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1. Introduction

Reactions under supercritical conditions have been used for
large-scale industrial production for most of the twentieth
century, but the application of supercritical fluids (SCFs) in
the synthesis of complex organic molecules is only just
emerging. Research in this field has been particularly active
in the last decade of this century, because the special
properties of SCFs make them attractive solvents for
modern synthetic chemistry. The idea of using supercritical
fluids as reaction solvents has, however, been emerging ever
since the discovery of a ‘peculiar state of matter’ early in the
nineteenth century by Baron Charles Cagniard de LaTour,
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an experimental physicist' in France. Supercritical fluids
may be alternatives to liquid solvents, but they are neither
simple nor simply replacements of solvents. The experi-
mental chemist could not modify a written synthetic method
by simply crossing out the word ‘benzene’ and replacing it
with the words ‘supercritical carbon dioxide’. Many other
modifications to the procedure would be necessary, because
of the inferior solvent strength and need for the pressurized
equipment for many SCFs.

Supercritical fluids may be defined as the state of a
compound, mixture or element above its critical pressure
(P.) and critical temperature (7.), but below the pressure
required to condense it into a solid. They occupy a point
where pure and applied science meet head on. This is a
feature that has attracted many workers to the field. The
importance of SCFs and their applications have been
summarised quite effectively by Garrabos et al.,> who also
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Nomenclature

acac acetylacetonate

ADMET acyclic diene metathesis

AIBN  2,2'-azobis(isobutyryl nitrile)

BINOL R(+)-1,1'-naphthalene-2,2'-diol

BINAP 2,2'-bis(diphenylphosphino)-1,1’-binaphthyl

BINAPHOS 2-(diphenylphosphino)-1,1’-binaphthen-
2/-yl-1,1’-binaphthen-2,2'-diylphosphite

cod 1,5-cyclooctadiene

CNT  carbon nanotubes

DELOXAN polysiloxane-based solid acids

DABCO 1,4-diazabicyclo[2.2.2]octane

dppb  1,4-diphenylphosphinobutane

DME  dimethyl ether

de diastereomeric excess

DBU  diazabicyclo[5.4.0]Jundecene

H-H  head-to-head dimer

H-T  head-to-tail dimer

hfacac 1,1,1,5,5,5-hexafluoroacetylacetonate

LAB linear alkylbenzenes

MWCNT multiwalled carbon nanotube

PTC Phase-transfer catalysis

ROMP ring-opening metathesis polymerisation

RCM  ring-closing metathesis

SCF supercritical fluid

SCW  supercritical water

TPPTSS triphenylphosphine trisulphonate sodium
salt

TON  turnover number

THAB tetraheptyl ammoniumbromide

THAC tetraheptyl ammoniumchloride

describe a series of interesting applications, as well as
outlining the sometimes-overlooked effects of gravity on
fluids near their critical point. The properties of SCFs are
different from those of ordinary liquids and gases and are
tunable simply by changing the pressure and temperature. In
particular, the density and viscosity change drastically at
conditions close to the critical point. It is well known that
the density-dependent properties of an SCF solvent (e.g.
solubility, diffusivity, viscosity and heat capacity) can be
manipulated with relatively small changes in temperature
and pressure. In catalysis applications, the resulting effects
of these tunable solvents feature in a variety of ways, such
as enhancing component® and catalyst* solubilities,
influencing Kinetic rates through both temperature and
pressure effects, as well as shifting equilibrium constants to
favour the desired products,’ increasing selectivity and
yields (e.g. by manipulating the solvent dielectric constant®
or viscosity,”) reducing mass transfer limitations in diffu-
sion-limited reactions,® controlling the temperature in
highly-exothermic reactions through adjustment of the
solvent heat capacity®® and minimising heterogeneous
catalyst deactivation through the prevention of coking and
extraction of fouling products.”®

The most popular supercritical fluid, carbon dioxide, has the
added benefit of being a natural, unregulated solvent, with
low toxicity and high availability.'® When carbon dioxide is
used as the supercritical solvent, additional advantages can

be realised. The chemical industry has become increasingly
aware of environmental concerns over the use of volatile
organic solvents and chlorofluorocarbons in the manu-
facture and processing of commercial polymer products.
The use of water alleviates these problems somewhat, but it
still results in large amounts of hazardous aqueous waste
that require treatment. Green chemistry is much more than
simply replacing hazardous materials (solvents, reagents)
with less hazardous substances and can be defined as elegant
chemistry on the basis of three factors,!! environmental
friendliness, chemical efficiency (selective), and economic
viability. As a result of these environmental concerns,
supercritical CO, represents a more environmentally
friendly alternative to the traditional solvents. Although
supercritical CO, has been touted as a modern remedy for
many commercial problems, the use of CO, as a solvent is
complicated by the low solubility of many reactants, even
under supercritical conditions.'> Many industrial appli-
cations are therefore hindered by this obstacle, as well as by
the fact that high-pressure equipment can be quite costly.
Despite these difficulties, the attraction of combining
natural catalysts with natural solvents has been the driving
force behind a growing body of literature concerning the
stability, activity and specificity of enzymes in supercritical
carbon dioxide.!3~13

The trend towards using supercritical fluids in chemical
practice'® intensified only at the beginning of 1980s, and
their use as reaction media is becoming an alternative for the
reactions in which the previously described options are not
suitable. The projected advantages of the reactions in
supercritical fluids are the increased reaction rates and
selectivities resulting from the high solubility of the reactant
gases, rapid diffusion of solvents, weakening of the
solvation around the reacting species and the local
clustering of reactants or solvents.!” It is also interesting
to note, in a practical sense, that these fluids are easily
recycled and allow the separation of dissolved compounds
by a gradual release of pressure. Sequential and selective
precipitations of the catalyst and product would be possible.
Several recent reports have shown that scCO, can replace
the conventional organic solvents in various transform-
ations, such as radical reactions,'® Diels— Alder reactions,!°
polymerisations,”® homogeneous hydrocarboxylations?!
and asymmetric hydrogenations.?> Broadly, the authors
have reviewed those papers, published in recent years,
which concern some aspects of carbon—carbon bond
formation reactions in organic synthesis and which are
considered to be of the greatest value to the synthetic
organic chemist.

The most intriguing aspect of organic synthesis of
paramount concern is that of the carbon—carbon bond-
formation reaction.?® The efficient generation of a carbon—
carbon bond forms the backbone and is the essence of
synthetic organic chemistry, organometallic reactions,
metal-catalysed reactions and cycloaddition reactions lead-
ing to the formation of new carbon—carbon bonds figuring
prominently in both synthetic and mechanistic organic
chemistry.?* Moreover, the development of new and more
selective reagents in carbon—carbon bond-forming reac-
tions has accelerated exponentially and still constitutes one
of the most vigorous areas of organic synthesis. Two major
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types of reagents are the carbon nucleophiles and carbon
electrophiles and these are widely used to form carbon—
carbon bonds in organic synthesis. The C-nucleophile group
includes numerous organometallic reagents, carbanions,
enolates and their precursors. The familiar alkylating,
acylating and cyclopropanating reagents, together with
Michael acceptors and other electron-deficient olefins,
comprise a fundamental group of C-electrophiles.

The efficient formation of carbon-carbon bonds with good
and, preferably, predictable stereocontrol is still a synthetic
challenge in organic chemistry. On this issue during the last
decade, a unique reactivity and remarkable selectivity has
been exhibited on removing organic solvents in carbon-—
carbon bond-forming reactions, which is an important drive
towards the development of environmentally benign
chemical technologies. In addition, organic solvents are
high on the lists of toxic or otherwise damaging compounds,
because of the large volumes used in industry and the
difficulties in containing volatile compounds. Replacement
reaction media include ionic liquids®>-2® supercritical
fluids,?” water>8-3% and solvent-free conditions.2¢31:32
Due to the broad applicability and the vast diversity of
C-C bond formation reactions in organic synthesis and, for
the sake of simplicity, this review has strived to include the
relevant information on the current status of the develop-
ments in the application of SCFs in C—C bond-forming
reactions.

2. Carbon-carbon bond formation reactions in
supercritical fluids

2.1. Diels—Alder reactions

The Diels—Alder reaction is the most widely-used synthetic
method for the synthesis of polycyclic ring compounds.
Ikushima et al.>} examined the Diels—Alder reaction in
scCO, and found specific changes in the isomer distribution
and in the rate of reaction near the critical point.>* In the
early 1980s, Breslow et al.>> and Grieco et al.3° reported that
the rates of Diels— Alder reactions were greatly improved by
using water instead of conventional organic solvents as the
reaction media. Kolis et al.3” have reported the possibility of
performing Diels—Alder reactions in superheated and
scH,O due to the unique properties®® of scH,O. The
reactions tested were the cycloadditions of cyclopentadiene
1 with diethyl furmarate 2 and diethyl maleate 4 using
scH,O as the solvent. They obtained yields of 10 and 86%
for 3 and 5, respectively, after 1 h. Although the yield of the
endolexo-2,3-diethyl ester of 5-norbornene 3 was low, equal

CO,Et
@ . C)/ 2 scH,0 ﬂb/ CO,Et
EtO,
2

375°C, 1h CO,Et

1 3

CO,Et
@ n ( scH,0

COEt  375°C, 1h
1 4

L& COzEt
L~ CO,Et
5

Scheme 1.

amounts of both isomers of 5 were formed in good yield
from the cis diene (Scheme 1).

Renslo et al.>® have examined the reaction selectivity in
some Diels—Alder reactions in scCO, and conventional
solvents. They showed that the product distribution in
scCO, at pressures of 49—118 bar and at temperatures of 50
and 150 °C was very similar to that obtained in conventional
solvents such as toluene. This is different from the previous
observations under similar conditions®>> and Renslo et al.
pointed out the importance of phase behaviour when
sampling CO, reaction mixtures for results. Isaacs and
Keating?® carried out the Diels—Alder reaction between
p-benzoquinone 6 and cyclopentandiene 1 in CO, at 25—
40 °C, to form 7. It was shown that the reaction effectively
occurred throughout the liquid and supercritical ranges with
no discontinuity and that the rates of the reaction were about
20% greater than those obtained in diethyl ether (Scheme 2).

@ . scCO, or liq CO, / /P

25-40 °C

1 6
Scheme 2.

Weinstein et al.*! studied the Diels—Alder reaction of
cyclopentadiene 1 and ethyl acrylate in CO, from 38 to
88 °C and from 80 to 210 bar. The rate of the reaction was
shown to increase with pressure (or density) for the whole
range examined at a constant temperature. Paulaites and
Alexander reported the earliest findings on the Diels—Alder
reaction in supercritical media.*> The first Diels—Alder
reaction in scCO, controlled by a chiral auxilary*? was
reported by Chapuis et al. As part of a study into the solvent
effects on stereoselectivity, the reaction between cyclo-
pentadiene 1 and the dienophile 8 to produce 9 was
performed in scCO,. In conventional solvents, the de
generally increased with polarity (58% de in CCly, 92% de
in water), although several anomalies were observed such as
in diethyl ether (87% de) and hexane (70% de). In scCO,,
the best selectivity was observed around the critical point
(65% conversion, 93% de at 33 °C, 74 bar), although a
similar result was obtained at a slightly higher temperature
and pressure (100% converison, 92% de at 43 °C, 78 bar)
(Scheme 3).

The Lewis acid-catalysed distereoselective Diels—Alder
reaction between (—)-menthyl acrylate 10 and cyclopenta-
diene 1 was also investigated using scandium triflate as the
catalyst.** The poor rate and selectivities in the uncatalysed
reaction can be improved by using a Lewis acid i.e.
scandium triflate, which was investigated by Oakes et al. in
1999. A moderate diastereocontrol was observed, which
was once again optimised by tuning the pressure of the
scCO; solvent. At a pressure of 155 bar and a temperature of
50 °C an endo to exo ratio of 9.25:1 of 11 was achieved, with
a diastereomeric ratio of 3.6:1 (Scheme 4).

In 1998, Clifford et al.*’ investigated reaction controlled and
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potential tuning in the Diels—Alder reaction between
cyclopentadiene 1 and methyl acrylate 12 in scCO, to
give 13 (Scheme 5). The theoretical explanation is based on
a tuning function. The calculation using the tuning function
suggested that the maximum selectivity could occur at a
density of 0.540 gml~!, significantly above the critical
density of 0.465 g ml~! (Scheme 5).

\i scCO.
@ * OMe i /

M
12 OMe

1
13

Scheme 5.

In a recent finding, Kobayashi has reported the use of
scandium perfluoro-alkanesulfonates as Lewis acid catalysts
for the Diels—Alder reaction in scCO,.%¢ It was disclosed
that the catalyst activity was improved by increasing the
length of the perfluoroalkyl chain and, hence, its solubility.
This catalyst was also used in the aza-Diels—Alder reaction
of Danishefsky’s diene 14 with the imine 15 in scCO, to
obtain the corresponding aza-Diels—Alder adduct 1b in
99% yield (Scheme 6).

There are various other reports*® on the selectivity of the
Diels—Alder reaction in supercritical fluids. The reaction of
isoprene 17 in supercritical H,O was conducted in batch
mode, in the temperature range of 300-410 °C at 25 MPa
with an initial concentration of 8 wt%. The residence time
was 1 h. The main products were Diels—Alder adducts such
as dipentene 18 and some terpenes 19. No hydration
products could be detected®® (Scheme 7).

Z r& scH,0 X -2H
" 2
. | — N
17 18 19

Scheme 7.

Supercritical water could be used as an acid catalyst for
dehydration and other reactions if its own ‘acidity’ could be
changed. Pinacolone 22 was the sole product under scH,O
and superheated water reaction conditions. In the very
limited near-critical region of 375-380 °C at 22.5-25 MPa,
however, the formation of 1,2,4-trimethyl-4-isopro-penyl-
cyclohexene 23, rather than pinacolone 22, from pinacol 20
was observed for the first time.>! The conversion of 20 to 23

Me,Si PP S mol% Se(0S0,CeH,), TN
+ |
N ph)\ ScCO,, 100 bar, 1 h Ph X0
OMe s 16

14
Scheme 6.

The silica-catalyzed Diels—Alder reaction in scCO, was
carried out by Danheiser et al.*’ Here, the silica was found
to significantly enhance the rate and selectivity of the
reaction. Roberts investigated*® the effect of pressure on the
bimolecular rate constant of the Diels—Alder reaction
between maleic anhydride and isoprene in scCO, at 35 °C.

was 50—70%. Here, pinacol was completely dehydrated into
2,3-dimethyl-1,3-butadiene 21 and the intermolecular
Diels—Alder reaction of 21 then results in the formation
of 23. Diels—Alder reactions have already been confirmed
to occur in supercritical water in the absence of acid
catalysts>? (Scheme 8).
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2.2. Catalytic Pauson—Khand reactions

The cocyclisation of alkynes with alkenes and carbon
monoxide by cobalt, leading to cyclopentenones (known as
the Pauson—Khand reaction), has been accepted as one of
the most powerful tools in the synthesis of cyclopentenones.
Recent developments in the Pauson—Khand reaction
include the discovery of promoters, such as silica gel,
tertiary amine N-oxides and DMSO for the stoichiometric
reaction, enantioselective reactions and catalytic versions of
the reaction.> Jeong et al.>* have reported the first catalytic
intramolecular Pauson—Khand reaction in supercritical
fluids. The catalytic intramolecular Pauson—Khand reac-
tions e.g. 24 to 25 were first performed in scCO, with
dicobalt octacarbonyl as the catalyst and enynes, followed
by correct pressurisation with carbon monoxide and carbon
dioxide. The reaction mixture requires a higher carbon
monoxide pressure (15-30 atm) to make the catalytic metal
species as intact as possible (Scheme 9).

2.3. Inter- and intramolecular Heck reactions

The Heck reaction is an extremely valuable method for
carbon—carbon bond formation and is now widely used in
the fine chemical and pharmaceutical industries.>> The Heck
arylation of alkenes has been carried out in hot compressed
water (533 K) and in scH,O (673 K) in the presence of Pd
catalysts.”®>7 Tkushima et al.>® have recently reported the
Heck coupling reaction of iodobenzene 26 with styrene 27
in supercritical water without using any catalyst, in which
several alkylarenes, such as stilbene 28 and 29 and 1,1-
diphenylethylene 30, were formed, as shown in Scheme 10,
besides hydrogen iodide and other products 31 to 33. They
demonstrated®>® a remarkable stimulation of rearrange-
ment or disproportionation using scH,O, which might be
due to the acid and base difunctionality of scH,O. The
unusual properties of water near its critical point provide a
novel method for extending the Heck reaction into water. It
was shown that a high reaction rate and selectivity are
possible near its critical point. The choice of base had a
significant effect on the product selectivity. The best result
was obtained using KOAc, which is a relatively mild
base. The conversion reached 70% and the yield of stilbene
was 55.6% (both trans and cis stilbene) within 10 min
(Scheme 10).

Recently various approaches to the Heck reaction has been
developed,® ~% but its practical application has been
restricted, due to the disadvantage of using environmentally
damaging solvents and transition-metal catalysts and to
problems associated with catalyst-product separation and
side reactions such as decomposition. The Heck reaction
using fluorinated phosphine—palladium complexes in
scCO, with electron-deficient alkenes occurs in a superior
yield to that reported for conventional solvents, i.e. 90%
conversion and 90% selectivity for the coupling of Phl 26
with acrylic acid and styrene.®® Similar results were
obtained in the Heck coupling by Holmes®” using isolated

Et0,C 7 2.5 mol% Co,(CO)g
EtO,C \\ 112 atm at 37 °C, 24 h, 82%

24

56

26

Scheme 9.

31

Scheme 10.

Et0,C
0
Et0,C

25

H++

o

32
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complexes of the formula [PdL,X,], where L=
PhP[(CHz)z(CFz)GF]2 and X=Cl or OAc. At 100 OC, a
91% isolated yield of methyl cinnamate 34 from Phl 26 and
methyl acrylate acid was achieved using 5 mol% of the
acetate complex (Scheme 11).

I
Pd-cat/base
scCO,, 90-100 °C

f) Sadh
PZS
26 Z SR 34
R =COOMe

Scheme 11.

The Heck reaction has also been studied in metal-catalysed
organic synthesis in SCFs other than CO,. Supercritical and,
especially, superheated water have been found to be suitable
solvent media for this reaction for the synthesis of 35 using
various palladium complexes without phosphine ligands®®
(Scheme 12).

Pd cat

—Ph
+ Z N Ph ¢ Y
© [NH,][HCO;]

26 27 35

Scheme 12.

Heck reactions in scCO, using fluorinated phosphine
ligands®® or trifluoroacetate counterions,’® or non-fluori-
nated phosphines’!’> and solid-supported reactions have
been reported. The application of supported reagents’® in
scCO, has received little attention.”* Cacchi has success-
fully used Pd/C as a heterogeneous catalyst to facilitate the
Heck reaction in scCO,, although these conditions required
extended reaction times to release reasonable yields’> Arai
has reported a Heck reaction using water-soluble catalysts in
scCO,—water biphasic systems.”® The coupling of iodo-
benzene 26 with butyl acrylate 36 in scCO, to form 37 was

COO'Bu
I =
] Pd(OAc),, TPPTSS, Et;N
‘ OBu +
scCO, 60 °C, 80 or 140 bar
36 26

37

Scheme 13.

1-2.6 mol%, Pd
Et;N, scCO,

aTad

OMe
26 38

Scheme 14.
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investigated’” using Pd(OAc), and triphenylphosphine
trisulphonate sodium salt (TPPTSS) as water-soluble
ligands (Scheme 13). In the absence of a co-solvent, the
catalyst remains insoluble and the yields are low (<5% at
80 bar), but the addition of a polar co-solvent such as water
increases the rate. The use of a more CO,-philic co-solvent
such as ethylene glycol offered a further enhancement
(Scheme 13).

In a recent report,’® dendrimer-encapsulated nanoparticles
were shown to be versatile catalysts for both the Heck
heterocoupling of iodobenzene with methyl acrylate and the
hydrogenation of styrene in supercritical CO,. lodobenzene
26 can be coupled with methyl acrylate 38, which is a
benchmark reaction for the Heck coupling,”® to yield
exclusively methyl 2-phenylacrylate 39 (Scheme 14).
The selectivity of 39 is remarkable when compared
with standard palladium complexes or colloidal nano-
particles®®®! used for Heck couplings in organic solvents,
which result in only the cis and/or trans cinnamate 40. The
high selectivity is due in part to the steric environment the
dendrimer template imposes on the reaction intermediates.

Tumas et al.®® have investigated palladium-catalysed
carbon—carbon bond coupling reactions, namely the Heck
and Stille reactions in scCO,. The reaction between
iodobenzene 26 and vinyl(tributyl)tin 41 was carried out
with a number of ligands using Pd(dba); as the source of
palladium. The nature of the ligand was found to
significantly affect the yield of 42. Using Ph;P, a 49%
conversion was achieved, which was only slightly better
than that observed with no ligand present (38%). Tris(2-
furyl)phosphine, however, showed good activity (86%
conversion) (Scheme 15).

I

Pd,(dba
© + Z 7 SnBuy, o(dba, ©/\
90 °C, 345 bar
41 scCO.
26 : 42
Scheme 15.

The intramolecular Heck cyclisation reaction in supercriti-
cal CO, has also been studied.’? The intramolecular
cyclisation of 43 and 46 in acetonitrile as the solvent gave
complete conversion, but the isomerised exocyclic products
45 and 48 accounted for 76 and 80% of the yields,
respectively. It has, however, been shown that, by carrying
out the reaction in scCO,, not only is a complete conversion

—
OMe
39

100% methyl 2-phenylacrylate,

y V4
%%» OMe
40

0% methyl cinnamate
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10% P(2-furyl),
5% Pd(OCOCF,),

scCO,, 80 °C

b ok

43 45
10% P(2-furyl),
@il/ 5% Pd(OCOCF,), X
O~ 5¢CO,, 80 °C 0 0
46 47 48

Scheme 16.

achieved, but suppression of the double bond isomerisation
reaction is also observed. The desired exocyclic products 44
and 47 account for 83 and 93% of the yield, respectively
(Scheme 16).

The intramolecular Heck reaction of 49 has been investi-
gated®” by Holmes et al. using fluorinated phosphine ligand
complexes in supercritical carbon dioxide and the corre-
sponding substituted indole 50 was obtained in superior
yield to that reported for conventional solvents (Scheme 17).

Pd(Ph, P)Z(OAc)2 ﬁ
©/\ L 100 °C, 37% m
50
Scheme 17.

2.4. C-C bond-forming Baylis—Hillman reactions

The Baylis—Hillman reaction®? is considered to be one of
the most facile coupling protocols between activated
alkenes 12 and aldehydes 51, allowing the introduction of
a hydroxyalkyl moiety at the a-position of Michael
acceptors 52. This reaction can be efficiently carried®* out
in scCO, with enhanced reaction rates relative to the
comparable solution-phase reactions. At low pressure, an
unprecedented dimerisation and formation of 53 is
observed, which has led to the development of a novel
one-pot three-component coupling reaction to form highly-
functionalised ethers derived from Baylis—Hillman
products (Scheme 18).

2.5. Suzuki coupling reactions

Suzuki coupling reactions®> have been investigated in the
supercritical phase in recent years.®> Treatment of p-tolyl-
boronic acid 54 with iodobenzene 26 and the base N,N,N,N-
tetramethylhexanediamine in the presence of the polymer-

ArCHO + /YOMe

O

51 12

Scheme 18.

DABCO, 50 °C
24 h, scCO,

supported phosphine—palladium catalyst in scCO, afforded
the biaryl product 55, which was isolated by venting the
liquid CO, isolation into a beaker containing EtOAc.
Washing the remaining resin and the amine salt with liquid
CO, afforded the product in 64% yield (Scheme 19).

B(OH), 1 e
N i) cat, H,N(CH,);NH, ,100 °C
i) wash with liq CO,
Me 26 Ph
Scheme 19.

The Suzuki coupling with arylboronic acids®® using
phosphine ligands which play a crucial role in stabilising
the active intermediate in scCO, has been studied. The
reaction is believed to proceed via a Pd® intermediate,
generated in situ from Pd® or Pd" precursors (Scheme 20).
The fluorinated phosphine—palladium complex-mediated
coupling of boronic acids with aryl or vinyl halides to yield
biaryl 56, the Suzuki reaction, has certain advantages for the
coupling of two sp2 centres. This too can be conducted in
scCO; in yields that are comparable to those achieved in
conventional solvents.5”

I Ar

ArB(OH),
Pd cat/base, scCO,, 100 °C

Ar = C¢Hs, p-MeCH,-
26 56

Scheme 20.

2.6. Alkylation reactions

Poliakoff and his co-workers introduced the supercritical
phase to the Friedel—Crafts alkylation reactions by using
scCO, or by making propene, one of the reactants, the

OH

Ar)ﬁ( COOMe +
s,
COOMe
0

Ar /%( COOMe

Ar=pNO,CHy- 3



822 D. Prajapati, M. Gohain / Tetrahedron 60 (2004) 815-833

supercritical fluid.8” The effect of the supercritical fluid
operation on catalyst deactivation has been studied by Gao
et al.388% using the alkylation of benzene with ethylene on a
Y-type zeolite as an example. Li Fan et al.®* have
investigated the effect of the SCF on the alkylation reaction
on Y-type zeolites. Two types of alkylation reactions were
studied, isopentane (7.=188°C, P.=33 MPa) with
isobutene and isobutane (7,=135°C, P.=3.6 MPa) with
isobutene. The paraffins acted as both reactant and
supercritical fluid. The supercritical-phase reaction
exhibited a higher catalytic activity, along with a remark-
ably longer lifetime, compared to the reaction in the liquid
or gas phase. Recently, Clark and Subramaniam reported the
1-butene/isobutane alkylation in scCO, with USY zeolite as
the catalyst. The utilisation of scCO, was considered mainly
to lower the reaction temperature, as the higher reaction
temperatures in other supercritical phase systems could
have increased the cracking and coking reactions.”' They
showed that, using a molar excess of a low T, diluent such as
scCO,, the alkylation can be performed at supercritical
conditions at temperatures lower than the critical
temperature of isobutane (<135 °C), resulting in a virtually
steady alkylate (trimethylpentanes and dimethylhexanes)
production for experimental durations of nearly 2 days.

Hitzler et al.®” investigated the continuous Friedel—Crafts
alkylation of mesitylene [CgH3z(Me)s;], and anisole
(C¢HsOMe) with propene or propan-2-ol in supercritical
carbon dioxide using polysiloxane-supported solid
(DELOXAN) acid as catalyst in a small fixed-bed reactor
(10 ml volume). Mesitylene 57 was alkylated in sc-propene
(T.=91.9°C, P.=46.0 bar) and the corresponding mono
alkylated species 58 was obtained as the major product
(25%) and the di and tri alkylated product 59 and 60 as the
minor products. This work clearly demonstrates the
feasibility of continuous and sustainable Friedel—Crafts
alkylation in SCF solution, although no comparison was
made with continuous alkylation in a conventional
solvent using the same catalyst (Scheme 21). Suzuki
et al.®? have also performed Friedel-Crafts reactions,
alkylations and etherifications at 350 °C, 152 bar and
residence times of 120 min in the absence of any acid

catalysts in scMeOH.
acid-DELOXAN
_—
scCH,CH=CH,

57

Scheme 21.

61 H-H

“Hanti

Scheme 22.

2.7. Photochemical reactions

Johnston et al.”? investigated the [2+2] photodimerisation
of isophorone 61 in scCO, (38 °C) and scCHF; (34.5 °C).
Three dimers were produced: a head-to-head dimer
(H-H,,;;), and two diasteromeric head-to-tail dimers
(H-T,,; and H-T,,,). In conventional solvents, Chapman
found that more polar solvents favour the production of the
more polar product.®* Analogous results were obtained in
SCF solvents, the more polar product (H-H,,,) being a
major product in the more polar solvent and only a minor
product®® in CO, (in which the H-H:H-T,,,,; ratio was
essentially 0.10, independent of pressure). These
observations are explicable on the basis that, over the
range of pressures examined, the dielectric constant varies
more for CHF; (from 2.5 to 8.4) than for CO, (from 1.34 to
1.54) (Scheme 22).

Weedon et al. have examined the photo-Fries rearrange-
ment® of naphthyl acetate 62 in scCO, at 35 and 46 °C.
Photolysis of 62 leads to a caged pair [63/64] and the
reaction in the cage yields the photo-Fries products, 2- or
4-acetylnaphthol (65 or 66). A cage escape, however,
followed by hydrogen abstraction (isopropanol was present
as a hydrogen-atom donor) leads to «a-naphthol 67
(Scheme 23).

Photochemical carbonylation of the C—H bonds of liquid
propane was achieved by Sakakura et al.”® with the use of
RhCI(CO)(PMej3), as catalyst and 3 atm of CO at 15 °C.
Excellent selectivity for linear butanal (97% selectivity, 20
TON after 484 h) was obtained with only traces of
2-methylpropanal and acetaldehyde being observed.

2.8. Cyclopropanation reactions

Supercritical fluoroform (scCHFj3) is yet another SCF that
provides highly interesting opportunities for metal-
catalysed C-C bond-formation reactions. Rhodium-
catalysed asymmetric cyclopropanation was investigated,
as it exhibits a marked selectivity dependence on solvent
polarity in the liquid state®’°® The cyclopropanation of
styrene 27 with methyl phenyldiazoacetate 68 catalysed by

2
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0,CMe o}
hv . escape
(1D |00 w0 | =F= 1) + o
64
62 63 cage

in-cage, followed RH

by enolization
OH OH

I I COMe

(65: 1,2-; 66: 1,4-)

Scheme 23.

the dimeric rhodium(II) carboxylate complex L proceeds, to
form 69 with a higher enantioselectivity in non-polar than in
polar liquid solvents. Indeed, a strong dependence of the
enantioselectivity on pressure was observed when the same
reaction was performed in scCHF; at various pressures®
(Scheme 24).

h scCHF;, 29 °C Ph>A<Ph
Ph-"X + N; o L ~ H CO,Me

27 MeO
68

50-150 bar 69

QLT

N 0+—Rh

Scheme 24.

2.9. Hydroformylation reactions

The addition of CO and H, to a C=C double bond to yield
aldehydes or, with subsequent reduction, alcohols is referred
to as hydroformylation This reaction is one of the most
important processes catalysed by homogenous organo-
metallic catalysts on an industrial scale.!®® The hydro-
formylation catalysts are classified according to the metal

X + HYCO

70

Co,(CO),

67

The first hydroformylation reaction of propylene in scCO,
catalysed by dicobalt octacarbonyl was reported by Rathke
et al.'® The propylene 70 hydroformylation proceeded
smoothly at 80 °C at Pyr=P.,=56 atm with Co0,(CO)g
(10 mol%), hydrogen (42 bar) and carbon monoxide
(42 bar), giving n-butyraldehyde 72 (88%). The selectivity
for the desired linear aldehyde, butanal (88%), is higher than
the value (83%) measured in benzene at slightly higher
pressures (Pco=80 atm). The linear-to-branched ratio is
slightly influenced by the pressure and temperature.!®*
When the temperature is constant at 88 °C, the linear
product selectivity increases from 73 to 81% as the pressure
doubles (Scheme 25).

Noyori and his co-workers'® reported the stoichiometric
reaction of the olefin 73 with MnH(CO)s5 in scCO,,which
gave a similar selectivity for the hydroformylation product
75, over the hydrogenation product 74, to that found in
alkane solvents. This suggested that the aldehyde 75 was
primarily formed by non-radical pathways, which were
independent of the solvent viscosity (Scheme 26).

As in conventional solvents, rhodium-based systems are
generally much more active than cobalt catalysts in scCO,
(Scheme 27). Various alkenes 76 have been hydroformyl-
ated in scCO, to yield 77 and 78 with [Rh(hfacac)(cod)]
(cod=1.5-cyclooctadiene) as the catalyst precursor without
additional ligands, at substrate/Rh ratios as high as
2600:1.'% The reaction rate was found to be considerably
higher in scCO, than in liquid organic solvents, this effect

CHO
R + pCHO

71 72

R=CH,, n-CH,,

Scheme 25.

used, with cobalt and rhodium-based catalysts being by far
the most successful systems. The catalytic cycle proposed
by Heck and Breslow'?! consists of a number of elementary
steps. Depending on the catalyst and other factors, the rate-
limiting step can be the reaction with H,'%? and a rate
increase could therefore be observed for some hydroformyl-
ation systems in SCFs.

60 °C, 200 bar ¢ "Me

Ph Ph Ph b Ph Ph
\Y/ MnH(CO); H>Y<H . H>Y< CHO
Me/ N\ ppe €0 M Me” ™ Me
73

74 75
Scheme 26.
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2
R? [Rh(hfacac)(cod)] Y/ o 2+ /—Sj
Rl/:/ o PR3 w R! J H
5cCO,, 40-65 °C R!
76 20-60 bar CO/H, (1:1) 77 78
R! = n.C(H,;, R2= H; R'= R2= Et;
R!'=Ph, R? = H; R! = CH,0Ac, R?=H;
Scheme 27.
”‘Caﬁls/\ + HyCo CHO
7 P, =29 atm Rh cat HO
1-octene/Rh = 200 *onCeHy;
Peo=29atm  scCO,, 157 atm, 60 °C n-CeHys
80 81
18% 82%
CF;
=0,
Rhcat . >Rh n4-CgH;)) + P
(0) 3
CF; (CH,),(CF,)sCF;
1:6
Scheme 28.

being the most pronounced for internal alkenes such as
trans-3-hexene.
Leitner et al.'%7 investigated a CO,-soluble Rh complex
with a polyfluoroalkyl substituted triarylphosphine ligand
(Rh/phosphine 1:6) in scCO,, which effected the hydro-
formylation of 1-octene 79 to give the linear aldehyde 81 in
good yield and with 82% selectivity (Scheme 28). The
reaction proceeds smoothly in the homogeneous super-
critical phase without any side reactions such as hydrogen-
ation or isomerisation (to 80) of the olefin.

The introduction of fluorinated side-chains on the aromatic
rings of the phosphine ligands results in an increase in the
solubilities of the complexes in scCO,, quantified by UV/vis
spectroscopy of the Rh-hexafluoroacetylacetonate com-
plexes with these ligands.'?” Under supercritical conditions
at 45 °C and 91 atm, these complexes give bright yellow
solutions with saturation concentrations of 6.3X107> and
7.5%107° mol 17!, respectively.

Recently, a rhodium-catalysed hydroformylation reaction in
scCO, using trialkylphosphines as simple alternatives to
fluorinated arylphosphines, in order to achieve solubility,
was investigated.'”® The catalyst prepared in situ from
Rh,(OAc)4 (0.74 mol%) and PEt; (4 mol%) gave complete
conversion of hex-l-ene within 2h at 100 °C. The
equivalent reaction in toluene solution showed an
equivalent rate, but a poorer product ratio of 2.1:1.

Asymmetric hydroformylation in scCO, also provides
viable routes to important anti-inflammatory drugs starting
from simple vinylarenes. Rhodium catalysts bearing the
chiral phosphine/phosphite ligand (R,S)-BINAPHOS allow
very high levels of enantiocontrol.!®® Investigations with a
catalyst made up from 1,5-cod and (R,S)-BINAPHOS
revealed that the ligand-bound rhodium species have
insufficient solubility in the supercritical phase. Even a

moderate asymmetric induction could only be obtained at
low CO, densities, when an additional liquid phase was
present at some stage of the reaction.'!® The ligand
solubility problem was addressed by the addition of
fluorinated chains, leading to the development of the
fluorinated BINAPHOS ligand 84. Thus the asymmetric
hydroformylation of styrene 27, using (R,S)-BINAPHOS 84
as the catalyst, favoured the asymmetric hydroformylation
product 82 over its achiral regioisomer 83 with an
appreciable asymmetric induction 68% ee. The use of this
ligand with Rh(CO),(acac), leads to increased levels of
enantioselectivity and greater regioselectivity both in a
conventional benzene solvent and in scCO, with quanti-
tative conversions (17 h, 60 °C, 0.1 mol% cat, 0.2 mol%
84).!"!" (Scheme 29).

o
27

H, 20 bar, CO 20 bar | $¢CO,

0.1 mol% Rh(CO),(acac) | 60°C
0.48-0.85 g/ml

-0
+ 0
Me
83
82

O‘ (CH,),C4F 5
e

Scheme 29.
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2.10. Coupling reactions in scCO,
Reetz et al.!'? investigated the formation of tetraethyl
2-pyrone 86 from 3-hexyne 85 and CO, using a catalyst
generated in situ from Ni(cod), and the chelating
diphosphine 1,4-diphenylphosphinobutane (dppb)[Ph,-
P(CH,)4PPh;] in scCO,. The selectivity and TON of 7,
although only moderate, were similar to those reported in
conventional solvents. Although the phase behaviour of the
low-density reaction mixture and the solubility of the metal
complex were not mentioned, these results demonstrated
that Ni catalysts allow catalytic C—C coupling reactions
with CO, under conditions beyond T, and P, Changing the
catalyst from dppb to trimethylphosphine as the ligand
increased the activity, allowed lower temperatures (51 °C)
to be used and gave a higher TON of 18. The catalyst did,
however, have a shorter lifetime in scCO, compared with
conventional solvents''3 (Scheme 30).

t
Ni(cod), Et

. Et
2Bt—=—Et + CO, —— > \
scCO, §
o5 102 °C E 0" o
86
Scheme 30.

2.11. Olefin metathesis in scCO,

Recent literature reveals that supercritical fluids are useful
reaction media for the metathesis of olefins.!'#-116
DeSimone found that [Ru(H,O)g](OTs), (Ts=p-toluene-
sulfonyl) catalysed the ROMP (ring-opening metathesis
polymerisation) of norbornene at 65 °C in scCO, (67—
296 atm). The product, an off-white spongy textured
polymer, was isolated by venting the CO,.!!” Leitner
et al.''® have reported transition metal-catalysed olefin
metathesis reactions in compressed CO, media. Using the
conventional metathesis catalysts 87 and 88 (Scheme 31)
ROMP of norbornene and cyclooctene gave the correspond-
ing polymer in excellent yields, both in liquid CO, and in
scCOs,.

Ring-closing metathesis (RCM) was also investigated!!8:11°
using the same carbene complexes and some remarkable
observations were made. It was found that the RCM of 89
was extremely sensitive to density, with the 16-membered
ring 90 being formed in excellent yield at densities
>0.65 g ml~! whereas mainly oligomers (70%, with 10%

OSiMe,

rCY3 7/K;\r
Ru—" R
N

. |

PC CH,(CF,),CO ., H
Cl/ Y3 3(CFy), Mo

CH,(CF5),CO N CHC(CH,),C H,

87
88
R= -CH=CPh,, Ph

Scheme 31.

89) were produced at low densities (ADMET product)
(Scheme 32). The density effect on the reaction pathway is
not fully understood, but may be caused by the compres-
sibility of the supercritical phase. Furstner et al. speculate
that increasing the density at constant volume leads to a high
dilution reaction condition, favouring the intramolecular
reaction pathway.!!'” A number of other cyclisations were
performed in good yield. An interesting observation was
that the catalyst 87 (R=—CH==CPh,) (Scheme 31), which is
normally deactivated in the presence of basic N—H groups,
was active under such conditions in CO, solution.

o Ru cat (R = -CH=CPh,) 87 o
scCO,
_ d>0.65g ml! P
=
RCM product
89 d<0.65 g ml! 90

Ru cat (R = -CH=CPh,) 87 oligomers

ADMET product

Scheme 32.

2.12. Asymmetric Mukaiyama aldol reactions in scCHF3

Asymmetric Lewis acid-catalysed carbon—carbon bond
formation in Mukaiyama aldol reactions mediated by a
B-naphthol-derived chiral titanium(IV) complex 91
proceeds smoothly in a supercritical fluid'? such as
fluoroform (scCHF;). The chemical yield and enantio-
selectivity of the reaction in SCFs are found to be tuned by
changing the supercritical fluids, (scCHF; versus scCO,)
and adjusting the matched polarities by varying the pressure
of the CHF;. The reaction in SCFs containing the chiral

OH
(R)-BINOL-Ti cat 91 /ﬁvl\
+-BuS C.H

+
¢-BuS H/\Csﬂw

92 93

(R)-BINOL-Ti cat 91: Oe

Scheme 33.

scCHF; or scCO, 87

94

OH /TiClz[OCHMeZ] MS 4 A°
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c-CeH,,
g
H

95 96 97

J c-CeHy,

c-CeHy, Ph c-CeHy, H
> _ < . > _ <
H

PhC=CH + ¢-CH,,

H H Ph
(2)-98 (E)-98
Scheme 34.
Me
+ Me(CH,),HC = CH,
Me 100
99
Scheme 35.

Table 1. Dodecene alkylation of p-xylene with CF5(CF,);SOzH catalyst

Solvent Conv. to LAB (%) Isomerisation products® (%)
None® 0 <1

CO,* 1 68

CHF5° 90 7-9

# Value shown represents conversion of the non-alkylated a-olefin to an
internal olefin mixture with 85% being close to thermodynamic
equilibrium.

® 100 °C, 1 bar.

€ 80 °C, 322 bar.

catalyst'?! and a ketene silyl acetal of the thioester 92 and an
aldehyde 93 (1:2:3=1:20-40:20 molar ratio) proceeds
smoothly to give a trimethylsilyl ether of the aldol product
94 in moderate yields (Scheme 33). The outcome of the
reaction was found to be influenced by tuning the SCFs
(scCO,: T.=31.0 °C, P.=72.8 atm).

2.13. Addition of supercritical cyclohexane to
phenylethyne
Metzger et al.'?? examined the addition of cyclohexane 96
to phenylethyne 95 in the temperature range from 20 to
340 °C in supercritical cyclohexane (ratio 1000:1). The
addition proceeds via a 2-cyclohexyl-1-phenylethenyl
radical 97 to provide 1-cyclohexyl-2-phenylethene 98, as
shown in Scheme 34. The radical chain is initiated by a
bimolecular reaction of cyclohexane with phenylethylene to
give a cyclohexyl radical and a 1-phenylethenyl radical. No
effect on the reaction rate constant near the critical point was
observed.

2.14. Formation of alkylbenzenes

Hutchenson and his co-workers!?* demonstrated the for-
mation of linear alkylbenzenes (LAB) using a perfluoro-
sulfonic acid catalyst in supercritical fluid reaction media.
An enhanced alkylation activity was observed in fluoro-
forms (CHF;) compared to carbon dioxide. The results

indicates that scCO, solubilises the long-chain perfluoro-
sulphonic acid CF3(CF,);SOsH which initiates the catalytic
activity of these molecules. The poor conversion to the LAB
product suggests, however, that the availability of the acid
sites is still limited under these conditions despite the
apparent solubility of the catalyst. The authors found that
the dodec-1-ene 100 alkylation of p-xylene 99 using SCF
fluoroform as the solvent proceeds in high yield to form 101.
The isomerisation of the a-olefin is primarily observed
using scCO,, with only a small yield of the alkylated
product. This demonstrates tuning of the reaction pathway
depending upon the solvent characteristics within the SCF
media. This example illustrates the use of an SCF solvent to

€

[CF4(CF,),SO;H]

80 °C, 322 bar

R-
scCHF |
3 R Me

R=Me(CH) R'=Me 101

define the reaction chemistry in a catalysis application
(Scheme 35 and Table 1).

The asymmetric alkylation of benzaldehyde 103 catalysed

by 102 in supercritical fluoroform (Scheme 36) to form the

alcohol 104 was studied by Jessop et al.”%-!>* Preliminary

investigations of the reactions of benzaldehyde 103 with

diethylzinc in scCHF3 showed that the enantioselectivity
scCHF;

was pressure dependent.
Me
Et__OH N
S
OH
H,0

103 104 102

H  Et,Zn, 102
_—

Scheme 36.

2.15. Phase-transfer catalysis

Phase-transfer catalysis (PTC) has also been used for
carrying out reactions in supercritical media. The first PTC
reaction in SCF was the displacement reaction of benzyl
chloride 105 with potassium bromide in supercritical carbon
dioxide'?>1?° with 5mol% acetone, in the presence of
tetraheptylammonium bromide (THAB), to yield benzyl
bromide 106 (Scheme 37). Chandler et al.!?’ investigated
the reaction between benzyl chloride 105 and potassium

THAB
Cl scCO,
+ KBr ————= K(Cl + Br
50-75 °C
105 130-200 bar 106
THAC
Cl scCO
50-75 °C
105 130 bar 107

Scheme 37.
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cyanide in scCO, in the presence of tetraheptylammonium
chloride (THAC) to yield benzyl cyanide 107.

Scheme 38 depicts the three-phase system and the
concentrated catalyst phase where the reaction is believed
to occur. In the presence of acetone as a cosolvent, the
reaction rate decreased, perhaps due to the increased
solubility of the catalyst in the SCF and the detection of
catalyst in the w-phase. Although it is customary to add
co-solvents to SCFs to increase the solubilities, in this case
the increased solubility appears to be detrimental to the

reaction rate.
%HZ CN

supercritical
CO, phase

FH2C1

H;—Cl

+ Q'CN:

solid
phase

* = quarternary
ammonium ion

catalyst
Phase

Scheme 38.

2.16. Miscellaneous reactions

An intermolecular reaction was also carried out in scCO,
where>* phenylacetylene 108 can couple with excess
norbonadiene 109 catalysed by dicobaltoctacarbonyl and a
CO pressure of 15 bar, to give the bicyclic compound 110 in
87% (Scheme 39).

L 3 mol% Co,(CO),
— + + CO — > ph

Ph— =
180 bar, 88 °C :
108 109 5¢CO, 4
exo only
110
Scheme 39.

Ikaria et al. have reported!?® an efficient carbonylation of
aryl halides catalysed by CO;-soluble palladium complexes
with trialkyl or triaryl phosphite ligands in scCO,. The
intramolecular carbonylation of 2-iodobenzyl alcohol 111
catalysed by PdCl,(MeCN), in scCO, proceeded efficiently
to give the phthalide 112 with a TON of 1880 after 18 h
(Scheme 40). Changing the ligand to the more soluble

OH

112
111

PACL,L,, Et;N (2.2 equiv)

L = MeCN, (EtO),P
5cCO, (200 atm) 130 °C, 18 h

Scheme 40.

triethylphosphite gave an increase in rate, showing that the
reaction is faster in scCO, than in conventional organic
solvents.

An intramolecular cyclisation'?® via the reduction of 1,1-
diphenyl-6-bromo-1-hexene 114 under supercritical CO,
conditions with the fluorous tin hydride 113 provided the
5-exo cyclised product 115 in 87% isolated yield, along with
7% of the reduced product 116. Interestingly, the reduction
of 114 with liquid benzotrifluoride (1 atm) provided only
the cyclised product 115, which was isolated in 75% yield.
Significantly, the reduction of 114 with tributyltin hydride
produced neither 115 nor 116 but recovered the starting
materials, along with some tin formate. In addition,
reduction of the aryl iodide 117 with the fluorous tin
hydride 113 provided 118 in 99% yield, along with 99% of
the tin iodide 119 (Scheme 41).

Ph Ph h Ph Ph Ph
\
| . (CF ;CH,CH,);SnH,113 E . H
scCO,
115 116

114
e .
N @\p/ +  (C4F;CH,CH,),Snl
Cbz ‘ 119 99%
17 Cbz
118 99%
Scheme 41.

A very recent study by Shirai et al.'3° found that a charcoal-
supported rhodium catalyst was highly active for the ring
hydrogenation of phenol and cresols under supercritical
carbon dioxide. Commercially available catalysts were used
in this work viz 5 wt% carbon-supported palladium (5% Pd/
C), rhodium (5% Rh/C), platinum (5% Pt/C), and ruthenium
(5% Ru/C). During hydrogenation of phenol, it was found
that both the hydrogenation activity and selectivity to
cyclohexanol increased with increasing hydrogen pressure
at 10 Mpa carbon dioxide. Phenol hydrogenation is a
successive reaction in which phenol 120 is first hydrogen-
ated to cyclohexanone 121 followed by hydrogenation of
the latter to cyclohexanol 122 (Scheme 42). Cyclohexanol
was, however observed at low phenol conversion under high
hydrogen pressure, indicating that it would be formed not
only via the cyclohexanone intermediate, but also directly
from phenol. The hydrogenation activity also increased with
increasing carbon dioxide pressure. Bhange et al. have
observed higher conversions with increasing CO, pressure
in the case of cinnamaldehyde under supercritical carbon
dioxide.!3!

H 0 -
HZ
—_———
Rh/C in s¢CO, O +

120 121 122

Scheme 42.
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\ RuO,
CH,—CH / sCw
(5 n

polystyrene
123

Scheme 43.

CH, + CO, + H,

carbon conversion: quant.
product distribution: CH, (54%), CO, (39%), H, (7%)

Table 2. Summary of the results on the gasification reaction of organic compounds by RuO, in SCW

Organic compounds (org) Molar ratio [org]/[RuO,] C-conv. (%) Product distribution (%)

CH, CO, H,
Naphthalene 5.12 96.7 48.8 42.7 8.4
Carbazole 3.94 87.9 52.7 40.6 6.7
Diphenyl ether 3.87 99.9 45.8 48.8 54
Dibenzofuran 3.92 101.7 51.0 43.6 5.5
Polyethylene 23.5 100.6 66.6 28.0 53
Polypropylene 15.7 99.9 66.5 26.9 6.5
Polystyrene 6.32 100.7 53.7 394 6.9
Poly(ethylene terephthalate) 3.44 97.2 37.3 51.0 11.5
Cellulose 4.07 97.0 342 50.9 14.6

In a recent breakthrough by Tomiyasu et. al,!*> complete
gasification of organic compounds by ruthenium(IV) oxide
(RuO,) in SCW has been achieved, where aromatic
compounds, as well as other organic compounds including
plastics, are converted into CH4 and CO,, accompanied by
the production of H,. The stoichiometry of the conversions
strongly suggests that the hydrogen source of the fuel
products is water and that the catalytic effect of RuO, results
from a redox couple of RuV/Ru!" induced by SCW. In fact,
direct evidence supporting this has been obtained by a
gasification experiment of polystyrene 123 in a RuO;-
supercritical deuterium oxide system. (Scheme 43 and
Table 2).

Organic molecules are partially oxidised by RuO, to form
CO and H,0, where Ru'V is reduced to the lower oxidation
sate of Ru'l. In order to oxidise an excess number of organic
molecules, Ru must be re-oxidised to Ru'v, which is
carried out with the reduction of SCW to H,. The Ru'v
regenerated is reduced again to Ru'' for further partial
oxidation of organic molecules. The CO produced is
converted into CH4 and CO, through [mCO+nH,] reactions
with H, derived from SCW. A redox cycle between Ru'Y
and Ru" is induced by SCW, in which the gasification
reaction of organic compounds proceeds catalytically
(Scheme 44).

H, (or D,) Ru'v org

H,O0 (or D,0) Rul CO+H,0

redox cycle between Ru!V and Ru!!

Scheme 44.

Curran et al. have reported'?® radical reactions in super-

critical carbon dioxide. The standard Giese reaction shown
in Scheme 45 was conducted by the addition of iodo-

adamantane 125 to acrylonitrile (5 equiv), which provided
the radical adduct 126 in 81% yield after flash chromato-
graphy when carried out in the presence of tris(2-
perfluorohexyl)ethyl)tin hydride 124 in scCO,. Additionally
formed in this experiment was an acetone-soluble material,
polyacrylonitrile.'>* When 1.5 equiv. of acrylonitrile was
used, the compound 126 was isolated in 70% yield and the
formation of this acetone-soluble material was not observed
(Scheme 45).

CN
N NN AIBN, 124
scCO,
5 equiv. 0.05M
125 1.5 equiv. 60 °C 126 81%
1 equiv. 70%

124: (CF,(CF,),CH,CH,),SnH

Scheme 45.

In a very recent paper, Wai et al.'3* reported a rapid, direct
and green procedure to decorate multiwalled CNTs
(MWCNTs) with catalytic palladium nanoparticles by a
simple hydrogen reduction of a Pd(II)-3-diketone precursor
using scCO, as the medium. The resulting Pd nanoparticle-
MWCNT composite is an effective catalyst for the selective
hydrogenation of olefins in CO, and for the electrochemical
reduction of O,. The catalytic capability of the PA-MWCNT
composite was tested for hydrogenation of a CO,-soluble
olefin trans-stilbene in liquid CO,. The conversion of this
stilbene 127 to 1,2-diphenylethane 128 was about 80 and
96% after 5 and 10 min. respectively, and indicates that the
Pd-MWCNT composite exhibits a high catalytic activity for
the hydrogenation of olefins in CO,. This simple and green
nanoparticle deposition technique is not limited to Pd and
may be used to prepare a variety of metal nanoparticles on
MWCNT surfaces for catalytic applications (Scheme 46).
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N O Pd/MWCNT
() o -

127 128

Scheme 46.

A high-pressure and high-temperature FTIR method was
used to study the non-catalytic Beckmann rearrangement
using supercritical water.'3> A significant acceleration of
the Beckmann rearrangement was achieved by using scH,O,
especially near the critical point, and even in the absence of
any acid catalysts. It has been demonstrated that scH,O acts
effectively in place of the conventional acid catalysis for the
rearrangement. In the case of the Beckmann rearrangement
of cyclohexanone-oxime 129 into e-caprolactam 130, in the
IR spectrum near the critical point a new CO stretching band
assigned to e-caprolactam appeared, whereas no bands for
cyclohexanone-oxime were observed. The rate constant for
the formation of e-caprolactam greatly increased as the
temperature approached the critical temperature of water.
The accelerated rates of reaction may be attributed to a large
increase in the local proton concentration around the
organic reactants (Scheme 47).

NOH H
N
scH,0 #0
—_—
no cat
129 130

Scheme 47.

3. Conclusions

The various examples illustrated in this review have
demonstrated the considerable potential of supercritical
fluids as alternative media for carbon-carbon bond-
formation reactions in organic synthesis. Although the
favourable features of using supercritical CO, as a reaction
medium for organic synthesis have been widely cited for
over a decade, it is still not very clear what types of reactions
to run in supercritical CO, and how to run them. In order to
exploit the potential of scCO,, the fundamental principles
behind its role must be understood and to do this requires
true interdisciplinary research involving academic synthetic
chemists and industrial process chemists, physical chemists
and chemical engineers, all of whom have an important role
to play. Further studies are therefore surely needed, and the
wholesale apportioning of this reaction class to supercritical
CO, now seems like a viable possibility. In addition, the use
of highly CO,-soluble fluorous reagents and catalysts
should prove to be a valuable strategy to transport other
reaction classes to CO,. Although much work has been
carried out in this area, the field of SCF reaction chemistry is
far less developed than the extraction of materials. Part of
the reason is undoubtedly the understandable caution of
reaction chemists to embark on experiments that involve
high pressures, high temperatures or even both. Never-
theless, this review has shown that new chemistry is
beginning to emerge and that SCFs do provide access to
new compounds. Most importantly, it is clear that SCFs
offer chemists increased opportunities to control reactions.

In supercritical media, chemists can manipulate the phase
behaviour of a mixture and they can control the concen-
trations of dissolved gases, alter the morphology of the
products and carry out their reaction in a cleaner, greener
way. At the end of many reactions, however, the problem of
separating the products from spent and unspent reagents
remains. The use of environmentally friendly reaction
solvents such as supercritical CO, makes little sense if the
reactions are followed by standard extractions or chroma-
tographies with traditional organic solvents: extractions and
chromatographies invariably require more solvent volumes
than the reactions that precede them. It seems probable,
however, that the large differences in solubility in
supercritical CO, between fluorous and organic compounds
can be transferred into practical separation procedures. In
the long run, the potential of supercritical fluid applications
will continue to expand, driven by research uncovering new
opportunities and substantiating their known potential for
controlling surface reactions and for the synthesis of new
catalytic materials.
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