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Abstract

Solvents play a critical role in “greening” synthetic chemistry, and this is also true in catalytic organic synthesis. This review attempts to
summarize the progress made in the past a few years on homogeneous and heterogeneous catalytic reactions in the non-conventional solvents,
water, ionic liquids, supercritical carbon dioxide and fluorous carbons, with the focus on those catalyzed by transition metal complexes. The
reactions covered include hydrogenation, hydroformylation, carbonylation, Heck reactions, Suzuki and Stille couplings, Sonogashira reactions,
allylic substitution, olefin metathesis, olefin epoxidation and alcohol oxidation.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Organic synthesis is a central theme in many disciplines
of science ranging from chemistry through biology to materi-
als. Over the last one and a half centuries, organic synthesis
has evolved to such a degree of sophistication that it allows
molecules of almost any complexity to be constructed. In the
way of arriving at this spectacular achievement, catalysis, as
the foundational pillar to green chemistry, has played a vital
role. However, in traditional catalytic processes, organic sol-
vents are usually employed as the reaction media, often creating
a great deal of safety, health and environmental issues due to their
flammability, toxicity and volatility. In recent years, the impor-
tance of environmentally benign synthesis has been increasingly
recognized and parameters, such as E-factor [1], atom efficiency
[2] and the “12 Principles of Green Chemistry” [3] are often
considered as essential driving force in the quest for sustainable
chemical processes. Solvents are a key component in making a
process green. A recent study suggests that rigorous manage-
ment of solvent use could make the greatest improvement in
greener organic synthesis [4]. The best solvent is no solvent and
if a solvent is needed, green or potentially green alternatives
should be considered. Preferentially, such alternative solvents
should also enable easy catalyst separation and recycle. While a
number of reactions have been shown to proceed under solvent-
free conditions, most synthetic reactions still call for the use of
solvents at the present; hence alternatives to common organic
solvents have being actively sought [5]. In this context, water,
supercritical CO; (scCOy,), ionic liquid (ILs) and fluorous car-
bons have received the most significant attention in the last
decade or so.

Generally speaking if a solvent has to be used, water would
represent a best choice. It is cheap, readily available, non-
toxic, non-flammable and safe to environment. Of additional
importance to catalysis is that water allows for facile catalyst
separation and recycles through a biphasic catalysis mode due to
its low miscibility with most organic compounds [6,7]. ILs, com-
posed entirely of organic cations and organic or inorganic anions,
display physicochemical properties, e.g. low melting point, neg-
ligible vapour pressure, low flammability, tunable polarity and
miscibility with other organic or inorganic compounds, that are
appealing to catalysis and separation processes [8]. ILs have
low solubility towards low-polarity compounds, such as ethers
or alkanes, and they are also insoluble in scCO, while the lat-
ter can be highly soluble in ILs [9]. Hence, the application of
biphasic catalysis with ILs is possible, and even for monophasic
catalysis, catalyst/product separation can be readily practiced
by extraction of the product, leaving the catalyst in ILs for
reuse. Interestingly, in most cases transition metal catalysts can
dissolve or be “immobilized” in ILs and appear to be stable
without the use of specially designed ligands, a great advantage
over aqueous-phase catalysis where water-soluble ligands are
generally called for.

In addition to water and ILs, scCO; and fluorous solvents
have also been extensively investigated as alternatives to com-
mon organic solvents. ScCO; is non-toxic, non-flammable,
inexpensive, relatively inert towards reactive compounds and

readily separable from products upon depressurization. Further-
more, its low viscosity and high diffusivity properties confer
advantages on reactions with mass transfer problems. In contrast
to water and ILs, however, scCO; is apolar (CO» has no dipole
moment but has a quadrupole) and generally only suitable for
compounds of low polarity in catalytic processes [10]. Fluorous
solvents, with perfluorinated alkanes being most representa-
tive, possess unusual physicochemical properties, such as low
dielectric constants, high chemical and thermal stability, and low
toxicity. They commonly exhibit temperature-dependent misci-
bility with organic solvents, e.g. immiscible at low temperature
but miscible at elevated temperature, thus allowing for homo-
geneous catalysis at high temperature and easy catalyst/product
separation at ambient conditions. This property is of particular
importance to biphasic catalysis [11].

This review is a follow-up of a paper we published in 2004,
which summarized the major progress made in transition metal
catalysis in the non-conventional media aforementioned up to
2003 [12]. In this review, we have attempted to provide an update
on the progress made since then. Given the sheer number and
diversity of publications that have appeared in the area in the
past 3 years, it becomes almost impossible to present a compre-
hensive story in a limited space. Therefore, we have restricted
ourselves to, as far as we are aware, the most representative
examples that have appeared since 2003 and up to mid 2006.
However, earlier references are brought up whenever neces-
sary. Quite likely, some important contributions have escaped
our attention, and we apologise for our negligence. Gratify-
ingly, excellent reviews on each specific solvent in catalysis have
been published, where more details can be accessed [13-17],
and on the completion of this paper, Adv. Synth. Catal. dedi-
cated an entire issue to multiphase catalysis, green solvents and
immobilization [18].

2. Catalytic reactions in non-conventional media
2.1. Hydrogenation

Hydrogenation is a totally atom-economic reaction and
belongs to the most important transformations in chemical
industry. Hydrogenation is also one of the most studied reactions
in the alternative solvents, with most examples documented in
water.

2.1.1. Achiral hydrogenation

Water has been shown to be a suitable solvent for hydro-
genation [19]. Water-soluble catalysts play an important role in
the process, and achiral and chiral water-soluble ligands have
been well documented in the literature [6]. For example, Lar-
pent et al. reported that the hydrogenation of various olefins
proceeded smoothly at room temperature and an atmosphere
of Hp, with a yield of 90-95% and complete chemoselectiv-
ity towards C=C bonds, by using RhCl3 in the presence of the
exceedingly water-soluble phosphine, TPPTS [TPPTS =P(m-
CeH4SO3Na)3] (Scheme 1) [20]. In the case of dienes, the less
hindered C=C bond was first hydrogenated and the reaction
could be terminated at the monoene stage.
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Recently, Bajaj and co-workers reported that the water-
soluble catalyst, RuCl,(TPPTS)3, catalyzed hydrogenation
of unsaturated hydrocarbons, such as 1-alkenes, styrene,
cyclooctene, cyclooctadidene and benzene, in water under
mild reaction conditions (H,, 10bar, 150°C, 7h), afford-
ing moderate to high conversions [21]. Among the olefins,
aliphatic unsaturated hydrocarbons can be hydrogenated
more efficiently than aromatic ones. The authors also
described that the selectivity of hydrogenation of ben-
zene was partially shifted to favour cyclohexene by the
addition of a specific amount of ZnCl;. The ruthenium
complexes, Ru(CO)3(TPPMS),  (TPPMS =(C¢Hs),P(m-
CeH4SO3Na)) [22], RuH2(CO)(TPPMS); [22] and
[RuH(CO)(NCMe)(TPPMS)3]1[BF4] [23], were also shown to
be efficient catalyst precursors for the hydrogenation of such
olefins as 1-hexene, styrene and allylbenzene in a water/n-
heptane (1:1) mixture under moderate conditions (28 bar
H,, S/C=100/1, 80-100°C, 6-8h), to give high selectivities
with feasible catalyst recycle. For example, the monohydride
complex could be recycled several times, maintaining the same
activity without leaching of ruthenium.

Regioselective hydrogenation of a,(3-unsaturated substrates
is also possible in an aqueous phase, in particular under
aqueous—organic biphasic conditions. Rh or Ru complexes are
often the catalyst of choice in this respect. In general, hydro-
genation at C=C double bonds is accomplished by Rh-complex
while the reduction of C=0 bonds is achieved by Ru-complex.
For example, as shown in Scheme 2, in a water—toluene (1:1)
mixture o,B-unsaturated aldehydes were hydrogenated at the
C=C bond by Rh/TPPTS with up to 93% conversions and 97%
selectivities, and at the C=0O group by Ru/TPPTS with up to
100% conversions and 99% selectivities. The catalyst could be
recycled to yield even a slightly higher activity and selectivity
[24].

The water-soluble tetranuclear complex Rhs(O>CPr)s
Cl4(MeCN)4 (Pr=n-propyl) was reported to selectively cat-
alyze the hydrogenation o,[3-unsaturated alcohol, ketone,
nitrile, carboxylic acid and amide substrates at the C=C
bond under 1atm of H, at room temperature [25]. Ru(Il),
Rh(I) and Rh(II) complexes of N-methyl-PTA (PTA-Me,
PTA =1,3,5-triaza-7-phosphaadamantane) such as [Rul4(PTA-
Me),], [Rul,(PTA-Me)3;(H20)]13 and [Rhs(PTA-Me), ]I were
shown to be active catalysts for the hydrogenation of cin-
namaldehyde (CNA) at C=C bond with Rh and at C=0
group with Ru in a biphasic mixture, HpO/toluene or
H;O/chlorobenzene [26]. For instance, CNA was converted to
PhCH,>CH,>CHO in 95% conversion with 84% selectivity and
a TOF of 190h~! by using Rhl4(PTA-Me), in H,O/toluene.
To some extent, however, the selectivity at C=C bond or C=0
group is dependent on other reaction conditions. Examples were
recently reported by Peruzzini and co-workers, who showed
that the selectivity of CpRuCI(PTA); (Cp=n5-C5H5), in the
hydrogenation of benzylidene acetone (BZA) (S/C =200) at the
C=C bond to give 4-phenyl-butan-2-one in HyO/n-octane (1/2,
v/v), varied with the reaction temperature [27]. At 80°C and
450 psi of Hy after 13 h, the selectivity could reach 90% albeit
with a low conversion of 26%, but when the temperature was
increased to 130 °C, the selectivity dropped to 76%, though with
a higher activity. The same trend was observed by using the
catalyst Cp“RuCI(PTA), (Cp* =m’-CsMes). Interestingly, more
recent studies by the same group show that by increasing the
ratio of HoO/n-octane from 1:2 to 3.5:1, the same reaction pro-
vides a >99% selectivity with good conversion (76% with both
CpRuClI(PTA); and [CpRu(MeCN)(PTA), ][PF¢]) under similar
conditions (S/C =200, 450 psi of Hp, 80 °C, 16 h) [28].

Recent studies have revealed the effect of a variety of other
parameters on hydrogenation, e.g. the pressure of Hp, temper-
ature, catalyst concentration, ratio of catalyst to ligand, initial

B Rh/TPPTS - Ru/TPPTS R
J1\/\ SIC = 200 1 S/C = 200 1
H,O/Tol (1/1) e mOmam
Ry =0 U 5 = =0 2—., 5 RS OH
H,, 20-40 bar H,, 20-50 bar
30-80°C, 0.3-15h 35°C, 1-15 h

Conv. 89-93%
Selectivity 95-97%

R4 =H, Me; R, = Me, Ph

Conv. 95-100%
Selectivity 97-99%

R;=H, Me; R, = Me, Ph, Me,C=CH(CHj),

Scheme 2.
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concentration of substrate and solution pH, and their effects on
the chemoselectivity in the hydrogenation of o,3-unsaturated
aldehydes [29-31]. For instance, in the case of the Rh-TPPTS
catalyzed process, higher H pressure shifted the hydrogenation
towards the C=0 bond, while a large excess of TPPTS ligand
favoured the saturation of C=C bond [30]. The selectivity was
independent of the amount of catalyst, however. Solution pH
has been found to be important as well. Jo6 and co-workers
reported that the selective hydrogenation of trans-CAN at the
C=C bond was achievable at a low pH (<5) with 1 bar of Hj;
but the selectivity favoured the C=0O bond when the pH was
increased to >7 [31]. On the other hand, selective saturation
of the C=0 bond could also be achieved at a low pH, but at
a higher Hy pressure of 8 bar. The observation was explained
as a result of the concentration of the active catalyst species
involved in the reaction, RuCIH(TPPMS)3; and RuH,(TPPMS)4,
which vary with the solution pH and H; pressure. The for-
mer was selective toward the C=C bond while the latter to the
carbonyl.

More recently, a DFT investigation of the Ru-catalyzed
selective hydrogenation of o,3-unsaturated aldehydes in aque-
ous/organic biphasic media showed that the favoured C=0
hydrogenation under basic conditions, which favour the for-
mation of RuH»(PR3)4, is due to the presence of water, which
forms hydrogen bonding with the aldehyde [32]. At the same
time, a similar mechanistic study by Joé and co-workers [33]
revealed that the selective reduction of C=C over C=0 by
RuClIH(PR3)3 under acidic conditions is due to a lower bar-
rier of C=C versus C=0 insertion into the Ru—H bond [34].
It is worth noting that both studies show that, being involved
in various steps of the catalytic cycle, water as solvent is not
an innocent spectator. Regioselective hydrogenation of «,f3-
unsaturated aldehydes has a wide practical application, for
example, in the production of allylic alcohols and cinnamyl
alcohols [29,30,35].

Hydrogenation of simple ketones and aldehydes can also be
carried out in water or water/organic biphasic solvents. The
water-soluble iridium complex [Cp*II‘m(HQO)3]2+ was shown

o’]; (PB-b-PEO)

1,4-PB (89%) 1,2-PB (11%) PEO

Rh/TPPTS (1/3)
Ha (20 bar)
H.O, DTAC
100 °C, 20 min

Conv. 94%, TOF: 846 h'

Scheme 3.

to be active for the hydrogenation of carbonyl compounds and
alkenes in a pHrange of —1 to 4 in water under mild reaction con-
ditions (1-7 bar Hy, 25 °C) [36]. The formation of pH-dependent
catalytic species was key in the reaction. Similar reports were
presented recently, suggesting that the active catalyst species
[37] or the stereoselectivity of the catalyst [38] could be con-
trolled by the pH of the aqueous phase.

Dyson and co-workers recently reported the use of
imidazolium-tagged Ru-arene complexes 1 and 2 in hydrogena-
tion of styrene in water/cyclohexane (1:2) [39]. The reaction
proceeded readily under mild conditions (0.1 mol% catalyst,
S/C=1000, 40 bar Hy, 80 °C, 120 min) with the catalyst being
reusable, albeit with slightly decreased activity in recycle runs.
Catalysts of this type have also found use in catalysis in imida-
zolium ILs (vide infra).

[ R4
cv‘“,R”\L
ci
1:R, =R, = Me, L = PPh,
2R, =H, R,=Bu, L= PPh,

Hydrogenation of unsaturated polymers in water is also pos-
sible. Such reactions have been successfully carried out in either
conventional organic solvents [40] or other media, such as
ILs [41,42], and very recently Papadogianakis and co-workers
reported an efficient hydrogenation of polybutadiene-1,4-block-
poly(ethylene oxide) catalyzed by Rh/TPPTS complexes in
water, as shown in Scheme 3 [43]. The reaction was shown to
be homogeneous and proceeded in PB-b-PEO/DTAC nanomi-
celles (DTAC = dodecyltrimethylammonium chloride, a cationic
surfactant), to give a high conversion with exceptionally high
catalytic activities (TOF>840h~'). The catalyst could be
recycled and reused, maintaining high catalytic activity in a con-
secutive run even at a thodium concentration of only 1 ppm in
water.

Supported nanoparticles have been used to catalyze
hydrogenation in the aqueous phase. Ru nanoparticles immo-
bilized on the water-soluble polymer polyorganophosphazenes
(-[N=PR;],—) was found to be an active catalyst for the
hydrogenation of unsaturated ketones or aromatic compounds
such as pyruvic acid and p-aminomethylbenzoic acid in water
[44]. For example, as shown in Scheme 4, pyruvic acid
was completely reduced to lactic acid by Ru on PDMP
(PDMP = polydimethylphosphazene) in 100% selectivity and
SA of 14.3 (SA, specific activity; moles of converted substrate
per gram atom ruthenium per hour) under mild conditions; no
catalyst deactivation was observed in the recycle runs.

Heterogeneous nanocatalytic hydrogenation in aqueous
phase has been reported as well. Mévellec and Roucoux
reported that N-, or O-heteroaromatic compounds can be
hydrogenated in water under mild conditions, catalyzed by
Rh(0) colloidal suspension stabilized by highly water-soluble
N,N’-dimethyl-N-cetyl-N-(2-hydroxyethyl)ammonium bromide
or chloride (HEA16X, X =Br or Cl) (Scheme 5) [45]. The cat-
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0 0

Ru/PDMP 5% )OH

1 bar Hp, 25 °C
OH

o H,0, 7h
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Oy _OH
Ru/PDMF 5%
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PDMF = [N=P(OAr).],

[Ar = C5H4(m-OCH3), C6H4(p-OCH3), C5H4(p-COC5H5)]

Scheme 4.

alyst could be reused without losing its activity. However, no
catalytic activities were detected with sulfur compounds, such
as thiophene.

The pH value of reaction solution has a significant influ-
ence on catalytic performance. For example, by studying a
Ru-catalyzed hydrogenation of benzene in an aqueous bipha-
sic system in pH 1.5-12.4, Daguenet and Dyson showed that
at pH < 6.7 the catalysis was homogenous, giving a slow reac-
tion (TOF <9h~!), whereas at pH > 8.5 the catalysis shifted to
a heterogeneous regime with increased nanoparticle formation,
leading to dramatically enhanced activity (TOF up to 100h~")
[46].

In addition to Rh(0) and Ru(0), Pd-nanoparticles were also
shown to be active catalyst precursors for heterogeneous hydro-
genations in aqueous phase [47-52]. For instance, selective
hydrogenation of dehydrolinalool (3,7-dimethyloct-6-ene-1-
yne-3-ol) to linalool (3,7-dimethyloct-1,6-dene-3-ol) catalyzed
by Pd nanoparticles, formed in poly(ethylene oxide)-block-2-
vinylpyridine (PEO-b-P2VP) micelles, was studied by varying
the ratio of i-PrOH/H,0 and the pH of the reaction medium
[48]. The highest selectivity (99.4%) was obtained at pH 9.4
and 95vol% of "PrOH and the highest TOF was found to be
24.4h~! at pH 13.0. Another example is that benzonitrile was
cleanly hydrogenated to benzylamine by Pd/C in the presence
of NaH,POQy4 in a mixture of HyO/CH;Cl, under mild reaction

[Rh(COD)CII/TPPTS
Shabd it AL

i-PrOH, H,0, Na,cO, R Re
80°C,N,, 2-3h Yield: 72-100%

Ry Ro

Aldehydes and Ketones:

oLy D MO @_

VD*@*@‘Y‘
F0 OO &4

Scheme 6.

conditions (30 °C, 6 bar H») to give complete conversion with
95% selectivity and 90% isolated yield [52].

Catalytic reductions of nitrate and nitrite in water were also
feasible [53-57]. Since the subject falls out of the focus of this
review, it will not be discussed here.

Transfer hydrogenation in water has attracted a lot of
recent attention. An early example reported by Jo6 and
co-workers shows that benzaldehydes, CNA, crotoaldehyde, 1-
citronellal and citral could be reduced at the C=0O bond by
HCOONa in the presence of RuCly(TPPMS), to give high
conversion, typically over 98% [58]. Recently, Ogo and co-
workers reported that both water-soluble and water-insoluble
ketones could be reduced by HCOONa at 70 °C, catalyzed
by the water-soluble complex [(n6-C6Me6)Ru(bpy)(H20)]SO4
(bpy =2,2"-bypyridine), giving rise to yields over 97% and TOF
up to 153h~! [59]. The solution pH was also reported to be
important for transfer hydrogenation [59,60]. More recently,
Ajiou and Pinet reported that various aliphatic/aromatic alde-
hydes and ketones were quantitatively hydrogenated by i-PrOH
to the corresponding alcohols in water under mild conditions
(Scheme 6) [61]. Water-soluble [Rh(COD)CI],/TPPTS complex
(COD = 1,5-cyclooctadiene) was employed as catalyst. The cat-
alyst could be successfully recovered by simple decantation and
reused with only negligible loss of activity.

In addition, the complex Cp*RuCI(PTA)z was reported to be
a highly active catalyst for the reduction of BZA to the saturated

Ru-HEA16X (X = Br or Cl)

Substrate S/Ru =100-1000

Product

1 bar H,, 20-50 °C, 1-30 h

water

o
Substrates = U (/N\’©
/

\

N

H
0 N
Products =
/

100% selectivity
6-200 "' TOF

/

\N@ /|N
\
N/ e

z:1:</
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m,p-diOMe, p-OH-m-OMe, m,m,p-triOMe, Ph, 1-naph

R, = OH, CH, p-OMePh

Scheme 7.

ketone 4-phenyl-butan-2-one by HCOONa/H,O/MeOH (97.4%
conversion with 99.5% selectivity at 90 °C after 6 h), and for the
reduction of CNA to saturated alcohol 3-phenyl-1-propanol by
HCOONa/H>0 (99.4% conversion with 87% selectivity at 90 °C
after 5h) [28].

A chemoselective transfer hydrogenation of o,[3-unsaturated
carbonyl compounds at the C=C bond was achieved by silica-
supported PdCl, with a combination of MeOH/HCOOH/H,O
(1:2:3) as hydrogen source and solvent under microwave (MW)
heating [62]. As shown in Scheme 7, a series of carbonyl com-
pounds were readily reduced to the corresponding saturated
ketones in 72-96% isolated yields with 100% selectivities.

A new class of neutral and cationic Rh(I) complexes
bearing the water-soluble aminophosphine cage ligand PNT
(PNT = 7-phospha-3-methyl-1,3,5-triazabicyclo[3.3.1] nonane)
was reported to be an effective catalyst for selective transfer
hydrogenation of BZA (C=C was saturated) and acetophenone
using HCOONa as hydrogen source in water at a 1% catalyst
loading [63].

As depicted in Scheme 8, vinyl phosphonic diethyl ester can
be hydrogenated in water to yield ethyl-phosphonic monoethyl
ester in quantitative yield by using 2% of RuCl3-3H,O [64]. It
is worth pointing that there was no ancillary ligand, nor was
there an external hydrogen source. As outlined in the catalytic
cycle, it was believed that an intermolecular hydrogen transfer
from P—OEt to the olefin via C—H activation was involved in the
catalytic process.

Turning attention to ILs, it is interesting to note that
hydrogenation was one of the first catalytic reactions to be

(I:I) RUC'Q.XHgO i
N (0.02-1.0 equiv.)
‘\‘/'T O/\ = \/T"O/\
\l H-0, 100 °C, N5, 20 h OH
5 o Yield: > 95%
: N N
OH 1 . ] 0=P’
o | N
P/ —
\\“‘/ o] -\ O\ ,O
O\I “ay O
=0 o H™ | ~
oy | AO=P

Scheme 8.

attempted in the now most-widely-used imidazolium ILs. As
early as 1995, Chauvin and co-workers [65] and, at about
the same time Dupont and co-workers [66], reported Rh-
catalyzed hydrogenation in ILs, with the catalyst and solvent
both being recoverable. Recent examples from the Dupont
group show that olefins, such as styrene, methyl methacry-
late and 4-vinylcyclohexene, could be readily hydrogenated
in the IL [bmim]PFg (bmim = 1-butyl-3-methylimidazolium)
at 75°C and 4 bar of Hp by iridium nanoparticles generated
from [IrC1(COD)],, furnishing up to 91% conversion together
with 91% selectivity and 6000 h~! TOE. Moreover, the cat-
alyst could be separated by simple decantation and recycled
seven times [67]. Following this success, the same research
group has widened the investigation on metal-mediated hydro-
genation of olefins in ILs [68—73]. For instance, simple olefins
such as 1-hexene and cyclohexene could be readily hydro-
genated by Ru® nanoparticles, generated from the reduction of
[Ru(COD)(COT)] (COT = 1,3,5-cyclooctatriene) by Hp in IL, to
afford 500 TON and up to 1000 h~! TOF under 4 atm of H, at
75 °C in [bmim]BF4/PF¢. For benzene only partial hydrogena-
tion was observed, however [71]. 1-Hexene could be completely
converted to hexane by Ru” nanoparticles, in situ formed from
the reduction of RuQj, in the IL [bmim]BF4/PFs/CF3SO3 over
0.7—4.5 h under mild conditions, and the catalyst could be recy-
cled 17 times with a total TON greater than 110,000 without any
loss of activity [72]. A further example is 1,3-butadiene, which
could be selectively reduced to 1-butene with up to 97% selectiv-
ity by Pd° nanoparticles in [bmim]BF; under similar conditions
[73].

The cluster [RH6C(CO)]6]2_, among others, e.g. [HFe
(CO)11]7, [HWOs3(CO)14]~ and [HOs4(CO)12]~, was shown
to be an active catalyst for the hydrogenation of simple olefins
and cyclic dienes in a variety of ILs [74]. At 100°C and
50.7 bar of Hj, styrene could be converted to ethylbenzene in
[bmim]BFy in a 93% yield with TOF of 587h~!, and cyclic
dienes could be selectively hydrogenated to cyclic monoenes
with over 91% selectivity. The imidazolium-tagged Ru-arene
complex 2 was also tested as catalyst for hydrogenation of
styrene to give ethylbenzene in [Copic]NTf>/cyclohexane (1:2)
(Cypic = N-ethyl-3-methylpiccolium) under mild conditions; but
the catalyst activity was low [39].

The complex RuCl,(TPPMS)3(DMSO) was reported to be
active for the hydrogenation of benzene in [bmim]PF¢ and sta-
ble enough to be recycled several times with little loss of catalytic
activity [75]. A report by Jiang and co-workers described that
polystyrene-b-polybutadiene-b-ploystyrene (SBS) was selec-
tively hydrogenated at the butadiene segment by Ru/TPPTS in
the presence of PPhy (Ru/TPPTS/PPh3z =1:5:2) in a polyether-
modified, ammonium-based IL at 100 °C, 50 bar of H, for 12 h,
to give a total hydrogenation degree of 85%; the catalyst was
recycled three times without any loss in catalytic activity [41].

Hydrogenation in IL with more traditional heterogeneous cat-
alysts was also shown to be possible. Thus, halonitrobenzenes
could be reduced to the corresponding haloanilines over Raney
nickel, Pt/C and Pd/C in various ILs [Rmim]BF4/PF¢ (R = C,Hs,
C4Hog, CgH 3, CgH17 and CH30OC;,Hs) [76]. A series of chloro-,
bromo- and dichloronitrobenzenes were readily hydrogenated at
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100 °C under 14-31 bar of H, in less than 3 h with selectivities
(>99%) much higher than those in common organic solvents.

ILs have been used in tandem catalysis involving heteroge-
neous hydrogenation. A publication by Sasson and co-workers
described the successful tandem catalytic condensation of ethyl
cyanoacetate with aldehydes and ketones followed by reduction
of the resulting C=C bond under 3 bar H, catalyzed by Pd/C
in the presence of EDDA (EDDA = ethylenediamine tetraacetic
acid) in the IL [bmim]BF4 (Scheme 9) [77]. The reaction was
unique to the IL; the competitive hydrogenation of the starting
aldehydes occurred if the reaction was run in a common organic
solvent.

Transfer hydrogenation in IL has been investigated. A recent
publication by Hermecz and co-workers showed that cinnamic
acid and its derivatives could be reduced at the C=C bond by
Pd(OAc); in [bmim]BF4 under mild conditions in high yields,
using ammonium formate as a hydrogen donor (Scheme 10)
[78].

Biocatalytic hydrogenation of C=C bonds in IL was
also addressed. A publication by Stephens and co-workers
described Sporomusa termitida catalyzed reduction of caffeate
in a [bmim]PF¢ (20% in volume)—aqueous biphasic system.
However, the catalytic activity was low, probably due to decom-
position of the biocatalyst by HF resulting from the hydrolysis
of IL [79].

Although sitting almost on the other end of the solvent spec-
trum in contrast to ILs, scCO; has also been investigated as
medium for achiral hydrogenation. Unlike the reaction in ILs,
however, catalysis by organometallic complexes in scCO, gener-
ally requires the modification of ligands, usually by introducing
fluorous chains which help dissolve the catalyst. For example,
the homogeneous hydrogenation of 1-butene to n-butane with
a fluorous derivative of Wilkinson’s catalyst, made in sifu from
[RuCl(COD)]; and P[C¢Hy-p-SiMe;(CH3)2CgF17]3 and immo-

o} 0
Pd(OAC),
ST ORs HCO,NH, OR4
R Ry [omim]BF, g, Rs
R, 65°C, 5h R,

Yield: up to 99%
Ry, Rz = H, OMe, OH; R3 = H, Me, Ph, NHCOCH3;; Ry = H, Me.

Scheme 10.

bilized in a microporous silica membrane, was performed in
scCO» [80]. The reaction proceeded at 80 °C, 200 bar total pres-
sure, to provide a TON of 1.2 x 10° anda TOF of 9.4 x 103h~!,
which was significantly higher than that obtained in organic
solvents (TOF 100-1000h~"); no rhodium or phosphorous
species were detectable at the permeate side of the membrane.
A report by Arai and co-workers showed that Ru complexes
in combination with fluorinated phosphine ligands were more
active than those with the corresponding non-fluorinated lig-
ands in the selective hydrogenation of CNA in scCO; [81].
More recently, Ru(Il) complexes containing the water-soluble
phosphine TPPTS were reported as efficient catalyst for the
hydrogenation of trans-CNA in a biphasic system composed
of scCO; and water; cinnamyl alcohol could be reached in
74% conversion with 97% selectivity under the conditions of
P/Ru=4, P(Hy)=20bar, P(CO2)=200bar at 70°C for 0.5h
[82].

Hydrogenation in scCO; can also be effected by using
heterogeneous catalysts without ligands. A few of the most
recent examples are showcased here. Ikushima and co-workers
reported that nitrobenzene was converted to the corresponding
aniline by Pt/C in scCO» in >80% selectivity, which was twice
as high as that obtained in ethanol [83]. Shortly after, the same
group extended the chemistry to the hydrogenation of other nitro
compounds and found that the total conversion in scCO; was
similar to that in ethanol, but the selectivity to the amino prod-
uct was much higher in the former in some cases, e.g. 3- or
4-nitrotoluene, 2,4-dinitrobenzene and 2,4-dinitrotoluene [84].
They also reported that the hydrogenation of 2-butyne-1,4-diol
to 1,4-butanediol could be promoted by the stainless reactor wall
without using any catalyst at 50 °C in scCO; and in ethanol as
well, with the former being a much better choice in respect of
both conversion and selectivity [85]. Citral (3,7-dimethyl-2,6-
octadienal) is regarded as a challenging reactant for selective
hydrogenation, as it contains three different double bonds: one
C=0 bond, and one isolated and one conjugated C=C double
bond. Pd on y-Al,O3 was found to be highly selective to the
saturation of the C=C bonds of citral in scCO,, affording ca.
95% selectivity to aldehyde with dramatically enhanced activity
(26,500h~! TOF, ca. two orders of magnitude higher than in
organic solvents) [86]. Tsang et al. reported the hydrogenation
of citral over micelle-hosted Pd and Ru nanoparticles in scCO;
[87]. The product distribution was found to be dependent on the
density and polarity of the fluid. Over a heterogeneous Ni(II) cat-
alyst, citral was selectively reduced at the C=0 bond in scCO3;
in contrast, the catalyst was completely inactive in organic sol-
vents [88]. Shirai and co-workers have found Ru/C to be a better
catalyst than Rh/C for the reduction of biphenyl to bicyclohexyl
in scCO; at a low temperature (50 °C), allowing for 100% con-
version [89]. The same catalyst was also shown to be active
for the selective reduction of 1- and 2-phenylethanols to 1- and
2-cyclohexylethanol [90] and for the formation of cis-decalin
from the selective reduction of naphthalene or tetralin in scCO»
[91]. In general, the higher concentration of H, in scCO, has
been considered to be the reason for the improved reaction rates.
Indeed, a kinetic study of the hydrogenation of a-methylstyrene
over Pd/C indicates that the enhanced hydrogenation rate is due
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to enhanced Hj concentration in a CO,-expanded liquid phase
[92].

Fluorous fluids have found use as solvent in catalytic hydro-
genation as well, but to a lesser degree than H,O or ILs.
Similar to catalysis in scCOj, in order to increase the cat-
alyst solubility in a fluorous solvent, it is also necessary to
modify the ligand by introducing a fluorous tail. This leads
to a powerful new means in catalysis, viz. fluorous bipha-
sic catalysis. The readers are referred to reference [16] for
early development in the area. Recent examples include hydro-
genation of the C=C bonds of various functionalized olefins
such as 2-cyclohexene-1-one and cinnamic acid derivatives by
rhodium in combination with fluorous-soluble phosphine, e.g.
P(p-CcH4OCH,CH,C7F5)3, in the biphasic D-100/ethanol (D-
100 is mainly made of perfluorooctane) under 1bar of H, at
room temperature; the catalyst was recyclable [93]. The hydro-
genation of allylic alcohol to n-propanol by a fluorous-soluble
dendrimer-encapsulated Pd® catalyst was accelerated by intro-
ducing CO» in a fluorous—organic mixture; the acceleration may
result from CO; being soluble in both the organic solvent and
fluorocarbon [94].

2.1.2. Asymmetric hydrogenation

The alternative solvents are also attractive reaction media
in enantioselective hydrogenation, as they may enable clean
synthesis of important fine chemicals and pharmaceutical inter-
mediates with easy separation and recycle of expensive chiral
catalysts. In many cases, however, chiral catalysts in such media
led to reduced enantioselectivities and/or activities than in a
homogeneous organic phase, especially in the case of water in
the early days [95-97]. This is partly due to factors such as
catalyst modification, altered solvation, diffusion control, and
reduced substrate and catalyst solubility.

Aqueous-phase asymmetric hydrogenation generally neces-
sitates the use of water-soluble ligands. These chiral ligands are
usually prepared by the incorporation of an anionic group, such

H> (40 bar)

CO,Me [Rh], 1 mol% CO,Me
+ _—

NHAC Water, 5-7 h NHAC
Conv.: 100%
Ee: >99%

A2 9 T
\ /
TRt @[ SbFg
/ll

Scheme 11.

as sulfonate, or a cationic group, such as quaternary ammonium
ion, or a neutral hydrophilic group, such as polyether. The water-
soluble, hydroxy-functionalized complex [RhL(NBD)][SbFg]
(NBD =norbornadiene), shown in Scheme 11, has proved
to be an effective catalyst for the reduction of methyl 2-
acetamidoacrylate, affording 100% conversion with >99% ee
in water at ca. 3 bar of Hy at room temperature in 5-7h [98].
Moreover, the catalyst was stable, being recyclable up to four
times without losing any activity and enantioselectivity.

Jacobs and co-workers [99] described the Rh-EtDuPHOS
catalyzed hydrogenation of methyl 2-acetamidoacrylate, which
proceeded successfully in a mixture of [bmim]PF¢/H,O (1:1,
v/v) at 20 °C, 5 bar of H», furnishing 68% conversion with 96%
ee in 20 min reaction time. On the contrary, in [bmim]PFg with-
out water, there was no activity and selectivity at all. The role of
water was ascribed to helping create a well-mixed “emulsion-
like” system.

Hydrophilic BINAP derivatives are another versatile ligands
in asymmetric hydrogenation in water. In recent examples, 4,4’
and 5,5’-diamninomethyl-BINAPs were synthesized by Lemaire
and co-workers and their Ru complexes were shown to give
readily asymmetric reduction of 3-ketoesters with excellent ee’s
(>97%) in water (Scheme 12) [100]. The catalyst could be
recycled up to eight times without loss in reactivity and enantios-

o 0 o [RUI(SIC = 1000) OH 0
R Water, 50 °C, 15 h aE:
R = Me, Ph 100% conv., >98% ee
8" reuse, 100% conv., 97% ee
&Br 9Br
NH, NH;
e C e
P
[RU] \Ru/Br o \Ru/Br
N
P/ Br P/ \Br
Ph, Ph,
NHs NH;
©Br oBr

Ru-(R)-4,4'-diamBINAP

Ru-(R)-5,5'-diamBINAP

Scheme 12.
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electivity. The authors have further shown that the same ligands
depicted in Scheme 12 could also be used in the Ru-catalyzed
hydrogenation of ethyl trifluoroacetoacetate in an acidic aque-
ous medium (1.0 ml water, 0.125 ml acetic acid and 0.125 ml
trifluoroacetic acid) to give ca. 70% ee, one of the best enan-
tioselectivities obtained for the reduction of this substrate with
Ru-BINAP orits derivatives [101]. The improved selectivity was
suggested to be due to the presence of an acid-favoured equi-
librium between the keto-enol-hydrate or hemiketal involved in
the catalytic cycle.

A report by Cerveny and co-workers described Ru-
(R)-BINAP catalyzed asymmetric hydrogenation of methyl
acetoacetate in methanol, both the activity and selectivity being
improved by the addition of 3 wt.% of water (TOF increased
from 98 to 594h~! and selectivity from 77 to 99.9%) [102].
Water was considered to restrict acetal formation in the initial
stage of the hydrogenation. Nevertheless, addition of more than
5 wt.% of water caused a drop in both TOF and ee.

The phosphoramidites, (S)-MonoPhos (3) derived from (S)-
BINOL and (S)-PegPhos (4) from (S)-BICOL, were recently
reported to be viable for Rh-catalyzed enantioselective hydro-
genation of N-acyl dehydroalanine in water [103]. Due to its
better solubility in water, the PegPhos (4) was shown to be more
effective than MonoPhos (3) in both activity and selectivity, pro-
viding TOF of 55h~! and 82% ee. By addition of a co-solvent
MeOH or a surfactant sodium dodecyl sulfate (SDS), the reaction
rate was dramatically increased, giving up to a TOF of 1200h~!
in the MeOH-H;,O mixture, accompanied with a slightly higher
enantioselectivity (89% ee).

0]

L

\
P~NMe,
e

3 H{O%\/\oﬂ’

Among a series of water-soluble diphosphine ligands, the
modified Josiphos § was reported by Blaser and co-workers to
be suitable for the diastereoselective hydrogenation of folic acid
disodium salt in water to give L-tetrahydrofolic acid, a pharma-
ceutically relevant intermediate, with 97% conversion and up to
49% diastereoselectivity at 30 °C after 12 h [104].

PR,
Fe “PPh,
NH
)\ R = HNC[CH,OCH,CH,CO,H],
0~ R R' = 3,5-xylyl
5

0 [RuCly(p-cymene)]s OH
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1 . 1
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N H,0, 40 °C, 26 h R
Conv.: >93%
Ketone = 0 Ee: up to 95%
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R = p-Me, p-OMe, p-Cl, p-CF3, m-OMe, o-Me, 0-OMe and o-Cl;
0]
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Scheme 13.

Miller and co-workers reported that the heterogeneous Ru/C
could be used to reduce the amino acid L-alanine to L-alaninol
in >90% yield with >97% selectivity and 99% ee under 69 bar
H at 100 °C in an acidic aqueous phase [105]. A kinetic study
predicted that the acidified solution was necessary to give high
conversions. Under such conditions, the amino acid would be
protonated and so readily hydrogenated [106].

Amphiphiles or surfactants are known to promote hydrogena-
tion in water in both rate and ee [107,108]. An example is seen
in the asymmetric reduction of (Z)-a-acetamidocinnamate by a
Ru-BPPM (6) catalyst, which was speeded up to 15-fold with
ee’s being improved from 78 to 94%, in the presence of SDS
under aqueous micellar conditions [107]. The use of polymer-
ized or immobilized amphiphiles could avoid potential phase
separation, albeit at the expense of the reaction rate. The sur-
factant HEA16Cl-stabilized Pt(0) nanoparticles, modified with
(—)-cinchonidine, have been shown to efficiently catalyze the
asymmetric hydrogenation of ethyl pyruvate in a biphasic sys-
tem of water/substrate at 25 °C under 40 bar of H, giving rise to
a complete reaction with ee up to 55% at 1 h reaction time [108].
Both the conversion and ee were higher than those without using
any surfactant.

thp\fypphz
N

COOBu

6

Asymmetric transfer hydrogenation in water has been
successfully demonstrated recently. Among the effective lig-
ands discovered to date, perhaps the most notable one
is the diamine-based TsDPEN (N-(p-toluenesulfonyl)-1,2-
diphenylethylenediamine) originally developed by Hashiguchi,
Ikariya and Noyori et al. [109]. TsDPEN and its derivatives have
been shown to be particularly viable ligands for aqueous-phase
asymmetric transfer hydrogenation of ketones, with or without
any modifications and under both homogeneous and heteroge-
neous conditions. Thus, as shown in Scheme 13, Xiao’s group
demonstrated that the Ru-(R,R)-TsDPEN catalyst generated in
situ from [RuCl,(p-cymene)]; and (R,R)-TsDPEN was very effi-
cient for asymmetric transfer hydrogenation of various ketones
in HCOONa-H,O, affording ee’s up to 95% and significantly
faster rates than in HCOOH-NEt3; azeotrope [110]. With no
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modification to the water-insoluble ligand, the catalysis was
biphasic. This did not lead to slower rates than the homogeneous
reaction in HCOOH-NEt3, however.

More recently, the same group showed that M-(R,R)-
TsCYDN (M=Rh, Ir, or Ru, TsCYDN=(1R2R)-N-(p-
toluenesulfonyl)-1,2-cyclohexanediamine), derived in situ
from (R,R)-TsCYDN in combination with [Cp*RhC12]2, or
[Cp*IrCly]» or [RuCly(p-cymene)],, were robust catalysts for
the reduction of aromatic ketones by HCOONa in water and
in air [111,112]. For example, acetophenone could be almost
completely converted into (R)-1-phenylethanol in less than 2 h,
leading up to 95% ee, the rate of which was considerably faster
than in the HCOONa-Et3N azeotrope or "PrOH, as shown in
Scheme 14. Extended application of Rh-(R,R)-TsCYDN is seen
in the reduction of other ketones including a series of substi-
tuted acetophenones and heteroaryl ketones, which afforded
high conversions with 77-99% ee’s within 5-60 min reaction
times [111]. The catalyst loading could be lowered to 0.1%,
with TOF reaching 3500 h~!.

In a related study, the chiral M-CsDPEN [M=Ru,
Rh, Ir; CsDPEN = (R,R,R)- or (S,S,S)-N-camphorsulfonyl-1,2-
diphenylethylenediamine] catalysts have been shown to be

effective for the asymmetric transfer hydrogenation of aryl
ketones by formate in neat water. The Ir-(R,R,R)-CsDPEN cata-
lyst was shown to be most effective for a wide range of ketones,
delivering ee’s up to 99% at S/C=1000 [113].

Water-soluble TsDPEN and derivatives have also been
applied to aqueous-phase asymmetric transfer hydrogenation
[114]. An interesting recent example is the o,0’-disulfonated
N-tosyl-1,2-diphenylethylene diamine reported by Deng and
co-workers, which together with Ru(II) catalyzes transfer hydro-
genation of prochiral ketones [115] and cyclic imines/iminiums
in water [116]. For instance, as shown in Scheme 15, cyclic
imines/iminiums were successfully reduced in high yields
(80-99%) and enantioselectivities (75-99% ee) with sodium
formate as the hydrogen source. The catalyst so formed dis-
solves in water and generally necessitates the use of a surfactant
like cetyltrimethyl ammonium bromide (CTAB) for substrate
transfer.

Studies by Xiao and co-workers revealed that, as with
aqueous-phase hydrogenation, both the reaction rate and
enantioselectivity of the Ru-TsDPEN catalyzed transfer hydro-
genation by formate in water were dependent on the solution pH
values. Evidence was presented to suggest that two competing
catalytic cycles exist during the catalysis, with the importance
of each being determined by pH [117].

Apart from TsDPEN and derivatives, ephedrine ((2R,3S)-
3-(methylamino)butan-2-ol), among other amino alcohols, was
shown to be an effective ligand for transfer hydrogenation [118].
As shown in Scheme 16, a series of ketones were smoothly
reduced to the corresponding alcohol by [RuCl,(p-cymene); >
in combination with this ligand in water at room temperature,
giving rise to high yields but moderate to good ee’s. Related
B-amino alcohols have also been studied for similar reduction
in water; the enantioselectivities were again moderate to good
[119].

Transfer hydrogenation in water by enzyme mimetic catal-
ysis has appeared recently. Ward and co-workers reported the
reduction of p-methylacetophenone to give p-tolyethanol with

[RuCl,(p-cymene)],/L
MeO S/C = 100 MEQ
MeO =N HCOONa, CTAB MeO NH

H,0,28°C, 10 h

RV AY

NaO3S
HaN'
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00 Crpt

R = Me, Et, Pr,
Ph, cyclohexyl

R = Et, 'Pr, Ph

Yeild: 97%, ee: 95%

SOgNa

NHTs

@i MeOD\?
R Br

R = Me, ! R =Me, Ph

Scheme 15.



S. Liu, J. Xiao / Journal of Molecular Catalysis A: Chemical 270 (2007) 1-43 11

0 RulL, SIC = 40 OH
Ri Rz HCOONa (5 equiv.) R /L\Rz
H,O, 1t, 24 h :
i Yield: up to 99%
?e Ee: up to 83%
= N
Ketone = OH

@c&@*g*

R=CI,F,CH;; R= Cl CF3, CH;; R=F, CF3, CH3
Scheme 16.

excellent ee by HCOONa, using an artificial metalloenzyme
as catalyst, i.e. [n°-(p-cymene)Ru(Biot-p-L)Cl] immobilized
inside of (strept)avidin in a buffered solution (Scheme 17)
[120]. It is noted that the Ru(II) center contains no chiral lig-
and; the observed chiral induction arises from the surrounding
enzyme.

Supported TsDPEN has been synthesized for transfer hydro-
genation, aiming at easy catalyst and product separation. Xiao
and co-workers immobilized TsDPEN on poly(ethylene glycol)
(PEG) and initially applied the resulting PEG-TsDPEN ligand
to Ru(Il)-catalyzed asymmetric reduction of aromatic ketones
by HCOOH-NEt;. However, it was found that catalyst recycle
was only possible on the addition of water [121]. Intrigued by
the observation, the authors tested the ligand in neat water and
found that Ru-(PEG-TsDPEN) was highly effective for asym-

1 mol% [né-(p-cymene)Ru(Biot-p-L)Cl| HO, WH
0.34% tetrameric (strept)avidin _
HCOONa-B(OH),, pH, i = 6.25

55°C, 64 h

o

Conv.: 92%
*/Rn Ee: 94%
N\ I /
/Ru “INH, 0
[n8-(p-cymene)Ru(Biot-p-L)CI]: \) )]\
HN NH
@\ 0 H-y—--H
N
N o+ S
Scheme 17.

metric hydrogenation of ketones by HCOONa, affording almost
complete reactions with >91% ee’s at 22-40°C in 1-36 h. The
catalyst was recycled more than 10 times without compromising
the ee’s [122].

Deng and co-workers developed silica gel, MCM41 and
SBA15-supported TsDPEN, and have demonstrated the applica-
bility of these ligands in Ru(II)-catalyzed asymmetric reduction
of ketones in water (Scheme 18) [123,124]. Among the catalysts
formed, Ru-7 exhibited a high catalytic activity, excellent enan-
tioselectivity and high recyclability with or without additives;
the catalysts Ru-8 [123,124] and Ru-10 [124] appeared to be
less efficient.

Polymer-supported chiral sulfonamides (11 and 12) con-
taining sulfonated groups and quaternary ammonium salts are
also efficient for asymmetric transfer hydrogenation of aromatic
ketones in water, showing high conversions and enantioselectiv-
ities coupled with easy catalyst recycle without loss of catalytic
activities [125].
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Enantioselective hydrogenation performed in ILs has
also received growing attention in recent years, a main
purpose being again for recovery and reuse of the expen-
sive chiral catalysts. Chauivn and co-workers first reported
that [Ru(COD)((—)-DIOP)]PFs (DIOP =2,2-dimethyl-4,5-
bis((diphenylphosphino)methyl)-1,3-dioxolane), dissolved
in [bmim]SbF6/iPrOH (3/8, vlv), catalyzed the asymmetric
hydrogenation of «-acetamidocinnamic acid to give (S)-
phenylalanine in 64% ee; no mention of catalyst recycle was
made, however [65]. Following this, asymmetric hydrogenation
catalyzed by classical Ru and Rh catalysts of a variety of sub-
strates, ranging from aromatic ketones [126—129], B-ketoesters
[130-134], imines [135,136], and enamides [134,137,138] to
a-substituted amido cinnamates/cinnamic acids [139,140],
have been successfully carried out in ILs, in most cases with
catalyst recovery and recycles being demonstrated. Some
examples are shown in Table 1. For instance, the optically
active Ru-BINAP catalyzed hydrogenation of acetophenone
in [BP][CBjoH2] afforded 99.1% ee with TOF of 239h~!
under 12 bar Hy at 50 °C for 12 h (Table 1, entry 2). Under the
same conditions, acetophenone was readily converted to the
corresponding alcohol by the rhodacarborane (closo-1,3-{p-
(n?-3-CH,=CHCH,CH,)}-3-H-3-PPh3-3,1,2-RhC,BoHj )
catalyst in 97.3% ee with TOF of 194h~! [126]. Similarly,
the bisphophonic acid-functionalized [Ru-13-(S,S)-DPEN]Cl,
catalyzed the asymmetric hydrogenation of aromatic ketones
in various imidozolium ILs and isopropanol mixtures, allowing
for quantitative yield with up to 98.7% ee [127]. A series
of similar ligands in combination with Ru complexes were
used to catalyze the asymmetric reduction of -keto esters in
ILs, providing complete conversion with excellent ee’s (up to
99.3%), with possible catalyst recycling by simple extraction
of product in most cases [130-132].

In a report by Feng and co-workers, seven classes of
diphosphines were employed as ligands in combination with
[Rh(NBD);]BF4 to catalyze the hydrogenation of enamides.
Some were effective while others not [138]. Ligand 16 was
shown to be the best in catalysis; when the reaction was carried
out in four different imidazolium ILs in conjunction with water
as a co-solvent, it afforded high conversions and ee’s (e.g. entry
11, Table 1), which were similar to or higher than those obtained
in MeOH. Furthermore, the catalyst could be reused to give
>10,000 turnover numbers without significant loss of activity.

The enantioselective hydrogenation of the imine N-
(1-phenylethylidene)aniline by a cationic iridium complex
with chiral phosphinooxazoline ligand proceeded readily in
[emim][BARF] (entry 10, Table 1). The product was extracted
from the IL solution by using scCO, without contamina-
tion of the IL or catalyst [135]. The presence of CO, was
beneficial for efficient hydrogenation, probably due to an
increased Hj solubility and/or reduced viscosity of the reaction
solution.

Enantioselective transfer hydrogenation in ILs has also
appeared in the recent literature. The scarcity of this kind reac-
tion in ILs may to some extent be due to the fact that the
hydrogen source and solvent in these reactions are often the
same, with other solvents less explored in comparison with
hydrogenation reactions. Dyson and Geldbatch recently reported
the asymmetric hydrogenation of acetophenone by 2-propanol
and the HCOOH-E;N azeotrope in the IL [bdmim]PFg, which
can phase-separate from 2-propanol and appears stable toward
base. A modified Noyori—Ikariya catalyst was used; the ionic
tag fixed the catalyst in the IL phase (ligand 21) [141]. A
quantitative conversion and excellent ee with successful cat-
alyst recycle (>99%) were afforded by using HCOOH-Et;N
as hydrogen source, while it was less effective by using
2-propanol.

N®N
Me O/\M/3 ~
C|\\'RU\
4 'NTs Ph
HzN)). 0,8, Ph
., N S
Ph H
Ph NH3*

21 22

A similar modification, on the tosyl part of the diamine
ligand, led to the ligand 22, which, in combination with
[RuCl,(benzene)],, effected the transfer reduction of acetophe-
none by HCOOH-EN in the IL [bmim]PF¢ [142]. A 98%
conversion and 92% ee were obtained, and catalyst recycling
without any loss in both activity and enantioselectivity could be
carried out up to a third run.

ScCO; has been used as solvent for a number of enan-
tioselective hydrogenations [12]. To some extent, catalyst
solubility, especially that of metal complexes, has been a
problem [143]. As aforementioned, to overcome this problem
perfluoroalkyl-modified ligands have been used, a recent exam-
ple of which is shown in Scheme 19 [144]. The hydrogenation
of methyl-2-acetamidoacrylate by the Ru-perfluroalkyl-BINAP
in scCO», in the presence of a fluorinated co-solvent 1,1,1,3,3,3-
hexafluoro-2-propanol or trifluorotoluene, proceeded to afford
63-74% ee’s, which were higher than those using unmodified
BINAP.

Ru-[(p-OCF3)-BINAP], a modified BINAP with p-OCF3-
substitution on the phenyl groups in BINAP, was demonstrated
to exhibit enough solubility in dense CO; and to be an
active catalyst for the enantioselective hydrogenation of
tiglic acid in CO; with trace methanol as a co-solvent
[145].
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Table 1
Asymmetric hydrogenation in ionic liquids
Entry Catalyst Solvent Sub. S/IC P (bar) ee (%)* Ref.
1 Ru/(R)-BINAP [Omim]BF4 a 1000 12 97.3 [126]
2 Ru/(R)-BINAP [BP]J[CBoH12] a 1000 12 99.1 [126]
3 Ru/(R)-13-[(S.S)-DPEN]Cl, [Bmim]BF,/'PrOH [ 1000 48 98.7 [127]
4 Ru/(R)-13-[(S,S)-DPEN]Cl, [Bmim]PFs/'PrOH c 1000 48 93.7 [127]
5 Ru/(R)-13-[(S.S)-DPEN]Cl, [DMPim]NTf,/'PrOH c 1000 48 98.1 [127]
6 Ru/(R)-13-[(S,S)-DPEN]Cl, [BDMim]BF,/'PrOH c 1000 48 98.3 [127]
7 Ru/TPPTS/14 [Bmim][p-CH3C¢H4S03] b 112 50 80.6 [128]
8 Ru/(S)-BINAP [Bmim]PF¢/EtOH-CH, Cl, e 100 12 95.0 [133]
9 Rh/18 [Bmim]PFs/H,O f 500 5 96.0 [134]
10 [Ir(COD)/15]PF¢ [Emim][BARF] h 250 30 78.0 [135]
11 Rh/16 [Omim]BF4/H,0 g 200 1 >99 [138]
12 [Ir(COD)Cl],/17 [C1omim]NTf, i 25 40 86 [136]
13 Ru/20/Me3 OBF4 [Bmim]SbFe/ PrOH j 100 1 97.0 [137]
14 Rh/18 [Emim]OTf k 25 4 89> [140]
15 Rh/19 [Bmim]BF4 f 100 5 92°¢ [139]
16 Rh/19 [Bmim]BF4 g 100 5 87 [139]
ILs
Cation: iz | ; Anion:
R1\N® N-Rs NTf, = N(SO,CF3),
= ngy BARF = B[3,5-(CF3),CsH3l,
[emim]: Ry = Me, R, =H, Ry = Et; BP
[bmim]: Ry = Me, R, =H, Ry = n-Bu;

[omim]: Ry = Me RZ—H Ry = n-Oct;
[DMPIim]: R, = Me R, = Me, Ry= n-Pr;
[BDMim]: Ry = Me, R, = Me, Ry = n-By;
[Cigmim]: Ry = Me, Ry = H, Ry = n-CygHy4.
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Scheme 19.

In related studies but using monodentate ligands, Hope
and co-workers found that chiral perfluoroalkylated monophos-
phorus ligands were highly effective in rhodium-catalyzed
asymmetric hydrogenation of dimethyl itaconate in CH,Cl»,
with the perfluoroalkyl substituents exerting a considerable
influence on the enantioselectivities of the catalyst; however,
in scCOy, even in the presence of CO;-philic fluorinated
anions, activities as well as enantioselectivities were modest
[146].

2.2. Hydroformylation and carbonylation

Hydroformylation, the addition of CO and H; to an alkene,
is one of the most important industrial catalytic processes. The
reaction is totally atom-efficient, with all the starting atoms being
incorporated into the product, forms a new C—C bond and intro-
duces a carbonyl functional group into the original carbon chain.
There are a number of catalysts for the reaction, with those based
on cobalt and rhodium being by far most successful under either
homogeneous or aqueous biphasic conditions [147].

The well-known Ruhrchemie/Rhone-Poulenc process uses
an aqueous biphasic system and a water-soluble Rh/TPPTS
catalyst to hydroformylate short-chain olefins, with feasible
catalyst recycle. The process cannot be applied to long-chain
(=6) olefins, however, which are not soluble enough in water
to make an effective reaction. The search for more effective,
aqueous catalytic systems for higher olefins remains active. The
investigation has also been extended to other non-conventional
solvents such as ILs, scCO», and fluorous fluids. Earlier research
in this area has been well documented [12,14,16,147,148].
Herein, some studies reported in the past a few years are
presented.

The hydroformylation of higher alkenes using a combination
of Ru or Co complexes with water-soluble phosphorous ligands
such as TPPTS, TPPMS and their derivatives in aqueous solution
has been extensively investigated [149-155]. CoCl,(TPPTS),
was used to catalyze the hydroformylation of 1-hexene in
an aqueous biphasic medium to give great than 90% conver-
sion with 68% selectivity and n/iso ratio of 3.0 for aldehydes
at 100°C and CO/H; pressure of 90bar [149]. The water-
soluble ruthenium complex H,Ru(CO)(TPPMS); was shown

to be an efficient catalyst precursor for the aqueous-biphasic
hydroformylation of terminal, substituted and cyclic alkenes,
and their mixtures. Thus, 1-hexene was readily hydroformy-
lated to give 90% aldehyde composed of 60% n-hepetanal and
30% branched aldehydes, 2-methylhexanal and 2-ethylpentanal
[150]. Further studies revealed that the catalyst tends to iso-
merize the C=C bonds from the terminal to the internal
positions; nevertheless, this could be suppressed by using
a higher CO/H, pressure [151]. The selectivity was influ-
enced to some extent by ionic strength and temperature. For
instance, the hydroformylation of 4-penten-1-ol in water using
HRu(CO)(TPPTS);3 as a catalyst preferred to yield a linear prod-
uct 6-hydroxy-hexan-1-al with a decrease of temperature, but
2-hydroxy-3-methyltetrahydropyran derived from the branched
aldehyde with an increase of the ionic strength [152]. The water-
soluble hydride complex [HRu(CO)(CH3CN)(TPPTS);]BF4
was synthesized and used as a catalyst precursor for aqueous
biphasic (water/n-heptane) hydroformylation of 1-hexene, 2,3-
dimethyl-1-butene, styrene, allylbenzene, cyclohexene and their
mixture; the catalyst was shown to tolerate thiophene and could
be recycled [153]. The electronic and steric properties of the
aromatic rings in the phosphine ligands impact on the activ-
ity and selectivity as well. For instance, among Rh-TPPTS,
Rh-(2-MOTPPTS) and Rh-(4-MOTPPTS) (n-MOTPPTS is
tris[n-methoxy-3-(sodium sulfonato)phenyl] phosphine), the
latter two exhibited a lower activity and selectivity for aldehy-
des in the hydroformylation of 1-dodecene in the aqueous phase

[154].
The water-soluble rhodium complex [Rh(p-
Pz)(CO)(TPPMS)], (Pz=pyrazolate) was also explored

as a catalyst for the hydroformylation of 1-hexene and styrene
in a water/heptane biphasic system, resulting in isomeriza-
tion first and then formation of aldehydes with a low n/iso
ratio from 1-hexene, and a mixture of 2-phenylpropanal and
3-phenylpropanal (90/10 after 1 h with 90% conversion) from
styrene, respectively. The catalyst was stable enough to be
recycled [156].

Efforts have been made to overcome the mass trans-
fer problems encountered in biphasic catalysis by using
additives, such as surfactants, co-solvents or amphiphilic
ligands. Surfactants decrease interfacial tension and can
form small aggregates above the critical micellar con-
centration (CMC), thus accelerating a reaction by enlarg-
ing interfacial areas. For example, the hydroformyla-
tion of I-hexene, catalyzed by RuCl(CO)(TPPTS)-BISBIS
(BISBIS = sulfonated 1,1’-bis(diphenylphosphino methyl)-2,2’-
biphenyl) in an organic/aqueous biphasic system, could be
greatly speeded up by the addition of the cationic sur-
factant CTAB to afford TOF of 740h~! and 96.5% of
regioselectivity for the linear aldehyde under optimum con-
ditions [157,158]. Studies also showed that mixed micelles
were better in achieving a higher conversion and higher
regioselectivity in the hydroformylation of 1-dodecene by
RuCI(CO)(TPPTS); [159]. The surfactant structure also had an
important effect on the reaction rate, the order of rate promo-
tion being DCMAB (27) > G(Eth) (23) ~ G(But) (24) ~ G(Hex)
(25)~ G(Xyl) (26) > CTAB [160].
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Br'(CH3)2ITl+—(CHZ),.,—I|\I+(CH3)2B|’
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N(CH3)2C16H33
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The effect of surfactants on the reaction rate can be substrate-
dependent. Thus, in the case of the hydroformylation of
terpenes catalyzed by Ru/TPPTS in water/toluene, addition of
cetyltrimethylammonium chloride (CTAC) was necessary for
the reaction of myrcene to take place; but this promotion was
much less pronounced for limonene and CTAC turned out to be
an inhibitor for camphene [161].

The disulfonated cetyldiphenyl phosphine n-C;cH33P(m-
CeH4SO3Na), (CDPPDS) was reported to be able to function
as both a surfactant and a ligand simultaneously in the
hydroformylation of higher olefins [162]. Thus, 1-dodecene
was hydroformylated in water/toluene (3:1, v/v) under mild
conditions (olefin/Ru=2500, CO/H=1, Pco/H,) = 15bar,
L/Ru =10, 4 hreaction time) to give 30.7% conversion with TOF
of 188 h~! and n/iso of 3.7 under Ru-CDPPDS-TPPTS catalysis
(CDPPDS/TPPTS = 1/6). This compares favourably with those
obtained with Ru-TPPTS without CDPPDS, 20.0% conversion
with TOF of 125h~! and n/iso of 3.4. Under identical condi-
tions, the same reaction yielded a 52.5% conversion with a TOF
of 328 h~! and n/iso of 2.8 by using Ru-CDPPDS alone.

Another approach to creating micellar catalysis is to use non-
ionic surfactants. A good example is seen in some water-soluble
polymer ligands that display an inverse temperature-dependency
of solubility in water. In this context, Jin and co-workers
applied the concept of “thermoregulated phase-transfer catal-
ysis” (TRPTC) to aqueous—organic biphasic hydroformylation
of higher olefins [163,164]. The key point is that by increasing
the temperature, the catalyst is firstly transferred to the organic
phase where it catalyzes a reaction and then, at a lower temper-
ature, it moves back to the aqueous phase where it is separated
from the product. As shown in Scheme 20, the water-soluble lig-

and PEO-DPPPA in combination with RhCl3-3H,0O catalyzed
the hydroformylation of 1-decene, affording 99% yield of the
aldehyde under the conditions of 120 °C, 50 bar (CO/H, =1),
P/Ru=4 and S/C=1000 in 5h. Recycling tests showed that
both the conversion and yield of aldehyde were still higher than
94% even after 20 times of catalyst reuse. At a S/C ratio of
26600, the reaction still proceeded well to give 79.8% conver-
sion and 79.3% yield for aldehyde with a n/iso of 0.42 and TOF
of 4218 h=! [163].

A similar study by Weberskirch and co-workers described
that the immobilized Rh-carbene complex on an amphiphilic
block co-polymer (28) was an efficient catalyst for the hydro-
formylation of 1-octene, exhibiting up to 2360h~! TOF
under aqueous/organic two-phase conditions in four consecutive
cycles [165]. A catalyst derived from the sulfonated thioether-
alkylphosphine ligand PPh,(CH,),S(CH;),SO3Na, (n=2, 3)
and [Rh(OAc); ]2 showed high activity for the hydroformylation
of 1-dodecene at S/C=10,000 in a two-phase system at 60 bar
CO/H; and 120 °C, achieving TONs > 50,000 without using a
surfactant and TONSs of ca. 65,000 in the presence of the com-
mercially available polyoxyethylene—polyoxypropylene block
co-polymer Synperonics [166].

P~ NJVN/\MN/\)_L 7
Lo o
CHS (CH2)8 (CH2)4 ((l:HZ)4
CH3 5 O CooH

|(C':Hz)z

N Br

[ >—Rh---55
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CH,
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As a mass transfer promoter, randomly methylated
B-cyclodextrin (RAME-B-CD) was effective for the hydro-
formylation of higher olefins, although the n/iso ratio of
product was lower (1.8 versus 2.8 without cyclodextrin) [167].
This was explained to be due to the formation of an inclu-
sion complex between RAME-B-CD and the ligand used,
TPPTS. In contrast, modified a-cyclodextrins, which could
not form inclusion complex because of their smaller cavities,
have been demonstrated to be excellent mass transfer pro-
moters for the aqueous catalytic hydroformylation of higher

Hk/\/\/\/\/

N+ CO 4 H, RNPEO-DPPPA .
H,Oftoluene (3:2) H
120°C, 5 h
0
_(CH,CH,0) H _
\(C 2CH0), Conv.: 99.5%; yield: 99.0% ,
PEO-DPPPA = (CH,CH,0) H nliso = 0.62, TOF 198h-1
(m + n =45)
PPh

2

Scheme 20.
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olefins [168—170]. For example, 1-octene was successfully
hydroformylated by Rh-TPPTS in the presence of methylated-
a-cyclodextrin (RAME-a-CD) under the conditions of 50 bar
CO/H; (1:1) at 80°C for 6h in an aqueous biphasic system
to afford 96% conversion with 99% selectivity for aldehyde
with n/iso ratio of 3.0. Under the same conditions, the reac-
tion only gave a 3% conversion with 33% selectivity and n/iso
of 2.8 without RAME-a-CD [168]. a-CD derivatives bearing 2-
hydroxy-3-trimethylammoniumpropyl groups were also shown
to promote mass transfer in the hydroformylation of higher
olefins in biphasic systems, providing enhanced reactivity, selec-
tivity for aldehyde, and a significantly increased nfiso ratio,
e.g. up to 5.4 for l-decene [170]. 'H and 3'P NMR studies
suggested that the increased n/iso ratio was due to in situ forma-
tion of new supermolecular catalytic species by ion-exchange
between the ligand and cationic a-CD. On the other hand, when
combined with a bidentate ligand, sulfonated Xantphos, RAME-
3-CD could also provide enhanced activity and n/iso ratio, for
example, allowing for 90% conversion with >99% selectivity
and n/iso ratio of 20 for 1-octene. In this case, RAME-a-CD
led to a 74% conversion, 99% selectivity and n/iso ratio of
33. For comparison, Rh-sulfonated Xantphos alone afforded a
19% conversion, 94% selectivity and n/iso ratio of 14 [169].
The reason for the increased n/iso ratio was thought to arise
from the steric constraints imposed by the bidentate ligand and
the CDs, and from interactions between the two groups, which
were too weak to induce dissociation of ligand from the com-
plex. Such dissociation resulted in the lower n/iso ratios in the
case of TPPTS or TPPMS, as aforementioned. More recently,
Monflier and co-workers reported the heptakis(2,3-di-O-methyl-
6-sulfopropyl) B-CD to be more efficient than the randomly
methylated B-CD for the biphasic hydroformylation of olefins
[171]. Studies into the interaction between a- or 3-CD and sul-
fonated diphosphines by van Leeuwen and co-workers showed
that the flexibility of the diphosphine backbone had an effect on
both the activity and selectivity of hydroformylation of 1-decene
[172].

Studies by Blum and co-workers suggest that microemul-
sion [173], which was found to be superior to emulsion
in hydrogenation [174], can be used in hydroformylation
of higher olefins [175-177]. Depending on the amount of
surfactant, microemulsion could create a monophasic or pseudo-
homogeneous system when a high proportion of surfactant is
used, or a ternary mixture when a suitable, minimum amount
of surfactant is present. As shown in Scheme 21, aqueous
hydroformylation of various hydrophobic alkenes was suc-
cessfully performed in a three-phase microemulsion/sol—gel
system, catalyzed by a rhodium catalyst in the presence of N-
dodecyl-N-(2-hydroxyethyl)-N,N-dimethylammonium bromide
as surfactant and n-butanol as a co-solvent, affording 62-99%
aldehydes [177].

Internal olefins can be converted into linear aldehydes
by a suitable catalyst. Beller and co-workers described
for the first time the hydroformylation of internal olefins
catalyzed by Rh-BINAS (BINAS =sulfonated 2,2'-bis
(diphenylphosphinomethyl)-1,1’-binaphthalene) in an aqueous
biphasic system, to give linear aldehydes with significantly

[Rh], surfactant

P(C-OIHE) =13.8-27.6 bar
80 °C, water, n-butanol

RWH 5 RI
(0] (@] H

Yield: up to 99%
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Scheme 21.

higher regioselectivities (n/iso>99:1), compared to similar
catalysts in organic solvents [178]. The control of pH and CO
partial pressure was shown to be important for a successful
reaction in this case.

Hydroformylation of higher olefins by supported aqueous-
phase catalyst (SAPC) has continued [179-182]. In this system,
the catalyst is immobilized into a thin water layer adhered to the
pores of a porous solid, e.g. silica. It combines potentially the
advantages of both heterogeneous and homogeneous catalysis.
As there is a large interfacial area, catalyst—substrate contact is
facilitated, which could result in a relatively high conversion rate
of alkenes. Catalyst recycle is also feasible.

As abovementioned, higher olefins have poor solubility
in water, which hampers their hydroformylation in aqueous
medium. ILs, showing higher solubilities for these olefins, could
be used to replace the aqueous phase in biphasic hydroformyla-
tion, and hence was extensively studied in this regard [12,14,8].
From 2003 onwards, however, only a few publications have
appeared. They are presented in the follow section.

Hydroformylation of 1-octene was performed using a classi-
cal rhodium precursor in [bmim]PFg [183]. The metal complex
was formed by dissolving Rh(acac)(CO); in [bmim]PFg in the
presence of 4 equiv. of sulfonated Xantphos under different pres-
sures. In vivo high pressure (HP) IR and NMR revealed that the
complex was present in the IL in a dynamic equilibrium between
the ee and ea configurations, as shown in Scheme 22. The reac-
tion was influenced by temperature and syngas pressure, but not
related to the hydrogen partial pressure.

Interestingly, the biphasic hydroformylation of 1-hexene
by Rh-TPPTI (TPPTI = tri(m-sulfonyl)triphenyl phosphine-1,2-

| |
Pl:, ‘e,
(™:Rh—co OC eh—co
P | P |
CcO (P
ee ea
Scheme 22.
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dimethyl-3-butyl-imidazolium) in [bmim]BF4, [bmim]PF¢ or
[bdmim]PF¢ was shown to be one order of magnitude slower
than that observed with the conventional Rh-PPh3 catalyst in
toluene, although HP NMR studies indicated that the solution
structure of HRh(!3CO)(TPPTS)3 in [bmim]BF, was similar to
that of HRh('3*CO)(PPh3)3 in toluene-d® [184]. On the other
hand, HRh(CO)(TPPTS)3; was reported to be more active and
selective for hydroformylation of 1-hexene in the IL [Rmim][p-
CH3C¢H4SO3] (R=n-butyl, n-octyl, n-dodecyl and n-cetyl)
than in [bmim]BF4/PFg, allowing for TOF as high as 2736 h!
[185].

Rhodium catalysts in supported IL phase (SILP) were
reported by Wasserscheid and co-workers [186—188] and Yuan
and co-workers [189] to exhibit homogeneous nature, and be
more regioselective and active than the IL-free analogues. The
SILP catalyst, Rh-sulfonated Xantphos in [bmim]X (X =PFg
or n-CgH170S03) on silica, was regioselective, giving up to
96% linear product in the hydroformylation of propene; but
the catalyst suffered from deactivation after a prolonged use
[186]. However, when using partly dehydroxylated instead
of non-dehydroxylated silica, the same catalyst in [bmim][n-
CgH170S03] remained active, highly selective and stable (up
to 60h) [187]. SILP catalysis has recently been successfully
applied to a continuous gas-phase methanol carbonylation in
a fixed-bed reactor [190]. The Monsanto-type catalyst com-
bined with SILP, i.e. [Rh(CO),I;]-[bmim]I-SiO,, was reported
to show an excellent activity and selectivity towards acetyl prod-
ucts.

Carbonylation of olefins and aryl halides with nucle-
ophiles in ILs to give the corresponding esters or amides
has also been reported, with palladium being used as catalyst
in most cases [191-196]; examples include the Pd-catalyzed
hydroethoxycarbonylation of styrene [194], and Rh-catalyzed
hydroaminomethylation of long-chain olefins with secondary
amines [195]. A Pd-catalyzed hydroxycarbonylation of vinyl
bromides (E/Z > 5:1) led to the corresponding a,3-unsaturated
carboxylic acids in moderate to very good yield (up to 99%)
with excellent stereoselectivity (E/Z up to 99:1) in [bmim]PFg,
as shown in Scheme 23 [196].

Hydroformylation could benefit from an IL-scCO, system,
as both the reagents and products have good solubilities in the
mobile scCO; phase while the metal catalysts could be retained
in a stationary IL phase throughout the reaction. This allows for
easy catalyst/product separation and also for continuous flow
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operation, as demonstrated by Cole-Hamilton and co-workers
[197]. In this context, it is noted that scCO; not only acts as a
transport vector for both substrates and products, but also helps
reduce the mass transfer problem by increasing the reagent sol-
ubility in an IL phase, which also reduces the viscosity of IL. In
the work of Cole-Hamiliton, Rh-catalyzed hydroformylation of
1-octene in a continuous flow system, [octmim]NTf>/scCO;,
was shown to be highly efficient, affording TOF as high as
500 h~! with rhodium leaching into the product stream as low
as 0.012 ppm [197].

Hydroformylation of olefins has also been carried out in
scCO; or fluorous solvents, again for the purpose of catalyst
recovery. CO;-philic or fluorinated ligands are often used to
improve the catalyst solubility. In recent examples, hydroformy-
lation of dienes to dialdehydes by rhodium in conjunction with
fluorinated ligands in scCO; was reported [198,199]. Scheme 24
shows the hydroformylation of 1,5-hexadiene by Rh-P[3,5-
(CF3)2CgH3]3 to give dialdehydes with a high yield of 91%,
albeit with poor regioselectivity. However, both of the yield and
selectivity in scCO; were higher than in toluene [198]. The same
trend was observed for 1,7-octadiene.

CHO

R™X +CO + H,

Pcomz) =50 bar

/\/CHO
R + R)\

P coz) = 80-100 bar

70°C

0
R = n-CgHy3, n-CgHy7, -Cy5Hy5, Phand C,H,—Q

extraction and

scCO, switch,
recycle

Conv.: >99%
Selectivity to linear: 70-90%

Scheme 25.
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Leitner and co-workers reported a sequential catalysis and
separation process using scCOj to switch phase by making
use of its polarity and volatility [200]. A cartridge catalyst was
dissolved in the reaction mixture during the reaction, and pre-
cipitated quantitatively at the separation stage by introducing
scCO3 to induce phase switch and mass separation. By using
this technique, as shown in Scheme 25, a set of structurally
diverse olefins were smoothly hydroformylated in sequence in
a total of eight cycles of catalyst reuse, affording complete con-
version for each substrate with up to 90% selectivity in favour
of linear aldehyde and 86—100% catalyst recovery in each cycle.
The rhodium cartridge catalyst was based on a PEG-modified
phosphine ligand.

COs-expanded liquid (CXL) is another application of CO,
in catalytic reactions including hydroformylation. In this sys-
tem, CO; is condensed into an organic solvent, lowering the
solvent polarity and thereby precipitating the catalyst. Hydro-
formylation can be effected in a CXL by using the unmodified
Rh(acac)(CO); as catalyst [201].

For facile product—catalyst separation, hydroformylation by
supported catalysts in scCO; was also investigated [202—-206].
Thus, heterogeneous rhodium [202] and platinum/tin [203] cat-
alysts on silica were employed to catalyze the hydroformylation
of 1-hexene in scCO,. The catalysts were shown to be active,
selective and stable for the formation of heptanal, with the latter
being better in regioselectivity for the linear aldehyde. Polymer-
supported catalysts were also explored. The Rh catalyst 29 was
shown by Akgerman and coworkers to be soluble in scCO», and
active for the hydroformylation of styrene affording 100% con-
version with 95-100% selectivity for the branched aldehyde at
50-75°C and 172-241 bar syngas within 24 h [205].

Q"0 HN 0
CH, (CH,).
] )3
CH, ' o

] Ph,R_ PPh;
CF ,Rh
( | 2)7 Cl
CF, PPh,
29

Hydroformylation was the first catalytic reaction to be car-
ried out in the fluorous biphasic system (FBS) and has been
extensively studied since [16]. Because the catalysis can be
designed to occur under homogeneous conditions at a higher

[Rh(acac)(CO),JL

Rh/L =1/5

Cottie™ + co + H, S/C=500/

temperature and the catalyst—product separation can be tai-
lored to occur under biphasic conditions at a lower temperature,
FBS offers advantages for homogeneous catalysis. An overview
is recently provided by Cole-Hamilton, Hope and co-workers
[207]. Scheme 26 shows an example of 1-octene hydroformy-
lation by rhodium associated with the fluorous phosphine
P(CgH4-4-OCH;,C7F5)3 in a FBS (C7F4/toluene, 8/5), afford-
ing 98% conversion (TOF of 380 h~!) with 97% selectivity in
aldehyde (n/iso=2.8) at 80 °C. The fluorous phase containing
the catalyst was recovered at room temperature after the reac-
tion and could be recycled three times without losing activity
and selectivity. When performed in perfluoromethylcyclohexane
alone, the activity increased (TOF of 1040 h~1) with selectiv-
ity and regioselectivity unchanged [208]. The phase behaviour
of the fluorous solvent/substrate/product in the FBS system was
found to be affected by temperature, substrate concentration and
conversion [209].

A continuous flow fluorous biphasic system has been devel-
oped for hydroformylation of high olefins [210,211]. The system
was tested on the hydroformylation of 1-octene, affording con-
versions up to 70% with n/iso ratio around 12 and successful
fluorous catalyst recycling [210]. Efficient stirring was essential
for high conversion and minimized alkene isomerization. The
separation efficiency was found to be affected by the conversion
and the partition of both the product in fluorous phase and the flu-
orous solvent in an organic phase, but not by the pressure [211].

2.3. Catalytic C—C coupling reactions

Catalytic C—C coupling reactions have become a major
area of interest in organic chemistry. The reactions have tra-
ditionally been carried out in conventional organic solvents.
In the past decade, they have been successfully demonstrated
in the alternative media, in order for easy catalyst recovery
and minimized environmental impact. In the sections to fol-
low, a range of well-known C—C coupling reactions in the
alternative media will be highlighted; these include the tran-
sition metal-catalyzed Mizoroki—Heck, Suzuki—-Miyaura, Stille,
Sonogashira, and Tsuji—Trost reactions.

2.3.1. Heck reactions

The Mizoroki-Heck reaction, or more frequently the Heck
reaction, i.e. coupling of aryl or vinyl halides and their deriva-
tives with an olefin, has been widely investigated in the
alternative solvents. A recent review by Beleskaya and co-

CHO

Pcomz, 1/1)= 40 bar

80°C, 1h

CHO
CeHs”™ > ¥ CgH
eH13

TOF: 380 h™! in C;F4/toluene
TOF: 1040 h'" in C7Fq,

3

Scheme 26.



S. Liu, J. Xiao / Journal of Molecular Catalysis A: Chemical 270 (2007) 1-43 19

workers described the reaction in detail, covering reaction
media, substrates, catalytic systems and other reaction condi-
tions [212].

Since the early work of Beletskaya on the Heck reaction in
aqueous phase in 1989 [213], a number of publications have
appeared. One of the attractive methods for performing the reac-
tion in water is to use phosphine-free or ligand-free catalysts
aided by a suitable phase transfer reagent. Two recent exam-
ples are seen in the phosphine-free (di-2-pyridyl)methylamine
30 [214] and cyclopalladated ferrocenylimine palladium cata-
lyst 31 [215], which were shown to be effective catalysts for the
Heck monoarylation of styrene and acylic acid derivatives with
aryliodides and bromides in neat water. In the case of the catalyst
31, however, the presence of an ammonium salt was necessary.
When 30 was covalently anchored to a styrene-alt-maleic anhy-
dride co-polymer, the supported catalyst showed high activity
in the Heck, Suzuki and Sonogashira coupling reactions in neat
water [216]. For example, as shown in Scheme 27, tert-butyl
acrylate or styrenes was successfully coupled with aryl halides in
neat water with diisopropylamine as base in the presence of tetra-
n-butylammonium bromide (TBAB), affording excellent yields
with TON as high as 10* with the catalyst recyclable. When
using MW heating, the reaction was much faster, finishing in
10 min at 100 °C to give complete conversion with 80% yield in
the case of styrene coupling with 4-bromoacetophenone. Poly-
mer degradation and palladium leaching was observed, however.

Cat. (0.001-1 mol%)
Cy,NMe, 120 °C, 3-38 h

o
Y

Yield: 85-99%

X Cat. (0.1-0.01%)
AR ,©/ i-Pr,NH, TBAB, H,0
Y 100-160 °C, 6.5 h-2 d
R=CO,-+-Bu, Ph, p-CICgH,

X=1,Br,
Y =Cl, Ac
Cat. = n
Ph
0”7 '"N” "0
| = | RS
~N N._.=
N/
/Pd\
Cl Cl
Scheme 27.
NHCONHCy
| N | N \/N—p-tol
=N NF Fe I’Pd))\
Pd @ 2
cl” “al
30 31

The dimeric p-hydroxyacetophenone oxime-derived pallada-
cycle described by Najera and Botella is a very active and
robust catalyst for the C—C bond formation reactions, including
Heck and Suzuki couplings, in an aqueous phase (Scheme 28).
Examples are seen in the synthesis of methoxylated stilbenoids

X
. =
Y

X=Brl
Y =H, F, Cl, MeO

H,O (X =1)
DMA/H,0 (4/1) (X = Br)

Iohe
Y

Yield up to 94%
TON up to 59,000

Z = COp-+-Bu, CO,CH,CHMeBu, CO,H, CONMe,, COMe

R
X Cat. (0.1-1 mol%) 1
= R2  Cy,NMe, 120°C, 7-38 h N L
| + \/k Yo e, ' |
YA RN, HO0(X=)D) P R

DMA/H,O/TBAB (4/1) (X = Br)

X=Br, |

Y = p-Me, p-MeO, p-F, p-Cl, H, p-Ac, o-Me
Z = CO,Et, CO,Me, CO,H, CONH,, CN

R, = Ph, Me, H
Rz =H, CHchZMe

Cat. (0.1-1 mol%)
CyzNMe

Yield up to 81%
E/Z up to 100/0

Y

X
/©/+/\z
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X=Br, |
Y =H, F, Cl, MeO
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Scheme 28.
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~N7 Cat 0.5 mol% ~NT
10% aq. DMF
+  ArBr —_—
X LiCl, NaOAc, K,COs
7 160-200 °C (MW) 0
I 10-120 min ]\
Ar Ar

Ar =Ph, 2-MeCgH,, 4-YCgH, (Y = MeO, Cl, CHO)

Ac
Cat. = dimer P
Pd
7N,

P
otol” ool

Yield: up to 80%

Scheme 29.

by Heck coupling of styrenes with aryl iodides in aqueous
N,N-dimethylacetamide (DMA) [217], monoarylation of unsub-
stituted or B-substituted o, 3-unsaturated carbonyl compounds,
B,B-diarylation of acrylic derivatives with aromatic iodides or
bromides in neat water [218] or aqueous DMA [219], and
the synthesis of CNA derivatives or 3-arylpropanoate ester
by chemoselective arylation of acrolein diethyl acetal [220].
As shown in Scheme 28, monoarylation and diarylation of
o,B-unsaturated compounds catalyzed by the oxime-derived
palladacycle was successfully performed in refluxing water
or in aqueous DMA under moderate conditions to give high
yields [219]. The reaction also proceeded smoothly by Pd(OAc),
catalysis without using any ligand under the same conditions,
although it was slower in some cases. Under MW heating, the
reaction became faster, however.

Hallberg and co-workers reported a highly enantioselec-
tive, chelation-controlled Heck arylation of prolinol vinyl
ether by Pd(OAc), catalysis in a 1:10 HyO/DMF mixture
under air, which provided moderate to good yields (45-78%)
and excellent ee’s (90-98%) for the isolated cyclopentanones
[221]. A successful MW-assisted regioselective diarylation
of the chelating N,N-dimethyl(2-ethenyloxy)ethanamine was
described by Larhed and co-workers, using Herrmann’s catalyst;
both electron-rich and electron-poor aryl substrates demon-
strated good yields after 10-120 min at 160-200 °C (Scheme 29)
[222].

A facile, cationic surfactant-aided, ligand-free Heck aryla-
tion in water was recently reported [223]. Pd(OAc), or PdCl,
catalyzed coupling reactions of electron-rich and -deficient aro-
matic bromides or iodides with electron-deficient olefins such
as acrylate, acrylonitrile or styrene proceeded in water in the
presence of the cationic surfactant CTAB at 80—130°C to give

R

R |+ —/

X PdCl,, Na,CO3, TBAB

80-95% yields. Under ultrasonic irradiation, the ligand-free
catalysis can be carried out in water at ambient temperature,
affording linear products in moderate to good yields (Scheme 30)
[224]. Increasing the reaction temperature to 60-90 °C, the
corresponding polycoupling products were obtained. In sifu gen-
erated Pd nanoparticles were considered to contribute to the
catalysis efficiency [223,224].

Phosphine ligands have also found good use. A num-
ber of reports have been published recently in this respect.
For instance, Shaughnessy and co-worker reported that
tri(4,6-dimethyl-3-sulfonatophenyl)phosphine (TXPTS) [225]
or 2-(di-tert-butylphosphino)ethyltrimethylammonium chloride
(-Bu-Amphos) [226] was superior to the commonly-used water-
soluble TPPTS in Pd-catalyzed aqueous-phase Heck couplings
of aryl bromides under relatively mild conditions (80 °C).
Sinou and co-worker demonstrated the asymmetric arylation
of 2,3-dihydrofuran with aryl triflates in water in the pres-
ence of (R)-BINAP and a surfactant C;H33N"Me,(CH,)3SO3 ™~
(HDAPS), which proceeded with high regioselectivites, and
moderate conversions and ee’s under very mild conditions
(45°C) [227].

For easy separation and recovery of catalyst, supported cata-
lysts with either a phoshine-free [228—231]or a phosphine ligand
[232] have been studied in aqueous-phase couplings. For exam-
ple, the coupling of aryl iodides with acrylic acid led to the
corresponding cinnamic acids in high yields in water under
mild conditions; the catalyst was assembled from (NHy4),PdCly
and an amphiphilic polymer poly[(N-isopropylacrylamide)s-
co-(4-diphenylphosphinostyrene)]. As shown in Scheme 31,
the catalyst was highly efficient, with loading as low as
5.0 x 1073 mol% [232]. The catalyst was also effective in
toluene, giving an average yield of 94% in a total of five consec-
utive runs with a TON of 1,150,000 and a TOF of 12,000 h~!
in the case of the coupling of iodobenzene with methyl acrylate
under the same conditions.

A report by Perosa et al. showed a 10-fold acceleration in
Pd/C catalyzed arylation of aryl iodides with electron-deficient
olefins and styrene in an isooctane—water system by using a cat-
alytic amount of the phase-transfer catalyst Aliquat 336 (A336)
[229]. For aryl bromides, the reaction became sluggish, however.
More recently, Suzuki and co-workers reported that Pd(OAc),,
immobilized on a reversed-phase amorphous silica gel with the
aid of an IL [bmim]PFg¢, was highly efficient for Heck coupling
of iodobenzene with cyclohexyl acrylate in neat water with-
out using a ligand, with TON and TOF reaching 1,600,000 and
71,0001, respectively [231].

Ry

M), it, H0

R4

R = H, OMe, CI, Br, OMOM, NHCOMe and NO,

R; =1, CHO and H

R, = CO,Me, CO,Et, CO,H, CN and Ph

R|

Yeild: 43-93%

Scheme 30.
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The Heck reaction has been increasingly explored in ILs in
recent years, with ligand-free, phoshine-free, and phosphine-
enabled catalysis all being seen. Kabalka et al. reported that
the Heck coupling, catalyzed by Pd(OAc), alone, of arenedi-
azonium tetrafluoroborate salts with electron-deficient olefins
such as methyl acrylate and methyl acrylonitrile proceeded
smoothly in [bmim]PF¢, to give normal coupling products
in moderate to good yields (68%—82%) under mild condi-
tions (rt or 50°C for 2-4h) with efficient catalyst recycle
without losing activity. However, for electron-rich olefins
such as butyl vinyl ether or vinyl acetate, no coupling was
observed, and for styrenes, dimerization products were observed
[233].

The simple Pd(OAc); was also applied to the Heck reaction of
aryliodides in a polar, fructose-derived IL, 2-hydroxy-1-methyl-
3-butyl imidazolium triflimide [234]. As shown in Scheme 32,
the reaction was complete within 1h at 100 °C to give >95%
yields. By simple extraction of the product using cyclohex-
ane, the catalyst could be recovered and recycled several times
with no detectable loss in activity. However, in the case of

>(©/l+ _om

Pd Cat. = PdCl,, Pd(OAc),, 10 wt% Pd/C

[bmpyrr]o[PdCly4].
IL = [NBuylBr, [bmpyrr]NTf,

aryl bromides, no reaction occurred under the same conditions.
Furthermore, kinetic studies showed this IL to be less effec-
tive than the imidazolium-based one, such as [bmim]NTf; and
[bmim]BF,. It was further shown that a catalytic amount of
halides has an interesting accelerating effect on the reaction
[235].

On the other hand, the phosphonium salt IL, tri-
hexyl(tetradecyl)phophonium chloride (THP-CI), was shown to
be ideal for the Heck arylation of aryl iodides and bromides
with acrylates and styrene with Pd(OAc),, especially when
NaOAc-H,O was used as base [236]. High yields (81-90%)
with complete stereo- and regiocontrol were obtained under
relatively mild conditions (50-100°C, 2—4 h) with successful
catalyst recovery and recycle. PdCl, catalyzed Heck reactions
in ILs were also reported [237,238]. For instance, substituted
benzofurans were obtained in moderate to good yields by a
PdCl; catalyzed intramolecular coupling in [bmim]BF4, and the
catalyst in the IL phase could be recycled [237].

B-Lilial, an important intermediate for the production of
fenpropimorph (Corbel®) (a biodegradable fungicide) and fra-
grance, could be efficiently synthesized by a one-step Heck
coupling with ligand-free Pd catalysis in ILs, as shown in
Scheme 33 ([bmpyrr] = 1-butyl-1-methylpyrrolidinium) [239].

ILs were demonstrated to be the medium of choice for in
situ investigation of colloidal Pd catalysts [240]. Cal6 et al.
reported that Pd nanoparticles catalyzed the regio- and stere-
oselective arylation of 1,1-disubstituted alkenes in the IL. TBAB
using tetra-n-butylammonium acetate (TBAA) as base [241].

Pd Cat. (5 mol%) H
Et;N
IL, 100 °C, 2 h

B-Lilial
Conv.: 74-98%,
Selectivity: 87-100%

Scheme 33.
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The efficacy of this system was attributed to metal nanoparti-
cles being stabilized by TBAB and a fast neutralization of Pd-H
by TBAA. Chitosan and poly[B-(1-4)-2-deoxy-D-glucan] sup-
ported Pd nanocolloids were applied to the Heck reaction of
aryl halides including activated chlorides in ILs by the same
group [242]. The reaction was fast in TBAB in the presence
of TBAA as a base at 100-130°C to give 85-98% yields of
the products in 15 min. Recently, the group reported that Cu
nanoparticles, derived from the reaction of iodobenzene with
copper bronze, were an efficient catalyst for the Heck arylation
of aryl iodides and activated bromides in TBAB in the pres-
ence of TBAA [243]. However, the heterogeneous catalysis was
somewhat slower, particular in the Heck arylation of aryl chlo-
rides; but the reaction time could be made considerably shorter
by MW heating [244].

Pd complexes bearing phosphine-free ligands such as car-
benes have good solubility in ILs and have often been used
as catalyst in ILs. For example, Alper described a Pd(II)-
bisimidazole complex 32, which was efficient for Heck reactions
in [bmim]PF¢ [245]. The reaction of a spectrum of aryl iodides,
bearing electron-withdrawing or -donating groups, with either
electron-deficient or -rich olefins proceeded readily in most
cases, furnishing high product yields at a 2 mol% of catalyst
loading and 120°C. A sequential double-Heck reaction with
different iodoarenes could also be effected. Moreover, the IL-
catalyst phase could be recycled five times without any loss in
activity. The monodentate carbene Pd(II) complex 33 displayed
good performance in the stereospecific coupling of cinnamates
with aryl halides in TBAB [246]. The reaction was performed
with 1.5mol% of catalyst in the presence of TBAA at 130°C,

=\ Ve
Me—N__N Cl N | S
N_ /
T O
Me—N"SN~  Me s 4 N
\—/ Me
32 33

Shreeve and co-worker recently synthesized a series of
functionalized ILs, 34-37, Scheme 34 [247-249]. Being coordi-
nating and/or potential carbene precursors, these solvents were
evaluated in PdCl, catalyzed Heck coupling of aromatic halides
with acrylates. IL 34 was shown to be a good solvent and ligand
for the coupling of both iodo- and chlorobenzene with methyl
acrylate and styrene, affording a high yield of product at 100 °C
in air for 4h, with a good IL-catalyst recyclability (Eq. (1))
[247], while the others were good for iodobenzene and poor
for chlorobenzene (Eq. (2)) (Scheme 34) [248]. The key cat-
alyst species in some of the reactions were considered to be
Pd-carbene complexes generated in situ from the solvents.

Heck reaction of aryl bromides and activated aryl chlo-
rides was reported to be efficiently catalyzed by the
(benzimidazolylidene)-palladium catalyst 38, which was gener-
ated in situ from the corresponding benzimidazolium and PdCl,
in TBAB. The reaction provided moderate to good yields of
product, with controllable mono- and diarylation of terminal

olefins [250].
o 1 II
|

affording 90-95% yields of B-aryl-substituted cinnamic esters R =H, O"Bu
within 4-5.5 h. 38
X PdC|2 (2 mol%) R
@/ _—R Na,CO,
T e M
IL 34,100°C, 4 h
X= R = CO,Me, Ph Yield: up to 92%
X PdCl, (1 mol%) ___CO,Bu
©/ + #—co,Bu NaOAc @)
IL 35b, 120 °C, 6-24 h
X=1,Br,Cl Yield: 92% (X = 1)
71% (X = Br)
3% (X =Cl)
ﬁ SO,CF
Eu Aﬁﬁ*( o nBsuo CF,)
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| I ) \
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N(SO,CF),
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R = CH; (@), C4Hg (b), CgHy3 (C),
(CH,)3CF; (d) and (CH,),C4Hg (@)

Scheme 34.
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Scheme 35.

Phosphines generally have good solubility in ILs and are
commonly used as ligand. Ryu and co-workers used a phosphine
and N-heterocyclic carbene Pd(IT) complex as a source of palla-
dium to provide stable homogeneous solution in a low-viscosity
IL [bmim]NTf; (Scheme 35) [251,252]. In the arylation of n-
butyl acrylate with a variety of aryl iodides in this solution, up
to 94% yield was provided at 100-120 °C after 1 h [251]. After
separation of the product by a triphasic workup (hexane-water-
IL), the catalyst-containing IL layer could be further used up to
six runs without any loss in activity. This low-viscosity IL sys-
tem benefited a continuous microflow method aimed for catalyst
recycling [252]. A multi 10-g scale preparation of n-butyl cin-
namate (10 g/h), difficult to accomplish by common synthetic
methods in a batch system, was achieved from the coupling of
iodobenzene with n-butyl acrylate by applying this microflow
system.

In a series of papers [253-260], the group of Xiao showed that
electron-rich olefins, including vinyl ethers, allyltrimethylsi-
lane, vinyl emamides and allylic alcohols, can be arylated highly
regioselectively with (hetero)aryl iodides or bromides with Pd-
DPPP (DPPP = 1,3-bis(diphenylphosphino)propane) catalysis
in IL, such as [bmim]BF, [253-256,258,259], [bmim]PF¢ [260]
or an IL—organic solvent cocktail [257], without recourse to any
halide scavengers or triflate substrates. It is believed that the ionic
medium promotes the formation of a cationic palladium species
that is key to the formation of the o arylated product. As shown
in Scheme 36, vinyl ethers could be readily arylated by electron-
rich or electron-poor aryl bromides and iodides to give exclu-
sively branched products; high yields of methyl ketones were
obtained following hydrolysis by acid [255]. Good yields with
exclusive a-regioselectivities were also obtained for arylation
of allyltrimethylsilane (82-93%) in neat [bmim]BF4 or vinyl

WAr — [HNEt;]"

(Pf‘ % (P. WAr —|+ R .
P,Pd,,Br By P,Pd\H\ Br---H—NEt;

0"Bu

Scheme 37.

enamides (71-85%) by aryl bromides in a [bmim]BF4—DMSO
(1:1, v/v) mixture under similar conditions [255].

Interestingly, ammonium salt-based hydrogen bond donors
such as [E;zNH|BFs and [H,NiPr,|BFs could dramatically
accelerate the reaction occurring not only in ILs [255,258] but
also in common solvents like DMF [258] and DMSO [261]. For
example, butyl vinyl ether was arylated by bromoacetophenone
to give a 78% conversion over 1 h by Pd-DPPP (2.5 mol%) in
the presence of [EtsNH]BF4, while only 2% conversion was
obtained without the ammonium salt under otherwise identi-
cal reaction conditions [258]. A further example is seen in
the same coupling reaction catalyzed by Pd-mBDPP (2 mol%)
(mBDPP = meso-2,4-bis(diphenylphosphino)-pentane), which
was completed in DMSO in 24 h when [Et;NH]BF4 was added;
but in the absence of the salt additive, it took 36h even at a
higher catalyst loading (4 mol%) [261]. It was proposed that
the formation of hydrogen bonding between the ammonium
salt [H,NR4_,,]BF4 (n=1, 2) and the dissociated Br~ from the
L,PdBr(Ar) complex, resulting from the oxidative-addition of
Ar-Br, accounts for the accelerating effect on the reaction rate
as shown in Scheme 37.

The ionic medium could also promote the regioselective ary-
lation of functionalized haloarylphosphine oxides [254]. Thus,
bromophenylphosphine oxides were olefinated by n-butyl vinyl
ether under Pd-DPPP catalysis at 125 °C in [bmim]BF4, afford-
ing 51-79% acetylated phoshine oxides after acidification; no
B-arylated products were detected.

Heck reaction has also been explored in scCO», and fluorous
solvents, although less successful than those in aqueous phase
and ILs. This is at least partly due to the Heck reaction usually
requiring the use of dipolar solvents. Heck reaction in scCO»
could be effected homogenously by using scCO;-soluble fluo-
rinated catalysts [262,263], or biphasically as demonstrated by
Arai and co-workers, by using a water-soluble ligand, such as
TPPTS, and water as a co-solvent [264]. Multiphase catalysis
involving scCO; offers a further possibility [265].

Fluorous catalysts such as the palladacycles 39 and 40 [266],
the SCS pincer complex 41 [267] and the ligands F-dppp 42
[268] and F-BINAPs 43 and 44 [269,270] have recently been

0
X Pd(OAG), (2.5 mol%)
"+ Zoor  DPPP(5mal%) AN OR K 0N
N Et,N (1.2 equiv.) RT _ RT
[Bmim]BF,
80-115 °C, 24-36h  >99% regioselectivity Yield: 80-95%
X =Br, |

R = p-CHO, p-CN, p-OMe, p-CO,Me, p-F, p-Me, p-COMe

m-CHO, m-CN, m-OMe, m-Me, m-F, p-Me

0-OMe, o-F, 1-naph, H
R' = 1By, (CH,),0CH=CH,, Et, 3-octyl

Scheme 36.
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Scheme 38.

studied as ligands/catalysts for Heck reaction, either in organic
or fluorous solvents. For example, complex 41 was shown to be
efficient for the Heck arylation of methyl acrylate and styrene
by aryl bromides, iodides and triflates in DMA under ther-
mal or microwave heating at 140 °C, providing high yields for
the corresponding coupling products. The catalyst was reusable
via fluorous solid-phase extraction using a fluorous reversed-
phase silica gel [267]. The F-BINAP 43 in combination with
Pd(OAc); was employed as a catalyst for the asymmetric Heck
reaction between 2,3-dihydrofuran and 4-chlorophenyl triflate
at 40 °C in a biphasic system of FC-72 plus benzotrifluoride or
benzene; up to 93% ee was obtained for the desired product 2-
(4-chlorophenyl)-2,3-dihydrofuran [269].

o
R_X\ ~OAc

y-Pd(
R/_ )2

AP " PAr,

R = CgHa-p-(n-CeF13)

R = (CHy)3-n-CgF47
39: X-Y =C=N; 41

42
40: X-Y =CH-S
R3S|
PPh,
PPh, PR2
R;Si
= (CHy)y-n-CeF 13 R = p-OCH,(n-C;H;5)CeHg

43 44

Ryu and co-workers demonstrated the Mizoroki—Heck aryla-
tion of «,3-unsaturated carboxylic acids and esters in a fluorous
ether F-626, using a fluorous Pd-carbene complex as cata-
lyst [271]. As shown in Scheme 38, the reaction proceeded
successfully to give moderate to high yields of the cou-
pling products, with almost complete recovery of the fluorous
solvent-containing catalyst by simple filtration. The recovered
solvent-catalyst mixture could be further used for six runs by
employing fresh reactants, without loss of activity.

2.3.2. Suzuki coupling
The Suzuki—Miyaura cross-coupling of aryl halides with aryl
boronic acids is one of the most powerful methods for the con-

struction of biaryls, which are valuable compounds used in
synthesis of pharmaceuticals, agrochemicals and new materials.
Boronic compounds are usually quite stable and insensitive to
air and water, and so can be easily handled in a variety of solvents
apart from those commonly used in cross-coupling reactions.

Amongst the alternative reaction media, water has proved to
be viable for the Suzuki reactions. From 2003 onwards, a great
number of reports in this area have appeared in the literature,
and some latest reviews are found in papers by Leadbeater [272]
and Xu and co-workers [273], the latter focusing on asymmetric
Suzuki reactions in aqueous—organic media.

Using neat water or a water—organic mixture as solvent, it is
feasible to conduct the Suzuki reaction by simple Pd(OAc), or
even Pd/C in combination with a surfactant without using a lig-
and. For example, a report by Arcadi et al. [274] showed that in
the presence of CTAB and K,COs3, the coupling of iodoanisole,
aryl bromides and activated aryl chlorides with aryl boronic
acids catalyzed by Pd/C (2.5 mol%) occurred at room tempera-
ture (for the bromides and iodides) or 100 °C (for aryl chlorides)
in air, with high yields (>85%) after 24 h, easy catalyst/product
separation and good catalyst recyclability. Pd(OAc), was shown
to be effective in the cross-coupling of less reactive aryl chlorides
at 100 °C [274]. More recently, Sengupta and co-workers [223]
reported that PhB(OH), smoothly coupled with 4-iodoanisole
and 4-acetylbenzyl bromide in water in the presence of CTAB
and 1% Pd(OAc); at 100 °C to give 80-90% of biarylsover 1-3 h
reaction time. Pd/C catalyzed couplings between aryl bromides
and sodium tetraarylborates in water were also reported, and
excellent product yields were achieved without using any sur-
factants, particularly when using sodium hydroxide or carbonate
as base [275].

PdX,; (X=OAc or Cl) catalyzed Suzuki coupling could
also be performed in water/organic mixtures. As shown in
Scheme 39, diarylmethanes were produced in high yields by
the couplings of benzylic halides with aryl boronic acids using
PdCl; as catalyst in an acetone/water (3:1) mixture under mild
conditions [276]. A similar catalytic performance was recently
reported by Zhang and co-workers, who demonstrated that the
use of a suitable amount of a co-solvent was key for this suc-
cessful catalytic system [277]. Furthermore, benzoyl chlorides
could be coupled with tetraphenylborates (Ph4BNa) in H,O or
aqueous acetone by using PdX, to give non-symmetric biaryl
ketones [278].
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Pd, encapsulated into a thiol-functionalized mesoporous sili-
cate SBA-15-SH, was demonstrated to act as an efficient catalyst
for Suzuki reactions in either water or a DMF/H;0O (20/1) mix-
ture [279]. The reaction of a spectrum of (hetero)aryl bromides
and activated aryl chloride with phenylboronic acid proceeded
smoothly (1 mol% Pd, 80-90 °C for aryl bromides and 2 mol%
Pd, 100°C for aryl chloride) to give 82-98% yields without
leaching of Pd (<3 ppb). A test on the heterogeneity showed that
the catalysis occurred in a heterogenous process. Pd(0) loaded
on NaY zeolite, prepared by the reduction of Pd(II)-exchanged
NaY, was reported to be highly active for the Suzuki coupling
of aryl bromides and arylboronic acids in DMF/H,O (1:1) using
NayCO3 as a base at room temperature [280]. [Pd(NH3)4]2+
immobilized on Sepiolite, a natural clay, has been applied to the
Suzuki reaction of 4-bromophenol with phenylboronic acid or
sodium tetraphenylborate in water in air at room temperature,
resulting in a high yield than unsupported Pd(II) salts. The for-
mation of small Pd clusters (2—7 nm) during the catalytic process
was confirmed [281]. Bradley and co-workers recently reported
a cross-linked resin-captured palladium catalyst, which was pre-
pared by diffusing Pd(OAc), into swollen resins followed by
cross-linking of amino groups on the resin (Scheme 40) [282].
The catalyst was shown to be efficient for the Suzuki coupling of
both activated and deactivated aryl bromides with aryl boronic
acids in water to give good yields of biaryl products (62-99%)
with good catalyst recyclability; but it exhibited poor activity for
aryl chlorides. The applicability of the catalyst was demonstrated
in the synthesis of a sulfophthalein dye without any palladium
contamination, which can cause serious problems in the optical
properties of the product.

In earlier studies, Leadbeater et al. reported that using either
conventional or MW heating, Suzuki coupling in water could
be promoted by palladium with loading down to 10~8 mol%
(i.e. 50 ppb), which could be supplied by the impurity in the

XL-RC Pd (10 mol% )
K>COj3 (3.0 equiv.)

NayCO3 base used [283-286]. This was originally thought to
be a transition metal-free process [283,284,287]. Thus, aided by
microwave heating, the Suzuki coupling of aryl halides (iodides,
bromides and chlorides) with a number of potassium organotri-
fluoroborates proceeded successfully with 2.5 ppm palladium in
water in the presence of NayCOj3 as base and TBAB as phase
transfer reagent, providing moderate to very good yields (up to
96%) of the products in 5 min reaction time [286].

Palladium complexes without phsophine ligands provide
another avenue for the Suzuki cross-coupling in aqueous media.
As abovementioned in the Heck reaction, the complex (di-2-
pyridyl)methylamine-palladium 30 proved also to be efficient
for Suzuki coupling in neat water or aqueous media, using
K7CO3 or KOH as a base in the presence of TBAB as an addi-
tive [214,288]. A range of aryl bromides and chlorides, and allyl
chlorides, acetates and carbonates, could be successfully cou-
pled with aryl- or alkyl-boronic acids or trimethylboroxine in
water, or in DMF/H,0 (95/5) and MeOH/H»O aqueous phases,
to give moderate to excellent yields. For instance, with a 0.1-1%
palladium loading, the coupling between aryl or benzyl chlorides
and aryl boronic acids, in HyO using K»,COj3 as a base at 100 °C
or in an acetone/H;O (3/2) mixture at room temperature using
KOH as abase, provided 51-97% isolated yields of the products;
the coupling of allyl chlorides, acetates and carbonates with aryl-
boronic acids in water using 0.05-1% catalyst at 100 °C gave
rise to 83-97% isolated yields. Trimethylboroxine and alkyl-
boronic acids were coupled with aryl bromides or chlorides in
water at reflux to yield methyl- and butyl-arenes; however, up to
5 mol% Pd loading was needed [288]. The reaction in water took
place faster and more efficiently, with TOF (h~!) up to 125,000
observed in the case of coupling of 4-bromophenol with phenyl
boronic acid [288]. It is noted that the reaction of aryl chlorides
was run in the presence of TBAB acting as an additive. The
reactions could be accomplished in a shorter time by microwave

Ry = p-X (X = MeCO, NO,, Me, MeO)
o-Me, 2,4-diMeO
R, =H, MeO

H;0, 80 °C, 4-16 h

Yeild: 62-99%
O

2
XL-RC Pd = HNO

O-NH

Scheme 40.
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irradiation. An analogue to catalyst 31, the cyclopalladated com-
plex 45, was reported to be an excellent catalyst for the Suzuki
couplings of aryl bromides and activated aryl chlorides in water
in air; TBAB was again necessary in the case of aryl chlorides
[289].

~

Supported phosphine-free Pd-complexes have also been
shown to be active for the Suzuki reaction in aqueous phases.
For instance, the polymer-supported di(2-pyridyl)methylamine-
palladium complex shown in Scheme 27 was not only active
for the Heck reaction but also highly active for the Suzuki
coupling in neat water, with TON up to 10° [216]. The
oxime-carbapalladacycle complex in Scheme 28 was covalently
anchored onto silica to give the catalyst 46, which was reported to
be very active for the Suzuki reaction of 4-chloroacetophenone
and phenylboronic acid in water and to be reusable without any
decrease in activity [290,291].

\_ _OH
N
N Pd
o-si” >"s o Yo/
7 \/\@’ 2
OMe 9
46

Polymer-supported palladium complexes containing N-
heterocyclic carbene (NHC) ligands have also been shown to
be active for Suzuki reactions in aqueous media [292,293]. For
example, as shown in Scheme 41, the polymer-supported Pd-
NHC complex [polymer = poly(1-methylimidazoliummethyl
styrene)-surface grafted-poly(styrene) resin] catalyzed the
Suzuki coupling of aryl iodides or bromides with a range of
aryl boronic acids in a DMF/H;O (1:1) mixture under mild con-

R— *
= Y

X=8Br |

R = p-Z (Z=0OH, OMe, Me, NO,, CHO, COMe, CN, CO,H)

0-OMe, o-CN, H, 2-naph

ditions (50 °C in air, 1 mol% Pd loading), to afford high yields
and offer up to 10 times catalyst recyclability [293].

Pd(PPh3)4 is usually unstable, losing catalytic activity upon
exposure to air. However, when supported on PEG-modified
mesoporous silica, it displayed a high activity for the Suzuki
coupling of aryl iodides and bromides with a set of aryl boronic
acids in water under mild conditions (0.1 mol% of Pd, K3POy,
base, 50 °C and 10 h reaction time), affording excellent yields of
the products (91-98%) with very good recyclability; the catalyst
was still effective even after exposure to air for 6 weeks [294].
However, it is likely that the catalyst has adopted a new form
rather than Pd(PPh3)4.

In addition to palladium, [RuCl,(p-cymene)], immobilized
on Al,O3 was shown to efficiently catalyze Suzuki coupling
of a wide range of aryl iodides with both boronic acids and
boronate esters with 1 mol% catalyst loading in DME/H,0 (1:1)
(DME = 1,2-dimethoxyethane) at 60-90 °C, furnishing >90%
yields with high product purity in most cases. The reaction could
be scaled up to a few grams without any practical problems [295].

Water-soluble phosphine palladium complexes can be used
as catalysts in Suzuki reactions in water or aqueous media. For
example, PA/TXPTS [225] and Pd/t-Bu-Amphos [226] were
showed to be active catalyst precursors for Suzuki coupling
of aryl bromides in water or a water/organic biphasic mixture
under mild conditions, and even at room temperature in the case
of the latter. Both catalysts were further shown to be superior
to Pd/TPPTS or PA/TMAPTS (TMAPTS = tri(4-methoxy-6-
methyl-3-sulfonatophenyl)-phosphine trisodium salt).

A drawback of Suzuki couplings in water is the phase-transfer
limitations arising from water-insoluble substrates. To circum-
vent this problem, the use of surfactants [214,274,276,288,289]
or mass transfer promoters [296] has been explored. Cyclodex-
trins and calixarenes were reported to be useful inverse
phase-transfer promoters for Suzuki couplings in aqueous
medium; the latter was much better than the former in inducing
rate enhancement, but troublesome in separation of the aqueous
layer from the organic phase [295].

The self-assembled Pd-phosphine catalyst PdAS-V
(Scheme 31) was reported to efficiently catalyze a heteroge-
neous Suzuki reaction of aryl and alkenyl halides (iodides

NHC-Pd (1 mol%) Y
Nach3

DMF/H,0 (1:1) X

50 °C, air, 1-6 h R

=
Yield: 91-97%

Y = p-Me, p-Cl, p-COMe, p-CF3, p-SMe, p-OMe

NHC-Pd = ‘

W,
A

-
N
FeP—Pd—PFg

N

Scheme 41.
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or bromides) and benzylic chlorides with arylboronic and
alkenylboronic acids in water or in organic solvents at 100 °C,
affording high yields with easy workup and catalyst recycling;
up to 1,250,000 TON was observed in the case of the coupling
of iodobenzene with phenylboronic acid [297]. Self-assembled
amphiphilic rod—coil molecules, comprised of hexaphenylene
rod segments linked to poly(ethylene oxide) coil units, have
been reported to be a supermolecular reactor for Suzuki
coupling of a range of aryl halides including aryl chlorides with
phenyl boronic acid in water at room temperature, affording
moderate to high yields [298].

Perfluoro-tagged Pd catalysts 47a—e, supported on fluorous
reversed-phase silica gel 48, were reported by Bannwarth and
co-workers to be useful for Suzuki reaction in water [299].
The Pd-loading was as low as 0.001 mol%, with TON reach-
ing 217,000 at 80°C. The catalytic process was suggested
to be homogeneous, despite the pronounced hydrophobic-
ity of the catalysts. A detailed kinetic study on the use of
this kind of catalyst in Suzuki reactions in both organic sol-
vent and water was presented by the same group recently

[300].
O
P1PdCI
b

47

Ry =H (@), p-CgF47(CHy); (b), m-CgF17(CH,),
(€), p-CF 17 (d), p-CoF1cCH,O (e)

N

N O
SO9F o-si

7 N\CeFs
N OR

48

As abovementioned, MW heating has recently been shown to
be an efficient method in promoting the Suzuki reaction either
in neat water or in aqueous media [283-285,288,301,302]. For
example, the reaction rate of the coupling between a phenethy-
lamine and (2-formylphenyl)boronic acid in DMF/H,O was
dramatically increased by MW heating, compared to that by
thermal heating (TH) under the same conditions; the product
was obtained in 84% yield after 15 min in the former case, which
compares much favourably with the 22% yield after 14 h under
TH (Scheme 42). The product from the reaction is a useful inter-
mediate for the total synthesis of aprogalanthamine analogues,
an intriguing class of natural products endowed with interesting
biological activity [301].

A highly efficient Suzuki coupling was reported of aryl
perfluorooctylsulfonates with boronic acids under MW heat-
ing. The reactions were performed in a toluene/acetone/water
(4:4:1) mixture using 10mol% PdCl,(dppf) [dppf=1,1'-
bis(diphenylphosphino)ferrocene] at 100-130°C for 10min,
giving 75-95% yields of the products; the product separation
and purification was effected over a fluorous silica gel [302].
The catalyst was also shown to be highly active for the Suzuki
reaction of aryl bromides in water alone, providing biaryls in
excellent yields (81-99%) with high TONs (up to 870,000 in
the case of 1-bromo-4-nitrobenzene reacting with phenylboronic
acid) [303]. In the presence of a small amount of PEG-2000, the
catalyst could be recycled retaining consistency in activity.

High-intensity ultrasonic irradiation offers another method
to promote the Suzuki reaction in aqueous phase, specifically
in the case of heterogeneous catalysis [304,305]. In addition,
microreactor or capillary-microreactor was reported to offer a
convenient and useful means to perform Suzuki reactions in
aqueous media, due to its large surface area, highly efficient mix-
ing and excellent mass and heat transfer properties [306,307].

Suzuki coupling has also been investigated in other alterna-
tive solvents, but to a lesser degree than in water. The reaction
conducted in ILs offers several potential advantages over con-
ventional organic solvents, such as increased catalyst life and
reactivity, and decreased homocouplings. Several types of ILs,
such as imidazolium [251,308], phosphonium [309], alkylam-
monium [310] and pyridium salts [311], have been successfully
demonstrated to be viable for Suzuki reactions.

In imidazolium-based ILs, Suzuki reactions of bromo- and
iodo-arenes have been performed with both increased reactiv-
ity and catalyst stability. Both Pd(0) and Pd(II) compounds
can be used as source of palladium, with soluble, ionic Pd(II)
salts preferred [308,312]. Welton and co-workers [312] reported
that N-donor stabilized palladium complexes made in situ from
PdCl,(CH3CN); and imidazoles were active catalyst precursors
for the Suzuki coupling of aryl iodides and bromides with p-
methylphenyl boronic acid in imidazolium ILs (1.2 mol% Pd,
110°C, aqueous Na;COs3 as a base), and the catalyst was sta-
ble and recyclable. Four equivalents of imidazole, relative to
palladium, were required to prevent catalyst decomposition,
with 1-phenylimidazole and 1-methylbenzoimidazole provid-
ing the most active catalyst in [bmim]BF,4. Carbene complexes
generated in situ were considered to be the active catalytic
species, however. Similarly, the Pd-carbene complex reported
by Ryu and co-workers [251] shown in Scheme 35, catalyzed
the Suzuki coupling of (hetero)aryl bromides and iodides with
phenyl boronic acid in a mixture of low viscosity IL and water

B(OH),

MeO NHCbz CHO  Pd(PhsP), (5 mol%)  MeO NHCbz
II\/ + Cs,C03, 150 °C O

MeO Br DMF/H,0 (1:1) MeO

OHC I

22% yield, 14 h, TH
84% yield, 15 min, MW

Scheme 42.
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[bmim]NTf,/H,0 (1:1), affording moderate to good yields of
the products (2 mol% Pd, 100 °C, NayCO3).

The synthesis of quinoline and isoquinoline heterocyclic
compounds by Pd(PPh3)4-catalyzed Suzuki reaction of hetero-
cyclic chlorides with naphthaleneboronic acids in [emim]BF4
was recently described by Sun and co-worker [313]. The reac-
tion proceeded smoothly at 110 °C in aqueous Nay;COs3 to give
in 10 min moderate to good yields after acidification. Only sub-
strates in which the chlorine and nitrogen were in the same ring
worked; the reaction did not occur for substrates with chlorine
and nitrogen in different rings or without nitrogen. It was sug-
gested that the nitrogen would favour the oxidative-addition step
in the catalytic cycle.

Shreeve and co-workers synthesized mono- (49) or
diquantaternized (50) 2,2’-biimidazolium-based ILs; (also see
Scheme 34). One of those, 1,3,1’-tributyl-2,2’-biimidazolium
hexafluorophosphate was employed as both solvent and ligand
for the Pd-catalyzed Suzuki reaction of a variety of aryl bro-
mides and phenyl boronic acid and was shown to be very efficient
and recyclable [314]. The pyrazolyl-functionalized imidazolium
ILs, represented by IL 37 in Scheme 34, was also a suitable sol-
vent for the Suzuki reaction, in which activated aryl bromides
coupled with phenyl boronic acid within 1 h to give high yields
of the binary products under the conditions of 2% Pd-catalyst at
110 °C [249].

Ra R, R
N N
[ >—®)v-
N N

| |
Ry Ry Ry Ry
49 50

= CHj, CH,CHj, (CH,),CH,, (CH,),CHs
= CHa, CHaCHy, (CH:CHy, (CH)1CHay (CH)sCF
Y = PF o NTT,

Task-specific ILs have been designed to aid catalysis and
applied to the Suzuki coupling. Dyson and co-workers syn-
thesized nitrile-functionalized N-butylnitrile pyridinium ILs
[C5CNpy]X (X=CI", BF4~, PFs~, NTf,™) ([C3CNpy]=N-
butylnitrile pyridinium), which reacted with PdCIl, to form
the complex [C3CNpy]2[PdCl4] or [PACI,(C3CNpy)2][anion],
(anion=BF4~, PFg~, NTf,7) [311]. These Pd-complexes cat-
alyzed the Suzuki coupling of iodobenzene with phenyl boronic
acid in [C3CNpy]NTTf; or the non-functionalized IL [C4py]NTf,
([C4py] = n-butylpyridinium), displaying good catalytic activity
in the first run; but the functionalized [C3CNpy]NTf, was shown
to be superior in the recycling runs, possibly due to the coordi-
nating nitrile moiety that retarded Pd leaching (<5 ppm versus
28 ppm leaching in [C4py]NTH)).

Suzuki reaction was earlier explored by Gladysz and co-
workers, using fluorous ligands in conjunction with palladium
in fluorous media [315], and by Bannwarth and co-workers
using fluorinated silica-supported palladium complexes con-
taining fluorous ligands in conventional organic solvents [316].
However, catalyst decomposition was observed in subsequent
runs in both cases. Gladysz and co-workers [266] also reported
that the thermomorphic fluorous imime palladacycle 39 was

highly active for Suzuki reactions, this time in toluene, in which
the catalyst exhibited little solubility at room temperature but a
significant one at elevated temperature, thus enabling a homo-
geneous reaction at high temperature and easy catalyst/product
separation upon cooling.

2.3.3. Stille coupling

Stille coupling, the reaction of organostannes with aryl/vinyl
halides, is another useful C—C bond forming reaction. This
reaction has been less investigated in the alternative sol-
vents, however, partly due to the toxicity of organotin
reagents and by-products. Dyson and co-workers [311] recently
demonstrated a Stille reaction between iodobenzene and
phenyltributylstannane catalyzed by the complexes aforemen-
tioned, [PdCl,(C3CNpy)2]1X; (X=PFg, BF4, or NTf;) or
[C3CNpyl2[PdCly], in the ILs [C3CNpy]NTf, and [C4py]NTf,.
The reaction proceeded well in both ILs, but the former provided
a better retention of the palladium than the latter, due to its coor-
dinating nitrile group as in the case of the Suzuki reactions.
Nanoparticles (ca. Snm) generated in situ were proved to be
the active catalytic species. The Stille reaction of aryl iodides
with tributylphenyltin in [bmim]NTf; could be effected by the
Pd-carbene complex of Scheme 35, in the presence of tripheny-
larsine under copper-free conditions, as reported by Ryu et al.
[251]. The reactions proceeded smoothly with 2 mol% Pd load-
ing at 100 °C to afford moderate yields (75-82%) within 1.5-5 h,
with the catalyst being recyclable. The effect of physicochemical
properties of solvents on the transfer of vinyl and alkyl groups
has recently been addressed in a study of the Stille coupling in
various ILs [317].

2.3.4. Sonogashira reaction

Sonogashira reaction, the alkynylation of aryl or vinyl halides
with terminal alkynes, is a powerful tool for the synthesis
of substituted acetylenes. The reaction has been successfully
performed in neat water or aqueous phase. For example, the
alkynylations of aryl halides with various alkynes have been
achieved in neat water by Pd(PPh3)s without any additive or
phase transfer catalyst. As shown in Scheme 43, the reaction
was remarkably fast using 0.5 mol% catalyst at 70 °C, affording
high yields of the aryl alkyne products [318].

Aqueous-phase Sonogashira couplings can be aided with
water-soluble phosphines [319,226]. For instance, Pd(OAc),
(I mol%), in conjunction with a carboxylated phosphine
m-TPPTC, catalyzed the copper-free cross-coupling of (het-
ero)aryl bromides and iodides including ortho-functionalized
aryl iodides in a CH3CN/H2O mixture at 60-70 °C, leading
to the alkynes in moderate to high yields [319]. Furthermore,

0.5 mol% Pd(PPhj)4
1 mol% Cul —

Ar———R
DIEA or pyrrolidine
H,Q, 70 °C, 30 min

Ar-X  +

|
A

X=Br, | Yield: 75-92%

Ar = Ph, o-tol, o-CHOPh, 2-naph, p-OMePh
R =Ph, H-C4H9, CHon, (CH2)4OH, C(Me)on

Scheme 43.
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| 1 mol% Pd(OAc),
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Yield: 81% (R = Ph)
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LiO,C
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Scheme 44.

as shown in Scheme 44, 2-hydroxy-iodobenzene was coupled
with terminal alkynes by the same catalyst to afford the cyclized
product benzofurans in good yields.

The phosphine-free palladium complex 30 has been demon-
strated to be active and efficient for the copper-free Sonogashria
reaction of aryl iodides and bromides with terminal alkynes in
water at reflux or even at room temperature under air in the
presence of pyrrolidine as base and TBAB as additive, with
TONs up to 7 x 10* and TOFs (h~!) up to 6666 being obtained
[214,320]. An example is seen in the coupling between (E)-3-
bromostyrene and oct-1-yne by 1 mol% Pd at room temperature
in water, affording the product enyne stereospecifically in 70%
yield [320].

PdClI, alone without added ligand has also been employed
as catalyst for Sonogashira reactions in water [320,321]. For
instance, Liang et al. [321] reported a mild protocol for the
copper-free alkynylation of aryl iodides with a variety of termi-
nal alkenes in water under aerobic conditions at 50 °C or room
temperature, using PdCl, (1 mol%) as catalyst in the presence
of pyrrolidine as base; good to excellent yields (65-97%) of the
products were obtained. The same authors also described the
synthesis of alkynyl ketones via PdCl,/PPhj3 catalyzed, copper-
free carboxylative Sonogashira coupling of aryl iodides with
terminal alkenes; the reaction was carried out in water at room
temperature under a balloon pressure of CO with Et3N as base.
The method was applied to the synthesis of flavones, furnishing
moderate to high yields (35-95%) [322].

Palladium on carbon was reported to be active catalyst for the
Sonogashira reaction in water or aqueous phases, in the pres-
ence of PPh3 as ligand and Cul as co-catalyst [323-325]. NaY
zeolite-entrapped simple salt, [PA(NH3)41%* (1 mol%), was also
shown to be efficient, stable and recyclable for alkynylation of
aryl iodides and activated aryl bromides in HoO/DMF mixture
at 80 °C [326]. MW-assisted, transition metal-free alkynylation

PdCl; (2 mol%)

reactions in water have been reported, but showing a limited
scope [327,328].

Sonogashira reaction has also been demonstrated in ILs.
A recent example is provided by Alper and Park [329], who
reported that the complex (bisimidazole)PdCIMe (32) was
an efficient and recyclable catalyst for the alkynylation of
aryl iodides with terminal alkynes in the absence of copper
salts in [bmim]PF¢. More recently, Srinivasan and co-workers
described copper- and ligand-free Sonogashira reactions that
took place at ambient temperature under ultrasound irradi-
ation in a series of imidazolium-based ILs, e.g. [bbim]BF4
([bbim] = dibutylimidazolium) [330]. As shown in Scheme 45,
the reaction proceeded in [bbim]BF4 to give good yields for
the desired products. The catalyst could be recycled five times
with the same activity. The active catalytic species, confirmed
by TEM, were believed to be palladium nanoparticles derived
from the Pd-carbene complex shown. It is noteworthy that no
reaction occurred at all without the ultrasonic irradiation even
after 6 h reaction time.

2.3.5. Allylic substitution

Pd-catalyzed allylic substitution, or the Tsuji—Trost reaction,
is one of the established, important tools for the creation of
a new carbon—carbon and carbon-heteroatom bonds. In gen-
eral, the method involves the use of allylic acetates, carbonates,
halides and phosphates efc., instead of allylic alcohols as the
hydroxy is not a good leaving group. The reaction has been
successfully demonstrated in the alternative media in recent
years.

Water is a suitable solvent for the Tsuji-Trost reaction.
In a recent report, Sinou et al. [331] demonstrated that the
palladium-catalyzed asymmetric alkylation of 1,3-diphenyl-
3-acetoxyprop-1-ene with dimethylmalonate can be readily
performed in water in the presence of a surfactant and a base.
It was shown that both the efficiency and the enantioselectivity
of the reaction depended on the nature and concentration of the
surfactant, with cationic ones being the best. Neutral or zwit-
terionic surfactants were poorer, and no reaction occurred with
those that were anionic. Using BINAP as a ligand, up to 91% ee
was obtained in the presence of a cationic surfactant and K,COj3
as base at room temperature.

In the presence of PPh3, Pd/C catalyzed the substitu-
tion of allylic acetates with a variety of nitrogen, sulfur and
oxygen nucleophiles in water at 70 °C; moderate to high

TR
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R =H, Me, NO,, COMe, Cl
Ry = Ph, 0-FCgH,, p-tol, 1-OH-cyclohexyl
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I
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B
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Scheme 45.



30 S. Liu, J. Xiao / Journal of Molecular Catalysis A: Chemical 270 (2007) 1-43

OAc OAc
©/\\‘/*o Ac O
Nu Nu
Pd/C/PPh; (1/4) "Ny =
Nu, H;0, 70°C

5-36 h
Nu =

Yield: 63-96%

0 0 EtO
/N o] o}
@#*Na 0 NH i: >< \OQOH C ©/\ﬁ/\©
0 — 0 o
9] EtO

Scheme 46.

0o 0 o 2
OJUJ\ [PACI(N®-C3Hs)Lo/L o
C\J\ Na2003, rt, 12 h /
—"" “oAc  H,O/ACOEL (1/1)
Yield: 73%
L= P )
3
SOaNa
Scheme 47.

yields (63-96%) were achieved with Pd-loading at 1-5 mol%
(Scheme 46) [332].

Medium to large size lactones could be successfully synthe-
sized by an intramolecular Tsuji-Trost reaction in high yields in
an aqueous biphasic system. An example is shown in Scheme 47,
where the Z-configured lactone was afforded in 73% yield by
Pd-catalysis; the palladium catalyst was made water-soluble by
a sulfonated phosphine ligand [333].

Scheme 48 shows an example of asymmetric allylic amina-
tion in water, using a chiral PN ligand bound to an amphiphilic
polystyrene—poly(ethylene glycol) resin. Cycloalkenyl carbon-
ates were aminated with dibenzylamines in water at room
temperature under heterogeneous conditions to give the cor-

Pd/L (8 mol%)

_~_-OCOMe A~ »NRR
+ HNRR' H,0

X 25°C, 24 h X
rac Yield: up to 99%
Ee: up to 98%
X = CHj, (CH,),, CHCO,Me, NCO,'Bu
aR=R= CH205H5
b: R = CH,CgHs, R' = CH,CgH4(p-OMe)
¢: R =R'=CH,CgH4(p-OMe)

L= o H
o]
_O o) n NH_&_(CH2)3 N
@&-d U |

o

Scheme 48.

responding cycloalkenylamines with high ee (90-98%), with
the catalyst being recyclable for up to four times without loss
of activity and enantioselectivity [334]. It was noted that the
reaction did not take place when performed in an organic sol-
vent, and a very low conversion resulted without the PS-PEG
support.

Direct substitution of allyl alcohol by carbon nucleophiles
in water [335], or under neat conditions [336], or in an aqueous
biphasic medium [337], is also possible. For instance, allyl alco-
hol reacted with C-nucleophiles in water at 80-100 °C under
the catalysis of Pd(PPh3)/1-adamantanecarboxylic acid [335],
or under neat conditions at 70-100 °C by Pd(PPh3)/acetic acid
[336], affording the corresponding allylated products in mod-
erate to high yields. The role of water in the reaction was
suggested to be promoting the hydration of the hydroxyl group
for the smooth generation of mr-allylpalladium species [337].
More recently, palladium-catalyzed allylation of anilines by
allylic alcohols in water in the presence of carboxylic acid was
reported; allylic anilines were obtained in goods yields (up to
99%, including both mono- and di-allylated products) [338].

Transition metal-free Tsuji—Trost reaction in aqueous media
have been described as well. Reports by Muzart and co-workers
[339,340] demonstrated that allylic substitution of 1-acetoxy-
1,3-diphenylpropene by acetylacetone could be achieved in
the absence of a metal catalyst in MeOH/H>,O with K>CO3
as a base, giving rise to a mixture containing 40% desired
product, PhCH(CH(COMe),)CH=CHPh; the rest was an ether,
PhCH(OMe)CH=CHPh. Mechanistic studies suggested that a
stabilized allylic carbocation was involved.

Allylic substitution conducted in ILs has also been reported.
For instance, Pd(0)/TPPTS (5 mol%) was shown to catalyze
the reaction of allylic acetates with various nucleophiles in
[emim]BF4/H,O (1/2) with or without base under MW irra-
diation; excellent yields of the product were obtained together
with catalyst recycling for eight times with a consistent activ-
ity [341]. Water and TPPTS were essential, with no reaction
occurring without either of them. In contrast to the general basic
conditions, Bruneau and co-workers [342] recently reported a
Ru-catalyzed allylic alkylation of cinnanmyl carbonate with
different nucleophiles in [Hdmim]PF¢ ([Hdmim]= 1-hexyl-
2,3-dimethylimidazolium), which proceeded under neutral
conditions at 50 °C, allowing for a very good conversion and
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regioselectivity and for high level of recyclability of the sol-
vent/catalyst system.

Fluorous bisoxazoline ligands have been prepared and exam-
ined for allylic substitutions by Sinou and co-workers [343,344].
High enantioselectivity could be realized in common solvents
and benzotrifluoride, and the catalyst separation could be made
easy with such ligand by fluorous extraction following a reac-
tion in common solvents [343]. However, the palladium catalysts
derived from these ligands lost activities in fluorous media [344].
In order to circumvent the problem, Sinou and co-workers [345]
recently prepared the high-fluorine-content ligands 51 and 52.
When combined with a palladium precursor, in the process
of the asymmetric alkylations of rac-(E)-1,3-diphenylpropenyl
acetate with dimethyl malonate in CH;Cl, in the presence of
a base (KOAc), ligand 52 led to the desired product in 98%
conversion and 92% ee after 24 h, and the catalyst was quanti-
tatively extracted into FC72 after reaction and reused with the
same activity and selectivity. In contrast, the less-fluorinated 51
appeared to be less effective under the same reaction conditions,
affording only a 39% conversion and 80% ee.

CgF 17( CHZ 3 (CH2)3C8F17

CgF17 CsFi7

OCH,C;F45 OCH,C;F45

F content: 56.9% F content: 59.3%

51 52

2.4. Olefin metathesis

Olefin metathesis has become a powerful method for C—C
bond construction in synthetic organic chemistry with the
advent of well-defined catalysts, most notably, the Grubbs ruthe-
nium catalysts [346,347]. Some of these catalysts have been
demonstrated to be able to promote ring-opening metathesis
polymerization (ROMP) and ring-closing metathesis (RCM) in
polar solvents such as water and methanol [348]. However,
there is a disadvantage in using the homogeneous catalysts,
that is the poor recyclability and the difficulty of separation
of catalyst and product. To tackle the problem, the ruthe-
nium catalysts have been immobilized onto support, and then
applied to ROMP [349-353] and RCM [354] reactions in
water or aqueous phases. For example, Grubbs and co-workers
reported the synthesis of a novel ruthenium carbene com-
plex, in which PEG served as a water solubilizing agent, as
shown in Scheme 49. The catalyst promoted the ROMP of nor-
bornenes in DO and was significantly more active than its
unsupported analogue; it could be simply removed by precipi-
tation from the reaction mixture on addition of ether [349,350].
Catalyst 54 [350] in Scheme 49 was more active than the anal-
ogous 53 [349], due to the PEG-carbamoyl-benzyl group in
the latter limiting the stability of the complex. PEG-supported,

Grubbs’s second generation catalyst has been demonstrated
to be able to polymerize oxanorbornene to give full conver-
sion in 30 min at room temperature in water at pH 2 or lower
[351].

Mini-emulsion polymerization is usually performed to gen-
erate small and stable nanoparticles from stable droplets of
monomers without the use of surfactants. Héroguez and co-
workers [352] disclosed that while the hydrophobic Grubbs
catalyst (PCy3)>Cl,Ru=CHPh was not appropriate for ROMP
of norbornenes in mini-emulsion, the hydrophilic catalyst
RuCl3-xH>O showed activity, allowing for the formation of
nanoparticles (200-500 nm). However, when the Grubbs cata-
lyst was made hydrophilic by modification with PEO (complex
55), efficient synthesis of PNB nanoparticles by mini-emulsion
ROMP of norbornenes was realized [353].

PCy3

Clu, |

c- R ~
PCy;

o)
~H
55

An amphiphilic polymer was employed to anchor the
Grubbs—Hoveyda catalyst for the RCM reaction of the bench-
mark substrate diallylmalonate in water, affording a TON
of 390 [354]. Catalyst recovery was affected by extracting
the product with pentane from the aqueous reaction mixture;
gradual decomposition was noticed during the recycle runs,
however.

To conduct olefin metathesis in ILs and to enable easy sep-
aration of catalyst from the product, the Grubbs-type catalysts
need to be immobilized in the media. This is because solvent
extraction would be less effective with the unmodified cata-
lysts, and such catalysts can be more active and selective when
resided in the ILs [355]. A more attractive approach is to use
ruthenium alkylidenes bearing ionic functionalities, which con-
fer good solubility on the catalyst in the IL phase. Guillemin and
co-worker developed imidazolium-tagged Grubbs’s first (56a)
and second (56b) generation catalysts, which catalyzed RCM
in an IL or IL/organic solvent biphasic mixture. In both cases,
a high level of recyclability together with a high activity was
obtained [356-358].

/ N Me
C|l/ PFs N_/

] @_ﬂ

18t Generation: L = PCy; (a)
2"d Generation: L = Mes- N\:/N-Mes (b)

Cy = cyclohexyl
Mes = 2,4,6-trimethylphenyl|

An almost identically tagged, second generation
Grubbs—Hoveyda ruthenium carbene complex was reported
by Yao et al. [359,360]. The complex was highly active for
the RCM of di-, tri- and tetra-substituted diene and enyne
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substrates in the mixed solvents ([bmim]PF¢/CH,Cl,, 1/9).
Both the catalyst and IL could be conveniently recycled (up to
17 cycles) with only a slight loss of activity.

Olefin metathesis conducted in scCO» has also been shown to
be feasible. In a very recent example, ROMP of norbornene was
affected in scCO; or a scCO,/THF mixture using the Grubbs cat-
alyst; the trans/cis ratio of the resulting polynorbornenes could
be adjusted by varying the amount of the co-solvent THF or of
the catalyst [361]. As is known, introduction of perfluoro tags
could afford enhanced catalyst solubility in scCO», giving rise to
higher reaction rates. However, this also opens up the possibility
of leaching the catalyst into the product. To address this issue,
Bannwarth and co-workers [362] recently reported the solid-
immobilized Hoveyda-type catalysts 57, which allowed for high
yields (up to 95%) of the corresponding products and were recy-
clable, with a low level of leaching of ruthenium into the product
(20 ppm). In contrast, the unsupported catalysts showed higher
level of metal leaching.

Q@ = Hybrid Silica Gel  Silica Gel” ™"y
Hypogel 400 |

L=PCy; MesN, _ NMes

Hybrid Silica Gel

Yao and Zhang also incorporated the second generation
Grubbs catalyst into a fluorous polyacrylate polymer [363].
When applied to the fluorous biphasic catalysis of the RCM of
dienes, as shown in Scheme 50, the catalyst afforded complete

conversion of substrate to product together with easy recycle via
FC-72 extraction.

Fluorous tagging was also explored by Curran and co-worker
to modify the first and second generation of Grubbs—Hoveyda
catalysts [364]. The resulting fluorous catalyst 58 exhibited a
similar reactivity profile to the non-fluorous analogues in RCM
and cross-metathesis; but the former could be readily recovered
by fluorous solid-phase extraction and reused more than five

times.
Ru=
a”
)O\ (CH2)\CeF 17

58
L=PCy;(a)(n=2o0r3)

or

[\
MesN.__NMes (b) (n =2)

Very recently, Gladysz and co-worker disclosed that the
Grubbs’ catalyst 59 containing a fluorous phosphine was active
for RCM under organic monophasic and fluorous/organic bipha-
sic conditions; however, it was more efficient in the latter case,
which was believed to arise from phase transfer of the dissoci-
ated fluorous phoshine into the flourous phase [365].
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2.5. Oxidation

2.5.1. Olefin epoxidation

Olefin epoxidation is one of the main routes for the production
of epoxides. Being easily convertible into various bifunctional
compounds, epoxides are intermediates for the manufacture of
a range of important commercial products. Epoxidation is gen-
erally carried out in chlorinated solvents, such as CH>Cl,, but
has been demonstrated to be practical in the alternative media.

Water is one of the choices as medium for olefin epoxidation.
The use of aqueous HyO; has drawn particular attention and this
chemistry has been summarized in recent reviews [366,367]. In
more recent work, the Mizuno group reported efficient routes for
epoxidation of olefins and allylic alcohols with H,O catalyzed
by a silicotungstate ["BugN]4[y-SiW19034(H20),] [368] and
a dinuclear peroxotungstate [{W(=0)(0,)2(H20)}2(n-0)]>~
[369,370]. Various olefins, including bulky cyclic ones such
as cyclooctene or non-activated terminal alkenes such as 1-
octene, were epoxidized by 30% H;O; in 84 to >99% yields
with >99% selectivity [368], as shown in Eq. (1) of Scheme 51.

) [1-SiW10034(H20)2]* )
Qlein 30% H-05, CH CN" S M
e Yield: 84->99%

[o]
32°C,2-14h Selectivity: >99%

QOlefin =

Rt F Z
n(n=0,1,5) n(n=3) nn=23

O O & O

Rs OH Rs . OH

/R\(l\ [{W(=0)(02)2(Ho0)}2(n-O)F* o
Ry R4 30% H,03, HO FL‘/ﬂ/L Ry 2)
Rz 32°C,4-12h Re

Yield: 83-95%
Allylic alcohol:

/\/OH ~F~-OH /W/OH )\/OH \lf\/OH
OH
OH = N-0H

Scheme 51.

Allylic alcohols were readily oxidized by one equivalent of 30%
H,0,, with the dinuclear peroxotungstate in high yields and
high chemo-, regio- and diastereoselectivities, and with TON
and TOF reaching 4200 and 594h~!, respectively (Eq. (2),
Scheme 51) [369,370].

A micellar oxidation system composed of anovel amphiphilic
hydroperoxide or ketone has been developed and applied to
the epoxidation of water-insoluble substrates in aqueous media
without using any surfactant [371,372]. Thus, in the presence of
the amphiphilic hydroperoxide 60, geraniol could be oxidized
to 2,3-epoxygeraniol in 85% isolated yield by V,0Os in an aque-
ous KH>PO4/NaOH-buffered solution (pH 7.4) at 30 °C [371].
Likewise, in the presence of the ketone 61, cyclooctene and other
olefins such as a,B-unsaturated carbonyl compounds could be
converted into the corresponding epoxides by Oxone® in mod-
erate to high yields under neutral conditions in water at 5°C
[372].

OOH

C12H25_< /—(‘\ />—\
O\—C/O\)_/OH CigHo—O \ O/ O
; Y

60 61

Biphasic selective epoxidation in a water—organic mixture
was also reported [373,374]. Styrene could be epoxidized
by 70% aqueous t-butyl hydroperoxide (TBHP) catalyzed by
K5Cry07 or K> CrOy4 to the oxide with a good selectivity (>60%)
and conversion (>50%) in water; the catalyst remained in the
aqueous phase, while the reactants and the products resided in
the organic phase [373].

Asymmetric epoxidation in water has also been explored.
For example, asymmetric epoxidation of allylic alcohols
by 70% aqueous TBHP, catalyzed by a vanadium complex
in the presence of a bidentate chiral hydroxamic acid, pro-
ceeded smoothly to give moderate to high yields (41-92%)
and moderate ee’s (57-72%); the reaction was shown to be
ligand-accelerated [375]. However, the catalytic performance
was more effective in toluene than in water. Jgrgensen reported
an  organocatalyst, 2-[bis-(3,5-bis-trifluoromethylphenyl)-
trimethylsilanyloxy-methyl]-pyrrolidine, =~ which  catalyzed
the diastereo- and enantioselective asymmetric epoxidation
of o,B-unsaturated aldehydes, using H»O, as an oxidant
in a water—alcohol solution, affording moderate to good
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yields and up to 96% ee of the optically active epoxides
[376].

Concerning epoxidation in ILs, a [bmim]PFe¢/water biphasic
system was shown to be effective for the epoxidation of o,f3-
unsaturated carbonyl compounds by using H,O» as an oxidant
atroom temperature [377]. Interestingly, the imidazolium cation
was thought to act as a catalyst to transfer OH™ out of, and the
active species OOH™ into, the ionic phase where the epoxida-
tion took place. Epoxidation of electron-poor olefins by aqueous
H,0; in a variety of imidazolium ILs [bmim]*X~ (X~ =BF4~,
PF¢~, CF3SO3™ and NTf, ™) was attempted, and in most cases
the alkenes were readily converted into the corresponding epox-
ides, which could be almost quantitatively extracted from the
reaction media by scCO; [378]. A significant increase in the
reaction rate was observed by addition of a small quantity of
water in the reaction mixture. The direct synthesis of styrene
carbonate could be realized in moderate yield by means of
epoxidation of styrene with TBHP followed by CO; cycload-
dition to the epoxide in the IL TBAB [379]. The complexes
CpMo(CO)3X or Cp*Mo(CO)3X (X=Me, Cl) were shown to
be effective homogeneous catalysts for epoxidation of olefins
in similar ILs. The catalyst performance was found to depend
strongly on the water content of the system, with the best per-
formance being seen in a mixture of [bmim]NTf,/[bmim]PFg
(4/1) [380].

A novel epoxidation process was very recently reported by
Chan, who demonstrated that HyO; can be electrosynthesized
from oxygen in a mixture of [bmim]BF4—H;0O and used in situ
as oxidant for the epoxidation of electrophilic alkenes. Deliv-
ering high yields (up to 92%) of epoxides and requiring only
oxygen, water and electricity, the whole process was regarded
as an efficient, clean oxidation system [381].

Asymmetric epoxidation can be effected with NaOCl by
a Katsuki-type chiral Mn(II)(salen) catalyst in the presence
of 4-phenylpyridine N-oxide in a [bmim]PF¢—organic solvent
biphasic system. The organic solvent, CH>Cl, or ethyl acetate,
was necessary as the IL was solid at the reaction temperature
of 0°C [382]. A higher reactivity and comparable ee’s were
achieved, compared to those obtained in chlorinated solvents.

The dinuclear peroxotungstate [{W(=0)(03)2(H20)}2 (-
0)]?>~ aforementioned was recently immobilized on an
imidazolium IL-modified silica. The resulting catalyst was
highly efficient in the epoxidation of various olefins with H,O»
as an oxidant in CH3CN at 100 °C, affording high yields (up to
99%) of the epoxides, together with easy recovery of catalyst by
a simple filtration; the catalyst was reused several times without
loss of any activity and selectivity [383]. For the epoxidation of
cis- and trans-olefins, the configuration around the C=C double
bonds was completely retained in the corresponding epoxides,
indicating that free-radical intermediates were not involved.

Epoxidation in scCO; and fluorous media has also been
investigated in the past. However, recent reports are fewer.
An example is seen in the heterogeneous epoxidation of
cyclooctene with H,O, catalyzed by Mn-porphyrins embedded
in polydimethylsiloxane and organically-modified silicates,
in the presence of hexafluoroacetone hydrate (HFAH) as
co-catalyst. The oxidation was studied in scCO; at 40°C and

200 bar; complete olefin conversion could be obtained with the
formation of cyclooctene oxide as sole product by employing a
molar ratio of Mn-porphyrin/substrate/H,O, = 1:400:2000
[384]. The  ‘sandwich’-type fluorous polyoxometa-
late  (REN')2[WZnMp(H202)(ZnWoO34)2]'>~  (REN' =
[CF3(CF,)7(CH3)3]3CH3N™) was reported by Neumann and
co-workers to be active catalyst for epoxidation of active
alkenes such as cyclohexene by aqueous HyO»; a lower activity
was observed for moderately to weakly nucleophilic alkenes,
however [385].

2.5.2. Alcohol oxidation

Selective oxidation of alcohols to the corresponding alde-
hydes and ketones is one of the most important functional
group transformations in modern organic synthesis. The classic
methodology is based on stoichiometric heavy metal reagents
(e.g. Cr, Mn), and commonly uses environmentally undesirable
media like chlorinated solvents [386]. As better alternatives,
catalytic oxidations with oxidants, such as TBHP, H,O, and
oxygen, have been developed [387,388].

From the viewpoint of green synthesis, water is a best
choice to carry out alcohol oxidation, as it could significantly
decrease the probability of explosions, eliminate the need for
chlorinated solvents, and enable separation and recycling of
the catalysts from organic phases. Oxygen, being clean, inex-
pensive, and readily obtainable, is the oxidant of choice. In
pioneering work, Sheldon et al. described the oxidation of vari-
ous alcohols catalyzed by a water-soluble palladium complex
under 30bar pressure of air, which gave excellent yields of
the corresponding carbonyl compounds [389]. Further contri-
butions from the same group concerned similar Pd-catalyzed
aerobic oxidations of alcohols in aqueous phase [390-393].
The electronic effects in the (diimine)Pd(II)-catalyzed aero-
bic oxidation in water/DMSO were investigated; the results
showed that both electron-withdrawing substituents on the
ligand and electron-donating substituents on the benzyl alco-
hols favoured a higher reactivity [391]. However, this was
not entirely the case for substituted neocuproine-Pd catalysts,
where a relatively electron-rich ligand was shown to give the
best performance [392]. For instance, as shown in Scheme 52,
(neocuproine)Pd(OAc); (0.5 mol%) catalyzed the oxidation of a
range of primary and secondary alcohols bearing C=C and C=C
bonds, and halide, a-carbonyl, ether and sulfoxide groups. The
catalysis was run in HoO/DMSO (2/3) at 80 °C with 30 bar of
air for 4 h, affording the corresponding aldehydes or ketones in
low to excellent yields.

Similar research has been pursued by other groups since then.
For instance, water-soluble Pd(II)-biquinoline 62 was reported
to be efficient for aerobic oxidation of primary and secondary
alcohols in water [394]. With a catalyst loading of 1 mol%, sec-
ondary alcohols led to ketones in high yields (85-100%), while
aliphatic primary alcohols were fully oxidized to the correspond-
ing acids, and benzyl alcohols were transferred to pure benzoic
acid or benzaldehydes with a relatively low amount of acids
formed. Earlier, a report by Uozumi and Nakao demonstrated
the catalytic oxidation of alcohols in neat water at reflux under
atmospheric oxygen, using a novel amphiphilic resin-dispersed
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nanopalladium catalyst, which provided excellent yields (78 to
>99%) of carbonyl compounds with consistency in catalyst recy-
cles [395]. Mechanistic and computational studies disclosed that
B-hydride elimination is a rate-determining step in the course of
the Pd-catalyzed aerobic alcohol oxidation [396].

62

Beside palladium, other transition metal complexes, such
as those of Ru [397], Co [398] and Pt/Au [399,400],
have been used for aerobic oxidation of alcohols in
aqueous phases. For example, water-soluble Ru(Il) com-
plexes supported on Dawson-type polyoxometalates, such as
Ksg[{(arene)Ru''(H,0)} (a2-P;W170¢1)]-12H, 0, could act as a
suitable catalyst precursor for the selective oxidation of a wide
variety of alcohols with 1atm of oxygen in a water—alcohol
biphasic medium [397]. Microgel-stabilized metal (Pd, Pt and
Au) nanoclusters were also efficient (TOF up to 70 h~!) and
recoverable catalysts for the selective oxidation of primary and
secondary alcohols to the corresponding carbonyl compounds
by oxygen in water [399]. Polymer-stabilized gold nanoclusters
were successfully applied to the aerobic oxidation of benzylic
alcohols in water at ambient temperature; the size of the nan-
ocluster was key to the catalytic activity [400].

Hydrogen peroxide, particularly in combination with water-
soluble polyoxometalates, has been shown to be effective for
alcohol oxidation in aqueous biphasic media. Neumann’s group
has provided good examples in this aspect [401-403]. For

instance, they reported the “sandwich”-type polyoxometalate
Na2[WZn3(H20),7][ZnW90O34]7] to be an efficient and recy-
clable catalyst for the selective oxidation of various functional
groups including diols, pyridine derivatives, amines and aniline
derivatives with hydrogen peroxide in a water—alcohol bipha-
sic mixture [403]. Under mild reaction conditions (0.4 mol%
catalyst loading, 75°C, 7h), primary and secondary alcohols
were readily oxidized to the corresponding carboxylic acids
and ketones, respectively; vicinal alcohols yielded C—C bond
cleavage products in excellent yields (>98%); pyridine deriva-
tives were converted into N-oxide, and anilines were oxidized
to azoxy derivatives or nitro compounds [403]. Extending on
Neumann’s work, Wang et al. applied mono-substituted Keggin-
polyoxometalate complexes to the oxidation of a variety of
alcohols in an aqueous/oil biphasic system using hydrogen per-
oxide as the terminal oxidant [404].

In aqueous phases, TBHP is viable for oxidation of alcohols
in the presence of Ru [405,406] or Cu [407,408] complexes. The
biotinylated Ru(Il)-aminosulfonamide 63 and Ru(Il)-bipyridine
64, developed by Ward and co-workers, were active artificial
metalloenzymes for the oxidation of alcohol in water with TBHP
as oxidant [405]. A water-soluble copper complex, derived in
situ from CuCl, and the potassium salt of 2,2’-biquinoline-
4.4'-dicarboxylic acid, was revealed to be a highly efficient
and selective catalyst for the oxidation of secondary benzylic,
allylic and propargylic alcohols [407]. More recently, Ajjou and
co-workers showed that the catalyst worked for the oxidation
of secondary 1-heteroaryl alcohols such as 2-, 3-, 4-pyridines,
thiophenes, furans, pyrroles, indoles, imodazoles and thiazole in
water with TBHP, affording the corresponding ketones in mod-
erate to excellent yields under mild conditions [408].
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TEMPO-mediated (TEMPO =2,2,6,6-tetramethylpiperid-
ine-1-oxyl) oxidation of alcohols in water has also been
reported. The catalytic oxidation of glycerol to ketomalonic
acid by TEMPO or silica-gel supported TEMPO proceeded
smoothly in water using NaClO/Br~ as the oxidant at pH 10,
affording high yields of the desired products, and allowing
easy catalyst separation and recycle [409]. In an application
of the TEMPO oxidation, carboxylated cellulose nanocrystals
were successfully prepared by oxidation of cotton liners and
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microfibrils of parenchyma cell cellulose; during the reaction
the surface primary hydroxyl groups were selectively oxidized
to the carboxylic groups [410]. As shown in Scheme 53,
TEMPO could be anchored on ionic tags, which proved to
be effective for the selective oxidation of various alcohols in
water using 1-(4-diacetoxyiodobenzyl)-3-methyl imidazolium
tetrafluoroborate ([dibmim]BF4) as an oxidant, with easy
catalyst recovery and recycle [411].

Alcohols have been oxidized in ILs. Hypervalent iodine,
such as iodoxybenzoic acid (IBX) or Dess-Martin periodinane
(DMP) was shown to be a feasible oxidant for the oxidation
in both the hydrophilic IL [bmim]Cl in the presence of H,O
[412] or [bmim]BF4 [413] and the hydrophobic [bmim]PFg
[413], in which the alcohols underwent smooth oxidation to the
corresponding aldehydes or ketones in high yield and selec-
tivity, accompanied with easy recovery and recycle of IL with
consistent activity. In [emim]BF4, the supported hypervalent
iodine(III), [dibmim]BF,4, was disclosed to be a more efficient
oxidant for the selective oxidation of a variety of primary and
secondary alcohols, compared to PhI(OAc),; Br™ in [emim]BF4
was proposed to be oxidized to Br* by [dibmim]BFy, playing a
key role in the oxidation [414].

ILs are also suitable solvents for oxidation of alco-
hols by hydrogen peroxide or molecular oxygen. Cat-
alyzed by a tungstate ion, tris(imidazolium)-tetrakis-(dipero-
xotungsto)phosphate, a spectrum of primary and secondary
alcohols were readily oxidized to the corresponding alde-
hydes or ketones with H;O; in [bmim]BF; at ambient
atmosphere in high yield (78-98%); the catalyst could be
easily recovered and reused [415]. In [bmim]PFg, ben-

zylic alcohols, either electron-deficient or -neutral, were
selectively oxidized by TEMPO/HB1r/H,O; to aldehydes in
high yields (81-93%), with both oxidant and IL recov-
ered and reused by simple extraction of products with
ether [416]. Similarly, aryl/vinyl/alkyl alcohols were con-
verted to aldehydes by acetamido-TEMPO/Cu(Cl04)/DMAP
(DMAP =dimethylamoniumpyridine) to give high product
yields (up to 92% of isolated yield) with efficient catalyst recycle
[417].

IL has found use in electro-oxidation as solvent and elec-
trolyte. Benzyl alcohol could be efficiently electro-oxidized to
benzaldehyde in a [bmim]BF4/PFg-scCO; two-phase system
under mild conditions [418]. The product could be recovered
from the IL by scCO» extraction after the electrolysis, allowing
the IL to be reused.

ScCO; has been widely explored as solvent for oxidations,
as it could allow for a high mass-transfer rate of substrates and
oxidants, such as molecular oxygen, while remaining intact.
A systematic investigation in this field has been undertaken
by Baiker and Grunwaldt. The oxidation of benzyl alcohol to
benzaldehyde with molecular oxygen in scCO, over a commer-
cial 0.5wt.% Pd/Al,O3 catalyst was studied in a continuous
flow fixed-bed reactor, providing a TOF of 1585h~! with a
constant selectivity around 95% under optimized reaction condi-
tions (80 °C and 150 bar) [419-422]. Their studies showed that
the catalytic performance was affected by various factors, such
as temperature, oxygen concentration [419], pressure [420] and
solvent [421]. Thus, for example, the TOF increased from 900 to
1800 h~! when increasing pressure from 140 to 150 bar [419],
and from 1500 without toluene to 2500 h~! with the co-solvent
toluene [420]. In situ X-ray absorption study (XANES, EXAFS)
confirmed that the rate of reaction was a function of oxygen
concentration and the Pd surface was only partially oxidized
[422].

Beside benzyl alcohol, reports from the same group showed
that under optimized reaction conditions, in scCO, over
Pd/Al,03 with molecular oxygen in a continuous fixed-bed
reactor, cinnamyl alcohol was converted to CNA in 60% selec-
tivity and TOF of 400 h~! [423], geraniol to citral in up to 90%
selectivity [424], and 1-phenylethanol to acetophenone in 100%
selectivity [425].

In addition to using Pd-based catalysts, a Teflon coated Pt/C
catalyst, reported by Tsang and co-workers, displayed high
selectivity (>99%) in the oxidation of 9-anthracene methanol
to 9-anthracene methanal; both the activity and selectivity were
affected by the reaction temperature and pressure [426]. More
recently, a silica-supported CrO3 catalyst was reported to cat-
alyze oxidation of primary and secondary aliphatic alcohols in
scCO; under continuous flow conditions, giving the correspond-
ing carbonyl compounds in moderate to high yields (46-94%)
[427].

FluoRuGel, a fluorinated silica glass doped with tetra-n-
propylammonium perruthenate (TPAP), was reported to be
versatile for the aerobic oxidation of alcohols in scCO;, afford-
ing valuable carbonyl compounds including those which cannot
be obtained over supported noble metals, with the catalyst retain-
ing its activity upon prolonged use [428]. A mechanistic study
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of the oxidation of alcohols catalyzed by TPAP-doped Ormosils
showed that the catalysis depended on the amount of catalyst,
alcohol concentration and oxygen pressure [429].

The solubility of aldehydes or ketones is generally very low
in perfluoroalkanes or perfluoroethers, thus rendering perfluori-
nated solvents attractive for homogeneous biphasic oxidation of
alcohols. In an attempt to extend alcohol oxidation with poly-
oxometalates into fluorous solvents, Neumann and co-workers
reported that [WZnM; (H20)2(ZnW9O34)2]12_ (M =Mn(I),
Zn(Il)) in combination with a polyfluorinated quaternary
ammonium cation, [CF3(CF;)7(CH;)3]3CH3N*, catalyzed the
oxidation of alcohols and alkenes with hydrogen peroxide under
fluorous biphasic conditions [385]. In perfluorodecalin, aliphatic
alcohols were effectively oxidized to the expected ketones with-
out formation of byproducts, and alkenols were selectively
transferred into the corresponding ketones or aldehydes depend-
ing on the molecules being primary or secondary alcohols; the
products could be readily separated from the aqueous and fluo-
rous phases upon cooling down the reaction mixture from 60 °C
to room temperature. The catalyst could also be used in non-
fluorous solvents.

Fish and co-workers reported that complexing the flu-
orocarbon soluble ligands Rf-TACN (Rf=CgF17(CHj)3,
TACN = 1,4,7-triazacyclononane) and R¢-bipyridine with a flu-
oroacetate Cu(Il) complex Cu(O,C(CHj3)2CgF17)2, which is not
totally soluble in perfluorocarbons, led to the totally fluorous-
soluble complexes, Cu(R¢-TACN)(O,C(CH3)2CgF17)2 and
Cu(R¢-bipyridine)(O,C(CH3)2CgF17)2  [430]. The resulting
complexes were efficient in catalyzing the oxidation of
4-nitrobenzyl alcohol to 4-nitrobenzaldehyde at 90°C by
TEMPO/O; in perfluoroheptane under single-phase conditions.
Phase separation followed on cooling the reaction mixture to
room temperature, allowing for easy product separation by
decantation. High yields of the product were obtained with con-
sistency in catalyst recycles [430]. On the other hand, combining
the non-fluorinated ligands N-1,4,7-Me3TACN and N-14,7-
pentamethyldiethylenetriamine with a fluorocarbon-soluble
complex [Cu({CgF7(CH)3 }2CHCO»); ], (68) provided access
to the fluorocarbon-soluble complexes 69 and 70 [431]. Appli-
cation of 69 and 70 as catalysts for the oxidation of alkenols and
alcohols under the fluorous biphasic conditions led to the obser-
vations that the catalysts were effective for 2-cyclohexen-1-ol,
and benzyl or p-nitrobenzyl alcohols, but inactive for straight-
chain aliphatic alcohols like 2-octanol.

_Cu Cu Me~N_ | N-Me N_ | N
7L /|O 9\/‘0 u\//g)>\ Me/’QC—)TCu(/S) ~Me
Y R/<O O R R O O R
R
68 69 70

FeCly TEMPO/NaNO,
(5 mol%)(1/1/1)

PhCF3, Oy, 1, 8-16 h

R, R,

)—OH =0
Ra Rz
Conv.: 100%,
Selectivity: >99%
Alcohol:

CH,OH
Joat
CH,0H
(x H, Me, CI) CHZOH
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Scheme 54.

Unlike perfluorinated solvents, benzotrifluoride dissolves
many organic compounds, and it is inexpensive with low toxi-
city and favourable environmental properties [432]. Using this
solvent, a FeCl3-TEMPO-NaNO; system was recently shown
to be catalytically active for aerobic oxidation of a range of
alcohols, affording high yields and excellent selectivities of the
products (Scheme 54) [433]. Furthermore, the catalyst tolerated
sulfur-containing compounds.

3. Concluding remarks

Catalysis is the cornerstone for “greening” synthetic organic
chemistry. However, catalysis by itself is not sufficient to imple-
ment a sustainable synthetic process. Given the use of solvents
accounts for 50% of the post-treatment green house gas emis-
sions and 60% of the energy used in pharmaceutical processes,
considerations must be given to proper selection of solvents
when designing and developing a reaction scheme [4,434]. The
four classes of solvents that form the focal point of this paper
span almost the entire range of the solvent spectrum in terms
of their chemical and physical properties, which can be further
tuned to fulfill the specific demands of a synthetic task. While
their use is unlikely to solve all the solvent problems faced by
industries, these solvents will contribute to the development of
green and sustainable synthetic processes by enabling enhanced
catalyst activity, selectivity and productivity, new selectivity pat-
terns, reduced or eliminated waste and solvent emissions, and
ease of operation. The many examples presented here, rang-
ing from hydrogenation and carbonylation through various C—C
coupling reactions to oxidation, attest to the applicability and
potential of these media in synthetic chemistry. It is probably
only a matter of time before they impact more significantly on
the fine chemical, pharmaceutical and agrichemical synthesis.
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