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Ionic Liquids: A Versatile Medium for Palladium-Catalyzed Reactions
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Um grande nimero de reagdes de formacdo de ligagdes carbono-carbono (tais como:

acoplamentos de Heck, Suzuki, Stille, Negishi e Sonogashira, entre outros) € facilitado pela
catdlise com compostos de palddio. Neste artigo de revisdo, apresentamos uma visdo detalhada
e compreensiva da literatura sobre a versatilidade do uso de liquidos i6nicos em conjunto com

palddio em vdrios tipos de reagdes.

A number of carbon-carbon bond forming reactions in organic chemistry (such as the Heck,
Suzuki, Stille, Negishi, Sonogashira coupling etc) are facilitated by catalysis with palladium
compounds. An attempt has been made to present a detailed and comprehensive literature collection
about the versatility of ionic liquid in conjunction with palladium for various types of reactions.
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1. Introduction

Ionic liquids (ILs) have become a focus of increasing
interest for many chemical transformations as they are
non-flammable, non-volatile, highly solvating, non-
coordinating and have a high thermal stability''* and hence
a possible alternative to volatile organic solvents. ILs have
made significant progress in recent years in the catalytic
processes.!“*° They are liquid salts in which the ions are
poorly coordinated. ILs are not simply salts dissolved in
liquid but they usually exist as liquid below 100 °C, or
even at room temperature (room temperature ionic liquids;
RTILs).*"** In ILs generally one or both of the ions are large
and the cation has a low degree of symmetry as a result
they have reduced lattice energy and hence lower melting
points. The first room temperature IL [E(NH,][NO,],
was discovered in 1914* but huge amount of interest
was initiated only after the development of binary ionic
liquids from mixtures of aluminum(IIl) chloride and
N-alkylpyridinium or 1,3-dialkylimidazolium chloride.
Molten salts or fused salts are the other names of ILs, as
used in older literature.

The main advantage of IL is to reduce or eliminate the
hazards associated with volatile organic solvents. They have
been used for variety of applications such as solvents for
organic and catalytic reactions, new material productions,
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solvents for separation and extraction processes, novel
electrolytes for electrochemical devices and process,
enzyme catalysis/multiphase bioprocess operations, and
so on. ILs are referred as ‘designers solvent’, and one of
their most important advantages is their physio-chemical
properties and the phase behavior of the systems that can
be tuned/controlled by tailoring their structures.*?

The application of ionic liquids as solvents for transition
metal catalysis is an area of intense current interest, and a
wide range of reactions are under investigation. Solubility
of organometallic compounds increases in IL and therefore
they are considered to be the best solvents for reactions
with homogeneous catalysts. Based on the coordination
properties of the anions, the ILs can be regarded as solvent
or as a cocatalyst.’* ILs formed by the reaction of a halide
with Lewis acid generally act as a cocatalyst. In many cases,
the acidity of an IL is used to convert the neutral catalyst
precursor into the corresponding cationic active form.*3

The uses of ILs in transition metal catalyzed reaction
have many advantages. These solvents provide attractive
alternatives to many volatile molecular solvents. The
solvation properties of the IL can be adjusted by different
cation/anion combinations, which allow a systematical
optimization of the biphasic reaction. The selectivity in the
multiphase reactions can be achieved by the preferential
solubility of only one reactant in the catalyst solvent or
from the in situ extraction of reaction intermediates out
of the catalyst layer. ILs have been found superior solvent
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in many cases for transition metal catalyzed reactions in
comparison to water or other common organic solvents
especially when ionic complexes are used as catalysts. In
these cases, significant enhancement of catalytic activity
and stability has been observed.

The first transition metal catalyzed reactions in ILs
were carried out in different ILs such as 1-butylpyridinium
chloride; [BuPy]Cl and tetrabutylphosphonium chloride;
[Bu,P]CL. Various nickel complexes were dissolved in these
liquids and some were found to catalyze the dimerisation
of alkenes.**#’ Later, many other transition metal catalyzed
reactions were also carried out in ILs. Various advantages
have been observed including, assisting in the activation of the
catalyst, improvement of the stability of the catalyst, excellent
immobilization and recyclability, facilitating product isolation
and influencing the selectivity of the reaction.

The ILs are not always advantageous solvents for
catalysis. One important example is the hydrogenation
reaction in the presence of ruthenium clusters
Ru,(CO),, (tpptn) (x = 1-3) and HRu,-(CO), (tpptn)
[where tpptn = P(m-CH,SO,Na),] catalyze the
hydrogenation of non-activated alkenes* and the cubane
[Ru,(n*-CH,),(OH),]*" catalyses the hydrogenation of
benzene,* under aqueous-organic biphasic conditions. The
catalytic activity of these catalysts was also evaluated in
ILs, but they found to be less effective than in the aqueous-
organic medium.

In the following section, a comprehensive coverage
of the literature covering the developments in the field of
palladium-catalyzed reactions in ionic liquids is presented.
This is because, till date, the most widely used metal for
catalysis in ILs is ‘palladium’. The monthly appearance of a
number of papers on this topic clearly shows its importance
in organic synthesis.

2. Palladium-Catalyzed Reactions in Ionic
Liquids

The common problem associated with palladium-
catalyzed reactions forced the chemists to search a solvent
like ILs. The problems include the decomposition and
leaching of expensive catalytic systems, laborious product
isolation, low activities and selectivities, poor reagent and
catalyst solubility, and difficulties in catalyst recycling. The
IL is often used to immobilize the palladium catalyst in an
ionic phase of a biphasic reaction system, thus bridging
the gap between homo- and heterogeneous catalysis and
solves not all but most of the problems.

There are several reports on palladium-catalyzed
reactions in ILs**! such as Stille,* Suzuki,* Sonogashira-
Higihara,** Heck arylations™-* etc.
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2.1. Heck reaction

The palladium-catalyzed coupling between aryl halides
or vinyl halides and activated alkenes in the presence
of a base is referred as the Heck Reaction.’”%! This
reaction received a significant attention since ever it was
discovered in early 1970's, due to its major role in organic
synthesis. Heck reaction is one of the best methods to
achieve substituted alkenes, dienes, and other unsaturated
structures, many of which are important intermediates in the
complex natural product synthesis, and in the production
of fine chemicals.®?% However, this reaction also suffered
from various limitations and hence hampered a larger
industrial exploitation.®® Many modifications were done in
this reaction but most of them are towards improvement
of catalytic activity.”’! In recent times, quaternary
ammonium, pyridinium and imidazolium salts have been
used as solvent modifications for the Heck reaction of
alkenes with aryl halides.”>™

The synthesis of trans-cinnamates by the reaction of
bromobenzene with butyl acrylate catalyzed by palladium
salts in ILs was the first example of Heck reaction in ILs
(Scheme 1).7? Tetrabutylammonium bromide (TBAB) and
tributylhexadecylphosphonium bromide (TBHPB) was
used as ILs and [PdCI (PPh,),] was used as a palladium
source for the reaction. It was observed that the catalytic
activity was present for two successive runs. This work
caught the attention of several groups around the world,
and then there was no dearth of publications on this
topic.

The B-arylated carbonyl compounds were also prepared
by Heck reaction using aryl halides and allylic alcohols
catalyzed by PdCl, in molten tetraalkylammonium bromide
(Scheme 2).” The reaction in 1-butyl-3-methyl-imidazoline
hexafluoro phosphate; [bmim][PF,], or N-hexylpyridinium
hexafluorophosphate; [HexPy][PF,] using PdCl, as catalyst,
and Et,N or NaHCO, as base was also performed.**”*"° The
catalyst was found to be highly soluble in ILs, allowing
the isolation of the product by extraction into a non-polar
organic solvent. The addition of water in the reaction
mixture, leads to a triphasic system in which the salt
(Et,NHBr), which is formed in the reaction was extracted
into the aqueous phase. The imidazolium ionic liquids were
found to have greater catalytic activity in comparison with
the reactions performed in pyridinium analogues. This was
attributed to the formation of palladium-carbene complexes
in the former ionic liquid.* The [bmim]Br ionic liquid was
more efficient in Heck reaction of iodo or bromobenzenes
having electron-withdrawing groups with styrene or
acrylates than [bmim][BF,]. This is due to the formation
of active carbene catalytic species.
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The Pd-catalyzed Heck reaction of an electron-rich
olefin, such as 5-hexen-2-one with substituted aryl
bromides in the IL [bmim][BF,] lead to the formation of
an y-Arylated-y,0-unsaturated ketones (Scheme 3).”

The method is applicable to the coupling of both
electron-rich and electron-deficient aryl bromides.”” This
reaction was found to be highly regioselective, and it was
observed that regioselectivity depends on the nature of the
ligand. For example, use of 1,3-bis(diphenylphosphino)
propane palladium; [Pd-DPPP] lead the formation of
predominantly branched y-arylated products, while change
of ligand from DPPP to 1,1’-bis(diphenylphosphino)
ferrocene; [DPPF] affords predominantly the (E)-type
d-arylated v,0-unsaturated ketones.

Functionalized ionic liquid network such as [bmim]
[TPPMS] and [bmim][OAc] in presence of PACL,(CH,CN),
efficiently catalyzes the Heck reaction of bromobenzene
with ethyl cinnamate, without the loss of catalytic activity
even after eleven cycles (Scheme 4).” The synergic ligand
effects of [bmim][TPPMS] and [bmim][OAc], has lead this
beneficial influences of this ionic liquid. This catalytic system
is very stable as [Bmim][OAc] acts as a base, which stops the
accumulation of sodium or potassium ammonium bromide,
while [bmim][Br] inhibit the formation of Pd black.

Singh et al. 359

Ultrasonic irradiation also facilitates the coupling of
iodoarenes with alkenes or alkynes by Pd(I) catalyst in
imidazolium ionic liquids at room temperature.” The use
of ultrasound as a way of energy source to any reaction
system is known.® The reaction of iodobenzene with ethyl
acrylate using Pd(OAc), or PdCI, as Pd-source in [bmim]
[BF,] required heating to 90 °C for 24 h to get 43% yield
of ethyl cinnamate.™ Ligand-less palladium catalyzed Heck
reaction has been reported in biphasic systems using high-
melting alkylammonium tetrafluoroborate and water or
toluene as a solvent.®! This method was found to be more
attractive as it not only overcomes the problem of solubility
of the organic substrates but also makes the work-up and
separation of the final products very simple.

The Pd-catalyst in conjunction with ionic liquid also
improves reaction yields, and avoids the isomarization
of many conjugated dienes.** An appropriate selection
of ionic liquid, catalyst and base can provide an efficient
and straightforward route for the synthesis of (E)-1-aryl-
4-ethoxybuta-1,3-dienes from o,-unsaturated dienes and
substituted aryl iodides (Scheme 5).%*

Palladium-catalyzed Heck arylation of the electron-rich
olefins, vinyl ethers, enamides, and allyltrimethylsilane
with a wide range of aryl bromides, iodides and aryl
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triflates, have been reported in imidazolium ionic liquids
(Scheme 6).”> The reaction leads to the formation of the
desired product in high regioselectivity without the need
for costly or toxic halide scavengers. The reaction works
well for wide variety of aryl groups of diverse electronic
and steric properties at the olefin carbon. Furthermore,
the arylation reaction in molecular solvents led to mixture
of regioisomers under identical reaction conditions. This
methodology provides a simple way for preparing branched
arylated olefins using wide range of substrates.
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Brgnsted acid-base ionic liquids based on guanidine
(GILs) and acetic acid are also found to be an efficient
and reusable reaction media for palladium-catalyzed Heck
reactions. These solvents play a dual role such as strong
bases and as ligands to stabilize Pd species (Scheme 7).%
The Mizoroki-Heck arylation of alkenes have high synthetic
utility.®3*> Aryl chlorides and alkenes can be coupled under
decarbonylative conditions.® The readily available sulfonyl
chlorides (RSO,CI) are found to be more reactive than
corresponding bromides and chlorides.®”# The ionic liquid,
N-butyronitrile pyridinium bis(trifluoromethylsulphonyl)
imide (1) together with PdCI, was used for the reaction
of aryl and alkenyl sulphonyl chloride with mono- and
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disubstituted olefins (Scheme 8).% Palladium acetate
immobilized on amorphous silica with the aid of an ionic
liquid, [Bmim][PF,] was found to be highly efficient
catalytic system for the Mizoroki-Heck reaction without
ligand in n-dodecane. The catalytic system can be recycled
and reused for at least six times, in 89~98% yields.*

Hierso et al.°' have shown the alkynylation of variety of
functionalized aryl bromides in an ionic liquid medium. The
authors found that copper-free system containing 0.5 mol%
of [Pd(allyl)Cl],, 3 mol% PPh, and 1.2 equiv pyrrolidine
is economical, simple method of synthesis of coupled
products (Scheme 9). Further these authors observed that
in [Bmim][BF,] the coupling of demanding bromides is
more selective in comparison to the coupling of activated
aryl bromides.
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Pd-benzothiazol-2-ylidene complex (2) catalyzes
efficiently the C-C coupling reactions of activated
aryl halides with very high turnover number in the
ionic liquid Bu,NBr as solvent (Scheme 10).*> The Pd-
benzothiazol-2-ylidene complex was known but it did
not find any application as a catalyst for Heck reaction.
This complex was modified by Calo et al.'® by reaction
of 3-methylbenzothiazolium iodide with palladium
acetate in THF and used for Heck reactions. However, it
was found less effective for reaction of the less reactive
bromo or chloro aromatics, they require both higher
temperature and catalyst concentration. The IL does exert
a striking influence on the reactivity and the stability of the
catalyst. This may be due to the formation of an anionic
and more nucleophilic complex due to the presence of
TBAB surrounded by large tetrabutylammonium cation
that would impede, by imposing a Coulombic barrier for
collision. On the other hand, IL with planar structures and
poor nucleophilic anions are not efficient in influencing the
reactivity and stability of the catalyst.??

The reaction of 2-methylprop-2-en-1-ol with a range of
aryl halides under homogeneous and heterogeneous catalyst
system in organic solvents and IL has been reported.’
In particular, the formation of 3-(4-r-butylphenyl)-2-
methylpropanal (B-Lilial) has been examined in detail
(Scheme 11). B-Lilial is in an intermediate of fenpropimorph
(Corbel, a biodegradable fungicide) and it has also been
used as fragrance and fragrance intermediate.
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More recently Meunier et al.* reported Heck alkynylation
(copper-free Sonogashira coupling) of aryl halides using
various metallic precursors, tertiary phosphanes and bases
in [Bmim][BF,] as the solvent. This method allows the
coupling of a variety of substrates, activated or deactivated
bromides in ILs. The combination of [Pd(n*-C,H ,)Cl] /PPh,
at only 1 mol% loading with pyrrolidine as the base
and in the absence of a copper salt has been found very
efficient. This catalytic system worked well for sterically
and electronically deactivated bromides bearing different
functional groups to aryl- and alkyl acetylenes.

Traditional Heck cross-coupling reaction is a two-step
process viz, halogenations and coupling, and each step
is conducted independently. An effort has been made to
develop a one-pot approach, that the halogenations and
Heck coupling reactions can both be conducted in ionic
liquid without the isolation of halogenated intermediate
(Scheme 12).°* This methodology proved that this
approach works well for moderately to highly electron-
rich aromatics.

New type of palladium(II) complex from a pyrazolyl-
functionalized hemilabile NHC has been reported, and the
Pd(IT) complex not only exhibits high degree of stability
but found to be an efficient catalyst precursor for Heck
and Suzuki cross-coupling reactions in ILs (Scheme 13).%
The catalytic system can also be recovered and recycled
at least three times without significant loss in catalytic
activity.
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The electron-rich vinyl ethers can be arylated by aryl
bromides in a molecular solvent/ionic liquid cocktail with
no compromise on regioselectivity.” The arylation of vinyl
ethers by the aryl bromides in presence of small amount
of [bmim][BF,] added to dimethyl sulphoxide (DMSO)
affords only the o-arylated products (Scheme 14). The
enamide underwent similar regioselective arylation in
the solvent cocktail. In the absence of the ionic liquid,
lower regioselectivities were observed. This method is
particularly interesting as it reduces the volume of ILs
used, and also provides a simpler and more practical
synthetic pathway for preparing arylated vinyl ethers and
aryl methyl ketones. An elegant comparative study has
been done for the palladium-catalyzed Heck reactions of
heteroaryl halides such as halopyridines, bromoquinoline

Br
TN Pd cat

and bromothiophenes, with the electron-rich olefins vinyl
ethers and allyl alcohol in IL, and molecular solvents
(Scheme 15).°7 It has been observed that in imidazolium
ionic liquid essentially only the branched olefins were
formed, whereas in molecular solvents a mixture of
regioisomers was formed. This method also works well
for aryl triflates and stoichiometric inorganic salt additives,
providing an easy entry to functionalized heteroaromatics
incorporating acetyl and 2-allyl alcohol functionalities.
Heck coupling reaction has also been reported in PEG-
supported IL [PEGmim][Cl1].”® The reaction of both aryl
bromides and activated aryl chlorides with olefins using the
Pd(OAc),/[PEGmim][CI] system, leads the formation of
coupled products in excellent yields (Scheme 16). Furthermore,
the catalytic system could be recycled five times without

=

DMSO/[bmim][BF4]

(0]
XX OrR H' X
O
= =

Scheme 14.

Br X OBu
AN N AN
=\ | Pd(OAc),, phospine || OBU+ |
OBu " N~ , N~ N~
Et;N/[bmim][BF4] 99% 1%
H+l
(0]
| N Me
N~
Scheme 15.

5 mol% Pd(OAc)

—\
R

R'@CI +

[PEGmIm][CI]

R'—< >4/ )

CSQCOg, 160 °C

Scheme 16.



Vol. 19, No. 3, 2008

any loss in the catalytic activity. Palladium-catalyzed Heck
arylations in IL [bmim][PF ], under microwave irradiation
has been reported for the first time in 2002 (Scheme 17).”
The coupling reactions were efficiently completed within 5-45
min of heating and phosphine-free ionic catalyst phase could
be recycled and reused. The product was easily isolated from
the reaction mixture by distillation.

A facile methodology to accelerate Pd/C-catalyzed Heck
reaction in ionic liquid by using microwave irradiation has
been developed (Scheme 18).! The main advantage of
this methodology is the catalytic system can be recycled,
reused and the green character of ionic liquids, and reaction
takes less time to complete. A new series of Pd(II) catalyst
(3) have been prepared in which Pd(IT) complexes having
bisimidazole-like ligands were prepared. These new catalysts
proved to be very effective for the Heck reaction under
phosphine-free conditions using ILs as solvents.!®! The
catalyst found to be sufficiently soluble in ionic liquids, and
recycled five times without any loss of catalytic activity.

Heck olefination of electron-poor and electron-rich
chloroarenes in no aqueous ionic liquids (NAIL) in the
presence of ligand-free heterogeneous layered double

o X 0o

NN
= OBu
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hydroxide supported nanopalladium (LDH-Pd°) catalyst
using the basic LDH exhibits higher activity and selectivity
in the comparison to the no aqueous ionic liquids (NAIL)
over the homogeneous PdCl, system (Scheme 19).'
Microwave irradiation accelerates the rate of the Heck
olefination reaction manifold in the case of both electron-
poor and electron-rich chloroarenes. It was found that
the basic LDH-Pd® shows better catalytic activity over a
range of supported catalysts, from acidic to weakly basic
Pd/C, Pd/SiOz, Pd/AIZOB, and resin-Pdle’ in the Heck
olefination of deactivated electron-rich compounds such
as 4-chloroanisole. This catalytic (LDH-Pd®) system was
extended to other Pd catalyzed reactions such as Suzuki,
Sonogashira, and Stille coupling reactions. The mechanistic
studies of this reaction indicate that the reaction proceeds
on the surface of the nanopalladium particles of the
heterogeneous catalyst.

The reaction of trans-ethyl cinnamate with aryl
halide in presence of Pd nanoparticle in TBAB leads to
the formation of product in high stereoselectivity, while
same reaction without the use of IL fails to give the
stereoselectivity (Scheme 20).' Palladium nanoparticles
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have been synthesized by the reaction of the Pd(OAc), with
tetrabutylammonium acetate (TBAA) dissolved in TBAB,
and the resulting nanoparticles efficiently catalyze the
stereospecific reaction of cinnamates with aryl halides to
yield B-arylsubstituted cinnamic esters in good yield. The
role of TBAA was important in determining the formation
of the nanoparticles and the stereospecificity of the C—C
coupling process. The stereospecificity in the presence of
Pd-nanoparticles depends on the solubility of TBAA in
TBAB, since other soluble bases such as amines did not
increase the stereospecificity of the process. Although not
proved experimentally, it is anticipated that acetate anions
might participate in the fast elimination step and both
ionic liquid as well as the base play an important role in
determination of reaction rate and stereospecificity of the
coupled product. The coupling of styrene or unsubstituted
acrylates with aryl bromides catalyzed by Pd(OAc), in
dimethylacetamide or dimethylformamide as a solvents
results much lower yield of the product.'®!%

Pd(0) nanoparticles (~2 nm diameter), immobilized in
[bmim][PF,], found to be an efficient catalyst precursors
for coupling of aryl halides with n-butylacrylate.!® TEM
analysis of the in sifu ionic liquid catalytic system shows the
formation of larger nanoparticles (~6 nm). The palladium
content in the organic phase during the arylation reaction
and metal leaching (up to 34%) from the ionic phase
to the organic phase at low substrate conversion was
observed. Heck reaction of aryl iodides and activated aryl
bromides catalyzed by copper bronze in TBAB as solvent
and tetrabutylammonium acetate (TBAA) as base as been
developed. The effective catalysts in this reaction are Cu

J. Braz. Chem. Soc.

nanoparticles derived from the reaction of iodobenzene
with copper bronze. These nanoparticles are found to be
very stable in tetraalkylammonium salts, can easily be
recycled, and stored for months without a loss of catalytic
activity.'”” The Pd-nanoparticles was found to be much
more efficient in TBAB than in pyridinium, phosphonium
and imidazolium ILs in catalyzing the Heck reactions.

2.2. Suzuki coupling

Coupling of aryl- or vinyl-boronic acid with aryl-
or vinyl halide catalyzed by a palladium(0) complex
is known as Suzuki coupling. It is one of the widely
studied reaction, and has been extensively used for
the synthesis of poly-olefins, styrenes, and substituted
biphenyls (Scheme 21).1%11! The cross coupling reactions
have been studied in a range of ionic liquids at ambient
temperature.''> The bromoarenes react very fast in ILs and
isolation of product is very easy. The preferred reaction
conditions as well as affect of changing the ionic liquid
components have been investigated. The in situ formation
of mixed phosphine/imidazolylidene palladium complexe
is demonstrated in all of the catalytically active solutions,
but not in the inactive solutions.!'>116

The reaction of bromobenzene with phenylboronic acid
under conventional Suzuki conditions gave 88% yield in
6 h, while same reaction in [bmim][BF,] gave 93% yield of
the desired product in 10 minute with high turn over number
(Scheme 22).!3:114 The product was extracted using diethyl
ether, while the by-products were removed by washing with
excess water. After the work up of the reaction, the ionic
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liquid/catalyst system was reused for three times with no
decrease in the yields or turn over numbers.

Suzuki coupling of various aryl halides with phenylboronic
acid in the presence of palladium-bis(carbene) complexes
dissolved in 1,3-di-n-butylimidazolium tetrafluoroborate
[bbim][BF,] under ultrasound conditions are reported to
form the desired product even at room temperature,'”:!!8
The substituted chlorobenzenes which generally do not
undergo Pd catalyzed coupling unless it is activated, reacts
with phenylboronic acid at ambient temperature (30 °C)
in IL [bbim][BF,] under ultrasonic irradiation.'"® The
sonochemical reactions were carried out in a thermostated
ultrasonic cleaning bath of frequency 50 kHz (Branson
5200). Since the phenylboronic acid was insoluble in
the IL under the reaction conditions, the sonochemical
reaction was performed in the IL with methanol as co-
solvent, which resulted in a homogeneous solution and
complete conversion. The IL recovered in its pure form
could be recycled several times. However, the main
disadvantage of this reaction is the formation of inactive
Pd black which prevents the recycling of the expensive
palladium catalyst. But, recycling of the catalyst is possible
if Pd-biscarbene complex (3) is used as a catalyst.!'® The
recovered complex was further used three times for the
sonochemical Suzuki reaction of 4-methoxybromobenzene
to afford the 4-methoxybiphenyl in 82%, 80% and 75%
yields respectively.

Cross-coupling of aryl boronic acids with aryl halides,
including aryl chlorides, worked well in the phosphonium
salt ionic liquid (tetradecyltrihexylphosphonium chloride,
THPC) under mild conditions and no homo-coupled
products were obtained.'"® The reaction proceeded well in
THPC using various mild bases but potassium phosphate
and water (added for salt solubility) were found to be the
best base for this system. Addition of small amount of
toluene helped in complete solubility of both the boronic
acid and aryl halide in the ionic liquid. Complete conversion

CHO

Rl
\
N N . N
[~ =
N N N N
\ / \ /
R R R R
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of aryl iodides, bromides and even in case of electron
deficient chlorides in the THPC at 50-70 °C was achieved,
indicating that a very active catalyst was produced in the
THPC system.'" This catalytic system can be reused for
many times, indicates that the catalytic system is highly
stable in the reaction conditions.

Use of number of di- and monoquaternized
2,2"-biimidazolium-based ILs (4,5) (Scheme 23) including
polyfluoroalkylated, in Suzuki-cross coupling reaction
have also been studied.’® Majority of the monoquaternary
products are RTILs. The 1,3,1"-tributyl-2,2"-biimidazolium
hexafluorophosphate, a monoquaternary RTIL, was found
to be very efficient and recyclable solvent for the cross
coupling reactions. Due to its coordination ability, the
monoquaternary IL markedly avoids palladium leaching in
recycling experiments.> Organic solvent nanofiltration have
been used to separate the product from both catalyst and
ILs in some cases.'?’ All the ILs screened showed positive
effects on the catalytic stability, significantly reducing the
formation of palladium black and providing high reaction
yields over consecutive recycles.

Very recently an air-stable and highly efficient PdCI,-
[Dppc][PF J-[bmim][PF] catalytic system has been
developed for the Suzuki coupling reaction of various
aryl bromides with phenylboronic acid.’*' The catalytic
system can be recycled at least ten times with marginal
loss of catalytic activity. Palladium nano particles
stabilized by tetraalkylammonium salts bearing long
alkyl chains, have been proved to be an efficient catalytic
system in C-C bond forming reactions such as the Suzuki
and Stille cross-coupling reactions (Scheme 24).' Use
of tetrabutylammonium hydroxide as a base in Suzuki
coupling, enhanced the catalyst activity, and as a result
the reactions proceeded smoothly under relatively mild
conditions. In addition, the catalytic system can be recycled
a number of times, and reused without loss of catalytic
activity.

N N N N
CHO . DMF, H,0
" 4 NH,0Ac 22:40°C [ < ] — [ — ]
RT N N RI N N

\ /
R R
R R
/ \
N
- B
N N
\ /
R R
5

Scheme 23.
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Scheme 24.

Suzuki cross-couplings of nitrogen containing
heterocyclic chlorides with naphthalene boronic acids
in the ionic liquids lead to the formation of the desired
product in excellent yield (Scheme 25).!** The reaction
in ionic liquid found to be advantageous in comparison
with the conventional organic solvent as products with
good purity and higher yield were obtained with shorter
reaction time. The isolation of product was simple and the
ILs could be reused.

N-Butyronitrile pyridinium cation [C,CNpy]* based
ionic liquids have been prepared and evaluated in Suzuki
and Stille coupling reactions.'?* Depending on the nature
of the anion, these salts react with palladium chloride
to form complex of the formula [C,CNpy],[PdCI],] or
complexes of the formula [PdCL(C,CNpy),][anion],.
The catalytic activity of these palladium complexes was
studied after immobilization in both N-butylpyridinium and
nitrile-functionalized ILs. All of the palladium complexes
show good catalytic activity, but recycling and reuse are
considerably superior in the nitrile-functionalized ionic
liquid. Palladium nanoparticles have been identified as the
active catalyst in this coupling reactions.'?*

Substituted imidazoles on complexation with
palladium(II) sources in ionic liquids, provides a robust air-

B(OH),

R—CI +

stable system for Suzuki coupling reactions.'® Initiation of
the catalytic system prior to the reaction, in the ionic liquid
is essential for a successful Suzuki reaction. The catalytic
system was obtained by heating the palladium source with
the imidazole in the ionic liquid. Without initiation, low
yield of the product was obtained with the decomposition
of catalytic system. The nature of the imidazole ligands,
anion and cation of the ionic liquid controls the catalytic
activity. The (CH,CN),PdCl/[bmim] catalytic system
was found to be highly active in [C,C py][N(SO,CF)),],
[C,C,Cim][BF,]. However catalyst decomposition was
observed in the molecular solvents.

Suzuki coupling was also achieved in IL supported
synthesis (ILSS) in which ionic liquid was supported by
iodobenzoate compounds (4-iodophenol immobilized on a
polystyrene-Wang resin) and gets reacted with arylboronic
acids in aqueous media. Biaryl compounds were obtained
in good yield and high purities after cleavage of the solid
support with ammonia in methanol (Scheme 26).!26127

2.3. Stille coupling

The Stille coupling is a versatile C-C bond formation
reaction between organo stannanes and halides or pseudo

R

1.2 mol% Pd(PPhs)s

[emim][BF 4]

2.2 eq NayCO3
10 min, 110 °C

Scheme 25.
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Pd(PPhz)4
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Scheme 26.
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halides (Scheme 27).!® The main disadvantage of this
reaction like all transition metal-catalyzed cross coupling
reactions is the use of expensive catalyst and need for
expensive and/or toxic ligands. The use of palladium
complexes immobilized in ILs offers great advantages
over the classical organic solvents used for Stille coupling
reactions. The relative strengths of the coordinating power
of the cations and anions of ILs strongly affect the efficiency
of the Stille cross-coupling reactions.!*? It has been
established that the nitrogen-containing anions like [Tf,N]-
and [N(CN),]" ensure the highest reactivity, and facilitate
a ligandfree reaction protocol. Also, the introduction of a
nitrile-functionality onto pyridinium-based ILs reduces
catalyst leaching, and improves catalyst stability.'?

N Pd cat.
RX + R'SnBuy — > R—R + BusSnX

Scheme 27.

A series of nitrile-functionalized imidazolium salts
were reacted with PACL, resulting in the formation of salts
containing a tetrachloropalladate dianion or compounds in
which the nitrile substituent coordinates to the palladium
center.'*® Further derivation of the latter compounds affords
carbenes. The catalytic activity of the different palladium
salts was evaluated in Stille reactions and also in Suzuki
and Heck reactions with some of the nitrile-functionalized
ILs and compared with that of nonfunctionalized ILs."*° In
some instances, palladium nanoparticles was identified,
but the nature of the catalyst strongly depends on the IL
employed.

A number of Stille coupling reactions with Pd(0) or
Pd(II) catalyst and in presence of Ph,As and Cul has been
demonstrated in [bmim][BF,] (Scheme 28)."' The main
advantage of this methodology is the extensive recycling
of the solvent and catalyst without significant loss in the
catalytic activity. Furthermore, an interesting selectivity
for aryl bromides and iodides was noted.

0 0
l PdClL(PhCN), R

+ RSnBu; ————

AsPhs/Cul/IL

Scheme 28 .

Stille coupling reaction was investigated in different ILs
in order to understand the role of different physico-chemical
properties of the medium in the transfer of vinyl or alkyl
groups.’>13213 The possibility of working in the absence of
ligand was evaluated. The Stille coupling of aryl iodide with
vinyl and alkyl stannanes were performed in various ionic
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liquids (Scheme 29), which have different physico-chemical
properties according to the nature of the anion and cation.
The reaction of tributylvinylstannane, tetramethylstannane
and tetrabutylstannane with iodobenzene in presence or
in absence of AsPh, (“ligandless” coupling) was also
performed.”> When AsPh, was present, Pd (dba), was
the source of catalyst; otherwise Pd(OAc), was used in
the ligandless reaction. The ligandless Stille coupling
was significantly less effective, in comparison to the
reaction with AsPh, complexed catalyst, in all ILs. When
nucleophilic ILs were used as solvents in the coupling
of tributylvinylstannane and iodobenzene in presence
of AsPh,, only low to moderate yields of product were
obtained. Non-nucleophilic salts gave uniformly better
results, showing that the anion has a great influence on the
outcome of the reaction.>

©/I+ __ SnBus Pd(OAc), ©/\
IL

Scheme 29.

A low viscosity IL [bmim][NTf,] has been used as a
reaction medium in Pd-catalyzed Stille and Suzuki-Miyaura
coupling reactions and yield of the resulting product was
found to be better than those reported previously for high
viscosity ionic liquids, such as [bmim][PF,] and [bmim]
[BF4].134

2.4. Negishi coupling

First discovered in 1977, the Negishi coupling is a cross
coupling reaction in organic chemistry which involved
an organozinc compound, an organic halide and a nickel
or palladium catalyst to create a new C-C covalent bond.
Initially this reaction was used for the preparation of
unsymmetrical biaryls in good yields (Scheme 30).1351%
However, over the period of time, this reaction has been
used for the coupling of organozinc compounds with
various halides such as aryl, vinyl, benzyl, or allyl, and is
not restricted only to the formation of biaryls.

This reaction has also been achieved in IL. The reaction
between aryl- or benzylzinc halides and various aryl halides
was achieved smoothly in a biphasic IL/Toluene system

Ni(PPh3)s )
RX + R'ZnX — R—R’ Me/NYN\
or Pd cat. Bu
PPh;
6
Scheme 30.
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using bis(dibenzylideneacetone)palladium, [Pd(dba),]
(2.0 mol%) and an ionic phosphine 6 (4.0 mol%) giving
70-92% yield.'* This reaction works with a variety of aryl
and benzylzinc halides but only aryl halides can be uses as
electrophilic partner. Aryl iodide gave the fastest result. The
phosphine 6 was prepared by the reaction of PPh,Cl with
[bmim][PF,] using butyl lithium. The use of IL makes the
work up remarkable simple. The IL phase containing the
palladium catalyst is separated by decantation of the toluene
phase, which is submitted to the usual work-up procedure.
Attempts to reuse the palladium catalytic system show
that after the third cycle, a significant decrease in yield is
observed (20% lower yield and triple reaction time).'*

2.5. Trost—Tsuji reactions

Tsuji-Trost reaction is the palladium-catalyzed allylation
of nucleophiles such as active methylenes, amines, enolates
and phenols with allylic compounds like allyl acetates
and allyl bromides (Scheme 31).'%-143 This reaction has
also been performed in both mono- and biphasic ionic
liquids, using Pd(OAc),-PPh /K ,CO, in [bmim][BF,]"*
and PdCl,-triphenylphosphine trisulphonate, sodium

X Pd(PPhs) Nu
NUH + —/ —— % —/
THF, RT

NuH = RNHy ArOH, RSH,
EWG _EWG

X = OAc, Br,
OCOyMe

Scheme 31.

COMe
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salt; [PAC1-TPPTS], and in [bmim][Cl]/cyclohexene
respectively (Scheme 32).'45 Ten-fold enhancement of
catalytic activity was observed in the biphasic ionic liquid
system in comparison to the aqueous reaction conditions.
Furthermore, the reaction in biphasic ionic liquid conditions
showed a significant improvement in the selectivity, since
the formation of cinnamyl alcohol and phosphonium salt
was suppressed in ILs.!'#

An efficient microwave assisted Tsuji-Trost
reaction was also developed for allylic substitution with
various carbon and heteronucleophiles catalyzed by
Pd(OAc),/TPPTS in an ethylmethylimidazolium
tetrafluoroborate [emim][BF,]/H,O system (Scheme 33).'%¢
The catalyst from ionic liquid/water medium can be
recycled eight times without loss of catalytic activity.

2.6. Sonogashira coupling

Sonogashira coupling reaction is recognized as a
powerful and reliable synthetic method for the formation of
substituted or nonsubstituted acetylenes (Scheme 34).147-150
The coupling of terminal alkynes with aryl or vinyl halides/
triflates is performed in presence of palladium catalyst, and
Cul as cocatalyst, and amine is used as a base. Generally,
the reaction requires anhydrous and anaerobic conditions,
but newer procedures have been developed where these
restrictions are not important.

Since, ILs have been utilized as solvents in many
transition metal catalyzed C—C bond formation reactions, the
same was also tried for Sonogashira coupling reactions and
found to be equally important."'"** [(Bisimidazole)Pd(CH,)

A Pd cat., IL N COMe
Ph” "ococ,Hs + € ——— Ph
OCOC,H;s OCOC3Hs
Scheme 32.
Pd(OAc)»/TPPTS
RN Nope ¢ N e AN
MW, IL/H,0
Scheme 33.

PACl,(PPhs),. Cul

EtsN, benzene

Scheme 34.
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Cl] catalyzes this reaction efficiently without copper salts
or bulky phosphine ligands in IL, and catalyst was recycled
many times without any loss of catalytic activity.!>? Cross-
coupling and carbonylative coupling of terminal alkynes with
aryliodides catalyzed by PAC1 (P(OPh),), in the presence of
Et,N in toluene results in the formation of the product in good
yield. Same reaction was also performed'> in IL and it was
observed that reaction takes less time. In ILs [bmim][PF ] or
[mokt][PF,] (mokt = 1-methyl-3-octyl imidazolium cation),
catalyst was recycled and used in four consecutive catalytic
cycles without loss of catalytic activity. In the absence of
aryl iodide, the same catalytic system catalyzed head-to-tail
dimerization of phenylacetylene to the 1,3-diphenylenyne,
trans-PhC=C-C(Ph)=CH,, with a yield of 85%.'%
Symmetrical and unsymmetrical tribenzohexadehydro[12]
annulene and [12]annulenes have also been synthesized via
cyclotrimerization under Sonogashira conditions in [bmim]
[BF,] (Scheme 35). Homocoupling was minimized under
this reaction conditions.'

I ® -
| Pd(PPh3)y/PdCly(PPhs)2 | O
Cul, Et3N, [bmim][BF4] =

Sonogashira coupling reaction of aryl iodides with
terminal acetylenes (aromatic or aliphatic) proceeds
efficiently in IL, [bmim][PF,], using PdCl (PPh,), as the
catalyst (Scheme 36). This reaction works well in the absence
of a copper salt. The recycled catalyst was used without the
loss of catalytic activity. Sonogashira coupling reaction using
a microflow system has also been studied.'>*

Scheme 35.

PdCI(PPh3)2 _
Arl + —/R » Ar——R
[omim][PFeg]
piperidine
Scheme 36.
- Pd cat.
Arl + CO+ =
[omim][PFeg]
Et3N, 120 °C
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Carbonylative Sonogashira coupling reaction at
low-pressure microflow system has been developed for
palladium-catalyzed multi step carbonylation reactions in
an ionic liquid (Scheme 37). Better selectivity and higher
yields in carbonylative Sonogashira coupling and amidation
reactions of aryl iodides has been reported in microflow
system in comparison to the conventional batch system.'%

Sonogashira coupling reaction has also been successfully
carried out in the novel array reactor using palladium-
catalyst in ionic liquid in a parallel fashion. The array
reactor as the reaction device and ionic liquids as the
reaction media allowed synthesizing variety of compounds.
Recycling of catalysts and ionic liquids, contributes not
only to reaction economics and saving energy but also to
environmental protection.'®’

A comparative study for solvent IL and PEG
(polyethylenglycol) was done for both Sonogashira
and Suzuki coupling reactions for developing a
homogeneous and reusable palladium catalyst system.'
A carbapalladacycle complex (Figure 1) developed from
4-hydroxyacetophenone oxime and palladium salt was used
as catalyst. It was found that PEG gave better results than
ILs. This was due to the better stability of the complex in
PEG than the ILs tested.'®

[N

HO Pd,
cl

Figure 1.

2.7. Carbonylation

Carbonyl compounds have been the backbone of organic
chemistry, and these compounds such as carboxylic acids,
esters, amides, aldehydes and ketones have been effectively
synthesized by Palladium-catalyzed carbonylation of aryl
halides. Most of these reactions were also carried out in
environmental friendly solvent ILs. Palladium-catalyzed
alkoxycarbonylation of aryl halides was carried out in
[bmim][BF,] and [bmim][PF,] with enhanced reactivity

0]

Ar
> Ar)x + \

Ph Ph

Scheme 37.
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in the reusable ionic liquids (Scheme 38).1%16° The
carbonylation of iodobenzene catalyzed by water-soluble
palladium complexes and the role exerted by halogen free
IL has been investigated.'®® The author used sulphonated
phosphine [TPPTS: P(m-C H,SO,Na),, TPPDS: (C.H,)
P(m-C H,SO,Na),], TPPMS: (C H,),P(m-C H ,SO,Na)]

and bidentate ligand BISBIS (BISBIS: sodium salt
of sulphonated 2,2’-bis(diphenylphosphinomethyl)-1,1’-
biphenyl) for the carbonylation of iodobenzene (perhaps to
avoid lixiviation) and the IL (1-n-butyl-3-methylimidazolium
p-toluenesulphonate, ([bmim][p-CH,C H,SO,])
used as the reaction media has some definitive advantages
over the halogen-containing analogue [bmim|BF,, [bmim]
PF, and conventional organic solvents. The combination of
palladium-TPPTS complex and [bmim][p-CH,C H SO,]
exhibits excellent catalytic activity and selectivity, and
simplifies the separation of the products from catalyst.'*
The catalyst can be easily separated from the organic
products and reused for 10 times without the significant
decrease of activity and selectivity.

The biphasic alkoxycarbonylation of styrene catalyzed
by palladium compounds in a [bmim][BF,]-cyclohexane
system was reported.'®' The PACI,(PhCN), in combination
with (C)-neomenthyldiphenylphosphine (NMDPP) and
p-toluenesulphonic acid (TsOH) dissolved in [bmim]
[BF,] was found to be the best catalyst precursor. The
branched ester gave high regioselectivities (99.5%). The
intramolecular alkoxycarbonylation of alkynols was
successfully performed using Pd(II)/PyPh P complexes
immobilized in [bmim][BF,] or [bmim][PF] to afford
selectively exo-methylene five- and six-membered lactones
in high yields.'s

Aminocarbonylation of alkynes with amines in presence
of Palladium-catalyst in [bmim][Tf N] based ionic liquid
affords regiospecifically o-methylene amides in good
yields, without any acid additive (Scheme 39).!* The
ionic liquid gave improved yields and regioselectivity in

X
©/ + ROH + CO+ NEt;
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Pd(11)/PPh,

[EE—— -

IL
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comparison to the molecular solvent. The catalyst system
can be recycled and reused five times without significant
loss of catalytic activity.

The ionic liquids such as [bmim][PF,] or [bmim][Tf,N],
have been successfully used for the cyclocarbonylation
of 2-allylphenols and anilines, 2-vinylphenols and
2-aminostyrenes in presence of Palladium catalyst.'®*
The reaction proceeds efficiently to afford high yields
with excellent selectivity of lactones or lactams. No side
products were found in this reaction. The catalytic system
and ligand can be recycled.

o,B-Acetylenic ketones have been synthesized by three-
component carbonylative coupling reaction of aryl iodides
with terminal alkynes catalyzed by PdCl,(PPh,), using
ionic liquid [bmim][PF,], as the reaction medium. The low-
viscosity ionic liquid [bmim][Tf,N], was not suitable for
this reaction, since the background Sonogashira coupling
reaction, a competing reaction, also proceeded.'®> The
Palladium-carbene catalyst 2 have also been successfully
used for the carbonylation of aryl halides in IL.'® The
combination of catalyst 2 and IL TBAB gave better
result.

2.8. Polymerization

The cationic metal complexes with weakly coordinated
anions usually catalyze copolymerization of alkenes.'®’
Polar non-coordinating ILs are attractive solvents for
these reactions. This is due to their ability to stabilize
the solvent-separated ion pairs that are necessary for a
high activity. Chloroaluminate ILs have been applied
to the cationic metal-catalyzed oligomerization and
polymerization of alkenes.'®®!'® The air- and moisture-
stable IL such as [C,mim][PF,] was used for ethylene
oligomerization and ethylene-linked polymerization.!”!!
ILs are also found to be suitable solvents for the palladium-
catalyzed alternating copolymerization of styrene and

(0]

OR 4+ HNEtsX

Scheme 38.

Pd(OAc), DPPP

[bmim][TfoN]

R—=— + NHR'R2+ CO

O NR'R2
200 psi, 110 °C, 22 h ZR

Scheme 39.
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(Bipy)Pd(OAC)2, 2,2-bipyridine

benzoquinone, p-toluenesulphonic O Ph
= acid, methanol W
Ph
C TfoN], CO (40 b n
[Cepyrll 270]°C (40 bar) Ph O

Scheme 40.

CO (Scheme 40).'” Polyketones was synthesized by the
alternating copolymerization of styrene and CO using
[Pd(bipy),][PF,],'” in an ionic liquid media. The reaction
was tried in various ionic liquids giving emphasis on the
reusability of ionic liquid-catalyst system.!™

The utility of a catalytic system consisting of
LPd(OAc), (L =2,2"-bipyridine and 1,10-phenanthroline)
excess ligand, benzoquinone and p-toluenesulphonic acid
was also tested in IL.'” The pyridinium-based ionic liquids
gave the best results, while lower yields were obtained in
an imidazolium-based IL. No copolymer formation was
observed in the phosphonium ILs. The halide-free IL
solvents are critical to achieve a high activity and molecular
weight because halides coordinate strongly to the vacant
coordination site, inhibiting the catalyst activity. Lower
yields were obtained during recycling the ionic liquid
catalyst. This is most likely due to Pd precipitation during
the polymerization reaction. In addition, extraction of the IL
catalyst solution resulted in some mechanical loss. Despite
these difficulties, [C pyr][Tf,N] IL has been found most
effective solvent for the Pd-catalyzed copolymerization of
styrene and CO.'7® A higher molecular weight of polymer and
improved catalyst stability were observed in [C pyr][Tf,N]
as compared to methanol. Methanol acted as a chain-transfer
agent and a reductant for the Pd(II) catalyst to inactive Pd(0)
clusters. By replacing methanol with [C pyr][Tf,N] chain
transfer and catalyst decomposition appear to be inhibited.
The increased activity could be due to improved catalyst
stability and increased rate of propagation.

Pd in conjunction with IL has also been used for the
stereoselective copolymerization reaction. The reaction of
propene and carbon monoxide using Pd-complexes bearing
chiral ligands (25,35)-DIOP, (R)-BINAP and (R)-P-Phos
in ILs medium such as [C,mim][PFJ/[C mim][PF,] lead
to the formation of high molecular weight polyketones
with almost complete regioregularity and moderate
stereoregularity.'”’

2.9. Hydrogenation

Apart from the C-C bond formation, palladium catalyst
in IL was also used to form C-H bonds in hydrogenation
reactions. The Pd-catalyzed hydrogenation of dienes to
mono-hydrogenated olefins was effectively obtained in
ILs.'” The hydrogenation of methyl isorbate by Pd(II)
compounds dissolved in [bmim][BF,] produces, mono
hydrogenated diene as the main product and the product can
be isolated quantitatively before further hydrogenation can
take place (Scheme 41). This was one of the early examples
of a homogeneous palladium catalyzed hydrogenation
in IL. Palladium on carbon, entrapped in IL polymer gel
{[Bmim][PF,]/poly(vinylidene fluoride)hexafluopropylene
copolymer} was also used to hydrogenate propene.'™
Palladium on carbon was also used as a catalyst for
transfer hydrogenation of alkenes, alkynes, and nitro-
compounds, using microwave irradiation, with formic acid
as the hydrogen source in [Bmim][PF,]."®" The catalytic
hydrogenation of citral was performed using palladium
acetylacetonate [Pd(acac),] immobilized on a structurally
active carbon cloth carrier in different ILs ([bmim][PF,],
[bmim][BF,] & [A336][PF,])."*' The novel IL [A336][PF]
was derived from a common phase transfer catalyst Aliquat
336. It was observed that the selectivity profiles of citral
hydrogenation can be efficiently influenced not only by
varying the transition metal species in line with classical
catalysis and the experimental conditions (temperature,
pressure), but also by the choice of the ionic liquid in which
the transition metal species is dissolved. This concept shows
prominent potential for industrial operations. The selective
hydrogenation of 1,3-butadiene to 1-butene was obtained in
Pd(0) nanoparticles embedded in IL."¥? Pd(0) nanoparticles
with relatively small diameters and narrow size distributions
was prepared by simple hydrogen reduction of Pd(acac),
dispersed in ionic liquid. Selectivity up to 97% in butenes
were observed in the hydrogenation of 1,3-butadiene by

Scheme 41.
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Pd(0) nanoparticles embedded in [bmim][BF,] at 40 °C
temperature and 4 atm of hydrogen at constant pressure.'®?

2.10. Miscellaneous reactions

Silylstannanes are versatile organometallic reagents
in organic synthesis. These compounds contain silicon-
tin bond and are easily synthesized by generating a
trialkyltin anion followed by a quench with trialkylsilyl
chloride.'®® The resulting silylstannanes can be added
across unsaturated bonds via palladium catalyst to
afford a bifunctional organic dianion equivalent
containing both carbon-silicon and carbon-tin bonds
(Scheme 42).'84188 These products can be selectively
destannylated or desilylated, or silyl, stannyl groups
can be substituted or the stannyl groups can participate
in the Stille couplings. As the addition of silylstannanes
across unsaturated systems uses expensive palladium
catalysts, immobilization of the palladium catalyst in
ILs that allows recycling of the catalyst without loss of
activity was seen as a potentially useful application of
the ILs in the organic synthesis.'® Silylstannanes can
be regioselectively added across terminal alkynes in a
quantitative fashion in the presence of a palladium(0)

Pd(PPhz)4

J. Braz. Chem. Soc.

catalyst immobilized in the [bmim][PF] which can be
recycled without loss of activity.

Not surprisingly, palladium catalyzed C-C and
C-heteroatom bond forming reactions can be performed
in RTILs and in most of the cases the ionic liquid has a
strong beneficial effect on the reaction rate and selectivity.
For instance, allylic alkylations and aminations in IL have
been reported (Scheme 43).1°

Oxidation of alcohols to the corresponding aldehydes
and ketones is one of the most important functional
group transformations in organic synthesis. Of a number
of methods that are employed, Seddon and co-workers
demonstrated that benzyl alcohols could be oxidized
selectively to benzaldehydes in dry ILs using Pd(OAc), as
a catalyst and O, as an oxidant.”' Wacker-type oxidation
reactions were performed with water by PACl, immobilized
in [bmim][BF,] and [bmim][PF,] using hydrogen peroxide
as the oxidant.'*?

Recently Li ef al.'”® reported the synthesis of aryl and
aryl vinyl nitriles using anhydrous K [Fe(CN),] in ionic
liquid under microwave irradiation (Scheme 44). Various Pd
catalysts in combination with ligands have been used, and
PdCL/DMEDA system in IL has been found to be the best
medium for this reaction. The cyanides used for this study

H H

R — + Bu3SnSiMe3 —_—

IUether  BuzSn SiMe3

Scheme 42.
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PdCl,, DMEDA

RBr + K4[Fe(CN)g]

RCN

Na,CO3 [bmim][BF4], MW

Scheme 44.
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has been non-toxic and inexpensive. The reaction time was
reduced greatly under microwave heating and the catalyst
system can be recycled and reused several times.

A facile method for the synthesis of 3,4-disubstituted
hydrazinocyclopentene derivatives has been developed
by the palladium(0)/Lewis acid mediated ring-opening of
azabicyclic olefins with organostannanes (Scheme 45).!%*
Use of catalytic amount of Lewis acid increase the rate of
the reaction, and it was observed that rate of the reaction
was very slow in toluene, while in ionic liquid [Bmim]
[PF,] the reaction rate was enhanced. The reaction in ionic
liquid without Lewis acid leads to the ring-opened product,
hydrazino cyclopentene.

A general method for the synthesis of 3-substituted
indole derivatives via PACL,[CH,CN],-catalyzed Michael
reaction of indoles with o, 3-unsaturated ketones in [bmim]
[BF,] has been developed (Scheme 46).' High selectivity,
mild reaction conditions, and good yield of the product are
the main advantage of this method. The catalyst system
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PdCL(CH,CN),/[bmim][BF,] can be recovered and reused
without noticeable loss of the catalytic activity.
Palladium salts and complexes dissolved in imidazolium
ionic liquids can also promote the cycloisomerization
of 1,6-heptadienes.”® The order of reactivity follows the
hardness of Pd atom and “naked” Pd*" generated from
PdCl, + AgPF, gives the highest turnover frequencies.
Functionalized symmetrical biaryls have been synthesized in
good yields via TDAE/Pd-promoted homocoupling reaction
of substituted iodoarenes using the ionic liquid, [bmim][PF ]
(Scheme 47)."" The catalytic system could be recycled and
reused four times without any loss in the catalytic activity.
The C-P cross-coupling reactions between phosphine-
borane complexes and aryl iodides have also been reported
in imidazolium based ILs (Scheme 48).'°® The best results
were obtained in [bmim][PF,]. The easy separation of the
product and the catalyst without any aqueous work-up has
been the main advantage of this reaction. The palladium
catalyst [dppp][PdCI,] can be recycled three times.

ﬁ NHCOOET
-COOEt
N [Pd(allyl)Cl],, dppe, Sc(OTf)s N
/ N’ + /\/SﬂBUs /3 COOEt
) [bmim]PFg, 50 °C, 24 h
COOEt
\
Scheme 45.
Ph
i R
X PdCly(CH3CN),, [bmim][BF
Rm v pp R RO DR R TN
Z N 100 °C for 6 h L
N
: H
Scheme 46.
— TDAE/PACl, /— —
| _
\ | / [bmim]PFg \ | 7\ | /
Scheme 47.
R1
| Ph< /
P—>BH;
. Ph\P_> Pd(OAc),, DPPP, K,CO3
H™] 1 ’ [omim][PFg], 70 °C, 17-34 h
R R
R

Scheme 48.
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The linear dimerization of 1,3-butadiene was performed
with palladium complexes immobilized in ILs.!”® The,
Pd(II) salt (chloride or acetate)/PPh, catalyst precursors
dissolved in (bmim)F, or (bmim)PF, catalyzed the linear
dimerization of 1,3-butadiene to 1,3,6-octatriene. The
catalyst precursor derived from PACI, with 2 equiv of PPh,
was used as the catalyst precursor, dissolved in (bmim)
BF, IL, octatriene was formed with 100% selectivity after
13% conversion. The TOF of 49 h™! is significantly higher
than in homogeneous conditions (THF, TOF 6 h'') under
the same reaction conditions. RTILs are also used as
cosolvents in the Pd-catalyzed telomerization of butadiene
with methanol leading to the formation of 1-methoxy-
2,7-octdiene and 3-methoxy-1,7-octdiene as the major
product.”® The basic catalyst is Pd(IT) acetate with either
PPh3 or TPPMS, which was reacted with butadiene and
methanol at 85 °C. A biphasic catalytic system was also
developed using Pd(II) acetate, TPPMS, heptane, and
1-butyl-2,3-dimethylimidazolium bis((trifluoromethyl)
sulfonyl)imidate, [bdmim][TF,N]. In this case, after the
telomerization reaction, the methoxyoctadiene products
were recovered by simple decantation and the IL phase
reintroduced to the reactor, allowing the catalyst to be
reused. In this way, the catalyst was recycled four times
(TON = 10°) with little loss of activity.'s3

3. Summary and Future Prospects

The studies have shown that classical transition-metal
catalyzed reactions can be performed in ionic liquids. Due
to better immolizing power IL's have many advantages
over conventional solvents. A combination of subtle (i.e.
changing cation substitution patterns) and gross (anion type)
modifications to the ionic liquid solvent can permit very
precise tuning of reactions. Ionic liquids have been used as
effective solvents and catalysts for clean chemical reactions as
replacements for volatile organic and dipolar aprotic solvents
(i.e. DMF, DMSO) and solid acid catalysts in reactions ranging
from the laboratory to industrial scale. They provide a medium
for clean reactions with minimal waste and efficient product
extraction, an area that is currently being investigated.

The future directions for catalytic reactions in ionic
liquid solvents clearly rely on screening existing catalysts
and a greater depth of understanding of the features
influencing the specific solvent properties of the different
types of ionic liquids. It is anticipated that screening of
various catalytic systems via combinatorial approach will
have a significant role to play. The separation, post-reaction,
of ionic liquids and catalysts from reaction products is an
unresolved challenge in the application of ionic liquids to
organometallic catalysis.
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