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Preface

Sipping a cup of decaffeinated coffee the reader may wonder on the somewhat
unusual classification of solvents as ‘alternative’: alternatives to what? And why
would we need alternative media for doing chemistry or for any other purpose?
These may be the first questions of those who are just starting to discover the
exciting new developments on using solvents other than volatile and often toxic
organics for synthesis and especially for catalytic synthetic reactions. Yes, indeed,
the vast majority of synthetically useful reactions do not take place between iso-
lated entities in the gas phase; the science of chemistry has been developed and
still mostly practiced in solutions where the reactants of the chemical transforma-
tion are molecularly dispersed by virtue of their interaction with the molecules
making the majority of the liquid phase, i.e. the solvent. The thermodynamics
of solutions is one of the oldest and most meticulously developed field of phys-
ical chemistry and serves as a fundament for chemical engineering. Solvents
for a reaction are chosen according to their ability to dissolve the important
ingredients of the reaction: solubility of the reactants, products and often the
intermediates should carefully be considered. Traditionally, and logically from
solubility aspects, the most important syntheses are run in organic solvents, but it
is here, where several problems accumulated over the years. First and foremost,
more and more organic solvents are blacklisted due to their damaging effect on
human health or on the environment in general. Second, the synthesis of fine
chemicals requires catalysts of highly sophisticated architecture and this is syn-
onymous to those being extremely expensive. Such precious catalysts simply
cannot be allowed to decompose during the workup phase of synthesis, often
involving distillation.

From these considerations several new approaches emerged to reduce the risks
and disadvantages of using traditional organic solvents by replacing them with
so called alternative ones, the list of which include water, fluorous solvents,
supercritical fluids and ionic liquids. Note, that alternative does not necessar-
ily mean new or newly discovered; in fact, most of these solvents have been
around for several decades (not even mentioning water). What is really new is
their use as alternatives to common organic solvents. All these liquids can be
applied as the sole solvent in a given reaction, but most often biphasic or multi-
phasic reaction media are designed on the basis of the limited solubility of these
liquids in each other. One should even add, that a proper combination of tradi-
tional organic solvents may result in a biphase. By now probably all the possible
permutations of the mentioned five general solvent classes have been demon-
strated applicable for multiphase synthesis, the best known examples being the



Xii Preface

Shell higher olefin process (organic/organic) and the Ruhrchemie-Rhone Poulenc
propene hydroformylation process (aqueous/organic). The diversity of the appli-
cations may confuse the newcomer but it is not easy to comprehend even by the
more experienced. A guide to this field may help a lot, and this is why the book
of Adams, Dyson and Tavener is most welcome.

Of course, there are numerous reviews and several edited books on certain
aspects of the use of a given solvent class in organic (and more rarely, inorganic)
synthesis. But this book represents the first approach to describe the properties,
physical chemical characterization and synthetic use of water, fluorous solvents,
supercritical fluids and ionic liquids from a unified view. Numerous tables and
graphs help the reader not only to learn about the properties of these alternative
solvents (not widely available elsewhere, and certainly not in the same publica-
tion) but also to discover the relation between the chemical structure and solvent
ability. Perhaps the most attractive feature of the book is the well balanced com-
bination of elementary physical chemistry (dissolution, solvent properties and
characterization, polarity scales, solvent effects on kinetics, and the like) with
the most advanced use of these principles to characterize such hard-to-handle
solvents as supercritical fluids and ultrapure ionic liquids. In this way the authors
succeed in bridging the gap between the often unusual features of the so-called
alternative reaction media and their sound interpretation by chemical thermody-
namics and kinetics. To see a substance, composed entirely of ions, flowing like
water at room temperature may be a shocking experience, but this is not more
shocking than to feel the sharp fall of temperature in a vigorous endothermic
reaction made possible by a large increase in entropy (such as, for instance, the
one between thionyl chloride and hydrated cobalt(Il) chloride). Although in our
everyday life we are not used to such phenomena they still surround us and it is
just more than appropriate to make use of the unusual properties of alternative
solvents in catalysis and synthesis, beyond the extraction of caffeine from the
beans with supercritical carbon dioxide.

This book of Adams, Dyson and Tavener does not intend to give a last minute
overview of all the applications using alternative solvents for chemical purposes;
taking the fast pace with which research in this area moves this would be a
vain attempt anyway. What they do, instead, is the presentation of the main con-
cepts and the description of the most important and perhaps most representative
examples of biphasic catalytic processes; these are supplemented by carefully
chosen literature references. Moreover, experimental techniques to study such
reactions are also described that will prove most useful in such unusual cases
as, the investigations applying supercritical fluids. The outspoken intention of
the authors is to give a guide, based on solid thermodynamic and kinetic basis,
for those who wish to be familiar with the properties and with the fascinating
possibilities alternative solvents offer to devise more efficient and less hazardous
(green) chemical processes. I am convinced, that the prospective readers, from
university students to industrial experts, will all find this book timely, clearly
written and useful in their work.
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After all: we all need more efficient and less hazardous chemical processes.
And for that reason we all need the use of alternative solvents.

July 11, 2003.

Ferenc Jo6
University of Debrecen



Abbreviations and Acronyms

o Kamlet—Taft hydrogen bond donor parameter

AIBN 2,2'-azobis(isobutyronitrile)

AN electron pair acceptor number

B Kamlet—Taft hydrogen bond acceptor parameter

Bp boiling point

bipy 2,2'-bipyridine

c cohesive pressure (cohesive energy density)

CED cohesive energy density (cohesive pressure)

CFC chlorofluorocarbon

cod cyclooctadiene

1) chemical shift (in NMR)

8 Hildebrandt’s solubility parameter

dba dibenzylideneacetone

DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

DN electron pair donor number

DNN normalized electron pair donor number

dppe bis(diphenylphosphino)ethane

dppf 1,1’-bis(diphenylphosphino)ferrocene

& permittivity of a vacuum

&r dielectric constant or relative permittivity

ee enantiomeric excess

E1(30) energy of transition for Reichardt’s betaine dye

EY normalized energy of transition for Reichardt’s betaine
dye

FC-72 n-perfluorohexane

FRPSG fluorous reverse phase silica gel

HBA hydrogen bond acceptor

HBD hydrogen bond donor

HOMO highest occupied molecular orbital

HPLC high pressure liquid chromatography

k, ki, ky, kops rate constants

IL ionic liquid

IR infrared

K equilibrium constant

l length

LDPE low density polyethylene
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lowest unoccupied molecular orbital

dipole moment

mass

melting point

mass spectrometry

nonaqueous ionic liquids

norbornadiene

near-critical water

nuclear magnetic resonance

Kamlet—Taft general polarity parameter

internal pressure

partition coefficient

pressure

critical pressure

perfluoromethylcyclohexane

perfluorodimethylcyclohexane

phase transfer catalysis/catalyst

quaternary ammonium or phosphonium (or other cation
in phase transfer reactions)

density at critical point

perfluoroalkyl group

relative molecular mass

supercritical

supercritical fluid

critical temperature

2,2,6,6-tetramethylpiperidinyl-1-oxy

tetrahydrofuran

tetramethylsilane

monosulfonated triphenylphosphine

trisulfonated triphenylphosphine

ultraviolet — visible spectroscopy

volatile organic compounds

charge

IONIC LIQUID CATIONS

[mmim]
[emim]
[bmim]
[hmim]
[omim]
[dmim]
[bdmim]

1,3-dimethylimidazolium
1-ethyl-3-methylimidazolium
1-butyl-3-methylimidazolium
1-hexyl-3-methylimidazolium
1-octyl-3-methylimidazolium
1-decyl-3-methylimidazolium
1-butyl-2,3-dimethylimidazolium



1 Chemistry in Alternative Reaction
Media

Chemical reactions do not occur in isolation, but within an environment that is
dictated by the surrounding molecules, atoms and ions. This environment can be
called the medium, and may consist of other reactant molecules in the gas phase,
or neighbours within a crystal lattice. In many cases, however, a solvent of some
kind is used as the reaction medium, and the reactants are solutes. A solvent and
a solute may be defined as follows:

Two compounds which mix together to give a single, homogeneous liquid phase.

In general, the compound present in greatest quantity is the solvent and the other
is the solute. Although all compounds may behave as solvents, it is only those that
are liquid at room temperature which are usually classed as such. Solvents are
widely used in all aspects of chemistry: in synthesis, chromatographic separation,
dilution, extraction, purification, analysis and spectroscopy, crystal growth and
cleaning [1, 2]. Solvents may also be reactants; reaction of a solvent is known as
solvolysis. Since any compound is a solvent, at least in principle, then the ability
to select the right one for a particular task is essential. A solvent for a particular
application might be selected on the following criteria:

1 The effect that the solvent has on the chemical reaction’s products, mecha-
nism, rate or equilibrium.

2 The stability of substrates, products and (often delicate) catalysts, transition

states and intermediates, in the solvent.

Suitable liquid temperature range for useful reaction rates.

4 Sufficient solvent volatility for removal from the product by evaporation or
distillation.

5 Cost, which is a particularly important consideration when scaling up for
industrial applications.

w

This chapter outlines the major uses and characteristics of solvents, and discusses
some of the problems associated with their use. The remainder of the book
describes some of the alternative media in which chemistry may be conducted,
and it is hoped that these alternatives will give advantages over conventional

Chemistry in Alternative Reaction Media D. Adams, P. Dyson and S. Tavener
© 2004 John Wiley & Sons, Ltd ISBNs: 0-471-49848-3 (Cloth); 0-471-49849-1 (Paper)



2 Economic and Political Considerations
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Alternative Reaction Media

Figure 1.1 Summary of alternative reaction media

volatile organic solvents in terms of improved ease of separation, efficiency and
yield. They may even open doors to new reaction chemistry. These alternatives
may be used by themselves or in the multiphasic systems described in Chapter 2.
Figure 1.1 outlines the solvent systems covered in this book.

1.1 ECONOMIC AND POLITICAL CONSIDERATIONS

Whilst this book focuses on the chemical uses of solvents, it should not be
forgotten that, of an estimated 60 million tonnes of synthetic solvents used each
year, a large proportion is used for non-chemical applications. Vapour degreasing,
dry cleaning and immersion-cleaning of mechanical parts are amongst the largest
of these. Figure 1.2 shows some of the major uses of solvents.

Despite their evident utility, the use of solvents in chemical processes must be
scrutinized from environmental and economic points of view because solvent use
is inherently wasteful. In a chemical process, a solvent is usually added to reac-
tants to facilitate reaction, and is later removed from the chemical product prior
to disposal or, preferably, recycling and reuse. Removal of residual solvent from
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PROBLEMS
environmental economic hazard
photochemical smog volatility
ozone depletion cost explosive
greenhouse effect toxicity

] ] ]

SOLVENTS and VOLATILE ORGANIC COMPOUNDS

U U U

cleaning coatings

CHEMISTRY i
analysis
dry cleaning paints -
degreasing adhesives purification spectroscopy
extraction inks recrystallization titration

steam distillation

chromatography

extraction
other uses azeotropic drying
chromatography
aerosols
foam blowing reactions
refrigerants synthesis
electronics heat transfer

mass transport
dilution
polymorphism

Figure 1.2 Summary of the major uses and problems associated with solvents

a chemical product is frequently achieved either by evaporation or distillation,
and for this reason most popular solvents are highly volatile. This volatility has
led to some major public concerns about solvent use, some of which appear in the
‘problems’ box in Figure 1.2. Leaks and spillage of volatile solvents inevitably
lead to evaporation into the atmosphere. Atmospheric pollution has been one of
the major global environmental issues of the late 20th and early 21st century, and
emissions of some categories of volatile organic solvents have been implicated
in the depletion of the Earth’s ozone layer and in the greenhouse effect. On a
local level, exposure to volatile organic compounds (VOCs) in the workplace may
lead to dizziness, nausea and other, longer term effects including respiratory prob-
lems and cancer. In 1987, the Montreal Protocol set a timescale for the reduction
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and eventual phasing out of greenhouse gases and ozone depleting compounds.
In particular, the use of chlorofluorocarbons (CFCs), bromofluorochlorocarbons
(halons) and carbon tetrachloride as solvents, refrigerants, fire extinguishers and
aerosol propellants is now a thing of the past [3]. In the mid-1990s, the widely
used cleaning agent and degreaser 1,1,1-trichloroethane was removed from use
because of its ozone depleting effects. In 1991 the Geneva Protocol set a frame-
work for the reduction of VOC emissions, and the Kyoto Protocol of 1997 set
targets for the reduction of six more classes of emission believed responsible
for climate change: CO,, nitrogen oxides (NO,), hydrofluorocarbons, volatile
perfluorocarbons, methane and sulfur hexafluoride. More recent legislation in
the United States and in Europe has centred around the emissions of VOCs.
Other compounds have come under scrutiny because of their toxicity and car-
cinogenicity. Government bodies and environmental agencies are implementing
these legislative measures with a carrot-and-stick approach. Funding initiatives to
aid and promote the development of cleaner chemical technologies are balanced
by fines and penalties to punish those responsible for emission of pollutants into
the environment [4]. The principal of ‘the polluter pays’ is now in place both
in Europe and in the USA [5]. Unfortunately, many of the compounds involved
are exactly those that have desirable properties as solvents. The legislation pro-
cess is ongoing and the chemical industry is accordingly looking for both short
term replacements for controlled solvent substances, and long term strategies that
will make manufacturing processes conform with future controls. It seems highly
likely that, in the near future, all emissions of organic compounds to the envi-
ronment will be strictly controlled, and the more cynical might classify organic
solvents as the ‘banned’ and the ‘soon-to-be-banned’. Table 1.1 shows a gener-
alized guide to the acceptability of solvent types, although this should be viewed
with caution. For example, methanol, an oxygenated solvent widely considered
to be acceptable, is a suspected carcinogen.

The industries involved in the manufacture of solvents and formulations which
use them have been hit hard by antipollution legislation. Many solvent users have
responded to these regulations by reformulating products to reduce their content
of volatile organic components, or even eliminate them completely [6]. These

Table 1.1 General guide to the acceptability of solvents

Most acceptable None (rarely possible)
Water
Oxygenated (e.g. alcohols, ethers, ketones and esters)
Aliphatic hydrocarbons (e.g. cyclohexane, dodecane)
Aromatic hydrocarbons (e.g. xylene, mesitylene)
Dipolar aprotic (e.g. DMSO, DMF, NMP)
Chlorinated solvents (e.g. dichloromethane)
Ozone depleters (e.g. CFCs, 1,1,1-trichloroethane)
Least acceptable Toxic and carcinogenic solvents (CCly, benzene)
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new formulations include aqueous emulsions, high solids paints, and radiation-
curable or powder based coatings. In addition, much more consideration is now
given to the recycling of solvents within a manufacturing plant. Current fore-
casts predict a continuation of the recent trends seen in the USA and shown
in Table 1.2: a decline in the demand for aromatic, aliphatic hydrocarbon and
chlorinated solvents, and an increased demand for oxygenated alternatives [7].
Oxygenated solvents are more acceptable because they are believed to break
down in the environment much more quickly than hydrocarbon and halogenated
solvents. Sales of chlorinated solvents in Western Europe fell by 17 % between
1996 and 2001 (Figure 1.3), although this statistic discounts recycling and so

Table 1.2 Trends in solvent demand in the
USA (10° tonnes per annum)

Solvent class 1987 2001
Hydrocarbons 3244 1372
Ethers 1239 1645
Alcohols 1124 1525
Ketones 506 480
Chlorinated 805 330
Esters 216 355
Other solvents 180 227
Total 7244 5934

0O Perchloroethylene
350 O Trichloroethylene
@ Methyl chloride

300

250

200 —

150 —

Sales/1000
tonnes

100 —

50

1999 2000 2001
Year

Figure 1.3 Sales of chlorinated solvents in Western Europe 1996-2001 [10]
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may represent improvements in efficiency as well as reduction in use [8]. These
figures are based on solvent sales, and, when recycling and reuse are taken into
account, it is estimated that the actual quantity of solvents used may be as high
as 60 million tonnes per year for the USA alone [9].

1.2 WHY DO THINGS DISSOLVE?

A substance will dissolve, quite simply, if it is energetically favourable for it to
do so. If the sum of the energies required to break apart those forces holding the
potential solute together and to separate the solvent molecules from one another is
outweighed by the energy released on solvation, then the substance will dissolve.
However, dissolution is a kinetic as well as a thermodynamic process, and solutes
that dissolve slowly may be accelerated greatly by the employment of heat or
ultrasound.

To understand the dissolution of ionic solids in water, lattice energies must
be considered. The lattice enthalpy, A H,, of a crystalline ionic solid is defined
as the energy released when one mole of solid is formed from its constituent
ions in the gas phase. The hydration enthalpy, AHjy, of an ion is the energy
released when one mole of the gas phase ion is dissolved in water. Com-
parison of the two values allows one to determine the enthalpy of solution,
AHg, and whether an ionic solid will dissolve endothermically or exothermi-
cally. Figure 1.4 shows a comparison of AH, and A H;, demonstrating that AgF
dissolves exothermically.

Enthalpy

! \ AHj, =986 kJ mol™

Ag* (aq) + F~ (aq)

Figure 1.4 Thermodynamic cycle comparing the lattice enthalpy, AH,, and the enthalpy of
hydration, A Hy, for AgF. The enthalpy of solvation, A Hs, is equal to the difference between
AH[ and AHh
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For an ionic compound to be soluble in water, the free energy of solution,
AGs; (AG = AH — T AS), must be negative. In general, A H; values are usually
also negative, but there are exceptions. For example, NaCl has a small, positive
value for A H, (about +2kJ mol™!). It dissolves endothermically, and dissolution
of salt in water causes a cooling of the solution. Here, the entropy terms must
be playing a significant role.

Dissolution of non-ionic compounds may be considered in a similar manner.
For a compound C to dissolve in solvent S, the free energy of mixing must
be negative; it needs to outweigh the breaking of the attractive forces C—C and
S-S, as shown in Figure 1.5. This applies to the mixing of liquids as well as
the dissolution of solids and is the basis of the hydrophobic effect, which is
discussed in Chapter 5 in the context of the use of water as a solvent for organic
chemistry.

The general rule for solvation is that ‘like dissolves like’. A compound which
has a particular functional group attached will often dissolve well in a solvent
that contains that functional group. Perfluorinated aliphatic solvents are good
examples to mention here as they are being explored as solvents for multiphasic
catalysis (see Chapter 3). In order to dissolve metal catalysts in these solvents,
lengthy perfluorinated groups are attached to the ligands surrounding the catalyst.
These groups should enable the solute—solvent interactions to be as similar as
possible to solvent—solvent attractions, as shown in Figure 1.6.

1.3 SOLVENT PROPERTIES AND SOLVENT CLASSIFICATION

The diversity of solvents makes classification very complex and many differ-
ent ways of classifying solvents are used. Solvents may be broadly classed
according to their chemical type, i.e. aqueous, molecular-inorganic (composed
of covalently bonded molecules, e.g. NH3), molecular-organic, ionic (made up
of cations and anions) or atomic (noble gases or metallic) liquids. Molecular
organic solvents may be further divided according to their chemical composi-
tion — aliphatic, aromatic, alcohol or other functional group. Solvents are often
classed according to their physical properties. Key properties include melting
and boiling points, viscosity, density, dipole moment, dielectric constant, spe-
cific conductivity and cohesive pressure (see Table 1.3). The physical properties
that are considered most important depend upon the application. For example,
in a synthesis that involves conducting a reaction at elevated temperature, then
boiling point may be the most important constant. However, knowing the dielec-
tric constant of the solvent is also essential if microwave heating is to be
used [11].

1.3.1 Density

Density (the mass of a compound per unit volume) is an important factor to con-
sider for the separation of immiscible liquids. Two phases should have sufficient
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Table 1.3 Properties used to classify solvents

Molecular physical property Dipole moment
Bulk physical properties Cohesive pressure
Dielectric constant
Refractive index
Melting point and boiling point

Chemical properties Donor numbers
Acceptor numbers
Solvatochromic properties ETN , o, and ¥

density difference to ensure efficient separation, otherwise an emulsion may be
formed. The relatively high density of bromoform (CHBr3, p = 2.9 gcm™) and
other halogenated solvents is utilized in the mining industry to separate crushed
heavy ore-rich minerals from lighter gangue' material. Densities of liquids range
from about 14gcm™ for liquids metals (Hg), through 1-3gcm™ for halo-
genated solvents, to under 1 gcm™ for hydrocarbons.

1.3.2 Mass Transport

Solvents can increase reaction rates by dispersing reactant molecules and increas-
ing the collision frequency (Figure 1.7a). In solution, all of the solutes are
potential reactants. Reactions between solids, however, tend to be much slower
than reactions in liquids as there is only a small amount of contact between the
solid reactants. Even fine powders will have a relatively small surface area-to-
mass ratio, so the bulk majority of the reactant is not in the right place to react
(Figure 1.7b).

Exceptional solid—solid reactions with high rates have been observed, but
many of these are condensation reactions which eliminate water [12] and it
is likely that the reaction takes place in a thin, aqueous layer at the bound-
ary between the solid surfaces, as shown schematically in Figure 1.7c. Other
examples are those which produce a liquid product. For example, dimethylim-
idazolium tetrachloroaluminate, an ionic liquid, may be prepared simply by
mixing together dimethylimidazolium chloride with aluminium trichloride [13].
The powdered reactants will collapse together to form a liquid product. This
reaction is described further in Chapter 4, in the context of preparing ionic
liquids for use as reaction solvents. Despite these inherent drawbacks, there
is sometimes enough molecular motion within solids to give a useful rate of
reaction, and a wide range of solid—solid reactions have been reported, includ-
ing oxidations, reductions, additions, eliminations, substitutions and poly-
merizations [14].

! Gangue is a term used in mining and geology to describe the rock in which a vein of mineral ore
is imbedded.
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Figure 1.7 (a) In the liquid phase, molecules of both compounds are dispersed and all
molecules are potentially reactive; (b) when two solids react, reaction can only occur at the
point where the two crystallites are in direct contact; (c) reaction between solids may form a
thin liquid layer which increases the rate of reaction

1.3.3 Boiling Point, Melting Point and Volatility

Melting points and boiling points are related to the strength of the intermolecular
forces between solvent molecules, and to the molecular weight of the solvent.
Dispersive forces, hydrogen bonding and permanent dipole moments all con-
tribute. Typically, for molecules of similar mass, nonpolar compounds which
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Table 1.4 Melting points and boiling points of four illustrative compounds

Solvent RMM Mp (°C) Bp (°C) Intermolecular forces
Propane 44 —188 —42 Dispersive
Acetonitrile 41 —44 82 Permanent dipole
Ethanol 46 —114 78 H-bonding

LiCl 424 605 >1300 Electrostatic/ionic

Source: CRC Handbook of Chemistry and Physics, 80th Edition, CRC Press, Florida, 2000.

display only dispersive interactions have lower melting and boiling points than
those which exhibit permanent dipoles, electrostatic forces, and hydrogen bonding
(Table 1.4).

1.3.4 Solvents as Heat-Transfer Media

Solvents play an important role as a heat transfer medium. They carry away heat
liberated by an exothermic reaction, or can supply the thermal energy required
to initiate an endothermic one. Diffusion and mobility of the solvent reduce the
extent of thermal gradients within a reactor, allowing a reaction to proceed in a
smooth and even fashion. The ability of a solvent to transfer heat in a reactor
is illustrated by the familiar, yet ingenious, concept of reflux (Figure 1.8), in
which the reaction temperature is held constant by allowing a portion of the
solvent to boil away and condense on a cooled surface, before being returned
to the main reservoir of the reactor. This prevents an exothermic reaction from
‘running away’ and overheating. Solvents with a large degree of intermolecular
attraction, and in particular H-bonding solvents, have high heat capacities.

1.3.5 Cohesive Pressure, Internal Pressure, and Solubility Parameter

The cohesive pressure (c) of a solvent, otherwise known as cohesive energy
density (CED), is a measure of the attractive forces acting in a liquid, including
dispersive, dipolar and H-bonding contributions, and is related to the energy of
vaporization and the molar volume (Equation 1.1):

A
c= AUwp (1.1)
Vmolar

Like other measures of pressure, ¢ has units of MPa. In theory, a liquid will break
all solvent—solvent interactions on vaporization, and so c is a measure of the sum
of all the attractive intermolecular forces acting in that liquid. Hydrogen-bonding
and dipolar solvents therefore have high ¢ values. Water has a large value for c,
and fluorocarbons very low values (Table 1.5).
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Figure 1.8 Heat transfer via reflux. Solvent evaporates on heating (a) and condenses in a
cooler part of the reactor. The cooled liquid is returned to the reservoir (b) and the net effect
is the removal of heat from the reservoir

The square route of the cohesive pressure is termed Hildebrand’s solubility
parameter (8). Hildebrand observed that two liquids are miscible if the difference
in § is less than 3.4 units, and this is a useful rule of thumb. However, it is worth
mentioning that the inverse of this statement is not always correct, and that some
solvents with differences larger than 3.4 are miscible. For example, water and
ethanol have values for 8 of 47.9 and 26.0 MPa%?, respectively, but are miscible in
all proportions. The values in the table are measured at 25 °C. In general, liquids
become more miscible with one another as temperature increases, because the
intermolecular forces are disrupted by vibrational motion, reducing the strength
of the solvent—solvent interactions. Some solvents that are immiscible at room
temperature may become miscible at higher temperature, a phenomenon used
advantageously in multiphasic reactions.
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Table 1.5 Cohesive pressures (c), Hildebrand’s solubility
parameter (§), and internal pressures (7) for a range of
representative solvents [1, 2]

Solvent ¢ (MPa) 8 (MPa%?) 7 (MPa)
Water 2302 47.9 151
Methanol 887 29.6 285
Ethanol 703 26.0 291
Acetonitrile 590 24.3 379
Dichloromethane 414 20.3 408
Acetone 398 20.2 337
Chloroform 362 19.0 370
Benzene 357 18.8 379
Ethyl acetate 347 18.6 354
Toluene 337 18.4 379
Cyclohexane 285 17.6 326
Diethyl ether 251 15.8 264
n-Hexane 225 14.9 239
Perfluoroheptane 136 11.9 220

The internal pressure (1) of a solvent represents the energy change that the
liquid must undergo during a very small increase in volume at constant tempera-
ture. This small expansion does not disrupt the H-bonding network of the solvent,
and so it is a good indication of the dipolar and dispersive attractions. The data
in Table 1.5 show a trend of increasing 7 value as polarity increases, except
for strongly H-bonding liquids such as water and alcohols, which indicates just
how strongly the H-bonds contribute to the properties of these solvents. Inter-
nal pressure can have an effect on the rates of chemical reactions that display a
significant change in the volume, AV* (volume of activation), of the transition
state. This is discussed further in Chapter 7.

1.4 SOLVENT POLARITY

It is perhaps obvious that consideration of physical properties such as melting
point, boiling point and viscosity of a solvent are essential when choosing a
solvent for a particular application. For a chemical reaction, it is also vital that
one has some understanding of how well the substrates, reagents and products
will dissolve. This is governed by a number of factors, which together make
up the character of the solvent. This general character of the solvent is fre-
quently termed polarity but, unfortunately, the concept of solvent polarity is not
a simple one. For example, methanol is clearly more polar than cyclohexane,
but what about dichloromethane, diethyl ether and benzene? We know empiri-
cally that these solvents behave differently, but which is most polar? The answer
depends on which property we look at: the dielectric constants follow the order
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dichloromethane > diethyl ether > benzene, but the order of ability to accept
an electron pair is dichloromethane > benzene > diethyl ether. Solvent polar-
ity might best be defined as the solvation power of a solvent, and depends on
the interplay of electrostatic, inductive, dispersive, charge-transfer and H-bonding
forces [15]. Despite the problems of quantifying solvent polarity, numerous meth-
ods have been devised to assess polarity based on various physical and chemical
properties. These include dielectric constant, electron pair acceptor and donor
ability, and the ability to stabilize charge separation in an indicator dye.

1.4.1 Dipole Moment and Dispersive Forces

Any compound with a nonsymmetrical distribution of charge or electron density
will possess a permanent dipole moment, (1, whereas a molecule with a centre of
symmetry will have no permanent dipole moment. Dipole moment is proportional
to the magnitude of the separated charges, z, and also the distance between those
charges, /.

w=zl (1.2)

Dipolar molecules will form localized structures in a bulk solvent by orientation
of these permanent dipoles, and Figure 1.9 shows two different ways in which
two molecules with permanent dipoles may align with one another. With several
molecules and three dimensions, a wide range of localized structures are possible.
Dipole moments have units of coulomb metres (C m) or Debyes (D, 1 D = 3.34 x
10739 Cm).

As well as these permanent dipole moments, random motion of electron den-
sity in a molecule leads to a tiny, instantaneous dipole, which can also induce
an opposing dipole in neighbouring molecules. This leads to weak intermolecu-
lar attractions which are known as dispersive forces or London forces, and are
present in all molecules, ions and atoms — even those with no permanent dipole
moment. Dispersive forces decrease rapidly with distance, and the attractions are
in proportion to 1/, where r is the distance between attracting species.

1.4.2 Dielectric Constant

Dielectric constant (or relative permittivity), &;, is an indication of the polarity of
a solvent, and is measured by applying an electric field across the solvent between
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Figure 1.9 Possible alignments of two dipolar molecules that can lead to attraction and
short-range structuring of liquids
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Figure 1.10 Polarization of molecules in an electric field. In the absence of an applied elec-
trical field (a), molecules are aligned randomly, with no net dipole. When the field is applied
(b), the solvent molecules are polarized and align themselves to reduce the strength of the field

two plates of a capacitor. The electric field will induce a dipole opposite to the
applied field, even in solvents with no permanent dipole of their own, as shown
in Figure 1.10. This phenomenon is often referred to as polarizability. Because
this behaviour is similar to the orientation of a solvent around an electrolyte, ¢, is
usually a good indicator of the ability of the solvent to dissolve ionic compounds.
The dielectric constant is measured relative to the effect of the same applied
field when applied to a vacuum (Equation 1.3), where ¢, is the permittivity of

a vacuum. e
Ivent
6 = solven (13)
&o

1.4.3 Electron Pair Donor and Acceptor Numbers
1.4.3.1 Donor Number, DN

The donor number, DN, of a solvent, proposed by Gutmann, is a measure of the
Lewis basicity of the solvent, i.e. its ability to donate a pair of electrons [16].
The DN is determined by measuring the negative enthalpy for the reaction of
equimolar quantities of the solvent with the standard Lewis acid, SbCls, at room
temperature in 1,2-dichloroethane (Scheme 1.1), and reflects the ability of the
solvent to solvate Lewis acids. SbCls reacts with protic solvents such as alcohols
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Polar and Nonpolar Solvents

The terms polar, apolar and dipolar are frequently used to describe solvents
and other molecules, but there is a certain amount of confusion and incon-
sistency in their application. Dipolar is used to describe molecules with a
permanent dipole moment. Apolar should only be used to refer to solvents
with a spherical charge distribution. All other solvents should be considered
polar. Strictly speaking, by this definition, compounds such as carbon tetra-
chloride and benzene which are not spherical and may be polarized in an
electrical field (see section on dielectric constant), are polar, and this polariz-
ability is important when explaining the properties of those solvents. However,
they do not have a permanent net dipole moment and give low values on most
scales of solvent polarity. They are widely, if erroneously, termed nonpolar,
and, although misleading, this name is useful in distinguishing solvents of low
polarity from those with permanent dipoles. Solvents that are able to donate
an acidic hydrogen to form a H-bond are termed protic, and those that cannot
are called aprotic.

Solvent Classes and Examples

Apolar liquid xenon, neon, argon

Nonpolar/polarizable carbon tetrachloride, benzene,
cyclohexane

Dipolar aprotic chloroform, dimethylformamide,
dimethyl sulfoxide

Dipolar protic ethanol, methanol, water, liquid ammonia

and water, and the DN for these must be estimated by indirect methods. As
the DN scale uses non-SI units, values of DN are usually normalized using
1,2-dichloroethane (DN = 0kcal mol~!) and hexamethylphosphoramide (HMPA,
DN = 38.8 kcalmol ') as reference solvents for the scale. This generates the
parameter DNN (which corresponds to DN/38.8), thereby giving a unitless scale
on which most solvents fall between 0 and 1 [17]>. Table 1.6 shows values of
donor number and other properties for some representative solvents.

Solvent: + SbCl; solvent — SbCls

Scheme 1.1

2 In fact, tris(pyrrolidino)phosphane oxide has a donor number of 1.22.
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Table 1.6 Dipole moments (u), dielectric constants (&;), normalized donor numbers
(DNN) and acceptor numbers (AN) for some common solvents [1, 2]

Solvent w(1073°Cm) & DNN AN
Water 5.9 78.3 0.46 54.8
Methanol 5.7 32.7 0.77 41.5
Ethanol 5.8 24.6 0.82 379
Dimethyl sulfoxide 13.5 46.5 0.77 19.3
N,N-dimethylformamide 12.4 37.8 0.69 16.0
Acetonitrile 11.8 35.9 0.36 18.9
Acetone 9.0 20.6 0.44 12.5
Ethyl acetate 6.1 6.0 0.44 9.3
Tetrahydrofuran 5.8 7.6 0.52 8.0
Diethyl ether 3.8 4.2 0.49 39
Dichloromethane 5.2 8.9 0.03 20.4
Chloroform 3.8 4.8 0.10 23.1
Carbon tetrachloride 0.0 2.2 0 8.6
Benzene 0.0 2.3 <0.01 8.2
Toluene 1.0 2.4 <0.01 -

Cyclohexane 0.0 2.0 0 0

n-Hexane 0.0 1.9 0 0

1.4.3.2 Acceptor number, AN

The acceptor number, AN, of a solvent is a measure of the power of the solvent to
accept a pair of electrons [18]. Experimental evaluation of AN involves observing
the frequency changes induced by a solvent on the *'P NMR spectrum when
triethylphosphine oxide, Et;P=0, is dissolved in the solvent. Donation of an
electron pair from the oxygen atom of Et;P=0, as shown in Scheme 1.2, reduces
the electron density around the phosphorus, causing a deshielding effect which
leads to an increase in chemical shift. Hexane (AN = 0) and SbCls (AN = 100)
were used as fixed points to define this scale.

1.4.4 Empirical Polarity Scales

Quantitative determination of solvent polarity is difficult, and quantitative meth-
ods rely on physical properties such as dielectric constant, dipole moment and
refractive index. It is not possible to determine the solvent polarity by measuring
an individual solvent property, due to the complexity of solute—solvent interac-
tions, and for this reason empirical scales of solvent polarity based on chemical

Et;P=0 + Solvent Et;P—-O-Solvent

Scheme 1.2
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Figure 1.11 Solvatochromic dyes: Nile Red (a) and an «-perfluoroalky-g,8-dicyanovinyl
compound (b)

properties are widely used instead. It is preferable that these methods are easy
to conduct from an experimental point of view. The most common method is to
dissolve a compound with some solvent sensitive spectroscopic characteristic, a
phenomenon known as solvatochroism. The use of solvatochromic dyes, which
undergo a change in their UV spectrum in different solvents, has become a very
popular way of achieving this. Some of these empirical methods are discussed
below, but it should be noted that many other indicators of solvent polarity have
been proposed and used with success [1]. Nile Red has been used to measure
the polarity of some ionic liquids (see Chapter 4), and an «-perfluoroalky-g,8-
dicyanovinyl dye was successfully used to produce a spectral polarity index (Ps)
for fluorinated solvents in which other, more widely known probe molecules were
not sufficiently soluble to be used (see Chapter 3) [19]. These dyes are shown in
Figure 1.11.

1.4.5 EY and E1(30) Parameters

Dimroth and Reichardt devised a polarity scale based on the solvatochromic
behaviour of the pyridinium- N -phenoxide betaine dye shown in Figure 1.12 [20].
This dye is the most solvatochromic compound reported to date, showing a
range of transition energies for the m — m* absorption band from 147 kJ mol~!
(810 nm) in diphenyl ether to 264 kJ mol~! (453 nm) in water [1, 21]. This excep-
tional behaviour makes the dye a useful indicator of solvent polarity, with the
measurement being made by human eye (the absorption range is almost entirely
within the visible region), or, more quantitatively, by UV-vis spectroscopy. The
dye is green in dichloromethane, purple in ethanol and red in methanol, as shown
in Figure 1.13.

The original solvent polarity scale, known as the E1(30) scale, was defined
simply as the energy of the longest wavelength adsorption band for the dye,
measured in kcal mol~!. This scale has now been revised and normalized because
of the introduction of SI units, and E%I is defined in Equation 1.4.

BN _ Er(solvent) — E1T(TMS)
T ™ Er(water) — Ex(TMS)

(1.4)
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Figure 1.12 Reichardt’s betaine dye in its zwitterionic ground state (a) and first excited
state (b). The ground state has a larger dipole moment (15 D) than the excited state (6 D).
Measurement of the energy of the transition between these two states (7 — %) is the basis
for the EY scale of solvent polarity
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Figure 1.13 (Plate 1) Solvatochromic behaviour of Reichardt’s dye, in (from left to right)
dichloromethane, acetone, acetonitrile, ethanol and methanol

where Et is the energy for the # — 7 * transition of the dye in a given solvent.
Tetramethylsilane (TMS), by definition, has a ETN value of zero. Some ETN values
for common solvents are given in Table 1.7.

More polar solvents, such as water and acetonitrile, stabilize the charged
zwitterionic ground state of the dye more than the less dipolar excited state,
which leads to a larger energy change for the m — m* transition than in less
polar media, as shown in Figure 1.14. In this application the dye is acting as
a reporter molecule, revealing information about its local environment via an
easy-to-measure property.

Although Reichardt’s dye itself is not soluble in solvents of very low polarity
(diphenyl ether is the lower limit), a related dye functionalized with 7-butyl groups
which has increased solubility in hydrocarbons, shown in Figure 1.15, has been
used to extend the scale. However, attempts to use a similar approach to gain
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Table 1.7 E1(30) and ETN values for some common solvents

Solvent E1(30)(kcal mol 1) EX
Water 63.1 1.000 (defined)
Methanol 55.4 0.762
Ethanol 519 0.654
Acetonitrile 45.6 0.460
Dimethyl sulfoxide 45.1 0.444
N,N-dimethylformamide 43.8 0.404
Acetone 42.2 0.355
Dichloromethane 40.7 0.309
Chloroform 39.1 0.259
Ethyl acetate 38.1 0.228
Tetrahydrofuran 374 0.207
Diethyl ether 34.5 0.117
Benzene 34.3 0.111
Toluene 339 0.099
Carbon tetrachloride 324 0.052
n-Hexane® 31.0 0.009
Cyclohexane® 30.9 0.006
Tetramethylsilane® 30.7 0.000 (defined)

¢ Measured using the z-butyl-substituted dye shown in Figure 1.15.

energy

7 E; =264 kJ mol™! H,0

increasing solvent polarity

Figure 1.14 Increasing solvent polarity stabilizes the zwitterionic ground state () of Rei-
chardt’s dye relative to the first excited state (7*), leading to an increase in the transition
energy
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Figure 1.15 ¢-Butyl- (a) and perfluoroalkyl- (b) substituted betaine dyes for polarity mea-
surements in less polar or highly fluorous solvents

useful measurements of fluorinated solvents by attaching fluorinated chains to
the dye have proved largely unsuccessful [22].

As the EY value is related to the ability of a solvent to stabilize charge
separation in the dye, a correlation between EY and dielectric constant, &, might
be expected. Figure 1.16 shows a plot of EY against &, for the solvents shown in
Table 1.7. Not all solvents show a good correlation, which highlights the difficulty
of producing a single parameter capable of describing solvent polarity. Dipolar,
aprotic solvents appear to give a lower E¥ value than would be expected on the
basis of their dielectric constants. It should be remembered that the dye might
form specific Lewis acid/base interactions with solvent molecules, as well as
being sensitive to bulk, nonspecific solvent ‘polarity’. A more detailed discussion
of the relationships between empirical solvent scales may be found elsewhere [2].

1.4.6 Kamlet-Taft Parameters

From a practical viewpoint, EY values are quickly and easily obtained, giving
a very useful and convenient scale. However, a general polarity scale based on
a single probe molecule has its limitations because a single compound cannot
experience the diversity of interactions that the whole range of solvents can offer.
The Kamlet—Taft parameters «, 8 and 7 * tackle this problem by using a series of
seven dyes to produce a scale for specific and nonspecific polarity of liquids [23].
Whilst it undoubtedly gives a more detailed description of the solvents properties,
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Figure 1.16 Relationship between EY and &, for the solvents listed in Table 1.7. 4, dimethyl
sulfoxide, N,N-dimethylformamide and acetonitrile; @, other solvents

Table 1.8 Kamlet—Taft «, 8 and 7 * parameters for selected
solvents [1, 2]

Solvent o B T*
Water 1.17 0.47 1.09
Methanol 0.98 0.66 0.60
Ethanol 0.86 0.75 0.54
Dimethyl sulfoxide 0.00 0.76 1.00 (defined)
N,N-dimethylformamide 0.00 0.69 0.88
Acetonitrile 0.19 0.40 0.75
Acetone 0.08 0.43 0.71
Ethyl acetate 0.00 0.45 0.55
Tetrahydrofuran 0.00 0.55 0.58
Diethyl ether 0.00 0.47 0.27
Dichloromethane 0.13 0.10 0.82
Chloroform 0.20 0.10 0.58
Carbon tetrachloride 0.00 0.10 0.28
Benzene 0.00 0.10 0.59
Toluene 0.00 0.11 0.54
n-Hexane 0.00 0.00 —0.04
Cyclohexane 0.00 0.00 0.00 (defined)

Perfluoromethylcyclohexane 0:00 —0.06 —0.40
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this approach is more time consuming and requires extra measurements and
calculations. The Kamlet—Taft equation is generally represented as follows:

X =X, +aa +bB +s7* (1.5)

where X,, a b and s are solvent-independent constants for the solvatochromic
indicator under study. X is the empirical measurement, i.e. the solvatochromic
shift of the dye. « is the hydrogen bond donor (HBD) ability of the solvent and
B is the hydrogen bond acceptor (HBA) ability. HBD and HBA solvents are dis-
cussed briefly below in Section 1.4.7. The parameter 7 * is therefore a measure of
the residual general polarity/polarizability of the solvent after H-bonding effects
have been removed. Values for «, 8 and 7 * have been obtained for a wide range
of solvents which makes it an extremely useful scale for comparative purposes [1,
2]. Some Kamlet—Taft values for common solvents are given in Table 1.8.

1.4.7 Hydrogen Bond Donor (HBD) and Hydrogen Bond Acceptor (HBA)
Solvents

Hydrogen bond donor solvents are simply those containing a hydrogen atom
bound to an electronegative atom. These are often referred to as protic solvents,
and the class includes water, carboxylic acids, alcohols and amines. For chemi-
cal reactions that involve the use of easily hydrolysed or solvolysed compounds,
such as AlCls, it is important to avoid protic solvents. Hydrogen bond acceptors
are solvents that have a lone pair available for donation, and include acetonitrile,
pyridine and acetone. Kamlet—Taft & and S parameters are solvatochromic mea-
surements of the HBD and HBA properties of solvents, i.e. acidity and basicity,
respectively [24]. These measurements use the solvatochromic probe molecules
N,N-diethyl-4-nitroaniline, which acts as a HBA, and 4-nitroaniline, which is a
HBA and a HBD (Figure 1.17).

Et

O—Huumm:\N O NOZ H
/ / \
Et Et :/N—@ NO,
(a) H
H H-O,
\ \
/O—H"""":/NO N02 Et
Et H ()

(b)

Figure 1.17 Hydrogen-bond formation between nitroanilines and ethanol. (a) N,N-diethyl-4-
nitroaniline is a HBA only; (b) 4-nitroaniline is a HBA and (c) a HBD
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1.5 THE EFFECT OF SOLVENT POLARITY ON CHEMICAL
SYSTEMS

The main principles and concepts of the effect of solvent polarity on chemical
reactions and equilibria are outlined in the following sections. However, this is
a vast subject area beyond the scope of this work and the interested reader will
find a detailed discussion elsewhere [1].

1.5.1 The Effect of Solvent Polarity on Chemical Reactions

Generally, the effect of changing the solvent in which a chemical reaction is con-
ducted may be understood by considering the charge distribution of the reactants
and transition states. In each case, a more polar solvent will lead to stabilization
of species with dipoles or charge separation, relative to nonpolar species. For
example, in a typical Sy1 nucleophilic substitution reaction, where an uncharged
reactant forms a charged transition state, a more polar solvent will stabilize the
transition state complex relative to the reactant, lowering the activation enthalpy,
AH?*, as shown in Figure 1.18. For example, the Sx1 solvolysis of z-butyl chlo-
ride (2-chloro-2-methylpropane), in which the rate limiting step is the heterolytic
breaking of the C—Cl bond, is 3.4 x 10° times faster in water than in less polar
ethanol [25].

By contrast, in an SN2 reaction, a charged nucleophile reacts with an uncharged
substrate to form a transition state in which the negative charge of the nucleophile

\l
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Figure 1.18 Solvent polarity effect in an Sy1 reaction. Increasing the polarity of the solvent
stabilizes the charge separation formed in the transition state, lowering the activation energy
and increasing the rate of reaction
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is dispersed over the entire complex. The charge separation in the transition state

is reduced compared with the reactants. In this situation, the use of a polar solvent
will stabilize the starting material relative to the transition state, as shown in

Figure 1.19. The reaction will thus proceed more slowly in solvents of higher
polarity.

The direction and extent of the effect of solvent polarity on reaction rates of
nucleophilic substitution reactions are summarized by the Hughes—Ingold rules,

shown in Table 1.9 [26]. These rules do not account for the entropic effects or

any specific solvent—solute interactions such as H-bonding, which may lead to
extra stabilization of reactants or transition states [27].
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Figure 1.19 The effect of solvent polarity in an Sy2 reaction. Increasing the polarity of the
solvent stabilizes reactants relative to the transition state, raising the activation energy and

Table 1.9 Hughes—Ingold rules for solvent effects in nucleophilic substitution
reactions [27, 28]

Change in
charge Effect of increasing Size of

Reaction  Reactants Transition state  distribution  solvent polarity effect

Sn2 Y +R-X %" Y...R...X* Dispersed Decrease Small

Sn2 Y + R-X +Y....R.... X5 Increased Increase Large
Sn2 Y~ +R-X" %7 Y...R...X*" Decreased Decrease Large
Sn2 Y +R-Xt St Y... R...X*" Dispersed Decrease Small
Sn1 R-X R X% Increased Increase Large
Sn1 R-XT* R X%+ Dispersed Decrease Small
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Neutral reactants that form neutral products by passing through an uncharged
transition state are expected to show little or no solvent polarity-dependent
changes in reaction rate. This category of reaction includes pericyclic reac-
tions and rearrangements, including the Diels— Alder reaction. However, dramatic
changes in reaction rates for such reactions have been reported for such reactions
when using either very polar or very nonpolar solvents. Although the solvent has
no charge-stabilizing effect on the transition state in these cases, other solvent
phenomena, including the hydrophobic effect, can lead to enhanced rates. These
ideas are discussed further in Chapters 5 and 7.

1.5.2 The Effect of Solvent Polarity on Equilibria

Like reaction rates, the effect of solvent polarity on equilibria may be ratio-
nalized by consideration of the relative polarities of the species on each side
of the equilibrium. A polar solvent will therefore favour polar species. A good
example is the keto—enol tautomerization of ethyl acetoacetate, in which the
1,3-dicarbonyl, or keto, form is more polar than the enol form, which is stabi-
lized by an intramolecular H-bond. The equilibrium is shown in Scheme 1.3. In
cyclohexane, the enol form is slightly more abundant. Increasing the polarity of
the solvent moves the equilibrium towards the kefo form [28]. In this example,
H-bonding solvents will compete with the intramolecular H-bond, destabilizing
the enol form of the compound.

Solvent polarity effects are also seen in the formation of isomers of transition
metal complexes. Reactions that give a mixture of cis and frans isomers can be
tuned by careful choice of solvent to give one isomer in preference to the other.
For example, with cis and trans-[Pt(H,L-S),Cl,] (where H,L. = N-benzoyl-N’-
propylthiourea), shown in Scheme 1.4 [29], the cis isomer is favoured in solvents
of high polarity whereas the frans isomer is dominant in solvents of low polarity.
These observations are in accordance with other related observations [30], and

H.,
0o o K o0
)J\/”\OEt Moa
keto enol
Solvent K

Cyclohexane  1.07
_[enoll piethylether  0.54
[keto] Tetrahydrofuran 0.33
Ethanol 0.18

Water 0.06

Scheme 1.3 The effect of solvent polarity on keto—enol tautomerization of ethyl acetoacetate
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Scheme 1.4 The more polar cis form of the platinum complex is dominant in polar solvents

represent a case of ‘like yielding like’ since the resulting cis complex is more
polar than the trans complex. From the data in Table 1.10, it is apparent that
the position of the equilibrium is highly solvent dependent. The relative rates
of isomerization are greatest in nonpolar solvents and as polarity is increased
the rate of isomerization decreases. With complexes that exist in solution as an
equilibrium cis—trans mixture, it has been possible to crystallize the cis isomer
from a low polarity solvent and the trans isomer from a polar solvent [31].

Table 1.10 Dependence of equilibrium from Scheme 1.4 on solvent
polarity [31]

Solvent & EY Equilibrium constant K
Benzene 227 0.111 0.88
Chloroform 4.70 0.259 0.47
Tetrahydrofuran 7.39 0.207 0.39
Acetone 20.5 0.355 0.28
N,N-dimethylformamide 36.7 0.404 0.23

Nitromethane 386 0481 0.16
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1.6 WHAT IS REQUIRED FROM ALTERNATIVE SOLVENT
STRATEGIES?

The problem with solvents is not so much their use, but the inefficiencies asso-
ciated with their recovery and reuse. High volatility, whilst being an extremely
useful property, leads to solvent losses to the environment. If a process con-
sists of a reaction stage and a purification stage, solvents may be used and lost
at each stage, as shown schematically in Figure 1.20a. Real chemical processes
may include several separation steps, with further opportunities for solvent loss.

Alternative solvent strategies should allow efficient recovery and reuse of the
solvent if environmental damage is to be avoided. Because there is a huge variety
of solvents with a wide spectrum of physical properties, a range of alternatives
to cover the full range of these different physical characteristics is required. It is
unlikely that there is one, simple approach that will work in all applications, and
what might be economically appropriate for a high value pharmaceutical might
prove impractical for a bulk commodity.

Exceptions to this rule of high recovery may be made for CO, and water,
which are non-toxic and may be returned to the environment providing that

solvent recycling

/ solvent loss ' solvent loss
solvent >

reactor separator

/

additional solvent

a)

]

waste

—

internal reuse of waste
(b) nonvolatile solvent

Figure 1.20 Schematic diagrams showing (a) solvent flow in a two-stage chemical process,
where volatile organic solvents may be lost in both the reaction and separation steps; (b)
improved efficiency in a process using a nonvolatile replacement solvent to reduce losses and
improve separation
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they are not contaminated by other, less benign chemicals. Although CO, is a
greenhouse gas, and guidelines for the reduction of its emission have been set
in law, its use as a solvent is not viewed as damaging. When used as a solvent,
CO, is collected from air (or as a by-product of fermentation), converted to
a liquid or supercritical fluid, and then returned to the atmosphere after use,
giving a net change of zero. Of course, energy is required to compress the CO,
and perform the phase change (which, ironically, may come from the burning of
fossil fuels which does produce a net gain in CO,), but this may be offset against
the improvement in efficiency of any separation steps involved in the process. As
CO; is a gas at ambient temperature and pressure, it can be removed simply by
releasing the pressure from the reactor, to leave reaction products completely free
of solvent and no energy is required to distil the solvent. The use of supercritical
CO, and other supercritical fluids as reaction media is covered in Chapter 6.

If nonvolatile liquids are to be used to avoid the problems associated with
volatile organic solvents, then it is very desirable that there is some conve-
nient way of recovering the reaction products from the liquid. This approach is
used in the biphasic systems described in Chapters 2—5. In the fluorous biphase
(Chapter 3), reagents and catalysts are fine-tuned by adding perfluoroalkyl chains,
known as ‘ponytails’, to ensure that only those chemicals will mix with the fluo-
rous layer. Purification is simply a matter of separating the two phases. Transition
metal catalysts with fluorous ligands will remain in the fluorous phase, and the
whole catalyst—solvent mixture may be reused for another batch of reactions, as
shown schematically in Figure 1.20b.

Ionic liquids may be used in a similar fashion, but in contrast to the extremely
nonpolar fluorous solvents, ionic liquids are polar. They are completely non-
volatile and so cannot be lost to the atmosphere. A range of ionic compounds
that are liquid at room temperature and their use in synthetic chemistry are
described in Chapter 4.

Water is abundant and nontoxic and is therefore a desirable solvent in envi-
ronmental terms. However, cleaning up water that is contaminated with trace
amounts of organic or metal catalyst impurities is very expensive. Water may be
used as the sole solvent for some organic reaction chemistry, or in biphasic reac-
tions alongside organic, fluorous, or ionic liquid solvents. Phase transfer catalysis
(PTC) allows the use of inorganic reagents for reactions with organic substrates
without the need for a polar, nonaqueous mutual solvent. The use of water as a
solvent and PTC are covered in Chapter 5.

If these new solvent technologies are to be implemented for real industrial
scale chemical synthesis, they must give some genuine advantage over existing
methods, in terms of overall cost, safety, product quality, or some other improve-
ment. PTC is already in use in manufacturing processes [32], because it allows
the use of cheap, inorganic reagents and reduces or eliminates the need for addi-
tional organic solvent. Water is used as a solvent for industrial hydroformylation
reactions [33]. Supercritical carbon dioxide (sc CO,) is used for decaffeination
of coffee beans and for the extraction of bioactive molecules from crops [34].
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A large scale supercritical reactor for chemical synthesis has recently been built
in the UK and it seems likely that more synthetic processes using CO, as a
solvent will appear in the near future [35].

At the time of writing, neither ionic liquids nor fluorous solvents have been
used as solvents for commercial processes, although BASF use an ionic lig-
uid as a proton scavenger in phosphine manufacture [36]. These are relatively
new technologies and time will tell whether or not they will fulfil current high
expectations.

Whilst the first part of this book deals mainly with concepts and theories of
alternatives to the use of organic solvents as reaction media, the later Chap-
ters (Chapters 7—11) look at some applications of these methods and compare
their strengths and limitations as illustrated by these case studies.
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2 Multiphasic Solvent Systems

One of the greatest challenges to chemists today is to replace existing technolo-
gies with cleaner processes and also to develop new products that are kinder to the
environment. This requires a new approach, which sets out to reduce the materials
and energy used in manufacturing process, to minimize, or ideally eliminate the
dispersion of chemicals in the environment and maximize the use of resources,
and to extend the durability and recyclability of products. There are numerous
ways by which these goals can be achieved and one that is currently under inten-
sive scrutiny is the development and implementation of alternative solvents to
volatile organic compounds. The problems associated with conventional organic
solvents were outlined in Chapter 1. Multiphasic synthetic methods have emerged
as one of the most effective methods meeting these challenges as volatile organic
solvent use is reduced or even completely eliminated from the process. In this
chapter, the various approaches to biphasic, triphasic and multiphasic synthesis
are described with attention paid to catalysed reactions. Following this discussion,
the different solvent combinations that may be used are described. The advan-
tages and disadvantages of multiphasic processes are assessed together with a
discussion of partition coefficients and the methods to make a catalyst preferen-
tially soluble in a particular solvent. Finally, following a brief revision of basic
reaction kinetics, the kinetics of biphasic reactions are explored in relation to
where the reaction in a biphasic system actually takes place.

2.1 AN INTRODUCTION TO MULTIPHASIC CHEMISTRY

There are numerous types of multiphasic chemical processes. The most common
are biphasic although triphasic, tetraphasic and even higher number of phases can
also be used to conduct chemical synthesis. All the multiphasic methods aim to
overcome the major problem of homogeneous catalysis, which is catalyst recov-
ery and product separation. The simplest systems are biphasic ones that involve
immobilizing a catalyst in one solvent, which is immiscible with a second solvent
in which the substrates/products are dissolved. If a gas is required as a substrate
then the system could be regarded as triphasic (i.e. liquid—liquid—gas), although
for the purposes of this book (and as is most commonly defined elsewhere) such
as system will be referred to as biphasic. In other words, only the number of
different liquid solvent phases will be used to define the phasicity of a system.

Chemistry in Alternative Reaction Media D. Adams, P. Dyson and S. Tavener
© 2004 John Wiley & Sons, Ltd ISBNs: 0-471-49848-3 (Cloth); 0-471-49849-1 (Paper)
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Should a third solvent be added which is immiscible with the other two, then a
triphasic system results. The purpose of a third solvent may be, for example, as
a built in cleaning step (see below).

In general, there are four main types of biphasic processes, and they are
generally used for catalysed reactions rather than stoichiometric ones. These four
main processes are summarized below.

2.1.1 The Traditional Biphasic Approach

The most widely encountered biphasic method commences with two immiscible
phases, one containing the catalyst, the other the substrate or substrates, and
was first recognized by Manassen in 1973 [1]. Liquid phases may be immiscible
if their polarities are sufficiently different, as explained in Chapter 1. The two
phases are vigorously mixed allowing reaction between the catalyst and substrates
to take place. When the reaction is complete, the mixing is stopped and the two
phases separate. A schematic representation of such a process is illustrated in
Figure 2.1. In the ideal system, the catalyst is retained in one phase ready for
reuse and the product is contained in the other phase and can be removed without
being contaminated by the catalyst. In certain cases, neat substrates may be used
as one phase, without additional solvents.

There are several problems with this type of system. The first is that vigorous
mixing is usually required in order to get high reaction rates, by increasing both
the amount of substrate dissolved in the catalyst phase and the area of the interface
between the two solvents. It should be noted that rapid mixing does not result
in the formation of a homogeneous phase, but rather an emulsion in which the
surface area between the two phases is maximized.

2.1.2 Temperature Dependent Solvent Systems

Certain solvents are essentially immiscible at low temperature, but on heating,
their relative solubility increases until they form a single phase. Such a bipha-
sic system allows reactions to be conducted in single phase under homogeneous

vigorous mixing to increase
surface area between phases
and produce pseudo-single phase

phase phase
containing T 1 containing
the substrate the product
4 ~
phase phase
containing containing
the catalyst the catalyst

Figure 2.1 The classical biphasic process between two immiscible solvents
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single phase is formed

phase phase
containing T 4 containing
the substrate heat cool the product
4 ~
phase phase
containing containing
the catalyst the catalyst

Figure 2.2 The temperature dependent biphasic process in which two phases are present at
low temperature. These form a single phase on heating

conditions while maintaining all the advantages of biphasic extraction. The tech-
nique was first recognized in fluorous—organic biphasic catalysis [2], and has
more recently been applied to ionic liquid—aqueous reactions. The approach is
illustrated in Figure 2.2.

2.1.3 Single- to Two-Phase Systems

In some instances, the catalyst and substrates are soluble in the same solvent
(especially when the substrates are gases), but the products are immiscible with
the solvent and form a second phase as shown in Figure 2.3. If a reaction goes to
completion, then it is not even necessary for the substrates to dissolve completely
in the catalyst phase.

This type of process represents the ideal biphasic method as long as the product
can be extracted without contamination from the catalyst and catalyst immobi-
lization solvent. This technique is employed commercially for the production of
butyraldehyde from propene, carbon monoxide and hydrogen which is described
in detail in Chapter 11 [3].

2.1.4 Multiphasic Systems

In principle, there is no limit to the number of phases that can be used to con-
duct a chemical process. Triphasic processes have been shown to have some

phase
phase 4" containing
containing the product
the catalyst
and substrate T phase
containing

the catalyst

Figure 2.3 A single- to two phase system in which the substrates are initially dissolved in
the same phase as catalyst and the product forms a new phase
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advantages over biphasic processes, but there do not appear to be any multipha-
sic processes used in synthesis that go beyond three different liquid phases. A
typical use for a third phase is as a type of built-in wash, removing unwanted
side-products from the catalyst immobilization solvent that are also insoluble in
the product phase.

An alternative triphase system has been developed in which a conventional
organic solvent containing one reagent with the same organic solvent containing
another reagent is separated by a different solvent phase of higher density [4].
The organic phase at the bottom diffuses through the higher density central phase
into the organic phase at the top. The reagent also slowly diffuses and reacts in a
controlled manner with the reagent in the upper phase. Only two phases remain
once the reaction is complete. The technique has been termed a ‘phase vanishing
method” with the central phase acting as a type of liquid membrane.

2.2 SOLVENT COMBINATIONS

There are various combinations of solvents that lead to the different biphasic and
triphasic systems described in Section 2.1 that have found applications in synthe-
sis and catalysis. For practical purposes, it is essential that the catalyst and product

BIPHASIC REACTIONS

IONIC
FLUOROUS LIQUIDS
VOLATILE SUPER-
ORGANIC CRITICAL
SOLVENTS FLUIDS

WATER

Figure 2.4 Fluid phases for biphasic chemistry:
be formed

indicates that a biphasic system may
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hydrocarbon

agueous
ionic liquid

fluorous

Figure 2.5 (Plate 2) Four liquid phases in a single test tube (note that the coloured phases
have been dyed for clarity). (Photograph by Dave Adams; thanks to Glen Capper for supplying
the ionic liquid)

phases effectively separate after reaction. The most important solvent combina-
tions used in multiphasic chemistry are summarized in Figures 2.4 and 2.5. The
key solvent combinations generally involve a conventional solvent combined
with an alternative solvent, or two alternative solvents. The physical and chem-
ical properties of these alternative solvents are described in greater depth in
Chapters 3-6.

2.2.1 Water

Aqueous—organic biphasic catalysis is the most extensively studied biphasic
method. Examples of reactions catalysed using the aqueous—organic approach
include hydrogenations [5], hydroformylations [6], oxidations [7], C—C coupl-
ing [8], olefin metathesis [9] and polymerizations [10]. Although out of fashion
for many years, stoichiometric organic reactions are also becoming increasingly
common in water. The poor solubility of organic compounds in water, while
being an advantage for product separation, can often cause considerable prob-
lems when it comes to bringing about the reaction. In general, as the temperature
of the aqueous—organic biphase system is increased the solubility of organic
substrates increases, but other protocols have also been developed to overcome
solubility problems including:
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1 Addition of co-solvents in which all the species are partially soluble.
Increasing the interface by rapid stirring, use of ultrasound, microwave dielec-
tric heating, etc.

Use of detergents and surfactants.

4 Addition of phase transfer reagents, i.e. phase transfer catalysis.

W

Solubility problems in water and solutions to them are described in further
detail in Chapter 5.

2.2.2 Fluorous Solvents

The miscibility of perfluoroalkanes and other perfluorinated solvents with hydro-
carbon solvents is low, and this is exploited in fluorous—organic biphasic catal-
ysis [11]. In some cases, apolar reactants may be dissolved in the fluorous phase
and, on conversion to products of higher polarity, a second immiscible phase is
formed. Notable examples of catalysed reactions that are effectively carried out
using the fluorous biphase approach are hydroformylation and oxidation [12],
although many other types of reactions have also been demonstrated. In gen-
eral, these reactions are carried out using the second approach described in
Section 2.1, i.e. where two phases are present at lower temperatures, but with the
miscibility of the two solvents increasing with temperature until a point is reached
where the two phases form a single homogeneous phase. The mixing prob-
lems sometimes encountered with traditional biphasic methods are thus removed,
although other problems may be introduced, such as cross-contamination of the
two phases during product extraction. However, a large number of different
perfluorinated solvents are available, and careful solvent selection minimizes
such problems.

2.2.3 Ionic Liquids

Many ionic liquids are immiscible with organic solvents and can be used in
ionic liquid—organic catalysis. Since there is essentially no limit to the number
of ionic liquids that can be made, it is possible to design ionic liquids with
specific properties for a particular process [13]. Ionic liquid—organic biphasic
processes have been assessed for the same range of reactions conducted using
aqueous-organic solvents. Some ionic liquids are also immiscible, or partially
immiscible, with water. lonic liquid—aqueous processes based on the temperature
dependent two-phase to one-phase biphasic approach have been demonstrated in
hydrodimerization [14] and hydrogenation [15] reactions.

2.2.4 Supercritical Fluids and Other Solvent Combinations

In principle, many other solvent combinations could be used in biphasic chemistry
although the main driving force in this area is to provide environmental benefits.
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Supercritical fluids (e.g. supercritical carbon dioxide, scCO,) are regarded as
benign alternatives to organic solvents and there are many examples of their use
in chemical synthesis, but usually under homogeneous conditions without the
need for other solvents. However, scCO, has been combined with ionic liquids
for the hydroformylation of 1-octene [16]. Since ionic liquids have no vapour
pressure and are essentially insoluble in scCO,, the product can be extracted
from the reaction using CO, virtually uncontaminated by the rhodium catalyst.
This process is not a true biphasic process, as the reaction is carried out in the
ionic liquid and the supercritical phase is only added once reaction is complete.

A number of triphasic processes have been reported although the area remains
underdeveloped, despite having considerable potential. For example, the epoxi-
dation of trans-stilbene has been carried out using a fluorous—organic—aqueous
system [17]. The catalyst is immobilized in the fluorous phase, the organic prod-
uct is recovered from the organic phase and waste salt by-products are extracted
into the aqueous phase. A triphasic system composed of ionic liquid, water and
organic solvent has been used for Heck coupling reactions [18]. The catalyst is
immobilized in the ionic liquid, the product is extracted into the organic phase
and the water absorbs the inorganic salt by-products.

Although beyond the scope of this book, a vast amount of work has been
directed to supporting homogeneous catalysts on solid supports including silica,
alumina and zeolites, and functionalized dendrimers and polymers [19]. These
give rise to so-called ‘solid—liquid’ biphasic catalysis and in cases where the
substrate and product are both liquids or gases then co-solvents are not always
required. In many ways solvent-free synthesis represents the ideal method but
currently solvent-free methods can only be applied to a limited number of reac-
tions [20].

2.3 BENEFITS AND PROBLEMS ASSOCIATED WITH
MULTIPHASIC SYSTEMS

The most obvious benefit to using multiphasic reaction methods is that conven-
tional organic solvent usage is reduced or even completely removed. Another
very important aspect of biphasic catalysis can only be appreciated when the rel-
ative merits of homogeneous and heterogeneous catalytic methods are compared.
Table 2.1 lists the main advantages and disadvantages of these two methods.
It is worth noting that the majority of catalysed reactions by industry (which
represents about 90 % of all reactions) use heterogeneous catalysts. However,
homogeneous catalysts are becoming increasingly important, especially in enan-
tioselective reactions.

From the data in Table 2.1, it is clear that homogeneous catalysts are supe-
rior to heterogeneous catalysts in almost every way except stability, separation
and reuse (which are all linked). The importance of these properties explains
the success of heterogeneous catalysts. Biphasic catalysis represents an interme-
diate process sandwiched somewhere between homogeneous and heterogeneous
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Table 2.1 A comparison of the general properties of homogeneous and heterogeneous
catalysis

Homogeneous Heterogeneous
Property catalysis catalysis
Activity High Variable
Selectivity High Variable
Reaction conditions Mild Generally harsh
Stability/sensitivity Low High
Mixing Easy May be difficult
Catalyst separation Difficult Easy
Catalyst recycling Difficult Easy
Mechanistic understanding Can be ascertained Difficult to obtain
Catalyst tuning By ligand modification Difficult

catalysis. The catalyst is immobilized in a liquid and this allows, at least in prin-
ciple, simple product extraction into a second phase, and also immediate reuse
of the catalyst phase. In addition the lifetime of the catalyst may also improve.
For example, product extraction from a homogeneously catalysed reaction often
involves distillation of the product from the reaction mixture. This is not only
expensive in terms of energy expenditure, but the temperatures involved may
decompose the catalyst. Clearly, such separation procedures are not required for
a biphasic process. In some cases, particularly with certain ionic liquids, the
catalyst immobilization solvent also serves to protect the catalyst resulting in
increased operation times and turnover numbers.

Despite the important advantages associated with biphasic processes, they are
still not widely used on an industrial scale. The reason for the slow uptake of the
technique stems from the fact that the immiscibility of two solvents is seldom
perfect and some cross-contamination invariably takes place. It is therefore better
to regard even biphasic systems as partially miscible liquids and the extent of
miscibility depends strongly on temperature.

2.3.1 Partially Miscible Liquids

In the simplest binary system comprising two liquids (A and B), adding a small
amount of either liquid to the other creates a single phase, as the one liquid
dissolves completely in the other. As more of the second liquid is added, in this
case B, the first liquid A becomes saturated with B and no more will dissolve.
At this point, the system will consist of two phases in equilibrium with each
other, one of liquid A saturated with B and the other of liquid B saturated with
A. If B is continually added to A, there will come a point at which A becomes
the minor component in the system and, ultimately, will dissolve completely in
liquid B: a single phase will be formed once more. The relative proportions of
each liquid that are required to form single or biphasic systems depends both
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Figure 2.6 A temperature—composition diagram showing the relationship of temperature and
solvent miscibility for two partially miscible liquids

on the physical properties of the two liquids, and on the temperature. The rela-
tionship between temperature, concentration and miscibility is described by the
temperature—composition diagram shown in Figure 2.6.

The temperature—composition diagram can be used to calculate the composi-
tion of the two-phase system according to the amount of each solvent present.
For example, at temperature 7', the composition of the most abundant phase,
which consists of liquid A saturated with liquid B, is represented by the point
a and the composition of the minor phase, consisting of liquid B saturated with
liquid A, is represented by point a’. The horizontal line connecting these two
points is known as a tie line as it links two phases that are in equilibrium with
each other. From this line the relative amounts of the two phases at equilibrium
can be calculated, using the lever rule, under the conditions described by the
diagram. The lever rule gets its name from a similar rule that is used to relate
two masses on a lever with their distances from a pivot, i.e.:

The lever rule states in order to balance the lever (i.e. create an equilibrium)
then ml = m'l’ where m is the mass of the object and [ is the length from
the pivot.

The relative amounts of each phase in a biphasic system must also balance. So,
to calculate their abundance a ‘lever’ is drawn along the line of the temperature,
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for example 7’ in Figure 2.6. The ‘pivot’ is the relative concentration of the
two phases, so C, and the distances (/ and [’) are measured from the pivot to
where the ‘lever’ crosses with the curve (a and a’). These values are related by

Equation 2.1:

I’ amount of phase of composition a’
- = — 2.1)
l amount of phase of composition a

If more of one of the liquids is added, the effect, according to the lever rule,
is to shift the point of the pivot until balance is regained. Thus, at the given
temperature the composition of the phases remains the same, i.e. each saturated
with the other liquid, but the relative amount alters: if more of liquid B is added,
then in the lever diagram the pivot point will shift to the right and thus more of
this phase will form at the expense of the other phase (which is mainly liquid
A). This rule applies to all partially miscible liquids.

The temperature also affects the composition of the two phases at equilibrium,
but the effect is not equivalent in all systems. In the example shown in Figure 2.6,
raising the temperature increases the solubility of the two phases and this is what
is usually observed. The diagram shows that by heating the system, more of A
dissolves in B and vice versa. However, other solvent pairs become less miscible
with raised temperature, for example, water and ethylamine. In the case of these
liquid pairs, the temperature—composition diagram is essentially reversed, as
shown in Figure 2.7.

In both Figures 2.6 and 2.7 there is a temperature range in which phase sep-
aration does not occur. In Figure 2.6, this temperature (Tyc) is the maximum
temperature at which two phases form, also known as the upper critical tem-
perature. This maximum point occurs because the greater thermal motion in the
system results in complete miscibility of the phases. In Figure 2.7, this tempera-
ture (71c) is the minimum temperature at which phase separation is observed, or

Tiol--

0 20 40 60 80 5 100% B
| C o
100% A

Figure 2.7 The temperature—composition diagram for a system with a lower critical temper-
ature, such as water and ethylamine
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the lower critical temperature. In the case of water and ethylamine, the minimum
point occurs because below it the two components form a weak complex and
therefore a single phase. Above this temperature, the thermal motion breaks up
the complex and the two components are less miscible. There are also systems
that have both upper and lower critical temperatures, where weak complexes
form at lower temperatures and the thermal motion at higher temperatures causes
complete miscibility. The temperature—composition diagrams for these systems
have a circle area describing the two-phase system, with the single phase filling
the outside of the circle in the diagram.

The consequence of incomplete phase separation in a biphasic catalysed reac-
tion results in contamination of the product phase by some of the catalyst
immobilization solvent, as well as the catalyst. In the worst possible case, a
distillation process is still required to purify the product. In addition, with some
of the catalyst lost from the immobilization phase (the catalyst is often expensive
and toxic) the system is less active when a second batch of the substrate is intro-
duced. The best way to minimize (or ideally eliminate) catalyst loss is to design a
catalyst that is considerably more soluble in the immobilization phase compared
to the product phase. This is usually done by attaching groups to the catalyst
that provide the desired solubility properties for the immobilization solvent and
many examples of these modified ligands are given in the following chapters.

2.4 KINETICS OF HOMOGENEOUS REACTIONS

Before discussing the kinetics of reactions in biphasic systems, the basics of
kinetics in homogeneous reactions will be briefly revised. In all systems, the
rate of a reaction corresponds to the amount of reactant that will be converted
to product over a given time. The rate usually refers to the overall or net rate
of the reaction, which is a result of the contributions of the forward and reverse
reaction considered together. For example, consider the isomerization of n-butane
to iso-butane shown in Scheme 2.1.

This reaction can be represented in a general way according to Equation 2.2.

aA — xX 2.2)
At the start of a reaction, when there is no or very little product present, the
rate of the forward reaction is much greater than the reverse, such that the

reverse reaction can be considered insignificant. These conditions are referred to
as pseudo-first order kinetics. So, in the example, there is little or no iso-butane

catalyst )\

Scheme 2.1
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at the start of the reaction. The rate of the reaction is therefore determined by
the rate for isomerization of n-butane to iso-butane, and can be measured by
the rate of change in the concentration of iso-butane with time, according to
Equation 2.3. 1 d[A]

rate = T (2.3)
where, for Scheme 2.1, A = n-butane. The square brackets denote the concen-
tration of the component and ¢ is time.

Essentially, what these terms mean is that for every small increase in time (dt),
there is a change in the concentration of the reactant A (d[A]). For the reactant
A, the concentration decreases as it is consumed by the reaction, thus the term
is negative so that the rate of change calculated is positive. As the concentration
of the product increases, the rate of change in concentration will be positive. In
addition, each term is corrected for the stoichiometry of the reagent, by dividing
the rate of change in concentration by the number of moles of each component
used. With these equations, the value determined for the rate by monitoring the
change in concentration of any of the components in the reaction (A or X in
Equation 2.2) will be the same.

At the start of the reaction, the overall rate of change concentration of the
reactant is linear with time. As the reaction proceeds and the product accumulates
the reverse reaction becomes significant, such that the measured change in reagent
concentration also decreases and the rate of the reaction is said to decrease. This
decrease in rate is exponential, with the system eventually reaching equilibrium,
where the amount of reactant converted to product equals the amount of product
converted to reactant in a given time.

2.4.1 Rate is Independent of Stoichiometry

In a typical reaction, for example the isomerization of n-butane to iso-butane, the
rate of the reaction can be described either by the disappearance of a reactant or
the appearance of a product with time (Equation 2.3). The rate can also be deter-
mined by measuring the increase in concentration of the products, for example:

1d[X
rate = —M 2.49)
x dt

Note that Equations 2.3 and 2.4 give the same value for rate, as the actual rate of
change of each compound is corrected for stoichiometry. This becomes clear by
considering the reaction shown in Equation 2.5, where two moles of methanol
react with one mole of carbon dioxide and half a mole of oxygen to produce one
mole each of carbonic acid dimethyl ester and water.

catalyst
2CH;0H + CO + 1/20, ——5 CH;0CO,CH; + H,0 2.5)
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Figure 2.8 (Plate 3) Change in concentration of reactant and products for the reaction shown
in Equation 2.5

If the concentration of methanol is monitored with time, it will decrease twice as
fast as carbon monoxide and four times as fast as oxygen as shown in Figure 2.8.
However, by adjusting the change in concentration with time for the stoichiometry
of the reaction, the determined rate of the reaction will be identical, no matter
which of the reagents is monitored during the course of the reaction. Thus, the
determined rate of reaction is independent of stoichiometry.

2.4.2 Rate is Determined by the Probability of Reactants Meeting

The rate of the reaction is related to probability of the reactants meeting in order
to react. Therefore, the concentration of the reactants has an effect, because the
probability of the reactants meeting is higher in a concentrated solution than in a
dilute solution. Similarly, physical parameters such as agitation and temperature,
that increase the rate of diffusion and molecular motion and therefore increase
the probability of collisions, will also increase the rate of reaction.

2.4.3 Rate is Measured by the Concentration of the Reagents
At the start of a reaction, the reactants are present in large excess (pseudo-first

order), and this simplifies the mathematical description of rate to that of a first
order reaction, where rate is proportional to the concentration of a reactant or
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product. Thus, the two terms can be related by introducing a constant, k, termed

the rate constant: 1 d[A]
——— =k[A] (2.6)
a dt

In a first order reaction, the change in concentration of the reactants or products
with time is exponential (see Figure 2.8), and this can be illustrated mathemati-
cally by integrating and rearranging Equation 2.6 to give:

[A] = [A,]le™™ 2.7)

Equation 2.7 shows that the concentration of reactant A at the start of the reac-
tion will decrease exponentially with time as the reaction progresses. In relation
to the concentration of the components of the reaction, this means that when
there is a large excess of reactant, the rate of conversion to product will be much
greater than when the concentration of the reactants is very low. Therefore, the
more reactant present, the faster the reaction will proceed. However, note that
the reaction described in Equation 2.2 proceeds in both directions, so that when
the product begins to accumulate the reverse reaction will occur and equilibrium
will be reached. Because of the complications in the mathematical description
of the forward and reverse reactions occurring together, it iS common to mea-
sure the initial rate of reaction, where there is little or no product and therefore
the rate of the reverse reaction is insignificant compared to that of the forward
reaction (pseudo-first order kinetics). To calculate the rate constant for such reac-
tions, Equation 2.5 can be manipulated to produce an equation that describes a
straight line:

In[A] — In[A,] = —kt (2.8)

Thus, for a first order reaction a plot of In[A] versus time should be linear, with a
gradient corresponding to — k. This first order relationship can break down when
one or more of the reactants is limited, or there is a build-up of product. In these
cases, a term to describe the limiting concentration should be introduced. The
simplest, and often most common example is where the rate of the reaction is
second order overall, but first order with respect to each of the reactants and in
this case the rate of the reaction can be described by:

dlA]
——p~ = KAIB] (2.9)

which, on integration and manipulation gives:

I [BJIA] _
([Al = [Bo))  [Ao] [B]

Thus, a plot of In[A]/[B] versus ¢ will have gradient ([A,] — [Bo])k.

(2.10)
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2.4.4 Catalysed Systems

In a catalysed system, the spontaneous reaction may also occur, but in many
cases it is insignificant compared to the catalysed rate of reaction. The effect
of a catalyst is to accelerate the rate of both the forward and reverse reaction,
allowing equilibrium to be reached much more quickly. The concentration of the
reactants is still important, as this affects the probability that the catalyst will
interact with the reactants and trigger the reaction.

2.5 KINETICS OF BIPHASIC REACTIONS

In a biphasic system, the same rules as above apply, however, the rate of the
reaction and the position of the equilibrium are determined by the concentration
of the reactants and products in the phase where the reaction takes place, rather
than their overall concentration in the system. Exactly where the reaction actually
takes place is still a matter of debate, with two locations proposed, specifically,
at the interfacial layer between the two phases (model 1) and in the bulk of the
catalyst-containing phase (model 2), as shown in Figure 2.9.

In model 1, the concentration of reactants in phase 1 reaching the catalyst will
depend on the surface effects, whereas in model 2 the reactants must transfer
into phase 2 before the reaction can take place. Because of these differences
it has been suggested that the two models can be distinguished experimentally,
since, if the reaction takes place in the bulk solvent the rate will be increased
by the effect of co-solvents and other solubility promoters, whereas surfactants
and other surface active compounds will affect the rate of the reaction occurring
at the solvent interface. However, it is worth noting that some surface active
compounds may also increase the surface area between the two solvents, thereby
increasing catalyst accessibility in model 1, but also facilitating mass transfer of
the reactants to phase 2 in model 2, thereby increasing the rate of both systems.

As for a single phase system, the rate of the reaction is still dependent on
the probability of reactants meeting and therefore on the concentration of the
reagents. However, in the biphasic system, the critical concentration of these
components is no longer their total concentration in the whole system but the
concentration where the reaction takes place. This concentration will be depen-
dent on a number of factors, and the most influential are the rate of diffusion
of the reactants to the catalyst and the relative solubility of the reagents in each
phase. These two factors are interdependent, and will be considered in turn.

2.5.1 The Concentration of Reactants in Each Phase is Affected
by Diffusion

In a homogeneous system, the rate of diffusion (J) across any given distance
(x) is proportional to the concentration gradient of the reagent (d[A]/dx) and
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Figure 2.9 Schematic representation illustrating where the reaction takes place in bipha-
sic reactions

these terms can be directly related by a diffusion coefficient D, and can be
described by Equation 2.11. Like the rate Equation 2.4, Equation 2.11 describes
an exponential curve, as shown in Figure 2.10.

_ pdAl
J=D- @2.11)

For diffusion in a biphasic system, there is the additional complication of
the phase boundary. Therefore, diffusion in each phase will be described by
Equation 2.11, but in the region of the phase boundary different rules apply to
take into account the mass transfer of the reactant from one phase to the other.
Where the solubility of the solute is the same in both phases, the rate of diffusion
across the phase boundary J for a solute moving from the higher concentration
[A]; to the lower concentration [A], through a film of thickness [ is given by
Equation 2.12, which also describes an exponential decrease in concentration, but
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Figure 2.11 Diffusion across the phase boundary

as the film thickness [ is usually very small in practice only a small fraction of
the exponential curve will be considered, as shown by the linear representation
in Figure 2.11.

7= D d([Al; — [A])

2.12
l dx ( )

2.5.2 The Concentration of the Reactants and Products in the Reacting
Phase is Determined by Their Partition Coefficients

In most biphasic systems, the solubility of the solute differs between the two
phases. In this case, it is not the absolute concentration of the reagent that affects
the rate of diffusion, but the concentration relative to the saturation of the solution.
In the extreme example shown in Figure 2.12, although the actual concentration
of solute A is higher in phase 1 than in phase 2, diffusion will proceed in the
direction of phase 1 from phase 2, because phase 1 is less saturated by solute
A than phase 2. The saturation is determined by the solubility of the solute in
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Figure 2.12 Diffusion over a phase boundary where the solubility in each phase differs

each solvent, and in this example solute A is much more soluble in phase 1 than
in phase 2. Thus, more solute A can be dissolved in phase 1 before saturation
is reached and therefore, even when the concentration of solute A is higher in
phase 1 than in phase 2, the percentage saturation is less, driving diffusion from
the low concentration in phase 2 towards the higher concentration in phase 1.
The distribution of solutes between the two phases can be estimated by mea-
surement of the relative solubility of the reagent in each phase of the system
under given physical conditions. Water and 1-octanol have become a standard
solvent mixture for this [21], although other pairs of solvents may be used to pro-
duce, for example, a scale of preference for fluorous versus organic solvents, as
described below. The quantity P, known as the partition coefficient, is defined as

_ [X]solvent A
[X] solvent B

where X is the substance whose partitioning is under investigation. Since P
varies by at least 8 orders of magnitude, it is better expressed as log;oP. Values
of log;oP for some representative solvents are given in Table 2.2. This is an infor-
mative scale as it gives some indication of the affinity for water hydrophilicity
compared to an organic phase organophilicity. This is clearly beneficial when
designing chemical reactions in biphasic solvent systems. Some examples of
the partitioning coefficients for different solutes in a fluorous biphasic system,
using perfluoromethylcyclohexane and toluene as the two solvents are given in
Table 2.3 [22].

(2.13)

2.5.3 The Partition Coefficients of the Reactants and Products May Alter
the Position of the Equilibrium

As discussed earlier, a chemical reaction may occur in both directions. When
the rate of the forward reaction is equal to that of the reverse the system is
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Table 2.2 1-Octanol/water partition coefficients (log;oP) for selected solvents at 25 °C¢

Solvent logioP Estimated uncertainty
Dimethyl sulfoxide —1.35 +0.20
N,N-dimethylformamide —1.01 +0.20
Methanol —0.74 +0.07
Acetonitrile —0.34 +0.05
Ethanol —0.30 +0.03
Acetone —0.24 +0.10
Tetrahydrofuran 0.46 +0.10
Ethyl acetate 0.73 +0.05
Diethyl ether 0.89 +0.10
Dichloromethane 1.25 +0.15
Chloroform 1.97 +0.15
Benzene 2.13 +0.10
Toluene 2.73 +0.25
Carbon tetrachloride 2.83 +0.25
Cyclohexane” 3.44 -
n-Hexane 4.00 +0.25

¢ Values from Sangster J. J. Phys. Chem. Ref. Data 1989, 18, 1111, which compares data from numerous sources
for 611 organic compounds, except
b from CRC Handbook of Chemistry and Physics, 80th Edition, CRC Press, Florida, 2000.

said to have reached equilibrium, i.e. there is no net change in the concentration
of the reactants and the products although the reaction continues to take place.
Equation 2.14 describes the equilibrium constant for the reaction where reactants
A and B produce products X and Y and shows that this is dependent on the
relative concentrations of the reactants and the products.

[XI[Y]
eq = m (2.14)

As for the rate of diffusion, the equilibrium constant for a reaction in a biphasic
system is not determined by the overall concentration of each reagent, but by
their concentrations in the reaction phase. In some cases this can drive the for-
ward reaction to completion, and in other cases it can be inhibitory, depending
on the relative concentrations of the reactants and products. In model 1, where
the reaction takes place at the phase boundary, the effective concentration of the
reactants and products will be that in phase 1, and assuming each has an equiv-
alent solubility, the equilibrium position will approach that of a homogeneous
system. Where the reaction takes place in the bulk solvent, as in model 2, the
equilibrium position is very much dependent on the solubility of the reagents in
phase 2. For example, if the product is less soluble in phase 2 than the reactant,
as the product is formed it will diffuse back into phase 1, reducing its concen-
tration in phase 2 where the reaction is occurring and therefore the reaction will
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Table 2.3 Partition coefficients at 24 °C for different solutes in
the CF3CgF;{/CH3CgHs biphasic system

Compound P logoP
W Fie 0.98 0.01
©\/:C Ris 10.36 1.02
Rtg
Rrg
9.75 0.98
Reg
\/\/(j/\A Pie 10.24 1.01
Rts
17 >"Rg 1.28 0.11
NN NN 0.06 —1.24
NN NN 0.04 —1.45
P N N 0.02 —1.6
NN TN TN 0.02 —1.7
©A 001 —192
@A/\/\/\/\/\ 0009  —2.04
F
Fj@[ F 0.29 —0.54
F F
F

F F

0.39 —0.41
F F
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continue in the forward direction. In special cases, where the product is poorly
soluble in the reacting phase, the reaction is driven in the forward direction so
that it can go to completion. The equilibrium position in this latter model is also
dependent on the rate of the reaction relative to the rate of diffusion. In fast reac-
tions, concentration gradients of the reactant and product form through phase 2
(see below), thereby affecting the equilibrium position. So, away from the phase
boundary, the product may accumulate at the expense of the reactant, favouring
reverse reaction.

2.5.4 Effect of Diffusion on Rate

In a homogeneous system, the rate of diffusion in the system can be directly
related to the rate of the reaction as it governs the number of times the catalyst
will interact with the reactants over a set time. In a biphasic system, diffusion
still affects the rate of reaction, as this is dependent on the catalyst and reactants
meeting. However, the rate of diffusion also affects the time it takes for the
reactants to reach the place where the reaction takes place. How diffusion affects
rate depends on the catalytic turnover.

For a slow reaction occurring in the bulk liquid of phase 2, phase transfer and
diffusion may not be rate limiting. Here, the reactants will enter phase 2 more
quickly than they are consumed by the reaction, and thus become distributed
at equal concentration throughout this phase (see Figure 2.13a). In this case the
rate of the reaction in phase 2 will be described by Equation 2.3, with the rate of
reaction being directly proportional to the concentration of the reactants in phase
2 and uniform throughout the phase. Similarly, for a slow reaction occurring
at the phase boundary, the rate of diffusion of the reactants will exceed their

phase 1 phase 2 phase 1 phase 2
[Al — (Al
° 5 o ° N o
o o © ) o S
o) o ON
o -
e O O
0 distance 0 distance
interface interface
O reactant
< product
(a) Slow reaction (b) Fast reaction

Figure 2.13 Variation of the concentration of reactants with distance from the solvent inter-
face in bulk liquid
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Figure 2.14 Variation of concentration of reactants with distance from the solvent—solvent
interface in a reaction limited by diffusion

consumption, thus they will be continually replenished and the concentration of
the reagents will be distributed uniformly throughout each phase.

In contrast, a fast reaction rate will result in steep concentration gradients for
the reactants and a higher reaction rate near the solvent interface. This concept is
represented diagrammatically in Figure 2.13b, where the concentration of reactant
A is almost as high as that in phase 1 at the solvent interface, but plummets as
it is rapidly consumed by the reaction. Thus, for a fast reaction, the majority of
reactant is converted to product near the phase boundary layer and the rate of
the reaction is limited by the rate of phase transfer and diffusion.

A similar prediction can be made for the concentration distribution of reagents
for a diffusion limited reaction occurring at the phase boundary. The concentration
of the reactants decreases around the phase boundary, as this is the site where
they are consumed. In Figure 2.14, it is assumed that the reactant A has about
one tenth of the solubility in phase 2 compared to phase 1, thus in most cases
some of reactant A will diffuse across the phase boundary into this phase. As in
phase 1, the concentration distribution will not be equal throughout the phase,
but it will be lower in proximity to the phase boundary. If the reaction is very
fast, reactant A will be consumed at the phase boundary and will therefore not
enter phase 2.

2.5.5 Determining the Rate of a Reaction in a Biphasic System

As the measured rate of the reaction in a biphasic system can be dramatically
affected by diffusion, the measured rate of reaction is termed the observed rate of
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reaction, which is equivalent to the actual rate of the reaction including a factor
which describes the rate of diffusion. For a slow reaction, where diffusion is not
rate limiting and therefore does not affect the rate, then this factor will be equal
to 1 and the rate equation is equivalent to Equation 2.3. However, for a fast
reaction, the rate will be limited by diffusion as this determines the maximum
rate at which the reactants can be replenished during the catalytic cycle. In this
case, the rate of the reaction is limited by the concentration of the reactant and
therefore is limited by the rate of its diffusion across the phase boundary and
decreases with distance from the phase boundary (see Figure 2.13b). There are
different ways in which the rate can be altered, including improved mixing of
the two phases and the addition of phase transfer catalysts.

In many biphasic systems, constant stirring creates a fine emulsion, where
droplets of one solvent become suspended in the other. In this emulsion the
surface area between the two phases is increased, providing a bigger surface for
either the catalytic reaction to occur or the reactants to diffuse across to react in
the bulk solvent.

Phase transfer catalysts can be used to increase the solubility of reactants in
the phase where the reaction takes place. Usually these catalysts are organophilic
salts that pair with anionic reactants to increase their solubility in organic solvents.
Phase transfer catalysis is described in more detail in Chapter 5.

2.6 CONCLUSIONS

There are many good reasons for using multiphasic methods to carry out reactions
that employ homogeneous catalysts. In general, the catalyst is immobilized in one
phase and the reactants and products are supported in other phases. Ideally, once
the reaction is complete the products can be removed without contamination by
the catalyst and the catalyst phase is ready for immediate reuse. However, a
perfect system is extremely difficult to obtain in practice, although many solvent
combinations and catalyst design strategies have been developed which come
close to the ideal situation.
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3 Reactions in Fluorous Media

The term ‘fluorous’ was coined as an analogy to ‘aqueous’ for highly fluorinated
alkanes, ethers and tertiary amines [1]. These compounds differ markedly from
the corresponding hydrocarbon compounds to the extent that such compounds
commonly give bilayers with conventional organic solvents. In this chapter, we
will discuss the different approaches towards carrying out reactions in fluorous
media and describe how reactants and catalysts can be engineered to be prefer-
entially soluble in fluorous solvents.

3.1 INTRODUCTION

Fluorous compounds with appropriate melting and boiling points can be used as
solvents for reactions. Fluorous compounds that have been used as solvents for
a variety of reactions include perfluoromethylcyclohexane (PP2) and perfluoro-
hexane (Figure 3.1).

Since fluorous solvents tend to mix poorly with common organic solvents,
they have been widely studied in biphasic catalysis where a reagent or catalyst is
anchored in the fluorous phase and separated from the organic phase at the end of
a reaction. However, unlike water (see Chapter 5), in addition to forming bilayers
with conventional solvents, some combinations of organic and fluorous solvents
demonstrate increased miscibility at elevated temperatures. In some cases, heat-
ing can even result in a completely homogeneous mixture. Accordingly, it is
possible to carry out reactions under either heterogeneous or homogeneous con-
ditions. So, for example, whilst PP2 and chloroform form a biphasic system at
room temperature, they form a single phase at 50.1°C [2]. Similarly, toluene
and perfluorodimethylcyclohexane (PP3) are immiscible at room temperature but
miscible at 70 °C, as shown in Figure 3.2. By careful design of the catalysts
and/or reagents, a reaction can be carried out homogeneously with the added
advantage of a biphasic separation of catalyst and products after the reaction
is complete. This technique is particularly applicable to those reactions where
a nonpolar compound is converted to products with a higher polarity since the
more polar the compound, the lower the solubility in the fluorous phase.

Chemistry in Alternative Reaction Media D. Adams, P. Dyson and S. Tavener
© 2004 John Wiley & Sons, Ltd ISBNs: 0-471-49848-3 (Cloth); 0-471-49849-1 (Paper)
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Figure 3.1 Examples of fluorous solvents

Figure 3.2 (Plate 4) (a) A biphase of toluene (top) and a fluorous-soluble catalyst in PP3
(bottom) at 25 °C; (b) the same mixture when heated to 70 °C. (Photographs by James Sherrington)

3.2 PROPERTIES OF PERFLUORINATED SOLVENTS

Perfluorinated alkanes and cycloalkanes are prepared from the corresponding
hydrocarbons, either by electrochemical fluorination or by cobalt trifluoride fluo-
rination [3]. Many perfluorinated solvents are available commercially covering a
wide selection of boiling points and densities. Some examples of perfluorinated
solvents are listed in Table 3.1 together with their key physical properties.
Although there are obvious variations within these compounds, they share
many common features. Perfluorinated compounds have high densities compared
to their hydrocarbon analogues, generally between 1.7 and 1.9 gcm™3. They
have very low polarities and generally have low solubilities in both water and
most organic solvents. Because of the low polarizability of the electrons in C-F
bonds and the low availability of the lone-pair electrons of fluorine, fluorocarbons
exhibit very weak van der Waals interactions. As a result, gases generally have
very high solubilities in fluorocarbons since it costs very little energy to replace
one perfluorocarbon molecule with a different molecule which also has little inter-
action with its neighbours. The high solubility of oxygen in perfluorocarbons has
resulted in their use as artificial blood substitutes [5]. Kamlet—Taft «, 8 and 7*
parameters have been obtained for some perfluorinated solvents (Table 3.2). That
these solvents are not HBDs and are extremely poor HBAs is reflected in the
very low « values and negative § values. The strongly negative 7* indicates that
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Table 3.1 Selected data for some perfluorinated compounds

Mp Bp Density
Perfluorocarbon Formula °O) °C) P4 O, sol” (gem™d)
n-Perfluorooctane CgFis -25 103-105 0.55 52.1 1.74
n-Perfluorohexane, CeF14 —87 57 0.00 - 1.68
FC-72
Perfluoromethyl- C7F 14 —447 76.1 0.46 - 1.79
cyclohexane, PP2
Perfluorodimethyl- CgFi6 —55 101-102 0.58 - 1.83
cyclohexane, PP3
Perfluorotributyl amine (C4Fy)sN =50 178—180 0.68 38.4 1.90
Perfluorooctyl bromide CgF7Br - 142 - 52.7 1.89
FC-75¢ CgF60 - 102 - 52.2 1.78
Perfluorodecalin CioFs —-10 141 - 40.3 1.95
D80 d —79 84 - 458 1.73
D100 € —104/ 104 - 418 1.77

@ Spectral polarity index based on an a-perfluoroalky-g3,-dicyanovinyl dye (see Chapter 1), the higher the number,
the more polar the compound. For comparison, n-hexane has a Ps of 2.56, benzene 6.95 [4].

> 'ml 0,/100ml solvent.

¢ Mainly perfluorobutyltetrahydrofuran.

4 General formula CF3[(O(CF3)CFCF>),,(OCF,), JOCFs, average molecular weight 390.

¢ General formula CF;[(O(CF3)CFCF,),,(OCF,),]OCF3, average molecular weight 416.

/ Pour point.

& Solubility of air, ml air/100 ml solvent.

Table 3.2 Kamlet—Taft parameters for three perfluorinated
solvents [6]

Solvent o B T

n-Perfluorohexane 0.00 —0.08 —0.41
Perfluorodecalin 0.00 —0.05 —0.32
Perfluoromethylcyclohexane 0.00 —0.06 —0.40

these solvents are extremely difficult to polarize, which may explain their ten-
dency to form biphases with organic solvents. Attractions between hydrocarbons
formed by dispersive forces (i.e. temporary dipoles which induce dipoles in their
neighbours by polarization) outweigh those formed between the hydrocarbon and
the hard-to-polarize fluorocarbon.

Perfluorocarbons are chemically inert, are nonflammable and have low toxici-
ties. Unlike the halofluorocarbons, perfluorocarbons are not ozone-depleting and
have been used as CFC replacements [7]. However, perfluorocarbons have very
long lifetimes in the atmosphere (>2000 years) [8] and this has consequences for
their use as solvents since any process has to take into account the fact that any
loss of solvent to the atmosphere is extremely undesirable.
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3.3 DESIGNING MOLECULES FOR FLUOROUS COMPATIBILITY

For catalysts or reagents to have a high affinity for a fluorous phase it is often
necessary for them to be derivatized with long perfluoroalkyl chains such as
Cg¢F13 or CgFy;. These are known as ‘fluorous ponytails’, and work on the basis
that ‘like-dissolves-like’. This frequently results in molecules which have three
domains: a fluorous domain which controls the solubility, an organic domain
which ‘shields’ the reactive centre from the electron-withdrawing effect of the
perfluoroalkyl group, and lastly the functional group which dictates the reactivity
of the molecule, as shown in Figure 3.3. It is often quoted that the percentage
fluorine by weight within the molecule needs to be greater than 60 % to confer
preferential solubility in a fluorous solvent [9].

Often, an organic group is placed between the perfluoroalkyl group and the
remainder of the compound in an attempt to minimize the electron-withdrawing
effect of the fluorinated group (fluorine is the most electronegative element).
Without this insulating spacer group, the electron density on the reactive group
would be seriously reduced. For a phosphine for example, the electron density
might become reduced to the point where it would be unable to act as an effective
ligand. Suitable spacer groups include a number of CH, units, OCH; and Si(Me),.
Aryl spacers have also been used, either alone or in combination with the other
spacer groups. Whilst preparation of the above compounds may seem trivial,
this is often not the case, although the range of reported reactions and available
building blocks is ever increasing. Some examples of compounds that have been
synthesized for use in a fluorous biphase are shown in Figure 3.4.

Because of the current high cost of perfluorinated compounds and solvents, it
really only makes sense to use them for reactions which produce expensive prod-
ucts or where the catalyst is expensive and recycling and reuse is essential. There
are many examples of transition metal catalysed reactions that fall into this cate-
gory. In many cases, such catalysts utilize modifying ligands such as phosphines
and phosphites and it is of no surprise that a substantial amount of work has been
carried out preparing analogues of known ligands derivatized with perfluoroalkyl

Fluorous Organic
Domain Domain

Figure 3.3 The different domains of a fluorous molecule
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Figure 3.4 Some examples of perfluoroalkyl-substituted molecules suitable for reactions in
fluorous solvents

groups. Many different methodologies now exist for the derivatization of organic
compounds and the most important of these methods are described below.

(i) Simple alkyl phosphines can be formed via reaction of PHj
with a perfluoroalkyl-functionalized alkene [10] catalysed by 2,2'-
azobis(isobutyronitrile) (AIBN) or by reaction of PCl; with the
Grignard reagent derived from a perfluoroalkyl-functionalized iodide [11].
Phosphites can be formed via direct reaction of a fluorinated alcohol with a
chlorophosphine in the presence of a base to neutralize the HCI formed [12]
(Scheme 3.1). These reactions result in alkyl phosphines and phosphites
that incorporate a number of CH, spacer units.

(il) Aryl spacer units can be incorporated via copper mediated coupling reac-
tions [13]. Here, perfluoroalkyliodides react with iodoaromatic compounds
in the presence of copper in a dipolar aprotic solvent, such as dimethyl
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(i) Mg, Et,0
ICH,CH,CgF 3 ——— P(CH,CHyCqF13)3
(i) PCl3

PCls, EtgN
HOCH,CHCoF 1y — o= P(OCH.CH.CoF1a)3
2

AIBN
PHz + 3CH,CHCgF 13 —————>  P(CH,CH,CyF 1)

Scheme 3.1

(iii)

@iv)

sulfoxide (DMSO). 2, 2’-Bipyridyl (bipy) is sometimes included to lower
the reaction temperature and co-solvents such as hexafluorobenzene can
also be used to aid solubility [14]. Such reactions allow the direct attach-
ment to an aromatic ring, which can be further reacted to give a deriva-
tized phosphine or phosphite as shown in Scheme 3.2. Utilizing such a
methodology, a range of perfluorinated phosphines, phosphinites, phospho-
nites and phosphates have been prepared [14]. Indeed, a simple analogue
of triphenylphosphine, tris(4-tridecafluorohexylphenyl)phosphine, is now
commercially available [15].

Aryl and CH; spacer units can be combined using a number of method-
ologies. For example, the Grignard reagent derived from a /H,1H,2H,2H-
perfluoroalkyl iodide can be reacted with an aryl halide. However, yields
are low with the magnesium reagent [16], but the use of an organozinc
reagent increases the yield [17]. An alternative is to carry out a Heck cou-
pling reaction between a /H,IH,2H-perfluoro alkene and an aryl halide
or arenediazonium salt [18]. This results in an aromatic with an ethylene-
spaced perfluoroalkyl group. This can then be hydrogenated to give the
required alkyl spacer (Scheme 3.3).

These types of compounds can also be formed via a Wittig reaction [19].
Triphenylphosphine can be quaternized with a suitable alkyl iodide, and the
resultant perfluoroalkylated phosphonium salt will react with aldehydes to
give fluorinated alkenes which are easily hydrogenated (Scheme 3.4). This
methodology has recently been expanded to the formation of perfluoroalky-
lated pyridines [20].

An alternative spacer unit which may be combined with the aryl group
is OCH; [21]. Insertion of this spacer group can be achieved by reac-
tion of a phenol with a perfluoroalkyl nonafluorobutane sulfonate in the

CgF43l, Cu, bip
Br@l 618 y Br@ceﬁs
DMSO, CgFg, 70°C

Scheme 3.2
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Scheme 3.4
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3 3
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EtsN
toluene

Q

Scheme 3.5

presence of a base (Scheme 3.5). A tris-substituted phosphine oxide have
been prepared by attaching the fluorous ponytail to #ris —4-hydroxyphenyl
phosphine oxide, before reduction to yield the phosphine.

(v) Silyl spacer units have also has been combined with aryl spacer groups [22].
Such compounds are formed via bromination of a perfluoroalkyl deriva-
tized silane followed by reaction with an aryl Grignard (Scheme 3.6). One
major advantage of this route is that it allows up to three perfluorinated
ponytails to be attached to each aromatic ring.
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Br.
HSiMe(CH,CH,CgF 7)o —2 BrSiMe(CH,CH,CgF+7)»

() n-BuLil(ii) Br—©—|
BrOSiMe(CH20H208F17)2

Scheme 3.6

3.4 PROBING THE EFFECT OF PERFLUOROALKYLATION
ON LIGAND PROPERTIES

The lone pair of electrons on the phosphorus atom of a phosphorus(IIl) lig-
and are available for donation to a metal centre (a o bond). This bonding is
enhanced by so-called back-bonding from the filled d-orbitals of the metal into
empty o *-orbitals of the phosphorus(IIl) ligand. This gives the bond a degree
of m-character and strengthens the bond. Electron-withdrawing groups on the
phosphorus ligand will pull electron density away from the phosphorus cen-
tre and so decrease the amount of o-donation possible. The spectroscopic and
structural properties of transition metal complexes have been used to assess the
electronic and steric impact of perfluoroalkyl substituents on the donor proper-
ties of such ligands. Since many transition metal catalysts are generated in situ
from the free ligand and metal-containing precursors, the successful develop-
ment of the fluorous biphase approach to catalysis depends upon the reactivities
of these ligands mirroring those of the unmodified phosphine ligands. The reac-
tions of perfluoroalkylated phosphine ligands with a range of platinum metal
reagents (Scheme 3.7) have been investigated in detail. Information on the effect
of adding perfluoroalkyl groups to triphenylphosphine derivatives was deduced
spectroscopically by comparing the ! Jp,-p coupling constants of the cis-[PtCl,L;]
complexes of the fluorous phosphines with the hydrocarbon-parent ligands as
shown in Table 3.3 [23].

cl L
~2CH,CN | i

PICI(NCCHg), + 2L ————= L—Pt—L + L—Pt—Cl
cl cl

L=Phg P
3-x \ \/

R¢ = CgF43, OCH,C/F45

Scheme 3.7
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Table 3.3 Comparison of NMR (" Jpep) and IR (vco) for metal
complexes derived from both fluorinated and nonfluorinated phosphines

Phosphine U Jpep Rh vco(cm™h) Ir veo(em™h)
PPhjy 3672 1965 1953
PPh,(4-C¢H4CgF13) 3653 1982 1959
PPh,(3-C¢H4CgF13) 3633 1980 -
PPh,(2-C¢H4CgF13) - 1965 -
PPh(4-C¢H4CgF3)2 3635 1983 1972
PPh(3-CgH4CgF3)2 3602 1984 -
P(4-C¢H4CgF13)3 3615 1993 1979
P(3-C¢H4CsF13)3 - 1992 -
P(4-C¢H4OCH,C;F7)3 3680 1977 1967

These investigations indicated that, for the most part, the strongly electron-
withdrawing perfluoroalkyl substituents do make the phosphines weaker o-
donors. The !Jp.p coupling constant data decreases with the number of
perfluoroalkyl substituents, reflecting the reduction in the o-donor power of the
phosphorous atoms. However, perfluoroalkylation does not reduce the electron
density to the extent that these compounds are ineffective as ligands. On the other
hand, the size of the perfluoroalkyl groups can have steric implications such
that, for the ortho-substituted phosphine, the thermodynamically less favoured
trans-[PtCl,L,] is favoured in preference to the cis isomer. In addition, the
m-bonding characteristics of the ligands were investigated by measuring the infra-
red carbonyl stretching frequencies, vco, of the complexes frans-[MCI(CO)L;]
(M = Rh, Ir) and again show the influence of the strongly electron-withdrawing
perfluoroalkyl group. Together, the data indicate that meta and para substitution
reduces the o-donor properties and increases the m-acceptor behaviour of the
phosphine ligands by a similar amount. For the ortho-derivatized ligand, the vco
data for trans-[RhCI(CO)(PPh,(2-C¢H4CgF;3))] are very similar to the parent
trans-[RhC1(CO)(PPh3)], indicating that the decrease in basicity is cancelled out
by the increase in cone angle. Similar comparisons have been made for the
perfluoroalkyl derivatized phosphites [24].

Figure 3.5 (Plate 5) Crystal structure of 4-tridecafluorohexylphenol [24]
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The steric bulk of the perfluoroalkyl group can be demonstrated by examining
crystal structures of suitable compounds. For example, the crystal structure of the
para-substituted phenol clearly shows the size of the C¢F;3 group with respect
to the aromatic ring (Figure 3.5).

3.5 PARTITION COEFFICIENTS

Optimization of a fluorous-organic biphasic system requires knowledge of the
solubility of the fluorous catalysts and reagents in the fluorous solvents with

Table 3.4 Partition coefficients for selected fluorous
compounds in the CF3CgF;/CH3CgHs biphase system [25]

Compound P logoP

(CHo)3CgF 47 0.980 —0.008

(CHy)3C6F 13

Po

2.802 0.447
(CH)3CeF 13
CH,);CgF
Q( 2)aCaF 1z 10.36 1.101
(CHo)3CgF47
Cﬁ\ 3.648 0.562
o P((CH5)3CgF13)2
Cﬁ\ 14.87 1172
P((CH3)3CgF17)2
P@CGF13> 4.405 0.644
3
P@(CH2)206F1; 0.901 —0.045
3
P@(CH2)306F1; 0.266 —0.058
3
P@(CH2)308F1; 2.145 0.331

3
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respect to organic solvents. One way of measuring the respective solubilities
is by establishing the partition coefficient. Here, the species in question is dis-
solved in a mixture of an equal amount of a fluorous solvent and an organic
solvent. The biphasic system is stirred, then allowed to come to equilibrium and
then the amount of the species in each phase is determined. This is done typ-
ically gravimetrically, by gas chromatography or by atomic absorption. Some
examples of measured partition coefficients are shown in Table 3.4 (values for
other compounds are shown in Chapter 2).

Study of the factors that affect partition coefficients allows the rational design
of subsequent generations of catalysts and reagents. It is clear from the data that,
for simple aromatic compounds, the solubility in fluorous solvents increases with
increasing number of fluorophilic ponytails. The solubility is also improved with
increasing length of the perfluoroalkyl group. The increase in partition coef-
ficient with increasing length of perfluoroalkyl tail is also observed for other
compounds, for example the menthyl substituted phosphines. For the triaryl phos-
phines, the presence of spacer groups between the aromatic ring and the ponytail
decreases the partition coefficient, but, again, the partition coefficient increases
with increasing length of the tail. However, it is important to note that the parti-
tion coefficients are simply a measure of the relative solubility of the compound
in the two solvents quoted and is not a measure of the absolute solubility. Indeed,
at higher chain lengths, absolute solubilities can decrease, despite the partition
coefficient increasing!

3.6 LIQUID-LIQUID EXTRACTIONS

When reactions are carried out in a fluorous phase or for that matter in any
biphasic system, the products can often be recovered by simple phase separation.
If required, the fluorous phase can be washed with further organic solvent to
recover any residual product that remains in the fluorous phase. However, in
catalysed reactions, efficient recycling of the catalyst is critical to the success
of the reaction. The cost of derivatizing the modifying ligands means that any
unrecovered catalyst has serious implications for the economics of the process.
Most simply, catalyst recovery is achieved by pouring off the upper, less
dense phase, and the fluorous phase may be reused in another reaction. For
example, long chain alkenes may be hydroformylated in a fluorous biphase system
using a rhodium metal catalyst with either P(CH,CH,C¢F,3)3 or P(C¢H4CgF13)3
as ligands (see Chapter 8) [26]. With the trialkyl phosphine, a semi-continuous
process was used. After each reaction, the mixture was allowed to cool and then
the organic layer removed. The fluorous phase was kept in the reactor and reused
and, over nine consecutive runs, a total turnover number (TON, i.e. moles of
product formed per mol of catalyst) of greater than 35000 was measured with
only a 4.2 % loss of rthodium. This value is equivalent to 1.18 ppm of rhodium
lost for each mol of product. The loss of rhodium was ascribed to the low, but
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Scheme 3.8

finite, solubility of the catalyst in the product phase. Unfortunately, the free ligand
is also leached into the organic phase, which resulted in a decrease in reaction
selectivity. With the triaryl phosphine, it is also possible to recover the product
with only a very low level of leaching of the rhodium catalyst (in some cases as
low as 0.05 %) [27].

An exciting development in fluorous biphasic chemistry is the demonstration
that recycling can be achieved simply on the basis of the thermomorphic prop-
erties of the catalyst [28]. It was noted that appending a number of fluorous
ponytails to a molecule often has the effect of lowering the melting point. For
example, P(CoH4CgF}7); melts at only 47 °C. These phosphines often show a
marked increase in solubility in conventional solvents at elevated temperatures,
especially near their melting points. When these phosphines were used to catal-
yse the reaction of alcohols with methyl propiolates, (Scheme 3.8) good yields
were obtained in benzotrifluoride at room temperature. The catalyst could easily
be recycled by conventional means using a benzotrifluoride/1-octane biphasic
system. Interestingly, the phosphine showed a marked increase in solubility in 1-
octane at higher temperature that may be exploited in the synthesis. The reaction
can be carried out in 1-octane only at 65°C and, when the reaction is com-
plete, the solution is cooled which leads to precipitation of the catalyst. Simple
decantation led to the successful separation of the phosphine, which was used
for a further four runs without deterioration in activity.

3.7 SOLID SEPARATIONS

A problem with simple phase separation in fluorous biphasic systems is the cost
associated with the high fluorine content required to anchor a catalyst exclu-
sively in the fluorous phase. In an effort to overcome such difficulties, the use
of Fluorous Reverse Phase Silica Gel (FRPSG) [29] has been developed as a
useful tool in organofluorine chemistry. The method relies on the low retention
of most organic moieties on fluorinated silica and is conceptually the same as
using reverse phase silica gel for liquid chromatography. The separation of a flu-
orinated species from organic moieties is possible by eluting the mixture through
FRPSG with an organic solvent. Due to their low solubility in organic solvents,
the fluorinated species are eluted last, allowing facile separation of, for example,
fluorinated catalysts from organic products [30] (Figure 3.6).

The crucial point is that derivatization with a perfluoroalkyl group is required,
in this instance, only to confer a sufficient polarity difference between species
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.

1. Load column with fluorous (F) and organic (O) compounds
2. Elute organic compounds with polar solvent
3. Elute fluorous compounds with nonpolar solvent

Figure 3.6 Separation of a fluorous compound from an organic compound using FRPSG

Demixed by fluorous O(iPr)QSiCHZCH206F13

chromatography

O(Pr),SiCH,CH,R;

o O(iPr)ZSiCHgCHgCgF1 7

Scheme 3.9

such that separation on FRPSG is possible. A preferential solubility in a fluo-
rous solvent is no longer required in contrast to the fluorous biphase reactions
described above where preferential solubility in a fluorous solvent is crucial to
the success of the entire process. The FRPSG technique has been applied to the
separation of two different mappicines, the (R)-enantiomer tagged with a silyl
protecting group bearing a C¢F;3 chain, the (§)-enantiomer tagged with a CgFy;
chain as shown in Scheme 3.9 [31]. These were formed from tagged alcohols and
an equimolar mixture of both carried through a sequence of reactions to produce
the mappicines, which could then be separated by HPLC separation over FRPSG.

The separation and successful reuse of a metal catalyst using FRPSG has
also been demonstrated [32]. A fluorinated nickel complex was found to catal-
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Scheme 3.10

Figure 3.7 (Plate 6) Separation of catalyst from products using a short column of FRPSG
(Photograph by Ben Croxtall)
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yse the reaction between acetoacetanoate and ethyl cyanoformate in good yield
(Scheme 3.10).

Remarkably, passing the reaction mixture down a short column containing
FRPSG and, eluting with dichloromethane, affords the analytically pure product
(Figure 3.7). The catalyst (seen as the green band on top of the column) can
then be quantitatively recovered by eluting with diethyl ether and, after washing,
could be reused without loss in activity. This procedure was repeated five times.

3.8 CONCLUSIONS

Fluorous technology is a rapidly expanding area and has important and wide-
ranging potential applications in both organic and inorganic chemistry. This thriv-
ing area of research, which only came into being in the early 1990s, now encom-
passes catalysis, solvents, nanoparticles and enzymes. A wide range of chemical
reactions have been carried out in perfluorinated solvents. Some examples include
hydroformylation [33], hydrogenation [34], Diels—Alder [35], allylic alkylations
[36], oxidation [37], hydrosilylation [38], Heck, Suzuki and Stille reactions [39]
and polymerizations [40]. Exploitation of this methodology is reliant on the adap-
tation of reagents and catalysts to the fluorous phase and the ability to separate
them again, and developments are advancing rapidly. Although cost is a major
issue with this fluorous methodology, it is expected that, as demand increases,
costs will decrease. The use of a ‘traditional’ fluorous extraction on an industrial
scale would need a huge volume of fluorous solvent and is therefore proba-
bly unlikely, but new techniques are becoming available which may make this
unnecessary. It is likely that the fluorous techniques will find applications in areas
which produce high value products, which would minimize cost issues.
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4 Ionic Liquids

The first example of biphasic catalysis was actually described for an ionic liquid
system. In 1972, one year before Manassen proposed aqueous—organic biphasic
catalysis [1], Parshall reported that the hydrogenation and alkoxycarbonylation
of alkenes could be catalysed by PtCl, when dissolved in tetraalkylammonium
chloride/tin dichloride at temperatures of less than 100 °C [2]. It was even noted
that the product could be separated by decantation or distillation. Since this
nascent study, synthetic chemistry in ionic liquids has developed at an incredible
rate. In this chapter, we explore the different types of ionic liquids available and
assess the factors that give rise to their low melting points. This is followed by an
evaluation of synthetic methods used to prepare ionic liquids and the problems
associated with these methods. The physical properties of ionic liquids are then
described and a summary of the properties of ionic liquids that are attractive
to clean synthesis is then given. The techniques that have been developed to
improve catalyst solubility in ionic liquids to prevent leaching into the organic
phase are also covered.

4.1 INTRODUCTION

Ionic liquids have been known since 1914 when ethylammonium nitrate,
[EtNH3][NOs3], with a melting point of 12 °C was discovered by Walden [3]. For
the next forty years there was no activity in this field, until other low melting ionic
compounds were discovered by chemists looking for an alternative method to
electroplate aluminium. On mixing and heating various alkylpyridinium chlorides
with aluminium chloride, the white powders reacted together to form a colourless
liquid [4]. However, ionic liquids remained something of a curiosity until only
recently when they were rediscovered as alternatives to common organic solvents
for synthetic applications.

There are numerous ways in which an ionic liquid can be defined, and perhaps
the most widely accepted definition is:

A material that is composed of ions, and has a melting point below 100°C.

Such a definition would suggest that hundreds or even thousands of compounds
could be classed as ionic liquids, but the number is in fact relatively small.

Chemistry in Alternative Reaction Media D. Adams, P. Dyson and S. Tavener
© 2004 John Wiley & Sons, Ltd ISBNs: 0-471-49848-3 (Cloth); 0-471-49849-1 (Paper)
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However, over the last few years the number of known ionic liquids has risen
rapidly and potentially millions of different ionic liquids could exist, as shall
become evident later in this chapter.

Tonic liquids are also sometimes referred to as molten salts, nonaqueous ionic
liquids (NAILs) or room temperature ionic liquids, and all of these names are
entirely valid. The term molten salt is now used less frequently, and generally

What Controls the Melting Point of an Ionic Compound?

When one thinks of an ionic compound, i.e. a salt, one usually thinks of a
crystalline solid with a high melting point. For example, sodium chloride has
a high melting point (806 °C) because its ions are held together by strong
electrostatic attractions leading to a high lattice energy (see Figure 4.1). The
strength of electrostatic attraction is determined by the amount of charge on
the ions and how far away from each other they are. The further that they
are apart, then the weaker the interaction. So how do you separate two things
that are attracted to each other strongly? It is possible to make ions that have
their charge on a central atom and then have large groups bonded to them so
that nothing else can get close. This greatly increases the distance between
the charges (e.g. [BuyN][Br] has a melting point of just over 100 °C). The
same applies to the anions, and replacing the anion with a bulkier one can
have an even greater effect on melting point. In addition, by delocalizing the
charge over many atoms instead of having one particular point in the ion with
a strong attraction, there are lots of places with just a little attraction and
in different directions. This is very effective at weakening the force between
the two ions. Lastly, cations with low symmetry may be used, so that it is
even more difficult for the charges to come together, this also helps to reduce
melting points.

(a) (b)

Figure 4.1 (Plate 7) Sodium chloride (a) can easily form a regular lattice through packing
of the spherical anions and cations. It is much harder for [bmim][PF¢] (b) to do so because
the charges are dispersed across the large ions, and the cation has low symmetry
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refers to salts with melting points greater than 100°C. NAILs was originally
used to differentiate synthetic ionic liquids from water, since liquid water is
partially composed of ions. The last term, room temperature ionic liquids, is
sometimes used to differentiate those that are truly low melting from molten
salts with high melting points. Although the definition given above includes any
ionic material with a melting point below 100 °C, it is really those that are liquid
at, or below, room temperature that are most useful as alternative solvents for
clean synthesis.

4.1.1 The Cations and Anions

Ionic liquids may be viewed as three-dimensional networks of cations and anions
linked together by interactions such as H-bonds, dispersive and electrostatic
forces. The key feature of the cation seems to be that it should be of low sym-
metry and have a poorly localized positive charge, impeding the formation of
a regular crystal lattice and lowering the melting point of the subsequent salt.
There are now many ionic liquids based on organic cations that can be coupled
to a wide range of anions to provide solvents with specific chemical and physical
properties. The most commonly used cations that are well suited to giving low
melting salts are illustrated in Figure 4.2 [5]. These cations are related in that
they are of quite low symmetry and the charge on many of them is delocalized
over several atoms.

Many anions can be used in combination with the cations shown in Figure 4.2
to form low melting liquids, including metal halide anions, BF;~, PFs~, AsF¢ ™,
SbF¢~, NO;~, CH3CO,~, CF3S0357, (CF3S0,),N, (CF350,);C~ and CF;CO,~
to name but a few. However, the most important component in an ionic liquid is
the cation. Whereas certain cations may be combined with a wide range of anions
to give low melting salts there is not, as yet, a universal ‘liquifying’ anion that
can be combined with different inorganic and organic cations (excluding those
shown in Figure 4.2) to form low melting salts.

4.1.2 Synthesis of Ionic Liquids

The synthetic routes used to prepare ionic liquids vary depending upon the
ionic liquid being made. Ionic liquids with metal halide anions are, at least
in principle, very simple to prepare. Scheme 4.1 illustrates the synthesis of
imidazolium-based ionic liquids with a chloroaluminate anion, commencing with
methylimidazole [6].

Although the synthesis appears to be very straightforward, it is actually very
difficult to obtain a colourless liquid, as trace amounts of impurities lead to
discolouration. The first step of the reaction does not go to completion and the
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product must be recrystallized several times to remove all the starting material.
The imidazolium salt and the aluminium trichloride used in the second step must
both be completely dry. The aluminium trichloride must be of high purity, which
may be achieved by sublimation. In general, the pure and dry white solid starting
materials are mixed together under an inert atmosphere and they collapse to form
a colourless liquid. The imidazolium chloride and the aluminium trichloride need
not be mixed in a 1 : 1 molar ratio in order to form a liquid and the consequence
of mixing different molar ratios has a marked influence on the nature of the anion
present and the subsequent properties of the ionic liquid [7]. Mixing equimolar
amounts of the chloride salt and AICl; gives a mole fraction of 0.5 and the
AICl4~ anion is essentially the only species present. If the mole fraction of
AICl; employed is greater than 0.5, then multinuclear species such as Al,Cl;~
and Al;Cljy~ are formed and the ionic liquid is referred to as (Lewis) acidic.
When the mole fraction is less than 0.5, the ionic liquid is basic. For this reason,
chloroaluminate ionic liquids are often written as [cation]Cl-AlICl3, rather than
[cation]AICl4 and the mole fraction is quoted at the same time. The ability to
prepare the ionic liquid in neutral, acidic or basic form may be exploited in
synthesis and catalysis.

The synthesis of ionic liquids with BF4~ and PF¢~ as cations has been the sub-
ject of much research since they are the most widely used in catalysis. However,
it is difficult to make these ionic liquids in a pure form. The original route used
to prepare ionic liquids with these anions consists of a metathesis (anion—cation
exchange) reaction in which the imidazolium chloride is reacted with the sodium
salt of the anion in a suitable solvent [8]. The reaction is illustrated in Scheme 4.2
for the tetrafluoroborate salt.

Once the two salts are mixed in solution (acetone is a common solvent for
this), the sodium chloride precipitates and is removed by filtration. The sol-
vent is then removed under reduced pressure and, since salts have no vapour
pressure, the ionic liquid remains in the flask. The problem with this reac-
tion is that it is almost impossible to remove the last traces of chloride ions.
The chloride not only influences the physical properties of the liquid such as
melting point and viscosity, but is also a good nucleophile and can deacti-
vate catalysts and affect reproducibility. A great deal of effort has been directed
towards removal of the chloride contamination, including washes and chromatog-
raphy, but none have proved to be completely effective [9]. This has led to the
development of some alternative synthetic routes. Simply exchanging Na[BF,]

F
- o NalBRl - ' NaCl
- +
/Ng//N\R /Ng//N\R F\‘;B\F (s)
(R = alkyl)

Scheme 4.2 The preparation of imidazolium tetrafluoroborate ionic liquids (where R is an
alkyl group)
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Scheme 4.3 One step synthesis of imidazolium tetrafluoroborate ionic liquids from alkylim-
idazoles (where R is an alkyl group)

— P
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(R = alkyl)

Scheme 4.4 Synthesis of imidazolium triflate ionic liquids from alkylimidazoles (where R is
an alkyl group)

for the silver salt, Ag[BF,], increases the yield of the precipitate and gives a
purer product, because the lattice energy of AgCl is high compared to that of
NaCl [10]. However, this route is very expensive and some chloride contamina-
tion still remains. Use of fluoroboric acid, HBF,, results in the formation of HCI,
which can be removed as a gas under reduced pressure rather than by precipita-
tion [11]. However, complete removal of the HCI is not without problems as it
is highly corrosive.

Perhaps the most effective synthesis, albeit an expensive one, involves the
direct methylation of alkylimidazoles using trimethyloxonium tetrafluoroborate
with concomitant formation of the tetrafluoroborate anion as shown in
Scheme 4.3 [12]. This is a single step reaction in which no chloride is present
at any stage of the synthesis. The only by-product from this reaction is dimethyl
ether which is a volatile and inert gas and it is easily removed.

Many ionic liquids with other anions are produced in related one-pot methy-
lation reactions that do not give rise to by-products [13]. For example, methyl
triflate, CF3SO3Me, can be used to methylate alkylimidazoles to give 1,3-alkyl-
methylimidazolium triflate ionic liquids as shown in Scheme 4.4.

4.2 PHYSICAL PROPERTIES OF IONIC LIQUIDS

The physical properties of ionic liquids have been extensively studied and
some trends are beginning to emerge. In particular, ionic liquids based on 1,3-
dialkylimidazolium cations have been investigated in detail, partly due the their
wide use as solvents to conduct synthesis and catalysis. The attraction of the
imidazolium cation in synthetic applications is because the two substituent groups
can be varied to modify the properties of the solvent. For example, Table 4.1
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Table 4.1 Effect of the R group on the melting point of some
imidazolium-based ionic liquids

Imidazolium tetrafluoroborate salt Mp (°C)
1/ - \ .
NEN [mmim][BFy] 103
\/NQN N [emim][BF4] 6
\/\/NQN\ [bmim][BF,] —81
o~ NN [hmim][BF] -8
NN [omim][BF] 78
\/\/\/\/\/NgN\ [dmim][BF4] —4

Table 4.2 Effect of the anion
on the melting point of the
1-butyl-3-methylimidazolium,
[bmim] ™, cation

Anion Mp (°C)
Cl™ 65
I~ =72
BEF,~ —81
PFg¢~ —61
AICl4~ 65
(n = 0.66)¢
CF3SO;~ 16
(CF3CO;7) -50
(CF3802)2N7 —4

“n is the mole fraction of [bmim]Cl:AlICl;

shows how the alkyl group attached to the imidazolium cation influences the
melting point of the resulting ionic liquid [14].

The cation with the highest symmetry, [mmim], has a higher melting point
than the other less symmetric cations. In addition, as the chain length increases
beyond an ethyl group there is little change in melting point until it reaches 10
carbon atoms and the melting point starts to increase again, presumably caused
by attractions between the alkyl chains. The nature of the anion also has a major
influence on both the physical and chemical properties of the ionic liquid (see
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Figure 4.3 Phase diagram for [emim]CI-AICl;

below). The influence of the anion on the melting point of a series of [bmim]™*
ionic liquids is shown in Table 4.2. The effect of the anion on the melting point
is not easy to predict although in general the melting points provided by smaller
anions are higher than those obtained with larger more bulky anions.

The properties of the chloroaluminate ionic liquids can be modified by vary-
ing the mole fraction of the [cation]Cl and AICl;. When the mole fraction of
[cation]C1:AICl; is 0.5 the AICl,~ anion is essentially the only species present
and the ionic liquid is neutral. If the mole fraction of AlICl; employed in greater
than 0.5, then the ionic liquid is Lewis acidic and when the mole fraction is less
than 0.5 the ionic liquid is Lewis basic. The melting point of the liquid depends
on the composition and the phase diagram shown in Figure 4.3 illustrates how
the melting point varies with molar ratio.

The polarity of some 1-alkyl-3-methylimidazolium ionic liquids has been
determined using the solvatochromic dyes Nile Red and Reichardt’s dye [16,
17]. Measurements with Nile Red do not give absolute values of polarity but
provide a useful scale to estimate the relative polarity of the ionic liquids. Sim-
ilar measurements have been made using a number of other solvatochromic
dyes (dansylamide, pyrene, pyrenecarboxyaldehyde, and bromonapthalene) for
[BMIM][PF¢], and gave results consistent with those obtained with Nile Red.
Values for EX obtained for ionic liquids generally fall between the values of 0.6
and 1.0, as shown in Table 4.3.
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Zwitterionic Liquids

A number of zwitterionic liquids in which an imidazolium cation is directly
bonded to the anion are also known [15]. The melting point for these zwitte-
rionic liquids is very low. Although these zwitterionic liquids have high ion
density, the ions cannot migrate along potential gradients and the ionic con-
ductivity of pure zwitterionic liquid is quite low. However, when mixed with
an equimolar amount of the salt lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI), the zwitterionic liquids display a high ionic conductivity. Therefore
the zwitterionic liquids act as an excellent ion conductive matrix, in which
only added ions can migrate. Zwitterionic liquids with vinyl groups attached
to the imidazolium rings can be polymerized. The ionic conductivity of pure
zwitterionic polymers is again low, but when mixed with LiTFSI these poly-
mers exhibit a relatively high ionic conductivity despite having rubber-like
properties. Both zwitterionic-type salts and their polymers have unique ion
conductive characteristics that may find uses in electrochemistry and as novel
conducting materials.
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s _
T o Yo TN NGHLCF,
—23°C 63°C

Using Nile Red, the polarity of several ionic liquids has been found to be
comparable to that of lower alcohols. Figure 4.4 summarizes the polarity data for
some ionic liquids with comparisons to common organic solvents (the structure
of Nile Red is shown in Chapter 1). Polar organic solvents like dichloromethane
and diethyl ether are miscible with ionic liquids, whereas solvents of low polarity
show partial miscibility and nonpolar solvents are essentially immiscible.

Comparative polarity studies have also been performed by absorption of ionic
liquids on to gas chromatography columns followed by the elution of various
compounds and lead to the conclusion that the polarity of [bmim][BF,] is similar
to that of lower alcohols [18].

Miscibility is an important consideration when selecting solvents for use in
biphasic systems. Table 4.4 shows the miscibility of three ionic liquids with
water and some organic solvents. [bmim][PFs] was found to be miscible with
organic solvents whose dielectric constant is higher than 7, but was not soluble
in less polar solvents or in water. Basic [bmim][AICl4] was found to react with
protic solvents, and the acidic form also reacted with acetone, tetrahydrofuran
and toluene.
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Table 4.3 EY values for a range of ionic
liquids [17]

Solvent EY
/Nﬁ-%N\Bu [BF,I- 0.58
[bmim][0,CCF;] 0.62
[bmim][N(SO,CFs),] 0.65
—NEN~C H, N(SO,CFa), 0.66
—NEN=C, Has “N(SO,CFa), 0.66
[bmim][0SO,CFs] 0.66
[bmim][BF,] 0.67
[bmim][PF] 0.67
—NEN-CH,Ph “N(SO,CFy), 0.67
[bmim][CIO,] 0.68
NN~ (CH,),0CH; “N(SO,CFa), 0.72
—NEN~(CH,),0H “N(SO,CF3), 0.95
[EtsNHINO3 0.95

The proton in the 2-position of imidazolium-based ionic liquid is quite acidic,
as evidenced both spectroscopically and from its reactivity (direct pH measure-
ments in ionic liquids using a pH meter do not give meaningful data). Such
acidity would suggest that the cation can form hydrogen bonds with the anions
as well as with compounds dissolved in the ionic liquid. A number of X-ray
diffraction studies have been conducted to probe the solid-state structure of var-
ious 1,3-dialkylimidazolium salts revealing the presence of extended H-bonded
networks although the shortest interaction does not always involve the proton
in the 2-position [19]. Evidence for H-bonding in ionic liquids in the solution-
state has also been provided by NMR studies [20]. The presence of H-bonding
is clearly important in determining the melting point and viscosity of an ionic
liquid, although a number of other factors are also important. What is unusual,
based on the acidity of the 2-proton, is that when it is replaced by a methyl group
the melting point of the ionic liquid increases rather than decreases, as illustrated
in Table 4.5.
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water_ ] 593.2

[hmim][BF4]_ ] 551.9
[bmim][BF4]_ ] 550.8

methanol_ ] 549.6
[omim][BF4]_ ] 549.5
[bmim][PFe]_ 1547.5

dichloromethane_ ] 535.2

benzene_:I 525.4
diethyl ether_:| 504.4
cyclohexane_:I 487.6

480 51I 0 5:10 5;0 6(I)O

Nile Red Aa/nm

Figure 4.4 The solvatochromic shifts of the dye Nile Red in a number of ionic liquids and

organic solvents

Table 4.4 Miscibility of organic solvents with ionic liquids

Organic [bmim][AICl4] [bmim][AICl4]
solvent & [bmim][PFg] Basic Acidic
Water 78.3 Immiscible Reacting Reacting
Propylene carbonate 64.4 Miscible Miscible Miscible
Methanol 32.7 Miscible Reacting Reacting
Acetonitrile 35.9 Miscible Miscible Miscible
Acetone 20.6 Miscible Miscible Reacting
Methylene chloride 8.9 Miscible Miscible Miscible
Tetrahydrofuran 7.8 Miscible Miscible Reacting
Trichloroethylene 34 Immiscible Immiscible Immiscible
Carbon disulfide 2.6 Immiscible Immiscible Immiscible
Toluene 2.4 Immiscible Miscible Reacting
Hexane 1.9 Immiscible Immiscible Immiscible

Source: Koel M. Proc. Estonian Acad. Sci. Chem. 2000, 49, 145.

So far, we have focused on the melting points and polarities of ionic liquids.
Like conventional solvents, other properties such as viscosity and density are also
very important when selecting a solvent for synthetic applications. Whilst this
type of data is well known for other solvents, relatively little has been reported for
ionic liquids. Table 4.6 lists available melting points, thermal stability, density,
viscosity and conductivity data for the better studied ionic liquids.
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Table 4.5 A comparison of the
melting points of
1-ethyl-3-methylimidazolium and
1-ethyl-2,3-dimethylimidazolium salts

Tonic liquid or salt Mp (°C)
NN _ 81
SIS C
/ - \
/N\\?N\/ cr 187
NN~ cFs05- -
/N\TN\/ CF5S05” 109

Table 4.6 Some physical properties of imidazolium-based ionic liquids

Thermal i o
stability Density  Viscosity ~Conductivity
Mp (max. liquid (gem™3) (cP) (ohm~'em™1)
Cation Anion (°C)  temp.)(°C) [Temp.] [Temp.] [Temp.]
- \
_NE N _
HsC Y CHs (CF3S0;),N 22 - 1.559 [22] 444 [20] 0.84 [20]
H
/ - \
+
CZHS/NH_//N\CH3 BF,~ 6 412 1.24 [22] 37.7 [22] 1.4 [25]
H
/ - \
+
(:2H5/NYN\CH3 CF3S0O5;~ -9 ~440 1.38 [25] 42.7 [25] 0.92 [25]
H
/ - \
C.H /N\\J_FN\C CF;CO,~ —14 ~150 1.285 [22] 35 [20] 0.96 [20]
2Hs Hs 3= : :
H
/ - \
+
Csz/ NYN\CH3 (CF3S80;),N- -3 455 1.520 [22] 34 [22] 0.88 [25]
H
/ - \
+
CZHS/NHJ/N\CZHs CF;S05~ 23 - 1330 [22] 53[20]  0.75 [20]
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Table 4.6 (continued)

™\
&

CoHe Y N SCoHs  CF3CO,™ —50 - 1250[22] 43[20]  0.74 [20]
CoHs™ N Y N SCoHs  (CF3802):N~ 14— 1452[21] 35[20]  0.85[20]
CiHg™ YN\CH3 BF,~ —81 403 1.121[25] 219[25] 0.173 [25.5]
CHs Y N “CHy  PFs~ —61 349 136[25] 450 [25]  0.146 [25.5]
CHs Y N “CHy  (CF380,),N~ —4 439 1429[19] 52[20]  0.39 [20]
CaHg Y N SCoHs  CF3(CE2805~ 21— 1427[18] 323 [20]  0.053 [20]
CaHe™ N Y N SCoHs  CF3CO,™ —50 - 1428[20] 89[20] 0.5 [20]
Cetii™ YN\CH3 PF,~ —61 417  1291[25] 585 [25] -
CHs™ Y N “CHy  CF380;~ 6 -  1334[20] S51[20]  0.64[20]

NN F N™ - - 1.470 [22 2 2
CuHs \( CHs (CF380,), 3 470 [22] 37 [20] 0.66 [20]

CHa,

The solubility of organic compounds in ionic liquids can be estimated from the
polarity data given in Table 4.3 and Figure 4.4. In general, solids are of limited
solubility in ionic liquids unless they are salts themselves and then solubility is
generally high. The solubility of gases is also of importance as many catalysed
reactions that are well suited to biphasic processes involve gaseous substrates
such as hydrogen, carbon monoxide and carbon dioxide. The Henry’s constant
for some gases in ionic liquids is given in Table 4.7 [21].
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Table 4.7 Solubility of gases in
ionic liquids at 25°C

Gas—ionic Henry’s
liquid constant
CO, — [bmim][PF¢] 534
C,H; — [bmim][PF¢] 173
C,H¢ — [bmim][PF¢] 355
CHy — [bmim][PF¢] 1690
O, — [bmim][PF¢] 8000
Argon — [bmim][PFg] 8000
H, — [bmim][PFs] 14925
H, — [bmim][CF;SOs] 6896
H, — [bmim][BF,] 6923
H, — [hmim][BF,] 11627
H, — [omim][BF4] 16393

The lower the value for Henry’s constant, the greater the solubility of the gas
in the solvent. It is clear from the data in Table 4.7 that CO, is very soluble,
whereas the solubility of hydrogen in all the ionic liquids is very low. In fact, the
Henry’s constant for all the gases except for hydrogen were determined using a
gravimetric microbalance at 13 atm, but at this pressure hydrogen was below the
detection limit. The Henry’s constants for hydrogen were determined at 100 atm
using high pressure '"H NMR spectroscopy. Despite the low solubility of certain
gases the rate of mass transport is very high in ionic liquids and gas solubility does
not appear to be a limiting factor in catalysed reactions involving these gases.

4.3 BENEFITS AND PROBLEMS ASSOCIATED WITH USING IONIC
LIQUIDS IN SYNTHESIS

Ionic liquids have a number of properties that make them suitable media for
conducting chemical synthesis and catalysis [22]:

1 They dissolve many metal catalysts, polar organic compounds and gases and
can even support biocatalysts.

2 They have favourable thermal stabilities and operate over large ranges. Most
melt below room temperature and only start to decompose above 300 or
400 °C which gives a temperature range three to four times that of water in
which to conduct synthesis.

3 They may be designed to be immiscible with many organic solvents and
water, and both the cations and anions can be modified to give specific sol-
ubility properties as well as other physical or chemical properties.

4 Tonic liquids have polarities comparable to lower alcohols, but, unlike alcohols
and other polar solvents, they are essentially non-coordinating (occasionally
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weakly coordinating, depending on the anion). The fact that they do not
coordinate to metal centres is advantageous when the ionic liquid is used to
immobilize sensitive transition metal catalysts.

5 They have no vapour pressure and therefore do not evaporate. This means
they do not escape into the environment like volatile organic solvents and
it also allows easy removal of VOCs (i.e. reaction products) from the ionic
liquid under vacuum or by distillation.

6 While very little toxicity data are available it would appear that many ionic
liquids are nontoxic.

7 lonic liquids in which the anion is composed of an active transition metal
catalyst providing essentially a ‘liquid catalyst” may be prepared, although it
is too early to comment whether these will offer any advantages over catalysts
dissolved in ionic liquids [23].

Essentially, there is no limit to the number of different ionic liquids that can be
engineered with specific properties for chemical applications. However, a number
of problems still need to be overcome before their use becomes widespread. The
current problems associated with ionic liquids include:

1 Many are difficult to prepare in a pure form, and the current methods that
provide pure ionic liquids are generally very expensive. Scale-up could be a
problem in certain cases.

2 The viscosity of ionic liquids is often quite high. In addition, impurities can
have a marked influence and may increase the viscosity of the ionic liquid.
In the worse case scenario the addition of a catalyst and substrate to an ionic
liquid can increase the viscosity to such an extent that it becomes gel-like
and therefore difficult to process.

3 Some ionic liquids (e.g. chloroaluminates) are highly sensitive to oxygen and
water, which means they can only be used in an inert environment and that
all substrates must be dried and degassed before use.

4 Catalysts immobilized in ionic liquids are sometimes leached into the prod-
uct phase. It may therefore be necessary to design new catalysts for use in
ionic liquids.

Despite these problems, ionic liquids are currently attracting considerable atten-
tion as alternatives to volatile organic solvents in many different reactions includ-
ing oligomerization and polymerization, hydrogenation, hydroformylation and
oxidation, C—C coupling and metathesis. In particular, ionic liquids containing
BF,~ or PF¢™ anions have been very widely used and several general properties
have emerged:

1 They form separate phases with many organic materials and can therefore be
used in biphasic catalysis.

2 They are non-nucleophilic and present an inert environment that often increa-
ses the lifetime of the catalyst.
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3 The rate of diffusion of gases is very high compared to many conventional
solvents and this leads to increased reaction rates in catalysed reactions
involving gaseous substrates such as hydrogenation, hydroformylation and
oxidation.

4.4 CATALYST DESIGN

Many catalysts originally developed to operate in organic solvents have since
been used in ionic liquids without any modification. In the case of neutral cata-
lysts, leaching from the ionic liquid phase into the product phase can often be a
problem, whereas charged catalysts remain immobilized during product extraction
although some loss can still occur depending on the solvent used as the second
phase. With this in mind, a number of ligands have been made that are salts and
when attached to a neutral metal will render the resulting catalyst preferentially
soluble in the ionic liquid phase.

A class of aryl-phosphine ligands with sulfonium anions attached to aryl-
rings have been designed for use in aqueous—organic biphasic catalysis [24],
(see Chapter 5). For applications in water they are usually stabilized as Na* or
K™ salts. Since these ligands are salts they may be used in ionic liquid—organic
biphasic catalysis, but usually with the Group 1 metal cation replaced with the
cation of the actual ionic liquid. This provides excellent solubility and retention
in the ionic liquid phase during product extraction. Other charged groups have
been incorporated into ligands and Figure 4.5 shows several which have been
developed for use in ionic liquid biphasic catalysis.

PR, PR, \H
2
SO4lbmim] N+
3-n H NMe, J3_p
n=0,10r2 n=1or2

@ [E}g—Pth
Tk

Co*

=, PPh,

Figure 4.5 Ligands used to improve immobilization of metal catalysts in ionic liquids

PPh,
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The range of ligands developed for ionic liquid catalysis is much smaller than
that for other immobilization solvents such as water and fluorous phases as ‘off
the shelf’ ligands and catalysts can often be used in ionic liquids. For example,
a number of catalysts that were developed to operate in organic solvents under
homogeneous conditions are salts themselves and do not need to be modified for
use in ionic liquids [25].

Catalysts other than homogeneous (molecular) compounds such as nanoparti-
cles have been used in ionic liquids. For example, iridium nanoparticles pre-
pared from the reduction of [IrCl(cod);] (cod = cyclooctadiene) with H, in
[bmim][PF¢] catalyses the hydrogenation of a number of alkenes under bipha-
sic conditions [27]. The catalytic activity of these nanoparticles is significantly
more effective than many molecular transition metal catalysts operating under
similar conditions.

Biocatalysts also operate in ionic liquids [28]. The ones that have been most
widely investigated are the lipase family of enzymes. For example, Candida
Antarctica lipase B immobilized in [bmim][BF,;] or [bmim][PF¢] under anhy-
drous conditions is able to catalyse transesterifications at rates comparable to
those observed in other solvents. Certain lipase mediated enantioselective acyla-
tions have even resulted in considerable improvements in enantiomeric excesses

Chiral Ionic Liquids

Chiral ligands attached to metals centres have revolutionized the synthesis
of chiral products. In 2001, the Nobel Prize for Chemistry was awarded to
the founders of this field. There has been much speculation as to whether a
nonchiral catalyst operating in a chiral solvent would also give products with
enantiomeric excesses. With organic solvents, the results have been disap-
pointing. But the potential for long range structure in an ionic liquid is greater
and a number of chiral ionic liquids have been prepared [26], for example:

7

=\ HO
N0 [PFg] N Nwe,
RO N

R N
2 | [(CF4SOp)N]
Ry =Me, R, = Et, =

R; =Pentyl, R, = Et

Thus far, these chiral ionic liquids do not appear to exert an influence, possibly
because the structuring of the solvents around the reactions’ transition state is
not rigid enough. These investigations are still in progress.
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compared to other media. As yet, while this nascent field has shown some startling
results, little is understood regarding the effects induced by the ionic liquids.

4.5 CONCLUSIONS

Ionic liquids have many properties that lend themselves to clean chemical syn-
thesis, perhaps most notably, that they are nonvolatile and are therefore not lost
to the atmosphere. While many of their physical properties have yet to be deter-
mined a number of trends are emerging that allows the design of ionic liquids
with specific properties, which will ultimately allow them to be fine tuned to
specific processes. They have also been extensively studied as alternative sol-
vents for organic chemistry and biphasic catalysis, and numerous examples of
this aspect are given in Chapters 7—11. In addition to ionic liquid—organic and
ionic liquid—aqueous biphasic catalysis a number of multiphasic combinations
have been developed which show promise. One particularly promising combina-
tion is the synthesis of organic compounds under homogeneous conditions in an
ionic liquid followed by extraction of the products with supercritical CO, [29].
In such a process all volatile organic solvents are eliminated.
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5 Reactions in Water

In one way it seems strange to have a chapter on water in a book on alterna-
tive solvents. For many hundreds of years water was the only solvent available
to chemists to carry out their reactions. It was not until organic solvents came
into use that a whole new era of chemistry was born, and many types of reac-
tions were conducted and compounds made that previously had not been thought
possible. Some of the reactions that were only considered possible in organic
solvents are now being conducted using water as a solvent, and this is very
much at the forefront of solvent replacement research [1]. In this chapter, we
overview the unique properties of liquid water, and then discuss its application
as a solvent for organic chemistry. This is followed by an overview of the use
of water in multiphasic systems, including aqueous-organic reactions and phase
transfer catalysis.

5.1 THE STRUCTURE AND PROPERTIES OF WATER

Water is the most abundant solvent and in fact the most common molecule
on the planet and the third most abundant in the universe, following H, and
CO. It is the only naturally occurring inorganic compound that is a liquid at
room temperature (elemental mercury is also liquid at room temperature and
occasionally occurs in nature in the uncombined state). It is an excellent solvent
capable of dissolving many ionic compounds as well as some covalent molecules.
The high polarity of water enables it to solvate ions efficiently and any ion
dissolved in water is associated with several water molecules. Water is a good
HBD and HBA, and has a high dielectric constant. This reduces the strength
of the electrostatic forces between dissolved ions and allows them to separate
and move freely in solution. The key physical properties of water are listed in
Table 5.1.

5.1.1 The Structure of Water

Water is often referred to as anomalous in its behaviour, and its properties are
dominated by its ability to form H-bonds. It has high boiling point, melting point,

Chemistry in Alternative Reaction Media D. Adams, P. Dyson and S. Tavener
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Table 5.1 Physical properties of water

Melting point 0°C

Boiling point 100°C

Triple point 0.01°C

Critical temperature and 374°C, 22.1 MPa
pressure

Density (at 4°C) 1.00gcm™

Latent heat of 2.26kJg ' K™!
vaporization

Specific heat capacity 4.19Jg7'K!

Cohesive energy density 2302 MPa

Internal pressure 151 MPa

Hildebrand solubility 47.9 MPa®>
parameter

Dielectric constant 78.30

Dipole moment 59 %x10730Cm

EN 1.000 (defined)

o 1.17

B 0.47

T* 1.09

Donor number 1.46

Acceptor number 54.8

critical temperature (374 °C, cf. 31.1°C for CO»), surface tension and viscosity,
all of which are influenced by the ability of each water molecule to form up to
four H-bonds (two as a donor and two as acceptor). The intermolecular forces in
water are much stronger than in other solvents. Unlike most compounds, water
undergoes an increase in volume on freezing, and displays maximum density at
4°C (i.e. above its melting point). This latter anomaly is explained by the fact
that ice has a rigid but open structure in which all the molecules are tetrahedrally
coordinated and involved in four straight H-bonds, as shown in Figure 5.1. On
melting, some of the H-bonds break and others bend allowing the structure to
collapse into a more closed form. Thus two different, opposing processes are
at work: thermal bond breaking leading to an increase in density, and thermal
expansion which decreases density.

The simple chemical formula, H,O, gives little indication of the sheer com-
plexity of the structure of liquid water. Investigation of water using X-ray tech-
niques, and subsequent data modelling, suggests that water has medium range
structure and contains structured regions with regular, ice-like lattice, chains, clus-
ters and other polymeric types, random regions with little or no structure, and
single, mobile, water molecules which may permeate the structured regions, as
depicted in Figure 5.2. Likewise, the ordered regions may contain holes, vacan-
cies and faults in the structure.
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Figure 5.1 Hexagonal ice structure showing open, tetrahedrally coordinated structure
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Figure 5.2 Two-dimensional representation of some of the structures present in liquid water

Recent interpretations of diffraction data suggest that water may contain regu-
lar clusters of as many as 280 molecules [2]. These large clusters have icosohedral
symmetry and adopt two forms, expanded and compressed, (the latter appearing
somewhat similar to a deflating soccer ball), which are thought to exist in a
temperature and pressure dependent equilibrium.
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Polywater

New claims for the structure of water are usually met with much caution and
even a little cynicism. The difficulty in determining the structure of even a
‘simple’ liquid such as water is highlighted by the infamous polywater fiasco
of the 1960s and early 1970s, which is still frequently sited (alongside cold
fusion) as a cautionary tale for scientists. Soviet chemists had reported that
by careful purification and condensation of water through a glass capillary,
they had prepared small quantities of a new polymorph of water [3], with
a viscosity 15 times that of ‘normal’ water, and an elevated boiling point
of up to 600°C. Polywater (which was sometimes referred to as ‘anoma-
lous water’) was believed to contain very strong, symmetrical H-bonds and
existed as hexagonal rings or polyhedral clusters [4]. Many other scientists
took to their laboratories to investigate this phenomenon, and a large amount
of research ensued. It was even feared that if polywater escaped into the
wild it would seed the oceans and destroy life as we know it [5]. After
five years of controversy and irreproducible results, it was found that the
polywater was a solution of impurities including grease, human sweat and
dissolved silica.

As well as being a good HBD and HBA, water is truly amphoteric and partly
dissociated in solution, giving rise to tiny concentrations of [H;O]" and [OH] ™, as
shown in Equation 5.1. The equilibrium is influenced by the presence of solutes
in the water.

2H,0 = H;0"+OH K =1x 1071 (5.1

While NaCl (rocksalt or common salt) exists as an equal number of hydrated
Nat and CI~ ions in aqueous solution, such a simple picture is only appro-
priate for ions of low charge. Ions with a higher charge density, such as AI**
and Sn**, polarize the surrounding water molecules and do not form simple
hydrated species. Instead, they polarize the water to the point of dissociation,
forming hydroxyl complexes such as AI(OH); and Sn(OH)4 which are insoluble
in neutral water, but become increasingly soluble through reaction as the acid-
ity or basicity of the solution increases. Small hard metal cations that polarize
water will exhibit acidic behaviour when present in water. Similarly, anions are
also hydrated in aqueous solution, and small anions are sufficiently polarizing
to produce an active supply of hydroxyl anions in solution (Figure 5.3). This
is the reason why some attempted nucleophilic substitutions are unsuccessful
(reactions involving fluoride are notoriously difficult) in the presence of water:
the anion is substantially hydrated and polarizing, thus hydroxide is the active
nucleophile.
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Figure 5.3 Polarization of water molecules by (a) a cation and (b) an anion

5.1.2 Near-Critical Water

Water superheated to between 200 and 374 °C at sufficient pressure to keep
it liquid is known as near-critical water (NCW) or sub-critical water. Under
these conditions, the H-bond network is partly broken down and the polarity
and density decrease. When near-critical, water behaves more like an organic
solvent. It has been used as a solvent for organic synthetic chemistry [6], and
its solvatochromic parameters, EY, « and B have been reported [7]. Increasing
the temperature reduces both EY (a general measure of solvent polarity), and o,
which is an indication of HBD ability, as shown in Figure 5.4. However, §, the
HBA ability, remains relatively constant throughout the temperature range. At
300°C, E¥ and « decreased to levels which are comparable to that of ethanol
at ambient temperature and pressure (ethanol has values of 0.86 and 0.654 for «
and E¥ , respectively). Water becomes completely miscible with toluene at 308 °C
and 22 MPa [8] and NCW has been used as a reaction solvent for Friedel—Crafts
acylations of phenol and p-cresol using acetic acid [9].

5.1.3 The Hydrophobic Effect

The term hydrophobic is commonly used to describe the apparent immiscibility
observed for many organic compounds in water. The name itself is misleading in
terms of describing the interaction between the water and the organic molecules.
Hydrophobic translates from Greek as ‘water hating’, implying that the organic
molecules are repelled by the water molecules. This is not the case: the induced
dipolar interactions between a hydrocarbon and the dipolar water are in fact
much stronger than the dispersive forces that exist between the hydrocarbon
molecules themselves. Observe how petrol will spread out over the surface of
a puddle to maximize its contact with the water. The enthalpy of dissolution of
a hydrocarbon in water is exothermic (AH < 0) so the observed hydrophobic
effect must be caused by an entropic factor. Water itself has a very large cohesive
energy density (CED = 2302 MPa, cf. cyclohexane = 285 MPa), and it is this



100

The Structure and Properties of Water

1.0 14O r1.2
* @]
O
4
0.9 O - 1.1
L 4
@)
L 4
1 0.8 -1.0 3
©)
L 4
©)
0.7 * o T 0.9
*
>
0.6 T T T T T 0.8
0 50 100 150 200 250 300
Temperature/°C

Figure 5.4 Effect of temperature on EY and « for sub-critical water

which is responsible for the hydrophobic effect. In order to minimize disruption
to the H-bond network, water restructures itself around dissolved hydrocarbon
molecules leading to restricted motion, an increase in order and a decrease in
entropy. As AG = AH — TAS, this leads to an increase in the free energy of
the system. Aggregation of organic molecules will decrease the number of water
molecules that need to undergo this restructuring (Figure 5.5) and reduces the
effect. The organic molecules congregate and two phases are formed.

This aggregation of organic molecules in water actually leads to accelerated
rates for some organic reactions in water. Diels—Alder and other sigmatropic
reactions work very well in water, despite not being soluble or miscible in that
solvent. This effect is discussed further in Chapter 7.

5.1.4 The Salt Effect

The dissolution of electrolytes in water has a strong effect on the internal pressure
of the solvent, a phenomenon known as the salt effect. Almost all electrolytes
(perchloric acid is the exception) increase the internal pressure of water by elec-
trostriction, a term used to describe the polarization and attraction of water
molecules. The effect of this internal pressure is to ‘squeeze out’ the organic
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Scheme 5.1 Indium mediated imine coupling

molecules, reducing their solubility and increasing the hydrophobic effect. The
internal pressure of the water acts on an organic molecule in the same way
that an external pressure would, and an increase on the internal pressure has an
accelerating effect on reactions with significant volumes of activation (AV ™). For
example, Diels—Alder reactions will proceed twice as fast in 4.86 M LiCl solu-
tion than they will in water alone. This is discussed further in the case study in
Chapter 7. Another reaction displaying a salt effect is the indium metal mediated
imine coupling reaction shown in Scheme 5.1 [10]. This reaction is accelerated
by the addition of ammonium chloride, which increases the internal pressure of
the water, and evidently the reaction has a negative volume of activation.

5.2 THE BENEFITS AND PROBLEMS ASSOCIATED WITH USING
WATER IN CHEMICAL SYNTHESIS

Water is abundant and has many properties that make it a desirable solvent
(perhaps only superseded by not using a solvent at all). These desirable properties
include the following:

1 Polar and therefore relatively easy to separate from apolar solvents.
2 Nonflammable and incombustible.
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FNON]

Cheap, and widely available.

Odourless and colourless—contamination is therefore easy to recognize.
Density is sufficiently different from most organic substances to allow con-
venient separation.

High thermal conductivity, heat capacity and heat of evaporation. High spe-
cific heat capacity means that exothermic reactions may be controlled effec-
tively.

Enzyme Catalysed Reactions in Water and Aqueous Biphase

Biochemical reactions take place inside cells in the presence of water, and it
might therefore by expected that water should be a useful solvent for enzyme-
catalysed reactions. Many enzymatic reactions also perform well in biphasic
systems—some enzymes, including lipases, possess a hydrophobic pocket or
‘lid’, which protects the active site and is closed in aqueous solution [12]. This
lid will change its structure on contact with a droplet of an organic solvent or
the pure substrate to minimize the hydrophobic interactions, opening the lid
and allowing the reaction to proceed. Enzymatic reactions will proceed in a
wide range of other reaction media, including ionic liquids and supercritical
CO; [13]. When an organic solvent is used, it is best to have at least some
water present, as this helps the enzyme hold its shape. Biocatalysts are gener-
ally most active either in water, or in a solvent which displays a high value for
the 1-octanol/water partition coefficient (see Chapter 2), in which any water
in the system forms an aqueous shell around the enzyme [14]. Polar solvents
such as nitromethane and acetonitrile are thought to strip away this shell and
reduce enzyme activity and selectivity. For example, the enzyme substilisin
Carlsberg catalyses enantioselective transesterification reactions, and is much
more selective in less polar solvents. Note that a small amount of water must
be present for the reaction to proceed efficiently.

CHa
O

C :OH = CH,CH,CHg
o

N substilisin Carlsberg

0o
\_ >_ CH2CH2CH3
O

tetrahydrofuran = 40

|

|

} benzene = 54

|

} acetonitrile =3
|

Scheme 5.2
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Since there are so many benefits to using water as a solvent to conduct chem-
ical reactions it is perhaps surprising that it is not used more frequently. Some
of the reasons why water is not used more often are:

1 Not all reagents dissolve in water (although this is not always a disadvantage).

2 Some compounds react in an adverse way with water and many catalysts are
deactivated by reaction with water.

3 Water may be difficult to purify after reaction.

4 High specific heat capacity means that distillation requires high energy, and
is difficult to heat or cool rapidly [11].

5.3 ORGANOMETALLIC REACTIONS IN WATER

Many chemists have unpleasant memories of attempting to prepare organomag-
nesium Grignard reagents as an undergraduate practical experiment, and recall
how critical it is to ensure that the system is clean and dry to avoid hydrolysis of
the reagent. On this basis it might therefore be predicted that reactions involv-
ing active organometallic reagents would be impossible in water. This is not
the case, and there are many documented examples of organic syntheses using
organometallic reagents that have been effectively carried out in water. Reactions
mediated by tin, zinc, lead, cadmium, mercury and bismuth have been performed
successfully, and indium has been the subject of special interest. Indium has a
very low first ionization energy, but does not react with boiling water and does not
oxidize readily in air: it is these properties that make it useful for organometallic
chemistry in water [15]. Using indium powder in water at room temperature, it
is possible to alkylate at a ketone function in the presence of a delicate acetal
function that would be hydrolysed in the presence of a more polarizing metal
such as zinc (Scheme 5.3).

OMe O n OMe OH
+ \/\ Br T W
MeOM H:0  MeO ~

70%

Scheme 5.3 Ketone alkylation promoted by indium in water

5.4 AQUEOUS BIPHASIC CATALYSIS

Water is particularly suitable for use in biphasic catalysis. It readily separates from
organic solvents because of its polarity, density and because of the hydropho-
bic effect. Water will form biphasic systems with fluorous solvents, some ionic
liquids, many volatile organic solvents, and also with scCO, [18].
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Microwave Activation of Aqueous Reactions

The use of microwave radiation as a way of accelerating chemical reactions has
been extensively investigated, and works best in solvents such as acetonitrile
and water, which have high dielectric constants. There has been some dispute
over whether or not a ‘microwave effect’ truly exists: in most cases where
rigorous temperature control and kinetic measurements have been made, it
appears that the rate of microwave and conventionally heated reactions are
identical. However, microwave irradiation allows for extremely high heating
rates without the thermal lag of a conventional conduction-heated device. If
care is taken to cool the reaction rapidly, this rapid heating can allow the
synthesis of difficult chemical target molecules which have limited thermal
stability but which also require high activation energies. For example, the
synthesis of heat sensitive aryl vinyl ketones may be carried out in quantitative
yield by elimination of the corresponding quaternary ammonium salts under
microwave conditions in the presence of water [16]. It seems likely that the
cationic nitrogen centre is hydrated and so a localized heating effect occurs
at the active centre.

+ microwave, 90°C
- .
Cl- water, 2 min

{:

Scheme 5.4

Microwave activation is thought to be particularly applicable to reactions
in water because it is tuned to water. It can therefore be used to selectively
heat the water of hydration around a nucleophilic anion or other reacting
species [17].

5.4.1 Ligands for Aqueous—Organic Biphasic Catalysis

A large number of ligands have been developed for use in aqueous—organic
biphasic processes. They all share a common feature, this being the presence of
one or more hydrophilic groups, which determine their solubility in water. How-
ever, once coordinated to a metal complex the solubility may change depending
on the charge of the complex as a whole and the nature of the other ligands
present. The most widely used group of ligands used in aqueous—organic biphasic
catalysis are the sulfonated phosphines and some examples are illustrated in
Figure 5.6.
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Figure 5.6 Some examples of sulfonated phosphine ligands widely used in aqueous—organic
biphasic catalysis [19]

The solubility of these phosphine ligands in water can be extraordinarily high.
The sodium salt of the tris-sulfonated triphenylphosphine (tppts) has a solu-
bility in water of 1.1kgl™! [20]. Apart from high solubility, these sulfonated
phosphines are widely used for several reasons including:

High solubility over a wide pH range.

Very poor solubility in nonpolar organic solvents.

They are usually stable under catalytic conditions.

Many can be prepared quite easily from currently available phosphines by
derivatization of a phenyl ring with the sulfonate group.

AW N -

With this last point in mind, the synthesis of mono-, bis- and tris-sulfonated
triphenylphosphine will be described, but the same methodology can be applied to
the preparation of other sulfonated arylphosphines. In general, these phosphines
are made by direct sulfonation using fuming sulfuric acid (oleum) [21]. The
extent of sulfonation is determined by the SO3 strength, as well as factors such as
the temperature and time of the reaction. The monosulfonated phosphine (tppms)
is prepared using oleum of 20 % SO; strength, with typically 30 % SO;3; used
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for higher levels of substitution [22]. The main problem with this reagent is that
mixtures of products are often made which require extensive purification. Cleaner
products are generally obtained by using anhydrous sulfuric acid in combination
with orthoboric acid, which minimizes the extent of side reactions [23].

There are many nonsulfonated phosphines that induce high solubility in water.
Such ligands contain groups that can form strong H-bonds and usually contain
several nitrogen or oxygen atoms and even groups common in biological systems
such as carbohydrates. Figure 5.7 shows a selection of the more widely used
phosphine ligands of this type.

A wide range of polar, hydrophilic functional groups may be used to induce
solubility in water, and these include sulfonates, alcohols, nitriles, amines,

/OH /CN
P\ P\
\ OH \ CN
OH CN
R,P ~<<\j>> R,,P@ NMe2>
N
3-n 3
n=0,1or2
NS -
P\.(_N Ph,P \
\N) COQH an
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PPN coum T AN
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3-n HO™ " OH
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PhP
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PPh,
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H3CO,(H2CH,CO)HLC
(calixarene)

Figure 5.7 Some water-soluble phosphines [24]
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carboxylic acids, polyethylene glycols, phosphates and calixerenes. Some of these
functional groups may react under catalytic conditions and care must be taken to
select an appropriate phosphine ligand that will have sufficient stability for the
required task. In certain cases reaction of the ligand can be used to an advantage.
For example, basic nitrogen atoms are protonated or deprotonated depending
upon the pH of the solution [25]. This property can be put to good use in cataly-
sis. In a biphasic process in which the catalyst is immobilized in water it may be
desirable at some stage to remove the catalyst. Distillation is not only expensive,
but it can also cause the decomposition of the catalyst. A far more effective
method is to modify the pH to alter the solubility properties of the catalyst and
this is exactly what happens with N-containing ligands. At high pH the ligand
is deprotonated and preferentially soluble in the organic phase in a biphase mix-
ture. As the pH is lowered, protonation of the ligand takes place and the catalyst
becomes preferentially soluble in the aqueous phase. This process occurs for the
ligand N3P, and the effect of pH on the partitioning of this ligand is illustrated
in Figure 5.8.

Attaching a pyridine group on the phosphine (e.g. PPh,Py) is also believed
to enhance the catalytic activity in methyl methacrylate synthesis by picking up
protons in solution and transferring them to the metal centre, which then uses
them in the reaction [26]. Such a process has been termed a proton messenger.

Apart from phosphine ligands, a number of other types of ligands have been
modified to induce water solubility, the most widely used ones being porphyrin
based ligands such as those shown in Figure 5.10. The same water solubilizing
groups used in phosphines are used to induce hydrophilicity in these ligands.
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Medical Applications of pH-Sensitive Organometallic Catalysts

The ruthenium complex [Ru(n®-p-cymene)Cly(pta)] contains the aliphatic
phosphine 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (pta, see Figure 5.7).
This complex has pH dependent cytotoxicity, which leads to selective inhi-
bition of tumors [27]. Healthy cells have a pH of ca. 7.2 and many rapidly
growing cancer cells have a pH of ca. 6.8. DNA damage induced by [Ru(n°- p-
cymene)Cl, is pH dependent as can be seen from Figure 5.9, which compares
the damage caused to the DNA when it is incubated with the complex under
different pH conditions. Above pH 7.0, the incubated DNA migrates similarly
to the control sample, indicating little or no damage. However, at pH of 7.0
and below, the DNA is slightly retarded compared to the substrate DNA and
the retardation is progressively increased as the pH is lowered.

The pH range over which [Ru(n°- p-cymene)Cl,(pta)] retards DNA migra-
tion closely matches the pK, of the pta ligand. One of the ligand’s nitrogen
atoms becomes protonated at low pH and, as DNA is negatively charged, it is
expected that the interaction between these two species would be promoted as
they each carry opposite charges. The importance of this result is that DNA
binding is not favoured at physiological pH. However, many diseased cells
have a reduced pH, typically 6.8, due to metabolic changes in part associated
with the accelerated cell division [28]. Thus, [Ru(n®-p-cymene)Cl,(pta)] has
a higher affinity for DNA in cancer cells, compared to healthy cells, providing
a means of targeting the cancer cells without damaging healthy cells.

pH value DNA
60 65 70 75 80 4alone

control

Figure 5.9 Comparison of DNA damage induced by [Ru(5°-p-cymene)Cly(pta)] incu-
bated at different pH values; shown by DNA migration in an agarose gel. Reproduced by
Permission of the Royal Society of Chemistry

The water-soluble ligands described above, together with many others, are used
to conduct a wide range of catalytic reactions in water. These reactions include
hydrogenation, hydroformylation, oxidation, C—C coupling and polymerization
reactions [30]. Many of these reactions are discussed in detail in Chapters 7—11.

The immiscibility of water with organic substrates may often be put to good
use by adopting a biphasic approach, and thus improving the separation and
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Figure 5.10 Some examples of water-soluble porphyrin ligands [29]

recovery of products and catalysts. However, the poor solubility of certain organic
substrates in water may reduce reaction rates, and therefore limit the effectiveness
of water as a reaction solvent. A complementary approach is the use of phase
transfer catalysis (PTC) [31]. This differs from the aqueous biphase reactions
discussed above, in that, in a phase transfer reaction, a polar reagent is usually
made soluble in, or available to, an organic substrate or solvent, whereas in an
aqueous biphase the catalyst or substrate is made soluble in the aqueous phase.
Phase transfer is particularly useful for bringing together reactants with markedly
different natures or polarities, for example an organic substrate and an inorganic
salt, without the need for a mutual solvent. PTC and some related systems will
be described in the following sections.

5.5 PHASE TRANSFER CATALYSIS

A phase transfer catalyst can be defined as a substance that will increase the
rate of reaction between substrates present in separate phases. Phase transfer
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Figure 5.11 A simplified representation of the steps in a phase transfer reaction cycle

is perhaps not catalysis in the conventional sense: it often does not affect the
intimate mechanism of the reaction. It does, however, speed up a reaction by
ensuring a ready supply of a necessary reagent to the phase in which the reaction
is occurring (see Figure 5.11).

The vast majority of reported phase transfer catalysts may be divided into two
types; those which have an organophilic cation, usually centring on a nitrogen or
phosphorus atom, and those which are polydentate complexing agents. Quaternary
ammonium and phosphonium salts (often referred to as quats or oniums) fall
into the former category, and crown ethers, polyethylene glycols (PEGs) and
cryptands belong to the latter (Figure 5.12). More sophisticated phase transfer
catalysts have been synthesized, such as silacrowns [32], and onium salts with
crown ether groups at the ends of their alkyl chains [33]. However, as PTC is
advantageous from an economic point of view, the simpler, more readily available
quats are by far the most popular.

Phase transfer agents can catalyse a variety of organic reactions, includ-
ing simple nucleophilic substitution [34], aromatic halogen exchange (Halex),
Friedel—Crafts reactions, Wittig reactions [35], oxidations, and the generation of
carbenes [36]. Catalytic systems have been devised which can transfer inorganic
anions (including hydroxides) into organic phases, organic salts into aqueous
phases, and neutral polar molecules such as hydrogen peroxide can be extracted
into organic solvents. Phase transfer can occur between two immiscible liquids,
a solid and a liquid, or even between a liquid and a gas [37]. Nonpolar organic
solvents may be used, and in some cases the need for an organic solvent is elim-
inated completely, i.e. the reaction is conducted using the neat substrate as the
organic phase [38]. Clearly this versatility provides many opportunities for the
application of PTC, some examples of which have included part of the synthesis
of a naturally occurring antibiotic [39], and the use of tetrabutylammonium chlo-
ride to transfer perchlorate anions into organic phases for the decontamination of
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chemical warfare agents [40]. PTC is at its most effective when used to provide
a supply of anionic or uncharged reactants to an organic phase. Typically, a PTC
reaction will use less than 5mol% of catalyst, above which quantity the cost
effectiveness of the system decreases.

There are a number of advantages to be gained in using a phase transfer system

to conduct a reaction, including:

1

W

DN AW =

Elimination of the need for organic solvents; may often be performed in just
water and the neat substrate.

Inexpensive inorganic reagents may be used.

Separation may be improved.

Reaction temperatures (and therefore rates) may be controlled by the rate
of stirring.

Higher productivity due to increased reaction rates.

Better selectivity due to lower operating temperatures.

However, there are a number of drawbacks associated with PTC, including:

Requires a catalyst, which may be toxic or expensive.

Emulsions may be formed, making separation difficult.

Catalyst may be difficult to recover.

Generally requires vigorous mixing.

Waste water may be difficult to purify sufficiently if it is contaminated with
soluble organic compounds.
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5.5.1 The Transfer of Nucleophiles into Organic Solvents

Probably the most important group of phase transfer reactions, and certainly the
commonest, are those in which an anion is transferred from the aqueous phase into
the organic solvent, where nucleophilic substitution occurs. These would once
have been performed in a dipolar aprotic solvent such as DMF. A good example
is the reaction between an alkyl halide (such as 1-chlorooctane), and aqueous
sodium cyanide, shown in Scheme 5.5. Without PTC, the biphasic mixture can
be stirred and heated together for 2 weeks and the only observable reaction will
be hydrolysis of the cyanide group. Addition of a catalytic amount of a quaternary
onium salt, or a crown ether, however, will lead to the quantitative conversion
to the nitrile within 2h.

Displacement by cyanide works particularly well, and many other nucleophilic
substitution reactions are enhanced by PTC. Most monovalent anions can be
transferred, including alkoxides, phenoxides, thiocyanates, nitrates, nitrites, super-
oxides and all of the halides. Divalent anions are usually too hydrophilic to be
transferred into the organic phase.

Typically, the organic substrate in these reactions is a haloalkane. Primary
haloalkanes will generally give 100 % substitution products, but tertiary and
cyclohexyl halides usually undergo 100 % elimination, with secondary haloalka-
nes producing a mixture of the two. Studies of the chloride and bromide displace-
ments of (R)-2-octyl methanesulfonate have shown that phase transfer displace-
ments proceed with almost complete inversion of stereochemistry at the carbon
centre, indicating an Sy2-like mechanistic pathway [41].

5.5.2 Mechanisms of Nucleophilic Substitutions Under Phase Transfer
Conditions

The commonly used quaternary onium salts work by associating with the inor-
ganic anion and transferring it into the organic phase. Complexing agents such

o~ ~~_Cl + NaCN

DMF 2h water| 2 days water + PTC, 2h

NSNS O s A A S S O
99 % +HCO.H 99 %
no nitrile product

Scheme 5.5 The products of a simple nucleophilic substitution reaction is dependent on
reaction conditions, and a PTC is essential for successful cyanation in water



Reactions in Water 113

as crown ethers, however, form strong interactions with the inorganic cation, and
thus transfer the whole inorganic salt across the phase boundary, as shown in
Figure 5.13.

There are two generally accepted mechanisms for simple phase transfer reac-
tions under neutral conditions. The first of these is a mechanism in which
the whole cation—anion complex moves between the two phases as shown in
Scheme 5.6 [42].

However, the observation that very organophilic ammonium salts are also very
active phase transfer agents suggests that the catalyst cation need not actually
enter the aqueous phase, and the reaction can occur entirely at the interface, as
depicted in Scheme 5.7 [43]. This process is known as the interfacial mechanism.

organic phase

aqueous
phase

Figure 5.13 A representation of the differing actions of phase transfer agents. Organic cations
will form an ion pair in order to transfer an anion, while complexing agents such as crown
ethers transfer the whole inorganic salt across the phase boundary
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Scheme 5.6 Mechanism for biphasic anion displacement, in which the cation performing the
phase transfer reaction, Q*, shuttles between the two phases
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Scheme 5.7 Interfacial mechanism for simple anion displacement. In PTC, Q™ is resident in
the organic phase and draws the anion across the interface

The predominant mechanism in any particular system will be controlled by
the lipophilicity of the catalyst, and by the polarity of the organic phase.

5.5.3 The Rates of Phase Transfer Reactions

Reaction rates of phase transfer reactions are sensitive to a number of factors,
including the organic substrate and the inorganic salt, the catalyst itself, the
organic solvent, and the amount of water used. Generally, if the rate of the
reaction in the organic phase is significantly slower than the rate of phase transfer,
there will always be sufficient supply of the transferred species and the reaction
will follow its normal kinetic profile: typically pseudo-first order. These reactions
have similar rate equations to homogeneous Sy 2 reactions, but, because it is the
catalyst quantity that limits the concentration of nucleophile in the organic phase,
the rate equation is typically

rate = k[substrate][catalyst] 5.2)

For a single, homogeneous liquid phase the equation is:
rate = k[substrate][nucleophile] (5.3)
If the rate of phase transfer is much slower than the rate of reaction, then the

reaction will be mass transport limited—typically pseudo-zeroth order, unless the
availability of the nucleophile becomes significantly depleted over the course
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of the reaction [44]. If the rates of reaction and phase transfer are similar, then
the kinetics may become complex. The rates of reactions in biphasic systems in
general are discussed further in Chapter 2, and a detailed discussion of reaction
rates in PTC reactions in particular can be found elsewhere [45].

5.5.3.1 The Influence of Catalyst Structure on Phase Transfer Reactions

The choice of the catalyst is an important factor in PTC. Very hydrophilic onium
salts such as tetramethylammonium chloride are not particularly active phase
transfer agents for nonpolar solvents, as they do not effectively partition them-
selves into the organic phase. Table 5.2 shows relative reaction rates for anion
displacement reactions for a number of common phase transfer agents. From the
table it is clear that the activities of phase transfer catalysts are reaction depen-
dent. It is important to pick the best catalyst for the job in hand. The use of
onium salts containing both long and very short alkyl chains, such as hexade-
cyltrimethylammonium bromide, will promote stable emulsions in some reaction
systems, and thus these are poor catalysts.

Tetraalkylammonium and phosphonium salts are stable in acidic and neu-
tral systems up to temperatures of between 100 and 150 °C, with phosphonium
salts being more stable than the corresponding ammonium salts. For the same
cation, stability decreases in the order I” > Br~ > CI™. The stability is dra-
matically reduced in alkaline media, in which ammonium salts are more stable
than phosphonium salts. More lipophilic onium salts often appear to be more
effective phase transfer agents, but this may simply be due to the fact that they
are in the right place to promote the reaction, namely the organic phase. This
is demonstrated by the rates of reaction between n-octyl methanesulfonate and
potassium bromide under water—chlorobenzene biphasic conditions, using a range
of phase transfer catalysts. The pseudo first order rate constants, ks, vary by
about two orders of magnitude. However, the second order rate constants, which
take account of the proportion of catalyst in the organic phase, vary by only a
factor of 2.5 (Table 5.3) [43].

Table 5.2 Relative reaction rates for various phase transfer catalysts in anion
displacement reactions

Relative rates for Relative rates for
Catalyst PhS~(aq) 4+ 1-bromooctane CN~(aq) + 1-chlorooctane
n-BuyN* Br— 1 1
n-BusPt CI~ 7 2.6
PhyP* Br~ 5.3 <0.05
PhyAst Cl™ 0.3 -
(n-Oct);NTMe Br~ 5.9 1.8
C16H33N+Et3 Br~ 0.1 2

Source: (a) Herriott A. W. and Picker D. J. Am. Chem. Soc. 1975, 97, 2345; (b) Starks C. M. and Liotta C.
Phase Transfer Catalysis: Principles and Techniques, Academic Press, New York, 1978.
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Table 5.3 The effect of catalyst structure and its organophilicity on the rate of reaction
between n-octyl methanesulfonate and potassium bromide

Cation® % in organic phase kops (107257 1) k(1072 mol~'dm3 s~ 1)
C|6H33P+BU.3 100 12.8 3.2
Bu,P* 97 10.4 2.7
PryN* 2.5 0.24 2.4
PhCH,N*Pr3 17 1.3 1.9
BuyN™* 83 12.0 3.6
PhCH,N*Buj 95 8.2 2.1
OctyN+ 100 20.4 5.1
Ci6H33N"Pr3 94 15.9 4.0
Ci6H33N"Bus 100 17.3 4.3

“ All alkyl chains are linear.

In some reactions, the choice of PTC can actually alter the distribution of
products; for example, the reaction of 7-butyl acrylate with chloroform under basic
phase transfer conditions gives two major products, as illustrated in Scheme 5.8,
the amounts of which are catalyst dependent [46].

The change in selectivity on changing the catalyst is ascribed to lower
lipophilicity and greater hydration of the tight Q* CCl;™ ion pair, which reduces
the activity of the trichloromethyl anion, allowing more time for decomposition to
the carbene. The effect of catalyst structure may be summarized as follows [47]:

1 Large, soft, sterically hindered and delocalized cations such as PhyAs™ and
[Ph;P=N=PPh;]* prefer to be associated with CCl;~ anions.

2 Smaller, hard cations, such as alkyltrimethylammonium salts and crown
ether—cation complexes, will promote the elimination of dichlorocarbene to
form a hard ion pair of type QTCI™.

3 Intermediate phase transfer catalysts such as tetrabutylphosphonium and ben-
zyltriethylammonium cations have no strong effect either way, and will gen-
erally give a mixture of products.

Cl

0 o o
NaOH, HCCly
/ VAN A
o~ PTC o~ CClg o~
(b)

[
(@)

1
} catalyst yield (%) }
\ (@ (o) |
| PhCH,NEt,Cl 25 9|
| |
| Me,NBr 57 5 |

Scheme 5.8 Reaction of 7-butyl acrylate with chloroform under basic phase transfer conditions
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High Catalyst Quantities May Lead to the Formation of a Third
Liquid Phase

The use of larger than normal quantities of catalyst leads to some surprising
results. The elimination reaction of (2-bromoethyl)benzene in the presence
of toluene and aqueous sodium hydroxide is catalysed by the presence of
tetrabutylammonium bromide [48].

PTC

Br
+ NaOH + NaBr + H,O

Scheme 5.9

The reaction proceeds as a normal two-phase PTC reaction with concen-
trations of catalyst below 5mol%. As the concentration of the catalyst is
increased to 11 mol%, a third liquid phase begins to form as droplets at the
interface, resulting in a continuous phase at higher catalyst concentrations.
The onset of this phenomenon is accompanied by a sudden five-fold increase
in the reaction rate, although the rate is barely changed by further addition of
catalyst. This third layer consists of (by weight) toluene (44 %), water (2 %)
and tetrabutylammonium bromide (54 %). The phenomenon is not observed
below 38 °C, and is cation specific. No third phase is formed at any temper-
ature in similar reactions using tetrapropylammonium, tetrapentylammonium
and tetrahexylammonium bromides. The same study showed that an increase in
the concentration of hydroxide in the aqueous layer from 46 % to 49 % caused
a drop in reaction rate by an order of magnitude, which is a rare example of
a base catalysed reaction being inhibited by an excess of base. It is suggested
that this increase in concentration causes dehydration of the third liquid phase
with a consequent precipitation of catalyst and decrease in reaction rate.

Br| organic phase

Q H,0, Bu NBr 3rd phase

NaOH, H,0, NaBr aqueous phase

Scheme 5.10
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5.5.3.2 The Effect of the Nucleophile on Phase Transfer Reactions

In general, for a successful PTC reaction, the attacking anion should be more
lipophilic than the anion that is to be displaced. If this not the case, then a
large excess of the inorganic salt is required to push the equilibrium towards the
desired product.

A study of the anion displacement reactions of n-octyl methanesulfonate
reveals striking differences in the reactivity of various anions under phase trans-
fer and homogeneous conditions [43]. In the phase transfer catalysed reactions
the reactivities of the anions were found to decrease in the order:

N3;7 >CN™ >Br =1 > ClI” > SCN™

which deviates significantly from the known reactivities in dipolar aprotic sol-
vents, as typified by dimethyl sulfoxide (Table 5.4):

CN™ > N3 >ClI” >Br >1 > SCN™

The hydration number (the number of water molecules intimately associated
with the salt) of the quaternary ammonium salt is very dependent upon the anion.
The change in the order of reactivity is thus believed to be due to the hydration
of the anion: the highly hydrated chloride and cyanide ions are less reactive
than expected, and the poorly hydrated iodide fares better under phase transfer
conditions than in homogeneous reactions. Methanol may specifically solvate the
anions via hydrogen bonding, and this effect is responsible for the low reactivity
of more polar nucleophiles in that solvent.

5.5.3.3 The Role of Water in Phase Transfer Reactions

The optimum concentration of the inorganic substrate, and the role of water itself
in phase transfer reactions is a complex issue. Even a simple anion displacement

Table 5.4 Relative reactivities (normalized to iodide) for a series of nucleophiles under
phase transfer, homogeneous dipolar aprotic, and homogeneous protic conditions, and
the hydration number of the quaternary onium—anion ion pair [43]

Nucleophile Hydration no. k1 (PTC) ki1 (DMSO) ks (MeOH)
N3~ 3.0 6.8 25.5 1.03
CN~™ 5.0 4.2 63.8 0.69
Cl~ 34 0.6 6.8 0.15
Br~ 2.1 1.1 4.3 0.38
I~ 1.0 1.0 1.0 1.0

SCN~ 2.0 0.2 0.5 0.29
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reaction shows five distinct regions of activity depending on how much water is
present in the aqueous phase [49]. When the inorganic phase consists of less than
5 % water by weight (based on the total weight of the water plus the inorganic
salt), the rate limiting step is the dissolution of the solid in the aqueous film—a
phenomenon termed thin layer phase transfer catalysis. No reaction occurs in
complete dryness, but reaction commences on addition of as little as 100 ppm of
water. Addition of 5-10 % water causes an increase in the degree of hydration
and a consequent decrease in the nucleophilicity of the anion in the organic phase,
and this causes a decrease in rate. When there is enough water to saturate the
organic phase, but insufficient to completely dissolve the inorganic solid, more
water can be added without changing the state of either of the two phases. This
leads to the constant rate seen from about 10 to 25 % water content. Once the solid
has completely dissolved, further addition of water (25 to 60 %) will increase the
hydration of the ions in the aqueous phase and reduce the reaction rate. When the
aqueous phase contains 60 to 90 % water by weight, all of the ions in both phases
are completely hydrated and there is no significant change to the reaction rate in
this region. The exact percentage values depend upon the reaction system used.
It is clear that the amount of water used in these reactions is critical, and that it
is not necessary for all of the inorganic substrate to be dissolved (Figure 5.14).

5.5.4 Using Inorganic Reagents in Organic Reactions

One major advantage of PTC is that it allows organic reagents to be replaced
by their inorganic counterparts. For example NaOH may be used instead of -
BuONa, and H,O, may be utilized in place of r-BuOOH. This is of great benefit
as the organic reagents may cost up to 10 times more than the inorganic ones [50].

5.5.4.1 Phase Transfer Under Alkaline Conditions

Alkali metal hydroxides (e.g. NaOH) are strong bases available at extremely
low cost, and so it is advantageous to use them, where possible, in place of
organic amines or alkoxide bases such as potassium ¢-butoxide. An illustrative
example is the generation of a carbene from chloroform or other haloform, which
would otherwise require a strong alkoxide base and anhydrous conditions to
avoid hydrolysis of the carbene. PTC provides a convenient method for the in
situ generation of carbenes, which may be used for the dichlorocyclopropanation
of alkenes, shown in Scheme 5.11. The advantages of this method are clear: the
carbene is generated from the CCl3~ anion in the organic phase, where there is
a low concentration of water, despite the presence of a separate aqueous phase
in the same reaction vessel. This means that the reaction of the carbene with the
alkene is much more likely than hydrolysis. Sodium hydroxide is used as the
base in place of more expensive metal alkoxides because the aqueous phase has
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Figure 5.14 The effect of water concentration on the rate of phase transfer reactions

Cl
@ +NaOH + CHCl3 —— CDC/ + NaCl + H,0
~cl

No PTC: < 1% yield
PTC conditions: 65% yield

Scheme 5.11

no detrimental effect on the reaction. The only solvents present are water, and
the organic reactants, CHCl3 and the alkene [51].

5.5.4.2 Aromatic Fluorinations Under Phase Transfer Conditions

Many fluorinated aromatic molecules have physiological activity and therefore
have agricultural and pharmaceutical applications. An important synthetic
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pathway to these compounds is the reaction of chloro and nitro aromatics
with fluoride salts. Because of the cost of tetraalkylammonium fluorides, the
use of alkali metal fluorides is attractive. However, the solubility of inorganic
fluoride salts in aprotic solvents is generally very low, and attempted fluorinations
in water promote the formation of phenols because the fluoride has a strong
polarizing effect on water, and produces hydroxide. PTC might seem an
appropriate way of making fluoride available in the reaction system. Many
alkylated ammonium and phosphonium salts, however, exhibit a low thermal
stability in the presence of strong bases such as fluoride, particularly at the
elevated temperatures necessary to effect aromatic nucleophilic fluorine transfer.
Tetraphenylphosphonium bromide has a high thermal stability, and has been
found to be particularly effective at catalysing the replacement of aromatic chloro,
nitro and sulfonyl groups by fluorine (Scheme 5.12) [52].

Rate enhancements for these types of reaction have been reported to be as high
as 200-fold, and the selectivity of the reaction was found to be very substrate
dependent. These reactions must be conducted in dipolar aprotic solvents in the
absence of water. Although tetramethylammonium chloride is too polar to find
widespread application as a phase transfer agent, it has good thermal stability,
and this, combined with its low cost, has resulted in its large scale industrial use
in phase transfer catalysed aromatic nucleophilic fluorinations.

5.5.4.3 Oxyhalogenation of Aromatic Molecules

In a typical halogenation reaction an aromatic substrate reacts with the elemental
halogen in the presence of a catalyst or halogen carrier such as pyridine, iron(III)
bromide or elemental iron itself. These reactions proceed well, but there are cer-
tain drawbacks; bromine and chlorine are difficult to handle in the elemental
form, and only half of the halogen atoms are incorporated into the product, the
rest being lost as highly acidic hydrogen halide waste. The use of onium salts in
these reactions as bifunctional phase transfer—weak Lewis acid catalysts has been
reported, and this method solves both problems [53]. Aqueous hydrogen peroxide
can be used to oxidize the halide back to the halogen, ready for another reaction

Ph4PBr, KF

Cl CN Cl CN

Ph4PBr, KF

Scheme 5.12
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interface

Br2 + 2H20

1aqueous phase
L

Scheme 5.13

(Scheme 5.13). More conventional Lewis acids such as aluminium chloride and
iron(III) chloride catalyse the bromination, but cannot be used in the presence of
water. Tetraalkylammonium salts will promote the reaction even in the presence
of an aqueous phase. It has been proposed that the phase transfer catalyst can
extract both hydrogen peroxide and the hydrogen halide into the organic phase
by hydrogen bonding to the onium centre. The handling of elemental halogens
may therefore be eliminated, simply by starting with aqueous hydrochloric or
hydrobromic acid in place of the chlorine or bromine. This method is advanta-
geous from an environmental viewpoint, as all of the halogen atoms are used and
the main by-product is water.

Benzene, toluene, ethylbenzene and chlorobenzene have been shown to be
suitable substrates under these conditions, and the reaction rates are 50 to 70
times faster than for uncatalysed reactions. This reaction can be further enhanced
by use of methanol as a co-catalyst, which allows bromination of anilines in
quantitative yield with complete selectivity for the para- isomer [54].

5.6 ORGANOMETALLIC CATALYSIS UNDER PHASE TRANSFER
CONDITIONS

As we have seen earlier in this chapter, metal catalysts may be made soluble in
water by careful design of the ligands around them. Metal catalysed reactions may
also be conducted under phase transfer conditions. Here, by contrast, the metal
catalyst usually resides in the organic phase and not the aqueous phase. The use of
a phase transfer catalyst in these systems may be to transfer a water-soluble metal
catalyst into the organic layer, or else to ensure a supply of water-soluble substrate
or reagent to a catalyst already resident in the organic phase. An example of the
former is the use of methyltrioctylammonium chloride to extract aqueous RhClj
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Q*CI” + RhCl3
93% yield
(0] o]
Z Q'[RhCly]~
O O 2 L O/CICH,CHLCI O O
Scheme 5.14
0 )
NZ, PPh,
0 d \©
Ph POO 04>
2 _/
(a) (b)
catalyst (2mol %) O
I1+CO+CsF — + KBr
MeCN, 70°C, 6h F
catalyst yield
Pdl,b, 86%

Pdly(PPhs), + (n-Bu)yNBr  45%

Scheme 5.15

into 1,2-dichloroethane organic phase by formation of the [RhCl4]~ anion. This
is an active hydrogenation catalyst for the selective reduction of a vinyl function
whilst leaving the ketone group intact (Scheme 5.14) [55].

In some cases it is advantageous to use a ligand which also acts as a phase
transfer agent. Some examples of these are shown in Scheme 5.11. These can
lead to accelerated rates for metal catalysed reactions, either because the anion
is transferred close to the catalytic centre, or because the PTC group on the
ligand brings the catalyst complex closer to the interface or surface. The rates
may exceed those observed for a mixture of separate ligand and phase transfer
agent [56]. An example of this is the fluorocarbonylation of iodobenzene in the
presence of a palladium catalyst, as shown in Scheme 5.15 [57].

5.7 TRIPHASE CATALYSIS

Solid supported reagents offer advantages over liquid reagents because they may
be recovered and recycled simply by filtration [58]. This approach has been
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applied to phase transfer catalysis. If a PTC is immobilized on a solid support
then three phases will be present. This is often referred to as triphase catalysis,
although other systems involving three liquid phases may also be called tripha-
sic [59]. Figure 5.15 shows a schematic representation of the way in which the
three reactant phases could come into contact with one another.

Although phase transfer agents have been attached to clays, silica and alumina,
the vast majority of studies have used organic polymers, especially polystyrene,
as the support. The earliest of these triphase catalysts was prepared from 12 %
chloromethylated polystyrene crosslinked with 2% divinylbenzene by reaction
with a tertiary amine. A wide range of triphase catalysts has since been reported,
some examples of which are shown in Figure 5.16.

These polystyrene-based catalysts are effective for the cyanide displacements
of I-bromooctane and 1-chlorooctane, and also for the generation of
dichlorocarbene from chloroform and aqueous sodium hydroxide, giving
quantitative yields of (2,2-dichlorocyclopropyl)benzene from styrene. The
catalysts may be recovered simply by filtering the reaction mixture.
Unfunctionalized polystyrene does not catalyse these reactions. As well as
improving product purification and catalyst recovery, this approach also avoids

|
organic phase | aqueous phase

PN
- ~
e >
P ~

P H N
- solid catalyst NN

-
- \\
- ~

Figure 5.15 Schematic representation of contact between a solid catalyst and two immisci-

ble liquids
Eg ‘“ Eg Sl

O ]
vu @w

(a) (b) (c)

Figure 5.16 Examples of phase transfer catalysts attached to polystyrene, containing (a) a
tetraalkylammonium group, (b) a crown ether group and (c) a cryptand group
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Figure 5.17 Schematic diagram of the effect of mixing on the concentration of substrate
in the liquid and solid phases of a triphasic reaction: a represents a reaction that is limited
only by the intrinsic reactivity; b represents a reaction that is limited by a combination of
intrinsic reactivity and mass transport effects; ¢ represents a reaction which is limited by mass
transport only

the risk of producing stable emulsions, which can occur with some soluble PTCs.
Polystyrene-bound alkyldimethylammonium salts with longer alkyl chains also
catalyse the cyanation of 1-bromooctane [60]. The reaction is first order with
respect to the organic substrate and, for polymers with between 1 % and 21 % ring
substitution, first order with respect to catalyst. Increasing the degree of polymer
ring substitution to very high levels (46 % to 76 %) reduces the activity of the
catalysts because the surface of the polymer becomes too polar to be compatible
with both aqueous and organic phases. Polystyrene-bound crowns, cryptands,
and ammonium and phosphonium salts also effectively catalyse nucleophilic
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substitution reactions [61]. Like unsupported tetramethylammonium chloride,
trimethylammonium functionalized chloromethylated polystyrene is not a good
catalyst for these reactions as it is too polar. A longer alkyl chain attached to the
quaternary nitrogen centre is normally used to impart some organic character to
the catalyst, making it more compatible with the organic phase. These catalysts
can be recovered by filtration and reused with little loss in activity.

5.7.1 Mixing Efficiency in Solid-Liquid Reactions

For a triphasic reaction to work, reactants from a solid phase and two immis-
cible liquid phases must come together. The rates of reactions conducted under
triphasic conditions are therefore very sensitive to mass transport effects. Fast
mixing reduces the thickness of the thin, slow moving liquid layer at the surface
of the solid (known as the quiet film or Nernst layer), so there is little difference
in the concentration between the bulk liquid and the catalyst surface. When the
intrinsic reaction rate is so high (or diffusion so slow) that the reaction is mass
transport limited, the reaction will occur only at the catalyst surface, and the rate
of diffusion into the polymeric matrix becomes irrelevant. Figure 5.17 shows
schematic representations of the effect of mixing on the substrate concentration.

Another proposal is that catalysis occurs primarily at the surface. This is not
because the rate of reaction is significantly faster than the rate of diffusion,
but because the pores of the catalyst become filled with one phase only, which
prevents the influx of the other reactant [62].

5.8 CONCLUSIONS

Water is a unique solvent because of its high polarity and ability to form a network
of H-bonds. It is immiscible with many organic solvents and is therefore a suitable
solvent for use in biphasic reactions in which catalysts are made preferentially
soluble in the aqueous phase. Phase transfer catalysis allows the use of aqueous
reagents with substrates that have low solubility in water. That water is abundant
and totally non-toxic make it the perfect clean solvent, provided that solubility
issues can be overcome, and it is in use as a solvent on an industrial scale for
polymerization, hydroformylation, and a range of organic chemistry involving
PTC. These applications are discussed further in Chapters 7—11.
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6 Supercritical Fluids

Supercritical fluids (SCFs) are best known through their use for the decaffeination
of coffee, which employs supercritical carbon dioxide (scCO,). In this chapter,
we will demonstrate that SCFs also have many properties that make them inter-
esting and useful reaction media. Firstly, the physical properties of SCFs will be
explained, then the specialist equipment needed for carrying out reactions under
high temperatures and pressures will be described. Finally, we will discuss issues
relevant to the use of SCFs as solvents for reactions.

6.1 INTRODUCTION

Supercritical fluids represent a different type of alternative solvent to the others
discussed in this book since they are not in the liquid state. A SCF is defined
as a substance above its critical temperature (7;) and pressure (P)!, but below
the pressure required for condensation to a solid, see Figure 6.1 [1]. The last
requirement is often omitted since the pressure needed for condensation to occur
is usually impractically high. The critical point represents the highest temper-
ature and pressure at which the substance can exist as a vapour and liquid in
equilibrium. Hence, in a closed system, as the boiling point curve is ascended,
increasing both temperature and pressure, the liquid becomes less dense due to
thermal expansion and the gas becomes denser as the pressure rises. The densities
of both phases thus converge until they become identical at the critical point. At
this point, the two phases become indistinguishable and a SCF is obtained.
Critical points vary widely. Table 6.1 shows a representative sample of critical
parameters and it is immediately obvious why carbon dioxide is widely used. With
a critical temperature just above room temperature and a critical pressure that is
relatively low, the amount of energy needed to render carbon dioxide supercritical
is comparatively small. Fluoroform (CHF3) and difluoromethane also have easily
attainable critical parameters, but they are much more expensive than carbon
dioxide. Despite its high critical temperature and pressure, supercritical water
(scH,0) is used widely as a destructive medium since it is highly acidic.

! Although the ST unit of pressure is the Pascal (Pa), it seems to be a convention for chemists working
with SCFs to use bar (1 bar = 0.986923 atm = 14.503774 psi = 750.063755 torr = 100 000 Pa).

Chemistry in Alternative Reaction Media D. Adams, P. Dyson and S. Tavener
© 2004 John Wiley & Sons, Ltd ISBNs: 0-471-49848-3 (Cloth); 0-471-49849-1 (Paper)
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Figure 6.1 A typical phase diagram showing the supercritical region

Table 6.1 Critical data for selected compounds [2]

Substance T.(°C) P.(bar) pc(gml™h)
CHy4 —82.5 46.4 0.16
CHF; 26.2 48.5 0.62
CH,F, 78.1 57.8 0.42
NH3 132.5 112.8 0.24
CO, 31.1 73.8 0.47
H,O 374.2 220.5 0.32
C,Hg 32.4 48.8 0.20

6.2 PHYSICAL PROPERTIES

Unsurprisingly, a SCF has many physical properties that are intermediate between
those of a liquid and a gas. Table 6.2 shows a comparison of typical values for
physical properties of a pure substance in different phases.

Table 6.2 Comparison of typical physical properties of
gases, SCFs and liquids [3]

Property Gas SCF Liquid
Density(g ml~!) 1073 0.2 1
Viscosity(Pa s) 1073 10~ 1073
Diffusivity(cm?s™!) 0.1 1073 5% 107
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The density of a SCF is typically less than half that of the liquid state, but
two orders of magnitude greater than that of a gas. Viscosity and diffusivity are
also temperature and pressure dependent.

Importantly, the properties of the substance can vary within the SCF phase
boundaries as the temperature and pressure are varied. For example, the density
of carbon dioxide at the critical point (at 74 bar) is in the region of 0.4 gml™'.
However, this value increases to a value comparable with that of liquid car-
bon dioxide as the pressure is increased to 250bar. Properties may change
dramatically with pressure near the critical region. There are generally no dis-
continuities; the changes start gradually and this gives rise to the so-called,
ill-defined near-critical region. Hence the density changes sharply but contin-
uously with pressure in this region, but more gradually at higher pressures as
shown in Figure 6.2.

Many solvent properties are related to density and vary with pressure in a
SCF. These include the dielectric constant (&), the Hildebrand parameter (§)
and 7* [5]. The amount a parameter varies with pressure is different for each
substance. So, for example, for scCO,, which is very nonpolar, there is very little
variation in the dielectric constant with pressure. However, the dielectric constants
of both water and fluoroform vary considerably with pressure (Figure 6.3). This
variation leads to the concept of tunable solvent parameters. If a property shows
a strong pressure dependence, then it is possible to tune the parameter to that
required for a particular process simply by altering the pressure [6]. This may be
useful in selectively extracting natural products or even in varying the chemical
potential of reactants and catalysts in a reaction to alter the rate or product
distributions of the reaction.
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Figure 6.2 The variation in density of CO, with pressure at 40, 60 and 80 °C (values obtained
from [4])
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Figure 6.3 Variation in dielectric constant with pressure for scCHF3, scCO; and scH,O [7]

Supercritical fluids have no surface tension and, like gases, rapidly diffuse
to occupy the entire volume of the system. Like a gas, a SCF also mixes per-
fectly with other gases. As a result, the concentration of gases within a SCF
may be much higher than in liquids. The concentration of hydrogen in a super-
critical mixture of hydrogen (85bar) and carbon dioxide (120bar) at 50 °C is
3.2 M, whereas the concentration of hydrogen in tetrahydrofuran under the same
pressure is merely 0.4M [9]. Supercritical fluids are therefore expected to be
good reaction media for hydrogenations and oxidations and this is indeed the
case. These reactions are discussed further in Chapters 8 and 9.

6.3 LOCAL DENSITY AUGMENTATION

Supercritical fluids are well behaved when pure (despite their range of properties).
However, their behaviour is not always so straightforward when they act as
solvents. Within a SCF, short-range inhomogeneities occur around a dissolved
solute [11]. This phenomenon is known as to as local density augmentation or
more simply as clustering, although the latter falsely suggests the existence of
long-lived clusters. This property is most pronounced near the critical point of
the substance due to the large compressibility of the solvent in this region. If
these fluctuations in density are of the same order as the wavelength of visible
light, critical opalescence occurs due to light scattering and the fluid appears
cloudy—this has been used as a guide to when a substance becomes supercritical.
Hence, it has been found that, in a SCF at a particular bulk density, a probe
molecule (e.g. a dye) reports values that would be predicted by theory to occur at
higher densities. Thus, the local density felt by the probe is significantly higher
than the bulk density [12]. The maximum in this local density augmentation
actually occurs at densities below the critical density [13]. Co-solvents, added to
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Stereoselectivity in scCO;

The acid-catalysed oxidation of a protected S-methyl cysteine, which gives
poor diastereoselectivity when oxidized in conventional solvents, shows den-
sity-dependent diastereoselectivity as shown in scheme 6.1[8]. Here, fert-butyl
hydrogen peroxide (TBHP) is used as the oxidant and the reaction is catalysed
by an Amberlyst resin (a solid acid). By tuning the pressure at which this
reaction was carried out, almost 100 % selectivity to one diastereomer could
be achieved (Figure 6.4).
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Figure 6.4 Effect of pressure on the diastereoselective oxidation of a protected me-
thyl cysteine. Reproduced by Permission of the Royal Society of Chemistry

increase solubility of solutes, also tend to solvate the solutes preferentially, with
the result that at lower pressures, where the density is low and there is much
more free volume, the local composition can be as much as 10 times the bulk
value [14]. However, at high densities, the local composition is not very different
from the bulk (Figure 6.5).

These local density augmentations can affect reactions in several ways. The
higher local solvent density may change local values of density-dependent prop-
erties such as the dielectric constant, thereby influencing reaction rates. It is also
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Figure 6.5 Solvent clustering in a SCF. At lower densities, the solvent (O) preferentially
solvates the solute (e). At higher densities, where there is less free volume, this effect is less
pronounced

possible for the cluster of solvent molecules to form a cage around reactants
and/or transition state species, altering the progress of some reactions [15].

6.4 SUPERCRITICAL FLUIDS AS REPLACEMENT SOLVENTS

Carbon dioxide is one of the most studied SCF and its use highlights a num-
ber of advantages over conventional solvents. Carbon dioxide is nontoxic and,
although it is a greenhouse gas, can be obtained in large quantities as a by-
product of fermentation and is easily extracted from the atmosphere. From a
process perspective, scCO, and other SCFs offer the advantage that simple
depressurization should remove residual SCF and therefore no hazardous sol-
vent effluent is produced. This should lead to the facile separation of products.
This absence of solvent residues is of great interest to the pharmaceutical, cosmet-
ics, food and electronic industries where highly pure materials are of paramount
importance. Supercritical carbon dioxide is chemically inert under most con-
ditions. It is nonflammable, nonprotic, not strongly Lewis acidic or basic and
is inert to radical and oxidizing conditions. Although it can react with some
nucleophiles, the general lack of reactivity is very important with regard to the
use of scCO, as a replacement solvent. There are many chemical advantages
gained by the use of SCFs as replacement solvents, including high miscibil-
ity with gases, and variable solvent parameters such as dielectric constant and
density. Local density augmentation may lead to high local concentrations of
reagents and the high diffusion rates and altered cage strengths may increase
reaction rates.

It should be pointed out that if a reaction or process can currently be performed
adequately in a conventional solvent, there is little motivation to switch over to
a SCF as the cost could be prohibitive. Instead, financial constraints suggest that
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Supercritical fluids allow the formation of species that cannot be made in
conventional solvents. For example, n>-H, complexes have been generated
by direct reaction of hydrogen with a transition metal carbonyl complex [10].
In order to isolate these compounds, a continuous flow reactor was used and
such compounds could be isolated with surprising ease.

@ SCCOg, Ho @

__Mn UV light __Mn
oc CO oc >~

Scheme 6.2

SCFs will find applications in high cost areas such as fine chemical production.
Having said that, marketing can also be an issue. For example, whilst decaffeina-
tion of coffee with dichloromethane is possible, the use of scCO, can be said
to be natural! Industrial applications of SCFs have been around for a long time.
Decafteination of coffee is perhaps the use that is best known [16], but of course
the Born—Haber process for ammonia synthesis operates under supercritical con-
ditions as does low density polyethylene (LDPE) synthesis which is carried out
in supercritical ethene [17].

6.5 REACTOR DESIGN

Since reactions in SCFs are carried out at elevated pressures and temperatures,
safety is of major importance. Reactor design is very important, not just with
regard to being able to carry out the reactions under the required conditions,
but also minimizing risks if something were to go wrong. Large-scale use of
SCFs requires equipment which is highly specialized and designed especially for
the application. However, on a laboratory scale, apparatus tends to share many
general features with readily available equipment [18].

There are many aspects to be considered when designing a reactor. These
include consideration of the maximum pressure at which the reactor is to be
operated, the volume and shape of the cell, which lead to consideration of the
method and shape of stirrer required, whether a batch or continuous flow reactor is
required, the temperature range of the process including control over the heating
rate and removal of any exothermic heat produced during the process, whether
any corrosive materials are to be used (scH,O is capable of corroding steel [19])
and, finally, other issues such as the presence of an optical window for viewing
the progress of the reaction or for in situ spectroscopic analysis.
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Decaffeination of Coffee

One of the best-known examples of the use of scCO, is for the decaffeination
of coffee. This is now an established industrial process (Figure 6.6). In this
semi-continuous process, wet green coffee beans are fed into the extractor and
then extracted with scCO,. The beans have to be wet to hydrolyse the caffeine
before extraction. The caffeine rich CO; is then passed through a water wash
column, where the caffeine is removed and the CO, recycled. The caffeine-
rich water is then sent to a reverse osmosis separator where the caffeine is
concentrated and recrystallized. For efficiency, the process involves a train of
extraction vessels with the freshest scCO, flowing first through the beans that
have been in the system the longest (and are therefore the most extracted).
The beans must remain in the extraction vessel for several hours to remove
97 % of the caffeine. Other extractions have also been carried out using scCO,
including essential oils, tannin and nicotine.

Green Moist Coffee

Carbon Dioxide Loop Water Loop

v | v

Concentrated
—»  Caffeine
and water

Reverse
Osmosis

Expansion
Vessel
A

Coffee Extractor
Water Column

Decaffeinated Green Coffee

Figure 6.6 Schematic for the decaffeination of coffee on an industrial scale

Typically, reactors are made of stainless steel, which is resistant to most mate-
rials although the reactors have been known to catalyse reactions themselves [20].
As mentioned above, scH,O corrodes steel, and mixtures of scCO, and water
give an acid which is capable of corroding steel relatively quickly under super-
critical conditions. Batch reactors generally consist of cylinders of steel with an



Supercritical Fluids 139

end cap with a hollowed out section for the reaction cell. Useful design criteria
for thick-walled vessels suggest that the cylinder is at least five diameters long,
with the wall thickness being at least twice the internal diameter. The lids are
generally held in place by bolted flanges and the seal provided by an elastomer or
copper o-ring. Despite the fact the elastomer o-rings need frequent replacement,
their low cost renders them preferable. These will hold a seal up to approximately
300 bar, deforming under pressure to smooth and fill any irregularities present.
The cell is usually connected to the rest of the system using stainless steel
tubing. Both needle and ball valves are available as are check valves that only
allow the flow to travel in one direction. The gas is delivered from a cylinder with
a pump or compressor in order to provide the required pressures. For safety, two
forms of pressure relief are available. Most simply, burst discs can be included to
prevent catastrophic system failure due to over pressurization. These are designed

Oxidation in scCO,

When examining the oxidation of alkenes in scCO,, it was found that the stain-
less steel reactors used were catalysing the reactions [20] In contrast, almost
no conversion occurred using toluene as the solvent in standard glassware.
Supercritical carbon dioxide was found to be beneficial as a solvent compared
to toluene with conversions being much higher in scCO,, probably due to
the complete miscibility of oxygen and scCO, compared to the toluene case,
where the amount of oxygen is limited. The postulated mechanism is shown
in Scheme 6.3.
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to fail at a known pressure and vent the entire contents of the cell. Secondly,
pressure relief valves open and close, releasing excess pressure whilst the system
is in use.

Stirring can be achieved simply using a magnetic stirrer bar (steel is not
magnetic). If more agitation is needed, perhaps due to a viscous solution or a
higher volume cell, packless magnetic drives and stirrers exist. Materials can be

(@)

Figure 6.7 A typical batch reactor used for small-scale laboratory reactions. The view through
the cell is shown (a) together with the dismantled cell (b) Here, the screw thread which holds
the window in place can be seen, along with the sapphire window. The holes on top of the cell
allow it to be connected to the high-pressure system with the relevant adaptors. (Photograph
by Dr A. P. Abbott)
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Figure 6.8 A typical set-up for carrying out reactions in scCO,
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injected into the reactors via Rheodyne injectors. Should windows be required,
these can also be incorporated. Generally, those made of synthetic sapphire will
suffice and take the form of a cylinder. These can be screwed in place, the
seal again provided by o-rings. Other materials can also be used depending on
such issues as the chemical environment to be used and the transmittance of
the materials at certain wavelengths. Photographs of a typical reactor are shown
in Figure 6.7. A view through the cell is shown in Figure 6.7a demonstrating
the use of an optical window together with a view of the cell showing how the
window is attached in Figure 6.7b.
A typical set-up for carrying out reactions in scCO, is shown in Figure 6.8.

6.6 SPECTROSCOPIC ANALYSIS OF SUPERCRITICAL MEDIA

Because of the high pressures and temperatures involved, in sifu spectroscopic
analysis of reactions carried out in supercritical media represents a difficult
challenge. However, there are methods available for most of the common tech-
niques [21], with cells being designed specifically for the task at hand.

6.6.1 Vibrational Spectroscopy

Supercritical reaction cells have been adapted for IR analysis by the inclusion
of optical windows as described above. The simplest cells consist merely of a
small volume cell with a window in two sides, through which an IR beam can be
passed [22]. More complex versions also include a mechanism by which the opti-
cal pathlength can be varied. The choice of material for the window is obviously
important. It must be strong enough to withstand the pressures used and also trans-
mit light at the required frequencies. For example, gallium—gadolinium—garnet
windows have been used because of the high modulus of rupture and its wide
useable mid-IR range. This material is able to withstand a pressure of 50 MPa.
The windows only need to be 5 mm thick to withstand 20.7 MPa, whereas a NaCl
window would need to be 10 mm thick [23]. Zinc selenide windows have also
been used although the transmission window is narrow (600—700cm™") [24].
UV spectroscopy may be carried out in much the same way. For example, cells
with quartz windows have been designed to sit in a conventional UV spec-
trophotometer [25]. Raman spectroscopy can also be carried out using similar
cells with quartz windows [26]. A simple alternative is to attach a length of
conventional silica capillary tubing (such as that normally used for gas chro-
matography) to the apparatus [27]. The polyimide coating is removed from a
short section and the laser directed onto this piece of the tubing. Good Raman
spectra may be recorded because the small diameter allows the scattered light to
be efficiently collected. Also, because of the low cost of this tubing, the ‘cell’ is
essentially disposable.
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6.6.2 NMR Spectroscopy

High pressure cells for NMR measurements in SCFs have been made out of
sapphire [28], fused silica [29] and various plastics [30]. Two main methods exist
for carrying out NMR experiments on samples under supercritical conditions.
Firstly, a tube can be constructed which is basically analogous to a normal NMR
tube (although 10 mm tubes are used rather than 5 mm tubes as for conventional
NMR) [31]. Here, a tube of a suitable material (e.g. sapphire) is attached by some
means (generally a strong adhesive) to a cap (of a nonmagnetic material such as
titanium), which contains adaptors to connect it to high pressure equipment. An
example of apparatus for NMR of supercritical reactions is shown in Figure 6.9.
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Figure 6.9 An example of a sapphire NMR tube suitable for high pressure NMR Photograph
by Gébor Laurenczy



Supercritical Fluids 143

Secondly, a fused capillary tube can be bent repeatedly to permit up to 40
passes in an existing NMR tube. Such tubing, with an internal diameter of about
200 pm, is coated in polyimide and, where this is removed by the bending pro-
cess, it is strengthened with cyanoacrylate. The ends of the tubing are glued to
ferrules and connected directly to the high-pressure equipment. This equipment
fits directly into a normal NMR tube and, if required, can be surrounded by
deuterated solvent to lock the signal [31].

6.7 REACTIONS IN SUPERCRITICAL MEDIA

As mentioned above, the physico-chemical properties of SCFs can be manip-
ulated by relatively small changes in the operating temperature and pressure.
In principle, it is theoretically possible to tune the solubilities, mass transfer,
solvent strength and reaction kinetics of many reacting species present in the
SCF. A range of supercritical media are available and the choice of which one
is most suitable for the process at hand may come down, as with conventional
solvents, to that with the most useful characteristics. Solubility of reagents and
catalysts is obviously an issue, with the added complication that this will depend
on the chemical functionality, the nature of the SCF and the operating conditions.
Many metal complexes are very insoluble in scCO; (this is not always a draw-
back — some insoluble catalysts have been found to be highly effective [32]). In
general, from the perspective of polarity, the principle of ‘like dissolves like’
holds. However, the maximum solubility of a polar compound does not neces-
sarily occur in the most polar SCF, for example scCO; is a better solvent for
benzoic acid than scCHF;, with scCO, behaving as a more polar solvent than
expected due to its quadrupole moment. Solubility general increases rapidly near
the critical pressure, but, at higher pressures, the increase in solubility is less
pronounced. A variety of methods have been used to increase the solubility of
polar molecules in scCO,. Co-solvents such as methanol or a fluorinated alcohol
may be added [33]. When more than one reagent is used, less polar reagents can
themselves act as modifiers, enhancing the solubility of the more polar reagents,
and thus avoiding the need for additional co-solvents [34]. For scCO,, an alter-
native strategy to aid solubility has been to introduce fluorinated substituents,
often identical to those used in fluorous solvents (see Chapter 3), onto a ligand
or counter-ion. The reason for the increase in solubility caused by the presence of
fluorinated substituents has not been fully explained, although there is evidence to
suggest that specific solvent—solute van der Waals interactions do exist between
CO; and certain fluorinated compounds [35]. It has also been suggested that the
CO, preferentially clusters near the fluorine atoms in the C—F bond and thus
fluorinated side-groups may be able to shield the hydrocarbon units from inter-
actions with the solvent. For example, perfluoroalkyl groups have been directly
attached to bis(diphenylphosphine)ethane (dppe) analogues [36] to generate a
catalyst which was found to be scCO;-soluble with the concentration measur-
ing 7.5 x 107> moldm™> at a density of 0.55 gml™!, the non-substituted version
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Figure 6.10 The solubility of metal catalysts in scCO, may be improved by derivatization
with perfluoroalkyl groups

being insoluble, (Figure 6.10). Importantly, the electron-withdrawing effect of
the perfluoroalkyl groups was sufficiently insulated by the CH,CH,; unit that the
reactivity of the metal centre was uncompromised. Perfluoroalkyl substitution has
been used successfully to increase the solubility of other metal complexes [37].

Although this approach can be very successful, the high cost of introduc-
ing such groups is obviously a disadvantage. However, relatively inexpensive
compounds such as polyethers (Figure 6.11) also show enhanced solubility in
scCO; [38]. The carbonyl groups act as Lewis bases and interact with CO, help-
ing to solubilize the polymer.

The potential for easy separation of the catalyst from products is an attractive
feature of reactions in supercritical media because of the ability to tune the
solubilizing power of the solvent with density. Recovery of a precious metal
catalyst (often including the ligands) is a key issue for the industrial application
of such a system. An integrated system can be envisaged whereby the reaction
not only occurs in scCO,, but its features are exploited to allow the separation
of the products and the recovery of the catalyst in its active form. For example,
it is possible to separate products from catalyst after a hydroformylation reaction
simply by changing the temperature and pressure. This alters the solubilities of
reagents, products and catalysts and so the product aldehydes can be recovered
contaminated with less than 1 ppm rhodium. The catalyst remains in the reactor,
which can be recharged and used at least five times without loss in activity [39].
As such, SCFs offer an alternative to the biphasic approach to catalyst—product
separation techniques [40].

brepitotol

Figure 6.11 Polyether showing high solubility in scCO,
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Whilst it is obviously valuable to measure the solubility of reagents in the
SCF, it is important to be aware that the solubility in a multicomponent system
can be very different from that in the fluid alone. It is also important to note
that the addition of reagents and catalysts can have a profound effect on the
critical parameters of the mixture. Indeed, at high concentrations of reactants,
the mole fraction of CO; is necessarily lower and it may not be possible to
achieve a supercritical phase at the temperature of interest. Increases in pressure
(i.e. further additions of CO;) could yield a single liquid phase (which would
have a much lower compressibility than scCO;). For example, the Diels—Alder
reaction (see Chapter 7) between 2-methyl-1,3-butadiene and maleic anydride
has been carried out a pressure of 74.5 bar and a temperature of 50 °C, assuming
that this would be under supercritical conditions as it would if it were pure CO;.
However, the critical parameters calculated for this system are a pressure of
77.4bar and a temperature of 123.2°C, far in excess of those used [41].

Both scCO, and scH,O are very attractive solvents for industrial applica-
tions because these reaction media are nontoxic, nonflammable and inexpensive.
However, scCO, has the potential to cause problems as a solvent for some
reactions. Under reducing conditions, CO may be formed, and the presence
of water or alcohol leads to the formation of metal carbonates. Interestingly,
CO; can interact with catalytically active intermediates and can form a vari-
ety of stable coordination compounds. It also readily inserts into metal-hydride,
alkyl, alkoxide and amide bonds [42]. A variety of synthetic chemistry has
now been reported in scCO,, with the list of reactions constantly growing.
Some examples include hydrogenation [43], hydroformylation [44], biotransfor-
mations [45], Diels—Alder reactions [46], alkene metathesis [47], Heck and other
palladium-mediated reactions [48], rhodium-catalysed hydroboration [49], oxida-
tions and epoxidations [50] and electrophilic aromatic substitution [51]. Super-
critical carbon dioxide is also a useful solvent for polymerization reactions [52].
Supercritical water has been used as a reaction media for the production of high-
value chemicals by the degradation of compounds of higher molecular weight. For
example, lignin has been depolymerized to phenols and other simple ring aromat-
ics [53]. Supercritical water has been used as a solvent for both hydrolysis [54]
and dehydration reactions [55], oxidation reactions [56] and palladium-catalysed
reactions [57]. Friedel-Crafts reactions have also been carried out in scH,O
supercritical water where the solvent also acts as the catalyst [58].

6.8 CONCLUSIONS

Supercritical fluids have many features that render their use attractive in synthetic
chemistry and separations. Their tunable physical properties allow reactions to be
carried out under a variety of conditions and, in some cases, the selectivities and
rates of reactions may be altered. The list of reactions that have been carried out
in SCFs and compared with those in conventional solvents is continually growing.
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There are now examples where products and selectivities that cannot be achieved
in conventional solvents can be realized by the use of a SCF. However, as noted
above, the high running costs which result from carrying out a process at elevated
temperatures and pressure may well preclude their use for many reactions.
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7 Diels—Alder Reactions
in Alternative Media

The Diels—Alder reaction is the name given to the addition of an alkene (a
2m-electron system often called the dienophile) and a 1,4-conjugated diene (a
4m-electron system). This so-called 2 + 4 addition gives a six-membered ring.
Diels—Alder reactions can be used for the construction of complex polycyclic
compounds, often with a high degree of regio- and stereocontrol [1]. The reaction
is broad in scope; the diene may be open-chain or cyclic and can have many kinds
of substituents. However, the alkene must have the s-cis conformation. The reac-
tion is stereospecifically syn- with respect to both the diene and dienophile and
thus the relative configuration of the starting materials is retained in the product.
An illustrative example of a Diels—Alder reaction is shown in Scheme 7.1.

CO,Me CO,Me CO,Me
o —GA — L
* @
X CO,Me </ CO,Me CO,Me
Scheme 7.1

Electron-withdrawing groups attached to the dienophile accelerate the rate of
the reaction, donating groups decrease it. For the diene, the opposite is true.
Because of the high regiospecificity and the tolerance of a wide number of func-
tional groups, the Diels—Alder reaction is of considerable synthetic importance.

The mechanism of the Diels—Alder reaction involves o-overlap of the -
orbitals of two unsaturated systems. One molecule must donate electrons, from its
highest occupied molecular orbital (HOMO), to the lowest unoccupied molecular
orbital (LUMO) of the other. Also, the two interacting orbitals must have identical
symmetry i.e. the phases of the terminal p-orbitals of each molecular orbital must
match. There are two possible ways for this to happen: the HOMO of the diene
combining with the LUMO of the dienophile, and the LUMO of the diene with
the HOMO of the dienophile (Figure 7.1).

With the right compounds, the syn addition of the diene and dienophile can lead
to two possible adducts, depending on whether the larger side of the dienophile
ends up under the ring (leading to endo addition) or the smaller side is under
(giving exo addition) as shown in Scheme 7.2. Most of the time, the endo
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Figure 7.1 Transition state of a Diels—Alder reaction where the LUMO of the diene combines

with the HOMO of the dienophile
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Endo-adduct Exo-adduct
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S
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Scheme 7.2

diastereomer is generally favoured, being the kinetic product of the reaction.
This is attributed to the additional orbital overlap between the components in the
transition state, which cannot occur in the exo transition state.

These reactions do not require solvent, but because high temperatures are often
required, a solvent is commonly employed. Since there are no ionic intermediates,
the choice of solvent is generally thought to be unimportant and subsequently
hydrocarbons are most frequently used. However, there are many occasions where
the alternative solvents described in previous chapters can have a dramatic effect
on the reaction.

7.1 DIELS-ALDER REACTIONS IN WATER

Despite the fact that Diels and Alder carried out a cycloaddition in water [2],
it was not until 1980 that it was reported that large accelerations in the
rates of the Diels—Alder reaction could be achieved in water [3]. In addition,
selectivity towards the endo product was also increased [4]. For example, a
700-fold acceleration in the rate of reaction between cyclopentadiene and 3-
buten-2-one (Scheme 7.3) was found in water as compared to reaction in
2,2, 4-trimethylpentane. The addition of lithium chloride as a salting-out reagent
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Table 7.1 Rates for reaction

between cyclopentadiene and
3-buten-2-one at 40 °C [3]

Solvent kr(x100M~1s™h
Iso-octane 6
Methanol 76
Water 4400
Water + LiCl 10800

increased the rate further. Table 7.1 shows some examples of the rates of reaction
in a range of solvents.

The reasons for the beneficial results obtained in water are still not completely
understood. It is worth emphasizing that this rate enhancement contradicts the
accepted mechanism because the polarity of the solvent should have little effect
on concerted reactions where there is little difference in polarity between the
initial state, the transition state and the final state. The hydrophobic effect (see
Chapter 5) is often cited as being responsible. The hydrophobic effect leads to the
aggregation of apolar molecules or apolar groups of large molecules in water as
a means of minimizing their exposure to the water molecules. Thus, it is argued
that this effect ‘compacts’ the reagents in the transition state compared to the
initial state leading to an enhancement in rate. However, it has also been claimed
that the hydrophobic effect cannot be responsible for the rate enhancements
since intramolecular Diels—Alder reactions, where the reactive groups are already
closely packed, also show considerable enhancements [5].

Micelle aggregation has also been suggested as a means of increasing the
rate of reaction [6], but this is not always the case since such aggregation can
sometimes lead to a reduction in rate. The cohesive energy density (CED), a
measure of the energy required to create a cavity in the solvent to accommodate
the solute, is thought to be an important factor [7]. The CED is related to the
intermolecular forces acting in a solvent and the rates of several Diels—Alder
reactions have been correlated with the CED of the solvent. Finally, Diels—Alder
reactions are known to be catalysed by Lewis acids [8]. Such catalysts also
increase the endo:exo ratio. The ability of water to H-bond to the activating group
of the dienophile is thought to be responsible for part of the rate enhancement
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as well as the increase in endo:exo selectivity in much the same way as a Lewis
acid catalyst [9].

Despite the obvious benefits outlined above, water cannot always used as a
solvent for Diels—Alder reactions. If both reagents are solid, then the reaction
will be very slow, if it occurs at all. Also, some substrates possess water-sensitive
groups which precludes the use of water as a solvent.

OH
0
(X0 - O C?
(0]
Scheme 7.4
2.5
water @
2.0
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Solubility parameter (5)/MPa®%5

Figure 7.2 The relationship between the solubility parameter (§), and the relative rates for the
reaction shown in Scheme 7.4. (Note that § for trifluoroethanol did not appear in the original
publication [10] and was estimated by correlating 7* for other alcohols)
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7.2 DIELS-ALDER REACTIONS IN PERFLUORINATED SOLVENTS

It has recently been shown that the rates of certain Diels—Alder reactions are
also accelerated dramatically when carried out in perfluorinated solvents [10].
When the reaction between N-ethylmaleimide and 9-hydroxymethylanthracene
(Scheme 7.4) was examined in a range of solvents, significant rate enhancements
were found in water and perfluorinated solvents compared to organic solvents.
Interestingly, in fluorinated solvents where the solubility of the reagents is
not compromised, for example hexafluorobenzene, the rate of reaction is not
increased (Figure 7.2). This implies that there is an inverse relationship between
solubility of reagents and the rate of reaction, and that this relationship may be
exploited by the use of either water or suitable perfluorinated solvents.

7.3 DIELS-ALDER REACTIONS IN IONIC LIQUIDS

Ionic liquids are excellent solvents for the Diels—Alder reaction providing signifi-
cant increases in rate and selectivity. Diels—Alder reactions conducted in chloroa-
luminate ionic liquids show considerable promise. For example, the endo:exo
ratio for the reaction between cyclopentadiene and methyl acrylate (Scheme 7.5)
could be varied by changing the composition of the ionic liquid (see Chapter 4)
[11]. Although a high yield was obtained, in order to extract the products it
was necessary to quench the ionic liquid in water. This is a considerable disad-
vantage and for this reason neutral ionic liquids have been the focus of subse-
quent attention.

It has been shown that Diels—Alder reactions can be carried out successfully
in a range of ionic liquids [12]. As highly ordered H-bonding solvents, ionic
liquids have the potential for dramatic effects as solvents for such reactions. The
range of polarities which can be spanned by varying the cation or anion may be
exploited and it has been shown that the endo:exo ratio for the reaction between
cyclopentadiene and methyl acrylate (Scheme 7.5) is dependent on the polarity
of the ionic liquid used [13] (Table 7.2). When the reactions were carried out in
a range of ionic liquids, the endo:exo values were shown to correlate with the
polarity as measured by the EY scale.

D Do Ay o Ao

MeO
COoMe
endo exo

Scheme 7.5
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Table 7.2 Endo:exo ratios for the reaction between methyl acrylate and
cyclopentadiene in a range of ionic liquids [13]

Solvent EX endo:exo
CsH
N 3H7
NN 0.66 4.1
\—=/ “N(SO4CF3),
CioH
AN 10M121
SNAENT 0.66 43
\=/ “N(SO»CF3),
[bmim][BF] 0.67 43
CH,Ph
AN 2
SNENT 0.67 4.9
\—/ “N(SO,CF3),
~___(CHy),0CH5
SNENT 0.72 57
\—/ “N(SO,CF3),
_~__(CHy)20H
SNENT 0.95 6.1
\—/ “N(SO»CF3),
[E;NH]NO; 0.95 6.7
o)
y o)
O—
o)
0
endo: exo = 99:1
(94:6 in DCM)
Scheme 7.6

The advantages of using ionic liquids as solvents for Diels—Alder reactions
are exemplified by the scandium triflate catalysed reactions [14] in [bmim][PFg],
[bmim][SbFg] and [bmim][OTf] for the reaction shown in Scheme 7.6. Whilst
the nature of the anion seems to have little effect, all these solvents give rate
enhancements for a range of Diels—Alder reactions compared to when the reac-
tions are carried out in dichloromethane (DCM). Also, the selectivity towards the
endo product is higher than in conventional solvents. As well as the enhanced
rates and selectivities, the products can also be removed by extraction with diethyl
ether and the ionic liquid and catalyst can immediately be reused. Experiments
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have shown that reuse of the ionic liquid—catalyst system is possible at least 11
times without loss of activity.

7.4 DIELS-ALDER REACTIONS IN SUPERCRITICAL CARBON
DIOXIDE

The Diels—Alder reaction is actually one of the most studied reactions in scCO,.
There have been several reports of the effects of pressure on the rate of reaction
and product distribution in Diels—Alder reactions carried out in scCO,. There
are many examples where Diels—Alder reactions in scCO; exhibit an increase in
reaction rate with increasing pressure [15]. Although the selectivities in scCO; are
often very similar to those achieved in hydrocarbon solvents [16], there have been
a number of reports where the use of scCO; as a solvent can lead to differences
in product selectivities. It is potentially possible to control the selectivity of a
reaction since the density of the reaction medium can be altered by adjusting the
temperature and pressure at which the reaction is carried out. For example, the
reaction of methyl acrylate and cyclopentadiene (Scheme 7.5) has been examined
in scCO,. Although the effect is small, it is possible to control the selectivity
(endo:exo) by adjusting the solvent properties. The endo:exo ratio was found to
change from 2.83 at 100 bar to 2.90 at 300 bar [17]. Similar effects have been
found for the same reaction by other researchers [18]. However, in this case, the
selectivity was found to drop off again at higher pressures, i.e. to rise up to a
maximum and then drop. This has been explained in terms of the adjustment of
the position of the nearest-neighbour solvent molecules in the transition state. It
has been suggested that the changes in pressure (and hence density) lead to one
transition state being favoured over the other [18].

Although the above demonstrated that product control could be achieved in
scCO,, the difference in selectivity was relatively small. However, later work
using a Lewis acid catalyst, scandium triflate, on the Diels—Alder reaction of n-
butyl acrylate and cyclopentadiene (Scheme 7.7) showed that the endo:exo ratio
was again found to rise to a maximum and then decrease again as the pressure,
and hence density, was increased (Figure 7.3) [19].

The maximum endo:exo ratio occurs above the critical density, suggesting
that it is not a critical effect. Again, this effect was rationalized on the basis of a
solvent potential tuning phenomenon, where the number of solvent molecules per
molecule of substrate is optimized to favour one particular transition state. No

@ + 2 C0BU . ﬂb + ﬂbcozsu

CO,Bu

Scheme 7.7
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Figure 7.3 Density dependent enhancement of the endo:exo ratio for the Sc(OTf); catalysed
reaction between n-butyl acrylate and cyclopentadiene in scCO,. Reproduced by permission
of the Royal Society of Chemistry

pressure dependent selectivity difference was observed for the scandium triflate
catalysed reaction with either the methyl or phenyl acrylate, although the overall
selectivity was better than that in toluene.

Other examples of differences in product selectivity have been reported [20],
but these were later shown to have been due to poor sampling techniques,
highlighting the difficulties in being certain of the phase behaviour in such sys-
tems [21].

7.5 CONCLUSIONS

It would appear that water is a remarkable solvent for Diels—Alder reactions
giving both rate and selectivity enhancements. There are now many examples
of successful reactions being carried out in this solvent. However, water cannot
be used for all reactions. Perfluorinated solvents have also been found to give
beneficial rate enhancements over organic solvents as have ionic liquids. Inter-
estingly, both ionic liquids and SCFs can be used to tune the selectivities of
these reactions, ionic liquids by varying the solvent used and SCFs by altering
the density of the solvent.
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8 Hydrogenation and
Hydroformylation Reactions
in Alternative Solvents

Addition of molecules across unsaturated organic bonds is an extremely important
process that includes reactions such as hydrogenation, hydroformylation, oxida-
tion, hydrocyanation, hydrosilylation and many others. These reactions are often
most effectively catalysed by homogeneous catalysts and in this chapter we will
focus on hydrogenation (addition of H,) and hydroformylation (addition of H,
and CO), which are shown generically in Scheme 8.1.

A number of industrially important compounds require hydrogenation and/or
hydroformylation steps at some stage of their synthesis, including pharmaceu-
ticals, herbicides, flavours and fragrances. This chapter commences with an
introduction to these reactions, briefly summarizing the mechanisms in which
a catalyst brings about the reaction. This is followed by a review of hydro-
genation and hydroformylation reactions that take place in alternative solvents,
generally under biphasic conditions.

R Rz RN

catalyst

CHO
H,/CO CHO
RN catalyst R * R
n iso

Scheme 8.1

8.1 INTRODUCTION

There are many different homogeneous catalysts available that can be used for
hydrogenation and hydroformylation reactions. The most widely used metals that
are present in these catalysts are the transition metals, especially Co, Ni, Ru, Rh
and Ir [1].

Chemistry in Alternative Reaction Media D. Adams, P. Dyson and S. Tavener
© 2004 John Wiley & Sons, Ltd ISBNs: 0-471-49848-3 (Cloth); 0-471-49849-1 (Paper)
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Perhaps the best known homogeneous hydrogenation catalyst is Wilkinson’s
catalyst, Rh(PPh3)3;Cl, named after the Nobel Laureate who discovered this
extremely important compound. The mechanism by which Rh(PPh;3);Cl catalyses
the hydrogenation reaction has been intensively studied and involves a series of
steps which are illustrated in the catalytic cycle in Scheme 8.2.

The first step in the catalytic cycle is the dissociation of a phosphine lig-
and from Wilkinson’s catalyst which produces a highly reactive trigonal planar
rhodium centre, compound B. Oxidative addition of H, to B affords C which then
undergoes association of the C=C compound to afford D. One of the hydride
ligands undergoes transfer to the C=C bond affording a coordinated alkyl as

Clan,  _oPPhy
Rh Wilkinson's
PhsP/ \Pph3 catalyst

Step 1 PPh,

Clax H,
H Rh—PPh,
PhsP

Step 5 Step 2

C
—C | H
H/ /Rh—PPh3 th—PPhS
PhgP ‘ PhyP
H
E c
stepd NP Step 3
e ‘C‘ o2
s L =0 "N
PhsP/IL ppn,

Scheme 8.2 Catalytic cycle for the hydrogenation of C=C bonds using Rh(PPh3);Cl. Step 1,
ligand dissociation; step 2, oxidative addition of Hj; step 3, ligand association; step 4,
B-hydride transfer; step 5, reductive elimination
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Scheme 8.3

shown in E. In the final step, reductive elimination of the alkane results in the
regeneration of the active catalyst B which can participate in another cycle. For
a more detailed account of catalytic reaction mechanisms, the reader is referred
elsewhere [1].

It is also worth noting that the solvent used can have a considerable influence
on the outcome of a hydrogenation reaction. For example, the hydrogenation of
the functional alkene shown in Scheme 8.3, using Wilkinson’s catalyst, varies
considerably according to the conventional organic solvent used [2].

The catalytic cycle for hydroformylation reactions has also been established for
certain homogeneous catalysts. Scheme 8.4 illustrates that for HRh(CO),(PPhs),,
although the cycle is the same for the analogous cobalt catalyst.

In the hydroformylation reaction, the fundamental steps that occur are essen-
tially the same, albeit in a different sequence, to those that occur in the hydrogena-
tion reaction, except that there is an additional CO insertion step. In the reaction,
a mixture of linear and branched chain products are produced, the resulting com-
position being defined as the n:iso ratio. The n:iso ratio obtained is dependent
upon the catalyst used and the reaction conditions, and in general, the linear
products are of higher value to industry.

8.2 HYDROGENATION OF SIMPLE ALKENES AND ARENES

The hydrogenation of simple alkenes, such as hexene, cyclohexene, cyclo-
hexadiene and benzene, has been extensively studied using biphasic, alternative
solvent protocols. These hydrocarbon substrates are more difficult to hydrogenate
compared to substrates with electron withdrawing groups. Benzene and alkyl
substituted aromatic compounds are considerably more difficult to hydrogenate
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Scheme 8.4 Catalytic cycle for the hydroformylation of C=C bonds using HRh(CO),(PPh3),.
Step 1, ligand dissociation; step 2, ligand association; step 3, f-hydride transfer; step 4, ligand
dissociation; step 5, CO insertion; step 6, oxidative addition of Hy; step 7, reductive elimina-
tion; step 8, ligand association
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catalyst, 3H,
AH®=-206 kJ mol~’

Scheme 8.5

than alkenes, due to the thermodynamics of the hydrogenation reaction
(Scheme 8.5) [3].

The hydrogenation of benzene to cyclohexane is an exothermic process with a
heat of hydrogenation of —206 kJ mol~!. The potential intermediates in the hydro-
genation, 1,3-cyclohexadiene and cyclohexene, have heats of hydrogenation to
cyclohexane of —230kJmol~' and —118kJmol~!, respectively. The difference
in the heat of hydrogenation between benzene and 1,3-cyclohexadiene, namely
24kJmol~!, indicates the activation energy required by the hydrogenation reac-
tion, which means the conversion is not possible without a catalyst under ambient
conditions. In order to activate the catalyst it is often necessary to heat the system.
Unfortunately, the increased temperature shifts the equilibrium of the reaction in
favour of the endothermic dehydrogenation reaction. Increased substitution of the
aromatic substrate further shifts the equilibrium in favour of the dehydrogenation
reaction. To counter this shift in the equilibrium, high pressures of hydrogen are
required. High temperatures and pressures only serve to add to the complexity
and cost of the hydrogenation process.

8.2.1 Hydrogenation in Water

Hydrogenation reactions in water have been extensively studied and many of
the water-solubilizing ligands described in Chapter 5 have been tested in aque-
ous—organic biphasic hydrogenation reactions. One of the earliest catalysts used
was the water-soluble analogue of Wilkinson’s catalyst, RhCl(tppms); (tppms =
monosulfonated triphenylphosphine), but many other catalysts have since been
used including [Rh(cod)(tppts).]T, [Rh(cod)>]T and [Rh(acac)(CO),]" (cod =
cyclooctadiene).

Numerous advantages have been observed for hydrogenation reactions car-
ried out using the aqueous-organic biphasic approach. The products have very
low solubilities in water and are easily separated. Since both the substrates and
products are liquids, they may be used without any additional organic solvent
and as such this method fulfils the key goal of avoiding conventional organic
solvents altogether.

A reverse set-up has also been developed for the hydrogenation of water
soluble substrates. The catalyst is dissolved in the organic phase and the substrates
and products in the aqueous phase. Such a protocol has been used to hydrogenate
an aqueous solution of 1-butene-1,1-diol, as shown in Scheme 8.6 [4]. Since the
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catalyst is immobilized in the organic phase, no modification is required. In this
example, Wilkinson’s catalyst, RhCIl(PPhj);, was dissolved in benzene.

This type of reverse set-up has been expanded to catalysts with phosphines
containing crown ether substituents (Figure 8.1), with the crown ether acting as
a built-in phase-transfer function [5]. Using a catalyst with this phosphine, the
hydrogenation of Li*, Na*, Kt and Cs™ cinnamates in water—benzene solvent
mixtures was considerably faster than when the analogous catalyst was used with
triphenylphosphine ligands.

The hydrogenation of benzene is a notoriously difficult reaction to catalyse
(see above), and biphasic processes are among the most effective known. The
tetraruthenium cluster [HyRu4(CsHg)4]>* shown in Figure 8.2 is both water sol-
uble and a highly active catalyst [6]. In addition, water-soluble colloids have
also been shown to be extremely effective for the hydrogenation of arenes [7].
For example, a rhodium colloid generated in sifu hydrogenates benzene and
other arenes under aqueous—organic biphasic conditions at room temperature
and atmospheric pressure [8].

Figure 8.2 The structure of the benzene hydrogenation catalyst [HsRus(CeHg)4T*+
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Hydrogenation reactions in water are not without problems. Water is a good
nucleophile and can react with catalysts, particularly highly reactive intermediates
in the catalytic cycle, leading to deactivation of the catalyst. In addition, the
solubility of hydrogen gas and many organic compounds in water is low compared
to conventional organic solvents and other alternative solvents. Table 8.1 lists the
solubility of hydrogen in water and some organic solvents. The lower solubility
compared to organic solvents means that three to four times higher pressure is
needed in order to run a hydrogenation at the same concentration of dissolved
hydrogen as in the organic solvents under atmospheric pressure. This additional
pressure clearly requires greater energy expenditure.

The solubility of some simple terminal alkenes in water is listed in Table 8.2.
As the length of the alkyl group increases the solubility of the alkene rapidly
decreases. Even with rapid mixing, mass transfer problems due to the low solu-
bility of substrates can occur. As such, alternative solvents to water in biphasic
processes are required.

Table 8.1 Solubility of H, in water
and in organic solvents at 293 K

Solvent 103[H, (M)
Water 0.81
Benzene 2.94
Ethanol 2.98
Toluene 3.50
Methanol 3.75

Source: Linke W. F. and Seidell A. Solubilities
of Inorganic and Metal-Organic Compounds,
American Chemical Society, Washington, DC,
1958, Vol. I, p. 1075.

Table 8.2 Solubility of alkenes in water at

298K

Alkene Solubility (ppm)
- 148

A VNN 50
NN 15
NN 2.7

A YT N N 0.6

Source: McAuliffe C. J. Phys. Chem. 1966, 70, 1267.



166 Hydrogenation of Simple Alkenes and Arenes

CN 3- +
NCe I PPI':I
Co—CN ! Rh/
NC
CN - \PPh3

(@) (b)

Figure 8.3 The structures of the highly active hydrogenation catalysts (a) [Co(CN)s]*~ and
(b) [Rh(nbd)(PPh),]*

8.2.2 Hydrogenation in Ionic Liquids

Many of the early examples of biphasic reactions using ionic liquids as
the immobilization medium employed catalysts that were developed for
operation in homogeneous organic processes. For example, Wilkinson’s catalyst,
RhCI(PPh3);, was found to catalyse the hydrogenation of cyclohexene to
cyclohexane in [bmim][BF4] [9]. While there are certain advantages to
conducting the hydrogenation reaction in this way, such as the higher turnover
frequency obtained compared to organic solvents, the neutral catalyst has a
relatively high solubility in the organic product phase and is leached during
product extraction.

The most effective way to avoid problems of catalyst leaching from an ionic
liquid during product extraction is to use a catalyst that is itself ionic. This feature
provides high solubility in the ionic liquid and tends to prevent leaching into the
organic phase during product extraction. As it happens, there are numerous highly
effective hydrogenation catalysts that are salts. The most widely used of these for
hydrogenation reactions, that have been extensively studied in other solvents, are
[Co(CN)s]?~ and [Rh(nbd)(PPh3),]" (nbd = norbornadiene), which are shown in
Figure 8.3.

The trianionic cobalt catalyst has been successfully employed in the hydro-
genation of 1,3-butadiene in [bmim][BF,] [10]. The product from this reaction
is 1-butene which is formed with 100 % selectivity. Unfortunately the catalyst
undergoes a transformation to an inactive species during the course of the reac-
tion and reuse is not possible. The cationic rhodium catalyst together with related
derivatives have been used for numerous reductions, including the hydrogenation
of 1,3-cyclohexadiene to cyclohexane in [bmim][SbF¢] [11].

In the ideal biphasic hydrogenation process, the substrate will be more sol-
uble or partially soluble in the immobilization solvent and the hydrogenation
product will be insoluble as this facilitates both reaction and product separation.
Mixing problems are sometimes encountered with biphasic processes and much
work has been conducted to elucidate exactly where catalysis takes place (see
Chapter 2). Clearly, if the substrates are soluble in the catalyst support phase,
then mixing is not an issue. The hydrogenation of benzene to cyclohexane in
tetrafluoroborate ionic liquids exploits the differing solubilities of the substrate
and product. The solubility of benzene and cyclohexane has been measured in
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Asymmetric Hydrogenation Catalysis

The most important goals in hydrogenation catalysis today include enantiose-
lective hydrogenations, for which in part the 2001 Nobel prize was awarded,
and regioselective hydrogenations. While these types of reactions have been
investigated in some detail in alternative solvents, it is difficult to compare
the various alternative solvent systems used as a single substrate has not been
examined across the range of solvents. Rhodium complexes with the chiral bis-
phosphines MeDuPHOS and EtDuPHOS have been used in ionic liquids (and
other alternative solvents) to catalyse enantioselective hydrogenations. The
results obtained are comparable to those observed in organic solvents [12].

Chiral ionic liquids are also known and the possibility of enantioselective
reactions with nonchiral catalysts in such solvents is of considerable interest.
Thus far, however, no enantioselective induction has been reported.

R = Me, MeDuPHOS
R = Et, EtDUPHOS

Figure 8.4 The structure of the chiral bis-phosphine ligands RDuPHOS

four different [C,mim][BF4] (C, = the alkyl chain, i.e. C4 is a butyl group and
the cation is bmim) ionic liquids as shown in Figure 8.5 [13]. From the graph,
it may be seen that the solubility of benzene is greater than that of cyclohexane,
which is expected, based on their relative polarities (see Chapter 1). In addition,
as the length of the alkyl group increases from a methyl group in [mmim][BF,]
to an octyl group in [omim][BF,], the solubility of benzene rapidly increases. In
contrast, the solubility of cyclohexane, which has a lower polarity than benzene,
remains effectively constant in all the ionic liquids tested. Since the solubility of
benzene is greatest in [omim][BF,] and the solubility of cyclohexane is almost as
low as it is for [mmim][BF,], then selection of [omim][BF,] for hydrogenation
reactions seems reasonable. In [omim][BF,], the interface between the benzene
substrate and the ionic liquid is greatest allowing optimum mixing of the ben-
zene and catalyst without compromising the efficiency of the extraction of the
cyclohexane product after reaction.

The dicationic cluster catalyst [HyRu4(7°-C¢Hg)][BF4],, originally developed
for biphasic aqueous—organic arene hydrogenation reactions (see Section 8.2.1),
has proven to be more effective in ionic liquids presumably due to increased
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Figure 8.5 The solubility of benzene and cyclohexane in [C,mim][BF,] (C, = 1, mmim; 4,
bmim; 6, hmim; and 8 omim) at 20°C [13]
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Figure 8.6 The effect of stirrer speed on turnover frequency for the hydrogenation of benzene
to cyclohexane. (Note that the turnover reaches its maximum at lower stirrer speed for the ionic
liquid). O, ionic liquid; m, water

solubility of the benzene substrate and hydrogen gas (see Chapter 4) in the ionic
liquid compared to water. The effect of the increased solubility of benzene in
the ionic liquid has been confirmed by comparing the effect of stirrer speed on
turnover in the two solvents. Figure 8.6 shows that the ionic liquid solution is
less sensitive to stirrer rate exhibiting close to the maximum turnover at a lower
stirrer rate than the analogous reaction in water.
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The reactions described above are not truly homogeneous and so their rates
are mass-transport limited and depend on the stirrer rate. An ionic liquid—water
catalyst system that undergoes a temperature controlled, and reversible, two
phase—single phase transition has been developed [14]. At room temperature the
ionic liquid 1-octyl-3-methylimidizolium tetrafluoroborate, [omim][BF,], forms
a separate layer to water. On heating to 80 °C, the two phases become completely
miscible allowing homogeneous reactions to occur. Using this solvent-system the
water soluble substrate butyne-1,4-diol was hydrogenated with [Rh(nbd)(PPhj),]
[BF,] as the catalyst. The reaction was carried out at 80 °C giving a homogeneous
single phase solution and on cooling to room temperature, two phases reform,
with the ionic liquid phase containing the catalyst and the aqueous phase con-
taining a mixture of 2-butene-1,4-diol and butane-1,4-diol that may be extracted
without contamination of the catalyst. The rhodium(I) catalyst was selected for
this reaction as it is highly soluble in ionic liquids (since it is a salt), and it is
also hydrophobic by virtue of the phosphine ligands.

8.2.3 Hydrogenation in Fluorous Solvents

The hydrogenation of a number of 1-alkenes using fluorous derivatives of Wilkin-
son’s catalyst has been investigated. Initial experiments established the effect of
the fluorous ligands on catalytic activity [15]. The ligands evaluated in this study
are illustrated in Figure 8.7.

The turnover frequency was found to be greatest for the two fluorous ligands
and the control ligand with the trimethylsilyl function was found to be less effec-
tive than triphenylphosphine. These fluorous derivatives of Wilkinson’s catalyst
were used to hydrogenate 1-octene in perfluoromethylcyclohexane (PP2). The
reaction was carried out a number of times in order to evaluate the efficiency of
the system in terms of recycling and reuse [16]. It was found that as the number

(¢]] L
Sn
L L

|.
o P@)s i ?IKCGFm)a
P@é'—) P |s >
|| 3 |Ix08F17 3

(control)

Figure 8.7 Fluorous and control ligands screened to gauge the effect of the fluorous ponytails
on catalysis using Wilkinson’s catalyst analogues
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Figure 8.8 The increase in turnover frequency for the hydrogenation of 1-octene using a
fluorous derivative of Wilkinson’s catalyst as the catalyst (or catalyst precursor)

of reaction cycles increased the turnover frequency of the reaction also increased
as shown in Figure 8.8.

The increase in catalytic activity is characteristic of colloidal catalysis. Col-
loids are known to be highly efficient catalysts, especially for hydrogenation
reactions. Under the reducing conditions typified by those containing high con-
centrations of hydrogen gas, a metal complex can be reduced to form a colloid
(or nanoparticle). As the reaction proceeds, or in this case, during each batch,
more colloids are generated and hence the rate of the hydrogenation reaction
increases. Indeed, colloids were subsequently identified to be the active catalyst
using light scattering experiments and electron microscopy [17].

8.2.4 Hydrogenation in Supercritical Fluids

Hydrogenations can be carried out in SCFs using a flow reactor, in which the
substrate(s) are passed over a fixed catalyst bed and emerge as products. For
example, cyclohexene can be hydrogenated under supercritical conditions in a
flow cell using a palladium-based catalyst in either scCO, or supercritical-propane
(see Scheme 8.7) [18]. Performing the reaction in a SCF allows a wide range
of reaction parameters to be varied including temperature, pressure and ratio of
hydrogen to substrate. Apart from alkenes a wide range of other functional groups
have been hydrogenated, including nitriles, alcohols, epoxides, imines, aldehydes
and ketones.

Asymmetric hydrogenations have also been carried out in scCO;. «¢-Enamides
have been hydrogenated by using a cationic rhodium complex [19]. Enantiomeric
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excesses were good to excellent and comparable to those achieved in conventional
solvents (see Scheme 8.8).

The cationic rhodium catalyst in Scheme 8.8 is rendered soluble in scCO, by
the anion, BArF, a perfluorinated tetraphenylborate counter-anion (Figure 8.9).

Processes in which catalysts immobilized in ionic liquids have been combined
with product extraction using scCO, show considerable promise [20]. The ionic
liquids are poorly soluble in the scCO, which allows products to be extracted
without contamination from the ionic liquid or the catalyst.

8.3 HYDROFORMYLATION REACTIONS IN ALTERNATIVE MEDIA
8.3.1 Hydroformylation in Water

As mentioned in the introduction, hydroformylation is an important industrial
process used for the formation of aldehydes from alkenes. Some six million
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tonnes a year of aldehydes are produced by this route for use in the manufacture
of soaps, detergents, plasticizers and pharmaceutical products. The majority of
these aldehydes are produced using organic solvents. However, in 1975 a patent
was published that reported that various rhodium complexes with sulfonated phos-
phine ligands catalysed the hydroformylation of propene under aqueous—organic
biphasic conditions with virtually complete retention of rhodium in the aqueous
phase [21]. This work led to the development of a large scale industrial operation
now known as the Ruhrchemie—Rho6ne Poluenc process for hydroformylation of
propene [22]. The research that led to this plant, in a very short time by industrial
standards, is described in detail in Chapter 11.

The limitations of hydroformylation reactions in water are the same as
those of hydrogenation reactions, i.e. the poor solubility of the substrates (see
Section 8.2.1). While aqueous—organic biphasic hydroformylation works well
for alkenes with chain lengths up to C;, the solubility of longer chain alkenes is
too low for viable processes. Although simple alkenes are poorly soluble, many
functional alkenes have solubilities in water that are sufficiently high to avoid
mass transfer problems, but at the same time this can impede separation.

8.3.2 Hydroformylation in Ionic Liquids

Chlorostannate ionic liquids have been used in hydroformylation reactions [23].
Acidic [bmim]CI-SnCl, and [1-butyl-4-methylpyridinium]CI-SnCl, were pre-
pared from mixing the respective [cation]™ Cl~ with tin(II)chloride in a ratio
of 100 : 104, much in the same way that the chloroaluminates are made (see
Chapter 4). Both these chlorostannate ionic liquids melt below 25 °C. Addition of
Pd(PPh;),Cl; to these chlorostannate ionic liquids leads to a reaction medium that
catalyses the hydroformylation of alkenes such as methyl-3-pentenoate as shown
in Scheme 8.9. The ionic liquid—palladium catalyst solution is more effective
than the corresponding homogeneous dichloromethane—palladium catalyst solu-
tion. The product was readily separated from the ionic liquid by distillation under
vacuum. This is an important reaction as it provides a clean route to adipic acid.

Adipic acid is of considerable importance since it is a precursor to nylon and
polyester, which are extensively used in many products. Between two and three
million tonnes are produced worldwide each year. Currently, its main method
of manufacture is a costly, multistep process involving concentrated nitric acid.
Nitrous oxide is produced as a by-product in such quantities that they measurably
contribute to global warming and ozone depletion [24]. A cleaner alternative to
this process is clearly highly desirable.

One widely studied catalyst system for hydroformylation in organic solvents
is Rh(CO),(acac) combined with triphenylphosphine (or other phosphines) in
varying ratios. The same catalyst has been shown to catalyse the hydroformylation
of 1-pentene to n- and iso-hexanal in [bmim][PFs] as shown in Scheme 8.10 [25].
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The reaction employing Rh(CO),(acac) and triphenylphosphine operates under
mild conditions and gives a yield of 99 % and n:iso ratio of 3. The main advan-
tage of the reaction is that the product is very easily separated from the ionic
liquid as the hexanals are very poorly soluble. The main disadvantage, com-
mon when neutral catalysts are employed, is that the catalyst is lost into the
organic phase at too high levels to be commercially viable. Catalyst loss can be
significantly reduced by replacing the triphenylphosphine ligand with the mono-
sulfonated triphenylphosphine ligand (tppms). However, with this phosphine the
yield and turnover frequency both decrease significantly.
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Since the solubility of long-chain alkenes is higher in ionic liquids than
in water, there is much interest in finding effective ionic liquid catalysts
for the hydroformylation reaction. Bis-phosphines have proved to be particu-
larly useful in hydroformylation reactions and a bis-phosphine with a charged
cobaltocenium backbone, analogous to 1,1’-bis(diphenylphosphino)ferrocene
(dppf), has been developed specifically for use in ionic liquid hydro-
formylation reactions [26]. In combination with [Rh(CO),(acac)], the 1, 1’-
bis(diphenylphosphino)cobaltocenium hexafluorophosphate ligand dissolved in
[bmim][PF¢] effectively catalyses the hydroformylation of 1-octene as shown
in Scheme 8.11.

8.3.3 Hydroformylation in Fluorous Solvents

The fluorous biphasic system is ideally set up for hydroformylation reactions
since hydroformylation products tend to be significantly more polar than the
starting materials, which facilitates phase separation. The hydroformylation of 1-
decene was the subject of the first report on the successful application of fluorous
biphase techniques [27]. Here, rhodium complexes of the fluorous derivatized
trialkylphosphine, P(CH,CH,CgF3)3, were used. This phosphine was chosen on
the basis of a molecular modelling study which predicted that two methylene
groups would be sufficient to minimize the electron-withdrawing effect of the
fluorous ponytail on the electronic properties of the phosphine. Reactions were
carried out in a mixture of PP2 and toluene (1 : 1). Catalysts derived from
Rh(CO);(acac) and each of P(CH,CH,C¢F3)3, P(alkyl); and triphenylphosphine
were all tested under standard reaction conditions in this solvent mixture. Impor-
tantly, under the reaction conditions, a single homogeneous phase was formed
with all catalyst systems.

The fluorous solvent alone had a minimal effect on the outcome of the reac-
tion. However, with the fluorinated ligand, the n:iso ratio was found to increase
with increasing phosphine concentration, reaching a value of almost 8 : 1 at a
phosphine to rhodium ratio of 103 : 1. The beauty of this system was demon-
strated by its use in a semicontinuous hydroformylation experiment. After each
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reaction, the mixture was allowed to cool and then the organic layer removed.
The fluorous phase was kept in the reactor and reused. Over nine consecutive
runs, a total turnover number of greater than 35000 was measured with only a
4.2 % loss of rhodium. This is equivalent to 1.18 ppm of rhodium lost for each
mol of product. This loss was ascribed to the low, but finite, solubility of the
catalyst in the product phase. Unfortunately, the free ligand also leached into the
organic phase and, since the n:iso was related to the phosphine:rhodium ratio,
the n:iso steadily decreased with each run.

Despite this setback, this catalyst system could also be used for the hydro-
formylation of ethylene and indeed the long-term stability of the catalyst was
found to be better than that of the catalyst derived from triphenylphosphine.
Hence, this catalyst system allowed the hydroformylation of both high and low
molecular weight alkenes under homogeneous conditions combined with facile
product separation by simple decantation.

In an effort to overcome the high concentration of the fluorous modified phos-
phines necessary to achieve high n:iso ratios, the hydroformylation of 1-hexene
and 1-octene have been further investigated using a wide range of different phos-
phine ligands [28]. Since it is well known that triarylphosphine ligands give much
better linear selectivity in rhodium based hydroformylation reactions compared
to trialkylphosphines [29], fluorous-derivatized triarylphosphines have been pre-
pared and tested. Derivatized triarylphosphites have also been investigated.

Hydroformylation of 1-octene in a toluene-perfluoro-1,3-dimethylcyclohexane
biphase with triarylphosphites show much better n:iso ratios and higher ini-
tial rates than triphenylphosphine. However, kinetic analysis of the gas uptake
suggested that the catalyst was decomposing during the course of the reaction,
and rhodium leaching was quite high. Interestingly, observation of the phase
behaviour in the system demonstrated that, whilst 1-octene was miscible with the
fluorous solvent under the reaction conditions, the product, 1-nonanal, was insol-
uble. This suggested that the reaction could be carried out in the absence of an
organic solvent with the separation benefits still remaining, which would remove
the need for a separate distillation to remove the toluene. Under these conditions,
reaction rates were found to be significantly improved and the n:iso ratios also
increased markedly (7.8 : 1 compared to 4.1 : 1 when toluene was present). The
extent of leaching was also greatly reduced, although it was still relatively high.

Investigation of the derivatized triarylphosphine in PP2 demonstrated that
this catalyst system was much more stable under the same reaction conditions
compared to that derived from the phosphite. The rhodium leaching level was
dramatically reduced (0.05 % in one case). Omission of toluene from this system
allows development of a process which is nearing the rigorous retention that
would be required for commercial application, whilst retaining a high rate and
good selectivity to the linear aldehyde product. The refined system also compares
well with commercial processes.

The hydroformylation of long chain alkenes using the perfluoroalkyl-deri-
vatized phosphites illustrated in Figure 8.10 has also been examined [30].
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Figure 8.10 Some examples of perfluoroalkyl-derivatized phosphites

Here, CH,CH, spacer groups insulated the aryl rings from the perfluorooctyl
groups. This was found to markedly increase the stability of the phosphites
towards hydrolysis.

The hydroformylation of 1-decene was investigated using a range of phos-
phites, organic and fluorous solvents. In general, the activities were found to be
comparable to triphenylphosphite catalysed systems. The choice of fluorous sol-
vent was found to be important. For example, the turnover frequencies dropped
from 3800 to 2200 when PP2 was replaced by perfluoroperhydrophenanthracene
(PFPP). This was attributed to the reduced miscibility of 1-decene with the PFPP
compared to with PP2 under the reaction conditions. The ortho-functionalized
phosphites (2 and 4 in Figure 8.10) demonstrated different effects compared to
the para-derivatized compound (3 in Figure 8.10). The n:iso ratio decreased from
3.5:1to02:1 when 2 or 4 were used. The decrease in n:iso ratio was thought
to be due to a different active species being formed in solution since bulky phos-
phites are known to form HRhL(CO); as the active species [31]. The reuse of
the systems was also investigated. The activities were maintained for three cycles
(even increasing in some cases). However, the n:iso ratio did drop off gradually.
This was attributed to gradual leaching of the uncoordinated ligand. The partition
coefficients of 2, 3 and 4 were measured in a CgF;7H/1-decene biphase and were
calculated to be 19, 19 and 99, respectively'. Since all these phosphites do show
some solubility in organic solvents, leaching is to be expected. However, decay
of the phosphites was also considered as an explanation for the decrease in the
n:iso ratio. Phosphites are known to be capable of reacting with aldehydes [32],
and indeed the phosphites used were not stable in the presence of undecanal.

8.3.4 Hydroformylation in Supercritical Fluids

Although much effort has been directed towards making catalysts soluble in the
alternative solvents described in this book, insoluble metal complexes have actu-

! The partition coefficient P = [concentration in CgF;7H]/[concentration in 1-decene].
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Asymmetric Hydroformylations in Fluorous Biphase

Hydroformylations have also been carried out in a fluorous biphasic system
using a fluorous-derivatized analogue of BINAPHOS [33], one of the best
chiral ligands to date for the asymmetric hydroformylation of vinylarenes [34].
The fluorous derivative 5 (Figure 8.11) exhibited comparable catalytic activ-
ity, regioselectivity and enantioselectivity to that achieved with BINAPHOS
for the hydroformylation of styrene, however, the ligands were preferably
soluble in toluene over PP2, rendering their reuse by a fluorous biphasic
method impossible. Good solubility was achieved in scCO, however, although
reduced enantioselectivity was observed compared to the nonfluorinated ana-
logue in conventional solvents, which was ascribed to racemization occurring
during reaction.

Other fluorinated analogues of BINAPHOS have been used in scCO,. A
range of vinyl arenes can be hydroformylated successfully with high enantiose-
lectivity using 6, comparing well with the analogous reactions in benzene. The
homogeneous hydroformylation of vinyl acetate showed improved enantiose-
lectivity compared to the reaction in benzene, the enantioselectivity observed
being the highest obtained with this substrate [35].

5

OO P@CH20H206F1;
O. 2
SO

R
0

Figure 8.11 Fluorous BINAPHOS ligands
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ally been found to be highly efficient catalysts in scCO,. A number of catalysts
prepared from [Rhy(OAc)4] were found to be insoluble in scCO,, but when com-
pared to analogous reactions in toluene, the yield is reduced, although the n:iso
ratio is increased [36]. The insolubility of the catalyst allowed facile separation
of the products from the catalyst. After reaction, the stirring was stopped and
pure scCO, used to flush the products into a second reactor where they were col-
lected after depressurization. The first reactor was then recharged with reagents
and the reaction repeated. Rhodium was not detected in the products and the
catalyst continued to show good activity for several runs.

The hydroformylation of alkyl acrylates (Scheme 8.12) is generally sluggish
in conventional solvents. It has recently been shown that a fast and selective
hydroformylation of these compounds can be achieved in scCO, using a cata-
lyst derived from [Rh(acac)(CO);] and a fluorinated phosphine ligand. In scCO,,
the average turnover frequencies for the formation of aldehydes were 10-20
times higher than in toluene. This enhancement was attributed to specific sol-
vent—solute interactions, with the equilibrium of the key unsaturated intermediate
being shifted as a result of a carbonyl-CO, donor—acceptor interaction illustrated
in Figure 8.12 [37].

Another way of getting around the problem of the separation of the cat-
alyst from the substrate is via use of a flow reactor [38]. Supercritical car-
bon dioxide has been used successfully as a medium for the hydroformylation
of 1-octene using an immobilized rhodium catalyst. The catalyst is covalently
fixed to silica through the modifying ligand N-(3-trimethoxysilyl-n-propyl)-4,5-
bis(diphenylphosphino)phenoxazine (Figure 8.13). Selectivity was found to be

CHO
H./CO CHO
Z>Co,R ~"SCo,R + )\CogR
catalyst
Scheme 8.12
Ox
\,C§
S0
(0] (0]
_R
|_2(0C)R,h)H)k o)
c=0
O%

Figure 8.12 The unsaturated intermediate is thought to be favoured in scCO, due to a car-
bonyl-CO, donor—acceptor interaction
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Figure 8.13 N-(3-trimethoxysilyl-n-propyl)-4,5-bis(diphenylphosphino)phenoxazine

good (as expected with this ligand which performs well in homogeneous condi-
tions) although the rate of reaction was only moderate. Importantly, the catalyst
was found to be very robust, with its performance being constant over at least
30h with no rhodium leaching being found. The use of scCO, also facilitated
product purification — about 90 % of unreacted alkene could be separated from
the product by simply controlling a two-step depressurization of COs,.

8.4 CONCLUSIONS

The use of alternative solvents in hydrogenation and hydroformylation reactions
has developed at an incredible rate over the last few years. Many elegant sys-
tems have been designed which offer cleaner alternatives to those carried out
in conventional organic solvents. Apart from the attractiveness of the separa-
tion process, catalyst lifetimes can be extended which represents another major
advantage. In some cases, conventional organic solvents are completely removed
from the system.
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9 From Alkanes to CO,: Oxidation
in Alternative Reaction Media

Oxidation is the first step for producing molecules with a very wide range of
functional groups because oxygenated compounds are precursors to many other
products. For example, alcohols may be converted to ethers, esters, alkenes,
and, via nucleophilic substitution, to halogenated or amine products. Ketones
and aldehydes may be used in condensation reactions to form new C-C double
bonds, epoxides may be ring opened to form diols and polymers, and, finally,
carboxylic acids are routinely converted to esters, amides, acid chlorides and
acid anhydrides. Oxidation reactions are some of the largest scale industrial pro-
cesses in synthetic chemistry, and the production of alcohols, ketones, aldehydes,
epoxides and carboxylic acids is performed on a mammoth scale. For example,
world production of ethylene oxide is estimated at 58 million tonnes, 2 million
tonnes of adipic acid are made, mainly as a precursor in the synthesis of nylons,
and 8 million tonnes of terephthalic acid are produced each year, mainly for the
production of poly(ethylene terephthalate) [1].

Scheme 9.1 shows a generalized sequence of reactions for the oxidation of
an alkane, via alcohol, ketone and carboxylic acid, to the completely oxidized
products, water and carbon dioxide. The latter are often referred to as combustion
products as they are the same as those formed by burning hydrocarbons. These
are not normally desirable chemical products unless it is necessary to destroy
a toxic, hazardous or otherwise unwanted waste material. Oxidation itself is
not difficult to achieve, and is a highly exothermic or even explosive process.
Selective oxidation, however, is a much greater challenge, as it is important to
stop the sequence at the desired product without proceeding further down the
oxidation pathway.

Many laboratory and even some industrial scale oxidations were historically
conducted using stoichiometric, toxic, metal-based oxidants such as KMnOy,
K,Cr,07 and OsOy4 [2]. However, the use of small-molecule sources of oxygen
is preferable from both economic and environmental viewpoints. These oxidants
include O,, H,O, and NaOCl, with an additional metal catalyst if required.

As a general rule, oxidation reactions produce products of greater polarity
than the substrates, as shown in Table 9.1 [3]. These changes in polarity make
oxidation reactions very suitable candidates for biphasic reactions. For example,
if an alkene is oxidized to a more polar product (e.g. an epoxide or diol) in a

Chemistry in Alternative Reaction Media D. Adams, P. Dyson and S. Tavener
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Table 9.1 EIT\] and Kamlet—Taft 7w * polarity
parameters for n-hexane and oxidized
derivatives
Compound EX T*
n-Hexane 0.09 —0.04
n-Hexanol 0.50 0.40
2-Hexanone 0.27 0.65
n-Hexanoic acid 0.76 0.52

fluorous biphase, the product should be less soluble in the fluorous phase than the
substrate, and this should lead to improved separation. In addition, oxygen has
a remarkably high solubility in perfluorinated solvents (see Table 9.2), probably
because neither the gas nor the solvent has strong intermolecular attractions.
For these reasons, the fluorous biphase is an ideal medium in which to conduct
oxidation reactions using elemental oxygen.

Ionic liquids based on imidazolium cations and either [BF4]~ or [PF¢]™ anions
have been used to immobilize transition metal based oxidation catalysts developed
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Table 9.2 Solubility of oxygen in perfluorinated

solvents®
Solubility of O,

Solvent (m1/100 ml solvent)
n-Perfluorooctane, CgFig 52.1
Perfluorotributylamine, (C4F9)3;N 38.4
Perfluorooctyl bromide, CgF;7Br 52.7
FC-75% 52.2
Perfluorodecalin 40.3

“ See Chapter 3 for more information about these solvents.
b Mainly perfluorobutyltetrahydrofuran.

for use in organic solvents. In general, these ionic liquids are stable to the reaction
conditions, which include the use of oxidants such as O,, H,O, and NaOCI.
However, [PFg]~ is known to break down under extreme conditions, forming
HF, and care must be taken to ensure that the solvent is not degraded. Many
oxidations have also been successfully performed in supercritical and aqueous
systems. The rest of this chapter describes the oxidation reactions outlined in
Scheme 9.1 conducted in alternative reaction media.

9.1 OXIDATION OF ALKANES

Oxidation of unfunctionalized alkanes is notoriously difficult to perform selec-
tively, because breaking of a C-H bond is required. Although oxidation is
thermodynamically favourable, there are limited kinetic pathways for reaction
to occur. For most alkanes, the hydrogens are not labile, and, as the carbon
atom cannot expand its valence electron shell beyond eight electrons, there is no
mechanism for electrophilic or nucleophilic substitution short of using extreme
(superacid or superbase) conditions. Alkane oxidations are therefore normally
radical processes, and thus difficult to control in terms of selectivity. Nonetheless,
some oxidations of alkanes have been performed under supercritical conditions,
although it is probable that these actually proceed via radical mechanisms.

The oxidation of propane has been reported using a silica-supported CozOy4
catalyst (containing 2.4 % metal by weight) in scCO, (Scheme 9.2) [4]. Cobalt
salts are effective catalysts for radical oxidations because the Co(Il) and Co(III)
oxidation states are similar in energy, which leads to a higher rate of radical
initiation [5]. The reaction was performed as a mixture of substrate, air and
CO; in the proportions 1 : 2.5 : 112, respectively. This gave rise to a range
of oxygenated products (in total 59 % of the converted alkane) as well as some
propene (21 %). The remaining 20 % probably represents substrate which has
been destructively oxidized to H,O and CO,. Reducing the CO, density was
found to improve the selectivity for the oxygenated products.
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Partial oxidation of n-hexadecane has been achieved under the more extreme
conditions of scH,O, but this gave a complex mixture of small (Cl1 to C4)
hydrocarbons, as well as CO,, CO and H, [6].

The conversion of tetralin to «-tetralone may be achieved under aqueous
biphasic conditions in the presence of O, using NiCl, as a catalyst, as shown
in Scheme 9.3 [7]. It is necessary to use tetracthylene pentamine (TEPA) as a
surface-active ligand, as well as an emulsifier, dodecyl sodium sulfate. Some alco-
hol and naphthol by-products were also observed, and a radical chain mechanism
has been proposed for this reaction.

9.2 OXIDATION OF ALKENES

The asymmetric epoxidation of unfunctionalized alkenes has been carried out in a
fluorous biphase using a range of chiral perfluoroalkylated salen-type manganese
complexes, including the one shown in Scheme 9.4 [8]. These catalysts were
formed via reaction of preformed salen ligands with Mn(OAc),. Although many
alkenes were examined, only indene gave the corresponding epoxide with high
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enantioselectivities, and a sacrificial aldehyde was also required. Epoxidations
in fluorous biphasic systems can also be catalysed by fluorinated tetraarylpor-
phyrin—cobalt complexes under similar conditions [9].

Stereoselective alkene epoxidations have been performed using the ionic liquid
[bmim][PF¢] in a biphase with dichloromethane, using a Mn-salen catalyst [10],
as shown in Scheme 9.5. This gave yields in excess of 70 % and enantiomeric
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excesses of up to 97 %, and the active phase could be recycled five times without
loss of activity. The same salen ligand may be used with chromium to catalyse
the ring opening of epoxides in [bmim][PF¢] and other ionic liquids [11]. Chiral
ammonium salt phase transfer catalysts give impressive results when used for
stereoselective epoxidations with NaOCI as the oxidant [12].

Selenium-catalysed epoxidations have been carried out using a perfluo-
roalkylated phenylselenide together with hydrogen peroxide, as shown in
Scheme 9.6 [13]. The catalyst could be recycled 10 times with no loss of activity,
with the toxic selenide immobilized in the perfluorinated solvent.

Hydrogen peroxide is a useful oxidizing agent, and, as it produces only water
and O, as by-products, it has certain environmental advantages. The anthra-
quinone process, in which an alkyl anthraquinone is first hydrogenated and then
oxidized, is used to supply almost all of the global demand for H,O, [14]. The
anthraquinone process may be successfully performed in scCO, if the anthra-
quinone catalyst is made compatible with the fluid phase by functionalization
with perfluorinated chains [15]. Moreover, the H,O, produced in this way may
be utilized in the same reactor (i.e. a one-pot process), for the epoxidation
of alkenes (Scheme 9.7). Hydrogen peroxide has also been used for epoxida-
tion reactions in scCO, without the need for any added metal catalyst [16].
In these reactions, peroxycarbonic acid (HOCOOOH) is thought to be formed
via reaction of CO, with H,O,, and then acts as an activated oxidizing agent.
Hydrogen peroxide may also be used for the epoxidation of electrophilic alkenes
such as 2-cyclohexen-1-one, in the ionic liquids [bmim][BF4] and [bmim][PF¢].
Quantitative conversion occurs without the need for a transition metal cata-
lyst [17].

Alkenes may be converted directly to ketones in a fluorous biphase via the
Wacker oxidation [18]. The solvent system of benzene and CgF;Br is homo-
geneous at the reaction temperature of 56 °C, but separates into two phases on
cooling to allow recycling of the fluorous phase. A palladium catalyst with a per-
fluorinated ligand is used, and 7-butylhydroperoxide acts as the oxidant. A wide
range of substituted styrenes and aliphatic alkenes react under these conditions,
as shown in Scheme 9.8. The fluorous phase, including the catalyst, could be
recycled with very little loss in activity. The yield fell from 78 % on the first run
to 72 % on the eighth cycle.
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Wacker oxidation of styrene has also been performed in [bmim][BF,] and
[bmim][PF¢], at 60 °C with H,O, and PdCl, as a catalyst [19]. This system gave
yields of acetophenone as high as 92 % after 3 h. Hydrogen peroxide may also be
used under phase transfer conditions for alkene bond cleavage, to produce adipic
acid (an intermediate in the synthesis of nylon-6) from cyclohexene (Scheme 9.9).
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9.3 OXIDATION OF ALCOHOLS

The oxidation of primary and secondary alcohols to the corresponding aldehydes
and ketones without over-oxidation to carboxylic acids is an important process
in organic synthesis due to their versatility as functional groups. An organic
nitrogen oxide, 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO) has been found
to be an extremely effective catalyst for selective oxidations and, in conventional
solvents, it is used in combination with stoichiometric amounts of appropriate
oxidants [20]. In the ionic liquid [bmim][PF4], a TEMPO-CuCl catalyst has been
used to oxidize primary and secondary alcohols to aldehydes and ketones with
O, as the oxidant, as shown in Scheme 9.10 [21]. Benzylic and allylic alcohols
are oxidized with excellent conversion, although aliphatic alcohols are not very
reactive under these conditions. The selectivity is good, with no detectable quan-
tities of the acid produced. The reaction media can be reused a number of times
with only a slight decrease in activity, with the yield decreasing from 72 % on
the first run to 60 % on the eighth run for the oxidation of benzyl alcohol to
benzaldehyde.

A similar reaction has been conducted under fluorous biphasic conditions,
using a perfluoroalkylated bipyridine as ligand to ensure that the copper species
resides in the fluorous phase [22]. The oxidation of a range of primary alco-
hols to the corresponding aldehydes was found to be possible, an example of
which is shown in Scheme 9.11. The catalyst could be successfully recycled
by phase separation, with analytically pure products being isolated even after
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H H
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Scheme 9.10
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eight cycles. Alcohols have also been oxidized to aldehydes and ketones in
[bmim][(CF3S0,),;N] by using [PrysN][RuO4] and CuCl catalysts and air as the
source of oxygen [23].

A fluorous analogue of DMSO has been used to perform Swern reactions [24].
This widely used method of oxidizing an alcohol to an aldehyde falls down
seriously from the environmental point of view due to its production of a sto-
ichiometric amount of dimethyl sulfide. Here, a fluorous sulfoxide is prepared
and used in the oxidation of several alcohols in dichloromethane, as shown in
Scheme 9.12. After reaction, the sulfide is extracted into perfluorohexane and
the system recycled. Unfortunately, extraction from dichloromethane was found
to be difficult, but replacing the dichloromethane with toluene leads to a more
efficient recovery.

The enzyme cholesterol oxidase is an effective oxidation catalyst when used in
a micellular system involving scCO, and water [25]. The use of a perfluoropoly-
ether-based surfactant causes the formation of reverse-micelles in which the
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enzyme is active. Reaction rates observed for the oxidation of cholesterol to
cholestenone, as shown in Scheme 9.13, were twice as fast as those measured
for a comparable system using a liquid isooctane and water solvents. Enzymes are
also active in ionic liquids, and lipase CalB will oxidize cyclohexene to cyclo-
hexene oxide in [bmim][BF,] at room temperature in the presence of H,O, [26].
A yield of 83 % was obtained after 24 h.

9.4 OXIDATION OF ALDEHYDES AND KETONES

Aldehydes may be converted to carboxylic acids using Ni(acac), immobilized
in [bmim][PFg], with oxygen as the oxidant, as shown in Scheme 9.14 [27]. A
similar reaction has also been performed using perfluorinated solvents, and it was
found that there was little difference between the two systems [28]. However, the
Ni(acac), catalyst could not be used directly in the fluorous solvent and therefore
the 1,3-diketonate was modified with long perfluorinated chains prior to use to
ensure solubility.

Ni(acac), (3 mol %), 57 %
O, (1 atm), 12h

0 [bmim][PF¢], 60°C o]
H o OH

Ni(F-acac). (3 mol %),
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Scheme 9.14
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In both the Ni(acac),—[bmim][PFs] and fluorous biphasic systems, catalyst
leaching is very low and several further batch oxidation reactions may be carried
out with similar results to those obtained in the first run. In the fluorous biphasic
system, the yield of 4-chlorobenzoic acid dropped from 87 % to 70 % by the sixth
reaction cycle; using [bmim][PFg] as a solvent, the yield was essentially the same
after four uses, and no catalyst was found to leach into the organic phase.

Oxidation reactions are not limited to those that occur at a carbon centre. The
perfluorinated Ni(F-acac),—benzene—CgF7Br system described above was also
active for the oxidation of sulfides to sulfoxides and sulfones [28]. A sacrificial
aldehyde is required as co-reductant, but the reaction may be tuned by chang-
ing the quantity of this aldehyde. If 1.6 equivalents of aldehyde are used, the
sulfoxide is obtained, whereas higher quantities (5 equivalents) lead to sulfones.
Fluorous-soluble transition metal porphyrin complexes also catalyse the oxidation
of sulfides in the presence of oxygen and 2,2-dimethylpropanal [29].

9.5 DESTRUCTIVE OXIDATION

Supercritical water is an excellent medium for the destruction of unwanted
organic compounds [30]. Oxidation in scH,O takes place at much lower temper-
atures than incineration in air, the most common method currently used. Unlike
water at lower temperatures and pressures, organic compounds are often solu-
ble in scH,O. Conversely, inorganic compounds become almost insoluble. The
concentrations of H* and OH™ are much higher than in liquid water, and in the
presence of O, highly reactive hydroxyl radicals are formed [30, 31]. Combined
with the high solubilities of gases and high diffusivities obtainable (common for
all SCFs, see Chapter 6), these factors make it is possible to achieve very high
rates of oxidation for many organic compounds. Oxidation in scH,O may initially
result in the formation of smaller compounds, which are then further oxidized
to form carbon dioxide and water. For example, Scheme 9.15 shows some of
the steps in the sequential oxidation of phenol in scH,O [32]. Elements such
as chlorine and sulfur are normally converted to stable inorganic anions (i.e.
Cl~ and SO47), which makes this an attractive way to dispose of hazardous
waste materials. Examples of destructive oxidation in scH,O include chlori-
nated aromatics [33], waste chemicals from naval applications consisting mainly
of kerosene and chlorinated solvents [34], aqueous effluent from poly(ethylene
terephthalate) production [35], and even pet food, as a model for household
waste [36].

Chlorinated organic compounds may be destroyed, but these produce acidic
HCl1 which may corrode the reactor. Addition of Na,CO; to these reactions
not only reduces the corrosiveness of the mixture, but also enhances the rate
of oxidation [37]. This is possibly because the Na,CO3 precipitates out from the
SCF as a fine suspension, providing a large surface on which reaction may occur.

Supercritical water systems are capable of destroying any organic compound,
even those with low biodegradability, which could be a useful way of disposing
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Scheme 9.15

of waste plastics, or even recycling them back to monomers or other useful
small-chain hydrocarbons [38]. This has been applied to a range of polymers
including polystyrene, poly(vinyl chloride) and polypropylene [39]. Under super-
critical conditions, the polymers swell and may partially dissolve, leading to
pseudo-homogeneous conditions. By controlling the amount of oxygen present,
the polymer may either be decomposed by chain scission, giving methane, ethene,
propene, iso-butene, propane, butane, benzene, toluene, ethylbenzene and styrene,
or else total oxidation may occur at higher oxygen concentrations. Rubber tyres
have also been converted to a fuel oil in 44 % yield by reaction in scH,O at
400°C, in a process that also removes sulfur from the product [40].

9.6 CONCLUSIONS

A wide range of oxidation reactions may be performed in alternative media.
Small-molecule sources of oxygen, including O, and H,O, may be utilized, and,
where a metal catalyst is required, this may often be recycled using a biphasic
approach. Both of these factors are desirable from an efficiency point of view, as
the quantity of waste products is minimized. Fluorous solvents are particularly
well suited to oxidation reactions using molecular O, because of its high solubility
in these solvents, although ionic liquids and SCFs have also produced impressive
results. Biphasic systems involving water as one of the phases (i.e. aqueous
biphasic, phase transfer, and scCO,—aqueous) are effective when aqueous H,O,
is required as the oxidant, and scH,O is useful for the destructive oxidation of
unwanted or hazardous waste chemicals.
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10 Carbon—Carbon Bond Formation,
Metathesis and Polymerization

In Chapters 8 and 9, various catalysed reactions involving gas substrates (hydro-
genation, hydroformylation and oxidation) that have been evaluated in alternative
solvent media were described. In this chapter, we move onto reactions in which
gaseous substrates are not usually used, these being C—C and C=C bond forming
reactions, olefin (alkene) metathesis reactions and polymerizations. The forma-
tion of new single and double carbon—carbon bonds is extremely important in
the synthesis of many valuable chemical products. Olefin metathesis represents
a relatively new way in which to make highly valuable products which could
only otherwise be made by much more complicated routes. The last type of
reactions discussed in this chapter are polymerizations, and polymer products
have a huge range of applications from inexpensive plastic bags to polymers
that are able to conduct electricity. This chapter concentrates on areas where
alternative solvent technologies can make positive contributions in terms of reac-
tivity, product purity or processing, but also highlights potential problems and
limitations.

10.1 CARBON-CARBON COUPLING REACTIONS

One of the most important objectives in organic synthesis, especially important
in the synthesis of fine chemical products such as pharmaceuticals, is the facile
synthesis of new C—C bonds. While C—C bond formation is relatively easy for
certain substrates, it remains a major problem when retention of a double bond
is required or an aromatic carbon atom is involved. Many different types for
C—C bond forming reactions are known, notable examples being Heck, Suzuki,
Stille and Sonogashira Negishi coupling reactions, which share a common fea-
ture that the catalyst used is based on palladium. While these reactions were
originally developed in conventional organic solvents, many have been evaluated
in alternative solvents and some examples are discussed below.

Chemistry in Alternative Reaction Media D. Adams, P. Dyson and S. Tavener
© 2004 John Wiley & Sons, Ltd ISBNs: 0-471-49848-3 (Cloth); 0-471-49849-1 (Paper)
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10.1.1 Heck Coupling Reactions

A schematic of the Heck reaction is shown in Scheme 10.1, although it is worth
noting that many variations on the Heck reaction, such as intramolecular and
tandem Heck reactions, are known.

Although the Heck reaction is synthetically very useful, it requires quite high
molar quantities of palladium catalyst to be effective. As such, one of the main
goals is to find a solvent that helps to increase the lifetime of the catalyst and
consequently reduce the amount of catalyst required. In this respect, ionic lig-
uids show considerable promise. Another key goal in this area is to be able
to replace iodo- and bromoarenes, usually used as substrates in these reactions,
with chloroarenes, which are more environmentally acceptable. Again, ionic lig-
uids show some promise in this respect. Scheme 10.2 shows the Heck reaction
between styrene and chlorobenzene that has been investigated in a number of
ionic liquids.

In fact, a large number of different catalysts, co-catalysts, bases and ionic
liquids have been investigated for this reaction [1]. The most effective system
takes place in [NBuy]Br and uses the palladium(0) compound Pd;(dba); (dba =
dibenzylideneacetone) with P(*Bu);, and Na(OAc) base. The three dba ligands
weakly coordinate to the two palladium(0) centres and are displaced under the
reaction conditions by the bulky phosphine thereby generating the active catalyst.
This combination gave a yield of 92 % in 18 h at 150 °C. The analogous reaction
was examined in DMF, previously shown to be an excellent solvent for Heck
reactions, and a yield of only 72 % was obtained. The use of Pd;(dba); without
a phosphine ligand results in very low yields, and phosphine ligands less bulky
than P('Bu); also reduce the yield.

When Heck reactions and other C—C coupling reactions are carried out in
imidazolium-based ionic liquids, the base can react with the acidic proton on the

H H 0 H H
Pd" catalyst
RX + = ———» = +HX
base
H H R H
X =Cl,Brorl

Scheme 10.1

Cl O
x -
+ Heck conditions XX + HCl
ionic liquid

Scheme 10.2
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2-position of the imidazolium cation to form carbenes [2]. It has even been pos-
sible to isolate the carbene complex cis-Pt(n-C,Hy)(1-ethyl-3methylimidazol-2-
ylidene)Cl, in moderate yield from the reaction of PtCl, and PtCl, with ethylene
in [emim]-AlCl; ionic liquid (see Figure 10.1) [3].

The problem with carbene formation is that they can displace the phosphine
ligands attached to the catalyst and deactivate the catalyst. In general, the active
catalyst is a palladium(0) compound and this low oxidation state is best stabilized
by very bulky phosphines such as P("Bu); mentioned above.

Palladium-catalysed Heck reactions have been carried out in a mixture of
acetonitrile and D-100 as shown in Scheme 10.3. Using a fluorinated phosphine
allowed simple recycling of the catalyst by decantation [4].

A fluorous version of the chiral bis-phosphine BINAP has been developed
for asymmetric Heck reactions [5]. Several fluorous-derivatized binaphthols and
BINAP derivatives have been reported, (Scheme 10.4) [6]. The silane spacer
group present in one of the ligands was used to maximize the percentage flu-
orine on the molecule. Even so, the partition coefficient! between FC-72 (see
Chapter 3) and benzene was only 2.85, and not surprisingly, the reuse of the
catalyst was poor.

Fluorous-derivatized phosphines have also been used for Heck reactions in
scCO, together with palladium acetate [7]. The fluorous groups improve the
solubility of the catalyst in the SCF compared to nonfluorous ligands. An example
of a Heck reaction that uses a fluorous-derivatized phosphine to improve the
solubility of a Pd(OAc), catalyst is shown in Scheme 10.5.

The reaction between iodobenzene and methyl acrylate in scCO; using the
Pd(OAc),/fluorous-derivatized phosphine catalyst gave a superior yield of methyl
cinnamate compared to the same reaction in a conventional organic solvent. The

/s
/N G
G 2o
/Pd\
) Cl Cl

Figure 10.1 Structure of the carbene complex cis-Pt(n-C,H4)(1-ethyl-3-methylimidazol-2-
ylidene)Cl,

P(p-CeH4CoF
O om ez (1
a)s,
& -8 Z>co,Me

CH3CN/D-100
80°C

Scheme 10.3

! See Chapter 2 for definition of partition coefficients.
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work-up procedure for the reaction was significantly easier than that required
under conventional reaction conditions.

Although the use of fluorous-derivatized ligands is very effective in solubi-
lizing the catalyst in scCO,, there would be advantages in using commercially
available ligands in their place, as the derivatization step would be eliminated.
Use of commercially available phosphines can be achieved by careful choice of
the initial palladium source. A series of palladium compounds has been inves-
tigated, including several fluorinated species [8]. Palladium trifluoroacetate and
palladium hexafluoracetylacetanoate were found to be very active catalysts when
combined with commercially available phosphines, even allowing lower catalyst
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loadings to be used. With a moderate increase in catalyst loading, the reaction
even proceeded in the absence of ligands.

10.1.2 Suzuki Coupling Reactions

As mentioned above, there are many different types of palladium catalysed reac-
tions that lead to the formation of new carbon—carbon bonds. Stille reactions, for
example, are very effective, but involve coupling between aryl halides and organ-
otin reagents. There are some concerns surrounding the use of tin compounds
and the detrimental effect they can have on the environment. Fortunately, good
recycling and reuse of the tin can be achieved. The Suzuki reaction is perceived
to be a more benign reaction as it involves the coupling between an aryl halide
and an aryl boronic acid (or sometimes non-aryl boronic acids or boronates). A
schematic of the Suzuki reaction is shown in Scheme 10.6.

A number of Suzuki reactions (see Scheme 10.9) have been conducted in ionic
liquids using Pd(PPhs), as the catalyst at 30 °C [10]. Although the catalyst is neu-
tral, the ionic liquid—catalyst solution can be used repeatedly without a decrease
in activity. In fact, the catalyst shows a significant increase in activity compared
to when it is used in conventional organic solvents. Another attractive feature of
the system is that NaHCO; and Na[XB(OH),] (X = halide) by-products can be
removed from the ionic liquid—catalyst phase by washing with water.

Palladium nanoparticles coated with a fluorous-derivatized surfactant (or stabi-
lizer) have been used to catalyse Heck and Suzuki reactions in a CgF7Br—benzene
biphase [11]. The reaction between phenylboronic acid and cinnamyl bromide
was investigated and the reaction is illustrated in Scheme 10.10.

The palladium nanoparticle is prepared from the reaction of the stabilizer, 4, 4'-
bis(perfluorooctyl)dibenzylideneacetone with palladium(II) chloride. The average
size of the nanoparticle varied according the ratio of PdCl, to the stabilizer, but
was typically around 4 or 5 nm. The initial yield observed in the Suzuki coupling
reaction was 90 %, but decreased to 78 % after five consecutive runs. Fluorous
boronates (alternative precursors in Suzuki reactions), have also been developed
for use in fluorous biphasic processes [12]. A generic structure of a fluorous
boronate is shown in Figure 10.2.

The fluorous boronate is highly soluble in fluorous solvents, but when the
nonfluorous R-group combines with another nonfluorous R-group the resulting
product becomes preferentially soluble in the organic phase into which it is
automatically extracted.
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Friedel-Crafts Reactions i-Ionic Liquids

The presence of Lewis acidic species in chloroaluminate ionic liquids has also
been used to bring about various acid catalysed transformations that do not
require additional catalysts. For example, acidic ionic liquids are ideally suited
to Friedel—Crafts acylation reactions. In a traditional Friedel—Crafts acylation
an acylium ion is generated by reaction between acyl chloride and AICl; or
FeCl; as shown in Scheme 10.7.

Acidic chloroaluminate ionic liquids are able to generate acylium ions
and are therefore ideally suited to Friedel-Crafts reactions. Acylation of
mono-substituted aromatic compounds in acidic chloroaluminate ionic liquids
leads almost exclusively to substitution at the 4-position on the ring [9]
(Scheme 10.8).

(0] (0] (>5+ 85—
Mci + Acy M-ci--Aicl
R R
+ +
[R—CZO R—C=O0| AICl,~
(acylium ions)
Scheme 10.7
X X
MeCOCI + HCI
[emim]CI-AICI5
(o]
Scheme 10.8

10.1.3 Reactions Involving the Formation of C=C Double Bonds

The fluorous biphasic technique has also been applied to the Wittig reaction, one
of the most effective methodologies for the production of C=C double bonds [13]
(Scheme 10.11). One of the major drawbacks of this reaction is the separation
of the alkene from the phosphine oxide by-product. This is commonly achieved
via recrystallization or column chromatography, but recently it has been shown
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Figure 10.2 General structure of fluorous boronates used in fluorous biphase Suzuki reactions

that fluorinated phosphine oxides could be recycled quite effectively using a
fluorous biphasic system. A number of Wittig reactions were carried out in a
D-100-toluene biphase. At the end of the reaction, the product was isolated pure
of any phosphine oxide residues by phase separation.

Since the Wittig reaction involves ionic intermediates it is ideally suited to
the ionic liquid environment. Wittig reactions using stabilized ylides have been



202 Metathesis Reactions

CO,Et
o 2

|
P(p-CeH4OCH,CgF 13)3
+ BrCHQCOZEt
02N O2N

Scheme 10.11

80%

conducted in [bmim][BF,] giving conversions of typically 80-90 % [14]. After
reaction the product can be separated from the ionic liquid and Ph3PO by-product
by extraction with diethyl ether followed by filtration through silica. The Ph;PO
is then extracted into toluene leaving clean ionic liquid for further reaction.

10.2 METATHESIS REACTIONS

Olefin (alkene) metathesis is an important reaction in which all the carbon—carbon
double bonds in an alkene are cut and then rearranged in a statistical fashion as
shown in Scheme 10.12.

The mechanism involves a [2 + 2] cycloaddition reaction between an alkene
and a transition metal carbene (Scheme 10.13). In the absence of a transition
metal carbene catalyst, the reaction between two alkenes is symmetry forbidden
and only takes place photochemically. However, the d-orbitals on the metal cata-
lyst (typically Grubbs’s catalyst as shown in Scheme 10.13), break the symmetry
and the reaction is facile.

10.2.1 Ring Opening Metathesis Polymerization

Ring opening metathesis polymerization (ROMP) is derived from the olefin
metathesis reaction. It uses strained cyclic alkenes that react to form stereoregular
polymers and copolymers. ROMP is often referred to as a living polymerization
method as the polymer assembles in a controlled and stoichiometric way allowing
a high level of control over the molecular weight. The polydispersities obtained
in ROMP are typically in the range 1.03 to 1.10, which is so narrow the polymers

Ry Rz R1 R1 Rz Ro
\ / catalyst \ / \
C=—C e C=—C + C=—C
/ \
Ri Rz Ry R4 Rz Rz

Scheme 10.12
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are said to be monodisperse. The ROMP mechanism is related to that of olefin
metathesis, but with two notable differences:

1 The catalyst remains bonded to the new alkene formed from the cyclic alkene.
2 The driving force for the reaction is relief of the ring strain and the reaction
is therefore irreversible and only works for strained alkenes.

The modified ROMP mechanism is summarized in Scheme 10.14.

ROMP reactions have been extensively carried out in water, and the first
examples in liquid and scCO, [15] and ionic liquids [16] have been demonstrated.
ROMP of norbornene and cyclooctene in scCO, exhibit a similar efficiency to that
of chlorinated organic solvents. However, the carbon dioxide based system allows
simple and highly convenient work-up of the polymer products. In [bdmim][PFg]
(bdmim = 1-butyl-2,3-dimethylimidazolium cation), norbornene has been poly-
merized using a cationic catalyst as shown in Scheme 10.15.

The best results, in terms of catalyst recycling, were obtained when toluene was
used as a co-solvent with the ionic liquid. Without toluene, the yield of polymer
produced decreases dramatically to only 10% in the third cycle compared to
98 % in the first.

Scheme 10.14
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10.2.2 Ring Closing Metathesis

Ring closing metathesis (RCM) is the reverse of ROMP. The reaction will only
work if the ring being formed is largely unstrained. RCM has become a power-
ful method for the synthesis of heterocycles with ring sizes of five and above.
RCM is often most effective under high dilution conditions which can necessitate
the use of large volumes of solvent, and therefore finding cleaner alternatives to
volatile organic solvents is important. RCM reactions have been carried out in
water, ionic liquids, and scCO; (using scCO, under essentially the same condi-
tions employed for ROMP). In RCM the driving force of the reaction is often the
liberation of a volatile by-product, and therefore attempting the reaction under
supercritical pressures would seem counter-intuitive. However, in the RCM reac-
tion shown in Scheme 10.16, which liberates ethene, the reaction proceeds in
almost quantitative yield under mild conditions.

Ts |
| N

N solvent CoH
/\/ \/\ catalyst " 2

catalyst = PCy,
/ In scCO,, R = CHCPh,, yield = 93%
CIQRu=C\ In [bmim][PF6], R = Ph, yield = 100%
c |
R
PCys

Scheme 10.16
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The same reaction has been achieved in 100 % yield in the ionic liquid
[bmim][PF¢] after just 1 h. However, some ruthenium residues are detected in
very low amounts in the product.

Thus far, considerably more research has been directed towards RCM in
water. The majority of metathesis catalysts decompose rapidly in the presence of
water or oxygen, however, Grubbs’s ruthenium based catalysts are quite robust.
Replacement of the tricyclohexylphosphine ligands with water soluble phosphines
has allowed their deployment in aqueous—organic biphasic processes although
conversions are often not as good as those obtained in other solvents [18].

10.3 POLYMERIZATION REACTIONS IN ALTERNATIVE
REACTION MEDIA

Single and double carbon—carbon bond forming reactions, and metathesis
(ROMP) reactions, can be used to produce polymers. However, many other

A Biphasic RCM/Heck Process

A fluorous biphasic system has been successfully used to carry out a bimetallic
cascade ring closing metathesis and intramolecular Heck reaction [17]. Phos-
phines strongly retard RCM reactions. So, for a cascade reaction to be success-
ful, the palladium catalyst with modifying phosphine ligands for the Heck reac-
tion must be kept away from the other reagents until the ring closing is com-
plete. Although this can be achieved using a polystyrene bound triphenylphos-
phine, a fluorous biphasic system can also be used. Here, the ring closing
reaction occurs at room temperature in the organic solvent, with the palladium
catalyst immobilized in the perfluorinated solvent using a perfluoroalkyl-
derivatized triphenylphosphine. After the ring closing is complete, the system
is heated and becomes monophasic, allowing the intramolecular Heck reaction
to occur (Scheme 10.17).

1 )

ring closing X
metathesis Heck
o [Ru] Pd( OAc)2 N
(0]
CGF13
3

Scheme 10.17
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types of reactions also lead to the formation of polymers, and since they are
such important products, their preparation in alternative solvents using a wide
range of different reactions will be described in this section.

10.3.1 Polymerization Reactions in Water

Water offers a number of important properties as a solvent for polymerization
reactions. As well as its high polarity, which gives a markedly different mis-
cibility with many monomers and polymers compared to organic solvents, it is
nonflammable, nontoxic and cheap. Water also has a very high heat capacity that
sustains heat exchanges in a number of very exothermic polymerizations. Largely
because of these factors, polymerizations are now widely carried out in aqueous
media, and, for example, more than 50 % of industrial radical polymerizations
are carried out in water [19].

Free-radical initiated emulsion polymerization is carried out on a multimillion
ton scale [20]. A typical polymerization mixture consists of water, a water-soluble
initiator, a water-immiscible monomer and a suitable surfactant (or stabilizer).
The stabilizer is present to stop the polymer particles coagulating and precipi-
tating. This can be achieved electrostatically (with an ionic surfactant adsorbed
onto a particle surface) or sterically (by covalently binding a water-soluble poly-
mer to the particle surface). The initiator (e.g. K;S,0g) forms a water-soluble
radical (e.g. SO; "), which grows by addition of monomers. This water-soluble
oligomeric radical continues to grow until it reaches a critical chain length where
it becomes insoluble and collapses on itself. Once insoluble, it is stabilized by the
surfactant and further polymerization occurs within the primary particle with fur-
ther monomer diffusing into this particle. This emulsion polymerization results in
a stable dispersion of polymer particles in water (otherwise known as a latex), and
by altering the conditions, polymer spheres of different sizes may be produced
(Figures 10.3 and 10.4).

In contrast to the free-radical polymerizations, there have been relatively few
studies on transition metal catalysed polymerization reactions in water. This is
largely due to the fact that the early transition metal catalysts used commercially
for the polymerization of olefins tend to be very water-sensitive. However, with
the development of late transition metal catalysts for olefin polymerizations, water
is beginning to be exploited as a medium for this type of polymerization reaction.
For example, cationic Pd(II)-bisphosphine complexes have been found to be
active catalysts for olefin—CO copolymerization [21]. Solubility of the catalyst
in water is achieved by using a sulfonated phosphine ligand (Figure 10.5) as
described in Chapter 5.

Many other metal-catalysed polymerizations may be carried out in water
including the copper-catalysed polymerization of methacrylates, the palladium-
and nickel-catalysed polymerization of ethene and other alkenes and the rhodium-
catalysed polymerization of butadiene [22].
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Figure 10.3 A water-insoluble monomer is stabilized by a surfactant and polymerized to give
a polymer latex

P

3 .
i -

I
,'9" # e Now 8

Figure 10.4 (Plate 8) Polystyrene spheres prepared by emulsion polymerization methods.
Because they may be packed together to form columns or beds, these spheres find applications
in separations, ion exchange, and as supports for catalysts. (Photographs by John Olive)
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Figure 10.5 A diphosphine ligand used to render a polymerization catalyst water-soluble

10.3.1.1 Polymerizations under phase transfer conditions

Phase-transfer techniques are widely used for the preparation of polymers. For
example, potassium fluoride is used to produce poly(etherketone)s under phase-
transfer conditions (Scheme 10.18). Use of this reagent allows the chloroaro-
matics to be used as starting material as opposed to the more expensive flu-
oroaromatics that are usually employed [23]. This method is suitable for the
synthesis of high molecular weight semicrystalline poly(ether ketone)s, although
the presence of excess potassium fluoride in the reaction mixture can lead to
degradation reactions. The use of a phase transfer catalyst can allow the use
of water-soluble radical initiators, such as potassium peroxomonosulfate used to
promote the free-radical polymerization of acrylonitrile [24].

10.3.2 Polymerization Reactions in Supercritical Carbon Dioxide

One of the first reports of polymerization under supercritical conditions was that
of the high-pressure production of low-density polyethylene by ICI in the 1930s.
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Scheme 10.18
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This industrial process remains essentially unchanged from the 1950s [25]. Here,
a free-radical initiator is added to the ethylene monomer at supercritical condi-
tions (276 MPa and 200-300 °C). The polyethylene remains in the supercritical
solution until the pressure is lowered to around 5 MPa, whereupon it precipitates.
A range of other monomers can be copolymerized, including carbon monoxide
to give polyketones, as shown in Scheme 10.19 [26].

Supercritical fluids have also been used purely as the solvent for polymer-
ization reactions. Supercritical fluids have many advantages over other solvents
for both the synthesis and processing of materials (see Chapter 6), and there
are a number of factors that make scCO, a desirable solvent for carrying out
polymerization reactions. As well as being cheap, nontoxic and nonflammable,
separation of the solvent from the product is achieved simply by depressuriza-
tion. This eliminates the energy-intensive drying steps that are normally required
after the reaction. Carbon dioxide is also chemically relatively inert and hence
can be used for a wide variety of reactions. For example, CO, is inert towards
free radicals and this can be important in polymerization reactions since there is
then no chain transfer to the solvent. This means that solvent incorporation into
the polymer does not take place, giving a purer material.

One potential problem with using scCO; as a reaction medium for polymer-
ization reactions is the low solubility of many polymers in it. Carbon dioxide
is a good solvent for many nonpolar compounds with low molecular weights,
but is a very poor solvent for most high molecular weight polymers. The only
polymers that show good solubility in CO, under easily obtainable conditions are
certain fluoropolymers and silicones. This lack of solubility does impose certain
restrictions, but it has also been exploited in many processing applications.

10.3.2.1 Polymerization of fluorinated monomers

Amorphous fluoropolymers have many applications in the areas of advanced
materials where they are used in applications requiring thermal and chemical
resistance. Their manufacture is hindered by their low solubility in many solvents.
Many fluoropolymerizations cannot be carried out in hydrocarbon solvents
because the radical abstraction of hydrogen atoms leads to detrimental side
reactions. Chlorofluorocarbons (CFCs) were thus commonly used, but their use
is now strictly controlled due to their ozone depleting and greenhouse gas
properties. Supercritical carbon dioxide is a very attractive alternative to CFCs
and it has been shown that amorphous fluoropolymers can be synthesized by
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homogeneous solution polymerization in scCO, [27]. For example, 1H, 1H-
perfluorooctylmethyl acrylate may be polymerized in scCO, using 2,2'-
azobis(isobutyronitrile) (AIBN) as the initiator, as shown in Scheme 10.20.

Other fluorinated acrylates, methacrylates and styrenes may be polymerized or
copolymerized in carbon dioxide [28]. 1,1-Difluoroethylene can be telomerized
and the molecular weight and molecular weight distribution depend on the density
of the scCO; [29]. DuPont have recently built a US$275 million plant capable
of manufacturing 1000 tonnes of Teflon™ and other fluoropolymers per year.
The plant uses CO, technology to produce a grade of polymer that DuPont
claim has enhanced performance and processing capabilities, whilst generating
less waste during manufacture [30]. Tetrafluoroethylene polymerization may also
been carried out in CO,. Here, the potentially explosive monomer is stored safely
as a pseudo-azeotrope with CO, [31]. Copolymerizations with hexafluoropropene
have been shown to give polymers with levels of co-monomer similar to those
of commercial processes [32].

10.3.2.2 Heterogeneous polymerizations in supercritical carbon dioxide

Whilst scCO, is an extremely attractive alternative solvent for carrying out
the homogeneous polymerization of fluorinated monomers, the low solubility
of many high molecular weight polymers restricts the synthesis of such mate-
rials to heterogeneous techniques. This is not necessarily a problem, since a
lack of solubility is a requirement for such techniques as suspension, emulsion
and dispersion polymerizations, as described for water above. Many industri-
ally important vinyl monomers have been polymerized in scCO, via free-radical
precipitation techniques [33]. Free-radical precipitation polymerization of acrylic
acids have also been successfully carried out in scCO;. Very high molecular
weight polymers (M, ~ 150 x 10* gmol~') can be synthesized despite the poly-
mer precipitating from the solution [34]. Styrene [35], methyl methacrylate [36]
and other monomers [37] have also been successfully polymerized and copoly-
merized.

Transition metal catalysed precipitation polymerization utilizes the advances
in the development of suitable catalysts for homogeneous reactions in scCO;.
For example, the synthesis of poly(phenyl acetylene) may been achieved using a
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Figure 10.6 Substituted triphenylphosphine used to solubilize [Rh(nbd)(acac)] (nbd = nor-
bornadiene, acac = acetylacetonate) precursor for the synthesis of poly(phenyl acetylene) in
scCO,

rhodium catalyst in either subcritical CO;, or scCO,. Although the catalyst pre-
cursor is insoluble in carbon dioxide, solubilization was achieved as for many
organic reactions by the addition of a perfluoroalkyl-substituted triphenylphos-
phine ligand [38], shown in Figure 10.6.

Carbon dioxide can itself be used as a feedstock as well as a solvent for the
synthesis of aliphatic polycarbonates by precipitation polymerization. Propylene
oxide [39] and 1,2-cyclohexene oxide [40] can both be polymerized with CO,
using a heterogeneous zinc catalyst (Scheme 10.21).

The polycarbonate precipitates from the scCO, as it forms. Although the
weight averaged molecular masses achieved were fairly high (M,, = (25-150) x
10° gmol~"), the molecular weight distributions were broad (1.9-3.4) and the
catalyst efficiencies were low. However, by using a CO;-soluble catalyst the
catalyst efficiencies were improved [41].
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Figure 10.7 Krytox 157 FSL (M, = 2500, n ~ 14)
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Polymer Moulding Using Supercritical Fluids

Cross-linked macroporous monoliths made from polymers are attracting inter-
est as continuous porous separation media. Typically, such monoliths are
prepared by filling a mould with a cross-linking monomer, comonomer, ini-
tiator and a suitable porogenic solvent. The mixture is then polymerized,
taking up the shape of the mould. Polymers with well-defined pore struc-
tures can be produced by careful control of the nature of the solvent as well
as monomer and initiator concentrations. One disadvantage of this method-
ology is the large volume of organic solvents required in their production.
However, such monoliths can be made using scCO, as the solvent [45]. For
example, the copolymerization of two acrylic monomers has been carried out,
and after reaction, the CO, is vented, leaving a continuous porous monolith
which conformed with the shape of the reaction vessel (Figure 10.8). It is
even possible to fine-tune the pore sizes by varying the density of CO, used.

CO,

(a) (b)

Figure 10.8 The monomers are polymerized inside a high-pressure view cell (a). After
reaction, the scCO; is vented and the monolith removed from the cell (b)

10.3.2.3 Dispersion polymerization

In dispersion polymerization, homogeneous conditions exist at the start
of the reaction, but the resulting polymer is insoluble and hence phase
separation occurs, producing a heterogeneous system. Common solvents for
polymerization of lipophilic monomers such as styrene include hydrocarbons
or low molecular weight alcohols. A surfactant (or stabilizer) is required for
successful polymerization. Without the stabilizer, the particle dispersions are not
sufficiently stable and tend to coagulate. Examples include methacrylic polymers
with oligostearic grafts or a polar organic polymer such as poly(vinylpyrrolidone).
Under the correct conditions, dispersion polymerization gives rise to well-defined,
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spherical particles, typically between 0.1-10 wm in diameter. Although scCO,
has the potential to replace the large volumes of organic solvents currently
used, the major disadvantage with scCO, is that common surfactants and
stabilizers used for these methodologies are insoluble or ineffective [42], and
so expensive alternatives (typically perfluorinated surfactants) are required. For
a stabilizer to be effective in scCO,, it must contain both a CO,-phobic
and a CO,-philic moiety. Poly(1,1-dihydroperfluorooctylacrylate), shown as the
product in Scheme 10.20, has been used as such a stabilizer with considerable
success. For example, the free-radical dispersion polymerization of methyl
methacrylate in scCO, alone gives a polymer with a relatively low molecular
weight (77-149 x 10° gmol~!) with low monomer conversion (10—40 %) [43].
However, when 2—4 % w/v of poly(IH,IH-perfluorooctylmethyl acrylate) is also
included in the reaction, the phase behaviour was found to be very different, with
a stable, opaque-white colloidal dispersion formed. Both the monomer conversion
(>90 %) and the product molecular weights (190-325 x 103 gmol~') are much
improved. Importantly, upon venting the CO,, poly(methyl methacrylate) can
be recovered as a dry, free-flowing powder which consists of uniform spherical
particles with average diameters in the range 1.2—2.5 pm. One drawback of this
type of approach is that the stabilizer often ends up in the polymer. This is
because the stabilizer contains a hydrocarbon backbone from which protons may
be abstracted during free-radical polymerizations, leading to incorporation into
the growing monomer. Hence, a different type of stabilizer has also been used. A
carboxylic acid terminated perfluoropolyether, Krytox 157 FSL (Figure 10.7) has
been chosen because a H-bond interaction exists between the acid group of the
stabilizer and the ester group on the monomer (methyl methacrylate). The H-bond
anchors the stabilizer to the growing polymer particles, stabilizing the dispersion.
Since there are no C—H bonds on the stabilizer, no hydrogen abstraction occurs
and no stabilizer is incorporated into the final isolated polymer [44].

10.3.3 Polymerization in Fluorous Solvents

A fluorous biphasic system has been used to reduce the metal contamination
arising in the copper-catalysed living radical polymerization of vinyl monomers.
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Polymer Cracting i-Ionic Liquids

Acidic chloroaluminate ionic liquids are excellent media for polymer cracking
reactions. With the huge quantities of polymers that need to be disposed of
each year the ability to break them down into useful compounds for new syn-
thesis or to use as liquid fuels is extremely important. While certain polymers
such as poly(methyl methacrylate) are easily cracked into their constituent
monomers that can be reused, the majority of polymers are extremely difficult
to crack into useful organic compounds. However, merely dissolving polyethy-
lene in acidic chloroaluminate ionic liquids containing a proton source results
in the formation of a mixture of alkenes and cyclic alkenes [48]. The key
compounds produced are shown in Figure 10.10.

The precise distribution of products that is obtained during the cracking
process depends upon the temperature at which the reaction is carried out.
Temperatures as low as 90°C are effective, which is considerably lower than
those usually required, which are in the order 300—1000 °C. Another advan-
tage of the chloroaluminate-based process is that aromatic compounds are only
obtained in low concentrations compared to traditional methods that produce
aromatic compounds in much higher yield.

Volatile alkanes Low-volatile alkanes

SN e
g (L

Figure 10.10

Copper(I) bromide and pentakis- N-(heptadecafluoroundecyl)-1,4,7-triazeheptane
(1 in Figure 10.9), along with an initiator, ethyl-2-bromoisobutyrate (2
in Figure 10.9), in a perfluoromethylcyclohexane—toluene biphase efficiently
catalyse the polymerization of methyl methacrylate, with a conversion of 76 %
in 5h at 90°C. The resultant polymer has a M, = 11100 and a molar mass
distribution of 1.30. After polymerization, the reaction was cooled to ambient
temperature, the organic layer removed and found to contain a copper level
of 0.088 % (as opposed to 1.5 % if all the catalyst were to have remained in
the polymer). A further toluene solution of monomer and 2 could be added,
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with efficient polymerization again occurring showing that reuseable catalysts
for living polymerizations can be achieved using fluorous biphasic systems [46].
Suspension polymerizations have also been carried out in perfluorocarbon
solvents [47].

10.4 CONCLUSIONS

Water is already widely used as a solvent for C—C coupling, metathesis and poly-
merization reactions. Supercritical carbon dioxide is being used industrially as
an alternative to CFCs for polymerization reactions, showing that, if the applica-
tion is suitable, there is no reason why these alternative solvents should not be
used on an industrial scale. The use of scCO, may also lead to benefits in areas
other than synthetic chemistry, for example in the processing of polymers. In just
the last few years, these reactions have also been carried out using other alter-
native solvents in biphasic and multiphasic processes. The advantages offered
by alternative solvents are important steps towards achieving current goals in
C—C coupling, metathesis and polymerization reactions. For example, they can
help increase the lifetime and reuse of the precious metal compounds used to
catalyse these reactions, and lower the quantities of catalysts used. In addition
to the replacement of volatile organic solvents, more benign reagents, such as
replacing bromo- or iodoarenes with chloroarenes in Heck reactions, need to be
exploited despite their lower reactivity. Again, alternative solvents could offer the
answer. Clearly, a great deal more research needs to be carried out, but the studies
described in this chapter indicate the vast potential that alternative solvents offer.
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11 Alternative Reaction Media
in Industrial Processes

The alternatives to volatile organic solvents that have been discussed in the pre-
ceding chapters offer the advantages of improved separation of products, and the
isolation and reuse of expensive metal catalysts. Consequently, they have a great
deal to offer the chemical industry. However, virtually all of the applications of
alternative solvents in synthesis and catalysis described so far have only been
conducted on a small scale in research laboratories, although there is precedent
for the rapid development of new laboratory-scale biphasic technology into suc-
cessful commercial processes if there are significant advantages over existing
methods. The ultimate objective of all this research is to produce more efficient
ways of conducting chemical reactions, thereby reducing pollution from volatile
organic solvents, and making catalytic processes safer and more economically
viable. In this chapter, we look at some examples where multiphasic and alter-
native solvent technologies are used on an industrial scale, and consider some of
the reasons why other systems have not yet become commercial processes.

11.1 OBSTACLES AND OPPORTUNITIES FOR ALTERNATIVE
MEDIA

Any new technology must overcome certain obstacles if it is to be applied suc-
cessfully. These obstacles may be technical, financial, or may be due to lack of
knowledge, or even the fear of being the first to put new science into practice.
There is often a ‘rush to be second’” when faced with innovation, as many com-
panies are reluctant to pioneer unproven technology because of the considerable
financial risks involved [1]. Once the feasibility of the system has been demon-
strated, there is frequently a flood of new applications. If initial obstacles can be
overcome, the benefits of new solvent technology should provide many opportu-
nities to improve process efficiency and reduce costs. Some of the barriers and
benefits of using alternative solvents are shown in Figure 11.1. However, new
technology requires investment in research, process development and equipment,
and it may be many years before these costs can be recovered. It is therefore most
likely that any commercialization of these systems will only occur when there
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Figure 11.1 Benefits of use and obstacles to implementation for alternative reaction media
in the chemical industry

is a major cost saving, a new or improved product is attainable, or if legislation
prevents the use of an existing process.

As well as the financial costs of switching to alternative solvent technologies,
a major barrier is a lack of fundamental physical data available for these solvents
and their biphasic mixtures. Although more studies are reported every month, the
information is dispersed in journals and technical reports, and frequently measure-
ments are not conducted under comparable conditions which makes evaluation
of data difficult. For example, knowledge of partition coefficients is of great
importance when designing a biphasic system, but the sheer number of possible
combinations of organic, aqueous, fluorous and ionic liquid solvents makes the
acquisition of a comprehensive set of measurements a mammoth task. Chemical
engineers also need to know other parameters such as heat capacity, flash point
and viscosity if a safe process is to be designed.
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Another barrier to implementation of biphasic technology is the question of
how to choose a solvent system for a particular application. In general, a pair of
solvents should be selected so that the product will be preferentially soluble in one
phase, and the catalyst and substrate in the other. The partitioning of the catalyst
into that phase should be as great as possible to ensure its effective retention
and extended working lifetime. Secondary issues such as the phase behaviour on
heating may be considered if a homogeneous system is required for the reaction.
Broadly speaking, fluorous solvents and supercritical carbon dioxide (scCO;)
have low polarities, ionic liquids and water are polar, and organic solvents display
a broad range of polarities. An ideal biphase should thus be attainable for any
application, but the number of permutations makes the task of identifying the
perfect combination difficult.

11.2 REACTOR CONSIDERATIONS FOR ALTERNATIVE MEDIA

In order to make the most of the properties of multiphasic systems, it may be
necessary to redesign the entire process. They may not be considered as drop-in
replacements for homogeneous reactions. However, any additional plant required
at the reactor stage may be offset against the simplification of the separation. Dis-
tillation equipment is not normally needed when alternative media are employed.
Ultrasound and microwave techniques have also been proposed as useful ways of
promoting reactions between reactants in separate phases, through enhancement
of mass transport by agitation of the interface and localized heating effects [2].
Supercritical fluids (SCFs) require specially constructed reactors because of the
high pressures involved, and special pumps to achieve critical point.

11.2.1 Batch Reactors

Many chemical reactions are performed on a batch basis, in which a reactor is
filled with solvents, substrates, catalysts and anything else required to make the
reaction proceed, the reaction is then performed and finally the reactor is emptied
and the resultant mixture separated (Figure 11.2). Conceptually, a batch reactor
is similar to a scaled up version of a reaction in a round-bottomed flask, although
obviously the engineering required to realize a large scale reaction is much more
complicated. Batch reactors are suitable for homogeneous reactions, and also for
multiphasic reactions provided that efficient mixing between the phases may be
achieved so that the reaction occurs at a useful rate.

A large drawback of batch reactors is that a great deal of time is spent not
performing chemical transformations: a batch process is inherently inefficient
in terms of plant usage. Also, as the reaction proceeds and more product is
formed, the composition of the batch changes, altering the physical properties of
the reaction including viscosity, heat capacity and gas solubilities, all of which



220 Reactor Considerations for Alternative Media

phase
containing
substrate phase only this phase
containing needs to be
Cata|yst k|J removed
v ' phase
containing
- - product
v e i phase
containing
catalyst
fill reactor mix separation
of phases

Figure 11.2 Schematic diagram of a biphasic process conducted in a batch reactor

may have undesirable effects on the process. Exothermic reactions may exhibit a
further drawback because, as a batch reaction is scaled up, the ratio of volume to
surface area becomes greater, and the efficiency of cooling and heat transfer is
reduced. As the reaction heats up, its rate increases liberating yet more heat. In
an extreme situation, a runaway reaction may occur. More usually, the reaction
becomes less selective at higher temperatures, because alternative by-product
forming pathways occur in addition to the desired reaction. The use of a biphasic
system may actually help to control the effects of an exotherm. Because the rate
of reaction, and therefore the amount of heat liberated, is controlled by mass
transport between the two phases, the exotherm may be controlled simply by
reducing the speed of stirring.

11.2.2 Flow Reactors

Heterogeneous reactions may also be conducted in flow reactors, in which re-
agents are continuously added to the reactor, and products continually removed.
The improved separation characteristics of heterogeneous reactions allow the
possibility of leaving one of the phases in the reactor, and passing the other
phase through it. This is common practice for heterogeneous gas—solid systems,
such as catalytic hydrocarbon cracking, where the solid catalyst stays in the
reactor and the gas is passed over it. Whilst this is solvent free, it is limited in
application to volatile substrates, and cannot always be used as an alternative to
liquid phase reactions. A biphasic mixture of liquids may be stirred or agitated
on entry, and phase separation occurs after the mixture has left the reactor, as
shown in Figure 11.3a. Although the composition of reactants varies gradually
from one end of the reactor to the other, it will be consistent over time at any
particular point, allowing the reactor to be designed accordingly. An alternative
design suitable for biphasic liquid—liquid systems is a bubble reactor, in which the
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Figure 11.3 Schematic diagrams of (a) a continuous flow reactor and (b) a bubble flow reac-
tor for biphasic reactions

liquid phase of lesser density is allowed to pass through the catalyst-containing
phase (Figure 11.3b). The relatively high densities of ionic liquids and fluorous
solvents should make them ideal for this kind of set-up.

Flow reactors generally have a much smaller reactor volume than batch reac-
tors. For example, a 50kg reaction that requires 2h in a 100 litre reactor could
be performed in less time in a flow reactor of only 1 litre volume, using a flow
rate of 500 ml per minute. Flow reactors are ideal for SCFs because the lower
volumes allow for more sensible reactor dimensions and wall thickness. Whereas
scale up of a batch reactor requires building a larger plant, flow reactors may
yield more product by increasing the speed through which the reaction mix-
ture is passed through. Alternatively, parallel small-scale reactors may be built
to increase throughput. Because reactor volumes are small, heat management is
better and exotherms may be controlled more easily. More concentrated solutions
may be used as less solvent is required for heat dissipation. Rapid heating and
cooling may be achieved, allowing for faster reaction rates without unwanted
by-products.
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11.2.3 New Technology Suitable for Multiphasic Reactions

Ensuring a successful reaction between substances in separate phases may require
unusual solutions to the problem of reactor design, and some ingenious meth-
ods of mixing have been developed. Biphasic reactions may be performed with
membranes separating the two phases, and in this situation it is even possible
for the two liquid phases to be miscible, as the membrane will keep them apart.
A membrane reactor (shown in Figure 11.4) allows continuous reaction without
any mixing of the two phases [3]. If required, the membrane may be coated in
biphilic phase transfer catalyst (PTC) functional groups to enhance reactivity, or
else a PTC added to increase the transfer of reactants through the membrane [4].

The two phases enter the reactor by different pipes, the reaction takes place
across the membrane and the product and waste reagent leave via separate pipes.
This set-up has been applied to the oxidation of benzyl alcohol to benzaldehyde
using sodium hypochlorite as oxidant [5]. In this case the organic compounds
cannot pass through the membrane so the aqueous phase remains free of organic
contamination, and the inorganic oxidant may be regenerated electrochemically
and recycled, giving a reactor set-up that produces almost no waste.

The use of a rotating reactor to provide efficient mixing has been proposed
and tested for viscous polymerizations and acid-catalysed rearrangement reac-
tions [6]. The principle of these spinning disc reactors is that the centrifugal force

reagent in waste out
C——Dphase 1
( me)mbrane
>phase 2
phase 1 ‘
X
( ! membrane ) substrate in product out
v v
phase 2

Figure 11.4 Schematic diagram of membrane reactor. The reaction is designed so that reagent
X may pass through the membrane and is therefore available for reaction. The substrate and
product cannot pass through and the phases remain separate
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Figure 11.5 Schematic diagram of a spinning disc reactor. Products are collected from a
cooled trough positioned below the disc

created on the surface of the disc produces thin films that are subject to high shear
forces and thus mixed efficiently. The disc is grooved to further improve mixing.
A schematic diagram of the disc reactor is shown in Figure 11.5. The rotation
also drives the reaction mixture rapidly towards the edge of the disc. Residence
time on the disc is therefore very short, typically a few seconds, and this allows
the use of higher temperatures without adverse by-product formation. Addition-
ally, a solid catalyst may be glued to the disc if required. These systems have
not yet been used to accelerate liquid—liquid biphasic reactions, but the enhanced
mixing provided by these systems is clearly applicable to multiphase chemistry.

11.3 INDUSTRIAL APPLICATIONS OF ALTERNATIVE SOLVENT
SYSTEMS

The abundance of water, combined with it being nontoxic, has been partly respon-
sible for its deployment in an important biphasic industrial process. Phase transfer
catalysis is now well established as a useful method for large-scale synthesis, pri-
marily because it allows the use of low cost inorganic reagents. ScCO, is also
inexpensive and has found several industrial applications, and the engineering
technology necessary is well understood through its use as an extraction fluid
for decaffeination and other processes, although its use as a solvent for syn-
thetic chemistry on a large scale is only just becoming a reality. The cost of
ionic liquids and fluorous solvents is comparatively very high and their toxicity
remains unknown, which could potentially restrict their applications. However,
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in processes where these solvents are used to immobilize the catalyst then, once
in place, the solvent should last for a considerable time.

11.3.1 The Development of the First Aqueous—Organic Biphasic
Hydroformylation Plant

The synthesis of aldehydes via hydroformylation of alkenes is an important indus-
trial process used to produce in the region of 6 million tonnes a year of aldehydes.
These compounds are used as intermediates in the manufacture of plasticizers,
soaps, detergents and pharmaceutical products [7]. While the majority of alde-
hydes prepared from alkene hydroformylation are done so in organic solvents,
some research in 1975 showed that rthodium complexes with sulfonated phos-
phine ligands immobilized in water were able to hydroformylate propene with
virtually complete retention of rhodium in the aqueous phase [8]. Since catalyst
loss is a major problem in the production of bulk chemicals of this nature, the
process was scaled up, culminating in the Ruhrchemie—Rhone-Poulenc process
for hydroformylation of propene, initially on a 120000 tonne per year scale [9].
The development of this biphasic process represents one of the major transitions
since the discovery of the hydroformylation reaction. The key transitions in this
field include [10]:

1 Development of a heterogeneously catalysed processes based on cobalt.
Introduction of a high pressure process employing homogeneous cobalt cat-
alysts.

Replacement of cobalt with rhodium.

Tuning the catalyst by modifying the ligands.

5 Introduction of the aqueous biphase process.

B~ W

What is particularly remarkable about the development of the biphasic process
is the speed in which it was developed following the initial discovery. Over the
next few pages some of the key steps in this process will be described [11].

The development of the first water-soluble rhodium hydroformylation catalyst
in 1975 was directly triggered by the first preparation of TPPTS (see Figure 11.6),
the water-soluble phosphine used today in conjunction with the rhodium cata-
lyst. TPPTS was originally prepared by sulfonation of triphenylphosphine using
oleum, and the synthesis of this important ligand has subsequently been refined
many times [12]. Experiments combining TPPTS with rhodium salts followed
by an evaluation of the activity in various catalysed reactions in water showed
them not only to be very effective catalysts, but also retention of the rhodium
in the aqueous phase was extremely high. Rhone-Poulenc filed a series of patent
applications and since the hydroformylation reaction shown in Scheme 11.1
showed considerable promise the company began to develop this further.

A few years later, Ruhrchemie joined forces with Rhone-Poulenc to develop
a continuous biphasic hydroformylation process since Rhone-Poulenc had no
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experience in hydroformylation. While many benefits were envisaged, virtually
everything to do with the technology was unknown. In less than 2 years a com-
pletely new process that had no precedent was developed and tested and, using
a scale-up factor of 1 : 24000, the first production went into operation. The
plant opened in 1984 and had an initial capacity of 120 000 tonnes per year. The
beauty of the process is that the substrates, propene, H, and CO, are gases at
room temperature and dissolve in the water, whereas the product, which contains
less than 4 % iso-butyraldehyde, is a liquid under the conditions of the process
and forms a second phase which is easily removed and is virtually free from
rhodium contamination. In addition, during the production of the first 2 million
tonnes of n-butyraldehyde only 2 kg of rhodium were lost, which is in the parts-
per-billion range.

Since the plant went online, a great deal of fundamental research has been
conducted and the process has been scaled-up further and new plants have come
into operation. One of the main things to have been investigated further is the
catalyst. The homogeneous rhodium catalyst can easily be tuned by modifying
the ligands surrounding it. With this in mind, a number of other water-soluble
phosphines have been examined [13]. Figure 11.6 shows how higher activities
can be obtained for the hydroformylation of propene by replacing the TPPTS
with other ligands.

Clearly, other phosphine ligands have a pronounced effect on the activity at
the rhodium centre. Not only does the activity and percentage of the n-product
increase, but the amount of phosphine that is required relative to the rhodium also
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Figure 11.6 Effect of varying the water soluble phosphine ligand on the hydroformylation
of propene to butyraldehyde. P:Rh ratio = TPPTS 80; BISBIS 7; NORBOS 14; BINAS 7

decreases. Despite these apparent advantages, the phosphine ligand that continues
to be used in the Ruhrchemie—Rhone-Poulenc process is TPPTS, a decision
undoubtedly based on lower cost and ease of preparation of this ligand.

The economic and environmental benefits of the Ruhrchemie—Rhone-Poulenc
process have been closely scrutinized since the plant has been in operation.
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Overall the cost of the production is reduced, but it is the benefits to the envi-
ronment that are the greatest [14]. These benefits can be summarized as:

1 Use of water in place of toxic organic solvents.

2 Conservation of energy resources as the process operates under milder con-
ditions compared to conventional methods.

Higher selectivity towards the desired n-butyraldehyde product.

4 Very low loss of the toxic rhodium catalyst.

W

Overall, the efficiency is extremely impressive and the environmental emis-
sions are almost zero.

11.3.2 Other Examples of Processes Using Water as a Solvent

The Ruhrchemie—Rhdne-Poulenc hydroformylation process is certainly the most
famous large-scale biphasic operation. However, a number of other processes
have been scaled-up and are employed industrially. Rhdne-Poulenc produces a
number of vitamin precursors using an aqueous-organic C—C coupling reaction
which uses a rhodium—TPPTS catalyst [15]. This process operates on a relatively
small scale. Another process that uses the Suzuki reaction has also been com-
mercialized and is illustrated in Scheme 11.2 [16]. Apart from the environmental
benefits associated with a biphasic process, the reaction is particularly attractive
as it uses a chloroaromatic as the starting material in place of the bromo or
iodo analogues normally required in C—C coupling reactions. From an ecolog-
ical perspective, the use of chloro compounds is considerably preferable to the
alternatives.

11.3.3 Scale-Up of PTC Systems

Phase transfer catalysis has been widely employed in commercial synthetic appli-
cations, primarily because of its ability to replace organic amine and alkoxides
bases with low cost metal hydroxides. An example of this from PTC Organics

NC NC

TPPMS = Q SONa
s

Scheme 11.2
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Inc. involves the replacement of sodium methoxide with sodium hydroxide in a
two-step transformation of benzyl chloride to 2-phenylhexanenitrile, as shown in
Scheme 11.3 [17]. In the cyanation step, replacing the methanol solvent with a
PTC reduces the degree of solvation via H-bonding around the cyanide anion,
and thus improves its activity as a nucleophile. The outcome is that the homo-
geneous method requires a reaction time of 11h, whereas the PTC method only
requires 4 h. Another advantage is that it is no longer necessary to add a scrubber
or chiller to recover the volatile methanol at the reactor outlet. In the second step
of the reaction (alkylation), use of NaOH and a PTC eliminates the need for
NaOMe, which is usually formed by reaction of sodium metal with methanol.
This process liberates hydrogen and is clearly hazardous on a large scale. Other
benefits to the overall process by using the PTC route include an increase in yield
from 75 to 85 %, a reduction in process time from 18 to 10h and an increase in
plant capacity of 105 %. The drawbacks associated with the PTC method were
a slight increase in the quantity of waste water produced, and the need for addi-
tional toluene to be added at a final distillation stage to ensure efficient separation
of product from catalyst. Even accounting for the additional toluene, an overall
reduction of organic waste of 43 % was achieved.
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Phase transfer catalysis exemplifies how a laboratory curiosity can successfully
make the transition to becoming a routine process, and PTC is now commonly
featured in many general chemistry texts. It has been applied to numerous pro-
cesses, both large and small scale [18].

11.3.4 Thomas Swan Supercritical Fluid Plant

Supercritical fluids have been used on an industrial scale for many decades,
notably for the polymerization of ethene and for extraction of caffeine from cof-
fee beans as described in Chapter 6. However, it is only in the past few years that
SCFs have been taken seriously as reaction media for chemical synthesis on a
large scale. Perhaps the major obstacle has been the manufacture of reactors capa-
ble of withstanding the high pressures required to reach critical point. Because
of the high pressures, the wall thickness of reactors must increase rapidly as the
reaction volume is increased, leading to huge plants that would be extremely
expensive to construct. This makes the construction of large batch reactors for
SCF applications unfeasible. It is therefore not surprising that the first supercriti-
cal plant constructed for chemical synthesis is a flow reactor, which reduces both
the cost and risk associated with running large volume reactions at high pressure.
If a higher volume of product is required, the flow reactor is simply run for a
longer time, or parallel reactors may be built. Flow reactors also allow better
control over reaction conditions in SCFs: in a batch reactor the composition of
the system, and therefore the critical point, changes as the reaction proceeds and
more substrate is converted to product. By contrast, in a flow reactor the compo-
sition at any point in the reactor should stay constant with time. Recently, the first
continuous flow SCF plant, with a capacity of up to 1000 tonnes per year, has
been developed in the UK by Thomas Swan & Co. [19]. Since the SCF systems
combine the mass transport properties of gases with the mass density of liquids,
increased reaction kinetics leads to high throughputs from a relatively small reac-
tor system. In addition, by using a continuous flow reactor where the substrates
are only exposed to reaction conditions for a short time, it becomes possible to
have reactions that are controlled kinetically, as opposed to thermodynamically,
affording products which would be difficult to obtain under conventional condi-
tions. The plant has been designed to be versatile, and can, in theory, be used
to perform any reaction that proceeds in scCO,. It is envisaged that the plant
will be used for contract synthesis as required. The initial manufacturing process
makes use of the infinite solubility of hydrogen in scCO;: it is a hydrogena-
tion reaction using a Pd catalyst, the formation of trimethylcyclohexanone from
isophorone [20]. The supercritical process in this case gives greatly improved
selectivity and avoids the over-hydrogenation that is usually seen in conventional
solvents, and therefore gives a much purer product as shown in Scheme 11.4. The
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scaled up scCO, process gives quantitative conversion and requires only 1.2 g of
a heterogeneous catalyst containing 2 % Pd, per kg of product. The real advantage
of using SCFs for this process is that the product is obtained free of impurities,
and the SCF solvent is completely removed by depressurization: there is no need
for any purification step. The process is therefore extremely efficient, and other
hydrogenations, and Friedel—Crafts reactions are planned in the near future.

11.3.5 Other Applications of Supercritical Carbon Dioxide

Inhale Therapeutic Systems has recently spent US$ 63 million on the acquisition
of Bradford Particle Design, a UK company which has developed the use of
SCF technology for the close control of particle size, particularly for the man-
ufacture of pharmaceuticals [21]. The current plant is capable of producing up
to 20kg of product per day. In this application, scCO, is used as an antisol-
vent for the precipitation of micron-sized crystallites from solution. The scCO,
simultaneously extracts the solvent and disperses and mixes the solution, which
leads to the formation of dry, solvent free particles with a very small size dis-
tribution. By controlling the pressure and temperature of the SCF, it is possible
to control the particle size and even select a particular polymorphic form. For
example, the anti-asthmatic drug salmeterol xinafoate (Figure 11.7) exists in two
polymorphic forms, neither of which are readily obtained in a pure form by
crystallization using conventional solvents. Polymorph I (Mp 124 °C) is usually
formed contaminated with a small amount of polymorph II (Mp 136 °C). Using
scCO; to disperse and crystallize the drug from a solution of the drug in ace-
tone and methanol, either polymorph may be obtained in a pure form, with the
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Figure 11.7 Salmeterol Xinafoate

Table 11.1 The effect of crystallization
conditions on the polymorphic form of
salmeterol xinafoate

Conditions Result

Liquid solvents Mixture of I and II
scCO,, 100 bar, 60°C Mixture of I and II
scCO,, 250 bar, 40°C I, pure
scCO,, 250 bar, 90°C 11, pure

selection of the polymorph being achieved simply by changing the temperature
of the system (Table 11.1) [22]. Different polymorphs of pharmaceuticals may
have different physiological properties and may be patented separately from one
another, so this selectivity is of considerable value.

Because small particles can be produced in SCFs without the need for grinding
or milling, it is possible to produce crystallites with undamaged surfaces, which
have improved aerodynamic qualities for certain applications. There is a great
deal of interest in the development of drug formulations that can be delivered
using inhaler technology, and the size and shape of the particle is critical if
the active ingredient is to be delivered efficiently. The use of SCF technology is
greatly expanding the range of drugs that may be delivered via inhalers, and recent
examples include inhaled insulin for the treatment of diabetes, and dronabinol (a
synthetic tetrahydrocannibinol) for the treatment of weight loss in AIDS patients
and the nausea induced as a side-effect of chemotherapy. Earlier generations
of inhaler used CFCs as propellants, but compressed air may be used if the
aerodynamic properties of the crystallites are suitable, and so this may perhaps
be viewed as a case where scCO, is replacing CFCs, albeit indirectly.

As described in Chapter 10, scCO; has replaced the use of CFCs as a medium
for polymerization of Teflon and other fluoropolymers, and DuPont have recently
built a US$ 275 million plant capable of making 1000 tonnes of polymer per
annum. The plant uses CO, technology in a process that generates less waste
during manufacture, and produces a grade of polymer that the manufacturer
claims has enhanced performance and processing capabilities [23]. The use of
scCO, is now also being developed by Praxair and Supercritical Systems Inc.
for the removal of photoresist materials from semiconductor wafers during the
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manufacture of microprocessor chips [24]. This is usually performed using a
plasma process to degrade the photoresist, followed by removal with VOCs,
but the supercritical process offers definite advantages over the conventional
approach. In particular, SCFs have effectively no surface tension, which allows
them to penetrate the microscopic channels and trenches that have been etched
on the wafers ensuring that the cleaning process is efficient and reliable. The
features on the wafers are smaller than 0.2 wm and it is imperative that all of the
photoresist is removed. A small amount of co-solvent is used, and it is thought
that the SCF helps transport the cleaning solvent to the sub-micron structures.
Whilst this is not a synthetic use of scCO», it is indicative of the advantages that
supercritical technology can bring, and the trend towards consideration of SCFs
when designing new processes.

11.4 OUTLOOK FOR FLUOROUS SOLVENTS AND IONIC LIQUIDS

Processes using fluorous solvents and ionic liquids as solvents have not yet been
commercialized, primarily because of cost. It is likely that they will find their
first applications in small scale, high value products such as pharmaceuticals.
The ability of biphasic systems to improve separation and reduce the quantity of
metal catalyst present in the final product, which is vitally important in the case
of medical products where even traces of toxic metals will prevent a potential
drug from being licensed. Most applications will be where a product of superior
form or purity is obtained. Industrial use of these solvents will require efficient
partitioning of the catalyst into the fluorous or ionic liquid solvent to ensure
that the catalyst has an extremely long lifetime and that product contamination
is kept to a minimum. In addition, the product should be partitioned out of the
catalyst phase, otherwise an additional solvent extraction step, possibly using a
VOC, may be required to isolate the product. This would require further reactor
complexity, and would negate some of the advantages of using the biphasic
system in lowering the quantities of VOCs employed in the process.

One large scale application of an ionic liquid is as a base to remove HCI during
the preparation of alkoxyphenylphosphines. BASF use N-methylimidazole which
forms the ionic liquid [Hmim]Cl and forms a second liquid layer that may easily
be removed from the system and recycled via phase separation. Although the ionic
liquid is not employed as a solvent, the process makes use of biphasic technology
to give a more efficient process which avoids an inconvenient filtration step.

The ideal systems for these media are those which do not require any addi-
tional solvent, and in which the substrate is more soluble than the product,
leading to preferential rejection of the product from the catalyst phase. For fluo-
rous reactions, this would include oxidation reactions where oxygenated products
are typically more polar than the substrates. In ionic liquids it is products less
polar than the substrates that will normally be less soluble, although the abil-
ity to tune the structure of ionic liquids to match a particular application must
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not be forgotten. For instance, a H-bonding group on the ionic liquid would
ensure preferential solubility of an alcohol substrate over an alkene product in a
dehydration—elimination reaction.

In the case of fluorous systems, it is the need to produce fluorous ligands that is
currently economically prohibitive. For ionic liquids, it is the manufacture of the
solvents themselves, which are very different from organic solvents and extremely
difficult to obtain in a pure form because distillation methods cannot be used.
However, it is expected that the principles of supply and demand will lead to large
drops in prices for these chemicals in the immediate future. Until now the market
has been limited to research scale quantities. However, scale up of production will
lead to lower prices, more applications and greater demand. Certain imidazolium
and pyridinium based ionic liquids are now available commercially, although only
in gram quantities and at a cost equivalent to approximately €4000 (US$4000)
per kg [25]'. Scaled-up production by other manufacturers and lower prices are
expected this year. Despite the current high prices, the listing of these ionic liquids
in chemical suppliers catalogues is indicative of the fact that these solvents are
now being taken seriously as commercial products, and any further breakthroughs
in synthetic methodology will also lead to decreases in cost. It would be premature
to predict the future based on current prices.

Fluorous and ionic liquids are often described as ‘environmentally friendly’,
‘clean’ or ‘green’ solvents, but these claims must be viewed with a degree of
caution. Whilst they evidently have the potential to reduce emissions of VOCs
in a carefully designed multiphasic process, these benefits must be offset against
chemical and energy requirements during the synthesis of the fluorous and ionic
solvents themselves. In addition, there are genuine concerns over the extremely
long lifetime of perfluorinated compounds in the atmosphere, and a manufacturer
wishing to scale up a fluorous process would have to convince regulators that
emissions of the solvent could be kept down to an extremely low level. Ionic
liquids are nonvolatile, and so present less of a problem, although they can still
find there way into the environment through spillage. However, at present little is
know about their toxicity and fate in the environment, and more study is required
in this area.

11.5 CONCLUSIONS

By publishing the first descriptions of biphasic reactions, the pioneers of alter-
native reaction media have caused major changes in the way we think about
chemical reactions. It is no longer instinctive to assume that everything must be
dissolved together in a single phase for a reaction to occur effectively, and many
chemists are now aware of the advantages to be gained in terms of separation
and efficiency that may be achieved using multiphasic reactions. We have seen
that there is no limit to the range of reactions that may be performed in these

! Value estimated from a 25 g batch of [bmim][PFs] at £65GBP, using £1 ~€1.50 ~ US$1.50.
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alternative media. All the major types of reaction have now been successfully
tested under some or all of the systems described in this book; the list of studied
reactions grows all the time, and certain reactions have been found that only take
place in alternative solvents. Whilst aqueous systems and scCO, have already
found applications on an industrial scale, fluorous and ionic liquid processes have
yet to be commercialized. For engineering and economic reasons, however, it is
unlikely that these will be used simply as drop-in replacements for existing pro-
cesses: there must be an added advantage such as ease of separation, improved
yield, a route to new chemical products unattainable by other methods, or the
use of lower cost substrates. Catalysts may be used and recycled effectively
via immobilization in water, ionic liquids and fluorous solvents, and the solvents
themselves may frequently be recycled. It is most likely that the fluorous and ionic
liquids systems will find their first scaled-up applications in the production of
high value pharmaceuticals, where the cost of the reaction medium may be offset
by the increased purity that a biphasic reaction can offer, or where an important
target molecule cannot be obtained under conventional conditions. Even if fluo-
rous and ionic liquids never mature to become large commercial processes, then
the concepts of multiphase catalysis and the science discovered in their investi-
gation will certainly be used. The biphasic approach is by no means restricted
to the fluorous, ionic liquid and aqueous systems described in this book. For
example, cyclohexane and acetonitrile will form a biphase at room temperature.
Of course this does not help to eliminate the use of volatile organic solvents, but
may still provide improved separation in a carefully designed biphasic reaction.

So what is the future for these technologies? Should we expect the chemi-
cal industry to follow the lead of other high-technology industries such as the
electronics and computing industries which are constantly moving towards prod-
ucts which give increased utility in a smaller package? Although this is already
happening to some extent, with lower dosage medicines and detergents the sub-
ject of current investigation, many chemical products will always be required in
large volumes. As well as reduction in the volume of product needed to achieve
the same effect, there is also a move towards the design and construction of
smaller chemical plants and processes that are capable of an increase in through-
put and efficiency. The concept of process intensification involves a move away
from large-scale batch reactions and their associated inefficiencies, towards flow
reactors in which the actual volume in which the reaction occurs is very small
indeed. The idea of microflow reactors in which the reacting volume is just a few
microlitres has been the subject of much speculation [26]. In a batch process, the
reactor must be loaded, started, and then stopped and emptied after the reaction
is complete—it may only be in use for chemical transformation for a fraction
of the time, and must be large enough to hold all the reactants and associated
solvents. By contrast, a continuous flow reactor may be working 100 % of the
time, bar maintenance, and can be many times smaller than a batch reactor. Flow
reactors work best with heterogeneous reactions, and this is a real opportunity
for innovation using alternative reaction media.
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catalysts (continued)
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dimethyl sulfoxide 17t, 20t, 22ft, 51t
polarity of 16, 61-62
reactivity of 118
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dimethylimidazolium chloride 9
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fluoroboric acid 80

fluorocarbonylation 123

fluoroform 131-134f, 143

fluoropolymers 209-210, 231

fluorous biphase 182

fluorous media 51-71

Fluorous Reverse Phase Silica Gel
(PRPSG) 68-71

fluorous solvents 223

Friedel—Crafts reactions
200, 230

99, 110, 145,

gallium—gadolinium—garnet windows
141

Index

gas solubilities 219

Geneva Protocol 4

global warming 172

greenhouse gases 3-4, 29, 136, 209
Grignard reagents 61-63, 103
Grubb’s catalyst 202, 205
Gutmann, V. 15

halides 112199

aryl 62
haloalkanes 112
halofluorocarbons 59
halogen carrier 121
halogen exchange (Halex) 110
halons 4
HBD 95, 98-99
HDA 95, 98-99
heat capacity 218-219

Heck coupling reactions 39, 62, 71, 145,
195-199, 215
asymmetric 197
intramolecular 196, 205
tandem 196

Heck process, biphasic 205

Henry’s constant 87-88

heterogeneous reactions 220

n-hexadecane 184

hexadecyltrimethylammonium bromide
115

hexafluorobenzene 153

hexamethylphosphoramide (HMPA) 16

iso-hexanal 172

n-hexanal 172

hexane 85t

n-hexane 13t, 17t, 20t, 22t, 51t, 152f,
182t

n-hexanoic acid

n-hexanol 182t

2-hexanone 182t

hexene 161

1-hexene 175

highest occupied molecular orbital
(HOMO) 149-150f

Hildebrand’s solubility parameter (§)
12-13¢, 133

HOMO, see highest occupied molecular
orbital

homogeneous reactions 219

182t
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Hughes—Ingold rules 25t
B-hydride 160f, 162f
hydrides 145
hydroboration 145
hydrobromic acid 122
hydrocarbons 5t, 9, 181
aliphatic  4t-5
aromatic 4t
cracking 220
hydrochloric acid 61, 80, 122, 191,
232
hydrocyanation 159
hydrodimerization 38
hydrofluorocarbons 4
hydroformylation 37-39, 71, 108, 195,
226f

in alternative solvents 159-179
asymmetric 177
in fluorous solvents 174—176

industrial plant development for
224-227
in ionic liquids
in supercritical fluids
in water 171-172
hydrogen fluoride 183
hydrogen peroxide 192
in oxidation 121, 181, 183, 186—187,
190
polarity of 110
hydrogen 35
bonds 213
in hydrogenation 170
as oxidation product 184
solubility in water 165t, 168
as substrate 225
in supercritical mixtures 134
hydrogenation 37-38, 71, 108, 195
in alternative solvents 159-179
asymmetric catalysis 167
catalysis of 75
in fluorous solvents 169-170
in industrial processes 229-230
in ionic liquids 89-91, 166—-169
in supercritical fluids 134, 145,
170-171
in water 163-165
hydrolysis 119, 145
hydrophobic effect 26, 99-100f, 151

89-90, 172-174
145, 176-179
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hydrosilylation 71, 159

hydroxides 110, 227
9-hydroxymethylanthracene 153
tris-4-hydroxyphenyl phosphine oxide 63

imidazolium 77-79, 196—197, 233
cations 182
chloride 79
polycation 78f
tetrafluoroborate  79f-81
triflate  80f
imines 170
coupling reaction of 101
indene 184
indium 101, 103
Inhale Therapeutic Systems 230
initiators 210, 212
insulin 231
interfacial mechanism 113
internal pressure () 13t
iodo analogues 227
iodoarenes 196, 215
iodobenzene 123, 197
ionic liquids 75-92, 192
as alternative solvents 38, 219
biphasic reactions of 35
catalytic leaching 89
chiral 91, 167
chloroaluminate 82, 153
chlorostannate 172
defined 75
enzymatic reactions in 102
in epoxidation 185-186
in flow reactors 221
in Heck reactions 196
imidazolium-based 86t—87t, 182, 196
industrial applications 223, 232-234
miscibility 85t
in oxidation 188
pH measurements of 84
physical properties of 80-88
purity 89
in RCM reactions 204
in ROMP reactions 203
sensitivity 89
solubility of gases in 88t
in Suzuki reactions 199-200
synthesis of 77
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ionic liquids (continued)
toxicity 89
use in synthesis
viscosity 89
in Wittig reactions 202

iridium 91, 159

iron 121

iron(IIl) bromide 121

iron(IIl) chloride 122

isomerization 26-27, 43

isophorone 229

isoquinolinium 78f

29, 88-90

Kamlet—Taft parameters 21-23, 58—59t
7 polarity 182t

kerosine 191

keto—enol tautomerization 26

ketones 4t-5t, 170, 181-182f, 188
alkylation of 103

Krytox 157 FSL 211f, 213

Kyoto Protocol 4

latex 206

lattice energies 6

lead 103

Lewis acids 15, 79, 82, 122, 136, 200

as catalysts 121, 151-152, 155
interactions of 21
Lewis basicity 82, 136
of carbonyl groups 144
of solvents 15, 21
ligands 67, 143, 160f, 162f, 198f,
224-226

for aqueous—organic catalysis
104-109

aryl-phosphine 90

BINAPHOS 177

BINAS 226f

BISBIS 226f

bis-phosphine 167

chiral 91, 177

dibenzylideneacetone 196

diphosphine 208f

fluorinated 169, 174, 178, 198,
233-234

hydride 160

monosulfonated triphenylphosphine
(TPPMS) 173

Index

NORBOS 226f
‘off the shelf” 91
perfluorinated 186
perfluoroalkyl-substituted
triphenylphosphine 211
perfluoroalkylated bipyridine 188
perfluoroalkylated phosphine 64
phosphine 65, 169, 175, 178, 205
phosphorus(IIl) 64
m-bonding 65
porphyrin-based
salen 184, 186
sulfonated phosphines
224,172
surface active 184
TPPTS 226f-227
trialkylphosphines 175
triarylphosphine 175
tricyclohexylphosphine 205

107, 109f

104-105f, 206,

triphenylphosphine 164, 173
water-solubilizing 163
lignin 145

lipase CaLB 190

liquid—liquid extractions 67—-68

liquids, partially miscible 40-43

lithium bis(trifluoromethanesulfonyl)imide
83

lithium chloride 11t, 101, 150—151t

lithium cinnamate 164

living polymerization 202

local density augmentation

London forces 14

lowest unoccupied molecular orbital
(LUMO) 149-150f

134-135

maleic anhydride 145
Manassen, J. 34, 75
manganese complexes 184
manganese-salen catalyst 185

membrane reactor 222f

mercury 9, 103

mesitylene 4t

metathesis 89, 195-215
olefin 203

ring closing 204-205

ring opening 202-203
methacrylates 210
methane 4, 132t, 192



Index

methanol 4, 13t, 17t, 20t, 22t, 4445,
51t, 85ft
as catalyst 122
polarity of 16, 18—19f
solvation in 118
as solvent 143, 151t—152f, 161f, 165t,
230
methyl acrylate 153-156, 197
2-methyl-1,3-butadiene 145
methyl cinnamate 197
S-methyl cysteine 135
methyl methacrylate 210, 212, 214
methyl-3-pentenoate 172
methyl propriolates 68
methyl triflate 80
methylation 80
methylene chloride 85t
methylimidazole 77
N-methylimidazole 232
methyltrioctylammonium chloride
micelles 207f
aggregation 151
reversed 189
microwave radiation
miscibility 83
mixing efficiency, solid—liquid reactions
126
molten salts 76

122

104, 219

monoliths, macroporous 212
monomers 206, 212

fluorinated 210

lipophilic 212
monosulfonated triphenylphosphine

(TPPMS) 163, 173

Montreal Protocol 3
multiphasic reactions 233-234
multiphasic systems 33, 215
multiphasic technologies 217, 219,

222-223

n :iso ratio 161, 173-176, 178
nanoparticle 91, 170, 199
napthol 184

near-critical region 133
near-critical water 99

neon 16

Nernst layer 126

nickel chloride 184
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nickel 69, 159, 206

nicotine 138

Nile red 18f, 82—83, 85f

nitrates 112

nitric acid 172

nitriles 106, 112, 170

nitrites 112

4-nitroanaline 23

nitrogen oxides 4, 188

nitrogen 110

nitromethane 27t, 102

nitrous oxide 172

NMP 4t

NMR spectroscopy 84, 88, 142f—143

l-nonanal 175

nonaqueous ionic liquids (NAILs) 76-77

non-aryl boronic acid 199

norbornadiene 166, 211f

norbornene 203

NORBOS 226f

nucleophiles/nucleophilic substitution
110, 112-114

nylon 172-173f, 181

nylon-6 187

l-octane 68
iso-octane 151t, 190
I-octanol 50, 102
l-octene 39, 169-170f, 174-175, 178
n-octyl methanesulfonate 115-116, 118
(R)-2-octyl methanesulfonate 112
1-octyl-3-methylimidazoliumtetra-
fluoroborate 169
olefins 195, 202, 206
metathesis 37, 203
oleum 105, 224
oligomerization 89
oniums 110, 112, 115, 121
organometallic reactions 103
organotin reagents 199
osmium tetroxide 181
oxazolium 78f
oxidation 37-38, 71, 108, 159, 195, 232
of alcohols 188-190
of aldehydes 190
of alkanes 183-184
of alkenes 184-188

in alterative reaction media 181-192
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oxidation (continued)
destructive 191-192
and ionic liquids 89-90
of ketones 190
in membrane reactors 222
in phase transfer 110
and supercritical fluids 134, 139, 145
oxygen 44-45,139, 181-183t, 188,
190, 192
ozone 59
depletion of 3-4t, 172, 209
palladium 123, 145, 172, 206, 229-230
in C—C coupling 195-198
nanoparticles 199
palladium acetate 197
palladium chloride 187
palladium hexafluoracetylacetanoate 198
palladium trifluoroacetate 198
palladium(II) chloride 199
palladium(II)-biphosphine complexes
206
Parshall, G. W. 75
partition coefficients
218
pentakis- N -(heptadecafluoroundecyl)-1,4,
7-triazeheptane 214
1-pentene 172
perchloric acid 100
perfluoralkyl groups
perfluoroalkanes 38
1H,1H,2H-perfluoro alkene 62
a-perfluoroalky-B,8-dicyanovinyl dye
18f
perfluoroalkyl chains/ponytails
60, 67-68
perfluoroalkyl-derivatized phosphites
175-176f
1H,1H,2H 2 H-perfluoroalkyl iodide
62
perfluoroalkyl nonafluorobutane sulfonate
62
perfluoroalkyl substitutions 61f
perfluoroalkylated bipyridine 188
perfluoroalkylated phenylselenide 186
perfluoroalkylated pyridines 62
perfluoroalkylation 64-66
perfluoroalkyliodides 61

50-53, 66t-67,

143-144f

71, 29,

Index

perfluorobutyltetrahydrofuran (FC-75)
59t, 183t
perfluorocarbons 4, 59
perfluorodecalin  59t, 183t
perfluorodimethylcyclohexane (PP3)
57-59t
perfluoroheptane 13t
perfluorohexane 57-58f, 152f, 189
n-perfluorohexane (FC-72) 59t
perfluoromethylcyclohexane (PP2) 22t,
50, 57-59t, 169
perfluoromethylcyclohexane—toluene
biphase 214
n-perfluorooctane  59t, 183t
perfluorooctyl bromide 59t, 183t
1H,1H-perfluorooctylmethyl acrylate
210
perfluoroperhydrophenanthracene (PFPP)
176
perfluoropolyether 212
perfluorotributylamine  59t, 183t
peroxomonosulfate 208
peroxycarbonic acid 186
pharmaceuticals 159, 172, 195, 224, 230,
232,234
phase separation 201
phase-transfer catalysis (PTC) 222-223,
227-229
phase-transfer techniques 208
phenols 62, 66, 99, 145, 191
phenoxides 112
phenyl acrylate 156
phenylboronic acid 199
2-phenylhexanenitrile 228
phosophorus trichloride 61
phosphates 62, 107
phosphine oxide 200-201
phosphines  7f, 65t, 172, 174
alkyl 61
as catalysts 68, 107, 164, 197-198
electron density of 60
fluorous 64
formation of 61-63
as ligands 196, 205
manufacture of 30
triaryl 68
water soluble
phosphinites 62

106f, 225-226f



Index

phosphites 60-61, 65, 176
phosphonites 62
phosphoniums 62, 78f
phosphorus 17, 65, 110
photoresist 231-232
plasticisers 172, 224
plastics 142, 192, 195
platinum 64
complexes 26
platinum chloride 75
polarity 153
polarizability 15
pollution 217
polycarbonates 211
aliphatic 211
poly(1,1-dihydroperfluorooctylacrylate)
212
polyester 172-173f
poly(etherketone)s 208
polyethers 144f
polyethylene 137, 208-209, 214
low density (LDPE) 137
polyethylene glycols (PEGs) 107, 110
poly(ethylene terephthalate) 181, 191
polyimide 141, 143
polyketones 209
polymerization 37, 71, 89, 108, 145,
195-215, 229
dispersion in  212-213
of fluorinated monomers 209-210
in fluorous solvents 213-215
free-radical initiated 206
heterogeneous 210-212
metal catalysed 206
olefin 206
in supercritical carbon dioxide
208-213
viscous 222
in water 206-208
polymers 181, 195, 205-206, 208,
215
cracking 214
high molecular weight 210
latex 207f
methacrylic 212
monodispersal 203
moulding of 212
particles 207f
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spheres 206
water soluble 206
poly(methyl methacrylate) 212, 214
poly(1H,1 H -perfluorooctylmethyl
acrylate) 212
poly(phenyl acetylene) 210-211f
polypropylene 192
polystyrene 124, 192, 205
spheres 207f
poly(vinyl chloride) 192
poly(vinylpyrrolidone) 212
polywater 98
porphyrin complexes 191
potassium bromide 115-116
potassium #-butoxide 119
potassium cinnamate 164
potassium dichromate 181
potassium fluoride 208
potassium permanganate 181
Praxair 231
propane 11t, 183, 192
supercritical 170
propene 35, 172, 183, 192, 224-226f
propylene carbonate 85t
propylene oxide 211
proton messenger 107
pseudoazeotrope 210
PTC Organics, Inc. 227-228
pyrazolium 78f
pyrene 82
pyrenecarboxyaldehyde 82
pyridine 23, 107, 121
pyridinium  78f, 233
pyridinium-N-phenoxide betaine dye
18-19f, 21f
pyrrolidinium  78f

quartz windows 141
quaternary salts 110
quats 110

quiet film 126

Raman spectroscopy 141
rate constant 46
RCM, see ring closing metathesis
reaction media, alternative 1-2
reactions

biphasic 163, 166, 181
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reactions (continued)
heterogeneous 57
homogeneous 43-47, 57
rearrangement 222
reactors
batch 138, 140f, 219-220f
bubble 220-221f
design of 137-141
flow 220-221f
membrane 222f
spinning disc 222-223f
reflux 12f
Reichardt, C. 18
Reichardt’s dye 19, 82
relative permittivity (e,) 14
relative polarities 167
reporter molecule 19
Rheodyne injectors 141
rhodium chloride 122
rhodium
catalyst 39, 67-68, 145, 159-160,
164, 169, 178, 206, 224-225, 227
cationic 170-171
complexes 167, 172, 174, 211, 224
contamination 144
leaching 175
loss 175
Rhone-Poulenc 224
ring closing metathesis (RCM) 204-205
ring opening metathesis polymerization
(ROMP) 202-204
room temperature ionic liquids 76-77
Ruhrchemie—Rhone-Poulenc process
172, 224, 226
ruthenium 108, 159, 205

salmeterol xinafoate, polymorphs I and II
230-231t

salt effect 100-101

salts 76-77

sapphire 142

scandium triflate

selenium 186

silacrowns 110

silanes 63, 197

silica 39, 124, 178, 202
fused 142

silicones 209

154, 156

Index

silver chloride 80

silver fluoroborate 80

soaps 172, 224

sodium ¢-butoxide 119

sodium carbonate 191

sodium chloride 8, 76f, 79-80, 98
window 141

sodium cinnamate 164

sodium cyanide 112

sodium hydrogencarbonate 199

sodium hydroxide 119, 124228

sodium hypochlorite 181, 183, 186222

sodium methoxide 228

solid separations 68-71

solubility 168f

solubility parameter 152f
solutes, defined 1
solvatochroism 18
solvatochromic dyes 18f, 23, 82

solvent combinations 36-39
solvent systems

multiphasic  33-55

temperature dependent
solvents

acetone 23, 79, 83

acetonitrile 23

alternative 218, 223-232

apolar 16

aprotic 16

aqueous 218

benzene 16, 161

boiling point of 10-11

bromoform 9

chlorinated 4t-5t, 191

classification of 8-13

cohesive pressure of 11-13

definition of 1

density of 8-9

fluorous 7f, 38, 58f, 218-219, 221,

232-234
polymerization, and 213-215

halogenated 5, 9

heat transfer by 11

hydrocarbon 5, 209

hydrogen bond acceptor (HBA) 23

hydrogen bond donor (HBD) 23

internal pressure of 11-13

ionic liquid 218

34-35
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major uses of 3
mass transport of 9-10
melting point of 10-11
methanol 228
nonpolar 16
organic 218-219
chlorinated 203
oxygenated 5
perfluorinated 8, 71, 153, 182, 186,
190, 215
polarity of 13-27
porogenic 212
properties of 8-13
protic 16, 23, 83
selection criteria for 1
solubility parameter of 11-13
uses of 1
volatility of 10-11
Sonogashira Negishi coupling reactions
195
spacer groups 60, 62, 176, 197
alkyl 62
aryl 61-63
silyl 63
spectral polarity index (P;) 18
spectroscopic analysis 141-143
NMR 142f-143
vibrational 141
spinning disc reactor 222-223f
stabilizers 199, 206, 212-213
stainless steel 138-139
stereoselectivity 135
stilbene 39
Stille coupling reactions 71, 195, 199
stoichiometry 44-45
styrenes 124, 177, 186-187, 192, 196,
210, 212
sub-critical water 99-100
subtilisin Carlsberg 102
sulfides 191
sulfonated arylphosphines 105
sulfonated phosphines 104—-105f
bis-sulfonated triphenylphosphine
(TPPBS) 105
mono-sulfonated triphenylphosphine
(TPPMS) 105
tris-sulfonated triphenylphosphine
(TPPTS) 105
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sulfonates 106
sulfonation 224
sulfones 191
sulfonium 78f, 90
sulfoxides 191
fluorous 189
sulfur 191-192
sulfur hexafluoride 4
sulfuric acid 105
superacids and superbases 183
supercritical fluids (SCFs) 38-39,
131-146, 192, 197, 209, 219, 221,
229-232
polymer moulding, and 212
Supercritical Systems, Inc. 231
super-oxides 112
surfactants 199, 206-207f, 212-213
fluorous-derivatized 199
ionic 206
perfluoropolyether-based 189—190f
Suzuki coupling reactions 71, 195,
199-201f, 227
Swern reactions 189

tannin 138

Teflon™ 210, 231

telomerization 210

terephthalic acid 181

tertiary amines, fluorinated 57

tetraalkylammonium chloride 75

tetraalkylammonium fluorides 121

tetraalkylammonium salts 115, 122

tetraalkylphosphonium salts 115

tetraarylporphyrin—cobalt complexes 185

tetrabutylammonium bromide 117

tetrabutylammonium chloride 110-111f,
115

tetrabutylphosphonium 116

tetraethylene pentamine (TEPA) 184

tetrafluoroborate 79, 166

tetrafluoroethylene 210

tetrahexylammonium bromide 117

tetrahydrocannibinol 231

tetrahydrofuran 17¢, 20t, 22t, 26, 27t,
51t, 83, 85t, 134, 161f

tetralin 184

a-tetralol 184

a-tetralone 184



250

tetramethylammonium chloride 121, 126
2,2,6,6-tetramethylpiperidinyl-1-oxy
(TEMPO) 188-189f
tetramethylsilane (TMS) 19, 20t
tetrapentylammonium bromide 117
tetraphenylborate, perfluorinated 171
tetraphenylphosphonium bromide 111f,
121
tetrapropylammonium bromide 117
thiazolium 78f
thiocyanates 112
Thomas Swan SCF plant
tin 103, 199
tin dichloride 75
tin(Il)chloride 172
titanium 142
toluene 13t, 17t, 20t, 22t, 51t, 58f, 85t,
117, 165t, 189
decomposition product 192
miscibility 99
as solvent 50, 83, 139, 161, 177
as substrate 122, 174-175, 214
in Wittig reaction 201-203
toluene-perfluoro-1,3-dimethylcyclohexane
175
toxicity 233
TPPTS 224, 226f-227
transfer agents 124
transition metals 159
trialkyl phosphine 67, 174
triaryl phosphine 68, 175
triaryl phosphites 175
1,3,5-triaza-7-phosphatricyclo[3.3.1.1]
decane 108
triazolium  78f
1,1,1-trichloroethane 4t
trichloroethylene 85t
tricobalt tetroxide 183-184
tricyclohexylphosphine 205
4-tridecafluorohexylphenol 65f
triethylphosphine oxide 17
trifluoroethanol  152f
N-(3-trimethoxysilyl-n-propyl)-4,5-
bis(diphenylphosphino)phenoxazine
178-179f
trimethylammonium chloromethylated
polystyrene 126
trimethylcyclohexanone 229

229-230

Index

trimethyloxonium tetrafluoroborate 80
2,2 4-trimethylpentane 150
trimethylsilyl function 169
triphasic systems 33-36
triphenylphosphine 62, 64, 169,
172175, 205, 211f, 224
perfluoroalkyl-derivatized 205
polystyrene bound 205
tris (4-tridecafluorohexylphenyl)phosphine
62
tris (pyrrolidino)phosphane oxide 16
ultrasound techniques 219
undecanal 176

van der Waals interactions 58, 143

vibrational spectroscopy 142

vinyl monomers 210, 213

vinylarenes 177

viscosity 218-219

vitamin precursors 227

volatile organic compounds (VOCs)
3-4, 89, 232-233

volatile organic solvents

volume of activation 13

217

Wacker oxidation 186—187

waste material 181

water 4t, 13t, 17t, 199, 215, 225, 234
anomalous 98
biphasic catalysis
caffeine-rich 138
critical data 132t
dielectric constants
hydrogen solubility in
hydrophobic effect 99
and NAILs 77
near-critical (NCW) 99
oxidation products of 181, 183
polarity 16, 19, 219
polarization 99f
polymerization in  206—208
in RCM 204-205
reactions in  95-126, 151t
as solvent 20t, 22t, 23, 26, 28-29, 50,

85ft, 227

structure and properties
sub-critical 99-100f

37-38, 42f-44

133-134f
165t

95-103
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supercritical 131, 134f, 137-138, 145,
184, 191-192
Wilkinson’s catalyst
166, 169-170f
windows 141
gallium—gadolinium—garnet 141
quartz 141
sodium chloride 141
zinc selenide 141
Wittig reactions 62, 110, 200—-201

160-161, 163-164,

Index compiled by L. N. Derrick
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xenon 16

X-ray diffraction 84
xylene 4t

ylides 201

zeolites 39

zinc 103, 211

zinc selenide 141
Zwitterionic ground state
Zwitterionic liquids 83

19f-20f





