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14. References 2660 significant steps have been made in the understanding and

creation of cleaner routes to the preparation of :%.In
: addition, analytical methods for determination of the well-
1. Introduction characterized materials have been develdged.This is
Catalytic reactions in ionic liquids (ILs) have been particularly important in catalysis where the impurity in the
examined for at least 20 years; for example, the first report solvent can have a significant impact on the selectivity and
of the use of an IL as a catalyst in Fried&rafts acylation activity. Furthermore, determination of the sensitivity of the
was reported in 1986However, it is only in the past decade system to impurities can significantly affect the economics
that there has been an explosion in their use in a wide rangeof any process.
of catalytic and stoichiometric reactions as well as in many Besides their advantages with respect to environmental
other applications, and this has led to a greater thanimpact, a number of critical aspects of ILs make them an
exponential growth in the number of papers published. A interesting medium in which to study chemical syntheses.
number of good reviews cover the area of ILs in general, The large number of cations and anions allow a wide range
for example?—° Although they are often considered as green of physical and chemical characteristics to be achieved,
alternatives to volatile organic solvents, notably chlorinated including volatilé® and involatile systems, and thus the terms
hydrocarbons, their toxicity and biodegradability propetfies “designer” and “task-specific” ILs have been developed.
have not been fully determined and the manufacture of the This allows not only control over processing of the reaction
ILs often contains a metathesis step which limits their green but also control over solventolute interactions. The latter
credentials to some extent. However, in both of these areasis important, and the fact that these solvents are ionic and
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highly structured, for exampRg; 28 can give rise to a distinct ~ Scheme 1. Schematic Representation of Electrostatic
chemistry of their own compared with molecular solvent Stabilization of Metal Colloid Particles
systems in both achiral and chiral processes.

In any process the steps following reaction are often at
least as important for the overall environmental impact and
economics. In this respect, ILs have been shown to have a
significant advantage over conventional solvents for homo-
geneously catalyzed reactions. In these cases, the IL may
be used in “biphasic catalysis’or the catalyst can be ®©
entrapped or “immobilized”, allowing extraction/distillation
of the organic product and the IL/catalyst system reused.
Recycling of the IL/catalysts in this way has been demon-
strated in many examples and is vital given the high capital
cost of the solvent. Similar considerations also exist for
heterogeneous catalysts and biocatalysts. In particular,(Scheme 1). In this way it is possible to realize additional
processes involving nanoparticulate catalysts and ILs havecontrol, mostly on the solubility in an appropriate solvent
been particularly effective in screening the charged layer on and their isolatior¥® Combining different stabilizing effects
the surface of the colloids, preventing aggregation and may even improve the performance of nanoparticle catalysts.
stabilizing the systerf? By tuning the ILs’ composition, the ~ For example, Finke and co-workéf$® showed that co-
stability, size, and solubility of the nanoparticles may all be stabilization of rhodium nanoparticles with polyoxoanions
tuned3® and tetrabutylammonium cations leads to a high improvement

The same properties that make ILs effective solvents also©f turnover frequency (TOF) for hydrogenation of olefins
make them interesting liquids for studies involving sonochem- and arenes. _ ) )
istry, acoustic cavitation, and sonoluminescence. Recent Animportant advantage of using ILs in such preparations
advances in using ultrasound to accelerate chemical reactionés that they facilitate inorganic synthesis from highly polar
conducted in ILs have found them, in combination with starting materials under ambient conditions and under
catalysis, to be a versatile solution in several applicatiéns. anhydrous or water-poor conditions. In this way, hydroxide

The aim of this paper is to provide a state of the art review OF Oxy-hydrate formation can be suppressed.
in the use of ILs’ solvents in catalyzed reactions. Given the ~ Several nanometallic catalysts have been shown to be
large amount of studies on homogeneously versus hetero-activated after stabilization with ILs. Dupont et *&f°
geneously catalyzed process as reported in ILs, the former'eported that iridium nanoparticles stabilized by the IL
papers will be used as illustrative examples only for the wide [C4mim][PFs] showed a large increase in activity for the
range of reactions studied. Furthermore, where appropriate Piphasic hydrogenation of various olefins and arenes under
the use of ILs in biocatalytic and electrocatalyzed reactions Mild reaction conditions. These nanoparticles were obtained
has also been reviewed. via rapid reduction of a [IrCl(cod)](cod = 1,5-cycloocta-

Within this review 1-alkyl-3-methyl imidazolium cations ~ diene) complex in [@mim][PFg] with hydrogen at 75°C.
are denoted as j@im]*, 1-alkyl-2,3-dimethyl imidazolium  Structural characterization confirmed the colloidal properties

cations are denoted as I{m’]im]Jr, 1_a|ky|_3_a|ky[ imid- of the pal’tiC|eS (2’25 nm) and XRD the e-XiStence of iridium
azolium cations are denoted asng;mim]"', N_a'ky'pyn_ as Ir(O) Although the_presence Of water in the System Ca.uses
dinium cations are denoted as fgr]*, 4-methylN- decomposition of [@mim][PFg], no influence on the catalytic
alkylpyridinium cations are denoted as,fapyr]*, N-alkyl, performance of the ionic media was observe®ecently,
N-methyl pyrrolidinium cations are denoted asi@®yrr]", this system has been examined by detailed kinetic modeling

tetraalkylphosphonium cations are denoted ag:{P]*, and which indicated t_hat thg nanoparticles acted as a heteroge-
tetraalkylammonium cations are denoted agf\-]* where ~ Nneous catalyst via a simple Langmuir adsorption mecha-
n represents the alkyl chain length attached to the N or P Nism®* The IL is thought to limit diffusion of the nanopar--
center. The anion bis(trifluoromethylsulfonyl)imide, i.e., ticles and thus promote formation of small particles and limit
[(CFsSO,),N] -, is denoted as [N}, and triflate is denoted  their growth. A very similar procedure has also been applied

as [OTfT . to prepare rhodiufl and ruthenium nanoparticlés.Pal-
ladiunf® and platinur¥* nanoparticles with sizes of about
2. Nanostabilized Catalysts in ILs 4.9 and 2.5 nm, respectively, were also obtained following

the same protocol but using different precursors, i.e.,
2.1. ILs as Solvents for Synthesis of Pd(acag)or Pt(dba} dissolved in [Gmim][PFg] or [Csmim]-
Nanoparticles [BFd. , ,
Stabilization of gold (and platinum) nanoparticles by
Nanoparticle catalysts have attracted large interest becausémidazolium derivatives has also been reporfed’ Gold
they exhibit a high surface to bulk metal ratio, which allows nanoparticles of~5 nm were obtained by reduction of an
more efficient use in practice. This aspect is frequently agueous solution of HAu@lwith an excess amount of
accompanied by large enhancements in the activity andNaBH, in the presence of 3-3disulfanylbis(hexane-1,6-
selectivity where they are used as cataly3tshe recent diyl)]-bis(1-methyl-H-imidazol-3-ium)dichloride. Formation
achievements in this field allow control over the composition of [BF4] - or [PR] -based structures was simply achieved
(including nanoalloys materials) and siZe® In spite of via an ionic exchange process. Significantly, gold nano-
these advantages, nanocatalysts are kinetically unstable wittparticles of about 3.6 nm stabilized by a zwitterionic
respect to agglomeration to the bulk metal and therefore imidazolium sulfonate-terminated thiol (Figure 1) exhibit a
require stabilization. Therefore, to be used they need remarkably high stability in agueous solutions with high
stabilization by either surface-ligating anions or other ligands concentrations of electrolytes, ILs, and proteins.
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Figure 1. Schematic representation of the stabilization interaction
between the zwitterionic imidazolium sulfonate-terminated thiol

with a gold cluster. Reproduced by permission of The Royal Society
of Chemistry?”

Larger gold particles (4849 nm) were also prepared by
reduction of HAUC) but using citrate as a reductant in

Parvulescu and Hardacre

the IL and shown to form highly stable-2 nm Pd clusters

by EXAFS and TEM?54 Also, Heck or Suzuki and Stille
coupling reactions carried out using Pd(OAtkated with
tetrabutylammonium acetate in tetrabutylammonium bromide
led to fast formation of Pd nanoparticles of @ nm in size,
which were very active in these reactidfis?’ In the
palladium nanoparticle-catalyzed Heck reaction in ILs,
detailed TEM studies have shown that the role of the cluster
may be to act as a reservéfirThe larger particles are thought
to break up on oxidative addition of the phenyl iodide and,
after the reaction, can either continue in the catalytic cycle

[Csmim][PFe].*® However, to avoid precipitation of these  or reagglomerate. The palladium particles, reported therein,
larger particles, the presence of tetradecyltrimethylammo- pefore reaction were-2 nm, which is consistent with other
nium bromide, as a cationic surfactant, was required. In order TEM and EXAFS studies, but after reaction they were 6 nm.
to avoid boric acid impurities in the resultant nanoparticles, QOther reactions, like the Sonogashira coupling, were reported

clean reduction of HAuGlwith CO in [Cimim][BF,] was
investigated? Water was found to be an important parameter
in controlling the particle size which was found to increase

as the concentration of water was raised. Furthermore, using
n-hexane as a phase-transfer solution, the morphology of the

gold nanoparticles into a ring structure could be achieved.

The capability of ILs to stabilize noble metal was also
demonstrated for the extraction of gold and silver from &fes.
Using [Gmim][HSQO,] as a solvent it was demonstrated that
solubilized thiourea selectively complexed these elements
leading to stable structures.

Although imidazolium-based ILs have been widely dem-
onstrated as a good stabilizing agent for nanopatrticles, in
some cases it is found that agglomeration still leads to a loss
of activity, indicating that IL stabilization alone does have
limitations. Adding other materials to ILs can combine
different types of stabilizing effects, leading to more stable
nanoparticles. It is important to note, however, that com-
monly used organic stabilizers, for example, 1,10-phenan-
throline and polyll-vinyl-2-pyrrolidone), generally have low
solubility in ILs. In contrast, synthesis of ionic copolymers
containing imidazolium IL-like units, which can act as

to be catalyzed by Pd(0) nanoparticles of-1& nm using
[C4C4im][BF4] as the solvent and ultrasound irradiatfSn.

Although the IL is an efficient stabilizer in many cases,
additional stabilization has been shown using PEG as a
modifier 8° Carbapalladacycle complexes also decompose in
PEG upon reaction; the resulting Pd nanoparticlesy(&m)
are stabilized by PEG acting as ligand. In this way, a
reusable, homogeneous system in PEG has been developed
that is able to catalyze the Suzuki and Sonogashira couplings.
PVP-protected Pd nanoparticles have also been used for
methoxycarbonylation of iodobenzefieTherein, imidazo-
lium-based ILs inhibited reaction via formation of a carbene
complex, whereas good activity was found in tetraalkyl-
ammonium- andN-alkylpyridinium-based ILs. Thiol-func-
tionalized ILs have been utilized to promote formation of
palladium nanowires. Uniform nanowires of-2 nm were
formed, which were found to be active and recyclable for
the Sonogashira coupling between phenylacetylene and
phenyliodide in isopropyl alcohéf.

Most reports using the combination of ILs with nanopar-
ticles have concentrated on their morphology and catalytic

soluble bifunctional costabilizers when dissolved in ILs, activity. However, the mechanism by which the particles
enhance the stability of the nanocatalysts. 1-Vinyl-3-alkyl form and the IL stabilization effect have been much less
imidazolium salts have been prepared fromihalkylation examined. In conventional media, the stability of the colloids
of 1-vinylimidazole with the corresponding alkyl halides. The is explained according to the DLVO (Derjaguin, Landau,
polymers were then synthesized by free-radical copolymer- Verwey, Overbeek) theo? ¢ Equally charged particle
ization of the 1-vinyl-3-alkyl imidazolium halide aridvinyl- surfaces lead to Coulombic repulsion, i.e., the interaction
2-pyrrolidone using azo-bis-isobutyronitrile as the initiator potential decreases with particle surface distance. Following
in methanol. The resulting copolymers were highly soluble the DLVO theory the superposition with the permanently
in 1-butyl-3-methylimidazolium ILs as well as in other highly ~present van der Waals attraction can lead to a net interaction
polar organic solvents such as methanol. Rhodium nanopar-potential, which exhibits a local maximum. However, this
ticles were reported to be prepared and stabilized by theory can only explain the stabilization but not the additional
hydrogen reduction of RhgBH,O in the presence of the activation of such particles. Using Ir(0) nanoparticles as a
copolymers dissolved in [fnim][BF4] IL, resulting in a model, prepared via reduction of [(1,5-COD)Ir(¢EN),|BF
relatively narrow unimodal size distribution with a diameter under H in the presence of a proton sponge in acetone and
of 2.9+ 0.6 nm is observedt. predetermined but variable amounts of #f@m][NTf],
Another approach for the ILs’ stabilization of reduced Starkey et aff investigated formation of nanoparticles in a
nanoparticles was proposed by Mevellec et?dkhodium range of ILs using deuterium labeling ariti NMR,
nanoparticles{2.4 nm) were formed in an agueous solution indicating that formation ofN-heterocyclic carbenes from
of N,N-dimethylN-dodecyIN-(2-hydroxyethyllammonium  imidazolium-based ILs and subsequent ligation of the nano-
chloride. Using a metathesis step, the corresponding,JNTf  particles is important. This is consistent with other studies
based IL was formed, which separated and removed thewhich have shown formation of the active catalytic carbene
nanoparticles from the water phase. The IL acted as aspecies in IL$457 The carbene is thought to form via-&i
stabilizer and had to be diluted with J@im][PFg] to enable oxidative addition at the acidic C(2) hydrogen on the
the particles to be used as a catalyst. imidazolium cation and clearly shows that the IL cannot be
Nanoparticles can also be formed during reactions using considered as an innocent solvent. Further evidence for the
a homogeneous catalyst as the precursor. The first nanopareapability of ILs to form multiple hydrogen bonds has been
ticles to be reported in ILs fall into this category, where in reported by Mele et & Coupled with the results of Starkey
the Heck reaction Pd(OAgwas thermally decomposed in et al®® a mechanism involving molecular recognition and
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self-organization processes, i.e., close to that found in
supramolecular chemistry, is likely.

Antonietti et al. considered that stabilization of the
nanoparticles was due to the IL acting as a pure “universal”
ligand® The low interfacial tension of the solvent favors
high nucleation rates and leads to small particles which
undergo Ostwald ripening only weakly. The IL structure is
important in this regard as it can easily incorporate many
species due to the presence of hydrophobic regions and &
high directional polarizability, which is oriented parallel or
perpendicular to the dissolved species.

Alloying noble metals with group VIII elements is known
to enhance the catalytic behavior and selectivity of the noble
metals in various reactiorféHowever, this is conventionally
achieved using high temperatures and not readily applicable
to solution-phase chemistry due to the volatile nature of the

solvent. Switching to a more thermally stable solvent, i.e. Figure 2. ORTEP representation &fshowing some of the GIH

the IL, has allowed such nanoparticles to be formed. For interactions shorter than 3 A; ellipsoids are drawn at the 50%
example, nanorods, as well as nanoparticles with a range ofprobability level?

CoPt, compositions were synthesized inf@im][NTf] and

[Comim][NTf;] using cetyltrimethylammonium bromide In the case of ILs as an immobilization media, ionic
(CTAB) as the capping reagefit.These materials were transition-metal catalysts are generally well retained during
prepared from Pt(acacand Co(acag)in dry [Camim][NTf] product separation, and many examples have been reported
at 350°C, leading to particles with an average diameter of that illustrate their potentidP although quantitative data is
8 nm. not always available. However, with uncharged catalysts,

) ) leaching can be high and functionalized ligands may be
2.2. Active Complexes of Metal Compounds with required to prevent loss of the transition metal into the
ILs product phasé*’

Another approach considered for the synthesis of active o
catalysts in ILs is stabilization of the metal complexes by 2.3. Supported IL-Stabilized Catalysts
the IL.”2 For example, in acetonitrile, palladium(ll) chloride Although ILs can, in many cases, be classed as involatile
reacts withN-butyronitrile pyridinium chloride, [@CNpy]- and therefore recovery of the IL from reactions is possible,
Cl, 1, leading to [GCNpyL[PdCL], 3 (Scheme 2). Addition  this still requires liquid-phase processing. Heterogeneous
of a further equivalent of Pdglto 5 in dichloromethane  systems offer significantly simpler workup via filtration/
resulted in formation of [PA@C:CNpy)][PdCly], 4, over decantation of the solid material, and ILs have been
a period of several days. OthBbutyronitrile pyridinium supported on solids to allow for this possibility. A number
ILs, 2, containing [PE|~, [BF4~, or [NTf;]~ as counter of methods have been reported for preparation of solid-
anions led to formation of a different type of complexes, supported ILs.
i.e., [PA(GCNpy)Cly][PFg]2, 5, [PA(GCNpy)Cl,][BF 42, 6, Direct immobilization of IL on a solid support has been
and [Pd(GCNpy)CL][NTf],, 7, respectively. All of these  demonstrated using the routes shown in ScherfeThe
palladium complexes are air stable and do not decomposechoice of the chosen route depends on the combination of
on washing with water or alcohols at room temperature, but the support and IL, for example, the heterogeneity of the
they do decompose in water and alcohols over prolongedsurface, hydrophilicity/hydrophobicity of the surface, surface
periods of time. area, pore width, and length of side chains of the inorganic

The structure of these complexes has been determinedcation.
from single-crystal X-ray analysis. Figure 2 shows the This methodology has also been used to support Brgnsted
structure of [GCNpyLL[PdCL]. In this complex the [PdG].~ acid ILs via radical initiation using AIBN (Scheme 4). These
anion is close to 15 hydrogen atoms belonging to 6 different IL-derived sulfonic acid silica-gel-supported catalysts have
cations with distances between 2.708 and 2.997 A. Suchbeen used for a range of esterification and nitration reactions
hydrogen bonding explains to some degree their markedly showing excellent recyclability and high activity.
higher melting points relative to those of the complexes The simplest method of preparing immobilized ILs is via
containing other counter ions, for example, [BF incipient wetness impregnatidhHolderich and co-workers

Scheme 2. Synthesis of Palladium Complexes in ILs

(CH,);CN + _(CH,);CNPACI
pdcn |~ SN pdcl |~ SN ? ’
] 242 | [pdCl] —2 | [PACL,]
F F
2 2

3 4

12 | \N/( 2)3 [ ] 2 5: A [PF6]-
2 6: A =[BF,]
/ [ 4]

5 7: A = [NTHT
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Scheme 3. Immobilization of the IL Anion, the IL Cation or as a Supported Liquid Phase

3

| o LA N e (©)
Si—0——(MX;), ; 3 N N
% S CH3/\/ XN\

s—o \0

o)
et NN, )

(MX3) X

CH;,

Scheme 4. Immobilization of ILs via Radical Initiation Using AIBN

(|)Me
NNCA NN
NN NS0,X. CFiS0y + P SH
0
AIBN, MeCN
30h, reflux n=3,4 X=0H,CI

OMe
0| (CHy),
\Si/\/\s/\/\N/\N/ S0,X . CF380;
o i

used this methodology to support chloroaluminate ILs on a to facilitate the immobilization of MnG] FeCh, CoCl,
range of oxide supporf§.’® The ILs are preformed and NiCl,, CuCh and PdC{ for the Kharasch reaction between
adsorbed onto dried supports. Although the supported IL wasstyrene and CGE2 However, only the copper-based catalyst
active on all supports used, the IL was found to destroy the had significant activity and showed high selectivity toward
pore structure of materials such as zeolites. Damage to thethe addition reaction over styrene oligomerization. Using
support was shown to be limited if an organic halide EXAFS, the copper was shown to be present in the form of
containing the cation of the desired IL was grafted onto the the [CuC}]>~ anion. Epoxidation reactions have been
surface of the support before adding the metal halide, for performed using this technique employing the dinuclear
example, AICL.7® Incipient wetness has also been used to peroxotungstate aniof \V(=0)(0,)2(H20)} 2(u-O)]?>~ with
support analogous chloroferrate ILs on oxides and carbon,H,O, as the catalyst Using a range of olefin substrates,
which showed good activity in a range of liquid-phase good yields were obtained in acetonitrile and comparable
reactions. However, significant leaching of the IL was rates were found in the heterogenized anionic catalyst with
observed in the liquid-phase reactions limiting their #se. the equivalent unsupported catalyst.
Attempts were also made to support chlorostannate ILs; Stabilization of metatnanoparticles is clearly demon-
however, due to their high viscosity, this was not practical. strated using ILs and can be used to support metals on
Alternatively, a support material containing the cationic supports. Using the fact that guanidine and guanidinium ions
groups can be prepared using the-sggl method. By adding  have the ability to form coordination complexX@seutraliza-
1-(triethoxysilylpropyl)-3-methylimidazolium chloride to a  tion of 1,1,3,3-tetramethylguanidine and lactic acid has been
mixture of a silicon source and a template, mesoporous silica,used to provide a medium for Pd nanoparticles in solution
which contains 1-propyl-3-methylimidazolium chloride groups and, subsequently, on high surface SBA-15 molecular sieve
bonded to surface silicon atoms, may be prepared. Addition (520 n? g~%).86 Therein, the Pd nanoparticles{2 nm) were
of aluminum chloride leads to formation of ionic com- formed from Pd(OAcg) in a THF/methanol solution, im-
plexes’® mobilized in the IL, and deposited on the support giving a
Abell6 et al. used the concept to support basic ILs. Choline coating of 20 wt % IL. Interestingly, the surface area of the
hydroxide was supported on MgO and shown to be an support remained high after the IL treatment.
efficient catalyst for the aldol reaction for a range of aldehyde  Immobilization of Ru nanoparticles using the same IL
and ketone substraté&sin comparison with NaOH, choline  1,1,3,3-tetramethylguanidinium cation on a montmorillonite
hydroxide alone or MgO, the supported IL showed increased clay?” or on SBA-15 molecular sie¥has also been reported.
TOFs, although similar selectivities were found for all Inthe case of Namontmorillonite, the procedure consisted
catalysts in general. of treatment of the clay with an aqueous solution of the IL
Mehnert and co-workers extended this methodology to in order to exchange the Na cations with those of the IL and
support Rh(l) complexes for hydroformylation of hex-1-ene then exposure of the solid to an aqueous solution of RuCl
to heptanal in both IL and molecular solveftsSasaki et However, many aspects concerning synthesis of the hetero-
al. used similar silyl-tethered ILs covalently bound to silica geneous catalyst remain unclear including the nature of the
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surface and whether the IL remains on the catalyst following with the byproduct dimethyl ether. A high ester to acid ratio

preparation. was also found +3.5)% Similarly, Yang et al. used a
Mehnert et al. also demonstrated immobilization of a TPPTS-Rh complex [TPPTS= trisodium salt of tri(n

rhodium catalyst in [@nim][PFs] impregnated onto silica  sulfophenyl)phosphine, R{CsH,SOsNa);] derived supported

gel® The catalyst was prepared by dissolving the-IL  IL using MCM-41 as the support for the liquid-phase hydro-

catalyst solution in acetone which was then used to impreg- formylation of a range of alkené€&?° As with many of the

nate the silica. Following evaporation of the acetone from supported ILs, good recyclability of the system was found.

the solid, an IL loading of 25 wt % was obtained with an

average IL layer thickness of 6 A. Figure 3 illustrates the 2.4. ILs as Templates for Heterogeneous

confined IL phase containing the rhodium complex on the Catalysts

surface of a silica gel support material. ) . .
g PP Since the work of Dai et &°and Adams et al°* utilizing

the ILs as a template for formation of sajel and MCM

SR aniciEl as materials, a number of “catalyst” supports have been formed

N using this approach. To form the MCM-41, 1,3-dialkyl-
@ [Rh(norbomadiene)(PPh,),J[PF] imidazolium bromides were dissolved in an agueous solution
and the silica was formed via a hydrothermal synth¥3is.

00,6 .g.g,ggooﬁ’”’*“o 0 Imidazolium hydroxides have also been used to form MCM-
(g:gg:g:go 41, albeit the salt used in this case was not af#lln the
€CE0ED, case of sotgel formation, acid-catalyzed synthesis was
Silica Gel employed using tetramethylorthosilicate as the precursor and
Figure 3. Confined IL phase containing the rhodium complex, [C_zmlm][Nsz] as the t_emp_laté‘?OAt room temperature and
[Rh(norbornadiene)(PRBI[PFs, on the surface of a silica gel ~ With @ three-week curing time, a stable sgel was formed
support material. Reproduced by permission of The Royal Society from which the IL could be extracted and reused (Figure 4).
of Chemistrys® The technique is mild and does not require a supercritical
fluid drying step, which can cause destruction of the-sol
A similar procedure has also been reported for im- gel structure.
mobilization of a Pd catalyst on sili¢&°* A suspension of

[C,mim][PF,]
lonic liguid layer

—
(1)

0, o)

0

)

0,

amorphous silica spheres was brought into contact with a o ° gpess 0 .
solution of Pd(OAg) in the IL and THF and the mixture  siome), ... @, ‘e o ol s et |
evaporated to dryness, resulting in the immobilized catalyst HC©OH - ——— Je ! — — |
on the support. Among the ILs tested,sf@im][PFs] was S .'.. ! |
found support Pd(OAg)most efficiently compared with e e S :
[C4mim]Br, [Csmim][NTf;], or [Csmim][PFg], for example. Figure 4. Mechanism for the aerogel formation in the IL.

Electron X-ray microanalyses and atomic force microscopy Reproduced by permission of The Royal Society of Chemistty.
confirmed that phosphorus, fluorine, and Pd were distributed
on the surface of silica uniformly. These results, along with  ILs have also been shown to generate supports used in
the dry character of the catalyst, suggested that the solutionheterogeneous catalysis by sglel processing using water-
of Pd(OAc) in an IL exists in the silica pores. In a similar  lean reaction medi#3 1% Zhou and Antonietti hydrolyzed
manner, Pd(PRJy and Pd black were immobilized, though titanium tetrachloride in [@nim][BF4] with less than stoi-
Pd/C and PdG[PPh). could not be immobilized due to chiometric water (water-poor conditions) using a low-
negligible solubility of the catalysts in the IL/THF mixture. temperature synthesis at 8C.1%* Therein, anatase powder
Incipient wetness techniques have been used to prepareonsisting of 2-3-nm-sized particles and with surface areas
Pd(acag)dissolved in [PE~ ILs on activated carbon cloth  of 554 n? g~* were prepared. Similar results were obtained
for hydrogenation of citral in organic solvents using hydro- by Yoo et al**¢1%ysing titanium tetraisopropoxide as the
gen??23 Although good activity was observed and the catalyst sol—gel precursor in [@mim][PFs]. Furthermore, preparation
was recyclable, poor selectivity was achieved with citronellal of TiO, hollow microspheres has been reported by Na-
and dihydrocitronellal found to be the primary products over kashima and Kimizuka in ILs by means of an “interfacial”
a range of conditions and ILs used. sol—gel reaction®® Commonly, the synthesis route in
The concept of immobilization of palladium in a solid- conventional molecular solvents leads to amorphous titania
supported IL has been developed by Karimi and Enéfers. at a much reduced rate compared with the crystalline form
In this case, a palladiumcarbene complex is formed on the produced via the IL method. Importantly, anatase is formed
surface of silica gel via a covalently bound IL. This supported in the IL route, and it is in this form that the oxide exhibits
palladium complex was then used for the Heck reaction, the catalytic properties, e.g., in photocatalysfs.
showing remarkable thermal stability, up to 280, while Monolithic mesoporous silica with wormhole framework
retaining the activity. silica were similarly prepared using J@im][BF,] as the
The involatility of the IL has led to extension of template, and tetramethyl orthosilicate was used as the sol
homogeneous catalysts being used for gas-phase reactiongjel precursor via a nanocasting techniétfeOn the basis
Both Hdderich and co-workef8 and Wasserscheid, Fehr-  of the molecular structure and properties ofrf@m][BF],
mann and co-worke?3 °7 used the idea of supported ILsto  Zhou et al. proposed a so-called hydrogen-becotr—x
investigate gas-phase processes. For example, combiningtack mechanism to justify the self-assembly of IL in the
[Camim][Rh(CO)l;] with [Csmim]l supported on Sig) a reaction system for formation of the wormlike mesoptfe.
continuous, fixed-bed gas-phase carbonylation of methanolAccording to this mechanism (Scheme 4), both the hydrogen
has been developed. High activity and selectivity were bond formed between the [BF and silano group of silica
achieved, forming acetic acid and methyl acetate comparedgel and thex—s stack interaction of the neighboring
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Scheme 5. Schematic lllustration of the Proposed Hydrogen-Bonde-z-r Stack Mechanisni®
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Scheme 6. Different Aluminophosphate Zeotype

imidazolium rings play crucial roles in formation of the Frameworks Obtained Using [Gamim]Br &

wormhole framework of mesoporous silica.

The structure of the solvent and supramolecular effects
become important when reactions are conducted with higher
concentrations of inorganic reactant, and this leads to a range
of material characteristics. The nature of the anion is also
important. In the case of formation of mesoporous silica,
Zhou et al*% proposed that the [BF anion interacted with
the silanol groups forming hydrogen bonds, inducing an
oriented arrangement of the anion along the pore walls and

in Scheme 5.

Other evidence for the template effect of ILs in the
synthesis of well-defined textured silica materials has been
shown using the selgel nanocasting technique with a range
of [Cymim]ClI for n = 10, 14, 16, 18% Formation of the

well-ordered, lamellar super-micropores was considered to &Q' AT ff.
result from the particular spatial aggregation of the IL og‘!-- ‘-‘-‘-"-‘-‘

. . . . 7 J¥/ I
molecules. Due to the increase in lamellar spacing with e [
increasing alkyl chain lengti! an expansion in the pore g7

)

[l Al AL

from 1.2 to 1.5 nm was observed. The stability of these pores g%ﬂ.‘%'l '%

was maintained after the IL was removed, and this was ’».‘-t‘
ars .

attributed to formation of pillars or touching undulations

i
between the neighboring lamellar layers. ‘:’%‘.‘%‘g}’
Similarly, Dai et al. used 1,3-dialkylimidazolium bromide & &
salts to study formation of periodic mesoporous organosilica SIZ-4 SIZ-5
materials via a bis(triethoxysilyl)ethane precur§8iControl 2 Adapted by permission from Macmillan Publishers Ltdature2004

of the morphology of these materials has been further 430 1012 (http://www.nature.com), Copyright 2084.

investigated using halide-based imidazolium salts with both

alkyl and ether side-chain functionaliti&$. Therein, the ~ formed on silicon substrates and, using deep ultraviolet
structure of the micelles and, therefore, the pore structure calcination as opposed to thermal treatment, led to a strong
as well as the particle morphology were strongly influenced silica matrix with maintenance of the hexagonal pore
by the nature and length of the imidazolium side chain. For structure with limited contraction.

example, by increasing the alkyl chain length from, @ Morris and co-workers demonstrated the potential of using
C1dCys in [Cymim]Br, the materials changed from spheres ILs as both solvents and templates for formation of new
to ellipsoids and rods, respectively, and by replacing the C zeolitic materials (Scheme 6% Using [Cmim]Br four
chain with a G,—0O—CH; chain, tubular-shaped particles different aluminophosphate zeotype framewaorks were formed
were synthesized. Cetyltrimethyl phosphonium bromide IL which were related to the synthesis conditions used. In each
has also been used as a template to form MCM4The case the synthesis was performed at 160 however, by
subsequent material had some hydrothermal stability, albeitchanging the ratio of aluminum and phosphorus precursor
temporary. Mesoporous silica films may be prepared using as well as the presence of added water and HF, the hydrogen-
long-chain [Gmpyrr]Br salts as templaté$> The films were bonded network was changed which altered the structure of
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the zeolite formed, giving rise to SIZ-1, SIZ-3, SIZ-4, and efficiently in water than in IL$2%%2%In these cases, the active
SIZ-5 materials. Similarly, using a eutectic of choline catalyst is generated in situ under reaction conditions.
chloride and urea, zeolites could be formed. Therein, the water reacts with the clusters, generating the
Using a similar IL-mediated selgel synthesis route, itis  active catalyst. This process cannot occur in dry ILs and may
possible to prepare supported palladium on silica catalists. not occur even if the IL is wet due to the strong hydrogen
The catalyst was prepared in one step by forming Pd colloids bonding between water and the IL.
in situ on dissolution of palladium acetate inyfAM][NTf] The importance of water has been clearly demonstrated
in the presence of triphenyl phosphine. This mixture was by Rossi et at?* RuQ,—hydrate dissolved in [€nim][PF],
incubated with (EtQ)5i and formic acid over a short gelation  [C,mim][BF,], and [Cmim][OTf] promotes hydrogenation
time, and the final material was obtained after refluxing the of hex-1-ene under mild reaction conditions but only if the
solid in acetonitrile to remove the IL. Similarly, Ru/SIO  water of hydration is maintained with the dried sample being

catalysts have been synthesized fromgf@m][RuClg].18 almost inactive in the ILs. This observation is of particular
In this case, the mesoporous silica is formed around theinterest since the poisoning tests with Hg and, @&mon-
ruthenium nanoparticles. strated that the active species is Ru(0), generated in situ,
and not the oxide. Some differences in rate were observed
2.5. Stabilization of IL Emulsions by between the ILs used, thus showing the importance of the
Nanoparticles anion, commonly thought to control the chemistry in general.

L . ) However, a comparison of the IL-mediated rates with those
The combination of three generic solvent types which are ghtained under solvent-free conditions showed much lower
mutually immiscible, such as water, oil, and IL, gives rise ToFg in the ionic environment. These differences were

to a range of possible simple and multiple emulsion types. atributed to the existence of the mass-transfer limitations.
A high degree of stabilization of these emulsions was found The solubility of the active catalysts in ILs is a very

tho Oﬁgcirogfgngn;uhm%?os'gﬁ% ?&2‘8 g?r:ggl?s?ﬁégris ;ﬁgg; of important parameter. Numerous reports indicated that at-
yarop yarop ' tachment of imidazolium salts to achiral or chiral Rh and

tth m()rsc,)tvti:(;)erngwoﬂesurr)ggtcsallnagt\a/;enr%g%r;eogﬁ rf;ﬁlys';’;g' u catalysts increased the preferential solubility of the
Y P P ges. Y ycatalysts in the IL. This enables high concentrations to be

applications of ILs as solvents for chemical reactions involve N :
two-phase systems enabling extractive separation of reactantuseol and aiso limits leaching of the catalyst from the IL

product, and catalyst species. Therefore, simple or multiple ?nugé?geévggﬁf ‘Sgi\?gfé ;Sccr:gzg%/uIlcaf:jsézewlimlgﬁtzgil”i]ri?i_-
emulsions, with high surface areas enabling fast mass .. -+ loss of cgtal tic efﬁciencvjnglzg 9
transfer, are likely to bring significant advantages. Dilution Y '

of the expensive ILs with water to form aqueous dispersions

of IL “nanoreactor” drops allows increased surface area 3.1 Hydrogenation on IL-Stabilized Nanoparticles

between the two phases as well as giving cost benefits. Due to their stabilization of nanoparticles, ILs have
_ _ provided an important media in which to perform nanopar-
3. Hydrogenations in ILs ticle-catalyzed hydrogenations. The IL may be tailored to

have an influence on the stabilization, size, and solubility
of the catalyst, factors which play a role in catalysis.
However, ILs cannot be considered as innocent as shown
Sy Starkey et af® For example, at high temperatures,
imidazolium-based materials readily produce métal-
heterocyclic carbene complexes from nanoparticles upon
deprotonation. In these cases, the carbene ligands can be
bound to the nanoparticle surface or form mononuclear
mono- or biscarbene complex®s.

Several features of ILs make them as useful in hydrogena-
tion catalysis. The solubility of Hin ILs is one of the
properties that can control such reactions. Measurement
using high-pressurtd NMR spectroscopy provided solubil-
ity data which allowed comparison of different solvehts.

In general, the solubility of hydrogen in ILs is very low
compared with molecular organic solvents but has similar
solubility compared with water. Interestingly, despite the low
solubility, essentially no difference in the rate of benzene
reduction was found using PRU(7>-CsHe)dl[BF ]2 as the 31 1. Hydrogenation of 1,3-Butadiene

catalyst in ILs and molecular solvents. This is in part due to

the higher solubility of hydrogen in the substrate compared Hydrogenation of 1,3-butadiene was found to be highly
with the IL, and thus, the hydrogen solubility in the neat IL selective to but-1-ene using Pd nanoparticles igniith]-

has less influence on the reaction rate. In the ideal biphasic[BF4] forming >3 times more but-1-ene than but-2-ene
process, the ratio of substrate to catalyst immobilization (Scheme 7¥2 This selectivity was found to depend on
solvent should be high to decrease the effect of mass transferwhether the IL was present as well as the anion employed.
which often limits such reactions. Changing from [BR] ™ to [PKs] ~ resulted in formation of high

The low solubility of hydrogen can be offset by the concentrations of butane. The selectivity was assigned to the
environment provided by the IL. In some cases, the ILs are different solubility of 1,3-butadiene and but-1-ene. However,
non-nuc'eophi”c and have an inert environment that can there are Several Other faCtorS Wh|Ch can alSO affeCt the
increase the stability of the cataly$ts.However, the rule
is not general. For homogeneous catalysts there are many>cheme 7. Reaction Products in the Hydrogenation

cases in which some catalysts behave better in molecular A% N PN
solvents than in ILs. For example, Dyson and co-workers

reported that the ruthenium clusters JRCO).,—«(tpptn)] (X \/\ Pd(0)

= 1-3) and [HiRw(CO)(tpptn)] (where tppte P(m- N H

CsHsSO:Na)) and the cubane [R(178-CsHe)s(OH)4]*t cata- 2 ANt \)
lyze the hydrogenation of a range of alkenes and arenes more A



2624 Chemical Reviews, 2007, Vol. 107, No. 6 Parvulescu and Hardacre

selectivity; for example, the adsorption of IL of the nano- stabilized rhodium nanopatrticles synthesized in an agqueous
particles will influence reaction rates, isomerization of but- solution of N,N-dimethylN-dodecyIN-(2-hydroxyethyl)-
1-ene to but-2-ene, and solubility of hydrogen. ammonium chloride before being transferred intqrii@n]-

. [PFs] have been reported to hydrogenate styrene in the
3.1.2. Hydrogenation of Alkenes and Arenes biphasic media to ethylbenzene with no hydrogenation of
Phenanthroline ligand-protected palladium nanoparticles the aromatic ring2 No visible agglomeration of the particles
in [Csmim][PFe] have been shown to be very active and was observed, and the Rh(0) suspension could be reused

selective for hydrogenation ofg@lefins (hex-1-ene, cyclo-  without loss of activity. In contrast, Rh nanoparticles
hexene, cyclohexadiene) at low temperature and low pressurestabilized in poly[N-vinyl-2-pyrrolidone)-co-(1-vinyl-3-alkyl-

of hydrogen* Interestingly, although cyclohexene was imidazolium halide)] copolymers were found to be highly
reduced, when 1,3-cyclohexadiene was used as a substratective in hydrogenation of benzene in f@im][PF].5!
complete selectivity forming cyclohexene was found. The

high selectivity was attributed to the higher adsorption 3.1.3. Hydrogenation of Ketones

strength of the diene compared with the monoene on the Pd Fonseca et al
metal. These nanoparticles not only showed very high activity )
but were also reusable for hydrogenation of olefins under
mild reaction conditions. In this case the ligand prevented
aggregation of the palladium nanopatrticles.

Palladium nanoparticles, prepared from a mixture of
[N4444Br, nBusN, and PdGl or Pd(OAc) have also been
reported to be catalytically active for the chemoselective
hydrogenation of carbencarbon double bonds in the pres- : PR
ence of benzyloxy groups in [@im][PF,.2 Under these 3.2. Homogeneous Catalytic Hydrogenation in ILs
conditions, selective reduction of€C bonds was found for The first reported hydrogenation catalysts used in ILs were
both benzyl propenoate to benzyl propanoate as well asbased on rhodium complexes such as R(RRh)s, RhCI-
pB-substitutedS-unsaturated esters. In contrast, cleavage of (PPh)s, and [Rh(codj][BF4 or [Csmim]sCo(CN)] in
the benzyloxy group was observed when benzyl benzoate[C4smim][BF4]. These were tested in hydrogenation of hex-
and benzyb-fluorobenzoate were reacted. Both hydrogena- 1-ene, cyclohexene, and butadiene, resulting in moderate
tion of the double bond and hydrogenolysis of theli@nzyl activities and selectivitie¥?32More recent developments
bond were observed from cinnamyl or geranyl benzyl ethers have led to the investigation of complex clustér systems
and from alkenyl benzyl ethers. In most cases the reactionsdesigned specifically for the reaction of interest. This is
were complete within 20 h; however, for hydrogenation of particularly important in reactions where ligand dissociation
the benzyl ether of 9-decenol to decyl benzyl ether, 40 h from the precatalysts is a prerequisite to form a homogeneous
was required. Using this method 1-benzyloxy-2-allylboenzene active species. In these cases, successful transfer of the
was also found to undergo selective hydrogenation to reaction from molecular solvents into ILs may be problematic
1-benzyloxy-2-propylbenzene. without a degree of understandity. For example, the

Ru nanoparticles stabilized in J@im][PFs], [Csmim]- Noyori-type precatalysts for hydrogenation and transfer
[BF4, and [Gmim][OTf] have been used for selective hydrogenation of ketones are among the complexes which
hydrogenation of alkenes and benzene under mild reactionrequire such ligand dissociation but in order for the catalyst
conditions* On examination of the ternary phase diagram to be effective in the IL the precatalyst must be redesigned
(benzene/cyclohexene/@im][PFs]) a maximum of 1 wt to aid this process. In this case, the catalyst must have a
% cyclohexene was soluble in the IL and then only with labile ligand which has a high degree of affinity for the IL
4% benzene also present in the ionic phase. This solubility to aid formation of the catalytically active species. Further-
difference enabled extraction of cyclohexene during benzenemore, the IL can be modified to aid this process by, for
hydrogenation. However, despite extraction, the selectivity example, addition of a cosolvent which enhances the
was limited to 39% and then only obtainable at very low solvation of the dissociated ligand, such as water.
benzene conversion. Although, this selectivity/yield is too  The Ru-cluster [HRw(7-CsHe)4]?" is a catalyst precursor
low for technical applications, it represents a rare example used to hydrogenate aromatic compounds under biphasic
of partial hydrogenation of benzene by soluble transition- conditions!3513" The real catalyst is formed in the reaction
metal nanopatrticles. medium under hydrogen atmosphere sRts(77-CeHe)4]?",

Ir and Rh nanoparticles have also been tested im[@]- and was found to hydrogenate arenes (benzene, toluene,
[PF] for arene hydrogenation under mild reaction condi- cumene) in [Gmim][BF,] with slightly higher TOFs than
tions3240 In the case of iridium, the TOFs obtained were aqueous-organic system&8 Reaction of the triply bridged
very high and the recovered nanoparticles were able to bechloro dimer [¢®-p-cymene)-Rux(u-Cl)3][PFs] with 1,1,1-
used several times without any significant loss in catalytic tris(diphenylphosphinomethyl)ethane in the presence of am-
activity. In contrast, the recovered Rh nanopatrticles showedmonium hexafluorophosphate in methanol affords pfRu(
significant agglomeration into large particles with an associ- p-cymene)>-TRIPHOS)CI][PF], which in [Cimim][BF,]
ated loss of catalytic activity. Hydrogenation of arenes under biphasic conditions has proven to be a highly active
containing functional groups, such as methoxy in anisole, arene hydrogenation catalyg?. However, this cluster is
was also achievable using iridium nanoparticles. However, essentially inactive toward arenes with alkene substituents
in addition, hydrogenolysis of the-@0 bond was found, such as styrene and 1,3-divinylbenzene, whereas the turnover
which is also found in conventional supported metal catalysis, for the hydrogenation of allylbenzene to allylcyclohexane
suggesting that a similar mechanism occurs in each case. is considerably higher than expected. Interestingly, in this

The activity/selectivity of the nanoparticles is highly system aromatic ring hydrogenation is preferred over vinyl
dependent on the preparation method. For example JNTf  reduction in propenylbenzene. Steines et al. showed that the

have shown that acetone, 2-pentanone,
3-pentanone, 4-methyl-2-pentanone, cyclopentanone, and
benzaldehyde can hydrogenated to the corresponding alco-
hols with high TOFs using iridium nanoparticles stabilized
by [Csmim][PF].*3! The catalyst was prepared by reduction
of [Ir(cod)Cl], in the IL and found to be a recyclable catalytic
system under either solventless or biphasic conditions.
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Cp*—ruthenium complex [Cp*Ruy*~-CH;—CH=CH—-CH= to the low solubility of the catalysts employed and IL. Liu

CH—COOH)(CRSG;)], when immobilized in [Gmim][PFg] et al. examined the use of scg@xtraction on the

for biphasic homogeneous hydrogenation of sorbic acid, [Csmim][PFs]-mediated hydrogenation of dec-1-ene and

efficiently enables the stereoselective hydrogenation leadingcyclohexene using a Wilkinson’s catalyst, RhCI(RRH*

to formation ofcis-3-hexenoic acid?® Compared with other  For facile hydrogenations, no activity advantages were found

biphasic systems, the IL-mediated hydrogenation proceededusing the scC@biphasic media compared with using hexane,

with enhanced activity and selectivities of up to 90%. for example. The protocol of using the supercritical fluid as
Other clusters have also been evaluated as catalyststhe extractant was demonstrated and enabled the catalyst/IL

precatalysts for the biphasic hydrogenation of styrene in System to be recycled four times with no loss in activity.
[Csmim][BF4] including [HFe(CO);]~, [HWOs(CO)4, Therein, hydrogenation of carbon dioxide in the presence
[H30s(CO)~, and [RUC(CO)¢?~ .24 [RusC(CO) 2~ was of dialkylamines to produch,N-dialkylformamides was also
found to be the most active cluster and also showed the Performed using this protocol employing a sc£lsoluble
highest selectivity for the hydrogenation of styrene to RUCkL(dppe) (dppe= PhPCHCH,PPh) catalyst. These
ethylbenzene. The IL has multiple roles including enhancing reactions involve ionic carbamate intermediates since di-
the catalyst activity, stabilization of the catalyst, and provid- alkylamines react with COreversibly to form dialkyl-

ing regioselective control. For example, by changing the IL @mmonium dialkylcarbamates. In the scfllD system the

to [Csmpyr][BF4], a single-phase reaction medium was Ccatalyst and carbamate are both solublelln the IL phase.
formed which, using [HOs(CO)]~, resulted in the highest ~ Carbamate was completely converted to dialkylformamides
TOF for all the ILs studied. Furthermore, as found for Ru Using 55 bar of hydrogen under a total pressure of 276 bar.
nanoparticles, [RIC(CO)g?~ was found to selectively  This System showed a lower reactivity than that reported by
reduce cyclohexadiene to cyclohexene in ILs, whereas in Krocher et al* however, in general, the selectivity was
molecular solvents poor regioselectivity was achieved. This found to be higher for amines using the scfiD biphasic

is thought to be associated with the biphasic nature of the System.

reaction which, due to the higher solubility of the diene . . ,

compared with the monoene in the IL, results in preferential 3-3. Hydrogenation of Functionalized ILs

hydrogenatiort* As well as solvents, ILs have been used as substrates for
Biphasic IL—organic processes have many advantages hydrogenation employing Pd complexes of ILs as catal§sts.
over single-phase reactions, in particular, ease of separatiorHydrogenation of allyl-functionalized imidazolium bromide
of the product while maintaining the catalyst in the IL. and the corresponding [BF salt did not occur in the neat
However, the reactions occur at the boundary between thelL with Wilkinson’s catalyst. This was thought to be due to
two liquids, and therefore, mass-transfer issues are ofteninhibition of the catalyst by the bromide present as an anion
found. In an analogous manner to fluorous biphasic catalysis,or an impurity from the metathesis reaction to form the
Dyson et al. developed an Hwater catalyst system that [BF,]~ salt. This has been shown by many studies; however,
undergoes a temperature-controlled and reversible two-on dilution of the [BR] -based IL with methanol, hydro-
phase-single-phase transitiolt? At room temperature  genation to [Gmim][BF4] occurred at 60C and 100 bar of
[Cemim][BF4] is immiscible with water; however, on heating H,.”3
to 80 °C, a single phase is formed. Using this system and ] ]
[Rh(7-C7Hg)(PPh)2][BF ] as the catalyst, butyne-1,4 diol was 3.3.1. Selective Hydrogenation of Polymers
hydrogenated. The reaction led to a mixture of but-2-ene-  pjrect modification of unsaturated polymers, such as
1,4-diol and butane-1,4-diol. Interestingly, the catalyst was yo|yhutadiene, and rubbers, such as nitrtietadiene rubber
also found to be active in the hydrogenation sfCbonds, o styrene-butadiene rubber, by catalytic hydrogenation is
resulting in formation of succinic acid in the hydrogenation f great interest to the chemical industry. The ability to
of maleic acid. This methodology enables the catalyst to be contro| the extent of hydrogenation allows fine-tuning of the
recycled while increasing the mass-transfer characteristicsppysical, mechanical, and chemical properties of these
of the system. materials in order to meet a specific functiiHydrogena-
Dyson and co-workers also reported the nitrile derivati- tion of the vinyl group was shown to occur with RhCI-
zation of ILs in order to further increase the catalyst (TPPTS) as catalyst in [gmim][BF4] (Scheme 8).
stabilization and retention on product separation. The catalyst
[PA(NCGmim).Cl;][BF4]. was formed on dissolution of Scheme 8. Reduction of Unsaturated Polymers in
PdCh in [CsCNmim][BF,] and used for hydrogenation of  [Camim][BF /]
1,3,-cyclohexadiene under biphasic conditiéfisAlthough R RlilC(lngPll\’ATPS))s R
both cyclohexene and cyclohexane were formed, cyclohexene = A q |
Y/ Y/ Y _[_(lj ot +E Eﬁ}

was formed with a selectivity of 97%, again thought to be [C4mim][BF,]

due to the higher solubility of the diene as compared with

the monoene in the IL. In this system, the catalyst is part of |n the biphasic system toluenef@im][BF,] the activity

the IL and, therefore, not easily lost during extraction of the of the catalyst was found to follow the order of the mass of

product. the hydrogenated polymer. Addition of water was found to
In all homogeneously catalyzed reactions the main chal- increase the reaction rate, whereas no enhancement was

lenge is to prevent loss of catalyst on workup. In many IL observed on incorporation of functional groups on the

processes solvent extraction is employed as thermal degradapolymer. Biphasic hydrogenation of poly(acrylonitrile

tion of the catalyst may occur on using distillation. However, butadiene) rubbers in ILs has also been reported to be

despite the predominantly good retention of the catalyst by catalyzed by RUHCI(CO)(PG), dissolved in [Gmim][BF,]

the IL, some leaching nearly always occurs. Use of scCO or a mixture of 1,3-dialkylimidazolium tetrafluoroborate

as an extractant would be advantageous in this respect dudLs.’*® In all ILs similar hydrogenation was achieved,

R
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suggesting that viscosity and melting point do not affect the
applicability of these ILs, at least for reactions that have to

Parvulescu and Hardacre

solvents and ILs for enantioselective hydrogenation of the
same enamides showed little difference in selectivity and

be performed at temperatures much higher than the meltingee; however, the reaction rate in the ILs was smaller (Scheme

point.
Polystyreneb-polybutadiends-polystyrene block copoly-

mers have been hydrogenated with Ru/TPPTS or Ru/TPPTS/Scheme 11. Enantioselective Hydrogenation of Enamides

TPP (TPP= triphenylphosphine) as catalysts in a polyether-
modified ammonium salt IL (Scheme ¥.Under optimized

conditions, the hydrogenation degree of the polybutadiene

segments of the polymer was 89% with no additional
hydrogenation of aromatic groups. As found with many
hydrogenations, the IL-immobilized catalyst was recovered

simply by phase separation and recycled without significant

changes in the catalytic activity.

Scheme 9. Structure of the Polyether-Modified Ammonium
IL

(CH,CH,0),H
C 2H25_I|‘I_H
(CHZCHZO)IIH

[HSO,]

m +n=8

3.4. Asymmetric Hydrogenations

1 1) 155
[Rh(pbd);][BFd
/_<CO0Me Chiral ligands /_<COOMe
— *
R NHCOMe H, R NHCOMe
R=H, Ph

Addition of water to ILs or alcohol/IL mixtures has been
shown to result in an increase in both ee and reaction rate.
This is exemplified in the use of “wet ILs” for Ru-catalyzed
enantioselective hydrogenation of tiglic acid, where, under
optimized conditions, wet [f£nim][PF] in the presence of
(R)-toIBINAP was found to give the highest ee’s (92%) with
100% conversiof®® A similarly beneficial effect of water
in this reaction was also reported by Wolfson et'®al.
Therein, the role of water was thought to influence the mixing
of the phases.

The need for optimized systems to perform a fair

Catalytic asymmetric hydrogenation has been establishedcomparison is of particular importance in enantioselective

as one of the most efficient strategies for the synthesis of reactions as many variables such as hydrogen concentration
optically active molecule¥?51The reactivity and enantio-  in the liquid phase and ligand type can affect the reaction
selectivity (ee) of a transition-metal-based asymmetric rate and the ee. Jessop et al. have shown this clearly
catalyst are highly sensitive to the conformational, steric, comparing IL and molecular solvent mediated enantioselec-

and electronic properties of the chiral ligand. Under these tive hydrogenation of tiglic and atropic acid using Ru

circumstances, the ionic environment of the ILs may be

BINAP catalysts'®® Tiglic acid is known to require low

expected to exhibit a certain influence; therefore, a number concentrations of hydrogen to give high enantioselectivity,

of studies devoted to the investigation of comparative
asymmetric hydrogenations in molecular and IL solvents
have been reported.

3.4.1. Enantioselective Hydrogenation

3.4.1.1. Enantioselective Hydrogenation of €C Bonds.
Chauvin et al. were among the first to investigate enantio-
selective metal-catalyzed reactions in fEsTherein, the
enantioselective hydrogenationafacetamidocinnamic acid
using [Rh(cod)(—)-diop}][PFe] catalyst in the biphasic
system [Gmim][SbF)/i-PrOH was found to yield §)-N-
acetylphenylalanine in 64% ee (Scheme 10).

Scheme 10. Enantioselective Hydrogenation of
o-Acetamidocinnamic Acid Using [Rh(cod] (—)-diop}][PF]

Catalyst in [C4mim][SbFg]/i-PrOH
~COH COH
64% ee

Hydrogenations of enamide compounds to optically active
o-amino acid derivatives in [fnim][PFs]—i-PrOH using
Rh—MeDuPHOS%? or in [Cymim][PFs)/[Csmim][BF4]—
alcohol/water using RREtDUPHOS or Ru-BINAP, %3 either

H,, [Rh(cod)(-)-diop][PFs]
[bmim][SbF4]/i-PrOH (3/8)

and [Gmim][NTf,] was shown to have an optimized ee of
95% compared with only 88% in methanol. In contrast, the
optimized ee for atropic acid was 87% inJ@im][PFs]—
methanol but 92% in pure methanol, and very poor ee’s in
the pure ILs were reported. Pugin et al. showed that in the
hydrogenation of enamides all ferrocene-based ligands led
to better ee’s and/or activities in wet ILs than in methanol,
while the ligands bppm, prophos, and me-duphos, shown in
Figure 5, resulted in inferior result®> The superiority of

the wet ILs system compared with the IL/isopropyl alcohol
one was explained by the difference in solubility of the
catalysts. In general, the dissolved catalyst concentration was
found to be much lower in water than in alcohols if ligands
without highly polar or charged groups were used.

The higher ee’s observed with many ligands (Figure 5) in
wet ILs compared with organic solvents also raises the
guestion of whether the effect may be due to a different
hydrogen concentration in wet ILs or solvent effects such
as solvation of the catalyst and reactants. The hydrogen
concentration depends on factors such as hydrogen solubility
in the solvent, applied hydrogen pressure, and mixfhg
Hydrogen also has a lower solubility in ILs than in organic
solvents. Accordingly, all hydrogenations that were per-
formed in alcohols are faster than those in pure ILs. The

as biphasic or monophasic systems, were found to occur witheffect of the hydrogen concentration has also been reported

high enantioselectivity. Therein, the products were easily
extracted from the IL, allowing recycling of the catalyst/IL

system. In contrast, using a similar system, the enantio-

selective hydrogenation of methgtbenzamido cinnamate
occurred with very low conversion in [@im][BF4] using
a range of catalysts. However, in f@im][OTf], Rh—
EtDUPHOS gave 95% conversion and 89%%¥€omparing
the behavior of [Rh(NBDJ[BF4 catalysts in alcoholic

in the asymmetric reduction ofZJ-a-acetamido cinnamic
acid catalyzed by-()-1,2-bis((R,5R)-2,5-diethylphospho-
lano)benzene(cyclo-octadiene) rhodium(l) trifluoromethane-
sulfonate dissolved inpropanol, [Gmim][BF,], and [Gmim]-
[PFs]. Therein, increasing pressure in f@im][PF] was
found to dramatically increase the enantioselectivity as well
as the conversion; however, optimization of the enantio-
selectivity was determined by the concentration of the
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R~ R2 metry in the catalytic hydrogenation was achieved by

P\O R complexatiqn of the rhodium center with the optically active

R~ % R, P _"I:I/Rz (R-BINAP ligand* Use of the rhodacarborane catalyst
Rf’ ) “N— a V) precursor in the hydrogenation of aromatic I_<etones in ILs
! i Ry H provided both a new route to the corresponding alcohols as
Taniaphos Josiphos well as the opportunity to include optically active phosphanes

in the rhodacarborane catalyst system as structural compo-

R~ Ry Fh Me  Ri=Ph, RZ_"BuCF Ra=Cr. Ry=iBu nents. This modified catalyst promoted the asymmetric
R,=R,= CH, ’ hydrogenation of prochiral ketones under mild conditions.
R,= R,=Cy,R,=Cy Both acetophenone and ethyl benzoylformate were hydro-
OMe genated to formR)-phenylethanol and ethyRj-mandelate,
R,=Cy CF; respectively, in quantitative yields and with97% ee. In
comparison, use of THF instead of the ILs led to a reduction
Phe N in the yield/TOF and ee. Furthermore, replacement of rhoda-
;%&@ carborane catalyst precursor witfRh(cod)C},] caused a
f H significant decrease in performance in both reactions exam-
/1\ ,P~ph ined.
PR [RUCI(TPPTS)],—(1S29-DPENDS (DPENDS= 1,2-
Walphos Mandyphos diphenyl-1,2-ethylenediamine sulfonate disoditti{OH
Ph__Ph catalyst was examined for the asymmetric hydrogenation of
4 Ph _ph ph \O aromatic ketones in a series of hydrophilic ILsfi@m][p-
b__f LN, P, CHsCeH4SOs] (n= 2, 4, 8, 12). An ee of 85% was obtained
N \E o C( in the asymmetric hydrogenation of acetophenone; however,
/J\ li’/ using 2-fluoroacetophenone, 2-chloroacetophenone, 2-bromo-
><O © Ph - acetophenone, 2-(trifluoromethyl)acetophenone, 4-(trifluoro-
methyl)acetophenone, 2-methoxyacetophenone, and 4-meth-

bppm Prophos Me-Duphos oxyacetophenone led to only moderate é&’s.
: : : ; Polar phosphonic-acid-derived Ru(BINAP)(DPEN)CI
F 5 L d d in the Rh-catalyzed hyd t f . S
elng;r:ﬁdes in'?fg s tsedin fhe calalyzed nydrogenation o (DPEN = (R,R)-1,2-diphenyl-ethylenediamine)) systems
have also been used for asymmetric hydrogenation of

dissolved hydrogen and not by the pressure, with equivalentdromatic _ketones in [@im][BF.], [C,mim][PF], and
ee’s found at 100 bar in [@im][PFs] but only 50 bar in [Codmim][NTf] leading to high ee’s. The catalysts dissolved
[Camim][BF 4.5 in the IL were recycled and reused with no appreciable

leaching of Ru into the chiral alcohol produégs.
Asymmetric hydrogenation of diketones in ILs has been
reported by several groups. Hydrogenation of ethyl aceto-

It is interesting to note that in the results obtained by Pugin
et al. generally the ee’s tend to be lower at 10 bar than at 1
bar and that the decrease is less marked in wet ILs than N, cetate with the ammonium salt of 44and 55Ru-

. g5 oo .
organic solvent$® This effect was most pronounced with diamBINAP in ILs based on 1,3-dialkylimidazoliurmh-

ligand Josiphos (having 1-alkyl-3,5-bis-trifluoromethyl- Rl : ;
b?anzene aspsubsti(tuents?, wherg differences in ee’s Ofy13%alkylpyr|d|n|um, and tetralkylphosphonium cations occurred

in methanol and 7% in wet IL were observed. Although with moderate ee’s (Scheme T2) However, reduced ee’s

lower hydrogen availability may be responsible for thi_s Scheme 12. Enantioselective Hydrogenation of Ethyl
effect, it could also be caused by a change in the solvation pcetoacetate

of the reactants in the wet ILs. H, (40 bar)

Asymmetric hydrogenation of ethenamine has also been /U\ catalyst M
reported. IL-grafted chiral Rh complexes of a 1,4-bisphos- OFt L OF
phine ligand, having two 1,2-dimethylimidazolium salt tags
closely resembling the IL reaction medium, have been testedwere found in the IL compared with when the reaction was
in asymmetric hydrogenation ®f-acetylphenylethenamine  performed in water as a biphasic reaction. The IL allowed
in an IL1%°The reaction occurred with total conversion and  the catalyst to be recycled with an increase in ee with recycle
ee’s higher that 95%. However, the catalytic efficiency of number. Interestingly, addition of 10% water to,f@m]-
the Rh complex dropped significantly after two reaction [PF] reduced the ee from 75% to 13%.
cycles. Asymmetric hydrogenation ¢f-aryl ketoesters, using Ru

3.4.1.2. Enantioselective Hydrogenation of €0 Bonds. modified by 4,4-substituted BINAP derivatives, has been
In contrast to &C bond reduction, ketones do not easily carried out in both methanol and the monophasic mixture
undergo homogeneous hydrogenation in the presence ofof [Csmim][BF4] and methanol® In general, the differences
simple transition-metal catalysts; however, by increasing the in ee obtained in the IL/methanol mixture compared with
electron density on the rhodium center by using ligands basedresults in methanol were very small and the IL only played
on fully alkylated bidentate diphosphanes, efficiert@ a role to aid the recycle of the cataly§t.

t

hydrogenation has been obser¢€d!6® An alternative The enantioselective hydrogenationbhlkyl ketoesters
catalyst was prepared in situ from a rhodacarborane catalystand -aryl ketoesters has been reported by Lam et al. with
precursor with the suicide alkene ligand [closo-{i3¢;?- the f-alkyl ketoesters showing higher rates of reaction in

3-CH,~=CHCH,CH,)}-3-H-3-PPh-3,1,2-RhGBgH, ] treated ILs.1%In ILs the hydrogenation of these substrates lead to
with [Csmim][BF4], [Csmim][PFg], or N-butylpyridinium very high ee’s and conversions using BINAP or chiral
1-carbadodecaborate. Introduction of the molecular asym-dipyridylphosphine ligand-modified Ru catalysts. However,
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incorporation of halides (Cl, F) in the alkyl substituents solvents. Interestingly, the IL-mediated reaction was found
generates electronegative groups which cause a dramati¢o be less sensitive toward oxygen, which may also be due
decrease in ee. Under these conditions the effect of the ILto the higher viscosity’?

anion becomes very important. For £$ubstituents, the ee Enantioselective imine hydrogenation has also been per-
was only 21% in the presence of [ffFcompared with 50%  formed using a combination of IL and scgQuith a

in the [BFR] -based IL. However, replacing the alkyl with a  phosphano-dihydrooxazole iridium catalyst (Scheméet4¥>
halide in ethyl 4-chloro-3-oxobutyrate, typical RBINAP

catalysts in [N224Br, [Camim][PFg], or [Cymim][OTf] all Scheme 14. Enantioselective Imine Hydrogenation in
showed similar ee’s. ScCO/IL Mixtures
Asymmetric hydrogenation ofi-keto esters in ILs was R H, : Iridium Catalyst R
also reported using RtBINAP as a catalyst. Again, the Py e
enantioselectivity was found to be strongly dependent on the " e, SeCo/ IL HyC” |y
anion of the IL used. For example, for hydrogenation of
methyl pyruvate, 81% ee was obtained ingf@m][BF,] The combination of solvents was reported to make the system
while only 55% enantioselectivity was obtained infi@m]- even more effective, exploiting the molecular interaction of

[PRg.*"° It was notable that the chiral dipyridylphosphine the stationary IL phase with the catalyst and the mass-transfer
ligand showed better performance than BINAP in the IL, properties of the mobile COphase. The presence of €O
which may be related to the dipyridyl backbone. Using this was found to be not only beneficial but, in certain cases,
ligand, reduction of othem-keto esters was achieved with a mandatory for efficient hydrogenation in the IL. As for many
range of enantioselectivities dependent on the substrate usedhther examples, the choice of the anion of the IL was found
Low enantioselectivities and conversions were observed into strongly influence the selectivity of the catalyst with ee’s
the hydrogenation of ketopantolactone in both /BF and varying from 30% in [Gmim][BF,] to 78% in [Gmim]-
[PFg]~-based ILs. Moderate enantioselectivities but low [BARF], assuming no influence of the alkyl chain of the
conversions were obtained with ethyl 2-oxo-4-phenyl- imidazolium cation. The increase in the ee was attributed to
butyrate. High ee’s but again low conversions were attained the decreasing coordination ability of the anion.
in the hydrogenation of methyl benzoylformate, and low
conversions and enantioselectivities were found for ethyl 3.5, Role of the ILs Purity in Hydrogenation
benzoylformate. Reactions

3.4.1.3. Enantioselective Hydrogenation of €N Bonds. : .
Enantioselective hydrogenation of trimethylindolenine in ILs __FOr many catalyzed processes in ILs, the purity of the
was reported to occur with iridium catalysts modified with solvent can have a significant influence on the outcome of

XYLIPHOS as the ligand (Scheme 13%.These experiments the reaction including reaction rate and selectivity. This has
' been illustrated for the hydrogenation of benzene and other

Scheme 13. Enantioselective Hydrogenation of arene substrates under biphasic conditions using Ru com-
Trimethylindolenine in ILs plexes8 f_ind9 (Scheme 15)7¢In general, chllorlde-free ILs
H,, [Ircod)Cll,/ 3 gave a higher turnover frequency.thap chIonde—contamln_ated
CH, IL CH; IL with water as a solvent showing intermediate behavior.
CH;, TBAL CF,CO,H CH, On recycling, the catalysts in the three solvents showed
ma{} . CH; approximately constant turnover frequencies, which may
N 40 bar, 50°C, 15h N indicate the effect of chloride is not cumulative.

H

Scheme 15. Ru Complexes Used for the Hydrogenation of

Benzene and Other Arene Substrates under Biphasic
Conditions
:: — p— 2+

X |~
Ru—_
H H -
XYLIPHOS | N\ // \\ 74 | _@_<
_RU——RH— e Ru /\
were carried out in ILs having 1,3-dialkylimidazolium and / \\ \// \ CIC] LN>
N,N-dialkylpyrrolidinium cations in combination with either H—R¢—H 4 )\N
a short (butyl) or a long (decyl) alkyl substituent and either | N/
[BF4)~ or [NTf;]~ anions. In comparison with reactions a8
carried out in toluene, the time to reach 100% conversion — —
was reduced from 23 h to less than 15 h ing@m][BF,] 3 9

with no loss of selectivity and 94% conversion after only 8
h in [Ciompy][NTf,]. In the ILs >80% ee was achieved
which was comparable with the best results obtained in IPFIGILSH ydrogenation via Heterogeneous Catalysis

molecular solvent&’? Hydrogenation of trimethylindolenine

indicated that the viscosity of the ILs was limiting due to Heterogeneously catalyzed hydrogenation reactions in ILs
poor gas to liquid mass transfer. To reduce this effect, the were among the first to combine solids and the IL. Carlin et
ionic media required slightly higher reaction temperatures. al. immobilized palladium on carbon in an IL copolymer
In addition, the presence of trace amounts of oxygen hasmembrane for gas-phase (propene) hydrogenation. Hetero-
been shown to affect the reaction significantly in molecular geneous catalysts have also been suspended in ILs for
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selective hydrogenation reactions. Selective hydrogenation :‘
of a,f-unsaturated aldehydes (cinnamaldehyde to hydro-
cinnamaldehyde and citral to citronellal) has been performed

in a wide range of hydrophilic and hydrophobic 4 For g:;;’;‘?]
carbon-supported palladium catalysts, the selectivity for probe

reduction of the conjugated=€C bond was improved using Axle —p ==
ILs as solvents compared with conventional molecular
organic solvents, albeit at the expense of lower reaction rates.

Furthermore, in this system the catalyst was easily recycled Reaction

without the need to isolate or filter the catalyst and could be mixture

used without further treatment. Some deactivation due to pore

blocking was found on the first recycle, but thereafter the Catalyst disc

activity rgmalned constant. Ir_] .thes? reactions, the anion Figure 6. Schematic of the rotating disc reactor used for the
strongly influenced the selectivity with [Nl -based ILs  ggjective hydrogenation of phenylacetylene. Reprinted from
aIIowmg reduction of both the €C and the &0 double Hardacre, C.; Mullan, E. A.; Rooney, D. W.; Thompson, J. M.;
bonds, while [BE] -based ILs showed excellent=€C Yablonsky, G. SChem. Eng. ScR00§ 61, 6995 with permission
selectivity. The mechanism by which the IL enhances the from Elsevier:8

selectivity was thought to be due to an increaseddarbonyl

interaction which adjusts the adsorption geometry of the was found to be limited by the mass transfer of dissolved
aldehyde by weakening the interaction of the carbonyl with hydrogen.

the surface of the catalyst, thus favoring tie: or di-occ Most other forms of using ILs and solids for hydrogena-
interactions as opposed to thé adsorption. tions have concentrated on the stabilization of nanoparticles
Xu et al. also demonstrated that 5 wt % Pt/C, 5 wt % or heterogenization of complexes on solids. For example,
Pd/C, and Raney nickel catalysts can be used for hydrogenaHuang et al. immobilized palladium nanoparticles on a
tion of halonitrobenzenes to the corresponding haloanilines mesoporous SBA-15 molecular sieve (pore size 6.7 nm)
in [BF,~ and [PF]~ 1,3-dialkylimidazolium-based ILs using ILs, leading to a very active and selective heteroge-
(Scheme 16378 Although 100% conversion of the halo- neous catalyst for solvent-free hydrogenation of hex-1-ene,
cyclohexene, and cyclohexadietieTherein, the TOF was

Scheme 16. Hydrogenation of Halonitrobenzenes to enhanced at least 10 times on comparison with analogous
Haloanilines tests under homogeneous conditions, and for hydrogenation
NO, NH, of 1,3-cyclohexadiene, cyclohexene was the only identified
§ e/ Catalvst N hydrogenated product. The high TOF can be associated with
| —x _praayst X the high accessibility of Pd in these catalysts. No leaching
# IL P or catalyst deactivation has been observed during the recycle

experiments, and the nanoparticle size was invariant. Simi-
nitrobenzenes was obtained, decreased rates were observdarly, Ru nanoparticles supported on SBA-15 in 1,1,3,3-
in the ILs compared with methanol. This was attributed to tetramethylguanidinium lactate were tested in hydrogenation
mass-transfer effects associated with the higher viscosity ofof benzené? This Ru catalyst was found to hydrogenate
the IL compared with methanol. However, increased selec- benzene to cyclohexane even at mild conditions*@01.0
tivity was found in the ILs compared with methanol with MPa). Although the activity was comparable 18-{CsMes)--
respect to dehalogenated products. Thereih3% dehalo-  Rus(us-O)(u2-H)3][BF4] in ILs, the selectivity of the hetero-
genation was obtained in ILs, in contrast, to up to 20.2% geneous catalyst was found to be low with no formation of
dehalogenation in methanol using Raney Ni. This behavior cyclohexene observed. Montmorillonite has also been used
was attributed to either a decrease in the chemisorption ofto immobilize Ru nanoparticles in 1,1,3,3-tetramethylguani-
the haloanilines due to increased solvation by the ILs dinium trifluoroacetaté” Comparison of this catalyst with
compared with methanol or simply a lower dehalogenation homogeneous Ru-cluster-based catalysts, such g [(

reaction rate. CGHG)(7’/6-C6Mee)le.,b(‘M3-O)(L.L2-H)3][BF4] or [(78-CeHe)4R -
Hydroamination of a range of aldehydes has been shown(ts-H)4ICl2, for hydrogenation of benzene showed compa-
to proceed efficiently in [Gmpyrr][NTf2], [Csmim][NTf.], rable TOFs with the [BEj-based cluster and much higher

and [Qm|m][BF4] using Supported pa”adium Cata|ysts as TOFS_than chloride-based catalyst. This is unusual as TOFs
well as PdG] using 2,6-dimethylmorpholine, piperidine, and associated to homogeneous catalysts are, in general, superior
morpholine as the amination reageh&Slower rates were  t0 those associated to heterogeneous systems.

observed in the IL compared with molecular solvents with A sjlica-supported rhodium precatalyst dissolved in
the exception of those in water which inhibited the reaction. [C,mim][PFs] was also shown to be active for hydrogenation
Thus, for efficient recycle, the catalyst/IL system had to be of hex-1-ene, cyclohexene, and 2,3-dimethyl-2-butene in a
dried to maintain catalytic activity. Robinsor-Mahoney reactd In general, the catalyst evalu-

In order to disentangle the various mass-transfer limitations ation showed enhanced activity for the supported IL system
in three-phase reactions and thus understand the lower rategh comparison to the homogeneous and biphasic reaction
of reaction in the IL compared with molecular solvents, system. The enhanced activity of the rhodium complex in
hydrogenation of phenylacetylene to styrene in heptane andan IL phase was explained as being due to the absence of
[C4mim][NTf,] was examined in detail by Hardacre et&l. any coordinating solverit. Some limitations were observed,

By comparing the kinetics of the palladium on calcium- including a reduced reactivity for hydrogenation of cyclo-
carbonate-catalyzed reaction in a stirred tank reactor and ahexene as well as a decrease in activity on increasing the
rotating disc reactor (Figure 6), the reaction rate in the IL chain length from hex-1-ene to dodec-1-ene.
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Scheme 17. Hydrogenation of Pyrene in ILs

Marr and co-workers examined the use of an IL to form the response to the IL varied considerably with substrate
a solid support as well as immobilize the catalyst. Using structure. Lenourry et P> compared the reaction of the
palladium nanoparticles supported ingi@@m][NTf,] as the biocatalystSporomusa termitideor reduction of the &C
template for an aerogel structure, a Pd/Statalyst was double bonds in a range of enoates and nitroalkenesin [C
formed which showed excellent activity and selectivity for mim][PF] with a standard two-liquid-phase reaction system
the hydrogenation of cinnamaldehyde to hydrocinnamalde- containing an organic solvent as a benchmark. The results
hyde with little 3-phenylpropanol formint}? This methodol- suggested that this system may even have potential for
ogy has also been used for entrapment of [RhCIgRPim asymmetric hydrogenation of<&C double bonds. However,
an aerogel prepared by an IL route for hydrogenation of the initial reduction rate in the IL was 20% lower than the
styrenel® This catalyst proved to be 5 times more active initial rate in tetradecane, and the overall yield was 7% lower.
than the [RhCI(PPJ)] entrapped in silica prepared by a more
conventional sotgel route, keeping the selectivity to ethyl- 3.8, Hydrogen-Transfer Reactions in ILs
benzene. The enhanced performance was related to the
stabilizing effect of IL.

Pd(acac) has been supported on an active carbon cloth
using Aliquat 336 heaxafluorophosphate ([A336{PF
[Camim][PFg], and [Gmim][BF,] for the selective hydro-

As well as conventional hydrogenation reactions, hydrogen-
transfer processes have been reported in both first- and
second-generation ILs. The partial reduction of anthracene
and pyrene was achieved using the ILf@m][HCI;] as a

: 0203 ; : AN proton source (Scheme 1%¥).For complete reduction to the
genation of citraP?°3 Following reaction, the palladium is alicyclic products, anhydrous HCl gas was found be the most

found to be in a reduced state by XPS. The reactions, . . .
performed in hexane, showed a range of products, and theeffectwe proton source. In the reduction of pyrene, a single

overall product profile was influenced by the IL which was diastereomer was formed. Hydrogenation of 9,10-dimethyl-
used to immobilize the palladium. anthracene occurred only at the inner cycle, forming the cis

: o . and trans isomers in a 6:1 ratio.
Polymer-supported ILs-immobilized nanoparticles repre- . .
Other studies to generate catalysts from metal chlorides
sent anothde g furr]th; rcategory of h_e(;ggoglen_eous Catlalystsm the Lewis-acidic ghloroaluminat)é ILN-octyl-3-picolini-
investigated in hydrogenation reactiofi$.Platinum, pal- .

: f : " um]CI—AICl; have also been reported for hydrogenation of
Ia}dulmzm andl{jhodgjm (lj’\anopabr.tl[clei.st['(zlzt:qlhzc]a[%%/hpldl-y( ber%zené88 Irﬁ comparison with tEe poor act?(/ity %hown by
vinyl-2-pyrrolidone) and immobilized in [@nim ave ;

: . ZrClg, NiCly, CrCl, CoCh, and SmG, both PdC} and
been rle_|port$d to be(zjegfectlile for olef|r|1 z;nd arene hédgogena'{th%h were found to slfhow signif%ant reactiSiity with
tions. Hex-1-ene, dodec-1-ene, cyclohexene, and benzen . o .
were hydrogenated with TOFs comparable to those obtaineda ;ZtCI“ giving almost quantitative conversion to cyclohex-
in homogeneous CO!’ldI'[IOﬂS. For Pt nanoparticles, the TOFs ILls have recently been reported as suitable solvents for
were co(;n g aragle with (;tkti)gttz_rbthan lt_r&ose of nanopa(rjt ICIeSthe palladium(ll)-cétalyzed kﬁ)omogeneous transfer hydro-
prepared by reduction of #bis-dibenzylidene acetongn . X ; . 4
immobilized in [Cmim][PFe.% Under the same reaction genation ofo,5-unsaturated carboxylic acids using sodium

conditions, the palladium nanoparticles showed a higher TOF ©F triéthylammonium formate as the hydrogenating ag&nt.

for hydrogenation of cyclohexene than equivalent palladium Again, the chemical reactivity is governed by the anion used

nanoparticles stabilized by 1,10-phenanthroline and im- nWhicha 9%% yield was observed using [BFas the anion
mobilized in [Gmim][PF].183 while only 2% was found using [RF . _
In another attempt to heterogenize both the IL and active  Catalytic asymmetric transfer hydrogenation has become

catalysts, [Gmim][PF] and either Wilkinson’s catalyst or a useful tool to obtain optically.activg secon_dary alcohqls
Ru—BINAP were entrapped in a poly(diallyldimethyl- from carbonyl compounds and is an interesting alternative

ammonium chloride)-based supp&ftThese systems showed to hydrogenation with molecular hydrogéfi.The hydrogen
little leaching of the catalyst or IL in liquid-phase hydro- donors most commonly used for ketones are propan-2-ol,
genation of 2-cyclohexen-1-one and 1,3-cyclooctadiene and9enerally used with a base, and formic acid, generally used
for the Ru-BINAP system asymmetr,ic hydrogenation of as an azeotrope \_Nlth trlethyla_mme. The Ia_1tter is important
methyl acetoacetate. Comparison with the equivalent IL/ @S Nydrogenation is accompanied by evolution opGich

organic solvent biphasic system showed an increased TOFPreVents the reverse oxidation reaction. Berthold et al.
with similar chemo- and stereoselectivities. described a microwave-assisted reduction in ILs under

transfer hydrogenation conditions with an achiral palladium
3.7. Biocatalysis in ILs for Reduction of Organic catalyst anq formate salt¥' Since then, asymmetric transfer
Molecules hydrogenation has been shown to be successful in ILs.
Geldbach and Dysdf? reported the asymmetric transfer
ILs also offer advantages over organic solvents for certain hydrogenation of acetophenone with 2-propanol/KOH in
classes of biotransformations using isolated enzymes andC,dmim][PF;] by use of modified areneRu(Il) complexes
whole cells, although there has been significantly less with Noyori’s chiralN-(p-toluenesulfonyl)-1,2-diphenyleth-
reported on the lattéf® Howarth et ak® used yeast to  ylenediamine giving ee’s up to 98% with conversions
mediate ketone reductions in #@im][PF] and found that between 80% and 95%2 Although the IL enabled the
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recycle of the catalyst, a reduction in conversion was 4.1, |[Ls as a Media for Organic Oxidations

Obs-erved. However, on Changin.g- to a formic acid/triethyl' ILs have been used as a solvent for hydrogen peroxide
amine emulsion, the recyclability of the catalyst was oxidation processes, for example, for cycloaddition of,CO
improved, particularly if the IL system was washed with g epoxided?20t oxidation of 4-alkyl and 4-aryl-1,4-
water, leading t0>99% ee and<96% yield over five  dihydropyridines to the corresponding pyriditté as well
reactions. Kawasaki et & selected two types of chiral  as nucleophilic hydroxylation of alkyl halides and mesylates
c_atalysts for the _recyclable asymmetric transfer hydrogena- ysing water® In the latter case, selective hydroxylation of
tlpn.Of ketones with the azeotrope In ILs. Aswell as a Catalyst 2_(3_bromopr0py|)naphtha|ene to 2_(3_hydroxypropyD-naph-
similar to that employed by Geldbach and Dys&ta Ru(ll)  thalene was found with-90% vyield using water/[@nim]-
complex of an amino amide derived from proline in the [BF,] or water/[Gmim][OTf] solvent with either 1,4-dioxane

presence of [RuGlcymene)} was studied. The results of or acetone cosolvent. Scheme 18 illustrates a possible
the asymmetric transfer hydrogenation of a range of aceto-

phenone derivatives using the azeotropic mixture of formic Scheme 18. Reaction Mechanism for Formation of
acid and triethylamine confirmed the results of Geldbach and Acetoxypropylnaphthalene
Dyson, indicating that the best combination was the chiral N Np, + H0 1L "oy + HBr
benzene-Ru complex of Noyod®® and [Cmim][PFe]. ¢
Interestingly, no improvement in ee for acetophenone was IL H3?_’O.H \
R NNgg o R/\/\/];r

: o ; ; CHCN + H,0 + HBr
found comparing solventless conditions, i.e., using the

azeotrope as the solvent, andf@m][PFs] or [Csmim][BF,];

however, a decrease in the conversion from 60% to 53% or

15%, respectively, was observed. B\ / c
Introduction of the imidazolium moiety to the chloroalkoxy R N"0Ac

derivative of Noyori’s ligané® enhanced the stability of this

catalyst® as compared with the results of Geldbach and A:hydrolysis of CH;3CN to acetic acid

B: esterification of alcohol and acetic acid
C: nucleophilic displacement of bromoalkane to acetoxyalkane

Dysoni®2
4. Catalytic Oxidation in ILs mechanism for formation of acetoxylalkane via two different
reaction paths: esterification of alcohol via hydroxylation
Oxidation reactions have been widely studied in 15,  or nucleophilic acetoxylation of bromoalkane. Only the
and in many cases, the solvent cannot be considered inergsterification reaction proceeded quantitatively, which lead
as the formation and stability of radical species can be to the conclusion that formation of acetoxyalkane resulted
strongly affected by the presence of an ionic environment. from esterification of the alcohol by acetic acid generated
Pulse radiolysis studies have demonstrated this elegantly byfrom hydrolysis of CHCN under acidic catalytic conditions
examining the rate constants for several reduction and via hydroxylation of bromoalkane. The oxidant has also been
oxidation reactions in a range of 1% Furthermore, ILs  tethered to the IL. For example, Wang et®Isynthesized
have been shown to be ideal media for the simultaneousan IL containing a carboxy group which can be used in
generation of radical cations and anidfsFor example, in  organic oxidative synthesis after oxidizing it to a peracid.
N-alkylpyridinium-based ILs solvated electrons can react This IL was found to be particularly active using hydrogen
with the pyridinium moiety to produce a pyridinyl radical, sulfate as the counterion in order to increase its acidity. Using
which, in turn, can transfer an electron to an acceptor. this system, carbonyl compounds were obtained from the
Therein, the rate constant for reduction of duroquinone by oxidation of chain olefins and 1,2-cycloalkandiols from
the benzophenone ketyl radical in{MJ[NTf,] was found  cycloalkenes.
to be much lower than that measured in water due to the In addition, a range of oxidation reagents has been
high viscosity of the IL. supported by ILs. For example, 1-(4-diacetoxyiodobenzyl)-

ILs have commonly been quoted as possible “green” 3-methylimidazolium tetrafluoroborate (Figure 7) was re-

replacements for organic solvents mainly due to their
nonmeasurable vapor pressure, which is only one criterion I(OACJ; O - N@\N o
for a clean solvent. Commonly for organic pollutants in Me” \IB/FJT‘“J‘%
At X "

s sreams, Didalon i boe o emediale Ui WeeTrgue 7. Schomat of 1-(tdacewoyodobency dmetny:-

. b ' Y imidazolium tetrafluoroborate.
reactions in ILs, use of three common advanced oxidation
processes (UV, UV/ED,, and UV/TiG) has been used to  ported as an effective reagent in the selective oxidation of
analyze the degradation of 1,3-dialkylimidazolium ILs in alcohols andN-alkyl-N'-arylthioureag?>2%o-ijodoxybenzoic
aqueous solutiot?® Over a range of [@nim]Cl and [Gmim]- acid in a solution of [@mim]Cl and water has been shown
[BF4] ILs as well as [GC,im][BF4], the latter was found to  to result in excellent yields of the corresponding carbonyl
be most stable in the photodegradation systems. Elongatingcompounds$?”2°® and oxidation of alcohols to the corre-
the 3-methyl substituent of an imidazolium IL by one £H sponding carbonyl compounds occurred with Dedartin-
group significantly decreases the degradability compared with periodinane supported in j@im][PFs] and [Cmim][BF4]2°°
the case of a methyl group substituted directly at the or with chloroperbenzoic acid [@im][BF,] for formation
guaternary nitrogen. ForCHs, the C-H bonds are much  of esters/lactone®?
more polarized and, therefore, easier to break than the same Efficient oxidation of various primary and secondary
system separated with a Glgroup. Interestingly, in many  benzylic alcohols to the corresponding carbonyl compounds
cases, the ILs were much more stable with respect tohas also been achieved with other self-oxidation supported
oxidation than the methylimidazole standard. reagents, for exampl®&l-bromosuccinimide and 2,6-lutidine
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in [Csmim][BF4],?'! potassium permangan&i@manganese  alkynes showed enhanced activity/conversion in ILs com-
dioxide21321*N-hydroxyphthalimide, and 3-pyridinylmethyl-  pared with methanol. For formation of 1,4-diphenyl-1,3-
N-hydroxyphthalimide. Using these reagents, better perfor- butadiyne 95% yield was obtained inf@im][PFs] in 4.5 h
mance was found in the IL than in the conventional organic compared with a 75% vyield in 12 h in methai#l.

solvents for the aerobic oxidation dfl-alkylamides to

imides215 4.2.2. Epoxidation

Cerium(IV) ammonium nitrate has been used ignf@n]- Epoxidation reactions have been studied extensively in ILs.
[BF4] to mediate oxidative radical €C bond-forming  For example, Bortolini reported the quantitative epoxidation
coupling reactions between 1,3-dicarbonyls anthethyl- of electrophilic alkenes in both [@im][BF4] and [Cimim]-

styrené?'® The combination of bismuth(li)nitrate penta- [PF,] using aqueous basic solutions of hydrogen peroxide
hydrate and a range of ILs, including tetrabutyl ammonium a5 oxidant and NaOH as basic catalyst. Despite the differ-
fluoride, has been found to be effective for oxidation of gpces in hydrophilicity of the ILs, similar yields were
benzyl halides to form aldehydé¥. Using this approach,  found?228 Epoxidation of electron-deficient;,8-unsaturated
Khodaei et al. demonstrated that a one-pot synthesis of 3,4-carhonyl compounds in IL/water biphasic system using basic
dihydropyrimidin-2(H)-ones from benzyl halides was pos-  catalysis, NaCO;, NaHCQ, or NaOH, with hydrogen
sible with yields up to 90%. _ peroxide as an oxidant at room temperature has also been
Methyltrioxorhenium(VIl) (MTO) has been used inarange reported to occur with very high selectiviti#®d. A mass-
of ILs in conjunction with HO, for epoxidation of  transfer model was proposed for the epoxidationogs-
alkene<’!8220 oxidation of aromatic aldehydes/ketones to nsaturated carbonyl compounds in the I¢Hbiphasic
phenols’! and oxidation of phenol/methoxybenzene deriva- system, suggesting that, as in traditional organic solvent/
tives to benzoquniones (Scheme #8)These reactions were H,O biphasic system, transport of OOIfrom the aqueous
phase to IL initiates the cycle followed by the reverse
transport of OH (Scheme 21). Importantly, transport of the
cation of the IL is vital for the process to occur.

Scheme 19. Oxidation of of 1-Napthol to
1,4-Naphthoquinone Using a Hydrogen Peroxide/
Methyltrioxorhenium System in [C mim][BF 4]

™ i Scheme 21. Mass-Transfer Model of Epoxidation of Mesityl

Oxide in the [Cymim][PF)/H O Biphasic System
H,0,/MTO
) ; i QX
[C4mim][BF,]
H,0, H,0 K

0 Aqueous Phase MX

\
h,
found to highly efficient; for example, the benzoquniones Il phase / \ /

were formed in good yields in [fthim][BF4] even in the Q'OH"  Q'OOH"

case of the methoxybenzene derivatives. Moreover, after M E { /ﬁ\)\
extraction of the products, the IL solution still showed
catalytic activity.

The BaeyetVilliger oxidation of cyclic ketones was
achieved using the same methyltrioxorhenium/hydrogen
peroxide system in [@nim][BF4].??% This oxidative meth-
odology was tested on the methylated flavanones naringenin
and hesperetin and showed that the catalytic systegREBY
H.O; in IL is more efficient than ChReQ; supported on
poly(4-vinylpyridine) polymers/kO, in tert-butyl alcohol.

Cyclic hexaalkylguanidinium hexafluorophosphate with
sodium hypochlorite as the oxidant has also been used for
selective oxidation of a series of substituted benzyl alcohols.
In this reaction, the room-temperature IL acts as both phase-
transfer catalyst and solvefit.ILs incorporating the oxidant
in its structure have also been reported, for example,
selenium-containing anions [SEOR)]~ (R’ = CHs;, CH,CHs,

Q" : dialkylimidazolium
M : sodium
X : hexafluorophosphate anion

A similar system has been described by Bernini et al. for
epoxidation of chromone, isoflavone, and chalcone deriva-
tives using [Gmim][BF,] as the solvent and alkaline
hydrogen peroxide as oxidant (Scheme Z2All reactions
proceed in good yields and faster than in conventional
solvents with no evidence of products derived from the
opening of the epoxide ring.

Development of epoxidation reactions in ILs is one of the
few examples of the use of microchannel reactor technology
using this media. Epoxidation of alkenes has been examined

295 P 6 in a microreactor using electro-osmotic flow to pump the
CHCFs, GeHs)*** and liquid salts of Cr and M. liquid 23 Epoxidation of cyclohexene was performed using
4.2. Homogeneous Catalytic Oxidation in ILs hydrogen peroxide in the presence of mangar}ese(ll) and
S ) copper(ll) complexes of Schiff and reduced Schiff bases as
4.2.1. Glaser Oxidative Coupling catalysts and [@nim][BF,] as the IL. Although a comparison

Terminal alkynes have been shown to undergo oxidative of the microfluidic system showed increased reactivity
coupling in the presence of the Cu@ktramethylethylene-  compared with a conventional batch reactor, the epoxide
diamine catalytic system in [@im][PFs] and [Cmim][BF ] selectivity was low with 2-cyclohexen-1-ol being the major
under aerobic conditions to produce 1,3-diynes in excellent product.

ields under mild conditions (Scheme 20). Therein, the
y ( ) 4.2.3. Hydrocarbons to Other Oxygenated Compounds

A range of hydrocarbons has been oxidized selectively to
ph—=—=—p CUCVIMEDA.O; o — — oxygenates using IL-mediated reactions. Usingrjitn][PF]
[Cymim][PFq] to immobilize a bimetallic catalytic system consisting of

Scheme 20. Oxidative Coupling of Terminal Alkynes
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Scheme 22. Epoxidation of Chromone, Isoflavone, and Chalcone Derivatives Using,fAim][BF 4] as the Solvent and Alkaline
Hydrogen Peroxide as the Oxidant

OB R,=R,=H
1~ 2=
H,O,/NaOH o R _H'R,-Cl
[C4m1m][BF4 R - R, =H.R,=CH,
2 R;=CH;.R,=H
0

Ry

H'_)Oz/N&OH RI = R7 = Rq, =H

R, =R;=H.R,=0CH,
R] =R2=H, R3=OCH3

R,
R, O R,=R2=H
H2 ,/NaOH O o =OCHs, R, =H
[C4mim][BF,] R. H. R, = OCH,
0

osmium tetroxide as the substrate-selective catalyst andproduct is often more reactive than the original reactant. In
VO(acac) or MeReQ as cocatalyst, the dihydroxylation of  order to overcome this problem, biphasic reactions can be
alkenes in the presence of®: occurred in high yield®? performed whereby the phenol is removed from the reaction
However, on addition ofN-methylmorpholine (NMM), medium. Using equimolar amounts of benzene and hydrogen
significantly higher activities were observed with the modifier peroxide without organic solvent, the biphasic hydroxylation
increasing the electron-transfer process. The mechanism ofof benzene to phenol using@&, mediated by a separate IL
the coupled bimetallic catalytic system as shown in Scheme phase has been reported. High conversions and selectivity
23 does not involve the IL, which only acts as a solvent in were achieved using metal dodecanesulfonate salts such as
this case. ferric tri(dodecanesulfonate) as the catafjst.

Manganese(lll) porphyrin catalysts in combination with
iodobenzene diacetate have been demonstrated for the
oxidation of alkanes and alkenes in the presence gh[@]-

[Cymim][BF]

Scheme 23. Coupled Bimetallic Catalytic System for
Dihydroxylation of Olefins Immobilized in an IL

_ ‘”) [PFs].2%62371n the pure IL, oxidation of tetralin resulted in
/7N 050, M H,0, ketone formation with high conversion and yield; however,
NMM in a mixture with organic solvents (dichloromethane, aceto-
oH OH 0—0 nitrile, or 1,2-dichloroethane) alcohol products were also
>—< 050, \M/ H,0 formed. In this mixed solvent system cyclohexane, cyclo-

octane, adamantane, and tetralin were oxidized with high
ratios of alcohol to ketone. Furthermore, under the same
conditions oxidation of alkenes (styrere;methylstyrene,
cyclooctene 1-decene, or 1,2-dihydronaphthalene) resulted
in formation of the correspondlng epoxidcss,

Direct catalytic oxidation of cyclohexene to adipic acid
with hydrogen peroxide catalyzed by N¢O,-2H,O and
cidic ILs has also been performed with excellent yields and
selectivities with the catalyst easily reused (Scheme295)
Therein, only ILs with strongly acidic anions such as
L‘nydrogen sulfate or tosylate provided high conversions and
selectivities.

In contrast, for the palladium-catalyzed WackesChl
oxidation of styrene to acetophenone (Scheme 24), the
[Crmim]*-based ILs are thought to be cocataly’$fsThe
reaction was performed in a closed reactor under a pressure
of carbon dioxide or nitrogen to reduce the partial pressure
of oxygen, which is responsible for the generation of
benzaldehyde and benzoic acid, thus promoting the hydroge
peroxide oxidation pathway leading to an increased yield of
acetophenone. The enhanced yield in the presence of the |
is thought to involve formation of an oxaziridinium ion-type
intermediate involving an imidazolium cation. In addition,
the imidazolium cation activates the,® which, in turn,

reoxidizes palladium(0) to palladium(ll) to complete the Scheme 25. Direct Catalytic Oxidation of Cyclohexene to

: Adipic Acid
reaction cycle.
0,

Scheme 24. Wacker Oxidation of Styrene to Acetophenone 30%H,05, Na; W04 2H,0 COH

CH; IL COH

PdCl2 [Cymim]X
T e, 4.2.4. Alcohols to Carbonyl and Carbonyl to Carboxylate
Compounds

= [PF¢] or [BF,]
Selective oxidation of alcohols to the corresponding
Direct hydroxylation of benzene with hydrogen peroxide aldehydes or ketones in an oxygen atmosphere has been
to form phenol has attracted much attention and been studied using the TEMPOCuUCI system. In [Gmim][PFg],
extensively investigated in molecular solvef¥SOne of the aerobic oxidation of primary and secondary alcohols to the
challenges in selective oxidation reactions is to prevent corresponding aldehydes and ketones was achieved without
overoxidation of the substrate as the desired intermediary overoxidation to the corresponding carboxylic adtfsThe
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catalytic activity of a TEMPO 2,2,6,6-tetramethylpiperidine- the major advantage of the system being that catalytic
1-oxyl derivative radical bearing an IL-type appendage has amounts of copper(ll) chloride may be used. In this case an
also been examined for oxidation of the same group of oxotetracuprate [Cius-O)Chg]* complex was isolated as
alcohols under IEaqueous biphasic conditions in the the active species.

presence of NaOCl and KBr. Similar results were obtained  Chhikara et al. have recently shown that the complex salt
under these conditions to the single-phase medium with the[C,mim]s[PO,(W(O)(0,),)] dissolved in [Gmim][BF,] is
functionalized IL easily recycled and reused without loss of highly active for oxidation of alcohols using hydrogen
activity and selectivity:** In order to increase the recycla- peroxide?s® Secondary alcohols were converted using this
bility of the catalyst, ILs have also been modified by system to their respective ketones in good to excellent yields.
incorporating a tethered 2;Ripyridine ligand which can  whilst oxidation of primary alcohols did result in the
complex with CuCl during the TEMPO-catalyzed oxidation corresponding aldehydes and carboxylic acids, this occurred
reaction, thus immobilizing it more efficiently (Scheme with slower reaction rates. Using a similar approach, selective

26)24 oxidation of benzylic and secondary alcohols with hydrogen
o . i peroxide has also been shown to be catalyzed using
Scheme 26. Oxidation of Alcohols in ILs Incorporating a [Camim]a[POs(W(O)(O,),)]. 25

Tethered 2,2-Bipyridine Ligand . -
by g Several aromatic aldehydes have been oxidized to the

H TEMPO, CuCl, O, 0 corresponding carboxylic acids using the catalyst [Ni(agac)
)\ )]\ and oxygen at atmospheric pressure as the oxidant in
R R R "R, [C4mim][PFe].252 However, in this case the carboxylic acid
_ _ yields were smaller than those found in molecular solvéts.
N@NMN@\N P
d N N TN 4.2.5. Oxidation of C=NOH Bonds

[PFq]" [PEq]"

Water-soluble iron(lll) porphyrins and phosphotungstic
cid are effective catalysts for the®,-mediated oxidation

f the G=NOH bond inN-hydroxyarginine and other oximes
in [C4mim][BF4].2%*In this case, the ionic environment was
thought to stabilize the reactive intermediate in a similar
manner as found for manganese(lll) porphyrins-catalyzed
oxygenation reactiorn’®®

Using a similar approach, aerobic oxidation of primary
alcohols to aldehydes has been reported to be catalyzed by,
the three-component system acetamid&MPO/Cu(CIQ)./
DMAP and TEMPO/HBI/HO; in [Cympyr][PF). Again, the
reaction showed excellent yields to the corresponding car-
bonyl compoundg?3244

The ruthenium catalyst tetrapropylammonium perruthenate
has been used as a mild and selective catalyst for oxidation4 26. Oxidation of Thiols
of alcohols to aldehydes and ketones in conjunction with "=

eitherN-methylmorpholineN'-oxide or molecular oxygen as Coupling of thiols to disulfides at room temperature using
oxidant in two different catalytic systems in a range of oxygen has been shown to be catalyzed by cobalt(ll)
[Camim]*-based ILS* As is commonly observed in oxida-  phthalocyanines dissolved in J@im][BF4].2¢ As in many
tions, benzylic alcohols showed a faster rate of reaction andother cases, catalyst solubility, recycling, and easy product
higher yields compared with aliphatic alcohols even after jsojation represent the main advantages of using ILs.

exée”.gef' rea;:ttl)on tlrlnels. hol to b Idehvde h Iso b Of greater commercial importance is the oxidation reaction
xidation of benzy! alconol to benzaldenyde has also DEEN ¢ yjq5 to sulfones, for example, in the removal of sulfur-

in_vesti_ga_ted “?ing Pd(OA@)iiss_oIved in a range of 1.3- containing compounds from light oils. Using a combination
dialkylimidazolium-based ILs with oxygen as the oxidant. - ¢ -nemical oxidation and solvent extraction withyf@m]-
As found with many palladium salts, dissolution requires [PF] and [C;mim][BF], a one-pot process has been reported

heat:?g V.Vh]'f:h thtgrmalfly ?Iegpmposi%g}?h pa"r?%'utT salt by |'o et al?57 Therein, the sulfur-containing compounds were
resuiting in formation of paliadium me ough better extracted into the IL and oxidized using;®, and acetic

TOFs were observed in the IL compared with in dimethyl : . -

. o X . acid as the catalyst, forming the corresponding sulfones
sulfoxide, the catalyst is likely to be differentin each c&#e. — gpeme 27). TheyIL acts as goth the extrarl)ction n%edium for
\t/)VhereI dcwoé'de q was %resiﬂt f'n th(te' IL, tfhzlselect;vn%/h 0 the organosulfur compounds as well as the oxidation solvent.

enzaidenyde dropped with formation ob dibenzyl €tner. g process is controlled by the anion with the yields using

Addition of water was found to increase the amount of |pr+= ¢, nd to be greater than those found in the presence
benzoic acid formed; however, as shown in many reactions, of [BF]-

the influence of water is much weaker in ILs than would
normally be expected. Oxidation of toluene and ethylbenzene
was also demonstrated but with very low yields.

The aerobic oxidations of aliphatic and aromatic alcohols
into the corresponding aldehydes and ketones have also been
efficiently performed with several ruthenium catalysts in
various ammonium salts under low oxygen pressure and s
without any cocatalystt”

Aerobic oxidation of 2,3,6-trimethylphenol to trimethyl-

Scheme 27. Oxidation of Thiols to Sulfones in Biphasic
Tetradecane-IL Conditions

d

tetradecane phase

|
1,4-benzoquinone and 2-methyl-1-naphthol to 2-methyl-1,4- IL phase
naphthoquinone with high yield using copper(ll) chloride as CH,COOH
catalyst has been demonstrated using a solvent mixture of 20— | +2H0
[C4mim]Cl andn-butanol?48-249Ljttle influence of the cation Y S

was found on either the catalytic activity or selectivity, with 7 o
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Scheme 28. Mo(VI)-Catalyzed Oxybromination of Phenylacetylene with Hydrogen Peroxide and KBr

T T
Br B
MoO,%, Br', HyOp, pH = 1 A x r
C=CH + + +
Br Br Br

4.2.7. Oxybromination (paclitaxel) family for antitumor activity, has also been

reported to occur with very high yields and ee’s %
Oxybromination of phenylacetylene has been shown to beus?ng the equivalent sy)s/terg v)\//ith a range (%E)

catalyzed by molybdenum(V1) with hydrogen peroxide as |gr,j-- and [NT#] -based 1,3-dialkylimidazolium-based
oxidant and potassium bromide as source of bromine in a; g 264 Asymmetric dihydroxylation of alkenes usinly-

two-phase water/solvent system, where solvent was eithermethylmorpholine oxide as a co-oxidant with osmium
dichloromethane or an IL (Scheme 28).Using [CGmim]- tetroxide and a combination of an IL and a bis-cinchona
[PF] or [Camim][NTf], increased yields and reaction rates  5jialoid also showed good catalyst recyclability and selectiv-
were observed compared with DCM with complete conver- ity for transstilbene, styrene3-methyltransstyrene, and

sion of the substrate forming, importantly;oromoacetophe-  methyitranscinnamates Importantly, overoxidation of the
none andy,a-dibromoacetophenone as the major products. diols, commonly found in molecular solvents, was not

Similarly, oxybromination of styrene has been performed ,nserved in the presence of the IL.
using vanadium(V) as cataly®f A range of ILs was studied

with the anion found to control the reaction selectivity. The C : :
selectivity is thought to be associated with the structure of 4.4. 1Ls in Kinetic Resolution Reactions

the IL, allowing an initially high concentration of the active  Hydrolytic kinetic resolution of racemic epoxides, using
species to form in the IL phase. The reaction between the jacobsen’s complex ((salen)Co(ll)(OAc)) as a catalyst, is
bromiranium species, formed upon reaction of the vanadium- gne of the most practical approaches toward the preparation
bound hypobromite intermediate and the substrate, with aof enantiopure terminal epoxidé%.in the presence of 1,3-
vanadium-coordinated molecule of water to form the bromo- djalkylimidazolium-based [P~ and [NT] " ILs, the chiral
hydrin is enhanced by slow diffusion in the IL leading to  Co(lil)(salen) complex catalyzed the hydrolytic kinetic
the higher reaction rates and selectivity. resolution of racemic epoxides and diols with ee’s between
Bromination of substituted alkenes has been reported t085% and 100% (Scheme 29). Importantly, the IL allowed
occur in [Gmim][CCI;COQ], [Cmim][CFCOOQ0], and
[C.mim][BF,4] involving oxidation of NaBr by hydrogen  Scheme 29. Hydrolytic Kinetic Resolution of Racemic

peroxide in the presence o080, with no other catalyste® Epoxides
Although thermodynamically powerful, J8; is kinetically OH
. . . O catalyst, H,O [e) H
a slow oxidant for the halide salts and halogenations must /\ [\  + A _OH
typically be catalyzed for halogenation reactions to occur R THF - IL, 20 °C R R
on a useful time scale. Yields of between 70% and 95% were
obtained for a range of alkenes and alkynes; however, if R=Me, CH,Cl, 7-Bu, Ph

[Comim][BF4] is used, PR-OMe bonds are cleaved. Fur-

thermore, the reactions in the ILs showed high stereoselec-the Co(ll)(salen) complex to be oxidized without acetic acid
tivities with, for internal alkenes, erythrghreo ratios  to form the active Co(lll)(salen) complex during reaction.

(trans-cis addition products) larger than 99:1. In addition, the Co(lll) state was stable with respect to
reduction, enabling the reuse of the catalyst without a

4.3. Homogeneous Asymmetric Catalytic reoxidation proces¥’ Interestingly, the catalytic activity of

Oxidation in ILs the recovered IL phase increased upon reuse, which was

thought to be due to an increase in the concentration of

Although less extensively studied than asymmetric hy- catalytically active Co(lll) complex.

drogenation, asymmetric oxidations have also been per-
formed in ILs. For example, the Sharpless catalytic asym- : PURTPNE
metric dihydroxylation of olefins, which represents a route 4.5. Heterogeneous Catalytic Oxidation in ILs

for the synthesis of a wide range of enantiomerically pure A range of heterogeneously catalyzed oxidations has been
vicinal dIO|S, has been demonstrated in water/IL or water/ performed in ILs. For examp'e, a %mo|ecu|ar sieve has

the osmium complex catalyst in the IL phase, a series of ary| ketones to esters in IL at room temperature (Scheme
alkenes (hex-1-ene, styrerfemethyltransstyrene, methyl- 30268 The reaction occurred with high yields for a variety

cyclohexene, 1,2-diphenylethene, 1,2-dibutylethene) wasof ary| ketones with 30% aqueous hydrogen peroxide in
oxidized selectively (ee- 80%) and high yields obtained [c,mim][BF,]. Therein, the active species was thought to
using either a biphasic @im][PFs/water or monophasic

[Camim][PFg]/watertert-butyl alcohol solvent. This meth-  gcheme 30. BaeyerVilliger Oxidation of Aryl Ketones to
odology has been extended to the use of sc@Othe Esters Using Sng Molecular Sieve as the Catalyst

separation process, thus eliminating the need for organic 0 H,0, (30%), [C,mim][BFJ. rt 0
solvents either in the reaction or during the workup process. )J\ * : : )I\ R
The final diol was isolated without any contamination with R™ "R -

osmium?83 Asymmetric dihydroxylation of methylrans B ‘
cinnamate leading tdl-benzoyl-(R,39-3-phenylisoserine, R = CH, CeHs, 4-Cl-CeHa, 2-Cl-CoHs;
an important unit of the C-13 side chain of the taxol R’ = CHs, CeHs, Ph-CHa, 4-CH3—CeHa, 4-OH-CeHy
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be the tetrahedral Sfi-framework and not Snfoccluded Polymer-supported active species represents another cat-
in the material. egory of heterogeneous catalysts tested in oxidation reactions
Heterogeneous catalytic oxidation of a series of thioethersin ILs. For example, complexation of the polymer carriers
(2-thiomethylpyrimidine, 2-thiomethyl-4,6-dimethyl-pyrimi-  with copper(ll) acetate leads to the heterogenized catalysts
dine, 2-thiobenzylpyrimidine, 2-thiobenzyl-4,6-dimethyl- with immobilized coppef’* Their catalytic activity was
pyrimidine, thioanisole, and-heptyl methyl sulfide) has been  measured in the model oxidation reaction of hydroquinone
studied extensively in a wide range of ILs using MCM-41- to p-benzoquinone using hydrogen peroxide. The catalysts
and UVM-type mesoporous catalysts containing Ti or Ti and were tested in the presence offdm][BF,] leading to
Ge?® The oxidations were carried out using anhydrous superior selectivities as compared with molecular solvents.
hydrogen peroxide or the ureaiydrogen peroxide adduct A range of variables such as the ion-exchange groups after
and showed that ILs are very effective solvents, achieving sorption, Cu(ll) loading, method of modification, and IL

greater reactivity and selectivity than reactions performed concentration were reported to influence the activity of the
in dioxane. The effects of halide and acid impurities on the gystem.

reactions were also investigated. This study highlighted the
importance of how the IL is prepared and whether acid or ; T
salt metathesis was used. Even with trace concentrations ofl'6' Electrochemical Oxidation in ILs

acid, the reaction rate was found to increase substantially. The superoxide ion (§) has been studied extensively
Therefore, to investigate the IL effect, salt metathesis for qye o its use as a highly active oxidation species. Al Nashef
the triflate-based ILs was used. Although the catalyst was gt 51275 have shown that this radical can be easily generated

able to be recycled, some titanium leaching was Obser‘(edelectrochemically from oxygen dissolved f8im][PF at
in the ILs; however, this was greatly reduced compared with oaspheric pressure. Under these conditions a range of

a pure organic med'ia. Other heterogeneous catalysts alsqyjecirochemical oxidations has been performed in ILs. Under
proved to be effective for oxidation of these subs’grates. an oxygen atmosphere, phenol ande#t-butyl-phenol in
Ta,0s—SiO, catalysts prepared by a sajel method using [Comim][NTf,] and [Cmpyrr][NTf,] have been shown to

ts%tlz?(ce(tagyl)fc;ritlrczsrllIggfjetairt]glutr?nn;lg Tvs\(;)faergi]l?é(sldc?f ajattgﬁ be converted to the corresponding phenyl triflate moletfle.
nary ammonium salts [NiJBr (n = 14, 16, 18) %nd This was found to occur on formation of,® dianions,
y 1 ' ’ which triggered transformation of the phenol to phenolate

[NnnnBr (n = 10, 12, 16, 18) as surfactants were found to ; :
. . s e ~ and then to the phenoxyl radical. The phenoxyl radical then
be effective for the selective sulfoxidation of 4,6-dimethyl reacts with the [NTA~ anion of the IL. Electro-oxidation

2-thiomethylpyrimidine using peroxide as an oxidizing agent of benzyl alcohol has also been conducted in an IL/

in a range of ILS’® Remarkably, these catalysts exhibited Hoal GOt h ‘ X divided cell
excellent stability against leaching in IL. Almost no leaching SuPeércritical CQtwo-phase system using an undivided ce

was also found for Ti-SBA-15 and UL-TS-1 catalysts for With @ Pt working electrod®.” Using [Gmim][BF,] and

the same reactiofi! For the TaOs—SiO, sol-gel catalysts, ~ [Camim][PFg], it was found that benzyl alcohol could be
some correlations were found between the Karriletft selectively oxidized to benzaldehyde with the aldehyde

parametrization of the IL and conversion of sulfide to Se€l€ctivity highest when the pressure of Qs lower than
sulfone2’2 Therein, conversion was found to increase ~9-3 MPa. This observation was attributed to an optimization
with the solvent parameters, the hydrogen-bond-donor of the solubility difference between the reactants and
ability, but decrease with*, dipolarity/polarizability, and products.

B, the hydrogen-bond-accepting ability. Interestingly, the  Electro-oxidation of bromide in acetonitrile and @im]-
molecular solvents examined showed a similar trend. For [NTf,] using a platinum electrode has also been examified.
these reactions, the IL cation is thought to hydrogen bond Therein, formation of triboromide was reported via electro-
to the surface of the catalyst, thus activating the peroxide oxidation of bromide to bromine followed by chemical

(Figure 8). reaction of bromide with bromine. The reactivity of elec-
trogenerated bromine with cyclohexene showed two different
X o X 7o S

/N@ \N\/ /N/®\N\/ products in acetonitrile and [@im][NTf].>” Bromination

Y Y of the substrate in the IL yieldettans-1,2-dibromocyclo-

H S H R hexane, while in acetonitriletrans-1-(N-acetylamino)-2-

v o RUR N @gS‘Rz bromocyclohexane was formed as the major product.

“O,‘T'i,OOH HO“T'iOh The electrochemical oxidation of anisole, mesitylene,

naphthalene, and anthracene has been performed in a wide
range of ILs with formation of anodic dimerization prod-
ucts?8 Under similar conditions, using 1,2-dimethoxyben-

To date, although there have been many reports of Zene as the substrate, polyveratrole was formed in_ which
reactions in ILs, the chemical engineering data concerning the morphology was dependent on the IL used in the
mass transport has been limited. As found with 3-phase €lectrolysis. Electrooxidative polymerization of aromatic
hydrogenation reactiorid’179.18%|though it was possible to ~ compounds such as pyrrole, thiophene, and aniline has also
oxidize cinnamylalcohol selectively using a Pd/®d catalyst ~ been carried out using a Pt electrode infim][OTf]. %8
in [Csmim][NTf,], a decrease in activity was observed Again, the IL was able to control the morphological structure
compared with toluen&3 Again, using the combination of  of the polypyrrole film formed on the anode and improve
a stirred tank reactor and a rotating disc reactor (Figure 6), the electrochemical capacity and conductivity. Although rates
the mass-transfer limitations in this reaction were studied in of polymerization were found to increase in the IL for pyrrole
detail and the loss in rate was ascribed to pore diffusion and thiophene, the polymerization rate of aniline was found
limitation in the IL compared with toluene. to decrease compared with molecular solvents.

Figure 8. Schematic illustrating the mechanism by which the IL
cation activates peroxide during oxidation of thioethers.
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4.7. Biooxidation in ILs

There is strong evidence showing that hydrophilic, func-
tionalized ILs can effectively act as solvents for both
chemical and biological homogeneous catalysts for oxidation
reactions. For example, Sheldon and co-workers reported th
epoxidation of cyclohexene in IL with a peracid formed
through perhydrolysis carried out b@andida antarctica
lipase?®? The high stability of oxidase and peroxidase as
catalysts in ILs under reaction conditions has also been

demonstrated for the chemo- and stereoselective oxidation

of sulfides?®® In this case, both the substrate of glucose
oxidase (glucose) and peroxidase (sulfide) are soluble in
[C.mim][PFg], and the biphasic reaction, in the presence of
water, occurred with a stereoselectivity similar to that
obtained in water (Scheme 31). This methodology was of

Scheme 31. Enzymatic Chemo- and Stereoselective
Oxidation of Sulfides

glucose oxidase (GOD)

D-Glucose gluconic acid

H,0,0,

SN
r

A CH

3
Ar = phenyl, 2-naphthyl

particular interest for water-insoluble molecules, e.g., methyl-
2-naphthyl sulfide which was oxidized with an ee of 92%.

In water the proteins induce formation of an emulsion with

the organic product making separation difficult; this does
not occur in the presence of the IL.

The oxidation has also been demonstrated by chloroper-
oxidase fromCaldariomyces fumagavhich catalyzes the
stereoselective oxidation of 1,2-dihydronaphthaleneR2()-
(+)-dihydroxytetrahydronaphthalene in homogeneous citrate
buffer/[Cimim][MeSQy] or [Csmim][MeSQy] mixtures using
tert-butyl hydroperoxide as the oxidafft. The enzyme was
found to tolerate up to 30 vol % while maintaining the
enzyme activity for 24 h. In comparison, for nonionic organic
solvents such atert-butyl alcohol or acetone, the activity
dropped after 3 h.

Biphasic systems containing J@im][NTf;] and a buffer
have also shown higher activity for the enantioselective
reduction of 2-octanone, catalyzed by an alcohol dehydro-
genase fronLactobacillus breis, compared with the analo-
gous system using methtdrt-butyl ether?8® This is thought
to be due to the difference in the partition coefficient in the
two solvent systems (Scheme 32).

Scheme 32. Enantioselective Reduction of 2-Octanone,
Catalyzed by an Alcohol Dehydrogenase fronLactobacillus

brevis
\/\/\i = \/\/\)Oi
NADPH NADP*
oL I
/U\ LB - ADH

The tolerance of oxidative enzymes to IL is high for many
systems. For example, lacca€efrom Trametessp. and

[S)

Chemical Reviews, 2007, Vol. 107, No. 6 2637

require the presence of mediators using the ILs; however,
as found with organic solvents, the catalytic activity of the
enzymes was decreased by either adding a water-miscible
IL, e.g., [Gmpyr][BF,], or suspending the enzyme in a water-
immiscible IL, e.g., [Gmim][PFg]. In contrast, for oxidation

of anthracene, catalyzed by laccdasgin the presence of
mediators, replacement tdrt-butyl alcohol with [Gmpyr]-
[BF,] increased the yield of the oxidation product several-
fold. A significant enhancement of the activity, as well as
providing excellent thermal stability of horseradish peroxi-
dase, was reported following its immobilization in af@m]-
[BF4]-based sot-gel matrix28”

The presence of an IL has also been shown to be of benefit
by reducing the activity of water. By addition of {@im]-
[MeSQy], the -galactosidase frorBacillus circulanscata-
lyzed synthesis olN-acetyllactosamine from lactose and
N-acetylglucosamine in a transglycoslyation reaction is
improved by reducing the hydrolysis of product, resulting
in a doubling of the yield®

Chemo-enzymatic processes have been achieved using ILs.
For example, in [@mim][PFs], Walker and Bruce demon-
strated the conversion of codeine to oxycodone using a
combination of morphine dehydrogenase and its associated
nicotinamide cofactor, which forms neopinione followed by
use of bis(acetylacetonato)cobalt (II) catalysis, for the
subsequent hydration of the double bond (Scheme*33).
Unfortunately, the biological component is inhibited by the
chemical catalyst, thus preventing this occurring under one-
pot conditions.

Scheme 33. Conversion of Codeine to Oxycodone Using a
Combination of Morphine Dehydrogenase and Its Associated
Nicotinamide Cofactor

CoL, =

%

The ability of hemin, microperoxidase-11, and cytochrome
c to oxidize 2-methoxyphenol (guaiacol) has been investi-
gated in [GMIm][NTf;], [Csmim][PFs], and [Gmim][PF].2%°

All three biocatalysts displayed peroxidase activity when

horseradish and soybean peroxidases have been shown tactivated by an electron accepttert-butyl hydroperoxide
be active in the presence of between several volume percenfor hemin and hydrogen peroxide for microperoxidase-11

to almost 100% 11286 Therein, oxidation of syringaldazine
catalyzed by laccase C frofirametessp. was found not to

and cytochrome. However, some differences were found
between these protoporphyrins. Hemin required the addition
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of a coordinating base, pyridine &-methylimidazole, to isothiocyanates has also been reported usingn[@]Cl—
produce an active complex, while cytochrornedid not AICl3 with 2 mol equiv of the IL to the reactants found to
require exogenous ligands for activity in IL, although their be optimum for the process (Scheme 34).

addltlpn increased peroxidase aCt'.V'ty' Her_nl_n_ an_d MICIO- gcheme 34. Lewis-Acid-catalyzed Coupling of Aromatics
peroxidase-11 showed markedly higher activities in the IL 4nq |sothiocyanates

compared to molecular solvents, while the cytochrotne )

activity was comparable for both solvents types. AnH + RoNCs LCamimICl-AlCly /ﬁ\

0.67>N>0.5 -
5. Acid—Base-Catalyzed Reactions in ILs AT NER

5.1. Acid-Catalyzed C —C and C—X Bond-Forming

Reactions As well as chloroaluminate-based ILs, use of strong Lewis
Friedel-Crafts processes were among the first reactions acids dissolved in second-generation ILs has been reported
to be studied using ILs and have been shown to be for FriedelCrafts acylation reactions. K-alkylpyridinium-
particularly effective in the first-generation ILs based on the based ILs, acylation of a range of aromatics using acetic
chloroaluminate aniohBoon et al. reported the alkylation anhydride has been observed with both Re®id AICE!
and acylation of benzene with a range of alkylhalides and as well as alkylation of benzene with alkylhalic¥€s.
acetylchloride in [Gmim]CI—AICI; mixtures at room tem-  For both alkylation and acylation reactions, [BF and
perature. Reaction was only observed where the melt becamgCFsCOO] -based ILs were found to be effective with the
Lewis acidic, i.e., in excess Algland multiple alkylation latter, in general, showing higher conversions. Surprisingly,
products were observed. Using an analogous system, Adamsome reaction was found between acetic anhydride and
et al. showed that excellent regioselectivities could be benzene, toluene, and bromobenzene even in the absence of
obtained by employing the phim]CI—AICI; IL for the the Lewis acid as well as between benzene and 1-chlorobu-
reaction of acetyl chloride with toluene, chlorobenzene, and tane/1-bromopropane. The reactions were run biphasically,
anisole?°* This has continued with both the common Lewis and it was shown that the IL and FgEIL system could be
acid anions (JAICI7] -, [AlsClig] ) being employed as well  recycled without loss in activity for the reaction between
as protic anions such as [HK, [XH(AIX,)] ", and acetic anhydride and benzene or benzene and 1-chlorobutane.
[XH(AI 2X7)]~. Xiao et al. have shown that by judicious BaleiZz& et al. compared haloaluminate ILs with A{CI
choice of the halide, X, and the type of anion employed, a dissolved in [Gmim][BF,] and [Gmim][PF] for dealkyla-
range of selectivities between alkane cracking, alkene tion of methyl dehydroabietate and acylation of methyl
polymerization, and FriedelCrafts alkylation of aromatics  dehydroabietate with acetyl chlorid®.In these reactions,
with alkenes can be effecté¥.For example, using [ACI7]~, although the binary ILs showed good activity, dissolution
alkanes may be cracked but react slowly but alkenes of AICI; in the non-halide based ionic liquids only showed
polymerize rapidly. In contrast, use of a protic anion such significant activity with a large excess of the Lewis acid
as [HCI(ALLCI;)]~ results in much increased activity toward dissolved in [Gmim][BF,4]. No reaction was observed on
alkane cracking and alkenes polymerization. Protic am- dissolving AICk in [Csmim][PF].
monium salts combined with Alghave also been reported Binary ILs have also been synthesized using EE€I
for the alkylation ofa-methylnaphthalene using long-chain  InCl;,3%5:306and ZnC}3°7 as the Lewis acid. Using [@im]-
olefins and compared directly with zeolites, A{Cand Cl—2nCl, as the IL and catalyst, the Friédider condensa-
FeCk.2%2%Rapid reaction was found for the [EtN}EI— tion between amino aromatic ketones and dicarbonyls was
AICI 3 using excess AlGlequivalent to that found using Al€I performed at room temperature with yields above 60%. This
in cyclohexene at 353 K; in both cases between 90% andmethodology was also extended to formation of quinones
100% selectivity for monoalkyation was observed. Although from furan derivatives. Unlike many chloroaluminate sys-
good conversion was also achieved using zeolites, muchtems, these ILs were reusable.
higher temperatures were required. Similarly, alkylation of  In the case of [@mim]Cl—InCl; and InC} dissolved in
benzene with 1-dodecene has been performed using[Csmim][NTf;], a range of activated and deactivated aromatic
[Comim]X—AICI3 binary ILs (X= ClI, Br, 1).2%%Interestingly, substrates was found to be acylated with anhydride or acid
by changing X, the Lewis acidity of the [ACIsX]~ was chloride reagents showing higher activity compared with
varied, and with X= Br, the best catalytic performance was InCl; dissolved in the reagents or 1,2-dichloroeth#fe.
found. Therein, the IL is hydrolytically stable and could be dissolved
A wide range of substrates has been examined usingin water to allow separation from the reaction mixture and
chloroaluminate-catalyzed FriedeCrafts reactions. For reuse on dehydration. A small decrease in activity was
example, aryl keto acids have been prepared usingif@]- observed on recycle, which was thought to be associated with
CI—AICls-catalyzed acylation and aroylation of aromatic mechanical losses on work up. For,fim]Cl—2ZnCl, the
substrates using cyclic acid anhydrides with good yields with reaction was extracted with diethyl ether and reused without
the exception of nitrobenzer®. FriedelCrafts reactions  further purification and with only a small loss in yield on
using chloroaluminate ILs have also been performed betweenthe second and third reactions.
PCk and benzene to form dichlorophenylphosphitie?*° Transition-metal/rare earth metal triflates and bis(trifluoro-
The binary ILs, [ENH]CI—AICI3, [N4s44Br—AICl3, and methylsulfonyl)imides have been used extensively for carbon
[C4pyr]CI—AICI3;, gave yields of the desired product up to carbon bond-forming reactions in ILs. For example, Gordon
68% depending on the binary mixture chosen and the ratio and Ritchie have shown that Sc(OF % a highly efficient
of PCk to benzene employed, which may be compared with catalyst for the allylation of 2-methoxyhexanone and benzoin
yields of 25% using AlGJin the conventional process. After methyl ether using tetraallyltin systeitf.In this case, the
extraction with petroleum ether, the IL could be reused albeit catalyst increased the rate of reaction and also improved the
with a small drop in yield. Coupling of aromatics and stereoselectivity. M(OTf) (M = Sc, In, Hf, Y, Yb, Lu)

R =alkyl or aryl
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dissolved in [Gmim][SbR] have been used to catalyze the However, the choice of IL had little influence on yields of
alkenylation of a range of arenes with alkynes, for example, the d,e-unsaturated ketone product.
benzene by 1-phenyl-1-propyne, at 85.3% In the latter .
reaction, yields above 80% were obtained 24 h 5.1.2. Henry Reaction
depending on the catalyst. For comparison, using Sc@OTf)
in the presence of the IL resulted in 91% vyield in 4 h, whereas
only 27% yield was found in 96 h in the absence of solvent.
A wide range of other metal triflate salts, for example,
Ag(OTf), Cu(OTfy, and Zn(OTf), were also reported but
showed much lower activity. Decantation of the products
allowed the catalyst/IL mixture to be readily recycled. Using
this approach, acylation of 1-methylpyrrole with acid anhy-
drides or acylchlorides has been reported using Yb(Qif)
[Capyr][BF4].21° Similar yields were found in the IL com-
pared with CHNO, or CH,Cl,, albeit with increased reaction
rates. Zn(NT), and Co(NT$), have been shown to be active
for the acylation of chlorobenzene with benzoyl chloride and
m-xylene with benzoic acid in [@nim][NTf,] with the cobalt
salt showing the higher activif§}* A comparison of the
acylation of toluene with benzoyl chloride in the presence N O,N pH
or absence of [@nim][NTf;] showed that reaction rates R 'NO, © - >_§R2
increased dramatically when the IL was used in combination Ry Rg Ri Rs
with CO(Nsz)g or NI(Nsz)z
Anjaiah et al. reported the use of Yb(O3®r the carbor- 5.1.3. Carbony! Allylation of Aldehydes and Ketones
Ferrier rearrangement of triacetyl glucal with allyl silanes, ) o
propargyl silane, and silyl enolethers infaim][BF,] and In [Camim][BF4], SnCh-2H,O acts as an efficient catalyst
[Csmim][NTf,].312 In both ILs, the corresponding C-glyco-  for carbonyl allylation’*® By applying IL, the need for the
sides were formed with reasonable yields and stereoselecPresence of a second cation or ultrasonic radiation, typically
tivities typically above 95%. Similarly, Yb(OTf)has been asspmated with the SnEinediated allylatlon reaction, was
used in [Gmim][PFg] to react carbonyl groups with 2-mer- ~ avoided. Furthermore, ketones, which are less reactive than
captoethanol to prepare 1,3-oxathiolafié&or a wide range  a@ldehydes, were found to be allylated in high yields with
of carbonyl compounds, yields between 72% and 98% were this system. Due to the strong electron-donating effect,
achieved at room temperature. allylation of anisaldehyde failech-Butanal also exhibited
Bismuth salts and oxides have also been used for Friedel 0w activity due to the electron-donating effect of the
Crafts acylation reactions in 113* An increase in conversion  aliphatic chain.
was observed on dissolvingBl; and Bi(OTfy in a [NTfy] - . .
based IL compared with the solventless reaction for the 5.1.4. Stille Coupling
reaction of anisole and toluene with benzoyl chloride at 80 The Stille Coup”ng reaction has been performed in

and 150°C, respectively. Interestingly, good conversion was [C,mim][BF,] using bis(benzonitrile)palladium(ll) chloride,
only obtained in [NT]"- and [Pk] -based ILs with little  triphenylarsine, and copper(l) iodide as the catalyst system

reaction found in ILs with either [OTf] or [BF,] . (Scheme 37§2° Using this solvent for the reaction of
Despite the extensive use of these salts as catalyst, the

exact nature of the catalytic species has not been studied inscheme 37. Stille Coupling Reaction betweea-lodoenone
detail in many cases. However, the detailed kinetics of the and Vinyltributyltin
In(OTf)s-, Sc(OTfy-, and Al(OTfi-catalyzed acylation of
anisole with benzoic anhydride in J@im][NTf;] has been

Henry reactions can be accelerated in chloroaluminate
ILs.21” The chloroaluminates with higher compositions of
organic species of the chloroaluminates prove to be more
efficient rate promoters than the ones with lower organic
species in catalyzing Henry reactions, involving both ali-
phatic and aromatic carbonyl compounds. The exact IL used
was found to influence the yields obtained withyf@m]CI
> [Cypyr]Cl = [Cympyr]ClI = [Csmim]CIl. The 1,1,3,3-
tetramethyl guanidine (trifluoroacetate and lactate)-based IL
was also reported as a recyclable catalyst for Henry reactions
to produce 2-nitroalcohols (Scheme 38)The catalyst can
be applied to both aromatic and aliphatic aldehydes.

Scheme 36. Henry Reaction to Produce 2-Nitroalcohols

RSnBu,

reported by Goodrich et &°Using a combination of kinetic ! R
modeling and NMR it was shown that the reaction is PdClL(PhCN),
consistent with a ligand-exchange reaction between the metal Ph;As, Cul

salt, benzoic anhydride, and the IL, resulting in formation [Cymim][BF,], 80°C

of a free acid which acts as the catalyst.
o-iodoenone and vinyltributyltin afforded results comparable
5.1.1. Sakurai Reaction with those obtained using NMP as the solvent. Better results
_were obtained in the coupling of-iodoenone with phenyl-
Severalo,f-unsaturated ketones underwent the Sakurai yripytyltin. Both a- andS-iodocyclohexenones afforded the
reaction with allyltrimethylsilane in the presence of 18Cl  stjjle coupling products in generally good yield. Extraction
using [Gmim][PFe] or [Csmim][BF,] as the solvent (Scheme  of the product with diethyl ether led to an IL layer that could

35)31°InCl; was a more effective catalyst in either of these pe recycled several times with only a slight loss in activity.
two ILs than in the normal solvent of choice, &El,.

. . _ 5.2. Sulfonylation Reactions of Aromatics
Scheme 35. Sakurai Coupling Reaction between

o,B-Unsaturated Ketones with Allyltrimethylsilane Sulfonylation reactions of aromatics has been reported

InClL. TMSCI R, using [Gmim]Cl—FeCk with FeCk in excess at room
~SiMey + ® /\/(ﬁ\R —_— N\iR temperature with excellent yields with the exception of
1

2 [Cymim][PFg] 2 nitrobenzene where no reaction was observed. Batiuene



2640 Chemical Reviews, 2007, Vol. 107, No. 6 Parvulescu and Hardacre

sulfonyl chloride and benzene sulfonyl chloride were effec- reaction times were found in the IL compared with those
tive as sulfonylation reagents. In contrast, for the alkylation reported in tetrahydrofuran (Scheme 39). The reaction
of o-methylnaphthalene, binary [EtNKCI—FeCk- and mechanism was supported by theoretical studies using ab

[EtNH3]CI -ZnCl,-based ILs showed little reaction. initio Hartree-Fock calculations.
5.3. Silylstannations of o.f-Unsaturated Carbonyl 5.4. Debromination of 2-Bromoketones
Compounds [C4smim][Co(CO)] in combination with sodium hydroxide

The tributylstannyl anion, BiSry, can be generated in 1,3- is an active system found to catalyze the debromination of
dialkylimidazolium-based ILs from M&iSnBy and reacted ~ 2-bromo-2-acetonaphthone and 2-bromoacetophenone to
with o,3-unsaturated carbonyl compounds (cyclohex-2-en- their corresponding ketoné&
1-one, cyclopent-2-en-1-ongans-4-phenyl-3-buten-2-one)
to afford 3-tributylstannylated products in good yields 5.5. Protection of Carbonyls to Acetals and
(Scheme 38¥2 As shown in many reactions, the choice of Ketals

Protection of carbonyls as acetals (or ketals) is one of the
most important reactions in organic chemistry. Although a
lot of conventional catalysts including acidic catalysts have

Scheme 38. Transformation ofa,f-Unsaturated Carbonyl
Compounds into 3-Tributylstannylated Products

@ . .
MesSi—SnBus MerS —SuBu, [Comim][BusSa] + Me,SiCl been reported for the protection of carbonyls as dimethyl

| acetals, many of these procedures are associated with one

a or more disadvantages such as toxic and expensive catalysts,

poor chemoselectivity and yield, and loss of catafyst.

Recent work demonstrated that a series of Brgnsted-acidic

x ILs can be used as efficient catalysts for protection of various
carbonyl compounds at room temperature (Scheme?a0).

Cl [Cgmim]"

SiMe;
( ) siMes Scheme 40. Brgnsted-Acidic ILs Catalyzed Protection of
a Carbonyls
"work-up"
SnBuy SnBu, R R Rl R2
BusSn [Cemim]* 1 2 |H;Cs 6 /H
\_/

cation and anion is found to affect the yields obtained. Lower
yields of 3-tributylstannylcyclohexanone were obtained using X = [BF4]", [CF3SO03], [PhSO3]", [CF3CO,]-

[Cymim][BF,4] compared with [@mim]Cl even after extended

reaction times and use of elevated temperatures. OptimumThis process occurs with good isolated yields and simple
results for the silylstannation of cyclohex-2-en-1-one were workup and allows for the recyclability of the catalyst. A
found using [Gmim]ClI. In contrast, the reaction of less active  similar approach has been proposed usiethylimid-
molecules, such as terminal alkynes, required the presenceyzolium tetrafluoroborate as the $£6

of an additional catalyse? Tetrakis(triphenylphosphine)-

palladium(0) Pd(PRJy was found to catalyze addition of 5§, Deprotection

silylstannanes BienSiMe and BySnSiMePh to terminal
alkynes in both [@mim][BF,] and [Cimim][PFs] giving
excellent yields of the 1-trialkylsilyl-2-tributylstannylzd
alkenes as a regio- and stereoselective product. Similarl

Deprotection of 1,1-diacetates using a catalytic amount
of InBrz immobilized in [Cmim][PF] or FeCk-6H,0 in
[Csmim][BF,] results in the corresponding parent aldehydes
in excellent yields$?7:3%8 Various functional groups were

Scheme 39. Reaction Mechanism for Pd(PRj-Catalyzed found to be reacted under these conditions including
Addition of Silylstannanes BuSnSiMe; and BusSnSiMePh molecules containing acid-sensitive or oxidizable groups such
to Terminal Alkynes in the ILs as methoxy, benzyloxy, methylenedioxy, nitro, chloro, and
SRy double bonds. Furthermore, the phenolic acetate function also
R—C—CHSR ) remained unaffected. Acetals such as 1,1-ethylenedioxy-1-
E20 phase phenylmethane and 1,1-dimethoxyl-phenylmethane could
[C,mim][PF] phase oR', SR R=C= CH also be converted to their corresponding carbonyl com-
SiR" L_Pld SR’ L pounds.
- 5.7. Ligand Substitution Reactions: Fluorination
2L Reactions
SiR"s Fluorination reactions are important and often require harsh
PdL, L—pd—SnR3 conditions or fluorinating agents. Amigues et al. have shown
Heske—R that fluorine-chlorine halogen exchange was surprisingly
+2L rapid in dry [Gmim][BF,], and after only 2 h, a significant
SR' L conversion of PGlto PR was observed with no hydrolysis
L—pd products detecte#? Nucleophilic trifluoromethylation reac-
— { \ tions with organic halides have been shown to occur in ether-

R’;Sn SiR" R';Sif functionalized [NTf] -based ILs using trifluoromethyl-
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(trimethyl)silane. These reactions were catalyzed using Cul example, the number of ionic groups attached to a phos-

with KF resulting in yields between 27% and 98% which
were dependent on the substrate and catalyst systentdised.
Interestingly, the use of [fim][PFg], glyme, or acetonitrile
resulted in no yield even after 24 h. In addition, Kim and
Shreeve demonstrated thatsPrand CsF could be used as
catalysts in these ILs with trifluoromethyl(trimethyl)silane
for the trifluoromethylation of aldehyde, ketone, enone, and
lactam. Chiral,3-epoxy carbinol compounds have also been
converted to the corresponding chiral monofluoro-methylated
o,B-epoxy compounds via fluorination with 2,2-difluoro-1,3-
dimethylimidazolidine in [Gmim][PFs] by Kitazume et af3!

5.8. Isomerization

The palladium-catalyzed process for the conversion of
allylic alcohols to ketones has been reported in jiBr
(Scheme 41%%? In comparison with DMF, the IL solvent

Scheme 41. Palladium-Catalyzed Isomerization of Allylic

Alcohols to Ketones
R R R
Y Y
0 0 OH

/Y K
R = n-C4H, ;, *Pd* = PCl,, Pd black, Pd(OAc),

*Pd* (0.01- 0.03 equiv.)

[Ny444]Br (1.5 g/mmol)
Argon, 120 °C

OH

showed, in general, much higher selectivities toward the

phorus center was examined and found to decrease the
conversion significantly as the charge increased. Using a
biphasic reaction medium with heptane as the organic phase
it was possible to immobilize the catalyst and allow good
recycle of the system.

5.9. Acid-Catalyzed Reactions in ILs Using
Heterogeneous Catalysts

Recently, there has been significant interest in the pos-
sibility of using solid acid catalysts in ILs for-©C bond-
forming reactions. Katdare et al. have shown that zeolites
can catalyze FriedelCrafts acylation reactions in 115>
However, a more detailed study of the mechanism of the
reaction showed that while the activity in the ILs was higher
than that found in molecular solvents, this was subject to a
strong deactivation with time in a continuous flow procé&$s.
Hardacre et al. clearly demonstrated that the zeolite was
acting as a catalyst precursor whereby cation exchange from
the IL with the surface protons of the zeolite formed a
homogeneous acid in solution. The acid was responsible for
the catalysis, in particular in ILs based on [NJTf The
activity of the zeolite could be recovered by recalcination
of the solid, removing the exchanged organic cation and
regenerating the proton sites. A similar ion-exchange mech-
anism has also been proposed by Shen éB7alsing
H3PW,2040 supported on MCM-41, an increase in conversion

saturated ketone in the case of 1-octen-3-ol. However, theWas found for the alkylation of phenol using ILs compared

selectivity obtained was strongly dependent on the allylic
alcohol chosen; for example, terminal olefins showed high
selectivity, whereas this is reduced significantly wisub-
stitution. Interestingly, when comparing PdCPd(OACc),

with hexane. In both cases it cannot be ruled out that some
heterogeneous activity contributes, but there does not appear
to be a significant contribution from the solid acid.

Prins cyclization reactions between aldehydes and homo-

and palladium black as the catalyst, similar results were found @llylic alcohols were also demonstrated using stgoli_tes and
in each case, with only a small drop in conversion for the Amberlyst-15 ion-exchange resin in 4@im][PFe].>* High

latter. This is consistent with evidence from Hetk and
oxidatior?*¢ reactions performed with similar catalysts that
the palladium salt decomposes on dissolution forming
palladium nanoparticles.

yields of tetrahydropyranols were formed, and the-Hcid

catalyst system was recyclable. In this case, the recycled IL
in the absence of the catalyst was not examined, and
therefore, it was not possible to ascertain whether the same

Corma et al. also employed palladium-based catalysts for Mechanism as shown for zeolites angP/1,04o was taking

the cycloisomerization of 2,2-diallylmalonates in 1,3-diakyl-
imidazolium-based 1L&3 In toluene using Pd@IPhCN)

place. Interestingly, the yields decreased with recycle as well
as in the presence of water, both of which were consistent

as the catalyst, both acyclic and cyclic products are observed With the exchange mechanism.

In comparison, in [@mim][PF], 93% selectivity towards the
corresponding cyclopentene, where the endocyckeCC
double bond is tetrasubstituted, is found. Similar selectivities
were also found for Pd@land PdBs as the catalyst and
showed higher TOFs compared with P€hCN). The
TOF was further increased by addition of AgPte the
reaction mixture with little change in the selectivity. This
additive is thought to replace the chloride in Pg@lith
[PFs]~ by forming AgCI, which increases the hardness of
the palladium center, increasing the TOF.

An extensive study of the isomerization of 2-methyl-3-
butenenitrile into 3-pentenenitrile using nickgdhosphine
catalysts has been investigated under biphasieolganic
solvent conditions by Valle et al’3* In 1,3-dialkylimidazo-
lium-based ILs the presence of the C(2) proton was found
to reduce the conversion of 2-methyl-3-butenenitrile sub-
stantially, possibly due to formation of a Ncarbene

complex. In contrast, excellent conversions were obtained

using a methyl capping group. A similar trend was also

observed in the selectivity of the process toward 3-pentene-

nitrile. The conversion and selectivity were found to be
sensitive toward the ligand employed in the reaction. For

Metals, in particular In, Sn, and Zn, have been shown to
mediate the allylation of ketones and aldehydes using allyl
halides in [Gmim][BF,] and [Cimim][BF,4] (Scheme 42§3°

Scheme 42. Metal-Mediated Allylation of Ketones and

Aldehydes in ILs
HO><\/

2 M or MCl,
R R'

M

R R'

+ Bl'/\/

M =Zn, Sn, In

The metal is thought to form the organometallic complex in

solution, and this is the reactive intermediate. In general, no
advantage of the IL system is observed over the molecular
solvent system; however, interestingly, substoichiometric
guantities of indium may be used for the reaction.

5.10. Deoximation

Acid-functionalized ILs using acetoxy and octylic acid
groups physically confined into the silica gel were tested in
deoximation of oximes (Scheme 43y.0One hundred percent
conversions and selectivities were achieved wtemethoxyl
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Scheme 43. Deoximation of Oximes over Silica Gel Confined The Lewis basicity of the IL may also be used to catalyze
ILs reactions. MacFarlene et al. examined a range of ILs using
_OH LOH acid—base indicators so as to categorize their aciitysing
N ILs/silica gel 2 N acetylation of alcohols as the probe reaction, the Lewis
/lk - )k + )|\ basicity of dicyanamide and acetate was demonstrated,
R TR,  acetone/water 1 whereas in [NT4]~ no reaction was found, in agreement with
the indicator studies.

benzaldoxime andp-nitro benzaldoxime were used as _ Knoevenagel and Claiserschmidt reactions have also
substrates only in the presence of water. In contrast, been performed using alkali-metal hydroxides as the catalyst
significantly lower activity was observed using acetophenone in ILs.**® Using an ethanolic solution of NaOH or KOH in
oxime as the substrate. This was attributed to the steric[Csmim][PFs], both the Knoevenagel reaction between
hindrance of acetophenone oxime. Similarly, when acetone Penzaldehyde and malononitrile and the Clais8ohmidt
oxime was used as the reactant, no reaction occurred, whicHaction of acetophenone with benzaldehyde were performed
explains the observation that acetone oxime was producedW'th good conversions and selectivity. In the case of reacting
on conversion of other oxime substrates. This result sug- 2-ydroxyacetophenone with benzaldehyde, some subsequent

gested that formation of acetone oxime may be an importantcyclization of the product to the flavanone was also observed.
step in the deoximation reactions. In each case, the IL was recycled at least three times;

however, much of the base used in the reaction disappears
. . . o and is thought to react with the acidic proton at the C(2)
5.11. Acid-Catalyzed Reactions with Task-Specific position on the imidazolium ring. The self-aldol condensation

ILs of propanal and crossed aldol condensation of propanal with

: ; -« 2-methylpent-2-enal in a range of ILs, including,f@im]-
Davis and co-workers pioneered the area of task-specific X o
ILs,?? and this concept has been utilized in acid-catalyzed E)PFI(\SJI ahnd [%T'nl]}.BF“]h.ath?\lo_égo C has geerlhre[t))orteq
reactions, in particular in the form of Bransted-acidic ILs y Mennert et ar.™ in which NaOH was used as the base in

where an acid group is tethered to the anion or cation. Forbest€ form of solid particles. Increased yields of oligome(G,

and Weaver used a phosphonium-tethered sulfonic acidVe'e found compared with molecular solvents.

e - : Ethylenediammonium diacetate has also been employed
tosylate IL to perform the esterification of acetic acid to ethyl o - 248 .
acetaté®! Yields >80% were achieved, but this was for the Knoevenagel reaction in J@im][BF,].3>*®In this case,

significantly modulated by the amount of water present in g;enggjnescé't\i/:n\’\gzégopne@g:qczr?iré%'%%ttFi):lotche; ingai%y ;?Z
tri](SI dsﬁéirg a}[ismvivzee”da\lzhtgree ?ﬁgt:;a?g'ﬂ I_toraetfga\l/cgé r7a_tio'a-rl;geheterogeneous catalyst under hydrogen so as to reda€e C

y : P ; X T in the condensate product (Scheme 44). This was effective
an equimolar amount of acid and alcohol was used. Similarly,

Sahoo et al. tethered sulfonic acid groups onto imidazolium scheme 44. One-Pot Knoevenagel/reduction Process with
and phosphonium ILs and further modified their Brgnsted Ethylenediammonium Diacetate in [Gmim][BF 4]

acidity usingp-toluenesulfonate and trifluoroacetate aniéfis.
Using these ILs, the Mannich reaction between acetophenone,
aniline, and benzaldehyde has been performed showingg,

C,mim][BF,
excellent yields and recyclability. Recently, Olah et al. have )=o + \/O CN L R‘)_ko + H,0
0

10% EDDA >
10% Pd/C

shown that it is possible to support HF by reaction of amines g/, 300kPaH, Rj; CN
and polymer containing amines forming amit{&lF),-based 25-90°C
salts as liquids or as a sofif With formation of a salt, the 4-12h

volatility of the HF was reduced, allowing it to be handled ~Ri-Rz=H.alkyloraryl 90-100%

more easily. The material formed was used for the alkylation
of isobutane with isobutene or but-2-ene alkylation and
showed high activity and, in the case of the polymer
supported material, good recycle over four reactions. Some
change in the selectivity was reported on recycle, which was
attributed to small amounts of leaching of HF from the

for a range of aromatic aldehydes and ketones as well as
methylene compounds such as ethyl acetoacetate, diethyl
malonate, and ethyl cyanoacetate. Use of dimethylammonium
dimethylcarbamate has been reported (as a distillable, ionic
medium) for similar aldol condensations by Kreher et*al.

For the reaction of benzaldehyde with propanal, yields of

catalyst. 61% after 25 h at 50C were obtained.
i Amine bases have been immobilized in ILs to perform
5.12. Base-Catalyzed Reactions aldol and Henry reactions. For example, asymmetric aldol

.condensations have been shown using propanone and a range

Base—catalyzeq processes have been mUCh _Iess stgd|ed 'Bf aromatic and aliphatic aldehydes to have ee’s up to 89%
ILs compared with acid-catalyzed reactions, in particular _, high conversion with-proline (Scheme 45§9-353 Little

those er?ploying solid base catalysts. Hydrotalicite supported| i, activity or ee was observed on recycle of the catalyst/
in [BF,]”~ and [Pk] " ILs has been used for Knoevenagel IL system. In addition, the aldol reaction of acetone deriva-

. : . ; .
and nitro reaction8™ Khan et al. reported that high yields 05 with aldehydes resulted in optically active fluorinated
were obtained for both reactions; however, it should be noted

that the ILs catalyzed the Knoevenagel reactions in the Scheme 45. Asymmetric Self-Aldol Condensation of
absence of the catalyst. KF on alumina has also beenPropanal

supported in [@mim][BF,4] and [Gmim]Br and used for the (L)-proline

base-catalyzed heterocyclization of diamines using bromo- (5 mol%) (:;)H
acteylbromide to form a range of 1,4-benzathiazitte&ood H + S H

yields and recycle were obtained using this system. [Cmim][PF¢], 4 °C



Catalysis in lonic Liquids

o,f-epoxy carbonyl compounds using jf@m][OTf] and
proline3%* Davey et al. demonstrated that amines in ILs can
reduce formation of self-aldol condensation products, in-
creasing the selectivity for the cross-aldol reacfirising

ILs based on [NTf~ and [FAP] and piperidine as the
catalyst, the aldol condensation ofeit-butylbenzaldehyde
and propanal to form 3-(fert-butyl-phenyl)-2-methyl-pro-
penal was shown to have significantly higher selectivities at
high conversions of the tert-butylbenzaldehyde compared
with either the industrial process using NaOH or using
piperidine in molecular solvents. The higher selectivities in
the IL system appear to be related to formation of an

insoluble iminium species which reduces the concentration
of free catalyst available for reaction and prevents catalysis

of the self-aldol condensatiofi-Nitroalkanols have also been

prepared from ketones and aldehydes by reaction with

nitroalkanes in [@nim][BF,4] and [Gmim][BF,] using DBU

as the catalyst® High rates of reaction were observed in
both ILs for all reactant combinations with the exception of
the reaction of cyclopentanone with nitromethane, where
good yields were found in [fnim][BF4], and yet no reaction
was observed in [€nim][BF].
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of aliphatic and/ora,S-unsaturated aldehydes, the aldol
reaction did not proceed.

6. Carbonylation and Hydroformylation

6.1. Carbonylation

6.1.1. Carbonylation of Aromatic Hydrocarbons via
Homogeneous Catalysis

Carbonylation of toluene is a reaction known to require
highly acidic catalyst systems to obtain any conversion. It
was initially reported by Kniftoff® and Saleff* using first-
generation 1,3-dialkylimidazolium anM-alkylpyridinium
chloroaluminate ILs (Scheme 47). As also occurs in halide-

Scheme 47. Carbonylation of Toluene Using AlGlin ILs

Hj H; | H; H;
AICL,, CO
. + +
5
x
0O

Amines may also be tethered to the IL and used in | 4qaq ILs, AIC} has been shown to be soluble in [N]Tt

molecular solvents. Cai et al. have shown that task-specific

ILs may be formed by alkylating methyl imidazole with
2-bromoethylamine hydrobromide, forming a tethered pri-
mary amine®” In both the [BR] - and [PF] -based ILs,

Knoevenagel reactions between a range of aromatic alde
hydes with ethylcyanoacetate and malononitrile in water are

efficiently performed. Therein, the IL was easily recycled

from the products and reused. Silica-supported amine

catalysts have been used inyidim][PF] for the self-aldol
condensation ofi-decanaf®® N-Methyl-3-aminopropylated
tethered on silica showed excellent recyclability and was
found to be more active in the IL than previously tested
molecular solvents.

Base-catalyzedN-alkylation reactions have been shown
in ILs using KCO; and CsC0s.%%° Using pyrrole or indole

based systems and used for carbonylation of told&Ehe
overall solubility of AICk is strongly dependent on the cation
employed with most [cation][NBf—AICI3; mixtures found
to exhibit temperature-dependent monophabiphasic be-

“havior. In the carbonylation of toluene usimgalkylpyri-

dinium [NTf,]~ based ILs, yields of tolualdehyde between
10% and 30% were found but with high selectivities36%).

A maximum yield was obtained using J&r]* as the cation,
and this was attributed to the need to balance the solubility
for toluene and CO in the catalyst layer.

Other chloroaluminate ILs have also been investigated in
this reactior?®® Using a range of Lewis-acidic chloroalumi-
nate ILs based upon a 2:1 ratio of A{GInd [Gmim]CI (n
=2, 4,6, 8, 12 or where {s replaced by benzyl), toluene
carbonylation at room temperature was performed with HCI

as the nucleophile and a range of alkylating agents such ag3 atm) and CO (8 atn#* A gradual decrease in the activity
alkyl halides and sulfonates as the electrophiles, good yieldsfor the toluene carbonylation reaction was found with

are obtained in a mixture of acetonitrile and,f@m][BF.].

increasing alkyl chain length. Therein, the role of HCI was

The advantage of this method is the ease of workup and lackexamined in the reaction using semiempirical methods. In

of a strong base requirement.

5.13. Enzymatic Catalyzed Aldol Reactions in ILs

The aldol reaction catalyzed by aldolase antibody 38C2
in an IL [Cymim][PF¢] is another way to produce fluorinated
compounds® Thus, aldol reaction of hydroxyacetone with

particular, formation of HCI adduct with the IL correlates
with the activity of the system. In the IL, the #l species
interact with HCI gas to form highly acidic protons and
chloroaluminate species, which allows the dissolution/
reaction of CO to occur even at relatively low pressures with
rapid formation of aldehyde.

4- or 3-(trifluoromethyl)benzaldehyde occurs smoothly in this 6,1.2. Carbonylation of Aryl Halides and Terminal Alkynes
system with recovery of the antibody. The reaction produced via Homogeneous Catalysis

the 3,4-dihydroxy-4-4- or 3-(trifluoromethyl)-phenybutan-

2-one (Scheme 46). However, acetone, methyl ethyl ketone,
methoxyacetone, fluoroacetone, and chloroacetone were
reported to be inactive in this system. Moreover, in the case

Scheme 46. Aldol Reaction Catalyzed by Aldolase Antibody
38C2inan IL

aldolase extracted OH O
antibody with Et,0
o Q 38C2
3o X e T
R”"H [C,mim][PF,] _l
X 14 days recovered
Ab38C2 in

IL

o,f-Acetylenic ketones are useful intermediates for the
synthesis of a variety of important heterocyclic and biologi-
cally active compound®® Using PdC}(PPh), as the catalyst
in [Csmim][PFg], good yields ofa,5-acetylenic ketones were
observed from the coupling of phenyl iodides and terminal
alkynes in the presence of C€.In contrast, when performed
in [Csmim][NTf;], the selectivity was poor due to competi-
tion with the Sonogashira coupling reaction.

Palladium catalysts, such as [Pgl@Ph),], have also been
shown to catalyze the carbonylation of aryl halides with
alcohols and water in the presence of NiBt{Csmim][PFg],
[Csmim][BF4], and Aliquat 336 to form benzoate derivatives
(Scheme 485673%8The rate enhancement effect found in the
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Scheme 48. Carbonylation of Aryl Halides with Alcohols
and Water in the Presence of Netin ILs

Pd catalyst

+ CO + ROH + NEt;3 + [NEt;H]X

IL

X CO,R

ILs was thought to be due to stabilization of an ionic or polar

Parvulescu and Hardacre

6.1.5. Carbonylation of Amines and Nitrobenzene via
Homogeneous Catalysis

Symmetric urea derivatives have been synthesized in good
yield from amines using C£as the carbonyl source in the
presence of a range of 1,3-dialkylimidazolium-based ILs and
CsOH as a strong base (Scheme 33§7“Using the IL there

Scheme 51. Carbonylation of Amines Using C®as the

transition state, for example, an acylpalladium species, which Carbonyl Source in the Presence of a Range of
subsequently is attacked by the hydroxyl anionic species or1.3-Dialkylimidazolium-Based ILs and CsOH

water/alcohol. Caloet al. used carbene-based palladium
catalysts 10 (Scheme 49), for analogous reactions in the IL,

Scheme 49. Carbene-Based Palladium Catalyst for the
Methoxycarbonylation Reaction

e
setTeq

CH,
10

tetrabutylammonium bromid&? Although high yields were
found for carbonylation products with a range of aryl halides
(iodobenzene, bromobenzepehromoacetophenone) for the

less reactive aryl halides, such as bromobenzene, the presen

of triphenylphosphine was required for efficient methoxy-

carbonylation. The main advantage of using the IL as the

solvent was to protect and heterogenize the catalyst.

6.1.3. Pauson—Khand Reaction

The ILs [Gmim][PFs] and [Cimim][BF,] have been shown
to allow the Cg(CO)-catalyzed intramolecular and inter-
molecular PausonKhand annelation (Scheme 50Y.n this

Scheme 50. Intramolecular PausorKhand Annelation

Catalyzed by Cg(CO)sg in ILs
oS

Coy(CO)g 10%
—_—

2 o

case, a pressure of CO of at least 10 bar was required wit

IL

RNCO RNH,
CsOH/
[C4ymim]C1
RNHCO, *NH;R
CsOH/
[Cymim]C1
RNH,
RNHCHNHR

is no need for an additional dehydrating agent; however, the
yields obtained were strongly dependent on the choice of
anion with [PR] -based ILs showing particularly poor
YRactions. Little influence of the cation was found. The N,N
disubstituted urea derivatives could then easily be converted
into the corresponding carbamates, and the carbamates can
be thermally decomposed to form isocyanates.

ILs can also mediate the oxidative carbonylation of amines
(aniline and cyclohexyl amine) to give the corresponding
carbamates or ureas using a palladit(h,10-phenanthro-
line)®* complex catalyst without any additional organic
solvent3”® Although Pd(phen)Glwas insoluble in water or
methanol, addition to a solution of the catalyst in either
[C4mim][BF4] or [Csmim][PFs] did not result in precipitation.

In this study, [BR] -, [PFs]~, CI~, and [FeCJ]~ anions were
examined using aniline as the substrate. Again,¢][PF
inhibited the reactions; however, this was probably due to
decomposition of the anion found after the reaction. The
preductive carbonylation of nitrobenzene to the corresponding
carbamate has also been performed using Pd(phen)Cl

diethyl allyl propargyl malonates showing quantitative

conversion in the corresponding cyclopentenones. In contrast, ; S ; ; ;
using heteroatom-tethered enynes, lower vyields for the including those where the alkyl chain is functlongI]zed with
a carboxylic and sulfonic acid group¥.In the acidic ILs,

cyclocarbonylation products were observed, and in the case®, . - ; . .
of the reaction of phenyl acetylene with norbornene, moder- Nigh catalytic activity was observed with the carboxylic-acid-
based ILs showing higher activity than those based on

ate yields were obtained. Interestingly, on replacement of . ; o ; X . e
sulfonic acid. Surprisingly, in comparison with similar

ghbia%(gé_pmton with a methyl group, lower yields were reactions, the ILs based on hexafluorophosphate showed
higher activity than those based on tetrafluoroborate.
The alkali-metal-containing selenium compound [K$eO
(OCHg)] has been shown to react with J@im]Cl (n = 1,
2, 4) leading to 1,3-dialkylimidazolium-based ILs with anions

catalyst in a wide range of 1,3-dialkylimidazolium ILs,

6.1.4. Carbonylation of Alcohols via Homogeneous
Catalysis

Jiang et al. reported that dimethyl carbonate formed by

the oxidative carbonylation of methanol with PdGs a
catalyst is highly selective in [fim][PFs].3"* Therein,
supercritical carbon dioxide was used to extract the product
from the IL. Similarly, carbonylation of terminal 3-alkyn-

1-ols and 1l-alkyn-4-ols has been found to be catalyzed by

Pd(OAc) in combination with the ligand 2-(diphenylphos-
phino)pyridine in [Gmim]*-based ILs. Consorti et al. showed
that quantitative and selective formationedfo a-methylene

containing seleniur®® Other ILs were also formed on
reaction of the [Se&OCH)]~ anions with a range of

alcohols
S

[C,mim][SeOQ,(OCH;,)] + ROH—
[C,mim][SeQ,(OR)] + CH;OH
(R = CH,CH,, CF,CH,, Ph)

y- ando-lactones was observed with the lactones distillable These ILs were also found to be highly active for carbonyl-
from the IL catalyst system to allow further reactions to be ation of aniline to form phenyl carbamate and diphenylurea,
performed™ even at temperatures as low as @ Similarly, phospho-
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nium methylselenites, fJ[SeOC,(OCH;:)] and [Pia44[SeO;- Scheme 54. Carbonylation without Molecular Oxygen of
(OCH)], have been formed and showed high activity for Amines and Nitrobenzene

this reactior?’”” The selenium anion is thought to be strongly o
involved in the catalytic cycle, where the methoxy group is QNOZ + R™NH, i complex- ™ QNHCONH—R
displaced by the amido group and subsequently reacts with ili

IL / silica gel

a CO, generating a selenium carbamoyl complex. Urea is
formed by the additional reaction of another amine with the
carbonyl carbon (Scheme 52). On the basis of cyclic
effect of the high concentration of IL containing a metal

R = phenyl, butyl, hexyl, cyclohexyl, p -methylphenyl,
p-methoxylphenyl, o-nitrophenyl

Scheme 52. Carbonylation of Aniline to Phenyl Carbamate complex due to confinement into the nanopores or cavities
and Diphenylurea with Phosphonium Methylselenites of the silica gel matrix. [Gmim][BF4] and [Gmim][BF]
H,0 RNH, combined with HRu(PPJCl,, Rh(PPh)sCl, Pd(PPH).Cl,,
\\s VOCH; CH.OH and Co(PP¥)sCl, were confined in silica gel. Using the Co
CH;0H x\ ’ and Ru complexes, low TOFs were found compared with
catalysts based on Rh and Pd in{@im][BF4]. In contrast,
CH;0H using [Gmim][BF.], poor activity was found for all catalysts.
>\e'V0H 13 Se‘VNHR
o °d’ co 6.3. Hydroformylation
One of the first reactions performed in ILs employed
SN (|)H biphasic conditions for the Rh-catalyzed hydroformylation
1205 o Se—T—NHR of long-chain olefins. Commonly, using water as the solvent,
HO © N’ the olefins which can be utilized are limited to ethylenty!
el 12 C\ chain lengths due to solubility issu&=82381The biphasic
hydroformylation of pent-1-ene in @im][PFs] and [Cymim]-
[BF4] with Rh(acac)(CO) as well as with cationic ligands
K RIH, showed excellent result&!?> Furthermore, Keim et al.
(RNH),CO seIVc NHR: demonstrated that this system may be extended to the
NH N hydroformylation of methyl-3-pentenoate (Scheme 35

1 this case, the regioselectivity of the reaction is approximately
maintained over the reaction and may be controlled by the
voltammetry results, the imidazolium cation is believed to choice of ligand.
interact electronically with the anionic selenium species, The IL also results in a significant enhancement of the
resulting in the high activity observed by facilitating the catalyst’s lifetime and productivity. For example, using oct-
redox mechanismi@V — 12" — 13V). 1l-ene as the substrate with f@im][PFs] and a catalyst
The carbonylation of amines with propargylic alcohol formed in situ on mixing Rh(CQcac with two equivalents
using CQ as carbonyl source to yieltl-substituted 4- of N-quaternization cationic phosphines, with peripheral
methylene-2-oxazolidinones has been observed in 1,3-1-imidazolium groups, a TOF of a 32 mol of oct-1-ene Mol
dialkylimidazolium ILs. The corresponding 4-methylene of Rhhwas found®® Hydroformylation of oct-1-ene using
oxazolidinones were formed in high yields under mild Rh was also reported to be catalyzed by electron-poor
conditions with the exception of using aromatic amines as a phosphine-substituted cobaltocenium salts as ligands in the
substrate due to their low nucleophilicity (Scheme 58).  presence of IL8?°> Therein, 1,%-bis(diphenylphosphino-
Again, using [PE]~ as the anion resulted in poorer yields cobaltocenium hexafluorophosphate was found to be par-
than the corresponding IL based on [BF due to the ticularly active in [Gmim][PFs] and also gave high selec-
instability of the hexafluorophosphate anion. Interestingly, tivity for the n-product with no detectable catalyst leaching
higher yields were obtained as the alkyl chain length of the into the product phase. Platinum complexes may also be used

[C,mim]* cation increased. in an analogous manner, for examplas-[Pt(PPh),Cl-
(SnCk)] and cis-[Pt(PPh),(SnCk),], resulting from the
Scheme 53. Carbonylation of Amines with Propargylic catalyst precursorcis-[Pt(PPh).Cl;] in the presence of
Alcohol Using CO, SnCh.384 The activity has been shown to be high in 1,3-
Ri dialkylimidazolium-based ILs where the J@im]* cation is
R, - R, thought to bind strongly the chloride, thus activating the
}'»OH + CO, + RNH, R—N. .0 catalyst, as shown by density functional theory calculations.
R T The biphasic hydroformylation of lower volatility alkenes,
: 0 such as dodec-1-ene, has been shown in arsipercritical
CO, system under continuous flo# As in organic-IL
6.2. Carbonylation via Heterogeneous Catalysis biphasic systems, the IL retains the catalyst while the
, , ) supercritical phase contains the substrate and gaseous
6.2.1. Carbonylation of Amines and Nitrobenzene reagents as well as acts as an extractant phase for the product.

Carbonylation reactions of amines to symmetrical di- In this case, the choice of ligand for the rhodium complex
phenylureas and of amines and nitrobenzene to afford thewas critical for efficient reaction, and it was demonstrated
corresponding ureas have been reported to occur using silicathat, for example, sodium salts of sulfonated phosphines were
gel-confined ILs containing a metal complex as a heterog- insufficiently soluble in the ILs to obtain acceptable rates.
enized catalyst in the absence of oxygen (Schemé’84). However, by replacing the sodium by a cation similar to that
High catalytic activity was observed and attributed to the derived from the IL, this allowed good solubility and activity
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Scheme 55. Biphasic Hydroformylation of Methyl-3-pentenoate in [@mim][PF¢] and [C,mim][BF 4] with Rh(acac)(CO),
7/ co \/\/ﬁ\ CO/H, O\/\/\/ﬁ\ — > Nyloné6
N\ CH;OH OCHj; S OCH; Polyester

to be achieved. Furthermore, the choice of IL was important 7, Dimerization
with [Csmim][NTf,] showing the highest TOF at 500 h
Hydroformylation of hex-1-ene using carbon dioxide as
carbonyl carbon source has also been achieved resulting i
the chemoselective formation of heptanols using a ruthenium
complex employed in a biphasic 1,3-dialkylimidazolium
chloride—toluene system (Scheme 58§.The high concen-

Oligomerization of olefins under biphasic conditions using
rchloroaluminate ILs of the type [cation]CI/AIZAIELCI; as
catalyst solvent for Ni complexes ([Ni(MeCHBF,]2) was
first reported by Chauvin et 8°-392When dissolved in the
Lewis-acidic chloroaluminate ILs, the Ni catalyst exhibited
an enhanced catalytic activity. Sato et al. showed that to

Scheme 56. Hydroformylation of Hex-1-ene Using Carbon obtain the desired catalyst formulation, i.e., 1 equiv of

Dioxide phosphine per nickel atom, 1 equiv of complexes [MiCl
e ™" on (P(@-Pr))2] and [NiCl(pyridine)}] was needed to be dissolved
4 in the IL in the presence of tetramethylbenzéteFor

CHY S+ €O, + 3H,
independent of addition of phosphine ligands. Moreover, the
product mixture was independent of feedstock with both but-
1-ene and but-2-ene yielding the same dimer distribution.
(cod)Ni(hfacac) has also been employed as a catalyst in a
range of chloroaluminate IL8#3%By introducing the acidic

IL with weak organic bases, a significant enhancement of
catalyst activity was obtained with a high linear selectivity
of dimer product over that observed in toluene. Ethene
dimerization and oligomerization was shown using nickel(ll)
complexes dissolved in a [@im]CI/AICI/AIELCI, system

in the presence of aromatic solveft$By switching from
NiF, and NiCh(PCy), as the catalyst, which produced

)\/0 + H,0 dimerization of butene, the distribution of butene dimers was
C,Hg H

tration of chloride is reported to be the cause of the
chemoselectivity forming alcohols in favor of hydroformyl-
ation compared with the conventional systems used. For the
biphasic system to be effective, the choice of IL and organic
cosolvent is important. The conversion of hex-1-ene was
found to increase following the order cyclohexaneEt,O

< THF < toluene. This was attributed to the increased
miscibility of the cosolvent with [gmim]Cl. Furthermore,
with increasing alkyl chain length, the reactivity of the alkene

was also found to increase, again due to the increased alkeney: - : o
" . ' . ; imers and trimers, to [Ni(MeCNJ][BF 4], selectivity toward
solubility. However, in the case of [@im]Cl, where asingle ) 7 ‘ane was achieand(at 83@& 4 y

phase was formed, decreased chemoselectivity was found. Nickel(ll) heterocyclic carbene complexes of the formula
. . Nil x(carbene) (carbene= 3-methyl-1-propylimidazolin-2-
6.4. Hygjroformylatlon via Heterogeneous ylidene, 1-butyl-3-methylimidazolin-2-ylidene, 1-isopropyl-
Catalysis 3-methyl-imidazolin-2-ylidene, 1,3-diisopropylimidazolin-2-

Recently, several authors used supported ionic-liquid-phaseylidene) represent other catalysts investigated in the
catalyst systems for Rh-catalyzed olefin hydroformyl- dimerization of but-1-ene and propene in 1,3-dialkylimid-
ation82.97387.388 these systems the catalysts are composed azolium-based chloroaluminate 3. These complexes showed
of a transition-metal complex dissolved in a thin film of the high activity in the IL compared with in toluene and higher
IL, which is held on a porous solid with high surface area activity than NiCh(PCys). in the IL for but-1-ene dimeriza-
by physisorption, tethering, or covalent anchoring. Wasser- tion. This is thought to be due to the higher stability of the
scheid et af8” and Mehnert et & used this system for the ~ complex in the IL compared with in toluene.
liguid-phase hydroformylation of oct-1-ene and hex-1-ene, Dimerization of 1,3-cyclopentadiene has also been studied
respectively, employing [fnim][PFs] and [CGmim][BF,]. in the 1,3-dialkylimidazolium- andll-alkylpyridinium-based
Although high activities were found, with linear to branched chloroaluminate ILs (Scheme 57). As expected, with increas-
ratios up to 2.5, metal leaching was found which was S . .
comparable to conventional biphasic reactions. Yang et al. f%heDm?kSI? .dD'mel.r'Z""t'O” ngli’l'ﬁ’C'O%’?”.tad'%“e ":jthe
used TPPTSRh complex in an MCM-41-supported IL for C’hl'orgzlgn':maazﬂ_gm' and N-Alkylpynidinium-base
the liquid-phase hydroformylation of hex-1-ene, oct-1-ene,
dec-1-ene, and dodec-1-ef¥eAgain, linear products were
formed in preference to the branched aldehyde with the @ N @ 28°C
highest ratio being 3.8 found for hexane. /

Fehrmann and Wasserscheid and co-wofKé#$388used
the supported IL phase concept to examine the continuous
gas-phase hydroformylation of propene using [Rh(acac)- ing AICl; concentration, the rate increased due to the ILs’
(CO)] with bisphosphine sulfoxantphos ligand as the catalyst higher Lewis acidity. A higher rate of dimerization was also
dissolved in [Gmim][CgH1/0SQy]. High degrees of linearity ~ found with the ILs based on gim]Cl compared with those
in the aldehyde were observed up to 96%. These catalystsbased on [Gpyr]CI.3%8
were tested for long-term stability and showed no appreciable In addition to chloroaluminate ILs, ILs based upon FeCl
decrease in selectivity over a 200 h period. In addition, have been shown to efficiently catalyze the dimerization of
although a drop in activity was observed, this could be a-methylstyrene (Scheme 58F. One hundred percent
recovered by pumping the catalyst system for a short period conversion was achieved in 5 min usingM8CIl—2AICls,
of time to remove the high boiling point products retained EtNHCI—2FeC}, [Csmim]Br—2AICl;, and [Cmim]Br—
on the catalyst. 2FeC}; however, in all but ENHCI—2AICI; significant

chloroaluminate IL
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Scheme 58. Product Distribution for Dimerization of correlated with polarity data determined using solvatochromic
a-Methylstyrene dyes.

CH; Second-generation ILs have also been used for dimeriza-
Ph tion of butadiene using Pd complexes, where a significant

cHy’ 0’ + Trimers rate enhancement was obtained by exchanging THF with
/ [Csmim][BF,4].4%® One hundred percent selectivity toward

3
Ph
1,3,6-octatriene was obtained using palladium dichloride,
acetate, and acetylacetonate in the presence of triphenylphos-
\ é . >_© phine, which was dissolved in j@im][BF4], [Csmim][PFe],

and [Cmim][OTf] using butadiené®
Alkyne oligomerization has been studied under biphasic

toluene-[C4mim][BF4] conditions using [Ir(H}(NCCH)s-
trimer formation was observed. In the latter, 97% selectivity (P4Pr)][BF4] as th'e catalyst precursor (Scheme S8)Vith
toward the dimer 1,1,3-trimethyl-3-phenylindan was found. 20 €xcess of terminal alkynes suctt&C=CH and Ph&
On addition of a polar solvent such as tertiary amyl alcohol CH: the complex transforms into [it-(R).CaHa) (NCCH)-
or tertiary butanol, the substrate was mainly converted to (PiPRI[BF4l (R = t-Bu, Ph) with a range of 1,3- and 1,4-
unsaturated dimers 4-methyl-2,4-diphenyl-1-pentene and disubstituted butadiene isomers depending on R. The complex

; : formed reacted with hydrogen to restore the initial catalyst
4-methyl-2,4-diphenyl-2-pentene, although the reaction rate A AT ;
becamg muchplowgr. I\FI)o reaction wags observed using and resulted in dimerization in the case-&uC=CH, while

Et,NHCI—2ZnCl, and EsNHCI—2CuCb. PhG=CH produced styrene and ethylbenzene as major

As an alternative to the chloroaluminate ILs, sulfonic-acid- Products. o o
functionalized ILs have been investigated for oligomerization ~ |Ls may be formed by neutralization of 1-alkylimidazoles
of a range of olefiné Therein, branched olefin products With Brensted acids resulting in halogen-free salts. In one
were formed with high conversions and selectivity. As with Of the rare examples of their use in catalysis, Picquet et al.
the biphasic chloroaluminate system, the IL used in this case€xamined their use in the dimerization of methyl acrylate
could be recycled. and ring-closing metathest?>4% Therein, diethyl ether

Ni complexes have also been examined in second- containing a phosphine ligand was used as the solvent in
generation ILs for O|igomerizati0n of ethene. Using a which _tO produce the Bragnsted-acidic IL, Wthh resulted in
combination of [Gmim][PFg (n = 4, 6, 8, 10) and the  formation of protonated ethers and phosph_mes,_such as
cationic Ni complex 4*-methallyl)[bis(diphenylphosphino)-  [Etz2OH][BF4] and [HPBu][BF4]. Thus, the reaction mixture
methane-monoxide«2-P,O]nickel(Il)hexafluoroanti-  employed contained a catalyst, for example, Pd(acath
monate [(mall)Ni-(dppmO)][Shf conversion of ethene to ~ Mixture of [HPB|[BF,] and [EtOH][BF4] as the IL
highera-olefins was found under biphasic conditiofs#2 ~ (Scheme 60). Using this system the TOF for dimerization
Interestingly, the exact composition of the IL was critical in Of methyl acrylate was strongly dependent on the nature of
determining the reaction outcome; for example, high activity the cation and the presence of chloride, the latter causing a
was only observed for water and chloride-free systems anddrop in TOF. For example, use of HBBrotonated butyl-
with each cation used some tuning of the product distribution imidazole resulted in a monophasic system and moderate
was enabled, although no clear dependence on chain lengtdf OFs with 98% selectivity toward linear dimers. In con-
was observed. With increasing chain length, the catalytic trast, using methylimidazole as the IL source resulted in a
activity of [(mall)Ni(dppmO)][Sbk] was found to decrease.  biphasic system, thus leading to lower TOFs due to poorer
This is thought to be due to the higher solubility of the mass-transfer control. A similar system usingrfm][BF,]
oligomerization products as the lipophilicity increased which was also found to be active in a continuous, biphasic
in turn raised the internal higher olefins’ concentration in Systent’
solution, known to poison cationic Ni complexes. Overall, Furthermore, cationic ruthenium allenylidene complexes
ethene oligomerization showed higher reactivity and selectiv- such as [RuEC=C=CPh,)(p-cymene)(PCy)CI][PF¢] have
ity than in conventional solvents with the TOF being been shown to catalyze this reaction in HB¥fotonated

Scheme 59. Alkyne Oligomerization under Biphasic Toluene[Cmim][BF 4 Conditions Using [Ir(H) 2(NCCH3)s(P-iPr3)][BF 4]

BF BF ; BF
PiPr; [BF,] PiPry R[ 4] . PIPI'3H R|[BF4l
P 3
HCON | H | pemcy | HCoN | N~
(Ir\ excess (Ir + H CCN(
HCeNY | YH x H,CCN ‘ ;
NCCH, R
R
R =1-Bu, Ph R=Ph
tBu Bu
o l|31Pr3H Bu |[BE.] PP, [BF4] \/T
3 N~ - |
Ir _— HSCCN\ /H 1By Bu
m,cen” ‘ I * N
HeeN” | Y

NCCH;, Bu___z Bu
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Scheme 60. Dimerization of Methyl Acrylate Using Pd(acag)in a Mixture of [HPBu 3][BF 4] and [Et,OH][BF 4]
[HPBu;][BF,4] and [Et,OH][BF,].

. COMe COM
2 /\cone MeOZC/\PJ\N N~ ’ MeOZC/\/v‘%/ o

N
MeO,C CO,Me

butylimidazolet%s By replacing the [P -based complex SCchemeBgZ. Oxidative Dimerization of Thioamides in
with [OTf] ~, a dramatic increase in activity and selectivity [Capyr]IBF 4

was observed as well as outperforming reactions in toluene- 3 PhI(OAc), B Ar

or [Camim]*-based ILs. A further increase in activity was 2 )L Ar‘E N T 1Sy
observed on changing the IL anion to triflate with no loss S
of selectivity.

1,3-Butadiene cyclodimerization has been reported to be 7-1. Diels —Alder Reactions
catalyzed by iron complexes, prepared in situ by reduction
of [Fe(NO)ClI], with metallic zinc, diethylaluminum chlo-
ride, orn-butyllithium dissolved in [Gmim][BF4] or [Csmim]-
[PFe].4%8In [C4ymim][PFg], 4-vinyl-1-cyclohexene was formed
with 100% selectivity and very high TOF. Under similar
reaction conditions, isoprene led quantitatively to a mixture
of cyclic dimers 2-methyl-4-(1-methylethenyl)cyclohexene,
1-methyl-4-(1-methylethenyl) cyclohexene, 2,4-dimethyl-4-
vinylcyclohexene, and 1,4-dimethyl-4-vinylcyclohexene. Cyclo-
oligomerization of arylethynes may also be catalyzed by
ruthenium(ll) porphyrins in [@mim][PFs] and [Gmim][PF]
(Scheme 613%°

A7 NH, [Capyrl(BE,]

Aqueous solutions used as reaction solvents may affect
dramatically some DietsAlder reaction rate constants and
stereoselectivities. This rate enhancement has been attributed
to the “hydrophobic effect” resulting in aggregation of
nonpolar reactants in water and a gain in free ené¥gin
many cases, when an IL is used, the reaction rate is further
enhanced; for example, reaction of cyclopentadiene with
methylvinyl ketone is faster in [Bff -based ILs than in water
or organic solvent&'3 Moreover, the 1,3-dialkylimidazolium
salts can be used as additives for reaction of crotonaldehyde
with cyclopentadiene (Scheme 63j.Binary mixtures of

Scheme 63. DielsAlder Reaction of Crotonaldehyde with
Cyclopentadiene

0
- — Lb ' -
| / LcHo A H
Me
CHO

R
l @
choline chloride and Zn@ISnCL (1:2) have also been
reported as efficient Lewis-acid catalysts for a range of
A | catalyst Diels—Alder reactiong!® High endo:exo ratios were ob-
R

Scheme 61. Cyclooligomerization of Arylethynes Catalyzed
by Ruthenium(ll) Porphyrins

catalyst

A

DaUs

served as well as high yields. In this case the products could
be decanted from the IL and the catalyst system reused.
Few asymmetric DielsAlder reactions performed in ILs

O R have been reported to date. Meracz and Oh observed an ee

of 96% for the Diels-Alder reaction of oxazolidinone and
cyclopentadiene at room temperature using a rigid copper
bisoxazoline-based chiral Lewis acid with a yield of 65% in
[C4C4im][BF4]. This was compared with dichloromethane,
which showed only 76% ee with a yield of only 496.
Doherty et al. also reported that ILs can increase the ee and
yield for the reaction between oxazolidinones and cyclopen-
tadiene using platinum complexes of BINAP as well as

DuII_ius et al. reported that.hygdrodimerization of31,3- conformationally flexible NUPHOS-type diphosphirfds.
butadiene may be catalyzed usingtC.H;)Pdu-Cl]z, [(17- Significant enhancements in the enantioselectivitgd ~

C4H,Pd(1,5-cyclooctadiene)][BE palladium acetate, and 5094 as well as reaction rate were achieved in ILs compared
[Camim]o[PACL] dissolved in [Gmim][BF,], forming the  yith the organic media even when the IL was in biphasic
dimer 1,3,61g)ctatr_|en¢ and telomer octa-2,7-dien-1-ol pre- congitions with diethyl ether in a volume ratio of 1:10
dominantly**® Optimizing the conditions led to a telomer (| .ther). In addition, the IL allowed the catalyst to be

selectivity of 94% using [@nim],[PdCL]. Interestingly,  recycled in air without hydrolysis or oxidation of the
the TOF observed for these reactions was significantly pnosphine ligand.

increased by introducing an atmosphere of carbon dioxide.
Oxidative dimerization of thioamides may also be performed At
using the IL [Gpyr][BF4] using phenyliodine(lll) diacetate, 8. Polymerization

allowing formation of 3,5-diaryl-1,2,4-thiadiazoles (Scheme  In addition to oligomerization reactions, a wide range of
62)411 catalytic polymerizations have been performed in4t8s'1®

l+
R

R

O~
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8.1. Radical Polymerization in ILs methyl methacrylate, employing 2,2-azo-bis-isobutyronitrile/
CuCl/bipyridine as the initiating system, the polymerization
was more controlled®* This was attributed to the higher
solubility of the polymethyl methacrylate in [@nim][BF,]
compared with [@mim][BF4]. A more systematic study has
recently been reported for the free-radical polymerization of
model monomen-butyl methacrylaté3® Using 1,3-dialkyl-
?midazolium, N-alkylpyridinium, and tetraalkylammonium
salts, the properties of the ILs were varied by changing the
cation alkyl chain length as well as by varying the anion. A
comparison with analogous polymerizations in toluene and
f bulk showed that the solvents had little effect on the tacticity

growing macromolecule®? Carmichael et al. reported the  Of the polymer; however, the molecular weight and degree
first example of transition-metal-mediated living-radical ©f Polymerization were highly sensitive to the choice of the
polymerization of methyl methacrylate in J@im][PF] using solvent. Much higher degrees of polymerization were found
copper(l)-mediated living radical polymerization. Therein, i the IL compared with reactions in toluene and, in some
the rate of reaction was enhanced and a narrow polydispersityc@Ses, during bulk polymerization. Interestingly, although 1,3-
of polymers was obtaine#® The system was particularly dialkylimidazolium-based ILs resulted in an increase in the
active on addition ba 1 mol equiv ofN-propyl-2-pyridyl- Qegree of ponmenzaﬂon with increasing viscosity on replac-
methanimine to a deoxygenated suspension of Cu(l)Br. By ing the C(2) proton with a methyl group, a viscosity-
washing the polymer with solvent, it was possible to make independent degrge Of_ p'olyme.rlzatlon was observed. In
the product copper free. Similarly, J@im][PFs] was found general, the 1,3-dialkylimidazolium-based ILs showed a
to accelerate the rate of propagation of methyl metacrylate higher degree of polymerization compared withalkyl-
in free-radical polymerizatiof?® pyridinium and tetraalkylammonium salts. Furthermore, the
The effect of [Gmim][PF] on the living radical polym-  glass-transition temperatures and thermal stabilities were also
erization of methyl methacrylate initiated with arenesulfonyl higher for polymers synthesized in the ILs compared with
chlorides and CiD/2,2-bipyridine as the catalyst was also those formed in toluene.
investigated by Percec et &f Using the IL dramatically Formation of polymer electrolytes with high ionic con-
accelerated the living-radical polymerization with an initia- ductivity has been examined using the in situ free-radical
tion efficiency of 100% maintained during the polymerization polymerization of compatible vinyl monomers in4@imj-
and eliminating the induction period of this catalyst. The [NTf,].43 On polymerization of methyl methacrylate in IL
resulting poly(methyl methacrylate) had a molecular weight i, the presence of a cross-linker, self-standing, flexible, and
d]strlbutlon of 11 and perfect p|funct|onal chain ends. From transparent films were formed known as “ion gels”. With
kinetic analysis the propagation rate was found to be first jncreasing mole fraction of IL, the glass-transition temper-

order in thﬁ IL con.centratic;]n, indicating that ':jhe !thartici- ature of the polymers was lowered and the systems behaved
pates in the reaction mechanism. Compared with conven-,¢ 2 simple binary system of polymer and IL.

tional processes, the IL system allowed a significant reduc- _ . . .
tion of the catalyst concentration and decrease in polymeri-  El€ctrosynthesis of polymers in ILs is relatively common,
zation temperature from 80 to 22 to be achieved. A similar N particular, polyaniline. In this case, highly electrostable
rate increase was not observed for the same living-radical Polymers have been synthesized inrfim][BF4] which may

Carlin and co-workers found the combination of Tj@hd
AIEtCI; in AICI;—[C,mim]CI to be catalytically active for
ethylene polymerizatiof?® This was further improved using
Cp:TiCl; instead of TiCl, where higher yields of poly-
ethylene were achievedt

Second-generation ILs have also been used as solvent
for free-radical polymerization and transition-metal-mediated
living free-radical polymerizatiof??423 Controlled radical
polymerization may be achieved by atom-transfer radical
polymerization-the process which is based on transition-
metal-catalyzed reversible activation and deactivation o

polymerization catalyzed by CuCl/bpy. undergo multiple £1 000 000) redox cycles without deg-
Rhodium in the form of (diene)Rh(acac) and [(diene)- radation®3” Polypyrrole- and poly{-methylpyrrole)-conduc-
RhCI], has been used in polymerization inf@im][BF.] tive films have also been prepared via electrosynthesis from

and [Cpyr][BF.].2® Using catalysts based on either 1,5- the corresponding monomers usingsf@m][PFe] as the
cyclooctadiene or norbornadiene, the phenylacetylene polym-€lectrolyte®® Polymerization of benzene electrochemically
erization in the presence of triethylamine as cocatalyst led in ILs to prepare poly¢-phenylene) has been demonstrated
to high vyields of poly(phenylacetylene) with molecular in chloroaluminate-based 1142442 Therein, the polymeri-
weights in the range between 55 000 and 200 000 Da and azation potential was only slightly modified by the melt acidity
high 95-100% cis selectivity. or in the presence of protons. The latter act as superacids in
The clean synthesis of block copolymers of butyl acrylate these acidic melts, and this invariance indicates that benzene
has also been achieved using atom-transfer radical polymeri-only weakly interacts with either the chloroaluminate anion
zation#29-431 or the protons.
Free-radical polymerization of methyl methacrylate and
styrene using the organic initiators azo-mEebutyronitrile 8.2. Charge-Transfer Polymerization
and benzoyl peroxide in fim][PFs] has been shown to
form polymers with molecular weights up to 1000 higher ~ Vijayaraghavan and MacFarlane have shown that charge-
than the analogous reactions in benz&3é3?In a similar transfer polymerization of methyl metacrylate could be
manner, free-radical copolymerization of styrene and methyl achieved in a range of hydrophobic and hydrophilic ILs at
methacrylate has also been reported by Zhang €8 al. room temperaturé? In this case lower temperatures are
In many polymerization reactions the cation of the IL has required than conventional free-radical polymerization and
been shown to have a significant influence as found for low molecular weight polymers are formed. In the IL, the
dimerization reactions. Ma et al. have shown that by yield of polymer was found to be dependent on addition of
increasing the alkyl chain length on imidazolium-based IL- a free-radical quencher such as hydroquinone and the
mediated reverse atom-transfer radical polymerization of concentration of the amine additive.



2650 Chemical Reviews, 2007, Vol. 107, No. 6 Parvulescu and Hardacre

8.3. Radical Polymerization Using Chiral ILs Scheme 65. Cationic Ring-Opening Polymerization of
and/or Chiral Ligands 3-Ethyl-3-hydroxymethyloxetane
H‘) H?
Polymerization of methyl acrylate in a chiral IL R{(+)- L L0 b b
2'-methylbutyl)-3-methylimidazolium hexafluorophosphate RSN m multihydroxyl, branched polyethers
an analogue of [@nim][PFs] containing a chiral substituent ¢ CHs ¢

at the imidazolium ring-has been reported by Biedron and ’

Kubisa##*In an achiral environment, radical polymerization Scheme 66. Alkene Copolymerization with CO with

of methyl acrylate led to atactic polymers; however, using Palladium Complexes in a Range oN-Alkylpyridinium-,

the chiral IL the isotactic (mm) fraction increased. 1,3-Dialkylimidazolium-, Tetraalkylammonium-, and
Stereoselective copolymerization of propene and carbon Tétraalkylphosphonium-Based [NT%] ™ ILs

monoxide using chiral ligands, such asS@s)-DIOP and

(R)-P-Phos, has also been demonstrated imj@][PF],

[Cemim][PFs], and [Gmim][PFs] (Scheme 64%% Using

Scheme 64. Stereoselective Copolymerization of Propene ~ p-toluenesulfonic

and Carbon Monoxide acid

B
CH,

Chiral Catalyst
A t €0 —mmm
66) 44240 mproved yields and increased molecular weights
n were found compared with polymerizations run in methanol.
) ] Catalyst leaching was found to be small; however, this was
(2539-DIOP in [Cimim][PFg], the Pd-catalyzed copolym-  dependent on the IL used; for example, ing@][NTf] ILs,
erization of propene and CO resulted in regioregular poly- for n = 8, 10, and 18, significant palladium incorporation
ketones with the product polymer showing 61% stereo- into the polymer was found.

regularity. By optimizing the catalyst/ligand/IL combination,
an optical rotation oft-15.9" and polydispersity of 1.2 for 8 6. Oxidative Polymerization
the polyketone was achieved usi)P-Phos and [gnim]-

O

[PFg). Oxidative polymerization of benzene to form pgiy(
phenylene) has been demonstrated in chloroaluminate ILs
8.4. Biphasic Radical Polymerization based on [Gpyr]Cl catalyzed by CuGI*! In this process

the benzene molecules react with CyGind thus, polym-

ILs have recently been used as solvents for biphaSiC atom'erization 0n|y proceeded when the number of moles of
transfer radical polymerization to facilitate separation of the penzene was greater than the oxidative agent. Organo-soluble
products from the catalysts> CuBrN,N,N",N"-tetraethyl-  polyaniline has also been prepared using oxidative coupling
diethylenetriamine was tethered to a bUtylimidaZOliUm-based po]ymerization of anilium chloride with ammonium persu|_
[BF4]™ IL which formed a biphasic mixture with methyl fate in 2-hydroxyethyl ammonium formate, resulting a
methacrylate and toluene. Employing this IL catalyst allowed polyaniline salt (Scheme 6752
a large reduction in the amount of IL required. Even with
only 5 wt % compared with the organic solvent, polymeri-
zation of methyl methacrylate at 8C resulted in polymers
with low polydispersity and was well controlled. Although The Heck reaction is among one of the most widely studied
the catalyst could be recycled, without regeneration, the reactions and has been reviewed at lerfgitt*¢ ILs have
activity was low due to oxidation of Cuto Cl#™. However, been used extensively for Heck coupling reactions of a wide
on reduction with copper metal, the activity was restored. range of substrates using both homogeneous and heteroge-

neous catalysts and found to be an excellent solvent system
8.5. lonic Polymerization in terms of recyclability, yield, and control over selectivity
as initially demonstrated for aryl halides and olefins using
palladium catalysts by Carmichael et*al.

9. Heck Reaction

Cationic polymerization of styrene has been carried out
in [C4mpyrr][NTf,] using strong Bragnsted-acid cataly$ts.
A comparison of the use of bis(oxalato)boric acid with the :
Lewis gcid, AIC}, showed that w(ith the B)rransted acid lower 9.1. Homogeneous Catalysis
molecular weights and low polydispersities were obtained. Although many Heck reactions use dissolved metal
Interestingly, higher molecular weights were found than complexes salts normally based on palladium, whether the
expected based on complete dissociation of the acid, indicat-reactions in ILs are truly homogeneously catalyzed or
ing that the acid may be only partially dissociated. For the activated by metal colloids is under debate. Nanoparticles
cationic ring-opening polymerization of 3-ethyl-3-hydroxy- of palladium have been shown by a number of studies in
methyloxetane, [@nim][BF] has been shown to lead to ILs both under conventional thermal and ultrasonic heat-
almost quantitative formation of multihydroxyl, branched ing.5354%8458For example, using in situ EXAFS, palladium
polyethers (Scheme 6%% In this system the molecular clusters of 0.8-1.6 nm diameter have been found to be the
weights of the polymers obtained were similar to those found main species present during the Heck reaction of aryl halides
in bulk polymerization or in molecular solvents. with alkylacrylate compounds in a range of jPF, [BF4]~,

Alkene copolymerization with CO has been shown to be and [NT]™ ILs using Pd(OAc).>® This transformation
catalyzed using palladium complexes in a rangeNof correlated well with the activity of the system with the
alkylpyridinium-, 1,3-dialkylimidazolium-, tetraalkylammo-  presence of chloride not only reducing the rate of formation
nium-, and tetraalkylphosphonium-based [N TfLs (Scheme of nanoparticles but also the rate of reaction. Similarly, under
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Scheme 67. Oxidative Coupling Polymerization of Anilium Chloride with Ammonium Persulfate in 2-Hydroxyethyl Ammonium

Formate
H
0°C N
O smomaser 252 (T
cr
N
H X

ultrasonic activation, nanoparticles were observed ¥Cjé]- The choice of anion in many Heck reactions is critical in

Br and [GC4im][BF4].>* In this case, formation of the trans  governing the activity. In particular, the presence of halide
Heck coupling products was found in yields between-73 ions has been shown to increase reaction rates and increase
87%; however, under similar conditions, i.e., 3G and catalyst stability with iodide showing the greatest improve-
ultrasound, no reaction was observed in dimethylformamide ment over bromide and then chloritf&:*67In situ NMR has

@)
+2ZT

TZ+

and N-methyl-2-pyrrolidinone (Scheme 68). been used to study the effect of the antéiior the Heck
arylation of electron-rich olefins with aryl halides,selectiv-
Scheme 68. Heck Coupling under Ultrasonic Activation ity > 99% was observed in [im][BF4] using Pd(OAc)
— 30°C SR’ with good vyields compared with up to 75% in organic

X/ L+ N O XS solvents (Scheme 69). However, usingfm]Br the rate

Scheme 69. Heck Arylation of Electron-Rich Olefins with

AN Aryl Halides
— 4 mol% Pd(OAc), (0]
_30°Cc_ _ 0 Br  8mol%DPPP ~
RQI : D) R@TO LA - /©/ e D)LTJ\
0.1 mL [C,mim][BF,]
I R 2'mL DMS0 R

R =H; 4-OMeg; 4-C1
R'= COOMe; COOELt, Ph 115 °C, 36h
R =p-Ac, H, p-Me

A range of phosphine ligands, ammonium salts, and
phosphonium halides have been shown to accelerate the Hec eing attributed to the in situ formation of 1-butyl-3-

reacu:)ns, ?]nd Irt]) paru;:uéara ysge%,ﬁgglr_geneb_ﬂalIa;jlum methylimidazol-2-ylidene (bmiy) complexes of palladium
compiexes have been studied In detaft.2” The ability [PdBr(x-Br)(bmiy)]> and [PdBg(bmiy),] only observed in
ILs, for example, 1,3-dialkylimidazolium-based systems, to the bromide-based syste#:46° Interestingly, the highu
form carbene species has been demonstrated_, and thus, u lectivity may also be achiéved using4|[101mi[BF4] as an
gf ILs for tthe IHerfgfI‘)(Mregactlon may be considered as a ity in DMSO; however, this effect is strongly dependent
oninnocent solvertt. on the choice of 1147° Although the ionic pathway to form
A wide range of Pd(0) and Pd(ll) catalysts have been the o product is promoted by the IL, this is not the only
shown to be active for the Heck reaction in ILs including effect, hydrogen-bonding interactions also are important, and
palladacycles based otrans-di(m-acetato)-bisj-(di-o- thus the selectivity is modulated by the choice of both anion
tolylphosphino)benzytt dipalladium(ll), 1,3-dimesitylimid-  anqg cation. Using the [@im][BF4—DMSO solvent mix-
azol-2-ylidene-palladium(6)(7,%)-1,1,3 3-tetramethyl-1,3-  {re, enamides were also found to undergo similar regio-
divinyl disiloxane, and (1,3-dimesitylimidazol-2-ylidene)- gglective arylation.
(naphthoquinone)palladium(®}: Phosphine-free systems Regioselective Heck coupling of aryl bromides with allylic
have also been reported as effe.ct|ve. I.—Ie.ck catalysts in ILs, 51cohols have also been shown to be catalyzed by Pd@OAC)
for example, Pd(Il) complexes with bisimidazole ligands as pqcy, andtransbis(2,3-dihydro-3-methylbenzothiazole-2-
well as PdCL*** The latter were found to catalyze the yjigene)diiodopalladium(ll) in a range of tetraalkylammo-
reaction of chlorobenzene and styrene forming stilbene in iym- and 1,3-dialkylimidazolium-based ILs (Scheme

high yield#2 This is particularly important industrially due 70) 17947474 Using these catalysts tharylated carbonyl
to the use of chloroarenes. In this reaction, ILs, such as

[N4444Br and [Nasad[OAc], showed significantly improved  Scheme 70. Regioselective Heck Coupling of Aryl Bromides
activity and stability of the catalyst system used compared with Allylic Alcohols

f reaction was increased over4@im][BF,] with the effect

with a range of polar molecular solvents with and without R, R,
the presence of activators including [RfeH or [AsPhy]Cl.462 _B-subst, R,W)YRS N RH/K(%
However, to achieve the high yields, dried and degassed ILs B2 cat. pd Ar 0 Ar OH
were necessary. Other haloarenes were also found to react R“/\(RS :
such as deactivategrbromoanisole; again, [M:]* based on AR Al L
ILs were found to be more active compared with 1,3- esubet RQS('% '\/\/ 3
dialkylimidazolium and tetraalkylphosphonium ILs. o OH
Brgnsted-acid ILs based on guanidine and acetic acid have R,=H, Me; R,=H, Me, C,H;, n-C;H, ; R;= H, Me

also been shown to be highly active for palladium-catalyzed

Heck reactiong® The IL acts as a solvent as well as a base, compound was formed predominantly using both aryl
and high yields/TON were found in the reaction of bromo- bromides and iodides. As compared withmethylpyrroli-
benzene and styrene using both Pd(Q/se)d PdC]. In this dinone or under solventless conditions, the activity in the
case, formation of the IL by reaction with acetic acid resulted IL media was higher. From kinetic analysis of the reaction,
in an active species, whereas reaction of the amine withsHPF an induction period was observed in the case of the stabilized
formed an inactive IL. In the latter case, decomposition of transbis(2,3-dihydro-3-methylbenzothiazole-2-ylidene)di-
the catalyst and formation of palladium black was observed. iodopalladium(ll) catalyst, which indicated that this may be
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a catalyst precursor and that nanoparticles may be responsibl&cheme 72. Intramolecular Heck Reaction obrtho-lodo

for the catalysis. The highest rates of reaction were found Benzyl Allyl Ethers to Substituted Benzofurans

in the [NTf;] -based IL compared with the halide-based 5% PACL,, (7-Bu);N

system, indicating that mass transfer may be important and OWRs NH,0,CH
the rate can be increased by reducing the viscosity of theR@[I R, R,

IL 475

[C,mim][BF,], 60 °C, 24h

flow system using [@GMim][NTf,] and [Gmim][PFs] with a
palladium carbene catalyst for the reaction of iodobenzene
with butyl acrylate. In this system, although both ILs were
effective, the lower viscosity of the [@im][NTf,] enabled

Highly regioselective Heck reactions of heteroaryl halides

with electron-rich olefins in IL have also been reported for

reactions of the heteroaryl halides, halopyridines, bromo- Scheme 73. Heck Reaction with Diazonium Salts

quinoline, and bromothiophenes with the electron-rich olefins N,BF, Pd(OAc),2 mol% X

vinyl ethers and allylic alcohdf’® Using 1,3-bis(diphenyl- ©/ T T CmimlR) @N

phosphino)propane as the ligand with Pd(OAt)e linear R R

selectivity reported by Calet al*”**73and Forsyth et &l’*

using allylic alcohols could be completely switched to a reactivity, and styrenes formed dimer products. Furthermore,

branched selectivity in [£nim][BF,]. In contrast, in mo- in [Csmim][BF4] and [Gmim]Br, little yield was also found.

lecular solvents a mixture of regioisomers was observed As found in many IL-mediated processes, microwave

using this catalyst/ligand system. irradiation has been shown to be very effective for RBeCl
The related reaction of alkynes and imines may be and Pd(OAcy)catalyzed Heck reactions in J@im][PF].

performed enantioselectively using the in situ formed cop- Using these systems coupling of bromo and iodo arenes with

per(l)—bis(oxazoline) complex in [@nim][NTf,].#’” A range butyl acrylate was reported to occur in 45 min or &8s,

of substrates was found to give ee’s between 84% and 99%This concept has been extended to use a continuous micro-

with yields > 74% with excellent recyclability over six

reactions. Interestingly, while changing the cation from

[Camim]* to [C,dmim]t to [Csmim]*, resulting in similar

yields for the reaction di-benzylidene-aniline with phenyl-

acetylene, a decrease in enantioselectivity was observednore efficient flow in the reactd3

showing that a balance of both the lipophilicity and

hydrogen-bonding donor ability of the cation is required for 9.2, Heterogeneous Catalysis

high enantioselectivity (Scheme 71). In contrast, the type of

anion was found to have little effect on the ee, but using

[BF4]~ compared with either [Rff or [NTf,]~ resulted in a

significant reduction in yield.

Although there have been many studies examining the role
of dissolved palladium species in ILs for the Heck reaction,
use of traditional heterogeneous catalysts in ILs has not been
studied to the same extent. The solid catalysts, for example,
Pd/C, allow the catalyst to be simply recovered by filtration
and have been shown to be effective for a number of
activated haloarenes in 1148248448 pPd/C has been used to
react iodo and bromo arenes with and without microwave
irradiation in [Gmim][BF4] and [Gmim][PFs]. However,
little reaction was observed with chloroarenes unless micro-
S wave irradiation was used. Although the system is shown to

Scheme 71. Reaction oN-Benzylidene-Aniline with
Phenylacetylene

© Cux NHPh
AN

——H — ¥

— Ar

A
Ph

x= Oy N O be recyclable, both catalyst and IL were recycled together.
yN NJ Similarly, Pd(0) and Pd(ll) supported on silica have been
Ph Ph reported for iodoarene Heck reactions inyfi@m][PF].4e¢

The Pd(ll)-supported catalysts were found to be highly active

Although it is thought that the complex between Cu(QTf) in the IL compared with DMF; however, an induction period
and pybox forms in situ, this has not been confirmed and was observed which was thought to be due to the transfor-
Cu(0) may be the active catalyst. This hypothesis has beenmation from Pd(ll) to Pd(0). Significant leaching of Pd into
demonstrated using the copper nanoparticles to catalyze théhe liquid phase was observed and found to be much higher
Suzuki coupling op-iodotoluene in DME"8as well as, more  in the IL than in DMF. Fifty percent of the palladium
recently, copper colloids, derived from the reaction of supported on the oxide was found in the IL after 1 h. More
iodobenzene with copper bronze, catalyzing the Heck recently, Forsyth et al. have shown clearly that palladium
coupling between aryl iodides/bromides with acrylates in the leaching from the Pd/C catalysts is high enough for the
mixed IL [N44adBr/[N 4244[OAC].47® catalysis to be considered as homogeneously catalyzed rather

Intramolecular Heck reactions in j@im][BF,4] have also than heterogeneously catalyzZétiFurthermore, much lower

been reported using PdCas the catalys®® Therein, the
intramolecular Heck reaction oftho-iodo benzyl allyl ethers

leaching is found in the absence of reagents, which indicates
that it is the reaction which causes the dissolution and not

to substituted benzofurans was observed with reasonablehe presence of the IL or amine. This is understandable given

yields at 60°C (Scheme 72).

that the proposed mechanism of the Heck reaction involves

As well as aryl halides and triflates, diazonium salts may oxidative addition of the haloarene to the Pd(0) center,
be used for the Heck reaction (Scheme 73). Kabalka et al.forming an ionic species which can then dissolve in the IL.
have shown that Pd(OAgmay be used for the reaction of The induction periods seen in many of the heterogeneously
olefins with substituted tetrafluoroborate arene diazonium catalyzed reactions are thus due to the dissolution rate of
salts in [Gmim][PFs] with excellent yields using methyl  palladium into solution.
acrylate or methyl acetonitrile at room temperature and 50 Aerogels containing palladium metal nanoparticles have
°C.A81 |n contrast, vinyl ethers and vinyl esters showed no also been prepared using an IL-mediated route and tested
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for activity toward Heck C-C coupling reaction&!” Using Scheme 74. Suzuki Cross-Coupling of Bromobenzene and
this catalyst the Heck reaction of butyl acrylate with Tolylboronic Acid
iodobenzene was performed in DMF and showed quantitative (CH,CN) PdCl,

conversion, formingrans-butyl cinnamate as the primary Br B(OH), N—}jonggligand
product after 2 h. ©/ +/©/ %
Carbon-supported palladium has also been shown to be

effective in catalyzing the direct coupling of electron- . .
deficient haloarenes, the Ullmann coupling reaction, using the catalystin the ILs was strongly dependent on the choice

Aliquat 336 as the I In the presence of aqueous KOH  ©f ligand employed as well as the IL anion and cati®f?

and the IL, 100% selectivity for the coupling of phenyl iodide ~ 1he N-heterocyclic carbene Pd(ll) compl¢iPd(Me)(3-
was achieved in the presence of 5% Pd/C and ethyl acrylate Mesityl-1-(pyrazolylmethylene)imidazolium)]chlorideas
However, depending on the base utilized and whether thealso (eported to exhlblt high activity for Suzu_k| .and Heck
system was multiphase or not, a range of selectivity was coupling reactions [@nim][PFg].*** Using a butylimidazole-
achieved, for example, NEtfavored the Heck coupling tethered [G_,C4|m]+_based IL which could coordinate to PdCl
whereas KOH lead to the Ullmann product. Interestingly, dissolved in the system afforded the same resgfts?

under solventless conditions a 1:1 product selectivity was Biphasic IL-water or toluene systems have also been
observed. No recycle data was given, and therefore, althoughShown to act as a good reaction medium for Suzuki and Heck
the IL led to an increase in reaction rate, it is not possible to couplings?®® In this case two alkylpiperidinium tetrafluoro-

ascertain whether the reaction was homogeneously orborate melts were used in conjunction with Pg@jiving
heterogeneously catalyzed. comparable activity with phosphine-stabilized phosphine

Heterogeneous Heck catalysts have been reported to b@alladium catalysts.
stable with respect to leaching in ILs. For example, im-
mobilization of Pd(OAg)in silica gel pores with the aid of ~ 10.1. Heterogeneous Catalysis
the [CGmim][PF¢] has been found to be active for the Heck
reaction inn-dodecane at 15%C, giving an average of 95% Fewer studies have been reported using heterogeneous
and TON 68 003° By grafting with silane coupling reagents, ~ catalysts for the SuzukiMiyaura cross-coupling reaction in
Pd(OAc) was also immobilized on each of the reversed ILs. Corma et al. have shown that a butylimidazolium-
phase silica gels using the same IL and shown to catalyzetethered oxime carbapalladacycle bromide catalyst could be
the Heck reaction of aryl halides with cyclohexyl acrylate Prepared and dissolved in J@im][PFe].**” However, the
in water without a phosphines ligand with high yields and activity of this catalystIL system was poor with yields
excellent recyclability for six reactiorfé The basic support, ~ below 30%; however, when adsorbed onto a high surface
Mg—Al-layered double hydroxides, has been reported to area A/MCM-41 aluminosilicate, high yields were found
stabilize palladium nanoparticles in the Heck coupling of for a range of substrates in DMF and toluene promoted by
chloroarenes and olefirt& Using styrene and butylacrylate, [NBuU4]Br. Although the catalyst could be recycled and the
the Heck reaction with chloroarenes was performed in conversion maintained over three reactions, active palladium
[N4444Br under conventional thermal and microwave heating. Was found in solution and estimated to be responsible for
This system showed a higher activity over a range of other 30% of the conversion observed.
supported catalysts, including Pd/C, Pd/giRd/ALOs, and
resin-supported [Pdg}f~. Some leaching of the palladium 11, Other Reactions
was found; however, this solubilized species was not found
to be active. Similarly, this catalytic system was found to ;
be effective for Suzuki-, Sonogashira-, and Stille-type 11.1. Hydroarylation

coupling reactions. PEG-supported 3-methylimidazolium  pg(OAc) has been shown to catalyze the hydroarylation
chloride has also been shown to be an efficient recyclable of propargylic alcohols with aryl iodides in the presence of
medium for the Pd-catalyzed He;ck reaction of aryl bromides HCOOH and EN in [C4mim][BF4] (Scheme 753% Therein,

and aryl chloride$? The combination of PEG-supported the reaction showed good stereoselectivity with the IL

3-methylimidazolium chloride with Pd(OAg)provides a  process resulting in better regioselective control than found
ligandless catalytic system for such reactions. in molecular solvents.

10. Suzuki Cross-Coupling 11.2. Hydroesterification

Palladium-catalyzed cross-coupling reactions represent Klingshirn et al. used a wide range of ILs for the [(Ph-
another alternative for formation of-€C bonds and have  PdC}]-catalyzed hydroesterification of styrene with CO and
also been studied in detail using ILs. Palladium(ll) imidazole methanol giving high selectivity for linear over branched
complexes have been used as catalyst precursors for theesters products (Scheme 78)The high linear selectivity
Suzuki coupling reactions in ILs leading to an air-stable was found to be independent of the reaction conditions and
catalyst syster?®4%1 However, to obtain a good reaction, indicated that the IL mediated the cationic reaction mecha-
preactivation of the catalyst was needed in the IL prior to nism. Some variation was observed on changing the anion
reaction by reacting the catalyst precursor [(CN)PdC}) of the IL. In the case of chloride, strong coordination of the
with a range ofN-coordinating ligands, including alkyl- anion led to a decrease in both selectivity and activity.
imidazoles, giving an active system for reaction of bromo- Although higher yields and selectivity were found for
benzene and tolylboronic acid (Scheme 74). A wide range [EtSOy] -based ILs compared with [BF and [NTf]~
of ILs was examined with only [€nim]Cl and [Gmim]- anions, no clear correlation was found with corresponding
[MeSGs] showing no reaction. Furthermore, the stability of Kamlet—Taft parametrization.
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Scheme 75. Hydroarylation of Propargylic Alcohols with Aryl lodides in the Presence of HCOOH and EN in [C mim][BF 4]

OR Pd(OAC), Al Ar
HCOOH, Et;N Ar 0
Ph — Et + Al —————————— + +
[C4mim][BF,], 40°C  Ph OR Ph OR M
H H Ph Et
Et Et

H

R = H, MEM, Ar = p-MeO-C¢H,

'\Sﬂcr:ﬁme I76. Hydroesterification of Styrene with CO and 11.4. Trost —TSUji CcC-C Coupling
ethano
(PhyP),PdCI, (2.2%) o De Bellefon et al. have shown that PdCdlissolved in
;}.Ti (gj{“(g)/) 0 [C4mim]Cl in the presence of triphenylphosphine trisulfonate,
e N : /\)J\ L OMe is highly effective for the TrostTsuji C—C coupling
o €O (150 psi) o OMe between ethyl cinnamyl carbonate and ethyl acetoacetate
{‘éﬂ‘;]mfﬂ 9% 16% (Scheme 78). Use of the IL increased the solubility of the
70°C. 8h reactants compared with the corresponding aqueous system
resulting in increased reaction rates and also prevented
11.3. Ring-Closing Metathesis of Di-, Tri-, and conversion of the carbonate into cinnamyl alcot8INu-
Tetrasubstituted Dienes cleophilic substitution of acetate groups in allylic compounds

with a range of ester-derived nucleophiles has been shown
The ring-closing metathesis of di-, tri- and tetrasubstituted With Pd(OAc} in the presence of a phosphine ligand and
diene and enyne substrates has been demonstrated using@S€ in [Gmim][BF,]. In this case, good yields were
Grubbs and HoveydaGrubbs ruthenium carbene complex chieved and the catalyst could be recycled with no require-
bearing an IL tag in mixed solvent systems containing ment to form the carbanion nucleophile separatély.

[Csmim][PFs] and CHCI; or toluene®®-502 Buijsman et al. . o
showed that Grubbs catalyst could be used dissolved in purel1-5- Thioacetalization of Carbonyl Compounds

[Camim][PFg], but a significant decrease in conversion was  goth |ewis-acid-catalyzed and IL-mediated thioacetaliza-
found on the second recyc® Although in many cases the  jgn of carbonyl compounds have been repoffdn the

IL protects the catalyst and enables reuse, when the catalySihsence of a catalyst, J@im]Br has been shown to mediate

is modified with the IL tag the recyclability is improved the thioacetalization of activated and weakly activated
significantly®** Similarly, imidazolium-tagged ruthenium  aromatic aldehydes as well as heterocyclic and aliphatic
catalysts have also been reported to perform di- or trisub- aldehydes and acid-sensitive substrates such as furfural
stituted diene metathesis including substrates contain-without formation of any side products (Scheme 79).
ing oxygen in [Gmim][PFs] and [Gmim][NTf;] (Scheme However, reaction with aromatic ketones did not result in
77)505 the corresponding thioketals, whereas cyclohexanone formed

Scheme 77. Ring-Closing Metathesis of a Variety of Di- or Trisubstituted Dienes

. 4 Is
[C4mim][PF¢] or [Cymim][NTf;]

Ts
AN

o (0]
0 [C,mim][PF4]/toluene (1/4)
o /\/\/ N /Y - WO
3h,rt
OMe OMe

e Me
: lel e Ve U /YO - N/\/\'ﬁj\Me
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g

Scheme 78. TrostTsuji C—C Coupling between Ethyl Cinnamyl Carbonate and Ethyl Acetoacetate

COMe oMe
P 0COEt  * < —
2!
COLE

CO,Et

Scheme 79. IL-Mediated Thioacetalization of Carbonyl Compounds

X HS S SE
[C4mim]Br
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Scheme 80. Thioacetalization and Transthioacetalization of Aromatic Aldehydes

EtS SEt EtS SEt
COCH; CHO
Br Br CH;
2 mol% Sc(OTf),, EtSH
+ ——- +
[C4ymim][PF¢], rt, 12 min
OCH; OCH;
96% 0%
2 mol% Sc(OTf);, EtSH
I\ —— -\
[Cymim][PFg]. rt, 10 min SEt SEt
S COCH3; S CHO S S
SEt H;C SEt

the thioketal in almost quantitative yield. This difference in 11.7.2. Michael Additions

reactivity was attributed to the higher electron density around ] ) - ]
the carbonyl carbon of an aromatic ketone, making it less A Wide range of Michael additions and related reactions
susceptible to nucleophilic attack. Thioacetalized and tran- have been performed in ILs. For example, infim][BF,],
sthioacetalized products of aromatic and aliphatic aldehydesPoth Ni(acac) for the conversion of acetylacetone to
have also been prepared using Sc(@Tigsolved in [G methylvinylketoné!455and Cu(OTf) for a range of addition

mim]*-based [P~ and [BRj]~ ILs (Scheme 80§% reactions have been used as catalysts and show higher rates
of reaction compared with molecular solvents or under
11.6. Gewald Synthesis solventless conditions. Enantioselective Michael addition

. . o ) ) . reactions have also been performed inJBFased ILs using

2-Aminothiophenes derivatives are important intermediates (RR)-trans-1,2-diaminocyclohexane as the chiral auxiligh.
in the manufacture of pharmaceuticals, dyes, and conducting| this case ee’s up to 91% were found for conversion of
polymers, for example, and may be prepared init]-  ethyl cyclohexanone-2-carboxylate to methyl vinyl ketone
[BFJ] and [Gmim][PFe] using ethylenediammonium di-  with good yields even when catalytic amounts of diamine
acetate as a catalyst for the Gewald reac?i8r$|gn|f!cant were employed (Scheme 83). Changing the cation from

rate enhancements and improvements in the yield were[c,mim]* to [C,dmim]" to [C4pyr]™ caused the yield to drop

observed under these conditions compared with molecularang was attributed to the change in the IL ability to solvate
solvents. This is not surprising given that the Knoevenagel \yater.

condensation is a key step in the Gewald reaction and

ethylenediammonium diacetate inf@im][PF] has been  gcheme 83. Conversion of Ethyl
shown prey|ously to catalyze the reaction of aldehydes and cyclohexanone-2-carboxylate to Methyl Vinyl Ketone
ketones with methylene compounds (Scheme®81).

Scheme 81. Ethylenediammonium-Diacetate-Catalyzed f Q
wal nthesis of 2-Aminothiophen
Gewald Synthesis o othiophenes P o
R, X O N
R—C=0  H,C—X 20 mmol %, EDDA, 50 °C )k/
| + | +S ‘ ‘
R, N NH,

2

R,—/CH, CN [C4ymim][BF 4] or [C4ymim][PF]

11.7. Reactions of Carbonyl Compounds
11.7.1. Reactions with Indoles o

[Csmim][PFs] and [Cmim][BF4 have been used to
prepare bis-indolylmethanes via the electrophilic substitution Enantioselective Michael additions of malonates to form
reaction of indoles with aldehydes and ketones (Schemeenones has been examined using chiral functionalized
82)512 Both aromatic and aliphatic aldehydes as well as imidazolium salts with Br, [BF4~, and [Pk]~ anions
cyclic ketones resulted in good yields with rates dependent (Scheme 84317 With toluene as a cosolvent, some chiral
on the substrate employed. In a similar manner, the micro- induction was achieved with yields 0f90% and ee’s
wave-activated synthesis of tetrahygiaarbolinediketo- between 23% and 26%. Using a dication chiral IL reduced
piperazines in [P§ -based ILs has been perform&gd. the ee to 10%.

Scheme 82. Preparation of Bis-indolylmethanes through Electrophilic Substitution Reactions of Indoles with Aldehydes and

Ketones in ILs
R’ R"
X
| | ! [C4mim][BF,] or (\
R—— + _— R—I | | R
N . e [CmimI[PF(] s N\
H H

=
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Scheme 84. Enantioselective Michael Addition of Malonates Using Chiral Functionalized Imidazolium Salts

N COOEt
. <
COOE

) ¢
o7 QX

[PFg],

X =Br, [BF,], [PF¢] : ee = 23-26 % ee=10%
chiral ILs

Incorporation of hydroxide as the anion usingf@m]* (trifluoromethyl)acrylate 30% yield of the Michael adduct
allows the IL to be employed as the catalyst and solvent for was formed after 14 days and 45% yield was found on
a wide range of Michael addition reagents. Although the recycle (Scheme 86).

Michael addition to a,f-unsaturated ketones gave the  aza-Michael addition reactions between benzylamine and
expected monoaddition product, in the case of the reac-giny| acrylate have also been reported to give high yields
tion of 1,3-dicarbonyl compounds with,-unsaturated  sing a wide range of tetraalkylammoinum halide ILs as
esters and nitriles, bis-addition was found in the IL (Scheme catalysts in water (Scheme &%9.In contrast, aromatic
85)°1 amines, such as aniline, gave poor results. Furthermore,
[Casmim][BF4] could also be employed in this manner for
the aza-Michael reaction of a variety of aliphatic amines and
o,f-unsaturated compounds as well as the aza-Michael

Scheme 85. Reaction of 1,3-Dicarbonyl Compounds with
o,f-Unsaturated Esters and Nitriles

o R‘>/\/X reaction with N~ addition to o,3-unsaturated carbonyl
R, ) R compounds in the presence of acetic #fdCu(acac)
> b X [Cmim]OH dissolved in [Gmim][PF] and [Cmim][BF.] has been found
R X-CN R, X to catalyze the aza-Michael reaction of amines and nitriles
R}, Ry = Me, COMe, — ><: with o,f-unsaturated carbonyl compounds forming the
ngt;goza,cone, coMe . « corresponding-amino carbonyl compounds and nitriles with

high yields®?!

The biocatalyzed Michael reaction for the reaction of  As observed in water, bromide, in this case in the form of
fluoromethylated imines with hydroxyacetone has also been [Csmim]Br, has been shown to catalyze the Michael addition
performed using aldolase 38C2 inf@IM][OTf].** For the of thiols and diethyl dithiophosphate to a range of conjugated
reaction between hydroxyacetone and 2-(phenyl)-ethyl-2- alkenes (Scheme 8&% Although good yields were obtained

Scheme 86. Biocatalyzed Michael Reaction of Fluoromethylated Imines with Hydroxyacetone

H
antibody—N
)(L/ CF, antibody CF;
O + )\ = * )\
CO,CH,CH,Ph CO,CH,CH,Ph
OH
Cycle  Yield )
(%)
cyclel 30 CO,CH,CH,Ph
ocle2 45

OH  CF,

Scheme 87. Aza-Michael Addition Reactions between Benzylamine and Ethyl Acrylate

(0]
\)J\OH

—_— @\/ N OEt + @\/E OEt

Y T

+
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Scheme 88. Michael Addition of Thiols and Diethyl
Dithiophosphate to Conjugated Alkenes

. SR,
\ R, . [C3mim]Br
R /\/ R,SH _3—‘11 R,
R

SP(O)(OEt),
[Cymim]Br
—_—T
rt

R/\/Rl + HSP(O)(OEt),

R =alkylaryl; Ry =

Ry
R
COMe, COPh, CO,Et; R, = n-Bu, Ph

in many cases, steric hindrance at fhgosition of the alkene
resulted in a loss of activity.

11.7.3. Baylis—Hillman Reaction

The Baylis-Hillman reaction is a useful €C bond-
forming reaction and has been shown to be catalyzed by
DABCO for the reaction between methyl acrylate and a range
of aldehyde$?® In this case the choice of cation was found
to be critical with only [Gdmim][PFs] reaction showing. In
contrast in [Gmim][PFg], the IL was found to react with
the aldehyde in the presence of b&eThe reaction may
also be performed using the chiral N-ocytl(-)-N-dimethyl-
ephedrinium triflate (Scheme 8% Therein, reaction of
benzaldehyde and methyl acrylate led to formation of the
alkoxyester with up to 44% ee.

Scheme 89. BaylisHillman Reaction of Benzaldehyde and
Methyl Acrylate

A s

11.7.4. Stetter Reaction

OH O

DABCO., 30°C

Ar’
\ /CxH”

TfO
30 - 70% (ce 20 - 44%)

Ph

Chemical Reviews, 2007, Vol. 107, No. 6 2657

and EgN could be employed as catalysts in the ILs giving
good vyields of the 1,4-adducts (Scheme 91).

11.7.5. Cross-Coupling between Aldehydes and Allylic
Alcohols

As well as base-catalyzed aldol reactions, R(FPR);
has been shown to catalyze the aldol condensation between
allylic alcohols and aldehydes in f@im][PFg], even those
with low reactivity such as 2-naphthaldehyde manis-
aldehyde (Scheme 9% Interestingly, in the IL the electron-

Scheme 92. Condensation between Allylic Alcohols and
Aldehydes in [Cymim][PFg]

A

cat. RuCIz(PPh3)3

" (CamimPr] M

syn anti

deficient aldehydes showed the highest activity which is the
opposite trend to that found in molecular solvents, including
water. This was attributed to the increased solvation by the
IL of the more polarized electron-deficient aldehydes. In

contrast, neither aromatic nor aliphatic ketones gave good
yields under these conditions.

11.7.6. Cross-Condensation of Carbonyl Compounds with
Derivatives of Cyanoacetic Acid

The three-component reaction of 4-hydroxy-6-methyl-
pyran-2(H)-one with cyanoacetic acid derivatives and
carbonyl compounds has also been shown to occur in
[Csmim][PF] to form substituted 2-amino-7- methyl-5-oxo-
4,5-dihydropyrano[4,®]pyrans (Scheme 9358 In the pres-
ence of EfN, higher yields were found in the IL compared
with using ethanol.

The Stetter reaction to prepare 1,4-dicarbonyls has been

reported in [Gmim][BF,], [C.mim][PFs], and [GmMIm][NTf]
ILs by Anjaiah et al. (Scheme 96% For a range of

aldehydes and olefins, both showed that both thiazolium salts

Scheme 90. Stetter Reaction

Q o
R, catalyst
R;CHO + —_— > + R,
H Ry 4 Ry
z
R,

R, = alkyl, aryl; R, = H, alkyl, aryl; Z= COR, CO,R, CN; R = alkyl;
catalyst = CN, thiazolium salts + bases, PBu;

Scheme 91. Condensation gf-Fluorobenzaldehyde with

Methyl Acrylate
gs

F

)

CO,Me

-
L)

S

OMe

R = CH,Ph; X=CI

R =Et. X=Br F

I—l

Scheme 93. Three-Component Reaction of
4-Hydroxy-6-methylpyran-2(2H)-one with Cyanoacetic Acid
Derivatives and Carbonyl Compounds in [Gmim][PF ¢]

OH

0 A

z

/fl + NCCH,Z + Ar—CHO —m m
Me” o7 o M 0~ NH

7= CN; COOEt; COO(CH;),OMe; COOCHMe,

11.7.7. Mannich-type Reaction

In a similar manner to the aldol reaction, the reaction
between allylic alcohols and imines can be catalyzed by
RUuCh(PPh)3 in [Cqmim][PFs] (Scheme 94%?” The corre-
sponding reaction in water was found to form the aldol
product due to hydrolysis of the imine; however, in the IL
only Mannich products were obtained with increased yields
over molecular solvent systems. Akiyama et al. have also
shown that the Mannich reaction of silyl enolates with
imines may be performed in [@im][OTf] and [C;mim]-
[OTf] in the presence or absence of base, indicating that
residual acid is not the catalyst but the triflate anion (Scheme
95) 529
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Scheme 94. Mannich Reaction

A%

cat. RUC]')(PPhq);

[Cymim][PF¢]
90 °C
Ar
o
Me
fA
anti
Ar = p-MeOPh
Scheme 95. Mannich Reaction of Silyl Enolates with
Ald-imines
/PMP ™S HNPMP O
N
| + S OMe——
PH OMe

Ph

11.7.8. Mukaiyama Aldol Reaction

IL-mediated-uncatalyzed and Lewis-acid-catalyzed
Mukaiyama aldol reactions show good reactivity for the
coupling of trimethylsilane derivatives with aldehydes (Scheme

96). For example, the reaction between nonyl aldehyde and

Scheme 96. Mukaiyama Aldol Reactions for Coupling of
Trimethylsilane Derivatives

SiM OH O
0 M BiOT);nH,0 (10mol%)
)L * R} . 0,
Pl - [Cymim][BF,J,25°C . .
R R' R?
0 OSiMe; OH ©

Bi(OTf);.nH,0 (10mol%)

+
R)L . )’\ [Cmim][BF,], 25°C

Ph RMPh
1-methoxy-2-methyl-1-trimethyl-silyloxypropene was per-
formed in [Gmim]* based ILs containing C| [BF4]~, and
[PRg~ anions. A combination of long alkyl chain cations
with chloride was found to result in the highest yield of the
aldol product® In [Csmim][BF,], Bi(OTf)s catalyzed the
formation of a range of-hydroxy ketones and esters with
aldehydes; however, substitution of the aldehyde with a
ketone resulted in no reaction for the reaction of acetophe-
none with (1-phenylvinyloxy)trimethylsilan@! Using this

method, thioesters were also prepared, although in this case

poor syn/anti selectivity was observed.

11.7.9. Reductive Amination of Carbonyl Compounds with
Amines

Direct reductive amination of carbonyl compounds with
amines has been achieved using the cationic homogeneou
iridium catalyst, [Ir(cod)][BF4], without any other ligands
and gaseous hydrogen (Scheme®7As a reaction medium,
[Csmim][BF4] was found to be superior to the other organic
solvents. While the cation exhibited a small effect, the
counteranion of the IL has been found to exert a significant

Parvulescu and Hardacre

Scheme 97. Reductive Amination of Carbonyl Compounds
with Amines

o ~R3
)k L J\
Ry R, R, R,
ol R;

A

Ry

PN

Ry R{

R,

11.7.10. 1,4-Conjugate Addition of Unmodified Aldehyde

The 1,4-conjugate addition of aldehydes to 3-buten-2-one
may be performed using diamines derived frofproline in
[C4smim][PFs] and was found to show higher activity than
reactions catalyzed by other amines (Scheme 98). Using these
conditions up to 59% ee of §-5-keto-aldehyde was
obtained with the largest ee found with increasing bulkiness
of the diamine useéf®

Scheme 98. 1,4-Conjugate Addition of Aldehydes to
3-Buten-2-one

R
< ¢}
+

CHO

diamine (20 mol%)

V4

[C4mim][PF¢] CHO

11.7.11. Carbonyl-Ene Reaction

The enantioselective carbomyéne reaction is demanding;
however, using enantiopure Lewis acid complexes of con-
formationally flexible acyclic and monocyclic NUPHOS
diphosphines,0- and A-[(NUPHOS)Pt(OTf)] have been
shown to act as efficient catalysts for the reaction between
various unsymmetrical 1'/Hisubstituted alkenes and phenyl-
glyoxal or ethyl glyoxylate in a range of ILs (Scheme 9%).

Scheme 99. CarbonytEne Reactions ofo-Methylstyrene
and Ethyl Glyoxylate

o 0

5mol% P,Pt>*  Ph

OEt ———»

Ph rt, 2h

0o OH

Therein, up to 95% ee’s and 90% yields were obtained
depending on the substrate used. In all cases, the enantio-
selectivities in the ILs were at least comparable to those
obtained in dichloromethane. As shown for similarly cata-
lyzed Diels-Alder reactions in ILs}? racemization of the
catalyst was found in dichloromethane whereas little race-
mization was observed in the IL leading to the greater ee’s

Bbserved.

11.7.12. Tandem Cyclization—1,3-Dipolar Cycloaddition
Reaction of o.-Diazo Ketones

Synthesis of oxa- and dioxa-bridged polycyclic systems

influence on the selectivity with tetraflouroborate found to using the cyclizatiorrcycloaddition reaction of transient five-
give the best selectivities. This effect was attributed to a or six-membered-ring carbonyl ylides withdiazo ketones
compatibility of the IL anion with that in the catalyst. has been catalyzed by Rh(ll) and Cu(ll) salts dissolved in
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Scheme 100. Rhodium(ll)-Catalyzed Tandem Reaction of
o-Diazo Ketone and an Aldehyde in [Gmim][BF 4]

CHO
0
COCHN,
a - ()
O Rhy(OAc),

[Cymim][BF,]

11.7.14. a-Tosyloxylation of Ketones

Tosylation using HTIB of a range of ketones has been
performed in [Gpyr][BF4] resulting in good yields of the
a-tosylated compound (Scheme 16%).

Scheme 102.a-Tosyloxylation of Ketones
0

o
C BF
JK/R +  PhOH)OTs CaprllBR,_ )H/on
R R
R

11.8. Heterogeneous Catalysis

11.8.1. Hydroamination Reactions

Heterogeneous catalysts obtained by the deposition of
metal complexes [Rh(DPPF)(NOR)][CIP [Pd(DPPF)]-

[Camiml[BFal, [C.CImIIBFa], [Camiml[BF, and [Gmiml- e 1o o S HIOTA . and Zn(OTH on the diatomic

[PFs] (Scheme 10053 The reaction was found to proceed . !
with high stereoselectivity in all ILs and molecular solvents, €&rth support from [@nim][OTf], using a shock-frozen and
However, in the case of [@im][BF4], a significant increase free;e—drymg .technlque, were tested for catalytic activity on
in the yield of the cycloaddition product was also observed addmg)n of 4-isopropylaniline to phenylacetylene (Scheme
compared with organic solvents. Higher yields were obtained 103)* The reaction yields the enamine (4-isopropylphenyl)-
using the rhodium-based catalysts compared with the coppe
system. The ILs based on [§F rather than [P~ also lead

to increased yields. Albeit a small difference, greater yields

were observed in the ILs compared with in dichloromethane. HN@Pr /©/iPr
HN

11.7.13. CO, Cycloaddition to Epoxide N

This subject was recently reviewed by Sun et al. exten- — n
sively and demonstrates the applicability of ILs for £O
fixation to produce cyclic carbonates (Scheme 84peng

'Scheme 103. Addition of 4-1sopropylaniline to
Phenylacetylene

iPr

Ph Ph CH,

(1-phenyl-vinyl)-amine which isomerizes in situ to the
corresponding imine (4-isopropyl-phenyl)-(1-phenylethylidene)-
amine. The product was formed according to approximate
second-order kinetics. For the supported [Rh(DPPF)(NOR)]-
[CIO4], [PA(DPPF)][OTf}, and Zn(OTf) catalysts the rate

of reaction was significantly higher than in the corresponding
homogeneous catalysis. In contrast, for {@4HsCHs)]-
[OTf] the catalytic activity was higher for the homogeneous
catalyst. This was explained by a strong complexation of
the copper(l) center by the IL which competes with
coordination of the substrate. In the case of the homogeneous
Y ) catalysis, the most pronounced side reaction was oligomer-
pyridinum-based ILs based on'C[BF.] ", and [Pk] ~ with ization of phenylacetylene. Under similar reaction conditions,
[Camim][BF.] showing the best reactiviti’’ In comparison  the performance of the two-phase system was intermediate

in this reaction but may be performed in /MNBr and catalysts.

[N 4441.536:538-540 At atmospheric pressure, styrene oxide and
glycidyl methacrylate oxirane, the latter susceptible toward 12. Concl
polymerization, have been reacted with O@the [Nyssq™* ’

Scheme 101. C@Cycloaddition to Epoxide

)C)J\
0 0
+CO, — : /
R K

et al. have shown that addition of G@ propylene oxide
may be mediated by 1,3-diakylimidazolium ahdalkyl-

usions

melts with the iodide anion showing higher activity than
bromide due to its decreased nucleophilicity. By reacting
halide-based ILs, for example, J@im]Cl and [CGmim]Br,
with Lewis acids, such as zinc halides, the activity of the IL
and Lewis acid are improved for this reaction. Formation of
[ZnX2Y )%~ (X, Y = Cl or Br) was found to catalyze the
cycloaddition of CQ to propylene oxide. Kim et al.

As is clear from this review, catalysis in ILs is hugely
varied and in many cases the IL enables more efficient
reactions to take place compared with molecular solvents.
It is necessary to optimize both reactions to enable a true
comparison to be made. Large increases in reactivity and
selectivity have been achieved using this medium for
homogeneously catalyzed reactions, and in some cases,

demonstrated that anions containing a higher proportion of reactions have been demonstrated to only work in the ionic
bromide were more reactive, which supports the fact that environment and not in the molecular solvents. While similar
the nucleophilicity of the halide is importafftt A similar remarks can also be attributed to heterogeneously catalyzed
effect of metal halides has also been observed for styrenereactions, the depth of study has not yet been achieved for
oxide with the activity determined by the ionization potential trends to be easily identified. However, it is clear that there
and ionic radius of the metal cations u$étlin addition, is a large potential using the combination of ILs and solid
chromium salen has been observed to catalyze the reactiorcatalysts in both liquid-phase and gas-phase reactions. The
of CO, with styrene oxide in [gmim][PFg].>*3 latter shows the versatility of ILs in stabilizing homogeneous
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catalysts and enables good mass transport of gas reagentg32) Roucoux, A.; Schulz, J.; Patin, Ehem. Re. 2002 102, 3757.

using thin films of the IL. Much more research needs to be
performed in this area to explore the scope of-Holid
interactions in terms of chemical reactivity and selectivity.

(33) Bannemann, H.; Brijoux, W. InActive Metals: Preparation,
Characterization, Applicationg-Urstner, A., Ed.; VCH: New York,
1996; pp 339-379

(34) Btmnemann, H.; Richards, FEur. J. Inorg. Chem2001, 2455.

To date’ an understanding as to how ILs affect surface (35) Pavulescu, V. I.; Pavulescu, V.; Endruschat, U.; Filoti, G.; Wagner,

reactions and the mass transport phenomena within such

systems is limited. This is particularly important in solid-

catalyzed processes, and further research needs to address

this issue.

13. Acknowledgment

We thank Sarah Hardacre for help in the preparation of
this manuscript and Markus Antonietti, Paul Dyson, and
Russell Morris for providing figures.

14. References

(1) Boon, J. A; Levinsky, J. A.; Pflug, J. I.; Wilkes, J. $.0rg. Chem.
1986 51, 480.

(2) Wilkes, J. S. Ifonic Liquids in SynthesjdVasserscheid, P., Welton,
T., Eds.; Wiley-VCH: Weinheim, 2003.

(3) lonic Liquids IlIA: Fundamentals, Progress, Challenges, and
Opportunities-Properties and Structure; Rogers, R. D., Seddon, K.
R., Eds.; American Chemical Society: Washington, DC, 2005.

(4) lonic Liquids IlIB: Fundamentals, Progress, Challenges, and
Opportunities-Transformations and Processes; Rogers, R. D., Sed-
don, K. R., Eds.; American Chemical Society: Washington, DC,
2005).

(5) Wilkes, J. SJ. Mol. Catal. A2004 214, 11.

(6) Holbrey, J. D.; Seddon, K. FClean Prod. Processek999 1, 223.

(7) lonic Liquids in SynthesidVasserscheid, P.; Welton, T.; Eds.; Wiley-
VCH: Weinheim, 2003.

(8) Dupont, J.; de Souza, R. F.; Suarez, P. ACBem. Re. 2002 102
3667.

(9) Hardacre, CAnn. Re. Mater. Res2005 35, 29.

(10) Jastorff, B.; Stormann, R.; Ranke, J.; Molter, K.; Stock, F.; Ober-
heitmann, B.; Hoffmann, W.; Hoffmann, J.; Nuchter, M.; Ondruschka,
B.; Filser, J.Green Chem2003 5, 136.

(11) Wasserscheid, P; van Hal, R.; BosmannGhkeen Chem2002 4,
400.

(12) Holbrey, J. D.; Reichert, W. M.; Swatloski, R. P.; Broker, G. A;;
Pitner, W. R.; Seddon, K. R.; Rogers, R. Green Chem2002 4,
407.

(13) Seddon, K. R.; Stark, A.; Torres, M.Bure Appl. Chem200Q 72,
2275.

(14) Anthony, J. L.; Maginn, E. J.; Brennecke, J.J.Phys. Chem. B
2001 105, 10942.

(15) Billard, I.; Moutiers, G.; Labet, A.; El Azzi, A.; Gaillard, C.; Mariet,
C.; Lutzenkirchen, Klnorg. Chem.2003 42, 1726.

(16) Anderson, J. L.; Ding, J.; Welton, T.; Amstrong, D. WAm. Chem.
Soc 2002 124, 14247.

(17) Villagran, C.; Deetlefs, M.; Pitner, W. R.; Hardacre, &hal. Chem.
2004 76, 2118.

(18) Villagran, C.; Banks, C. E.; Hardacre, C.; Compton, R./Ahal.
Chem.2004 76, 1998.

(19) Holbrey, J. D.; Seddon, K. R.; Wareing, Breen Chem2001, 3,

33

(20) MacFarlane, D. R.; Pringle, J. M.; Johansson, K. M.; Forsyth, S. A,;
Forsyth, M.Chem. Commur2006 1905.

(21) Freemantle, MChem. Eng. New%998 76, 32.

(22) Davis, J. HChem. Lett2004 33, 1072.

(23) Hanke, C. G.; Price, S. L.; Lynden-Bell, R. Mol. Phys.2001, 99,
801.

(24) Lopes, J. N. C.; Deschamps, J.; Padua, A. AJHhys. Chem. B
2004 108, 2038.

(25) Del Popolo, M. G.; Lynden-Bell, R. M.; Kohanoff, J.Phys. Chem.
B 2005 109, 5895.

(26) Deetlefs, M.; Hardacre, C.; Nieuwenhuyzen, M.; Padua, A. A. H.;
Sheppard, O.; Soper, A. K. Phys. Chem. B00§ 110, 12055.

(27) Hardacre, C.; Holbrey, J. D.; McMath, S. E. J.; Bowron, D. T.; Soper,
A. K. J. Chem. Phys2003 118 273.

(28) Hardacre, C.; McMath, S. E. J.; Nieuwenhuyzen, M.; Bowron, D.
T.; Soper, A. K.J. Phys. C2003 15, S159.

(29) Dyson, P. JCoord. Chem. Re 2004 248 2443.

(30) Astruc, D.; Lu, F.; Aranzaes, J. Rngew. Chem., Int. EQ005 44,
7852.

(31) Flannigan, D. J.; Hopkins, S. D.; Suslick, K.J3Organomet. Chem.
2005 690, 3513.

F. E.; Kibel, Ch.; Richards, RChem. Eur. J2006 12, 2343.

(36) Finke, R. G. InMetal Nanoparticles: Synthesis, Characterization

and Applications Feldheim, D. L., Foss, C. A., Jr., Eds.; Marcel

Dekker: New York, 2002; Chapter 2, pp 434.

(37) Aiken, J. D.; Finke, R. GJ. Am. Chem. S0d.999 121, 8803.

(38) Widegren, J. A.; Finke, R. Gnorg. Chem.2002 41, 1558.

(39) Dupont, J.; Fonseca, G. S.; Umpierre, A. P.; Fichtner, P. F. P
Teixeira, S. RJ. Am. Chem. So@002 124, 4228.

(40) Fonseca, G. S.; Fonseca, A. P.; Teixeira, S. R.; Dupor@hém.
Eur. J.2003 9, 3263.

(41) Fonseca, G. S.; Domingosa, J. B.; Nomeb, F.; Dupont, Mol.
Catal. A2006 248 10.

(42) Silveira, E. T.; Umpierre, A. P.; Rossi, L. M.; Machado, G.; Morais,
J.; Soares, G. V.; Baumvol, I. J. R.; Teixeira, S. R.; Fichtner, P. F.
P.; Dupont, JChem. Eur. J2004 10, 3734.

(43) Umpierre, A. P.; Machado, G; Fecher, G. H.; Morais, J.; Dupont, J.
Adv. Synth. Catal2005 347, 1404.

(44) Scheeren, C. W.; Machado, G.; Dupont, J.; Fichtner, P. F. P.; Teixeira,
S. R.Inorg. Chem.2003 42, 4738.

(45) Kim, K.-S.; Demberelnyamba, D.; Lee, Hangmuir2004 20, 556.

(46) Itoh, H.; Naka, K.; Chujo, YJ. Am. Chem. So2004 126, 3026.

(47) Tatumi, R.; Fujihara, HChem. Commur2005 83.

(48) Wei, G.-T.; Yang, Z.; Lee, C.-Y.; Yang, H.-Y.; Wang, C. R. L.
Am. Chem. So004 126, 5036.

(49) Guo, S.; Shi, F.; Gu, Y.; Yang, J.; Deng, €hem. Lett2005 34,
830.

(50) Whitehead, J. A.; Lawrance, G. A.; McCluskey, Green Chem.
2004 6, 313.

(51) Mu, X.-D.; Meng, J.-Q.; Li, Z.-C.; Kou, YJ. Am. Chem. So2005
127, 9694.

(52) Mevellec, V.; Leger, B.; Mauduit, M.; Roucoux, &hem. Commun
2005 2838.

(53) Hamill, N. A.; Hardacre, C.; McMath, S. Esreen Chem2002 4,
139.

(54) Deshmukh, R. R.; Rajagopal, R.; Srinivasan, KCiem. Commun.
2001, 1544.

(55) Calq V.; Nacci, A.; Monopoli, A.; Laera, S.; Cioffi, NJ. Org. Chem.
2003 68, 2929.

(56) Calq V.; Nacci, A.; Monopoli, A.; Montingelli, F.J. Org. Chem.
2005 70, 6040.

(57) Calg V.; Nacci, A.; Monopoli, A.; Detomaso, A.; lliade, P.
Organometallic2003 22, 4193.

(58) Cassol, C. C.; Umpierre, A. P.; Machado, G.; Wolke, S. I.; Dupont,
J.J. Am. Chem. So@005 127, 3298.

(59) Gholap, A. R.; Venkatesan, K.; Pasricha, R.; Daniel, T.; Lahoti, R.
J.; Srinivasan, K. VJ. Org. Chem2005 70, 4869.

(60) Corma, A.; Gara, H.; Leyva, A.Tetrahedron2005 61, 9848.

(61) Wojtkowa, W.; Trzeciaka, A. M.; Choukrounb, R.; Pellegatta, J. L.
J. Mol. Catal. A2004 224,81.

(62) Gao, S; Zhang, H.; Wang, X.; Mai, W.; Peng, C.; GeNanotech-
nology 2005 16, 1234.

(63) Derjaguin, B. V.; Landau, LActa Physicochim. URS®41 14, 633;

(64) Verwey, E. J.; Overbeek, J. T. Gheory of the Stability of Lyophobic
Colloids Elsevier: Amsterdam, 1948.

(65) Russel, W. B.; Saville, D. A.; Schowalter, W. Rolloidal Disper-
sions. Cambridge Monographs on Mechanics and Applied Math-
ematics;Cambridge University Press: Cambridge, England, 1989.

(66) Starkey Ott, L.; Cline, M. L.; Deetlefs, M.; Seddon, K. R.; Finke, R.
G.J. Am. Chem. So@005 127, 5758.

(67) Xu, L.; Chen, W.; Xiao, JOrganometallics200Q 19, 1123.

(68) Mele, A.; Tran, C. D.; De Paoli Lacerda, S. Mngew. Chem., Int.
Ed. 2003 42, 4364.

(69) Antonietti, M.; Kuang, D.; Smarsly, B.; Zhou, YAngew. Chem.,
Int. Ed. 2004 43, 4988.

(70) Sinfelt, J. H.; Via, G. H.; Lytle, F. WCatal. Re.. Sci. Eng.1984
26, 81.

(71) Wang, Y.; Yang, HJ. Am. Chem. So2005 127, 5316.

(72) Zhao, D.; Fei, Z.; Geldbach, T. J.; Scopelliti, R.; Dyson, B. Am.
Chem. Soc2004 126, 15876.

(73) Chauvin, Y.; Mussmann, L.; Olivier, Angew. Chem., Int. EA995
34, 2698.

(74) Favre, F.; Olivier-Bourbigou, H.; Commereuc, D.; Saussin€Hem.
Commun2001, 1360.

(75) Wasserscheid, P.; Waffenschmidt, H.; Machnizti, P.; Kottsieper, K.
W.; Stelzer, O.Chem. Commur2001, 451.

(76) Valkenberg, M. H.; deCastro, C.; Herich, W. F.Green Chem.
2002 4, 88.



Catalysis in lonic Liquids

(77) Qiao, K.; Hagiwara, H.; Yokoyama, G. Mol. Catal. A2006 246,
65

(78) deCastro, C.; Sauvage, E.; Valkenberg, M. H:ldddch, W. F.J.
Catal. 200Q 196, 86.

(79) Valkenberg, M. H.; deCastro, C.; lderich, W.Stud. Surf. Sci. Catal.
2001, 135, 179.

(80) Valkenberg, M. H.; deCastro, C.;"ierich, W.Appl. Catal. A200Q
215 185.

(81) Abellg S.; Medina, F.; Rodguez, X.; Cesteros, Y.; Salagre, P.;
Sueiras, J. E.; Tichit, D.; Coq, EEhem. Commur2004 1096.

(82) Mehnert, C. P.; Cook, R. A.; Dispenziere, N. C.; Afeworki, 3.
Am. Chem. So2002 124, 12932.

(83) Sasaki, T.; Zhong, C.; Tada, M.; lwasawa Chem. Commur2005
2506.

(84) Yamaguchi, K.; Yoshida, C.; Uchida, S.; Mizuno, N.Am. Chem.
Soc.2005 127, 530.

(85) Aoki, S.; lwaida, K.; Hanamoto, N.; Shiro, M.; Kimura, E. Am.
Chem. Soc2002 124, 5256.

(86) Huang, J.; Jiang, T.; Gao, H.; Han, B.; Liu, Z.; Wu, W.; Chang, Y.
Zhao, G.Angew. Chem. Int. EQR004 43, 1397.

(87) Miao, S.; Liu, Z.; Han, B.; Huang, J.; Sun, Z.; Zhang, J; Jiang, T.
Angew. Chem., Int. EQ006 45, 266.

(88) Huang, J.; Jiang, T.; Han, B.; Wu, W.; Liu, Z.; Xie, Z.; Zhang, J.
Catal. Lett.2005 103 59.

(89) Mehnert, C. P.; Mozeleski, E. J.; Cook, R.@Ghem. Commur2002
3010.

(90) Hagiwara, H.; Sugawara, Y.; Isobe, K.; Hoshi, T.; SuzukiQfg.
Lett 2004 6, 2325.

(91) Hagiwara, H.; Sugawara, Y.; Hoshi, T.; SuzukiChem. Commun.
2005 2942.

(92) Mikkola, J.-P.; Virtanen, P.; Karhu, H.; Salmia, T.; Murzin, D. Yu.
Green Chem2006 8, 197.

(93) Mikkola, J.-P.; Aumo, J.; Murzin, D. Yu.; Salmi, Tatal. Today
2005 105, 325.

(94) Karimi, B.; Enders, DOrg. Lett.2006 8, 1237.

(95) Riisager, A.; Jgrgensen, B.; Wasserscheid, P.; Fehrmar@hém.
Commun2006 994.

(96) Riisager, A.; Fehrmann, R.; Haumann, M.; Gorle, B. S. K.
Wasserscheid, Rnd. Eng. Chem. Re2005 44, 9853.

(97) Riisager, A.; Fehrmann, R.; Flicker, S.; van Hal, R.; Haumann, M.;
Wasserscheid, FAngew. Chem., Int. EQ2005 44, 815.

(98) Yang, Y.; Deng, C.; Yuan, YJ. Catal.2005 232, 108.

(99) Yang, Y.; Lin, H.; Deng, C.; She, J.; Yuan, €hem. Lett2005
34, 220.

(100) Dai, S.; Ju, Y. H.; Gao, H. J.; Lin, J. S.; Pennycook, S. J.; Barnes,
C. E.Chem. Commur200Q 243.

(101) Adams, C. J.; Bradley, A. E.; Seddon, K. A&ust. J. Chem2001,

54, 679.

(102) Zones, S. IZeolites1989 9, 458.

(103) Nakashima, T.; Kimizuka, Nl. Am. Chem. So2003 125, 6386.

(104) Zhou, Y.; Antonietti, MJ. Am. ChemSoc.2003 125 14960.

(105) Zhou, Y.; Schattka, J. H.; Antonietti, NNano Lett.2004 4, 477.

(106) Zhou, Y.; Antonietti, M.Chem. Mater2004 16, 544.

(107) Yoo, K.; Choi, H.; Dionysiou, D. DChem. Commur2004 2000.

(108) Yoo, K.; Choi, H.; Dionysiou, D. DCatal. Commun2005 6, 259.

(109) Zhou, Y.; Antonietti, MAdv. Mater. 2003 15, 1452.

(110) Pavulescu, V. I.; Marcu, V. IrSurface and Nanomolecular Catalysis
Richards, R. M., Ed.; CRC Press-Taylor and Francis Group: Boca
Raton, FL, 2005; Chapter 12.

(111) Bradley, A. E.; Hardacre, C.; Holbrey, J. D.; Johnston, S.; McMath,
S. E. J.; Nieuwenhuyzen, MChem. Mater2002 14. 629.

(112) Lee, B.; Luo, H.; Yuan, C. Y.; Lin, J. S.; Dai, 8hem. Commun.
2004 240.

(113) Trewyn, B. G.; Whitman, C. M.; Lin, V. S.-Wano Lett.2004 4,
2139.

(114) Baute, D.; Zimmermann, H.; Kababya, S.; Vega, S.; Goldfarb, D.
Chem. Mater2005 17, 3723.

(115) Dattelbaum, A. M.; Bakerb, S. N.; Baker, G. 8hem. Commun.
2005 939.

(116) Cooper, E. R.; Andrews, C. D.; Wheatley, P. S.; Webb, P. B.;
Wormald, P.; Morris, R. ENature 2004 430, 1012.

(117) Anderson, K.; Cortinas Fernandez, S.; Hardacre, C.; Marr, IRo@).
Chem. CommurR004 7, 73.

(118) Zhu, K.; Pozgan, F.; D'Souza, L.; Richards, R. Microporous
Mesoporous Mat200§ 91, 40.

(119) Binks, B. P.; Dyab, A. K. F.; Fletcher, P. D. Chem. Commun.
2003 2540.

(120) Dyson, P. J.; Laurenczy, G.; Ohlin, C. A,; Vallance, J.; Welton, T.
Chem. Commur2003 2418.

(121) Dyson, P. JAppl. Organomet. Chen2002 16, 495.

(122) Dyson, P. J.; Ellis, D. J.; Parker, D. G.; WeltonJTMol. Catal. A
1999 150, 71.

Chemical Reviews, 2007, Vol. 107, No. 6 2661

(123) Dyson, P. J.; Russell, K.; Welton, lhorg. Chem. Commur2001,
4, 571.

(124) Rossi, L. M.; Machado, G.; Fichtner, P. F. P.; Teixeira, S. R.; Dupont,
J. Catal. Lett.2004 92, 149.

(125) Brasse, C. C.; Englert, U.; Salzer, A.; Waffenschmidt, H.; Wasser-
scheid, POrganometallics200Q 19, 3818.

(126) Bronger, R. P. J.; Silva, S. M.; Kamer, P. C. J.; van Leeuwen, P. W.
N. M. Chem. Commur2002 3044.

(127) Yao, Q.; Zhang, YAngew. Chem., Int. E®2003 42, 3395.

(128) Audic, N.; Clavier, H.; Mauduit, M.; Guillemin, J.-Q. Am. Chem.
Soc.2003 125 9248.

(129) Huang, J.; Jiang, T.; Han, B.; Gao, H.; Chang, Y.; Zhao, G.; Wu,
W. Chem. Commur2003 1654.

(130) Le Bras, J.; Mukherjee, D. K.; Gonzalez, S.; Tristany, M.; Ganchegui,
B.; Moreno-Manas, M.; Pleixats, R.; Henin, F.; MuzartNEw J.
Chem.2004 28, 1550.

(131) Fonseca, G. S.; Scholten, J. D.; DuponSyhlett2004 1525.

(132) Suarez, P. A. Z.; Dullius, J. E. L.; Einloft, S.; de Souza, R. F.; Dupont,
J. Inorg. Chim. Actal997, 255, 207.

(133) Suarez, P. A. Z,; Dullius, J. E. L.; Einloft, S.; De Souza, R. F;
Dupont, J.Polyhedron1996 7, 1217.

(134) Daguenet, C.; Dyson, P.Qrganometallic2004 23, 6080.

(135) Meister, G.; Rheinwald, G.; Stoecki-Evans, H.; Suss-Finld, Ghem.
Soc., Dalton Trans1994 3215.

(136) Plasseraud, L.; Suss-Fink, &.0rganomet. Chen1997 539, 163

(137) Fidalgo, E. G.; Plasseraud, L.; Suss-FinkJ@GViol. Catal. A1998
132 5.

(138) Dyson, P. J.; Ellis, D. J.; Parker, D. G.; WeltonChem. Commun.
1999 25.

(139) Boxwell, C. J.; Dyson, P. J.; Ellis, D. J.; Welton, J.Am. Chem.
Soc.2002 124, 9334.

(140) Steines, S.; Wasserscheid, P.; Driesséisétier, B.J. Prakt. Chem.
200Q 342, 348.

(141) Zhao, D.; Dyson, P. J.; Laurenczy, G.; McIndoe, Jl.3/o0l. Catal.

A 2004 214 19.

(142) Dyson, P. J.; Ellis, D. J.; Welton, Tan. J. Chem2001, 79, 705.

(143) Zhao, D.; Fei, Z.; Scopelliti, R.; Dyson, P.ldorg. Chem.2004
43, 2197.

(144) Liu, F.; Abrams, M. B.; Baker, R. T.; Tumas, \@hem. Commun.
2001 433.

(145) Krécher, O.; Kppel, R. A.; Baiker, AChem. Commurl997, 453.

(146) Zhao, D.; Fei, Z.; Geldbach, T. J.; Scopelliti, R.; Laurenczy, G.;
Dyson, P. JHelv. Chim. Acta2005 88, 665.

(147) MaclLeod, S.; Rosso, R. Adv. Synth. Catal2003 345 568.

(148) de Souza, R. F.; Rech, V.; DupontAdly. Synth. Catal2002 344,
153.

(149) Wei, L.; Jiang, J.; Wang, Y.; Jin, 4. Mol. Catal. A2004 221, 47.

(150) Noyori, R.Angew. Chem., Int. ER002 41, 2008.

(151) Knowles, W. SAdv. Synth. Catal2003 345, 3.

(152) Guernik, S.; Wolfson, A.; Herskowitz, M.; Greenspoon, N.; Geresh,
S. Chem. Commur2001, 2314.

(153) Wolfson, A.; Vankelecom, I. F. J.; Jacobs, PJAOrganomet. Chem.
2005 690, 3558.

(154) Boyle, K. L.; Lipsky, E. B.; Kalberg, C. Setrahedron Lett2006
47, 1311.

(155) Pugin, B.; Studer, M.; Kuesters, E.; Sedelmeier, G.; Feng\dx.
Synth. Catal2004 346, 1481.

(156) Brown, R. A.; Pollet, P.; McKoon, E.; Eckert, C. A,; Liotta, C. L.;
Jessop, P. GJ. Am. Chem. So2001, 123 1254.

(157) Wolfson, A.; Vankelecom, I. F. J.; Jacobs, P.Ttrahedron Lett.
2005 46, 2513.

(158) Jessop, P. G.; Stanley, R. R.; Brown, R. A.; Eckert, C. A,; Liotta, C.
L.; Ngo, T. T.; Pollet, PGreen Chem2003 5, 123.

(159) Berger, A.; de Souza, R. F.; Delgado, M. R.; DupontTétra-
hedron: Asymmetr2001, 12, 1825.

(160) Lee, S.-G.; Zhang, Y. J.; Piao, J. Y.; Yoon, H.; Song, C. E.; Choi,
J. H.; Hong, JChem. Commur2003 2624.

(161) Fan, Q.-H.; Li, Y. -M.; Chan, A. S. CChem. Re. 2002 102, 3385.

(162) Ohkuma, T.; Koizumi, M.; MuHiz, K.; Hilt, G.; Kabuto, C.; Noyori,
R.J. Am. Chem. So@002 124 6508.

(163) Noyori, R.; Ohkuma, TAngew. Chem., Int. ER001, 40, 40.

(164) Yinghuai, Z.; Carpenter, K.; Bun, C.-C.; Bahnmueller, S.; Ke, C.-
P.; Shanmugham Srid, V.; Kee, L.-W.; Hawthorne, M.Angew.
Chem., Int. Ed2003 42, 3792.

(165) Xiong, W.; Lin, Q.; Ma, H.; Zheng, H.; Chena, H.; Li, X.
Tetrahedron: Asymmetrg005 16, 1959.

(166) Ngo, H. L.; Hu, A.; Lin, W.Tetrahedron Lett2005 46, 595.

(167) Berthod, M.; Joerger, J.-M.; Mignani, G.; Vaultier, M.; Lemaire, M.
Tetrahedron: Asymmetr004 15, 2219.

(168) Hu, A.; Ngo, H. L.; Lin, WAngew. Chem., Int. E@004 43, 2501.

(169) Ngo, H. L.; Hu, A.; Lin, W.Chem. Commur2003 1912.

(170) Lam, K. H.; Xu, L.; Feng, L.; Ruan, J.; Fan, Q.; Chan, A. SC@an.

J. Chem.2005 83, 903.



2662 Chemical Reviews, 2007, Vol. 107, No. 6

(171) Starodubtseva, E. V.; Vinogradov, M. G.; Pavlov, V. A.; Gorshkova,
L. S.; Ferapontov, V. ARuss. Chem. Bull. Int. EQ004 53,2172.

(172) Giernoth, R.; Krumm, M. SAdv. Synth. Catal2004 346, 989.

(173) Mathews, C. J.; Smith, P. J.; Welton,Ghem. Commur200Q 1249.

(174) Solinas, M.; Wasserscheid, P.; Leitner, W.; PfaltzChem. Ing.
Techn.2003 75, 1153.

(175) Solinas, M.; Pfaltz, A.; Cozzi, P. G.; Leitner, \.Am. Chem. Soc.
2004 126, 16142.

(176) Dyson, P. J.; Ellis, D. J.; Henderson, W.; LaurenczyA@. Synth.
Catal. 2003 345, 216.

(177) Anderson, K.; Goodrich, P.; Hardacre, C.; Rooney, D.Gkeen
Chem.2003 5, 448.

(178) Xu, D.-Q.; Hu, Z.-Y; Li, W.-W.; Luo, S.-P.; Xu, Z.-YJ. Mol. Catal.

A 2005 235, 137.

(179) Forsyth, S. A.; Gunaratne, H. Q. N.; Hardacre, C.; McKeown, A.;
Rooney, D. W.Org. Process Res. De 2006 10, 94.

(180) Hardacre, C.; Mullan, E. A.; Rooney, D. W.; Thompson, J. M.;
Yablonsky, G. SChem. Eng. Sck006 61, 6995.

(181) Craythorne, S. J.; Crozier, A. R.; Lorenzini, F.; Marr, A. C.; Marr,
P. C.J. Organomet. Chen2005 690, 3518.

(182) Mu, X.-D.; Evans, D. G.; Kou, YCatal. Lett.2004 97, 151.

(183) Huang, J.; Jiang, T.; Han, B. X.; Gao, H. X.; Chang, Y. H.; Zhao,
G. Y.; Wu, W. Z.Chem. Commur2003 14, 1654.

(184) Wolfson, A.; Vankelecom, I. F. J.; Jacobs, P.Tetrahedron Lett.
2003 44, 1195.

(185) Lenourry, A.; Gardiner, J. M.; Stephens, Botechnol. Lett2005
27, 161.

(186) Howarth, J; James, P.; Dai, Tetrahedron Lett2001, 42, 7517.

(187) Adams, C. J.; Earle, M. J.; Seddon, K. Ghem. Communl999
1043.

(188) Geldbach, T. J.; Dyson, P.J.0rganomet. Chen2005 690, 3552.

(189) Baan, Z.; Finta, Z.; Keglevich, G.; Hermecz,Tietrahedron Lett.
2005 46, 6203.

(190) Ohkuma, T.; Noyori, R. I€omprehensie Asymmetric Catalysis |
Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds; Springer: Berlin,
1999; p 199

(191) Berthold, H.; Schotten, T.; Honig, IBynthesi2002 1607.

(192) Geldbach, T. J.; Dyson, P.J.Am. Chem. SoQ004 126, 8114.

(193) Hashiguchi, S.; Fujii, A.; Takehara, J.; Ikariya, T.; NoyoriJRAmM.
Chem. Soc1995 117, 7562.

(194) Kawasaki, I.; Tsunoda, K.; Tsuji, T.; Yamaguchi, T.; Shibuta, H.;
Uchida, N.; Yamashita, M.; Ohta. &hem. Commurk005 2134.

(195) Muzart, JAdv. Synth. Catal2006 348 275.

(196) Behar, D.; Neta, P.; Schultheisz, L.Phys. Chem. 2002 106,
3139.

(197) Marcinek, A.; Zielonka, J.; Géicki, J.; Gordon, C. M.; Dunkin, I.
R. J. Phys. Chem. 001 105, 9305.

(198) Stepnowski, P.; Zaleska, A. Photochem. Photobiol. 2005 170,

45

(199) Zhao, D. B.; Wu, M.; Kou, Y.; Min, E. ZCatal. Today2002 74,
157.

(200) Peng, J.; Deng, Wew J. Chem2001, 25, 639.

(201) Sun, J.; Fujita, S.-i.; Bhanage, B. M.; Arai, ®latal. Commun2004
5, 83.

(202) Panchgalle, S. P.; Choudhary, S. M.; Chavan, S. P.; Kalkote, U. R.
J. Chem. Res2004 550.

(203) Kim, D. W.; Hong, D. J.; Seo, J. W.; Kim, H. S.; Kim, H. K.; Song,
C. E.; Chi, D. Y.J. Org. Chem2004 69, 3186.

(204) Wang, Z.; Wang, C.; Bao, W.; Ying, T. Chem. Res2005 388.

(205) Qian, W.; Jin, E.; Bao, W.; Zhang, ¥Aingew. Chem., Int. EQ005
44, 952.

(206) Qian, W.; Jin, E.; Bao, W.; Zhang, ¥. Chem. Re2005 613.

(207) Liu, Z.; Chen, Z.-C.; Zheng, Q.-®@rg. Lett.2003 5, 3321.

(208) Karthikeyan, G.; Perumal, P. Bynlett2003 2249.

(209) Yadav, J. S.; Reddy, B. V. S.; Basak, A. K.; Narsaiah, A. V.
Tetrahedron2004 60, 2131.

(210) Yadav, J. S.; Reddy, B. V. S.; Basak, A. K.; Narsaiah, AC¥em.
Lett. 2004 33, 248.

(211) Lee, J. C.; Lee, J. Y.; Lee, J. Bynth. Commur005 35, 1911.

(212) Kumar, A.; Jain, N.; Chauhan, S. M. Synth. Commur2004 34,
2835.

(213) Hemeon, |.; Barnett, N. W.; Gathergood, N.; Scammells, P. J.; Singer,
R. D. Aust. J. Chem2004 57, 125.

(214) Scammells, P. J.; Singer, R. Detrahedron Lett2001, 42, 6831.

(215) Wang, J.-R; Liu, L.; Wang, Y.-F.; Zhang, Y.; Deng, W.; Guo, Q.-
X. Tetrahedron Lett2005 46, 4647.

(216) Bar, G.; Bini, F.; Parsons, A. Bynth. Commur2003 33, 213.

(217) Khodaei, M. M.; Khosropour, A. R.; Jowkar, Mbynthesi2005
1301.

(218) Owens, G. S.; Abu-Omar, M. M. Chem. Soc., Chem. Commun.
200Q 1165.

(219) Owens. G. S.; Abu-Omar, M. M. Mol. Catal. A2002 187, 215.

Parvulescu and Hardacre

(220) Owens, G. S.; Durazo, A.; Abu-Omar, M. I@hem. Eur. 32002
8, 3053.

(221) Bernini, R.; Coratti, A.; Provenzano, G.; Fabrizi, G.; Tofani, D.
Tetrahedron2005 61, 1821.

(222) Bernini, R.; Mincione, E.; Barontini, M.; Fabrizi, G.; Pasqualetti,
M.; Tempesta, STetrahedron2006 62, 7733.

(223) Bernini, R.; Coratti, A.; Fabrizi, G.; Goggiamani, Aetrahedron
Lett. 2003 44, 8991.

(224) Xie, H.; Zhang, S.; Duan, H.etrahedron Lett2004 45, 2013.

(225) Kim, H. S.; Kim, Y. J.; Lee, H.; Park, K. Y.; Lee, C.; Chin, C. S.
Angew. Chem., Int. EQ002 41, 4300.

(226) Noguera, G.; Mostany, J.; Agrifoglio, G.; Dorta,Rlv. Synth. Catal.
2005 347, 231.

(227) Yadav, J. S.; Reddy, B. V. S.; Reddy, K. B.; Gayathri, K. U.; Prasad,
A. R. Tetrahedron Lett2003 44, 6493.

(228) Bortolini, O.; Conte, V.; Chiappe, C.; Fantin, G.; Fogagnolo, M.;
Maietti, S.Green Chem2002 4, 94.

(229) Wang, B.; Kang, Y.-R.; Yang, L.-M.; Suo, J.-&. Mol. Catal. A
2003 203 29.

(230) Bernini, R.; Mincione, E.; Coratti, A.; Fabrizi, G.; Battistuzzi, G.
Tetrahedron2004 60, 967.

(231) Basheer, C.; Vetrichelvan, M.; Suresha, V.; Lee, HT&trahedron
Lett. 2006 47, 957.

(232) Johansson, M.; Linden, A. A.; Backvall, J.<E.Organomet. Chem.
2005 690, 3614.

(233) Namboodiri, V. V.; Varma, R. S.; Sahle-Demessie, E.; Pillai, U. R.
Green Chem2002 4, 170.

(234) Niwa, S.; Eswaramoorthy, M.; Nair, J.; Raj, A.; Itoh, N.; Shoji, H.;
Namba, T.; Mizukami, FScience2002 295, 105.

(235) Peng, J.; Shi, F.; Gu, Y.; Deng, %reen Chem2003 5, 224.

(236) Li, Z.; Xia, C.-G.; Xu, C.-ZTetrahedron Lett2003 44, 9229.

(237) Li, Z.; Xia, C.-G.J. Mol. Catal. A2004 214, 95.

(238) Li, Z.; Xia, C.-G.Tetrahedron Lett2003 44, 2069.

(239) Gui, J.; Liu, D.; Cong, X.; Zhang, X.; Jiang, H.; Hu, Z.; SunJZ.
Chem. Res2005 520.

(240) Ansari, I. A.; Gree, ROrg. Lett.2002 4, 1507.

(241) Wu, X.-E.; Ma, L.; Ding, M.-X.; Gao, L.-XSynlett2005 607.

(242) Wu, X.-E.; Ma, L.; Ding, M.-X.; Gao, L.-XChem. Lett2005 34,
312.

(243) Jiang, N.; Ragauskas, A.Qrg. Lett.2005 7, 3689.

(244) Jiang, N.; Ragauskas, A.Tetrahedron Lett2005 46, 3323.

(245) Farmer, V.; Welton, TGreen Chem2002 4, 97.

(246) Seddon, K. R.; Stark, AGreen Chem2002 4, 119

(247) Wolfson, A.; Wuyts, S.; De Vos, D. E.; Vankelecom, I. F. J.; Jacobs,
P. A. Tetrahedron Lett2002 43, 8107.

(248) Sun, H.; Li. X.; Sundermeyer, J. Mol. Catal. A2005 240, 119.

(249) Sun, H.; Harms, K.; SundermeyerJJAm. Chem. So2004 126
9550.

(250) Chhikara, B. S.; Chandra, R.; Tandon,JV Catal.2005 230, 436.

(251) Chhikara, B. S.; Tehlan, S.; Kumar, 8ynlett2005 63.

(252) Howarth, JTetrahedron Lett200Q 41, 6627.

(253) Klement, |.; Leutjens, H.; Knochel, Rngew. Chem., Int. EA.997,
36, 1454.

(254) Jain, N.; Kumar, A.; Shive, M. S. Qeetrahedron Lett2005 46,
2599.

(255) Li, Z.; Xia, C.-G.; Ji, M.Appl. Catal. A2003 252 17.

(256) Chauhan, S. M. S.; Kumar, A.; Srinivas, K.@hem. Commur2003
2348.

(257) Lo, W.-H,; Yang, H.-Y.; Wei, G.-TGreen Chem2003 5, 639.

(258) Conte, V.; Floris, B.; Galloni, P.; Silvagni, Adv. Synth. Catal.
2005 347, 1341.

(259) Conte, V.; Floris, B.; Galloni, P.; Silvagni, Rure Appl. Chem.
2005 77, 1575.

(260) Ying, T.; Bao, W.; Zhang, YJ. Chem. Re2004 806.

(261) Kolb, H. C.; Van Nieuwenhze, M. S.; Sharpless, Kem. Re.
1994 94, 2483.

(262) Branco, L. C.; Afonso, C. A. MChem. Commur2002 3036.

(263) Branco, L. C.; Serbanovic, A.; da Ponte, M. N.; Afonso, C. A. M.
Chem. Commurk005 107.

(264) Serbanovic, A.; Branco, L. C.; da Ponte, M. N.; Afonso, C. AJM.
Organomet. Chen005 690, 3600.

(265) Song, C. E.; Jung, D.-U.; Roh, E. J.; Lee, S.-G.; Chi, DCkem.
Commun2002 3038.

(266) Schaus, S. E.; Brandes, B. D.; Larrow, J. F.; Togunaga, M.; Hansen,
K. B.; Gould, A. E.; Furrow, M. E.; Jacobsen, E. Bl. Am. Chem.
Soc 2002 124, 1307.

(267) Oh, C. R.; Choo, D. J.; Shim, W. H.; Lee, D. H.; Roh, E. J.; Lee,
S.-G.; Song, C. EChem. Commur2003 1100.

(268) Panchgalle, S. P.; Kalkote, U. R.; Niphadkar, P. S.; Joshi, P. N.;
Chavan, S. P.; Chaphekar, G. KBreen Chem2004 6, 308.

(269) Cimpeanu, V.; Parvulescu, V. I.; Amoros, P.; Beltran, D.; Thompson,
J. M.; Hardacre, CChem. Eur. J2004 10, 4640.



Catalysis in lonic Liquids

(270) Cimpeanu, V.; Raulescu, V.; Pavulescu, V. |.; Capron, M.; Grange,
P.; Thompson, J. M.; Hardacre, @. Catal.2005 235, 184.

(271) Cimpeanu, V.; Raulescu, A. N.; Pevulescu, V. I; On, D. T,
Kaliaguine, S.; Thompson, J. M.; Hardacre,JCCatal.2005 232,
60.

(272) Cimpeanu, V.; Raulescu, V.; Pevulescu, V. |.; Thompson, J. M;
Hardacre, CCatal. Today2006 117, 126.

(273) Hardacre, C.; Mullan, E. A.; Rooney, D. W.; Thompson, J.JM.
Catal. 2005 232, 60.

(274) Jakubiak, A.; Owsik, I. A.; Kolarz, B. NReact. Funct. Polyn2005
65, 161.

(275) Al Nashef, I. M.; Leonard, M. L.; Matthews, M. A.; Weidner, J. W.
Ind. Eng. Chem. Re2002 41, 4475.

(276) Villagran, C.; Aldous, L.; Lagunas, M. C.; Compton, R. G.; Hardacre,
C. J. Electroanal. Chem2006 588 27.

(277) Zhao, G.; Jiang, T.; Wu, W.; Han, B.; Liu, Z.; Gao,HPhys. Chem.
B 2004 108, 13052.

(278) Allen, G. D.; Buzzeo, M. C.; Villagrmg C.; Hardacre, C.; Compton,
R. G.J. Electroanal. Chem2005 575 311.

(279) Allen, G. D.; Buzzeo, M. C.; Davies, I. G.; VillagraC.; Hardacre,
C.; Compton, R. GJ. Phys. Chem. B004 108, 16322.

(280) Mellah, M.; Zeitouny, J.; Gmouh, S.; Vaultier, M.; Jouikov, V.
Electrochem. Commur2005 7, 869.

(281) Sekiguchi, K.; Atobe, M.; Fuchigami, J. Electroanal. Chen2003
557, 1.

(282) Lau, R. M.; van Rantwijk, F.; Seddon, K. R.; Sheldon, R.Ckg.
Lett. 200Q 2, 4189.

(283) Okrasa, K.; Guibe-Jampel, E.; Therisod, T@trahedron: Asymmetry
2003 14, 2487.

(284) Sanfilippo, C.; D’Antona, N.; Nicolosi, GBiotechnol. Lett2004
26, 1815.

(285) Eckstein, M.; Villela Filho, M.; Liese, A.; Kragl, LChem. Commun.
2004 1084.

(286) Hinckley, G.; Mozhaev, V. V.; Budde, C.; Khmelnitsky, Y. L.
Biotechnol. Lett2002 24, 2083.

(287) Liu, Y.; Wang, M.; Li, J.; Li, Z.; He, P.; Liu, H.; Li, JChem.
Commun2005 1778.

(288) Kaftzik, N.; Wasserscheid, P.; Kragl, Org. Process Res. De2002
6, 553.

(289) Walker, A. J.; Bruce, N. Cletrahedron2004 60, 561.

(290) Laszlo, J. A.; Compton, D. L1. Mol. Catal. B2002 18, 109.

(291) Adams, C. J.; Earle, M. J.; Roberts, G.; Seddon, K.CRem.
Commun.1998 2097.

(292) Xiao, L.; Johnson, K. E.; Treble, R. G. Mol. Catal A2004 214,
121.

(293) Zhao, Z.-K.; Qiao, W.-H.; Li, Z.-S.; Wang, G.-R.; Cheng, L.B.
Mol. Catal A2004 222, 207.

(294) Zhao, Z.; Li, Z.; Wang, G.; Qiao, W.; Cheng,Appl. Catal. A2004

262, 69.

(295) Xin, H.; Wu, Q.; Han, M.; Wang, D.; Jin, YAppl. Catal. A2005
292 354.

(296) Mohile, S. S.; Potdar, M. K.; Salunkhe, M. Nl. Chem. Re<2003
650.

(297) Wang, Z.-W.; Wang, L.-SGreen Chem2003 5, 737.

(298) Wang, Z.-W.; Wang, L.-SAppl. Catal. A2004 262 101.

(299) Wu, Y.-Y.; Wang, L.-S.; Wang, Z.-WPhosphorus, Sulfur Silicon
Relat. Elem2005 180, 2667.

(300) Naik, P. U.; Nara, S. J.; Harjani, J. R.; Salunkhe, M. GAn. J.
Chem.2003 81, 1057.

(301) Xiao, Y.; Malhotra, S. VJ. Organomet. Chen2005 690, 3609.

(302) Xiao, Y.; Malhotra, S. VJ. Mol. Catal. A2005 230, 129.

(303) BaleiZa, C.; Pires, N.; Gigante, B.; Curto, M. J. Metrahedron
Lett. 2004 45, 4375.

(304) Alexander, M. V.; Khandekar, A. C.; Samant, SJDMol. Catal. A
2004 223 75.

(305) Hardacre, C.; McAuley, B. J.; Seddon, K. R. World Patent
WO003028883, 2003

(306) Earle, M. J.; Hakala, U.; Hardacre, C.; Karkkainen, J.; McAuley, B.
J.; Rooney, D. W.; Seddon, K. R.; Thompson, J. M.;h#la, K.
Chem. Commur2005 903.

(307) Karthikeyan, G.; Perumal, P. I.Heterocycl. Chen2004 41, 1039.

(308) Gordon, C. M.; Ritchie, GGreen Chem2002 4, 124.

(309) Song, C. E.; Jung, D.; Choung, S. Y.; Roh, E. J.; Lee, Argew.
Chem., Int. Ed2004 43, 6183.

(310) Su, W.; Wu, C.; Su, HJ. Chem. Re2005 67.

(311) Earle, M. J.; Hakala, U.; McAuley, B. J.; Nieuwenhuyzen, M.;
Ramani, A.; Seddon, K. RChem. Commur2004 1368.

(312) Anjaiah, S.; Chandrasekhar, S.; §rR.J. Mol. Catal. A2004 214,
133.

(313) llsumar, A. K.; Jain, N.; Rana, S.; Chauhan, S. MS$nlett2004
2785.

(314) Gmouh, S.; Yang, H.; Vaultier, MOrg. Lett.2003 5, 2219.

Chemical Reviews, 2007, Vol. 107, No. 6 2663

(315) Goodrich, P.; Hardacre, C.; Mehdi, H.; Nancarrow, P.; Rooney, D.
W.; Thompson, J. MInd. Eng. Chem. Re200§ 45, 6640.

(316) Howarth, J.; James, P.; Dai,JJ.Mol. Catal. A2004 214, 143.

(317) Kumar, A.; Pawar, S. S. Mol. Catal. A2005 235, 244.

(318) Jiang, T.; Gao, H.; Han, B.; Zhao, G.; Chang, Y.; Wu, W.; Gao, L.;
Yang, G.Tetrahedron Lett2004 45, 2699.

(319) Tang, L.; Ding, L.; Chang, W.-X.; Li, Xetrahedron Lett2006 47,
303.

(320) Handy, S. T.; Zhang, XOrg. Lett 2001, 3, 233.

(321) Dickson, S.; Dean, D.; Singer, R. Bhem. CommurR005 4474.

(322) Hemeon, |.; Singer, R. OJ. Mol. Catal. A2004 214, 33.

(323) Brown, R. J. C.; Dyson, P. J.; Ellis, D. J.; WeltonChem. Commun.
2001, 1862.

(324) Greene, T. W.; Wuts, P. G. MRrotective Groups in Organic
Synthesis3rd ed.; Wiley: New York, 1991; p 188.

(325) Du, Y.; Tian, F.Synth. Commur2005 3, 2703.

(326) Wu, H.-H.; Yang, F.; Cui, P.; Tang, J.; He, M.-Yetrahedron Lett.
2004 45, 4963.

(327) Zhang, Z.-HJ. Chem. Re2004 753.

(328) Niu, H.; Zhang, X.; Guo, H.; Wang, J. Chem. Re2004 764.

(329) Amigues, E.; Hardacre, C.; Keane, G.; Migaud, M.; O’Neill, M.
Chem. Commurk006 72.

(330) Kim, J.; Shreeve, J. MDrg. Biomol. Chem2004 2, 2728.

(331) Kitazume, T.; Ebata, . Fluorine Chem2004 125 1509.

(332) Ganchegui, B.; Bouquillon, S.;"Him, F.; Muzart, JJ. Mol. Catal.
A 2004 214 65.

(333) Corma, A.; Gafa, H.; Leyva, A.J. Organomet. Chen2005 690,
3529.

(334) Valle, C.; Valeio, C.; Chauvin, Y.; Niccolai, G. P.; Basset, J.-M.;
Santini, C. C.; Galland, J.-C.; Didillon, Bl. Mol. Catal. A2004
214 71.

(335) Katdare, S. P.; Thompson, J. M.; Hardacre, C.; Rooney, D. W. WO
03028882, 2003.

(336) Hardacre, C.; Katdare, S. P.; Milroy, D.; Nancarrow, P.; Rooney, D.
W.; Thompson, J. MJ. Catal. 2004 227, 44.

(337) Shen, H.-Y.; Judeh, Z. M. A,; Chiang, C. B.; Xia, Q.-H.Mol.
Catal. A2004 212 301.

(338) Yadav, J. S.; Reddy, B. V. S.; Reddy, M. S.; Niranjan JNMol.
Catal. A2004 210 99.

(339) Kabalka, G. W.; Venkataiah, B.; Das, B. Green Chem2002 4,
472,

(340) Li, D.; Shi, F.; Guo, S.; Deng, Yletrahedron Lett2004 45, 265.

(341) Forbes, D. C.; Weaver, K. J. Mol. Catal. A2004 214, 129.

(342) Sahoo, S.; Joseph, T.; Halligudi, S.B.Mol. Catal. A2006 244,
179.

(343) Olah, G. A.; Mathew, T.; Goeppert, A.; Torok, B.; Bucsi, |.; Li, X.
Y.; Wang, Q.; Marinez, E. R.; Batamack, P.; Aniszfeld, R.; Prakash,
G. K. S.J. Am. Chem. So2005 127, 5964.

(344) Khan, F. A,; Dash, J.; Satapathy, R.; Upadhyay, STérahedron
Lett. 2004 45, 3055.

(345) Chhikara, B. S.; Mishra, A. K.; Tandon, Yeterocycle2004 63,

1057.

(346) Formerin, P.; Garca, H.; Leyva, A.J. Mol. Catal. A2004 214,
137.

(347) Mehnert, C. P.; Dispenziere, N. C.; Cook, R.@hem. Commun.
2002 1610.

(348) Baidossi, M.; Joshi, A. V.; Mukhopadhyay, S.; Sasson;#tra-
hedron Lett.2005 46, 1885.

(349) Kreher, U. P.; Rosamilia, A. E.; Raston, C. L.; Scott, J. L.; Strauss,
C. R.Org. Lett 2003 5, 3107. .

(350) Kotrusz, P.; Kmentova.; Gotov, B.; Toma, S Solaiova E. Chem.
Commun2002 2510.

(351) Cadova, A.Tetrahedron Lett2004 45, 3949.

(352) Loh, T. P.; Feng, L.-C.; Yang, H.-Y.; Yang, J.-Yetrahedron Lett.
2002 43, 8741.

(353) Gruttadauria, M.; Riela, S.; Meo, P. L.; D’Anna, F.; Noto, R.
Tetrahedron Lett2004 45, 6113.

(354) Kitazume, T.; Jiang, Z.; Kasai, K.; Mihara, Y.; Suzuki, MFluorine
Chem.2003 121, 205.

(355) Davey, P. N.; Forsyth, S. A.; Gunaratne, H. Q. N.; Hardacre, C.;
McKeown, A.; McMath, S. E. J.; Rooney, D. W.; Seddon, K. R.
Green Chem2005 7, 224.

(356) Qian, W.; Ju, F.; Bao, W.; Zhang, ¥. Chem. Re2004 154.

(357) Cai, Y.; Peng, Y.; Song, GCatal. Lett.2006 109, 61.

(358) Hamaya, J.; Suzuki, J. U. T.; Hoshi, T.; Shimizu, K.-1.; Kitayama,
Y.; Hagiwara, H.Synlett2003 873.

(359) Jorapur, Y. R.; Jeong, J. M.; Chi, D. Yetrahedron Lett2006 47,
2435.

(360) Knifton, J. F. U.S. Patent 4554383, 1985.

(361) Saleh, R. WO 2000015594, 2000.

(362) Brausch, N.; Metlen, A.; Wasserscheid,Ghem. Commur2004
1552.

(363) Angueira, J. E.; White, G. Ml. Mol. Catal. A2005 238 163.



2664 Chemical Reviews, 2007, Vol. 107, No. 6

(364) Angueira, J. E.; White, G. Ml. Mol. Catal. A2005 227, 51.

(365) Aoki, S.; Matsui, K.; Wei, H.; Murakami, N.; Kobayashi, M.
Tetrahedron2002 58, 5417.

(366) Fukuyama, T.; Yamaura, R.; Ryu,Gan. J. Chem2005 83, 711.

(367) Mizushima, E.; Hayashi, T.; Tanaka, reen Chem2001, 3, 76.

(368) Mizushima, E.; Hayashi, T.; Tanaka, Wop. Catal.2004 29, 163.

(369) Calqg V.; Giannoccaro, P.; Nacci, A.; Monopoli, A. Organomet.
Chem 2002 645, 152.

(370) Mastrorilli, P.; Nobile, C. F.; Paolillo, R.; Suranna, G.JP.Mol.
Catal. A2004 214, 103.

(371) Jiang, T.; Han, B.; Zhao, G.; Chang, Y.; Gao, L.; Zhang, J.; Yang,
G. J. Chem. Re2003 549.

(372) Consorti, C. S.; Ebeling, G.; Dupont,Tetrahedron Lett2002 43,
753.

(373) Shi, F.; Deng, Y.; Ma, T. S.; Peng, J.; Gu, Y.; QiacABgew. Chem.,
Int. Ed.2003 42, 3257.

(374) Shi, F.; Zhang, Q.; Li, D.; Deng, YChem. Eur. J2005 11, 5279.

(375) Shi, F.; Peng, J.; Deng, ¥. Catal.2003 219, 372.

(376) Shi, F.; He, Y.; Li, D.; Ma, Y.; Zhang, Q.; Deng, Y. Mol. Catal.

A 2006 244, 64.

(377) Kim, H. S.; Kim, Y. J.; Bae, J. Y.; Kim, S. J.; Lah, M. S.; Chin, C.
S. Organometallic2003 22, 2498.

(378) zZhang, Q.; Shi, F.; Gu, Y.; Yang, J.; Deng, Wetrahedron Lett.
2005 46, 5907.

(379) Shi, F.; Zhang, Q.; Gu, Y.; Deng, YAdv. Synth. Catal2005 347,
225.

(380) Chauvin, Y.; Olivier-Bourbigou, HChemtechL995 26

(381) Chauvin, Y.; Mussmann, L.; Olivier, H. EP 0776 880 A1, 1996.

(382) Keim, W.; Vogt, D.; Waffenschmidt, H.; WasserscheidJ) FCatal.
1999 186, 481.

(383) Kottsieper, K. W.; Stelzer, O.; WasserscheidJPMol. Catal. A
2001, 175, 285.

(384) lliner, P.; Zahl, A.; Puchta, R.; van Eikema Hommes, N.; Wasser-
scheid, P.; van Eldik, RJ. Organomet. Chen2005 690, 3567.
(385) Webb, P. B.; Sellin, M. F.; Kunene, T. E.; Williamson, S.; Slawin,

A. M. Z.; Cole-Hamilton, D. JJ. Am. Chem. So2003 125, 15577.

(386) Tominaga, K.-l.; Sasaki, YChem. Lett2004 33, 14.

(387) Riisager, A.; Eriksen, K. M.; Wasserscheid, P.; Fehrmangdtal.
Lett. 2003 90, 149.

(388) Riisager, A.; Wasserscheid, P.; van Hal, R.; Fehrmand, Ratal.
2003 219, 452.

(389) Gilbert, B.; Guibard, IJ. Chem. Soc., Chem. Comma@9Q 1715.

(390) Chauvin, Y.; Einloft, S.; Olivier, Hind. Eng. Chem. Re4995 34,
1149.

(391) Chauvin, Y.; Olivier, H.; Wyrvalski, C.; Simon, L.; de Souza,JE.
Catal. 1997, 165 275.

(392) Chauvin, Y.; Einloft, S.; Olivier, H. U.S. Patent 5 550 304, 1996.

(393) Sato, H.; Noguchi, T.; Yasui, Bull. Chem. Soc. Jpri1993 66,
3069.

(394) Ellis, B.; Keim, W.; Wasserscheid, Bhem. Commurl999 337.

(395) Wasserscheid, P.; Eichmann, ®atal. Today2001, 66, 309.

(396) Einloft, S.; Dietrich, F. K.; De Souza, R. F.; DupontPalyhedron
1996 15, 3257.

(397) McGuinness, D. S.; Mueller, W.; Wasserscheid, P.; Cavell, K. J.;
Skelton, B. W.; White, A. H.; Englert, UOrganometallics2002
21,175.

(398) Kumar, A.; Pawar, S. S. Mol. Catal. A2004 208, 33.

(399) Cai, Q.; Li, J.; Bao, F.; Shan, YAppl. Catal. A2005 279, 139.

(400) Gu, Y.; Shi, F.; Deng, YCatal. Commun2003 4, 597.

(401) Wasserscheid, P.; Gordon, C. M.; Hilgers, C.; Muldoon, M. J.;
Dunkin, I. R.Chem. Commur2001, 1186.

(402) Wasserscheid, P.; Hilgers, C.; Keim, WMol. Catal. A2004 214
83.

(403) Silvana, S. M.; Suarez, P. A. Z.; de Souza, R. F.; Dupoiftplyym.
Bul. 1998 40, 401.

(404) Navarro, J.; Sagi, M.; Sola, E.; Lahoz, F. J.; Dobrinovitch, I. T,;
Katho, A.; Joo, F.; Oro, L. AAdv. Synth. Catal2003 345, 280.

(405) Picquet, M.; Tkatchenko, I.; Tommasi, |.; Wasserscheid, P.; Zim-
mermann, JAdv. Synth. Catal2003 345, 959.

(406) Picquet, M.; Poinsot, D.; Stutzmann, S.; Tkatchenko, I.; Tommasi,
I.; Wasserscheid, P.; Zimmermann,Tap. Catal 2004 29, 139.

(407) Zimmermann, J.; Wasserscheid, P.; Tkatchenko, I.; Stutzmann, S.

Chem. Commur2002 760.

(408) Ligabue, R. A.; Dupont, J.; de Souza, RJFMol. Catal. A2001,
169 11.

(409) Conte, V.; Elakkari, E.; Floris, B.; Mirruzzo, V.; TagliatestaChem.
Commun2005 1587.

(410) Dullius, J. E. L.; Suarez, P. A. Z.; Einloft, S.; de Souza, R. F.; Dupont,
J.; Fischer, J.; De Cian, AOrganometallics1998 17, 815.

(411) Yan, M.; Chen, Z.-C.; Zheng, Q.-G. Chem. Re2003 618.

(412) Olivier, H.J. Mol. Catal. A1999 146, 285.

(413) Olivier, H.; Hirschauer, A. French Pat. Appl. 96 1692, 1996.

Parvulescu and Hardacre

(414) Howarth, J.; Hanlon, K.; Fayne, D.; McCormacTetrahedron Lett.
1997 3097.

(415) Abbott, A. P.; Capper, G.; Davies, D. L.; Rasheed, R. K.; Tambyrajah,
V. Green Chem2002, 4, 24.

(416) Meracz, |.; Oh, TTetrahedron Lett2003 44, 6465.

(417) Doherty, S.; Goodrich, P.; Hardacre, C.; Luo, H.-K.; Rooney, D. W.;
Seddon, K. R.; Styring, FGreen Chem2004 6, 63.

(418) Kubisa, PProg. Polym. Sci2004 29, 3.

(419) Kubisa, PJ. Polym. Sci. 2005 43, 4675.

(420) Carlin, R. T.; Osteryoung, R. A.; Wilkes, J. S.; Rovangindrg.
Chem.199Q 29, 3003.

(421) Carlin, R. T.; Osteryoung, R. A. Mol. Catal.199Q 63, 125.

(422) Hongyang, M.; Xinhua, W.; Zhou, C. X.; Feng, {.Polym. Sci. A
2003 41, 143.

(423) Hong, K.; Zhang, H.; Mays, J. W.; Vissar, A.; Brazel, C.; Holbery,
J. D.; Reichert, W. M.; Rogers, R. @hem. Commur2002 1368.

(424) Wang, J.-S.; Matyjaszewski, K. Am. Chem. S0d995 117, 5614.

(425) Carmichael, A. J.; Haddelton, D. M.; Bon, S. A. F.; Seddon, K. R.
Chem. Commurk00Q 1237.

(426) Harrison, S.; Mackenzie, R. S.; Haddleton, M.@hem. Commun.
2002 2850.

(427) Percec, V.; Grigoras, Q. Polym. Sci. 2005 43, 5609.

(428) Mastrorilli, P.; Nobile, C. F.; Gallo, V.; Suranna, G. P.; Farinola, G.
J. Mol. Catal. A2002 184, 73.

(429) Biedron, T.; Kubisa, Macromol. Rapid Commur2001, 22, 1237.

(430) Sarbu, T.; Matyjaszewski, Klacromol. Chem. Phy2001, 202,
3379.

(431) Biedron, T.; Kubisa, Rl. Polym. Sci. 2002 40, 2799.

(432) Zhang, H.; Hong, K.; Mays, J. Wacromol.2002 35, 5738.

(433) Zhang, H.; Hong, K.; Jablonsky, M.; Mays, J. @hem. Commun.
2003 1356.

(434) Ma, H.; Wan, X.; Chen, X.; Zhou, Q.-Polymer2003 44, 5311.

(435) Strehmel, V.; Laschewsky, A.; Wetzel, H.; Gornitz,\Eacromol-
ecules2006 39, 923.

(436) Susan, M. A. B. H.; Kaneko, T.; Noda. A.; Watanabe, MAm.
Chem. Soc2005 127, 4976.

(437) Lu, W.; Fadeev, A. G.; Qi, B.; Mattes, B. B. Electrochem. Soc.
2004 151, H33.

(438) Boxall, D. L.; Osteryoung, R. Al. Electrochem. So2004 151,
E41.

(439) Trivedi, D. C.J. Chem. Soc., Chem. Commud®89 544.

(440) Kobryanskii, V. M.; Arnautov, S. Al. Chem. Soc., Chem. Commun.
1992 727.

(441) Goldenberg, L. M.; Osteryoung, R. Bynth. Met1994 64, 63.

(442) Arnautov, S. ASynth. Met1997, 84, 295.

(443) Vijayaraghavan, R.; MacFerlane, D.A&ust. J. Chem2004 57, 129.

(444) Biedron, T.; Kubisa, FRolym. Int.2003 52, 1584.

(445) Wang, H.-J.; Wang, L.-L.; Lam, W.-S.; Yu, W.-Y.; Chan, A. S. C.
Tetrahedron: Asymmetr006 17, 7.

(446) Ding, S.; Radosz, M.; Shen, ¥lacromolecule005 38, 5921.

(447) Vijayaraghavan, R.; MacFarlane, D.Ghem. Commur2004 700.

(448) Biedron, T.; Bednarek, M.; Kubisa, Rlacromol. Rapid Commun.
2004 25, 878.

(449) Klingshirn, M. A.; Broker, G. A.; Holbrey, D. J.; Shaughnessy, K.
H.; Rogers, R. DChem. Commur2002 1394.

(450) Hardacre, C.; Holbrey, J. D.; Katdare, S. P.; Seddon, KGieen
Chem.2002 4, 143.

(451) Kobryanskii, V. M.; Arnautov, S. ASynth. Met1993 55—57, 924.

(452) Bicak, N.; Senkal, F. B.; Sezer, Eynth. Met2005 155 105.

(453) Mizoroki, T.; Mori, K.; Ozaki, A.Bull. Chem. Soc. Jpril971, 44,
581

(454) Dieck, H. A.; Heck, R. FJ. Org. Chem1975 40, 1083. Heck. R.
F. Org. React.1982 27, 345

(455) Beletskaya, I. P.; Cheprakov, A. €hem. Re. 2000 100, 3009.

(456) Phan, N. T. S.; Van der Sluys, M.; Jones, C.Atlv. Synth. Catal.
2006 348 609.

(457) Carmichael, A. J.; Earle, M. J.; Holbrey, J. D.; McCormac, P. B.;
Seddon, K. ROrg. Lett.1999 1, 997.

(458) Reetz, M. T.; Westermann, Engew. Chem., Int. EQ00Q 39, 165

(459) Brase, S.; de Meijere, A. Metal catalyzed cross coupling reactions
Diederich, F., Stang, P. J., Eds.; Wiley-VCH: Chichester, 1998

(460) Tsuji, J.Palladium Reagents and Catalyst-Inmions in Organic
SynthesisWiley: Chichester, 1995.

(461) Herrmann, W. A.; Bom, V. P. W.J. Organomet. Cheni999 572,
141.

(462) Bchm, V. P. W.; Herrmann, W. AChem. Eur. J200Q 6, 1017.

(463) Selvakumar, K.; Zapf, A.; Beller, MOrg. Lett 2002 4, 3031.

(464) Park, S. B.; Alper, HOrg. Lett 2003 5, 3209.

(465) Li, S.; Lin, Y.; Xie, H.; Zhang, S.; Xu, Jrg. Lett.2006 8, 391.

(466) Handy, S. T.; Okello, MTetrahedron Lett2003 44, 8395.

(467) Jeffery, T.Tetrahedron1996 52, 10113.

(468) Xu, L.; Chen, W.; Ross, J.; Xiao, Org. Lett.2001, 3, 295.

(469) Mo, J.; Xu, L.; Xiao, JJ. Am. Chem. So2005 127, 751.



Catalysis in lonic Liquids

(470) Mo, J.; Liu, S.; Xiao, JTetrahedron2005 61, 9902.

(471) CalgV.; Nacci, A.; Lopez, L.; Mannarini, NTetrahedron Lett200Q
41, 8973.

(472) Calg V.; Nacci, A.; Monopoli, A.; Lopez, L.; di Cosmo, A.
Tetrahedron2001, 57, 6071.

(473) Calg V.; Nacci, A.; Monopoli, A.; Spinelli, M.Eur. J. Org. Chem.
2003 1382.

(474) Forsyth, S. A.; Gunaratne, H. Q. N.; Hardacre, C.; McKeown, A.;

Rooney, D. W.; Seddon, K. R. Mol. Catal. A2005 231, 61.

(475) Liu, S.; Fukuyama, T.; Sato, M.; Ryu,$ynlett2004 1814.

(476) Pei, W.; Mo, J.; Xiao, 1. Organomet. Chen2005 690, 3546.

(477) Rosa, J. N.; Santos, A. G.; Afonso, C. A. M.Mol. Catal. A2004
214, 161.

(478) Thathagar, M. B.; Beckers, J.; RothembergJGAm. Chem. Soc
2002 124, 11858.

(479) Calg V.; Nacci, A.; Monopoli, A.; leva, E.; Cioffi, NOrg. Lett.
2005 7, 617.

(480) Xie, X.; Chen, B.; Lu, J.; Han, J.; She, X.; PanTétrahedron Lett.
2004 45, 6235.

(481) Kabalka, G. W.; Dong, G.; Venkataiah, Betrahedron Lett2004
45, 2775.

(482) Vallin, K. S. A.; Emilsson, P.; Larhed, M.; Hallberg, A.Org. Chem.
2002 67, 6243.

(483) Liu, S.; Fukuyama, T.; Sato, M.; Ryu, Qrg. Process Res. De
2004 8, 477.

(484) Xie, X. G.; Lu, J. P.; Chen, B.; Han, J. J.; She, X. G.; Pan, X. F.

Tetrahedron Lett2004 45, 809.

(485) Hagiwara, H.; Shimizu, Y.; Hoshi, T.; Suzuki, T.; Ando, M.; Ohkubo,
K.; Yokoyama, C.Tetrahedron Lett2001, 42, 4349.

(486) Okubo, K.; Shirai, M.; Yokoyama, O.etrahedron Lett2002 43,
7115

(487) Perosa, A.; Tundo, P.; Selva, M.; Zinovyev, S.; Test@)ry. Biomol.
Chem.2004 2, 2249.

(488) Choudary, B. M.; Madhi, S.; Chowdari, N. S.; Kantam, M. L.;
Sreedhar, BJ. Am. Chem. So@002 124, 14127.

(489) Wang, L.; Zhang, Y.; Xie, C.; Wang, \Gynlett2005 1861.

(490) Mathews, C.; Smith, P. J.; Welton, J.. Mol. Catal. A2003 206,
77.

(491) Mathews, C. J.; Smith, P. J.; Welton,Jl Mol. Catal. A2004 214,
27.

(492) McLachlan, F.; Mathews, C. J.; Smith, P. J.; WeltonOFgano-
metallics2003 22, 5350.

(493) Wang, R.; Twamley, B.; Shreeve, J. M.Org. Chem200§ 71,
426.

(494) Jin, C.-M.; Twamley, B.; Shreeve, J. Khrganometallic2005 24,
3020.

(495) Xiao, J.-C.; Twamley, B.; Shreeve, J. Mrg. Lett.2004 6, 3845.

(496) Zou, G.; Wang, Z.; Zhu, J.; Tang, J.; He, M. X.Mol. Catal. A
2003 206, 193.

(497) Corma, A.; Garag, H.; Leyva, A.Tetrahedron2004 60, 8553.

(498) Cacchi, S.; Fabrizi, G.; Goggiamani, A.Mol. Catal. A2004 214,
57.

(499) Klingshirn, M. A.; Rogers, R. D.; Shaughnessy, KJHOrganomet.
Chem.2005 690, 3620.

(500) Yao, Q.; Sheets, Ml. Organomet. Chen2005 690, 3577.

(501) Yao, Q.; Zhang, YAngew. Chem., Int. EQ2003 42, 3395.

(502) Clavier, H.; Audic, N.; Guillemin, J.-C.; Mauduit, Mthem. Commun.
2004 2282.

(503) Buijsman, R. C.; van Vuuren, E.; Sterrenburg, JO&). Lett.2001,
3, 3785.

(504) Clavier, H.; Audic, N.; Guillemin, J.-C.; Mauduit, M. Am. Chem.
Soc 2003 125, 9248.

(505) Clavier, H.; Audic, N.; Guillemin, J.-C.; Mauduit, M. Organomet.
Chem.2005 690, 3585.

(506) de Bellefon, C.; Pollet, E.; Grenouillet, . Mol. Catal. A1999
145 121.

Chemical Reviews, 2007, Vol. 107, No. 6 2665

(507) Chen, W.; Xu, L.; Chatterton, C.; Xiao, Chem. Communl999
1247.

(508) Kamal, A.; Chouhan, GAdv. Synth. Catal2004 346, 579.

(509) Kamal, A.; Chouhan, Gletrahedron Lett2003 44, 3337.

(510) Hu, Y.; Chen, Z.-C.; Le, Z.-G.; Zheng, Q.-Synth. Commur2004
34, 3801.

(511) Su, C.; Chen, Z.-C.; Zheng, Q.-Synthesi®003 555.

(512) Yadav, J. S.; Reddy, B. V. S.; Sunitha,A8lv. Synth. Catal2003
345, 349.

(513) Yen, Y.-H.; Chu, Y.-HTetrahedron Lett2004 45, 8137.

(514) D’Anna, M. M.; Gallo, V.; Mastrorilli, P.; Nobile, C. F.; Romanazzi,
G.; Suranna, G. RChem. Commur2002, 434.

(515) Yadav, J. S.; Reddy, B. V. S.; Baishya, G.; Narsaiah, ACklem.
Lett 2005 34, 102.

(516) Gallo, V.; Giardina-Papa, D.; Mastrorilli, P.; Nobile, C. F.; Suranna,
G. P.; Wang, YJ. Organomet. Chen2005 690, 3535.

(517) Wang, Z.; Wang, Q.; Zhang, Y.; Bao, Wetrahedron Lett2005
46, 4657.

(518) Ranu, B. C.; Banerjee, 8Srg. Lett 2005 7, 3049.

(519) Xu, L.-W.; Li, J.-W.; Zhou, S.-L.; Xia, C.-GNew J. Chem2004
28, 183.

(520) Xu, L.-W.; Li, L.; Xia, C.-G.; Zhou, S.-L.; Li, J.-WTetrahedron
Lett. 2004 45, 1219.

(521) Kantam, M. L.; Neeraja, V.; Kavita, B.; Neelima, B.; Chaudhuri,
M. K.; Hussain, SAdv. Synth. Catal2005 347, 763.

(522) Ranu, B. C.; Dey, S. Setrahedron2004 60, 4183.

(523) Basavaiah, D.; Rao, A. J.; Satyanarayan&fiem. Re. 2003 103
811.

(524) Hsu, J.-C.; Yen, Y.-H.; Chu, Y.-H.etrahedron Lett2004 45, 4673.

(525) Machado, M. Y.; Dorta, RSynthesi005 2473.

(526) Anjaiah, S.; Chandrasekhar, S.; Gree Adv. Synth. Catal2004
346, 1329.

(527) Yang, X.-F.; Wang, M.; Varma, R. S.; Li, C.-J. Mol. Catal. A
2004 214, 147.

(528) Shestopalov, A. M.; Zlotin, S. G.; Shestopalov, A. A.; Mortikov, V.
Yu.; Rodinovskaya, L. ARuss. Chem. Bull. Int. EQ004 53, 573.

(529) Akiyama, T.; Suzuki, A.; Fuchibe, KSynlett2005 1024.

(530) Chen, S.-L.; Ji, S.-J.; Loh, T.-Fetrahedron Lett2004 45, 375.

(531) Ollevier, T.; Desyroy, V.; Debalilleul, B.; Vaur, Bur. J. Org. Chem.
2005 4971.

(532) Imao, D.; Fujihara, S.; Yamamoto, T.; Ohta, T.; Ito,Tétrahedron
2005 61, 6988.

(533) Hagiwara, H.; Okabe, T.; Hoshi, T.; Suzuki JT Mol. Catal. A2004
214, 167.

(534) Doherty, S.; Goodrich, P.; Hardacre, C.; Luo, H.-K.; Nieuwenhuyzen,
M.; Rath, R. K.Organometallics2005 24, 5945.

(535) Muthusamy, S.; Gnanaprakasam,TBtrahedron2005 61, 1309.

(536) Sun, J.; Fujita, S.-1.; Arai, Ml. Organomet. Chen2005 690, 3490.

(537) Peng, J. J.; Deng, Y. Qlew J. Chem2001, 25, 639.

(538) Bhanage, B. M.; Fujita, S.; Ikushima, Y.; Arai, Mppl. Catal. A
2001 219, 259.

(539) Kawanami, H.; Sasaki, A.; Matsui, K.; Ikushima,Ghem. Commun.
2003 896.

(540) Calg V.; Nacci, A.; Monopoli, A.; Fanizzi, AOrg. Lett.2002 4,
2561.

(541) Kim, H. S.; Kim, J. J.; Kim, H.; Jang, H. G. Catal.2003 220.

(542) Sun, J. M.; Fujita, S.; Zhao, F. Y.; Arai, Ntreen Chem2004 6,
613.

(543) Alvaro, M.; Baleizao, C.; Das, D.; Carbonell, E.; Garcia,JHCatal.
2004 228, 254.

(544) Xie, Y. Y.; Chen, Z. C.; Zheng, Q. Q. Chem. Re2002 618.

(545) Breitenlechner, S.; Fleck, M.; Mer, T. E.; Suppan, AJ. Mol. Catal.
A 2004 214, 175.

CR050948H



