst — heavies mixture, but once again, the
heavies should be extractable with an organic solvent and the catalyst — ionic liquid
recyclable. Their main disadvantage, which is shared by other liquid - scCO, biphasic
systems is that the product must be extracted from the liquid phase and hence very high
pressures (200 bar) are required. Once again, this increases the costs associated with
the recycling of CO,.

Much lower pressures (125 bar) can be used when the liquid phase, in which the
catalyst is dissolved, is the steady state mixture of reactants and products that
accumulates during the reaction, because the product simply has to dissolve not be
extracted [17]. The lower pressure operation makes this approach particularly
attractive, although heavies will build up in the catalyst rich phase and separation of the
catalyst from the heavies will require processes similar to those developed for low
pressure distillation (see Section 9.2).

Process designs for these types of system have been proposed [21] but once again
careful control of temperature and pressure will be essential to avoid phase separation
problems especially in the recycling gases (CO, H,, CO;). Two alternative approaches
to simple decompression and recompression may be worthy of consideration. The first
is simply to pass the decompressed gaseous phase over an oxidation catalyst so that any
unreacted CO and hydrogen, together with any organic materials are oxidised to water
and CO, and then to vent the CO,. This would not increase the overall CO, burden very
significantly because most of the CO, being discharged would simply have been
discharged anyway if it had not been involved in the process. This completely gets
around the recompression problem but the main losses would be of CO and hydrogen.
An alternative to oxidation would be membrane separation, such as is used in
reforming. In this way the CO and H; could be recycled separately from the CO, or the
CO; could be discharged. Recompressing the CO and H, would be much less energy
intensive than recompressing CO, because the amounts involved would be so much
less and there would not be problems with phase separation.

The alternative approach draws form the experience of coffee decaffeination. The
currently practiced process is carried out on a massive scale using scCO, to extract the
caffeine from the coffee beans. The caffeine is not precipitated from the scCO, by
decompression, but is extracted into water from which it can be separated. The great
advantage of this process is that it can be operated at essentially constant pressure and
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very little energy is required for recompression of CO, in the recycling loop. It is
difficult to see how such a process could be applied to truly homogeneous catalytic
system, in which the catalyst is dissolved in the scCO,, but it could be applied in
systems where the CO, is the transport vector. In these cases, it would be necessary to
pass the effluent stream from the reactor through a counter current of a solvent which
dissolves the product, but is not itself soluble in scCO,. An ionic liquid would be one
possibility, especially in the cases where lower pressure operation ensures that the
product partitions well into the ionic liquid (e.g. nonanal into Il-octyl-3-
methylimidazilium bis(trifluoromethyl)sulphonamide at 125 bar [17]). The high
solubility of CO; in ionic liquids of this kind will reduce the separation efficiency, but
it may be possible to use other solvents which dissolve the product but not CO, and are
not themselves soluble in scCO,. The removal of the product from this solvent could
then be carried out as described in Chapter 7.

9.9 Conclusions

None of the alternative strategies for catalyst/product separation has yet reached the
point where it can be commercialised for the rhodium catalysed hydroformyation of
long chain alkenes and there are very few examples of commercialisation in any
catalytic applications. Batch continuous processing with low pressure product
distillation has been commercialised but the complexity of the system suggests that
alternatives may be able to compete.

In this book, we have examined the chemistry behind the possible new approaches
to solving the separation problem and have discussed process designs that could be
used to implement the Chemistry. In this chapter, we have addressed what we believe
to be the biggest problems remaining to be solved for the different approaches
described in the rest of the book and have attempted to provide pointers towards
possible solutions. These should provide impetus for further research in this important
area aimed at improving the chemistry, phase behaviour, differential solubility and
process design and eventually lead to the commercialisation of many more
homogeneous catalytic processes so as to make chemicals production much more
environmentally acceptable.
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