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Abstract: A brief summary of selected pioneering and mechanistic contributions in the
field of carbon-carbon cross-coupling reactions with palladium nanoparticles (Pd-NPs) in
ionic liquids (ILs) is presented. Five exemplary model systems using the Pd-NPs/ILs
approach are presented: Heck, Suzuki, Stille, Sonogashira and Ullmann reactions which all
have in common the use of ionic liquids as reaction media and the use of palladium
nanoparticles as reservoir for the catalytically active palladium species.
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Introduction

Since their discovery palladium-based cross-coupling reactions have been among the most
investigated transition-metal catalysed C-C coupling reactions of the last decades[1-5]. The
procedures involve Pd complexes with phosphines, carbenes and palladacycles, as well as palladium
salts and ligand-free approaches, where palladium(0) species act as the catalytically active species
[6-12]. For example, the Heck reaction using aryl iodides or bromides is promoted by a plethora of
Pd(II) or Pd(0) catalyst sources [13,14]. Therefore, this indication allows, at least in the case of ligand-
free palladium precursors, the involvement of soluble Pd nanoparticles (Pd-NPs) as a reservoir of
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catalytically active species [15—17]. The present review describes the application of Pd-NPs in ILs as
catalyst reservoirs for molecular palladium species in carbon-carbon cross coupling reactions. The ILs
act as stabilising agents for the monodispersed metal NPs to prevent agglomeration to bulk
metal [18,19]. Moreover, the IL forms a protective layer to avoid oxidation of the sensitive and highly
catalytically active metal surface [14]. Furthermore, ILs are suitable for multiphase catalysis systems
to immobilise the catalyst and facilitate the separation of the organic layer containing the product [14].
One drawback of using ILs in the certain palladium catalysed coupling reactions is the fact that the
salts formed stoichiometrically as by-products of the coupling reaction remain in the IL layer [20].
This problem can be overcome by the application of so-called “switchable solvent” systems, in
particular amine/alcohol mixtures which can be reversibly converted into ILs by conducting the
reaction under a carbon dioxide atmosphere (“ionic liquid mode”), where the CO, forms an organic
carbonate, or under nitrogen/argon (“‘organic solvent mode”’) where the organic carbonate is converted
into an alcohol by CO; extrusion. [20-22] In this manner, the organic product is first separated from
the polar IL layer (under CO,), then the by-product salts can be subsequently separated by salt
precipitation from solution by converting the IL into a less polar organic solvent.

The first report of a zero-valent palladium complex suitable for the Pd-NPs synthesis, demonstrated
by Takahashi and coworkers in 1970, used Pd(dba), (dba = dibenzylideneacetone) under thermal
decomposition conditions forming metallic palladium and dbain solution [23]. More systematic
studies of palladium NP synthesis and applications have been later conducted in the 1980s and 1990s,
for example by Bonnemann, Reetz and their respective coworkers [24—29]. Later, in the last decade,
metal NP synthesis in ILs had their breakthrough and since then, numerous detailed studies about Pd-
NPs in ILs have been available in the literature.

Pd-NPs Catalysed Carbon-Carbon Coupling Reactions in ILs
Preparation of Pd-NPs in ILs

Convenient methods for the synthesis of Pd-NPs in ILs use Pd(dba), [23], Pd(OAc), or palladium
carbene complexes under thermal decomposition conditions (Scheme 1) [15,30-32]. Moreover, for
example PdCl,, Na,PdCly can be reduced with hydrides or molecular hydrogen gas, and Pd-NPs are
also formed from palladacycles by reaction with dienes (Scheme 1) [13,25,33].

The comparison of different Pd-NPs/ILs systems reveals that the particle size usually depends
strongly on the type of precursor, and for small size particles in general Pd(OAc), gives the most
satisfying results. Moreover, the level of agglomeration and dispersion depends on the type of IL,
concentration and solubility of the palladium precursor in the IL [34]. Here, lower concentration and
good solubility of the palladium precursor is crucial for high dispersion and low agglomeration. It
should be pointed out that the catalytic activity of Pd-NPs is related to their stability and this often
depends on the preparative procedure used and Pd-NPs may form large aggregates, consequently with
smaller surface and lower activity. For enhanced stabilisation of the Pd-NPs the addition of polymers
is helpful and the particle size and their topology is controllable [35]. More details about the synthesis
of metal NPs in ILs can be found in a critical review recently published elsewhere [34].
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Scheme 1. Pd-NPs synthesis in ILs by thermal or ultrasonic decomposition of palladium
salts and complexes (Top: a-c; X = halide or BF,), reduction with hydrogen gas or hydrides
(Middle: d-e) or reductive elimination of a palladacycle by reaction with a diene (Bottom:
f). Adapted from references [13,15,23,30-33].
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Mizoroki-Heck Reaction with Pd-NPs in ILs

There is no doubt that the title C-C coupling reaction is one of the most powerful tools in modern
synthetic organic chemistry [1-5]. The Mizoroki-Heck reaction constitutes an important carbon-carbon
bond formation reaction. Generally, this reaction consists of the reaction of an unsaturated halide with
alkenes in the presence of a base, catalysed by palladium precursors dissolved in classical organic
solvents. However, in many cases the real active species is not the homogeneous palladium complex
but rather molecular Pd species arising from Pd-NPs stabilised by the quaternary ammonium salts used
in the reaction [15,36]. These zero-valent Pd-NPs are formed due to the reduction of the Pd(II) species
to Pd(0) in the presence of bases such as excess of phosphines (PPhs) or sodium acetate. In the last
years, classical organic solvents have been replaced by ILs in several chemical reactions [37]. The



Molecules 2010, 15 3444

reason is that ILs are considered more environmentally friendly and green solvents, due to their ability
to immobilise catalysts in recyclable multiphase catalysis systems in combination with apolar solvents
as well as with polar solvents, depending on the nature and polarity of the IL. In addition, sometimes
these ILs (mainly those based on imidazolium cations) act as selective medium for a desired product as
they can stabilise ionic transitions states due to their inherent physico-chemical properties [38—41].

Moreover, it was also evidenced that in ILs Pd-NPs play an important role in Heck reactions. For
example, Deshmukh et al. reported in 2001 that the use of ILs [1,3-di-n-butylimidazolium bromide
(BBI'‘Br) and 1,3-di-n-butylimidazolium tetrafluoroborate (BBI‘BF4)] in the presence of sodium
acetate and ultrasonic conditions enhanced significantly the rate of the Heck reactions of several
substituted iodobenzenes and alkenes/alkynes at 30 °C (Scheme 2) [30]. In all cases, high isolated
yields (up to 87%) of the trans product were obtained in a few hours (1.5-3 h). Moreover, it was
shown by TEM and NMR analysis that the Pd(OAc), precursor initially produces a Pd bis-carbene
complex and then, this is reduced to metal Pd-NPs (Scheme 1: b). Therefore, the active catalyst during
the Heck reaction was probably the molecular Pd species released from Pd-NPs that act as catalyst
reservoir. It is noteworthy that the reaction does not happen when classical organic solvents are
employed under the same conditions.

Scheme 2. Heck reaction of substituted iodobenzenes and alkenes/alkynes in imidazolium-
based ILs at 30 °C under ultrasonic conditions. Adapted from reference [30].
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This formation of palladium carbene complexes were previously reported [31,42—44]. It is also
important to mention the presence of N-heterocyclic carbenes derived from the deprotonation of the
imidazolium cation in C-C coupling reactions (Scheme 3) [43].

Scheme 3. Deprotonation of imidazolium cation under basic conditions leading to NHC species.
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Xiao and coworkers have detected in Situ the interaction of NHC ligand with the metal precursor,
and this molecular metal-carbene complex showed activity for the Heck reaction in ILs [31]. In a
similar manner, Welton et al. observed the formation of NHC-metal species in IL under conditions
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used for the common Pd-catalysed coupling reactions [42]. Furthermore, Nolan and his research group
proved that unusual metal-carbene complexes synthesised from imidazolium salts are catalytically
active in the Heck and Suzuki reactions [44]. Starting from a pyrazolyl-functionalised imidazolium IL
and Pd(COD)Cl,, Shreeve and coworkers prepared a carbene-Pd complex that is also an effective
catalyst during the Heck coupling process [45]. However, using an amine-functionalised imidazolium
IL, attempts to synthesise a Pd-carbene complex from Pd(OAc), in THF or acetone failed, resulting in
Pd-NPs (2.6-3.7 nm in diameter) that showed activity (25%) on the reaction of bromobenzene and
butyl acrylate, but were not stable at high temperature agglomerating to the bulk metal [46]. In this
case, the IL acts as both the reducing agent and the stabiliser for the formation of metal NPs and, most
importantly, these amine-functionalised ILs can be used as suitable solvents and bases for the
promotion of C-C coupling reactions.

On the other hand, in the case of metal NPs-catalysis, the NHC can act as ¢ donor ligands that
coordinate on the metal surface providing extra stabilization for the NPs [47,48]. Thus, these loosely
surface-bonded carbenes are probably also involved into the NPs’ stabilisation together with oxides
and remaining protective agents such as ILs. Moreover, these NHC species may be responsible to
some extent for the catalytic activity exhibited by the metal NPs in general cross-coupling reactions.

The research groups of Nacci and Calo demonstrated that Pd-NPs (1.5-6 nm in size) previously
prepared and dispersed in tetrabutylammonium bromide (TBAB) IL are capable of catalysing the Heck
reaction of aryl bromides with the 1,1-disubstituted olefins butyl methacrylate and a-methylstyrene in
the presence of tetrabutylammonium acetate (TBAA) as base at 120 °C [32]. Although under these
conditions the main formation of terminal olefins was verified, the use of p-bromoacetophenone leads
to internal olefins. In addition, the ratio observed in favour of terminal olefins indicates that the Pd-
hydride species is quickly neutralised by the base avoiding the isomerisation of the olefin. In the same
context, the coupling of bromoarenes with less reactive 1,2-disubstituted alkenes, such as cinnamates,
can be catalysed by Pd-NPs in TBAB at 130 °C. [49] In this work, two metal precursors were used as a
source of Pd-NPs: Pd(OAc), or a Pd bis-benzothiazole carbene compound. Recently, the coupling of
aryl chlorides with deactivated olefins catalysed by Pd-NPs in TBAB IL and TBAA was also reported
(Table 1) [50]. Noteworthy, it is generally accepted that the true catalyst of the reactions catalysed by
Pd-NPs is probably a molecular Pd species detached from the NPs’ surface that enters in the main
catalytic cycle and afterwards agglomerates as NPs or even as bulk metal.

Detailed mechanistic insights into the role of Pd-NPs in carbon-carbon cross-coupling reactions,
such as the Heck reaction, were intensively investigated by Dupont and co-workers [13,51]. The
palladacycle (Scheme 1: f) was immediately converted into Pd-NPs by reaction with dimethylallene at
room-temperature. Then, the Pd-NPs were dispersed into the IL BMI.PFs (BMI: 1-n-butyl-3-methyl-
imidazolium; PFs: hexafluorophosphate), and the analysis of the Pd-powder in IL by means of TEM
and EDS techniques revealed the presence of Pd-NPs (size: 1.7 £ 0.3 nm before catalysis and
6.1 = 0.7 nm after catalysis), and the isolated Pd-NPs were furthermore characterised by XRD,
confirming the presence of metallic Pd. The Pd-NPs/IL-system was then evaluated for the Heck
reaction with aryl halides and n-butyl acrylate (substrate:Pd ratio = 1,000:1) at various temperatures
and bases. The addition of NEt(iPr), to the reaction mixture gave a yellow solution, instead with other
bases the reaction mixture remained a dark suspension. High conversions (92—100%) were obtained
between 80—130 °C (14 h) with aryl iodides and bromides using NEt(iPr), as base and <30% with
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other bases. The analysis of the organic layer, after catalysis, by ICP-AS showed that considerable
quantities of palladium were leached from the ionic phase into the organic phase. The TEM and ICP-
AS results show that the Pd-NPs in IL most likely act as reservoir for molecular catalytically active Pd
species. Most interestingly, palladium isolated from the organic phase was inactive in the Heck
reaction in a prolonged time recycling experiment (20 h), and attempts to locate Pd-NPs in the organic
phase by means of TEM failed. The authors proposed that the reaction starts with oxidative addition of
the aryl halide on the metal surface, followed by cleavage of this oxidised molecular palladium species
from the surface, which enters the typical catalytic cycle. The molecular Pd species in the catalytic
cycle may remain there or Pd(0) also can agglomerate and precipitate again as Pd-NPs, as also
previously reported by de Vries and Reetz for ligand-free Heck reactions. [10,15]

Table 1. Selected examples for the coupling of deactivated olefins with aryl chlorides
catalysed by Pd-NPs in ILs [50].°

R; _R R _R
1;[ + ArC| _PdNPs(L5%) ! |
TBAB/TBAA, 120°C
H R2 Ar R2
. ) Yield
Entry Olefin Ar Product Time (h) (%) P
AL
1 oh 4-CF3CqH, Ph 3 95
2 f CeH: j 3 88
3 4-CH;0C¢H,4 Ar 2 95
4 J/Ph CeHs Ph 5 78
| 4-CH;0CH, i
3 Ph N 5 85
] J/COCHg CHs COCHjs 3 95
| 4-CH;0CH, i
7 Ph Ar Ph 3 90
CO,Et CeHs CO,Et 5 804
8 J/
4-CH;0C4¢H,4 i
9 HsC A" > CHs 5 92

* TBAB = 1 g, TBAA = 0.45 g, olefin = 0.5 mmol, chloroarene = 1 mmol; ® The yield was
determined by GC by using diethylene glycol di-n-butyl ether as an internal standard; © Unless
otherwise indicated, the E/Z ratio is >98:2, as determined by GC-MS; 4E/Z ratio: 80:20

In further investigations, Dupont et al. showed that different palladacycles lead to identical
palladium species during the oxidative addition step with iodobenzene, as confirmed, for example, by
comparison of free-energies relations in the Hammett correlation, resulting in similar p values. [51]
Moreover, poisoning tests were performed to distinguish between a homogeneous and heterogeneous
reaction pathway in the IL TBAB as solvent. The mercury poisoning test with Hg(0) (“Whitesides’
Test”) is based on the deactivation of colloidal metal via amalgam formation, and, this test in general
does not attack molecular metal species. The test is suitable for the confirmation of a homogeneous
system, but not a heterogeneous system. The addition of Hg(0) (300 eq.) to the Heck reaction with Pd-
NPs (as described above in this chapter), showed a complete inhibition of the catalytic activity. This
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implies the presence of active Pd(0) species, but not the presence of an active solid catalyst material.
Another inhibition test, known as the Collman test (with immobilised substrates on polymers; for
details see references [51,52]), also showed that the solid catalyst is not active for the Heck reaction,
but molecular Pd species are generated in the presence of added small amounts of free substrate (not
immobilised), thus the immobilised substrate is converted also then. This indicates that soluble free
substrate (haloarenes) is crucial to activate the metal surface via oxidative addition resulting in the
release of molecular Pd(II) species which are suitable for the homogeneous catalysis pathway even at
low Pd loadings (substrate: Pd = 10°:1). Additionally, a poisoning test for homogeneous catalysis was
performed (“Crabtree’s test”, for details refer to [S1]). The addition of the inhibitor dibenzo[a,e]-
cyclooctatetraene (DCT), which blocks the vacant sites of molecular complexes by strong
coordination, resulted in a decrease of the catalytic activity down to 40% in comparison to the original
activity. These tests give hints that the catalytic activity is based on molecular Pd species, but the
activity of Pd-NPs for catalysis is not completely excluded. Additional studies by time-resolved UV-
VIS analyses and subsequent TEM and EDS monitoring, confirmed the formation of colloidal
palladium during the palladacycle decomposition. Interestingly, after addition of iodobenzene to the
colloidal solution the Pd-NPs disappeared, indicating that the Pd-NPs are converted into molecular
species. The authors concluded from the described conducted studies: (a) Pd-NPs are generated by
decomposition of the palladacycle, (b) the NPs act as reservoir for Pd(II) species via activation of the
metal surface with haloarenes, and (c) the catalytic cycle occurs in the homogeneous phase. The
authors addressed furthermore the role of the IL TBAB, base ratios and kinetic studies (first-order
dependence for substrates and zero-order for the IL and base). The practical conclusion from the
kinetic studies also showed that a slight excess of alkene (in relation to the haloarene) resulted in a fast
increasing Pd(0) concentration, in contrast an excess of iodobenzene gave more oxidative addition
product and the Pd remains in the catalytic cycle. Furthermore, in absence of the IL, the reaction is
very slow and the bulk palladium metal is formed which precipitates from solution. This indicates that
the TBAB is a crucial stabilising agent which prevents agglomeration of the NPs. Moreover, the
authors assume that smallest traces of tributylamine (N"Bus) of dried TBAB is responsible for the
reduction of Pd(II) salts. The presence of N"Bus is considerable due to possible Hoffmann elimination
at elevated temperatures. Notably, reactions conducted in N"Bu; resulted in the formation of bulk
metal without catalytic activity.

Supported metal Pd-NPs in ILs have also been demonstrated as alternative materials for the
catalytic Heck coupling reaction. However, in many cases the IL was only used as medium for the
synthesis of these nanocatalysts. Remarkably, Pd-NPs supported on chitosan were employed as a
suitable and recyclable heterogeneous catalyst for the Heck reaction in IL. [53] The coupling reaction
of aryl bromides and activated aryl chlorides in TBAB IL and TBAA as base can be performed in a
few minutes and high conversions. On the other hand, no significant reaction was observed when
imidazolium-based ILs were employed as solvent.

Similarly, Pd-NPs immobilised on sepiolite in ILs were employed as effective catalysts for Heck
reaction. The reduction of a Pd(Il)/sepiolite material by molecular hydrogen in the presence of a
guanidinium-based IL affords the desired supported metal NPs (5 nm in size). The coupling of
iodobenzene and methylacrylate in the presence of triethylamine achieved quantitative conversions
under solvent-free conditions at 140 °C. In contrast, for the reaction of bromobenzene the catalytic



Molecules 2010, 15 3448

system showed little activity. Noteworthy, herein the IL was used only for the preparation of the
supported metal NPs [54].

Independently, careful studies by XPS, SEM, EDX and XRD of supported Pd(II)/Al,O3 or
Pd(0)/Al,05 systems for Heck reaction show that Pd/Al,Os is a source of soluble Pd(II) species
([BusNJ5[PdX4]*) and soluble metal Pd-NPs stabilised in TBAB IL. It was related that both forms of
palladium are catalytically active as homogeneous catalysts or after they were reabsorbed on the
support as heterogeneous ones during the C-C coupling reaction [55].

In the same context, Pd-NPs (less than 6 nm in size) supported on several imidazolium-styrene
copolymers were applied as an effective and reusable heterogeneous catalysts for Heck reactions in
water [56]. Indeed, there is no need for the presence of phosphine ligand and a phase-transfer
co-catalyst.

Suzuki-Miyaura Reaction with Pd-NPs in ILs

The Suzuki reaction is another important coupling process for C-C bond formation. However, only
a few works have been reported on the use of metal NPs in ILs as catalyst in this reaction. In this
context, Pd-NPs in tetraalkylammonium-based ILs, prepared from the reduction of Pd(OAc), in the
presence of TBAA at 90 °C, were used as precatalyst for the Suzuki reaction of aryl halides
(Table 2) [57].

Table 2. Suzuki cross-coupling reactions catalysed by Pd-NPs in ILs [57].°

X + B(OH), __ PdNPs  _
IL/Baseyq)

Base o Conv Yield

Entry X IL (aq) T (°C) t (h) (% )b (%)°
1 Br TBAB Na,CO; 110 0.5 >99 95
2 Br TBAB Na,COs 60 16 <1
3 Cl TBAB Na,CO; 140 16 15 -
4 Cl TBAB KOH 90 16 36 20
5 Cl TBAB NBu,OH 90 3 93 86
6 Cl THeptAB  NBu,OH 90 3 98 92
7 Cl TBAB NBu,OH 70 4.5 57 45
8 Cl THeptAB  NBu,OH 70 4.5 89 83
9 Cl THeptAB  NBu,OH 60 16 <1 -
10 Br THeptAB  NBu,OH 60 1.5 >99 93

* Reaction conditions: IL = 6 mmol, phenylboronic acid = 1.1 mmol, aryl halide = 1 mmol,

base = 2 mmol in 1.5 mL of H,O, Pd-NPs = 2.5 mol % Pd(OAc), + 12.5 mol % TBAA;

b c

Determined by GLC wusing dodecane as internal standard; Isolated yields.

THeptAB = Tetraheptylammonium bromide.

Remarkably, the results showed that using tetrabutylammonium hydroxide as base increased the
catalytic efficiency significantly, and the reaction could be performed under mild conditions. This fact
is explained by the higher concentration of tetraalkylammonium cations into water, contributing
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through partitioning equilibrium, to keeping constant the concentration of the cations in the IL phase.
As a consequence, the metal NPs are effectively stabilised against aggregation.

Interestingly, when a hydrophobic IL (THeptAB) containing longer side chains than TBAB is
employed, better results were observed during Suzuki coupling reactions, probably due to the stronger
stabilisation of the Pd-NPs provided by the IL. Moreover, this catalytic system does not lose its
activity during at least three recycles. Pd-NPs were identified as the reservoir for the true catalysts in
Suzuki reactions using Pd(OAc), as catalyst precursor in BMI-PF¢ in the presence of functionalised
ligands derived from norborn-5-ene-2,3-dicarboxylic anhydride [58]. It was discussed that in organic
solvents the homogeneous catalyst is stabilised enough by the donor ligands, but in ILs the system is
active only due to the in Situ NPs formation. Therefore, the occurrence of metal Pd-NPs is
considerably required in order to obtain an active system in ILs as reaction medium.

It was recently published that Pd-NPs prepared by the reduction of Pd(COD)CI, (COD = 1,5-cyclo-
octadiene) with molecular hydrogen in BMI-PF¢ at room temperature serve as an interesting catalyst-
phase for Suzuki cross-coupling reactions [59]. Interestingly, these metal NPs exhibited star-like
shaped inter-particle organisation.

In fact, the preformed Pd-NPs in BMI-PFs are able to successfully catalyse the coupling of
bromobenzene and phenylboronic acid at 100 °C with total conversion within 1 h reaction-time. In
addition, under the same conditions, the reaction also occurs using iodobenzene but not with
chlorobenzene. It is worth noting that the palladium precursor Pd(COD)CI, and the isolated palladium
powder as heterogeneous catalyst were not active in the reaction. This suggests that, in this case, only
metal NPs stabilised in the IL serve as precatalyst for the Suzuki process. Thus, it was observed that
the presence of IL is essential to the occurrence of reaction due to the stabilisation and organisation of
the metal NPs. Also, this organisation is fundamental to the catalytic activity. The Pd-NPs prepared
from PdCl, and Pd,(dba);.CHCI; precursors do not present the same satisfactory results than those
obtained from Pd(COD)Cl.

Moreover, supported Pd-NPs were also successfully employed in Suzuki cross-coupling reactions.
It was related to the efficient immobilisation of these nanocatalysts in classical supports such as:
polymers, [60—63] dendrimers, [64, 65] carbon nanotubes, [66] and inorganic materials [67].

It is important to note that the presence of Pd-NPs was also observed in C-C coupling reactions
performed only in classical organic solvents [68]. It was proven that these NPs serve as reservoirs for
the real active Pd species leached from the NPs surface [69,70]. Generally, the mechanism based in
this argument was extended to the Heck and Suzuki coupling reactions [13,71,72].

Stille Reaction

Since 2004, Dyson and his respective coworkers have published a series of articles about Pd-NP
catalysed C-C cross-coupling reactions, including the Stille reaction, establishing a broad variety of
nitrile-functionalised ILs (Figure 1)[57,73-76]. A work by Nacci et al. focused on the
tetraalkylammonium bromides as reaction medium for the Stille reaction with palladium nanoscale
catalysts. A series of pyridinium, imidazolium and pyrrolidinium ILs with nitrile side-chains were
designed to improve catalyst retention in the Stille reaction, among other cross-coupling reactions, in
particular Suzuki reactions [73].
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Figure 1. Selected examples of ILs with nitrile-functionality: pyridinium (BCNpy'; left),

imidazolium (RCN.Im" or (RCN),Im"; middle), pyrrolidinium salts (BCN.pyr"; right) with
several anions [57,73-76].
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The authors found an anion-dependence of the pyridinium ILs using palladium chloride as
precursor, giving access to a library of molecular palladium species incorporating the cations and
anions in the coordinating sphere of the palladium. The catalytic activity of these palladium complexes
immobilised in alkyl-substituted and nitrile-functionalised ILs were tested in C-C coupling reactions.
The tested complexes show promising catalytic activity in the cross-coupling of iodobenzene with
phenyltributylstannane. Moreover, recycling without loss of activity is superior (conv. ~50%, 1¥-9™
run), in the nitrile-functionalised IL in comparison to ILs with simple alkyl side-chains. It should be
pointed out that: (I) the nitrile-group suppresses the leaching remarkably, (II) Pd-NPs were identified
as the reservoir for the active species in the Stille reaction and (III) Pd-NPs were characterised using
transmission electron microscopy showing well-dispersed small sized Pd-NPs (size diameter:
5 nm) [73]. Furthermore, imidazolium ILs with nitrile-functionalities were tested for the entitled
reaction, evaluating the influences of the cations (BMI, (RCN);.,Im) and anions (BF4, NTf,, N(CN),),
as well as the catalyst source (Pd(OAc),; Pdy(dba)s) [74]. The nitrile group of the cations as well as the
cyanamide anion influences the efficiency of the cross-coupling and the catalyst stability. The relative
coordination strengths of the cations and anions are compared, and under certain conditions NPs are
observed. Once again, nitrile-functionalised ILs are more effective for the immobilisation of palladium
catalysts and vinylation of aryl halides with tributylvinylstannane (conv. 30-97% with iodobenzene
and 2-33% with bromobenzene), in comparison to alkylimidazolium ILs (Scheme 4).

Scheme 4. Pd-NPs catalysed Stille reaction of aryl halides with tributylvinylstannane (20
mol% catalyst loading, based on molecular Pd precursor) [73].
BU3SnCHCH2
ph” —————— pp X  X=1(30-97%), Br (2-33%)

Pd, IL, 80°C
1-2h

In their ongoing investigation, the authors also found further molecular intermediate complexes
revealing the coordination of the nitrile group to the metal core, as well as carbene palladium
complexes derived from the imidazolium IL reaction media [75]. Such complexes (20 mol% loading)
were tested for the entitled reaction (and for Suzuki- and Heck-type coupling), and well-dispersed Pd-
NPs were observed in the (BCN)MI'-BF, for example. However, Pd-NPs act as reservoirs for
molecular Pd(II) species, assumed as the true active catalyst, and the nitrile-functionality of the ILs
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supports the stabilisation of molecular intermediates via transient coordination of the nitrile group, as
well as the protection of the metal NPs, also involving carbenes (Scheme 5) [75].

Scheme 5. Proposed formation of nitrile-IL stabilised Pd-NPs which act as reservoir for
active molecular palladium species. Adapted from reference [75].
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It should be pointed out that metal leaching into the organic phase was determined to be ten times
lower in the nitrile-functionalised ILs than in alkylimidazolium ILs. Moreover, the solubility of PdCl,
is enhanced due to the coordinating group. This valorises the attraction for recycling of the catalyst,
where the conversions in the Stille reaction are kept at a level of ~90%.

Figure 2. Model of Pd-NPs stabilised by layers of TBAB and [PdBrs* ]. Copyright from
reference [57].
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More recent results showed that besides the promising influence of the nitrile group, ion-pairing
effects and the viscosity of the IL play crucial roles in cross-coupling reactions, where pyrrolidinium
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ILs are known for their quite low viscosity [76]. Additionally, it was shown that the ether
functionalized ILs are also capable to control the activity of Pd nanoscale catalysts [77]. Alcohol-
functionalised ILs can act as reducing agents as well as promising stabilisers for Pd-NPs [78].

Calo, Nacci and their coworkers have presented in recent years several contributions using
palladium nanoscale catalysts dispersed in tetraalkylammonium ILs, with a focus on carbon-carbon
cross-coupling reactions [57]. The Pd-NPs were generated by reducing Pd(OAc), in molten TBAB
with TBAA as base. The Pd-NPs are capable to catalyse reactions of aryl bromides and chlorides. The
NPs-structure is described as “core-shell”, with a metal core (diameter: 3.3 nm) and a stabilising IL-
layer composed of tetrabutylammonium cations and Br~ and [PdBrs]* species (Figure 2).

Among other palladium cross-coupling reactions, they reported the Stille reaction using their
recyclable Pd-NPs/IL-systems for the coupling of aryl bromides and chlorides with
tributylphenylstannane at temperatures between 90—130 °C (16 h) with relatively low catalyst-loadings
based on 2.5 mol% Pd(OAc), and 5 mol% TBAA in THeptAB (Scheme 6) [57]. Bromoarenes were
coupled with almost quantitative conversions (97 %) and several chloroarenes with moderate to high
conversions (27-98%).

Scheme 6. Cross-coupling of aryl halides with organostannanes catalysed by Pd-NPs in
THeptAB at 90-130 °C (R = H, Me, CH3CO, NO,, MeO; X = Br, Cl).

Pd-NPs
B A
Sonogashira Reaction

In the last decade, the groups of Zhang and Corma reported two completely different approaches for
the Sonogashira cross coupling reaction with palladium nanocatalysts in IL media [79,80]. Zhang and
coworkers developed a method for the synthesis of Pd-nanowires in IL, and applied this material for
the entitled reaction. Corma et al. used a palladacycle in IL under thermal decomposition conditions
for the synthesis of Pd-NPs.

Zhang's group synthesised palladium nanowires in a thiol-functionalised IL (TFIL) applying the
seed growth method [80]. The authors reduced H,PdCly; with NaBHy4 in a solution of gold colloids
(2.2 nm) as seeds in the TFIL, pointing out that the obtained Pd-nanowires (diameter: 2—4 nm) were
only obtained with certain ratios and concentrations of gold and palladium precursors and TFIL. With
lower/higher gold concentrations, the authors obtained core/shell nanostructures. The catalytic
properties of these nanowires were then tested in the Sonogashira cross coupling, showing very high
activity and stability with phenyl iodide and phenyl acetylene as test substrates for the coupling to
diphenyl acetylene, in presence of Cul and PPhs;. Quantitative conversions were reached within
7-12 hours at 75 °C (Scheme 7). Interestingly, with the mentioned bimetallic core/shell-NPs
(AucorePdshen) a conversion of only 82% was obtained under similar conditions.

Scheme 7. Sonogashira reaction catalysed by Pd-nanowires [80].

: C Pd-nano, PPh3, Cul, Base Q . O
| + —— —
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Corma and coworkers paid attention to the development of a robust and recyclable multiphase
catalyst system using the carbapalladacycle complex of 4-hydroxyacetophenone oxime (Scheme 8),
which is known as a highly active palladium catalyst for C-C forming reactions in water [79].
Therefore, they studied the complex stability at elevated temperature in ILs and polyethyleneglycol
(PEG). The carbapalladacycle decomposes in water, BMI.PFs and BMI.CI yielding Pd-NPs in water
and BMLPF, (2—-5 nm) and PdCl,> in the latter. Contrarily, the palladacycle is stable upon heating in
1-n-butyl-2,3-dimethylimidazolium hexafluorophosphate (BM,I.PFs) and in PEG. The activity of the
complex in PEG is higher than in ILs, which is assumed to be related to the stability of the complex.
Moreover, the palladacycle decomposes in PEG during the reaction and the Pd-NPs
(2-5 nm) are stabilised by PEG. This Pd/PEG-system is suitable for copper-free and phosphorus
ligand-free Suzuki and Sonogashira couplings on air with moderate/good conversions (Scheme 8). The
authors explained the low catalytic activity of the reactions performed in the ILs due to the poor
solubility of caesium acetate and unconsidered ILs as practical media for this Pd-catalyst. In contrast,
the authors identified the PEG as more promising medium for these catalysed reactions, due the
observed stability of the complex and of the Pd-NPs and the solubility of caesium acetate.

Scheme 8. Pd-catalysed C-C coupling PEG (conv.: 5-99%, X = Br, Cl and ILs BMI.PF¢
(conv.: <5-57%:; Br, I) and BM,I.PF¢ (conv.: 38-52%; Br) [79].

%@ ( ) Pd-cat., PEG or IL Q O
X + = =
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Ullmann Reaction

Dimerisation of aromatic halides is a convenient method for the synthesis of biaryls. Here, the
Ullmann reaction is a suitable tool, but the original protocol uses excess of copper as promoting agent
and very high temperatures, above 200 °C [81]. A suitable alternative is the palladium-catalysed
coupling of aryl halides, which gives access to symmetrical biaryls, but it requires reductive conditions
using amines, zinc dust, molecular hydrogen, hydroquinone, alcohols, carbon monoxide, ascorbic acid
or formic acid salts [81].

For further improvement towards recyclable catalyst systems, two IL-based protocols for the
Ullmann reaction were published by the groups of Rothenberg and Nacci [81,82]. In 2006, Rothenberg
reported a room temperature Pd-NPs catalysed Ullmann reaction based on electroreductive coupling of
haloarenes [82]. The Pd-NPs (particle size: 2.5 £ 0.5 nm) are generated in an electrochemical cell
(Pd-anode and Pt-cathode), and electron-transfer plays a crucial role to close the catalytic cycle. This
system gives good yields using aryl bromides and iodides and applying electric current and water as
reaction medium. For enhancing the electric conductivity and Pd-NPs stabilisation they introduced
I-methyl-3-n-octylimidazolium tetrafluoroborate (OMI.BF,) IL as recyclable solvent. Kinetics at
various electrode potentials led to the conclusion that a two-electron oxidation of water closes the
catalytic cycle by regenerating the Pd(0). The system is limited to functionalised aryl bromides and



Molecules 2010, 15 3454

iodides with conversion varying from 20 to 99% with reaction times varying from 8 to 24 h at 25 °C,
applying currents of 10 mA with 1.0-1.6 V (Scheme 9). Aryl chlorides do not undergo homocoupling
under the described conditions.

Scheme 9. Ullmann-typed aryl halide coupling with Pd nanoscale catalysts in IL under
electroreductive conditions at room-temperature. (R = H, NO,, CH3, NH,, OCHj3, CN, CF3,
OH; X = Br, I). Adapted from reference [82].

Pd—cat.,m .
IL, 25°C

This set up is a rare example of electroreductive Pd-NPs catalysis in IL. The kinetic studies support
a catalytic cycle with a phenyl radical anion (Scheme 10). The advantage of this set up is that simply
electrons and water are crucial for closing the catalytic cycle [82].

Scheme 10. Proposed catalytic cycle for the electroreductive Pd-NPs catalysed coupling of
aryl halides, where Pd" ions are depicted in dark grey. This model includes two single
electron transfers from the same cluster, but in general interaction between different
clusters is most likely to occur. Adapted from reference [82].
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In 2009, Nacci and coworkers presented a Pd-NPs catalysed Ullmann-type reductive homocoupling
of aryl, vinyl and heteroaryl with aldehyde as reductant in TBAB and TBAA ILs under very mild
reaction conditions, resulting in symmetrical biaryls [81]. The IL plays here a crucial role as base, the
reaction medium and the IL acts as ligand for stabilisation of the Pd-NPs which behave as a reservoir
for catalyst species. Substituted aryl bromides and iodides are coupled to biaryls in absence of other
additives, under relatively mild conditions (T = 40-90 °C) with good conversions (70-90%). The
advantage of the method is the simple preparation by mixing the substrates and palladium acetate in
the IL, followed by the in Situ formation of the catalytically active species. With propanal as reductant,
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the work-up is facilitated by evaporation of the by-product (acrolein). The base TBAA generates the
enolate ion, which is pronounced to be a key intermediate for the palladium reduction (Scheme 11).

Scheme 11. Proposed mechanism with propanal. Adapted from reference [81].
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It should ne pointed out that the palladium species changes the selectivity by choice of the IL-anion,
where the Heck reaction is followed with TBAB (X = Br) and Ullmann reaction with TBAA
(X' = AcO") (Scheme 12). This novel anion-dependent selectivity is highly interesting and innovative
for applied synthesis.

Scheme 12. Anion-dependence of the reaction pathway: Pd-NPs catalysed Heck reaction
with TBAB (top) and Ullmann reaction with TBAA (bottom). Adapted from
reference [81].
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Summary and Outlook

The presented contributions in the area of C-C cross-coupling reactions with palladium NPs in IL
show promising reactivity and are suitable as recyclable catalyst systems. In general, the ILs prevent
agglomeration of the Pd-NPs, which act as reservoir for catalytically active molecular Pd species. The
reactivity, stability and reaction pathways can be influenced by the choice of cations, anions and
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additive bases. Moreover, the choice of palladium precursors for the generation of Pd-NPs most likely
plays a minor role, as plethora palladium complexes and palladium salts are known as suitable “pre-
catalysts” for the discussed reactions. It is expected that further Pd-catalysed coupling reactions such
as Negishi, Kumada, Hiyama or Buchwald-Hartwig coupling will be performed with Pd-NPs in ILs,
and of course, further mechanistic studies might reveal that homogeneous catalytic systems involve
NPs as reservoir for molecular species. Furthermore, the initially addressed critical drawback of
stoichiometric formed salts which remain in the IL-layer, must be resolved to enhance the
recyclability. One attempt is to use novel tunable ILs, so called “switchable solvent systems” under
CO; (“ionic liquid mode”), respectively under argon/N, (“molecular solvent mode”). Regarding
product and salt separation, and catalyst recycling, these switchable solvents seems to have a suitable
potential to substitute “classical” ILs.

Acknowledgements

This work is financially supported by the Alexander-von-Humboldt Foundation (M. H. G. Prechtl)
and CNPq.

References and Notes

1. Beletskaya, I.P.; Cheprakov, A.V. The Heck Reaction as a Sharpening Stone of Palladium
Catalysis. Chem. Rev. 2000, 100, 3009-3066.

2. Liu, Y.; Wang, S.S.; Liu, W.; Wan, Q.X.; Wu, H.H.; Gao, G.H. Transition-Metal Catalyzed
Carbon-Carbon Couplings Mediated with Functionalized Ionic Liquids, Supported-Ionic Liquid
Phase, or Ionic Liquid Media. Curr. Org. Chem. 2009, 13, 1322-1346.

3. Moreno-Manas, M.; Pleixats, R. Formation of Carbon-Carbon Bonds under Catalysis by
Transition-Metal Nanoparticles. Acc. Chem. Res. 2003, 36, 638-643.

4. Phan, N.T.S.; Van Der Sluys, M.; Jones, C.W. On the Nature of the Active Species in Palladium
Catalyzed Mizoroki-Heck and Suzuki-Miyaura Couplings - Homogeneous or Heterogeneous
Catalysis, a Critical Review. Adv. Synth. Catal. 2006, 348, 609-679.

5. Yin, L.X.; Liebscher, J. Carbon-Carbon Coupling Reactions Catalyzed by Heterogeneous
Palladium Catalysts. Chem. Rev. 2007, 107, 133-173.

6. Bedford, R.B. Palladacyclic Catalysts in C-C and C-Heteroatom Bond-Forming Reactions. Chem.
Commun. 2003, 1787-1796.

7. de Vries, A.HM.; Mulders, J.; Mommers, JHM.; Henderickx, HJ.W.; de Vries, J.G.
Homeopathic Ligand-Free Palladium as a Catalyst in the Heck Reaction. A Comparison with a
Palladacycle. Org. Lett. 2003, 5, 3285-3288.

8. de Vries, A.H.M.; Mulders, J.; Willans, C.E.; Schmieder-van de Vondervoort, L.; Parlevliet, F.J.;
de Vries, J.G. Heck Reactions with Homeopathic Palladium. Abstr. Paper. Am. Chem. Soc. 2003,
225, U287.

9. de Vries, A.HM.; Parlevliet, F.J.; Schmieder-van de Vondervoort, L.; Mommers, J.H.M.;
Henderickx, H.J.W.; Walet, M.A.M.; de Vries, J.G. A Practical Recycle of a Ligand-Free
Palladium Catalyst for Heck Reactions. Adv. Synth. Catal. 2002, 344, 996-1002.



Molecules 2010, 15 3457

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Reetz, M.T.; de Vries, J.G. Ligand-Free Heck Reactions Using Low Pd-Loading. Chem. Commun.
2004, 1559-1563.

Reetz, M.T.; Westermann, E.; Lohmer, R.; Lohmer, G. A Highly Active Phosphine-Free Catalyst
System for Heck Reactions of Aryl Bromides. Tetrahedron Lett. 1998, 39, 8449-8452.

Dupont, J.; Consorti, C.S.; Spencer, J. The Potential of Palladacycles: More Than Just
Precatalysts. Chem. Rev. 2005, 105, 2527-2571.

Cassol, C.C.; Umpierre, A.P.; Machado, G.; Wolke, S.I.; Dupont, J. The Role of Pd Nanoparticles
in Ionic Liquid in the Heck Reaction. J. Am. Chem. Soc. 2005, 127, 3298-3299.

Migowski, P.; Dupont, J. Catalytic Applications of Metal Nanoparticles in Imidazolium Ionic
Liquids. Chem. Eur. J. 2007, 13, 32-39.

Reetz, M.T.; Westermann, E. Phosphane-Free Palladium-Catalyzed Coupling Reactions: The
Decisive Role of Pd Nanoparticles. Angew. Chem. Int. Ed. 2000, 39, 165-166.

Rocaboy, C.; Gladysz, J.A. Thermomorphic Fluorous Imine and Thioether Palladacycles as
Precursors for Highly Active Heck and Suzuki Catalysts; Evidence for Palladium Nanoparticle
Pathways. New J. Chem. 2003, 27, 39-49.

Tromp, M.; Sietsma, J.R.A.; van Bokhoven, J.A.; van Strijdonck, G.P.F.; van Haaren, R.J.; van
der Eerden, A.M.J.; van Leeuwen, P.; Koningsberger, D.C. Deactivation Processes of
Homogeneous Pd Catalysts Using in Situ Time Resolved Spectroscopic Techniques. Chem.
Commun. 2003, 128-129.

Prechtl, M.H.G.; Scariot, M.; Scholten, J.D.; Machado, G.; Teixeira, S. R.; Dupont, J. Nanoscale
Ru(0) Particles: Arene Hydrogenation Catalysts in Imidazolium Ionic Liquids. Inorg. Chem.
2008, 47, 8995-9001.

Prechtl, M.H.G.; Scholten, J.D.; Dupont, J. Tuning the Selectivity of Ruthenium Nanoscale
Catalysts with Functionalised Ionic Liquids: Hydrogenation of Nitriles. J. Mol. Catal. A 2009,
313, 74-78.

Hart, R.; Pollet, P.; Hahne, D.J.; John, E.; Llopis-Mestre, V.; Blasucci, V.; Huttenhower, H.;
Leitner, W.; Eckert, C.A.; Liotta, C.L. Benign Coupling of Reactions and Separations with
Reversible Tonic Liquids. Tetrahedron 2010, 66, 1082-1090.

Jessop, P.G.; Heldebrant, D.J.; Li, X.W.; Eckert, C.A.; Liotta, C.L. Green Chemistry - Reversible
Nonpolar-to-Polar Solvent. Nature 2005, 436, 1102-1102.

Liu, Y.X.; Jessop, P.G.; Cunningham, M.; Eckert, C.A.; Liotta, C.L. Switchable Surfactants.
Science 2006, 313, 958-960.

Takahash, Y.; Ito, T.; Sakai, S.; Ishii, Y. A Novel Palladium(O) Complex -
Bis(Dibenzylideneacetone)Palladium(O). J. Chem. Soc. D Chem. Commun. 1970, 1065-1066.
Bonnemann, H.; Brijoux, W.; Brinkmann, R.; Dinjus, E.; Joussen, T.; Korall, B. Formation of
Colloidal Transition-Metals in Organic Phases and Their Application in Catalysis. Angew. Chem.
Int. Ed. 1991, 30, 1312-1314.

Bonnemann, H.; Brijoux, W.; Joussen, T. The Preparation of Finely Divided Metal and Alloy
Powders. Angew. Chem. Int. Ed. 1990, 29, 273-275.

Reetz, M.T.; Lohmer, G. Propylene Carbonate Stabilized Nanostructured Palladium Clusters as
Catalysts in Heck Reactions. Chem. Commun. 1996, 1921-1922.



Molecules 2010, 15 3458

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Reetz, M.T.; Breinbauer, R.; Wanninger, K. Suzuki and Heck Reactions Catalyzed by Preformed
Palladium Clusters and Palladium/Nickel Bimetallic Clusters. Tetrahedron Lett. 1996, 37,
4499-4502.

Reetz, M.T.; Quaiser, S.A. A New Method for the Preparation of Nanostructured Metal-Clusters.
Angew. Chem. Int. Ed. 1995, 34, 2240-2241.

Reetz, M.T.; Helbig, W. Size-Selective Synthesis of Nanostructured Transition-Metal Clusters. J.
Am. Chem. Soc. 1994, 116, 7401-7402.

Deshmukh, R.R.; Rajagopal, R.; Srinivasan, K.V. Ultrasound Promoted C-C Bond Formation:
Heck Reaction at Ambient Conditions in Room Temperature lonic Liquids. Chem. Commun.
2001, 1544-1545.

Xu, L.J.; Chen, W.P.; Xiao, J.L. Heck Reaction in Ionic Liquids and the in Situ Identification of
N-Heterocyclic Carbene Complexes of Palladium. Organometallics 2000, 19, 1123-1127.

Calo, V.; Nacci, A.; Monopoli, A.; Detomaso, A.; Iliade, P. Pd Nanoparticle Catalyzed Heck
Arylation of 1,1-Disubstituted Alkenes in Ionic Liquids. Study on Factors Affecting the
Regioselectivity of the Coupling Process. Organometallics 2003, 22, 4193-4197.

Umpierre, A.P.; Machado, G.; Fecher, G.H.; Morais, J.; Dupont, J. Selective Hydrogenation of
1,3-Butadiene to 1-Butene by Pd(0) Nanoparticles Embedded in Imidazolium Ionic Liquids. Adv.
Synth. Catal. 2005, 347, 1404-1412.

Dupont, J.; Scholten, J.D. On the Structural and Surface Properties of Transition-Metal
Nanoparticles in Ionic Liquids. Chem. Soc. Rev. 2010, 39, 1780-1804.

Yang, X.; Fei, Z.F.; Zhao, D.B.; Ang, W.H.; Li, Y.D.; Dyson, P.J. Palladium Nanoparticles
Stabilized by an Ionic Polymer and Ionic Liquid: A Versatile System for C-C Cross-Coupling
Reactions. Inorg. Chem. 2008, 47, 3292-3297.

Astruc, D. Palladium Nanoparticles as Efficient Green Homogeneous and Heterogeneous Carbon-
Carbon Coupling Precatalysts: A Unifying View. Inorg. Chem. 2007, 46, 1884-1894.

Dupont, J.; de Souza, R.F.; Suarez, P.A.Z. Ionic Liquid (Molten Salt) Phase Organometallic
Catalysis. Chem. Rev. 2002, 102, 3667-3691.

Dupont, J. On the Solid, Liquid and Solution Structural Organization of Imidazolium Ionic
Liquids. J. Braz. Chem. Soc. 2004, 15, 341-350.

Gozzo, F.C.; Santos, L.S.; Augusti, R.; Consorti, C.S.; Dupont, J.; Eberlin, M.N. Gaseous
Supramolecules of Imidazolium Ionic Liquids: "Magic" Numbers and Intrinsic Strengths of
Hydrogen Bonds. Chem. Eur. J. 2004, 10, 6187-6193.

Hardacre, C.; Holbrey, J.D.; McMath, S.E.J.; Bowron, D.T.; Soper, A.K. Structure of Molten 1,3-
Dimethylimidazolium Chloride Using Neutron Diffraction. J. Chem. Phys. 2003, 118, 273-278.
Tsuzuki, S.; Tokuda, H.; Hayamizu, K.; Watanabe, M. Magnitude and Directionality of
Interaction in Ion Pairs of Ionic Liquids: Relationship with Ionic Conductivity. J. Phys. Chem. B
2005, 109, 16474-16481.

Mathews, C.J.; Smith, P.J.; Welton, T.; White, A.J.P.; Williams, D.J. In Situ Formation of Mixed
Phosphine-Imidazolylidene Palladium Complexes in Room-Temperature Ionic Liquids.
Organometallics 2001, 20, 3848-3850.

Dupont, J.; Spencer, J. On the Noninnocent Nature of 1,3-Dialkylimidazolium Ionic Liquids.
Angew. Chem. Int. Ed. 2004, 43, 5296-5297.



Molecules 2010, 15 3459

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Lebel, H.; Janes, M.K.; Charette, A.B.; Nolan, S.P. Structure and Reactivity of "Unusual" N-
Heterocyclic Carbene (Nhc) Palladium Complexes Synthesized from Imidazolium Salts. J. Am.
Chem. Soc. 2004, 126, 5046-5047.

Wang, R.H.; Zeng, Z.; Twamley, B.; Piekarski, M.M.; Shreeve, J.M. Synthesis and
Characterization of Pyrazolyl-Functionalized Imidazolium-Based Ionic Liquids and Hemilabile
(Carbene)Palladium(Ii) Complex Catalyzed Heck Reaction. Eur. J. Org. Chem. 2007, 655-661.
Ye, C.F.; Xiao, X.C.; Twamley, B.; LaLonde, A.D.; Norton, M.G.; Shreeve, J.M. Basic lonic
Liquids: Facile Solvents for Carbon-Carbon Bond Formation Reactions and Ready Access to
Palladium Nanoparticles. Eur. J. Org. Chem. 2007, 5095-5100.

Scholten, J.D.; Ebeling, G.; Dupont, J. On the Involvement of Nhc Carbenes in Catalytic
Reactions by Iridium Complexes, Nanoparticle and Bulk Metal Dispersed in Imidazolium Ionic
Liquids. Dalton Trans. 2007, 5554-5560.

Bernardi, F.; Scholten, J.D.; Fecher, G.H.; Dupont, J.; Morais, J. Probing the Chemical Interaction
between Iridium Nanoparticles and Ionic Liquid by Xps Analysis. Chem. Phys. Lett. 2009, 479,
113-116.

Calo, V.; Nacci, A.; Monopoli, A.; Laera, S.; Cioffi, N. Pd Nanoparticles Catalyzed Stereospecific
Synthesis of Beta-Aryl Cinnamic Esters in Ionic Liquids. J. Org. Chem. 2003, 68, 2929-2933.
Calo, V.; Nacci, A.; Monopoli, A.; Cotugno, P. Heck Reactions with Palladium Nanoparticles in
Ionic Liquids: Coupling of Aryl Chlorides with Deactivated Olefins. Angew. Chem. Int. Ed. 2009,
48, 6101-6103.

Consorti, C.S.; Flores, F.R.; Dupont, J. Kinetics and Mechanistic Aspects of the Heck Reaction
Promoted by a Cn-Palladacycle. J. Am. Chem. Soc. 2005, 127, 12054-12065.

Collman, J.P.; Kosydar, K.M.; Bressan, M.; Lamanna, W.; Garrett, T. Polymer-Bound Substrates
- a Method to Distinguish between Homogeneous and Heterogeneous Catalysis. J. Am. Chem.
Soc. 1984, 106, 2569-2579.

Calo, V.; Nacci, A.; Monopoli, A.; Fornaro, A.; Sabbatini, L.; Cioffi, N.; Ditaranto, N. Heck
Reaction Catalyzed by Nanosized Palladium on Chitosan in Ionic Liquids. Organometallics 2004,
23, 5154-5158.

Tao, R.T.; Miao, S.D.; Liu, Z.M.; Xie, Y.; Han, B.X.; An, G.M.; Ding, K.L. Pd Nanoparticles
Immobilized on Sepiolite by Ionic Liquids: Efficient Catalysts for Hydrogenation of Alkenes and
Heck Reactions. Green Chem. 2009, 11, 96-101.

Pryjomska-Ray, 1.; Gniewek, A.; Trzeciak, A.M.; Ziolkowski, J.J.; Tylus, W.
Homogeneous/Heterogeneous Palladium Based Catalytic System for Heck Reaction. The
Reversible Transfer of Palladium between Solution and Support. Top.Catal. 2006, 40, 173-184.
Qiao, K.; Sugimura, R.; Bao, Q.X.; Tomida, D.; Yokoyamal, C. An Efficient Heck Reaction in
Water Catalyzed by Palladium Nanoparticles Immobilized on Imidazolium-Styrene Copolymers.
Catal. Commun. 2008, 9, 2470-2474.

Calo, V.; Nacci, A.; Monopoli, A.; Montingelli, F. Pd Nanoparticles as Efficient Catalysts for
Suzuki and Stille Coupling Reactions of Aryl Halides in Ionic Liquids. J. Org. Chem. 2005, 70,
6040-6044.



Molecules 2010, 15 3460

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Fernandez, F.; Cordero, B.; Durand, J.; Muller, G.; Malbosc, F.; Kihn, Y.; Teuma, E.; Gomez, M.
Palladium Catalyzed Suzuki C-C Couplings in an Ionic Liquid: Nanoparticles Responsible for the
Catalytic Activity. Dalton Trans. 2007, 5572-5581.

Durand, J.; Teuma, E.; Malbosc, F.; Kihn, Y.; Gomez, M. Palladium Nanoparticles Immobilized
in Tonic Liquid: An Outstanding Catalyst for the Suzuki C-C Coupling. Catal. Commun. 2008, 9,
273-275.

Narayanan, R.; El-Sayed, M.A. Effect of Catalysis on the Stability of Metallic Nanoparticles:
Suzuki Reaction Catalyzed by Pvp-Palladium Nanoparticles. J. Am. Chem. Soc. 2003, 125,
8340-8347.

Pathak, S.; Greci, M.T.; Kwong, R.C.; Mercado, K.; Prakash, G.K.S.; Olah, G.A.; Thompson,
M.E. Synthesis and Applications of Palladium-Coated Poly(Vinylpyridine) Nanospheres. Chem.
Mat. 2000, 12, 1985-1989.

Ramarao, C.; Ley, S.V.; Smith, S.C.; Shirley, [.M.; DeAlmeida, N. Encapsulation of Palladium in
Polyurea Microcapsules. Chem. Commun. 2002, 1132-1133.

Liu, Y.B.; Khemtong, C.; Hu, J. Synthesis and Catalytic Activity of a Poly(N,N-
Dialkylcarbodiimide)/Palladium Nanoparticle Composite: A Case in the Suzuki Coupling
Reaction Using Microwave and Conventional Heating. Chem. Commun. 2004, 398-399.

Gopidas, K.R.; Whitesell, J.K.; Fox, M.A. Synthesis, Characterization, and Catalytic Applications
of a Palladium-Nanoparticle-Cored Dendrimer. Nano Lett. 2003, 3, 1757-1760.

Pittelkow, M.; Moth-Poulsen, K.; Boas, U.; Christensen, J.B. Poly(Amidoamine)-Dendrimer-
Stabilized Pd(0) Nanoparticles as a Catalyst for the Suzuki Reaction. Langmuir 2003, 19,
7682-7684.

Corma, A.; Garcia, H.; Leyva, A. Catalytic Activity of Palladium Supported on Single Wall
Carbon Nanotubes Compared to Palladium Supported on Activated Carbon Study of the Heck and
Suzuki Couplings, Aerobic Alcohol Oxidation and Selective Hydrogenation. J. Mol. Catal. A
2005, 230, 97-105.

Kim, N.; Kwon, M.S.; Park, C.M.; Park, J. One-Pot Synthesis of Recyclable Palladium Catalysts
for Hydrogenations and Carbon-Carbon Coupling Reactions. Tetrahedron Lett. 2004, 45,
7057-7059.

Zim, D.; Nobre, S.M.; Monteiro, A.L. Suzuki Cross-Coupling Reaction Catalyzed by Sulfur-
Containing Palladacycles: Formation of Palladium Active Species. J. Mol. Catal. A 2008, 287,
16-23.

Gaikwad, A.V.; Holuigue, A.; Thathagar, M.B.; ten Elshof, J.E.; Rothenberg, G. Ion- and Atom-
Leaching Mechanisms from Palladium Nanoparticles in Cross-Coupling Reactions. Chem. Eur. J.
2007, 13, 6908-6913.

Thathagar, M.B.; ten Elshof, J.E.; Rothenberg, G. Pd Nanoclusters in C-C Coupling Reactions:
Proof of Leaching. Angew. Chem. Int. Ed. 2006, 45, 2886-2890.

de Vries, J.G. A Unifying Mechanism for All High-Temperature Heck Reactions. The Role of
Palladium Colloids and Anionic Species. Dalton Trans. 2006, 421-429.

Hu, J.; Liu, Y.B. Pd Nanoparticle Aging and Its Implications in the Suzuki Cross-Coupling
Reaction. Langmuir 2005, 21, 2121-2123.



Molecules 2010, 15 3461

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Zhao, D.B.; Fei, Z.F.; Geldbach, T.J.; Scopelliti, R.; Dyson, P.J. Nitrile-Functionalized
Pyridinium lonic Liquids: Synthesis, Characterization, and Their Application in Carbon - Carbon
Coupling Reactions. J. Am. Chem. Soc. 2004, 126, 15876-15882.

Chiappe, C.; Pieraccini, D.; Zhao, D.B.; Fei, Z.F.; Dyson, P.J. Remarkable Anion and Cation
Effects on Stille Reactions in Functionalised Ionic Liquids. Adv. Synth. Catal. 2006, 348, 68-74.
Fei, Z.F.; Zhao, D.B.; Pieraccini, D.; Ang, W.H.; Geldbach, T.J.; Scopelliti, R.; Chiappe, C.;
Dyson, P.J. Development of Nitrile-Functionalized Ionic Liquids for C-C Coupling Reactions:
Implication of Carbene and Nanoparticle Catalysts. Organometallics 2007, 26, 1588-1598.

Cui, Y.G.; Biondi, I.; Chaubey, M.; Yang, X.; Fei, Z.F.; Scopelliti, R.; Hartinger, C.G.; Li, Y.D.;
Chiappe, C.; Dyson, P.J. Nitrile-Functionalized Pyrrolidinium Ionic Liquids as Solvents for
Cross-Coupling Reactions Involving in Situ Generated Nanoparticle Catalyst Reservoirs. Phys.
Chem. Chem. Phys. 2010, 12, 1834-1841.

Yang, X.; Fei, Z.F.; Geldbach, T.J.; Phillips, A.D.; Hartinger, C.G.; Li, Y.D.; Dyson, P.J. Suzuki
Coupling Reactions in Ether-Functionalized Ionic Liquids: The Importance of Weakly Interacting
Cations. Organometallics 2008, 27, 3971-3977.

Yan, N.; Yang, X.; Fei, Z.F.; Li, Y.D.; Kou, Y.; Dyson, P.J. Solvent-Enhanced Coupling of
Sterically Hindered Reagents and Aryl Chlorides Using Functionalized Ionic Liquids.
Organometallics 2009, 28, 937-939.

Corma, A.; Garcia, H.; Leyva, A. An Imidazolium Ionic Liquid Having Covalently Attached an
Oxime Carbapalladacycle Complex as Ionophilic Heterogeneous Catalysts for the Heck and
Suzuki-Miyaura Cross-Coupling. Tetrahedron 2004, 60, 8553-8560.

Gao, S.Y.; Zhang, H.J.; Wang, X.M.; Mai, W.P.; Peng, C.Y.; Ge, L.H. Palladium Nanowires
Stabilized by Thiol-Functionalized Ionic Liquid: Seed-Mediated Synthesis and Heterogeneous
Catalyst for Sonogashira Coupling Reaction. Nanotechnology 2005, 16, 1234-1237.

Calo, V.; Nacci, A.; Monopoli, A.; Cotugno, P. Palladium-Nanoparticle-Catalysed Ullmann
Reactions in Ionic Liquids with Aldehydes as the Reductants: Scope and Mechanism. Chem. Eur.
J. 2009, 15, 1272-1279.

Pachon, L.D.; Elsevier, C.J.; Rothenberg, G. Electroreductive Palladium-Catalysed Ullmann
Reactions in lonic Liquids: Scope and Mechanism. Adv. Synth. Catal. 2006, 348, 1705-1710.

© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an Open Access article
distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



