
Topics in Organometallic Chemistry 51

Ionic Liquids (ILs) 
in Organometallic 
Catalysis 

Jairton Dupont
László Kollár Editors



51

Topics in Organometallic Chemistry

Editorial Board

M. Beller, Rostock, Germany

J.M. Brown, Oxford, United Kingdom

P.H. Dixneuf, Rennes, France

J. Dupont, Porto Alegre, Brazil

A. Fürstner, Mülheim, Germany

Frank Glorius, Münster, Germany

L.J. Gooßen, Kaiserslautern, Germany

T. Ikariya, Tokyo, Japan

S. Nolan, St Andrews, United Kingdom

Jun Okuda, Aachen, Germany

L.A. Oro, Zaragoza, Spain

Q.-L. Zhou, Tianjin, China



Aims and Scope

The series Topics inOrganometallic Chemistry presents critical overviews of research
results in organometallic chemistry. As our understanding of organometallic structure,

properties and mechanisms increases, new ways are opened for the design of

organometallic compounds and reactions tailored to the needs of such diverse areas as

organic synthesis, medical research, biology and materials science. Thus the scope of

coverage includes a broad range of topics of pure and applied organometallic

chemistry, where new breakthroughs are being achieved that are of significance to a

larger scientific audience.

The individual volumes of Topics in Organometallic Chemistry are thematic. Review

articles are generally invited by the volume editors. All chapters from Topics

in Organometallic Chemistry are published OnlineFirst with an individual DOI.

In references, Topics in Organometallic Chemistry is abbreviated as Top Organomet

Chem and cited as a journal.

More information about this series at

http://www.springer.com/series/3418



Jairton Dupont • László Kollár
Editors

Ionic Liquids (ILs) in
Organometallic Catalysis

With contributions by

C.A.M. Afonso � C. Bruneau � D.A. Castillo-Molina �
C. Chiappe � M. Cokoja � P. Cotugno � M.M. Dell’Anna �
Q.-H. Fan � C. Fischmeister � T. Ghilardi � L.R. Graser �
Y.-M. He � C. Janiak � F.E. Kühn � M. Latronico � Y. Li �
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Preface

The application of the right solvent in chemical reactions is always a key-point for a

chemist. In addition to conventional organic solvents several alternative ones were

tested. Among them ionic liquids (ILs) and especially room temperature ionic

liquids (RT-ILs) play an important role due to their environmentally benign prop-

erties such as extremely low vapor pressure, chemical and thermal stability, high

ionic conductivity, and good solvent properties towards both ionic and covalent

compounds.

A major drive of these efforts with ionic liquid both in industry and in funda-

mental research is to find more environmentally friendly technologies for tradi-

tional ones in which damaging and volatile organic solvents are generally used.

Ionic liquids are considered not only as promising surrogates of organic solvents in

conventional text-book reactions, but also their applications show an upward

tendency also in catalytic reactions.

In this book we intend to summarize the recent achievements in catalytic

reactions carried out in ILs. Leading scientists worldwide accepted our invitation

to contribute to this volume and write about the recent developments. Although

most chapters of the book are mainly focused on the catalytic reactions of synthetic

importance, where appropriate, theoretical and mechanistic aspects are included in

order to help the reader understand the underlying principles. We are confident that

this book will provide a comprehensive overview of topics of current interest for the

non-specialist reader.

One of the fundamental issues, the homogeneous or heterogeneous catalysis in

ILs, is discussed by N. Yan (chapter “The Nature of Metal Catalysts in Ionic

Liquids: Homogeneous vs Heterogeneous Reactions”). The formation of

nanoparticles, as well as their application in catalytic reactions (hydrogenation,

coupling reactions, methanol synthesis), is discussed by Ch. Janiak (chapter “Metal

Nanoparticle Synthesis in Ionic Liquids”). P. Lignier’s contribution is dealing with

the size control of metal nanocrystals in ILs (chapter “Size Control of Monodis-

perse Metal Nanocrystals in Ionic Liquids”). C. Chiappe et al. report on the

structural features and properties of metal complexes in ILs with special focus on

anionic speciation of metals (chapter “Structural Features and Properties of Metal

v



Complexes in Ionic Liquids: Application in Alkylation Reactions”). The state of the

art in ionic liquid-based hydroformylation is reviewed by B. Rieger et al. (chapter

“Ionic Liquids in Transition Metal-Catalyzed Hydroformylation Reactions”). The

research carried out recently in the field of carbonylation of alkenes and alkynes, as

well as aryl and alkenyl halides in the presence of O- and N-nucleophiles, is

summarized by R. Skoda-Földes (chapter “ILs in Transition Metal-Catalysed

Alkoxy- and Aminocarbonylation”). Metal-catalyzed oxidations of alcohols and

sulfides are discussed by A.M. Afonso et al. (chapter “Metal-Catalyzed Oxidation

of C–X (X=S, O) in Ionic Liquids”). Recent results on epoxidation of various

olefins by different transition metal complexes, as wel as by metal-free compounds

in ILs, are summarized by F.E. Kühn et al. (chapter “Epoxidation of Olefins with

Molecular Catalysts in Ionic Liquids”). The beneficial effect of ILs in terms of

activity, selectivity, and recyclability in cross-coupling reactions such as Heck,

Suzuki–Miyaura, Stille, Sonogashira, Ullmann, and Negishi couplings is described

by P. Mastrolilli et al. (chapter “Ionic Liquids in Palladium-Catalyzed Cross-

Coupling Reactions”). The chapter of Ch. Bruneau et al. covers the catalytic olefin

metathesis reactions carried out in RT-ILs (chapter “RTILs in Catalytic Olefin

Metathesis Reactions”). Selected examples of polymerization and oligomerization

catalyzed by transition metal complexes in ILs are presented by A.M. Trzeciak

(chapter “Ionic Liquids in Transition Metal-Catalyzed Oligomerization/Polymeri-

zation”). The efficiency of transition metal-catalyzed asymmetric reactions provid-

ing precursors of pharmaceutical importance is described by Q.-H. Fan et al.

(chapter “Ionic Liquids in Transition Metal-Catalyzed Enantioselective

Reactions”).

We are indebted to all chapter authors for their careful work. The editors thank

Elizabeth Hawkins (Springer, Chemistry Editorial) and Sujitha Shiney (Project

Coordinator) for their kind cooperation in producing the present volume.

As volume editors we kindly recommend the present book entitled Ionic Liquids
in Organometallic Catalysis to the attention of research scientists at universities or

in industry, as well as graduate students.

Pécs, Hungary László Kollár

Porto Alegre, Brazil Jairton Dupont
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The Nature of Metal Catalysts in Ionic Liquids:

Homogeneous vs Heterogeneous Reactions

Ning Yan

Abstract Despite the extensive investigations on transition-metal-catalyzed

reactions in ionic liquids (ILs), the most fundamental issue, i.e., whether the
catalysis is homogenous or heterogeneous, is not always clear. This chapter

provides a brief description of the methods to distinguish the metal-complex-

catalyzed homogenous reactions from the metal-particle-catalyzed heterogeneous

reactions in ILs. Following that, a current understanding of the nature of transition

metal catalysts in ILs, categorized by the types of reactions, is provided.

Keywords Metal catalyst � Homogeneous catalysis � Heterogeneous catalysis �
Ionic liquid

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Methods to Distinguish Between Homogenous and Heterogeneous Catalysts in ILs . . . . . 2

3 The Nature of Catalysts for Various Reactions in ILs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

3.1 Hydrogenation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

3.2 Oxidation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.3 Coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3.4 Miscellaneous . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

N. Yan (*)

Department of Chemical and Biomolecular Engineering, National University of Singapore,

4 Engineering Drive 4, 117576, Singapore

e-mail: cheyann@nus.edu.sg

mailto:cheyann@nus.edu.sg


1 Introduction

We have witnessed a proliferation of the numbers of papers on transition-metal-

catalyzed reactions in ionic liquids (ILs) in the past decade [1–6]. The nature of the

metal catalysts in ILs is one of the most fundamental issues in these studies, as it is

the dominant factor controlling catalytic processes. In addition, identifying the true

catalyst is critically important for future advances in the rational design of better

catalysts in ILs.

Many of the earlier research papers did not discuss the active forms of metal

catalysts, or simply assumed precatalyst to be the real catalytic species. It was not

until fairly recently that researchers focused on the question – what is the form of

the true catalytic species in these transition-metal-catalyzed reactions in ILs? Is it

homogenous or heterogeneous? Addressing this problem can be nontrivial, as no

versatile technique exists for making this distinction. Many methods have been

developed to distinguish between homogenous and heterogeneous catalysis, but

each has limitations. This necessitates the combination of various experiments to

reach a compelling conclusion. In addition, the “non-innocent” role of ILs [7, 8] in

metal-catalyzed reactions is often observed, due to their unique interactions with

the catalysts [2], which adds complexity to the systems.

In this chapter, we describe the current understanding of the nature of transition-

metal catalysts in ILs. First, methods that have been successfully applied in

distinguishing metal-complex homogeneous catalysts from metal-particle hetero-

geneous catalysts in ILs are introduced. Next, we put emphasis on the nature of the

catalysts in various reactions in ILs, including the reactions whose active species

are well established by direct or accumulated circumstantial evidence, as well as

those that are less well understood. Only the studies from which reasonably robust

inferences can be drawn are introduced in this chapter.

2 Methods to Distinguish Between Homogenous

and Heterogeneous Catalysts in ILs

In this section, we briefly reviewed the experimental approaches that could be

employed to distinguish between homogenous and heterogeneous catalysts. Only

methods proved to be successful for reactions carried out in ILs are introduced

(Table 1). A more general, extensive review focused on various experiments to

determine the true catalyst under reducing condition is highly recommended to

readers with further interests [9].

Reaction kinetics is a powerful way to identify the nature of catalysts. Some

even argued that the most compelling evidence for the identity of the true catalyst

will always be kinetic in nature [9]. Robust kinetic analysis on metal-catalyzed

reactions in ILs is rare but does exist. Ir nanoparticle (NP) catalyzed alkene

hydrogenation in [C4C1im][PF6] ([C4C1im] ¼ 1-butyl-3-methylimidazolium) has
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been examined by detailed kinetic modeling which indicated that the NP catalysts

follow a simple Langmuir adsorption mechanism [10]. This is strong evidence that

the Ir NPs in ILs behave as heterogeneous catalysts, as they obey a classical surface

reaction mechanism. In some cases, an induction period was observed for the

reaction to occur in ILs. This gives clue that the true catalytic species is different

from the precatalyst – NPs formed from metal complexes, or homogenous species

leached from the metal surface, may be responsible for the catalytic activity.

Various poisons that could selectively hinder the catalytic activity of homoge-

neous/heterogeneous catalysts can be used to determine the nature of catalysts. To

date, mercury [11, 12] and CS2 [12, 13] poisoning are most popularly employed in

metal-catalyzed reactions in ILs. If the reaction is catalyzed by heterogeneous metal

catalyst, the addition of mercury to the reaction will give a mercury-metal amalgam

deactivating the catalyst. CS2 poisoning is based on another principle. A heteroge-

neous catalyst can possibly be completely poisoned with far less than 1 equivalent

of added CS2 per metal atom. The reason is that only a small fraction of metal atoms

are on the surface of a heterogeneous metal-particle catalyst; hence, much less than

one molar equivalent of ligand per metal atom will be sufficient to deactivate the

catalyst. Another reason is that not all the surface atoms are catalytic active. Both

mercury and CS2 tests are aimed to deactivate the heterogeneous catalysts and both

have limitations. For mercury poisoning, one should keep in mind that some metals,

such as Rh and Ru, do not form amalgams with mercury and that they are not easily

poisoned (adding large excess of mercury could still poison Rh NPs in ILs [11]).

The limitation for CS2 poisoning is that ligand dissociation occurs at temperatures

higher than 50�C. Therefore, this test should ideally be performed under mild

temperatures. Other ligands that could be used to poison heterogeneous catalysts,

such as PPh3 and thiophene, and ligands to poison homogenous catalysts, such as

dibenzo[a,e]cyclooctatetraene (DCT) [14], have not yet been used to probe the

nature of the catalysts in ILs.

Table 1 Applicability and reliability of various methods to distinguish homogeneous from

heterogeneous catalysts in ILs

Homogeneous

catalysts

Heterogeneous

catalysts

Method

reliabilitya

Reaction selectivity patterns √ √

Increasing R
eliability

Ex-situ spectroscopic

techniques

TEM √
UV–vis √
XRD √
XPS √ √

Filtration/leaching √ √
Poisoning test NHCs √

CS2 √
Mercury √

Reaction kinetics √ √

√ indicates the method is applicable to prove/refute the homogeneous or heterogeneous nature of

the catalysts
aThe arrow shows the direction with enhanced reliability

The Nature of Metal Catalysts in Ionic Liquids: Homogeneous vs Heterogeneous. . . 3



N-heterocyclic carbenes (NHCs) from imidazolium-based ILs sometimes act as

poisons, which can be used as markers for homogeneous catalysis. For example,

Ru-(BINAP)(DPEN)Cl2 was tested for the asymmetric hydrogenation of ketones in a

2-propanol/IL mixture [15]. [C4C1im][BF4] and [C4C1im][PF6] performed poorly

compared to analogue ILs whose C2 position was substituted by a methyl group.

A plausible explanation is that the KOH co-catalyst could deprotonate the C2 position

of the imidazolium ring, leading to the formation of NHCs, which could then poison

the catalyst. Similarly, Dyson et al. found a Pd NHC complex to be inactive in Suzuki

coupling reaction in ILs [16]. On the other hand, the presence of NHCs did not

influence the olefin hydrogenation activity of heterogeneous Ir NPs in ILs [17].

Transmission electron microscopy (TEM), X-ray diffractometry (XRD), X-ray

absorption spectroscopy (XAS), and UV–vis spectroscopy are all widely used to

identify the presence of metal particles in ILs, while electrospray mass spectros-

copy (ESI-MS) is used to determine metal molecular species in ILs. These methods

can only be used to demonstrate whether or not heterogeneous metal particles/

complexes exist in the system, instead of proving that the reaction is actually

catalyzed by these particles/complexes, and must be used in conjunction with

other techniques to finally address if these particles/complexes are the true catalytic

active species.

Some reactions are known to be heterogeneously/homogenously catalyzed, and

these reactions can be used to provide clue on the nature of the catalysts. It is

generally accepted that metal homogeneous catalysts do not hydrogenate aromatic

compounds [18], so arene hydrogenation has been used as a chemical probe for

studying the surface properties of NPs in ILs. Another example is that the absence

of isomerized products in the hydrogenation of 1,3-butadiene [19] and (Z)-alkenes

[20] catalyzed by Pd NPs in [C4C1im][BF4] and [C4C1im][PF6] is believed to be an

indication of the surface-like behavior of the catalysts.

Occasionally, filtration could be used to test the catalyst’s identity in ILs [21]. It

becomes more informative when combined with ICP-AES or ICP-MS analysis, as

the exact metal content in both filter residue and filtrate can be determined.

However, this method should be treated with caution as it is incapable to distinguish

soluble NPs from homogenous complex. According to Finke’s review [9], there are

a few other methods such as Collman’s test and light scattering technique that could

be used to provide information on the catalyst identity, but to our knowledge these

methods have not been extended to metal-catalyzed reactions in ILs.

3 The Nature of Catalysts for Various Reactions in ILs

3.1 Hydrogenation

Hydrogenation is one of the earliest reactions studied in ILs, which dates back to

1995 [22, 23]. All major types of hydrogenation are successfully transferred into IL
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phase. It is believed that arene hydrogenation mainly occurs over heterogeneous

catalysts [4]. In fact, it is even used to probe the presence of metal NPs, as

mentioned in the last section. On the other hand, a vast majority of asymmetric

hydrogenations appear to be homogeneously catalyzed. Other types of reactions,

including C═O, C═C, C═C, C═N, and NO2 hydrogenation, could be catalyzed by

both homogenous and heterogeneous catalysts.

In some investigations, the heterogeneous nature of the catalyst in hydrogenation

was revealed in ILs. The most employed technique is to use poisons. Mercury is by

far most extensively used [11, 12, 24]. CS2 was also tested but to a much less extent

[12]. Significant activity drop in hydrogenation upon adding these reagents suggests

that NPs are responsible for catalysis in these cases [11, 12, 24]. Kinetic modeling

was also attempted. In one study, the alkene hydrogenation with Ir NPs as the

precatalyst obeys the monomolecular surface reaction mechanism r ¼ kcK[S]/
1 + K[S] (kc ¼ kinetic constant, K ¼ adsorption constant and [S] ¼ substrate con-

centration), which supports a heterogeneous mechanism and that Ir NPs are the real

catalysts [10].

Less attention was paid to elucidate the nature and the mechanism of homoge-

neous catalysts in ILs. However, transfer of homogeneous hydrogenation catalysts

from molecular solvents into ILs may be unsuccessful without understanding the

nature of the catalytic species. Dyson et al. carried out detailed mechanistic

investigation on the catalytic activity of metal complexes in ILs [25–28]. By

using temperature variant 1H NMR technique, they measured the interactions

between chloride and the cation [27]. The solvation enthalpy of the chloride in

[C4C1im][OTf] was found to be strikingly low – merely �46.2 kJ/mol – almost

eight times smaller than that of chloride in water. The low solvation enthalpy of

chloride in such an IL resulted in a strong coordination ability of the chloride anion

in [C4C1im] type ILs, exhibiting a profound effect on homogeneous catalysts.

Chloride dissociation from a transition-metal complex can be thermodynamically

disfavored or even inhibited in these ILs. Therefore, homogenous catalysts that

need chloride dissociation to generate active catalytic species become inactive [25].

This finding also provides a guideline to increase activity of heterogeneous

catalysts in ILs, i.e., ILs should be purified with extreme caution, as contaminants

such as chloride in these ILs bind strongly on metal surface acting as poisons.

Due to this inhibition effect, [Ru(p-cymene)-(dppm)Cl]Cl exhibited very little

activity in a variety of ILs when used as catalyst precursor. Nevertheless, some

catalytic activity was found in [C4C1im][CH3SO4] and higher activity in [C4C1im]

[NTf2]. Mercury could not poison the catalyst and attempt to identify NPs by TEM

failed, indicating the catalyst to be homogeneous. Interestingly, the addition of

[C4mpy]Cl (1-butyl-3-methylpyridinium) to the reaction mixture in [C4mpy][NTf2]

also gave a catalytically active solution, ruling out the possibility of an active

catalytic species requiring chloride dissociation. Detailed kinetic analysis revealed

the first-order kinetics in the addition of chloride and the loss of p-cymene, and the

second-order kinetics in Ru(II) for the formation of active catalytic species, which

strongly suggest the formation of cationic, electronically unsaturated dimer species

to be postulated as a rate-limiting process in the formation of the active catalyst

The Nature of Metal Catalysts in Ionic Liquids: Homogeneous vs Heterogeneous. . . 5



(see Fig. 1) [26]. This is one of the very few examples reported to date, which

clearly demonstrated the mechanistic change in the homogeneous catalyst upon

using ILs.

To overcome the inhibition of catalyst activity by chloride (and other) ions,

functionalized ILs interacting much stronger with chloride could be used. For exam-

ple, hydroxyl group functionalized ILs were found to be tolerant of chloride, even

when chloride was in large excess to metal catalysts. Indeed, 1-(20-hydroxylethyl)-3-
methylimidazolium cation ([C2OHC1im]) based ILs were proved to be superior

solvents compared to non-functionalized ILs for the immobilization of metal NP

catalysts for a variety of reactions [29–31] including hydrogenation [31].

3.2 Oxidation

The potential of ILs for oxidation in the presence of metal catalysts has not escaped

from the attention of chemists [32]. A majority of such studies are based on

adapting the traditional organic solvent methods to ILs. Oxidations of alcohols,

phenols, amines, imines, and alkenes have all been attempted, but efforts have

rarely been paid to elucidate the nature of the catalysts. One exception comes from

Hardacre and coworkers, and they employed MCM-41 and UVM-type mesoporous

materials containing Ti or TiGe to catalyze the oxidation of thioether into

sulfoxides and sulfones in both molecular solvents and ILs [21]. The leaching of

Ti was carefully analyzed in both [C2C1im][BF4] and dioxane, and significantly

more leaching (ca. 40%) was found in organic solvents than in ILs (18%) in the first

run. Controlled experiments indicated that the Ti dissolution does not originate

from the sulfoxidation reaction itself, but results from the interactions between the

peroxy species and the catalyst. The leached Ti is active for the oxidation, but to a

less extent compared with the heterogeneous catalysts. This, combined with the fact

that leaching became insignificant from the second run, makes the authors conclude

the reaction to be mainly heterogeneously catalyzed.

Fig. 1 Different activation pathways of [Ru(p-cymene)-(dppm)Cl]Cl in water and in ILs

6 N. Yan



Amajority of metal-catalyzed oxidation reactions in ILs use metal complexes or

metal salts as precursors and their mechanism is often described by the classical

homogenous catalytic cycle. However, the possibility of heterogeneous catalysis

being responsible for some of the observed activity should be considered, espe-

cially when salts of precious metals, such as Au, Pt, Pd, and Ru, are used as the

catalyst precursor. At least one report showed that metallic form of the metal

was observed during the reaction. This reaction employed Pd(OAc)2 in a range of

1,3-dialkylimidazolium-based ILs for the oxidation of benzyl alcohol to benzalde-

hyde using oxygen as oxidant [33]. The formation of the Pd metals may be due to

the thermal decomposition of acetate anion, which serves as a reductant [20]. Zero

valent forms of these metals are known to be catalytic active for alcohol and CO

oxidation in molecular solvents [34]. The nature of the catalysts based on V and Mo

should also be treated with caution. Despite the fact that their metal form is unstable

and may not be able to promote the oxidation, their oxides are well practiced in

industry for oxidations [35, 36].

3.3 Coupling

ILs have been used extensively for a variety of C–C coupling reactions with a wide

range of substrates, as initially demonstrated in Heck reaction by the end of the last

century [37]. Soon it was discovered that heterogeneous catalysts, such as Pd/C

[38], exhibited considerable activity in ILs and this put the identity of genuine

catalytic species under debate. Starting with Pd(OAc)2, 1 nm Pd NPs were detected

in [C4C4im]Br ([C4C4im] ¼ 1-n-butyl-3-butylimidazolium) and [C4C4im][BF4]

after ultrasound promoted Heck reaction of aryl halides with alkylacrylate

compounds at room temperature (see a TEM image in Fig. 2, left) [39]. Soon

after this work, an in situ XAS study was performed, revealing that 0.8–1.6 nm Pd

NPs were the main species present during the Heck reaction in a range of ILs

employing Pd(OAc)2 as precatalyst (Fig. 2, right, indicating the presence of Pd–Pd

scattering peak after reaction) [40]. An induction period was observed, which was

rationalized by the formation of Pd NPs as active catalysts. The presence of Pd NPs

and their involvement in catalysis were also widely reported in Suzuki [41–43]

Stille [44, 45], and Ullman [46, 47] coupling reactions.

Despite some of the earlier reports giving evidence suggesting, but not proving,

a heterogeneous mechanism [48], it is now widely accepted that the leached soluble

Pd is the genuine catalytically active species in most C–C coupling reactions. Dupont

and coworkers pioneered themechanistic investigation concerning the role of PdNPs

in Heck reactions using aryl halides and n-butyl acrylate as substrates [49]. There are
some key findings in their study. First, 1.7-nm Pd NPs derived from N-containing

palladacycle decomposition were active for Heck reaction when suspended in

[C4C1im][PF6]. Second, the Pd NPs dispersed in the IL after the reaction displayed

an irregular shape with a monomodal size distribution of 6 nm. Third, ICP-MS

showed leaching of considerable quantities of Pd from the IL into the organic
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phase at the beginning of the reaction, and the level of leaching gradually decreased

as the reaction progressed. Fourth, attempt to identify Pd NPs in the organic phase

was unsuccessful, and the Pd species in the organic phase was inactive in the Heck

reaction. Finally, competitive experiments of various bromoarenes and iodoarenes

with n-butyl acrylate catalyzed by various palladacycles gave the same reaction

constant (ρ). Since the ρ value depends only on the type of reaction but not on the

substituent used, the data indicated that the same species in the oxidative addition step

was generated [50]. These observations suggest that the Heck reaction pathway starts

with oxidative addition of the aryl halide onto the metal surface, forming Pd(II)

species, which detaches from the NP surface and enters the main catalytic cycle. The

Pd(0) species generated after the reductive elimination step can either continue in the

catalytic cycle or go back to the NP surface.

Subsequent studies indicated that Pd NPs acting as reservoirs for the catalyti-

cally active species in C–C coupling reactions in ILs appear to be general [1]. In this

context, smaller Pd NPs are associated with an increased catalytic activity by

providing more Pd surface atoms that can undergo oxidative addition with the

aryl halide [5]. Preventing these NP reservoirs from aggregation and precipitation is

the key to maintain a high catalytic performance of such reactions. To this end,

several studies employing nitrile [51], ether [16], and hydroxyl functionalized [30]

ILs as effective stabilizing species for Pd NPs were conducted, and indeed these

functionalized ILs are superior in terms of activity and recyclability compared to

non-functionalized counterparts. The roles for the functionalized ILs may be

multiple: in addition to stabilizing the Pd NPs, they may also be responsible for

stabilizing the active Pd(II) catalyst, facilitating Pd NP formation, and preventing

Pd NPs from poisoning. The advantages of employing a hydroxyl functional IL for

Suzuki coupling are illustrated in Fig. 3.

Fig. 2 Left: TEM image of Pd NPs formed from Pd(OAc)2 in the Heck reaction in [Bbim]Br and

[Bbim][BF4]; right: radial distribution functions from palladium ethanoate in [C4mim][PF6]

(i) without and (ii) with PPh3 at 80�C and (iii) with PPh3 and reagents at 50�C for 20 min.

Reprinted with permission from references [39, 40] (Copyright Royal Chemical Society)
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3.4 Miscellaneous

Over the past 10 years, ILs have been applied to a wide array of organic

transformations, many of which are beyond hydrogenation, oxygenation, and

C–C coupling reactions. There seems to be no limit to the types of reactions that

can be conducted in ILs, although it is not always clear concerning the nature of the

catalyst. A list of various reactions that have not been covered in previous sections

has been provided in Table 2. The representative example for each reaction is

provided and the plausible nature of the catalyst is summarized in the table. A more

thorough collection of various possible reactions catalyzed by transitional metals

can be found in more specific reviews focusing on catalysis in ILs [3, 52].

In most cases, no vigorous mechanistic investigations have been performed and

no solid evidence is available to identify the nature of the catalyst. Fortunately, the

mechanisms of many of those reactions have been long established and it should be

reasonably safe to assume that the nature of the catalysts in ILs is the same as that in

molecular solvents. As such hydroformylation, carbonylation, olefin metathesis,

Pauson–Khand reaction, and hydroesterification in ILs may be catalyzed by homo-

geneous catalysts. It is noteworthy that some papers used heterogeneous catalysts

for hydroformylation [53] and carbonylation [54], but close scrutiny indicates that

anchored metal complexes on a solid support were used as the catalysts. The real

active species are in fact homogeneous. On the other hand, Fischer–Tropsch

reaction and dehalogenation should in principle be catalyzed by heterogeneous

Fig. 3 The proposed catalytic cycle for Suzuki coupling and the roles of a hydroxyl group

functionalized IL in the catalytic system
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Table 2 Examples of various transitional metal catalytic reactions in ILs beyond hydrogenation,

oxidation, and coupling reactions

Reaction type A representative reaction scheme

Plausible

catalyst nature References

Olefin metathesis Homogeneous [58]

Dimerization Homogeneous [59]

Alkylcarbonylation Homogeneous [60]

Pauson–Khand Homogeneous [61]

Hydroformylation Homogeneous [62]

Hydroesterification Homogeneous [63]

Isomerization Homogeneous [64]

10B/11B exchange Heterogeneous [55]

Fischer–Tropsch Heterogeneous [65, 66]

Dehalogenation Heterogeneous [67]

Hydrosilyation Both possible [56]

(continued)
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catalysts. In a very recent study, core-shell AuPd bimetallic NPs dispersed in

[C2OHC1im][BF4] were found to be superior to monometallic Au or Pd NPs

prepared under the same condition for the dehalogenation of bromo-aromatic

compounds, due to the electron donating effect from Pd to Au. Indeed, this provides

additional evidence that the dehalogenation reaction is heterogeneously catalyzed,

as it is less likely that two homogeneous species can synergistically cooperate in a

single reaction.

The reaction mechanism for a few reactions in ILs is not clear, but initial

experiments were carried out to probe the active catalytic species. For example,

Ru NPs catalyzed the isotope exchange between 10B and 11B nuclei in decaborane,

which is believed to be heterogeneous in nature, since catalysis in the presence of

mercury poison did not result in any 10B/11B exchange [55]. A biphasic

hydrosilylation in [C4py][BF4] ([C4py] ¼ N-butylpyridinium) employing K2PtCl4
or Pt(PPh3)4 as the precatalyst was conducted [56]. Pt NPs were observed after

catalysis by TEM and adding mercury significantly reduced the catalytic activity.

While there is no doubt that Pt NPs are formed in the course of hydrosilylation, the

exact role of theseNPs in catalysis, i.e., whether they served as catalyst reservoirs or as

active catalysts, is not certain. For some reactions, little is known about the catalyst

nature. For example, Ir NPs dispersed in [THTdP][MS] ([THTdP] ¼ trihexyltetrade-

cylphosphonium; [MS] ¼ methylsulfonate) can catalyze phenylborylation [57], but

no mechanistic study was conducted to understand how this reaction occurred.

4 Conclusion

For transitional metal-catalyzed reactions in ILs, various techniques have been used

to distinguish homogeneous from heterogeneous catalysis. Those include a number

of instrumentation techniques, kinetic study, and various poison reagents. It is

noteworthy that it is not possible to reach a definitive distinction from a single

experiment. Each method has its own limitation and combined techniques have to

Table 2 (continued)

Reaction type A representative reaction scheme

Plausible

catalyst nature References

Phenylborylation Unclear [57]

Hydroarylation Unclear [68]

TPPTS tri(msulphonylphenyl) phosphine, trisodium salt, TPP 5,10,15,20-tetraphenylporphyrin
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be used to understand the genuine nature of the catalysts. While there are reports

with comprehensive investigations, which provided compelling evidence for the

nature of the catalytic species in ILs, most studies simply assumed the catalysis to

be homogeneous/heterogeneous without performing extensive experiments.

Unlike most molecular solvents, ILs are excellent stabilizers for metal NPs.

Indeed, NPs appear to be more frequently encountered in transitional metal cataly-

sis conducted in ILs than in molecular solvents. Special caution should be paid

when precious metal salt/organometallic precursor is used as precatalyst and when

the reaction is conducted under reductive condition, because the probability of

forming NPs is high. The involvement of NPs complicates the specification on the

nature of the catalysts. Whether the NPs act as the true catalytically active species,

catalyst reservoirs, or simply spectators, has to be analyzed. Some cases are

certainly worth further studying to rationalize the catalyst nature. Finally, ILs are

found to be able to modify the reaction mechanism, not only in some organic

reactions [69], but also in transitional metal-catalyzed reactions [26]. Whether it is

possible that a homogenously/heterogeneously catalyzed reaction in molecular

solvents switches to a heterogeneously/homogenously catalyzed one in ILs, or

vice versa, remains a fundamental and intriguing question.
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Metal Nanoparticle Synthesis in Ionic

Liquids
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Abstract The synthesis of metal nanoparticles (M-NPs) in ionic liquids (ILs) can

start frommetals, metal salts, metal complexes, and in particular metal carbonyls and

can be carried out by chemical reduction, thermolysis, photochemical, microwave

irradiation, sonochemical/ultrasound-induced decomposition, electroreduction, or

gas-phase synthesis, including sputtering, plasma/glow-discharge electrolysis,

physical vapor deposition, or electron beam and γ-irradiation. Metal carbonyls,

Mx(CO)y, are commercially available and elegant precursors because the metal

atoms are already in the zerovalent oxidation state for M-NPs so that no reduction

is necessary. The thermal decomposition of metal complexes, including metal

carbonyls in ILs by microwave irradiation, provides a fast and low-energy access

to M-NPs. The reason is an excellent absorption efficiency of ILs for microwave

energy due to their high ionic charge, high polarity, and high dielectric constant.

Ionic liquids allow for the stabilization of M-NPs without the need of additional

stabilizers, surfactants, or capping ligands because of the electrostatic and steric

properties inherent to ILs. From the IL dispersion, the M-NPs can be deposited on

various surfaces, including graphene derivatives and nanotubes. The formation of

intermetallic MM0-nanoalloys in ILs has just begun to be explored. Examples for

M(M0)-NP/IL dispersions in catalytic reactions (C–C coupling, methanol synthesis,

hydrogenation) are noted.
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Universitätsstrasse 1, D-40225 Düsseldorf, Germany

e-mail: janiak@uni-duesseldorf.de

mailto:janiak@uni-duesseldorf.de


Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2 Ionic Liquids (ILs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3 Metal Nanoparticles and Ionic Liquids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4 Synthesis of Metal Nanoparticles in Ionic Liquids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4.1 Chemical Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.2 Photochemical Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.3 Sonochemical (Ultrasound) Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.4 Electro(chemical) Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.5 Gas-Phase Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.6 Metal Nanoparticles from Zerovalent Metal Precursors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

1 Introduction

Metal nanoparticles (M-NPs) are of interest for new technologies [1]. The terms

“nanoparticles,” “nanophase clusters,” “nanocrystals,” and “(nano-)colloids” are

often used with a similar connotation. Here we use the word nanoparticles as a

generic term. For applications, it is important to synthesize M-NPs with defined

size and small-size distribution in a controlled and reproducible manner [2–6]. A

chemical “bottom-up” approach prepares M-NPs by reduction of metal salts or the

photolytic, sonolytic, or thermal decomposition of metal–organic precursors [7].

The synthesis conditions such as temperature, solvent, and reducing and stabilizing

agent can influence the size, size distribution, and shape of metal nanoparticles [8].

Nanoparticles have a high surface-to-bulk atom ratio and a high surface energy

which dominates their properties [9]. A high surface area is, for example, beneficial

in (heterogeneous) catalysis [10–16]. Therefore, small M-NPs need to be stabilized;

otherwise they will combine to thermodynamically favored larger particles via

agglomeration (Fig. 1).

Agglomeration of small particles is based on the principles of Ostwald ripening

[17, 18] which is a thermodynamically driven spontaneous process and occurs

because larger particles are more energetically favored than smaller ones.

Coordinatively, unsaturated surface atoms of a particle are in a higher energy

state than well-ordered and fully coordinated atoms in the bulk. The lower the

surface area with respect to the bulk volume, the lower the energy state of a particle.

A small metal nanoparticle tries to lower its overall energy by detaching atoms

from the surface. The atoms then diffuse through the solution and attach to the

surface of a larger particle. Thereby, larger particles grow at the expense of smaller

particles (Fig. 2).

Small metal nanoparticles can be stabilized by coordination of surface capping

ligands, polymers, or surfactants which form a protective electrostatic and/or steric

layer to prevent agglomeration (Fig. 1) [19–22]. Metal nanoparticles in ionic liquids

(ILs) do not require additional stabilizers. The electrostatic and steric properties of
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ionic liquids can stabilize M-NPs without capping ligands, polymers, or surfactants

(Fig. 1). ILs stabilize metal nanoparticles through their ionic nature [23], high

polarity, high dielectric constant, and supramolecular network (cf. Fig. 4) [24–31].

2 Ionic Liquids (ILs)

By definition, ionic liquids are salts with a melting point below 100�C. Typically,
ILs are even liquid at room temperature (RT-ILs). For this, they consist of

conformationally flexible and weakly coordinating inorganic or organic cations

and anions with small lattice enthalpies so that the liquid state is thermodynami-

cally favored [32–36]. Examples of nonfunctionalized IL cations and anions are

shown in Fig. 3, and functionalized IL cations in Fig. 5 [12, 43]. ILs have a high

charge density, high polarity, and high dielectric constant and form a supramolec-

ular network [28]. Ionic liquids (ILs) have become interesting alternatives to

traditional aqueous or organic solvents [44, 45]. Over the last years, they have

unprotected
small M-NPs

stabilization
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Fig. 1 Metal nanoparticles (M-NP) will agglomerate to larger particles (left) unless prevented by

electronic and steric stabilization in ionic liquids (middle) or through protective stabilizers (right)

M-NP M-NP

Fig. 2 Schematic presentation of Ostwald ripening
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been introduced into solution chemistry and intensively investigated as a new liquid

medium [46, 47].

3 Metal Nanoparticles and Ionic Liquids

The preparation of advanced functional materials, including metal nanoparticles, in

ILs through ionothermal synthesis, appears highly promising [14, 25, 48–55].

Nanoparticles and ionic liquids go more and more together for materials chemistry

[27, 56]. ILs have excellent solvent properties, such as negligible vapor pressure,

high thermal stability, high ionic conductivity, a broad liquid-state temperature

[BMIm]+ = 1-n-butyl-3-methyl-imidazolium ([BMI]+, [C4mim]+)

N[BtMA]+= n-butyl-tri-methyl-ammonium

Cations:

N N N N

N N
[EMIm]+ = 1-ethyl-3-methyl-imidazolium

N
N

N
[Guan]+ = 1,1-dibutyl-2,2,3,3-tetramethyl-guanidinium

[TBA]+ = tetra-n-butyl-ammonium,
[TBP]+ = tetra-n-butyl-phosphonium,

nBu4N+

nBu4P+

N

N

N

N

N N

C16H33

C16H33
C16H33(3 [BF4]–)

[tris-Im]+ = tris-imidazolium salt

[BMPy]+ = 1-butyl-1-methyl-pyrrolidinium N

N NH25C12

[C12MIm]+

[C10MIm]+

= 1-n-dodecyl-3-methyl-imidazolium

N NH21C10
= 1-n-decyl-3-methylimidazolium

[Me3PrN]+ = trimethyl-n-propyl-ammonium

N N[BBIm]+ =1,3-di-n-butyl-imidazolium

Chloride, Cl–

tetrafluoroborat, [BF4]–

hexafluorophosphate, [PF6]–

Anions:

S

O

O

O

F3C

S

O

OH

CF3S

O

N

O

F3C

trifluoromethylsulfonate, triflate, [TfO]–

(trifluoromethanesulfonate) (TfMS)

bis(trifluoromethylsulfonyl)amide, [Tf2N]–

(N-bis(trifluoromethanesulfonyl)imide)
(TFSA)

N

ethylsulfate (ES), EtSO4
–

methylsulfonate (MS), MeSO3
–

trifluoroacetate, [TFA]–, F3C-CO2
–

[citrate]– =
COO–

HO COOH

COOH

Fig. 3 Cations and anions of nonfunctionalized ILs. For functionalized IL cations see Fig. 5.

The abbreviations given in the literature vary
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range, and the ability to dissolve a variety of materials [57, 58]. The combination

of undirected Coulomb forces and directed hydrogen bonds leads to a high attrac-

tion of the IL building units. This induces the (high) viscosity, negligible vapor

pressure, and three-dimensional network in ILs. Figure 4 suggests how the IL

network could provide the needed electrostatic and steric (¼ electrosteric) stabili-
zation through the formation of an ion layer around metal nanoparticles [24, 26, 27].

The type of this ion layer, IL-anion or IL-cation, is still a matter of some discussion

[27, 37].

ILs provide an electrostatic protection forM-NPs according to DLVO (Derjaguin–

Landau–Verwey–Overbeek) theory [59–65] which predicts that the IL-anions should

be the primary source of stabilization for the electrophilic metal nanoparticles [59].

Thiol- [38–40], ether- [41], carboxylic acid- [37], amino- [37, 42], hydroxyl-

[39, 66, 67], or nitrile- [68–70] functionalized imidazolium cations can stabilize

metal NPs even more efficiently through the added functional group (Fig. 5). The

OH-functionalized IL [HOEMIm][Tf2N] gave smaller Pd-NPs with diameter

4.0 � 0.6 nm compared with Pd-NPs isolated from the nonfunctionalized IL

[BMIm][Tf2N] with diameter 6.2 � 1.1 nm (cf. Table 1) [67]. The donor atom of

the functional group on the cation can attach to the metal nanoparticle like a

stabilizing capping ligand possibly together with parallel coordination of the

imidazolium plane (Fig. 6) [17, 37, 41, 111–113].

4 Synthesis of Metal Nanoparticles in Ionic Liquids

Metal nanoparticles are obtained in ionic liquids from metal salts by either one of

the following ways [114]: (1) chemical reduction [71, 76, 78, 79, 81, 104, 115–118],

(2) photochemical reduction [119, 120], or (3) electroreduction/electrodeposition

[121–123]. Compounds with zerovalent metal atoms, such as metal carbonyls
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N NHO

1-triethylene glycol monomethyl ether-3-methyl-imidazolium

N NO
OMeO

3.3'-[disulfanylbis(hexane-1,6-diyl)]-bis(1-methyl-imidazolium)

N NS 2

N NX

X

N NX

X

X

X

thiol-functionalized imidazolium ILs,
e.g., 1-(2',3'-dimercaptoacetoxypropyl)-3-methyl-imidazolium

N NHO

OH

N NHO

OH

OH

OH

hydroxy-functionalized imidazolium ILs ,
e.g., 1-(2',3'-dihydroxypropyl)-3-methyl-imidazolium

X = O(CO)CH2SH

1-methyl-3-(2'-mercaptoacetoxyethyl)-imidazolium

N NO
HS

O

O

1-carboxymethyl-3-methyl-imidazolium

N NH2N
1-aminoethyl-3-methyl-imidazolium

N NHO
1-(2'-hydroxylethyl)-3-methyl-imidazolium

1-butyronitrile-3-methyl-imidazolium

N N
N

[TriglyMIm]+ =

[ShexMIm]+ =

[HSIm]+ =

[HOEMIm]+ =

[HOIm]+ =

[HSCO2Im]+ =

[CMMIm]+ =

[AEMIm]+ =

[NCBMIm]+ =
[C16HOEIm]+ =

S-3-hexadecyl-1-(2-hydroxy-1-methylethyl)-imidazolium

N N C16H33HO

[BMMor]+ =

N-butyl-N-methyl-morpholinium

N

O

MenBu

1-(3-carboxyethyl)-3-methyl-imidazolium

N NHO

O

[CEMIm]+ =

N N

1-(4'-hydroxylbutyl)-3-methyl-imidazolium

[HOBMIm]+ =

HO

N N

N N

N N
2 Tf2N–

n n

[BIMB]2+ = 4,4'-bis-[(1,2-dimethylimidazolium)methyl]-2,2'-bipyridine
[BIHB]2+ = 4,4'-bis-[7-(2,3-dimethylimidazolium)heptyl]-2,2'-bipyridine

[BIMB][Tf2N]2 n = 1
[BIMB][Tf2N]2 n = 7

N N

N N

n n

2 Br–

1·2Br n = 7
2·2Br n = 9
3·2Br n = 15

N N

N N

SS

9 9

2 Br–

9 9

OMe

4·2Br

N NN N12

2 Br–

5·2Br

[Gem-IL]2+ = gemini / geminal-ILs

Fig. 5 Examples of functionalized imidazolium cations [37–42]
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Mx(CO)y [24, 117, 124, 125] or [Ru(COD)(COT)] (see Sect. 4.6) [91, 126], give

metal nanoparticles by thermal, photolytic, or chemical decomposition. Extra stabi-

lizing molecules or organic solvents are not needed in ILs but are added in some cases

[19, 24, 27, 65, 127].

4.1 Chemical Reduction

Table 1 compiles metal nanoparticles which have been obtained from the reduction

of metal salts and complexes in ionic liquids. Frequent reducing agents are H2 gas,

sodium citrate, ascorbic acid, and imidazolium cations of ILs, NaBH4, or SnCl2.

The synthesis of M-NPs by reduction is carried out in batch reactions using glass

flasks, but also microfluidic reactors have been reported for the fabrication of metal

nanoparticles of cobalt, copper, platinum, palladium, gold, silver, and core–shell

particles [93].

Noble metal nanoparticles, such as Pd- or Ir-NPs, can be synthesized in the

presence of imidazolium ILs from metal salts without an added reducing agent [78,

81, 85, 128]. Pd-N-heterocyclic carbene complexes may form as intermediates

preceding the formation of Pd-NPs (Fig. 7) [79, 80, 128]. Imidazolium salts are

precursors for stable carbenes and mild reducing agents [129].

Thermal reduction/decomposition of Pd(OAc)2 to black Pd-NP dispersion in

hydroxyl-functionalized ILs with the 1-(20-hydroxylethyl)-3-methylimidazolium

[HOEMIm]+ cation and nonfunctionalized control IL argued against the alcohol

group in the [HOEMIm]+ cation as reductant according to unchanged 1H NMR

spectra [67]. The influence of anions on the decomposition rate of Pd(OAc)2 was

given in the order [Tf2N]
�, [PF6]

�>[BF4]
�>[OTf]�>[TFA]�.

Decomposition of the organometallic Pt(IV) precursor (MeCp)PtMe3 in the ILs

[BMIm][BF4] and [BtMA][Tf2N] also does not require a separate reductant and

leads to small, crystalline, and longtime stable Pt-nanoparticle (Pt-NP) dispersions

(Fig. 8) [89].

The salt AgBF4 can be reduced with H2 in n-butyl-methyl-imidazolium ionic

liquids with different anions to yield Ag-NPs which increase in size with the size of

N

N

N

N

FG

N

N

FG

a b c

M-NP M-NP M-NP

FG

Fig. 6 Possible coordination modes of imidazolium cations with functional groups (FG) to metal

nanoparticles [111]
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the ionic liquid anion (Fig. 9). The acidic HBF4 side product needs to be scavenged

with a base in order not to perturb the ionic liquid matrix. N-Butylimidazole (BIm)

was the base of choice because it gave a [BHIm]+ cation which closely resembled

the [BMIm]+ cation (Fig. 9) [115].

Gold nanoparticles are among the best-studied particles in nano- and materials

science due to their electronic, optical, thermal, and catalytic properties associated

with possible applications in the fields of physics, chemistry, biology, medicine,

and materials science [130]. Au-NPs can be reduced from gold salts, e.g., KAuCl4
or auric acid, HAuCl4, by citrate which in addition acts as a coordinating ligand

(Turkevich route) [131]. This reduction could also be carried out in the IL 1-ethyl-

3-methylimidazolium ethyl sulfate [EMIm][EtSO4] and the Au-NP shape adjusted

PdX2 + 2 N N

A

N N

Pd2+

NN

Pd0-NPsR R'
–2 HX

H

R R'

R' R

Δ

2 A

Fig. 7 Pd-carbene formation with imidazolium IL as an intermediate to Pd-NPs [80]

CH3

Pt
H3C

CH3

CH3

microwave
irradiation,
photolysis, hν
or
conventional
heating

IV

[BMIm][BF4],
[BtMA][Tf2N]

Fig. 8 Decomposition of the air and moisture stable organometallic Pt(IV) precursor (MeCp)

PtMe3 in ILs to well-defined, small, crystalline, and longtime (>10 months) stable Pt-nanocrystals

without any additional reducing agents. High-angle annular dark-field-scanning transmission

electron microscopy (HAADF-STEM) images with particle diameter distributions in histograms,

top row: freshly prepared sample with NP diameter distribution Ø 1.1 � 0.5 nm, based on

703 particles; bottom row: sample after 331 days, Ø 1.2 � 0.4 nm, based on 518 particles

[89]. Reprinted from [89] with permission from the author; © 2012 The Royal Society of

Chemistry
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by addition of a silver salt [96]. Cellulose is a reductant, morphology- and size-

directing agent for Au-NPs from HAuCl4 so that gold nano-plates with a thickness

from 300 nm at 110�C to 800 nm at 200�C were synthesized [104]. Variation of the

molar Au(III):Sn(II) ratio gave Au-NPs in different sizes in a stepwise, stop-and-go

nucleation, nanocrystal growth process. The Au-NP growth could be stopped and

resumed at different color steps and sizes from 2.6 to 200 nm (Fig. 10) [109].

Gold nanoparticles are obtained from Au(CO)Cl or KAuCl4 in imidazolium ILs

without an added reducing agent. The reductive thermal, photolytic, or microwave-

assisted decomposition was carried out in the presence of n-butyl-imidazole as a

scavenger (Fig. 11). The nanoparticles of about 1–2 nm diameter in [BMIm][BF4]

Ag-NPs

AgBF4

N N X–

H2 / 4 atm, 85 °C, 2 h

–HBF4

N N N N H BF4
–

[BHIm][BF4]

in-situ acid
scavenging

[BMIm][X]

Fig. 9 Formation of Ag-NPs by hydrogen reduction of AgBF4 with an imidazole scavenging

process in [BMIm][X]. The TEM image shows the Ag-NPs in [BMIm][BF4] (Ø 2.8 � 0.8 nm).

The Ag particle size increases with the size of the X� anion from BF4
� < PF6

� < TfO� < Tf2N
�

[115]. TEM reprinted from [115] with permission from the author; © 2008 American Chemical

Society

2 KAuCl4 + 3 SnCl2 2 Au0 + 2 SnCl4 + K2[SnCl6]
(excess) RT (Au-NP)

[BMIm][BF4]

N N BF4
–

Fig. 10 Selected colors with given molar Au: Sn ratios during the step-by-step Au-NP growth

process. The color change represents the transition of Au-NPs from nonmetallic (white/yellow) to
metallic and crystalline (red and purple) particles. Because of the weakly coordinating nature of

the IL, the gold nanoparticle growth can be stopped and resumed here reproducibly by the

controlled dropwise addition of a KAuCl4 solution to a mixture of SnCl2/IL at every different

color step, which is size dependent for Au-NPs. Such a stop-and-go nanoparticle growth would not

be possible in the presence of strongly coordinating capping ligands [109]. Cuvette picture

reprinted from [109] with permission from the author; © 2010 The Royal Society of Chemistry
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increase in size with the ionic liquid anion in [BMIm][TfO] and [BtMA]

[Tf2N] [106].

Small Au-NPs of diameter 1.1 � 0.2 nm which are formed without any capping

ligands or surfactants in the IL [BMIm][BF4] can be selectively reduced or oxidized

(quantized charged). A theoretical density functional theory calculation suggests

that the positive or negative cluster charging is accompanied by a switching in the

orientation of the ionic shell from anion to cation [133].

NaAuCl4 and KAuCN2 were reduced in [BMIm][PF6] to gold nanoparticles

which were catalysts for the cyclopropanation of alkenes with ethyldiazoacetate

to yield cyclopropanecarboxylates. In the IL, the stabilized gold catalysts could be

separated and recycled [134].

Carboxylic acid- and amino-functionalized ionic liquids [CMMIm][Cl] and

[AEMIm][Br] (cf. Fig. 5) stabilized gold and platinum nanoparticles in an

aqueous solution. Smaller Au-NPs (3.5 nm) and Pt-NPs (2.5 nm) were prepared

with NaBH4 as reducing agent. Larger gold nanospheres (23, 42, and 98 nm) were

synthesized with trisodium citrate. Simultaneous interactions between imidazolium

ions and its functional groups and the metal atoms were proposed for the M-NP

stabilization (cf. Fig. 6). The metal nanoparticles could be assembled on

multiwalled carbon nanotubes. The imidazolium ring moiety of the ionic liquids

might interact with the nanotube π-surface and the functional group with the M-NPs

surface (cf. Fig. 6c) [37].

The microwave-induced decomposition of the transition metal amidinates

{[Me(C(NiPr)2]Cu}2 and [Me(C(NiPr)2]2Zn in [BMIm][BF4] gives copper and

zinc nanoparticles which are stable in the absence of capping ligands (surfactants)

230 °C, 18 h or MWI or hνAu(CO)Cl
or

KAuCl4

Au-NPs

N N

BF4
–

H

–HCl

N N

N N H
Cl–

in-situ acid
scavenging

[BHIm][Cl]

[BMIm][BF4]

Fig. 11 Formation of Au-NPs (Ø 3.6 � 0.6 nm from Au(CO)Cl in thermal process) with the

imidazole scavenging process in [BMIm][BF4] (cf. Fig. 9). The TEM picture shows the

nanoparticles after 6 weeks of exposure to air [106]. The decomposition of Au(CO)Cl can also

proceed by intramolecular reduction under phosgene formation according to 2 Au(CO)Cl

! 2 Au + CO + COCl2 [132]. TEM reprinted from [106] with permission from the author; ©
2009 Wiley-VCH
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for more than 6 weeks [189]. Co-decomposition of the two amidinates selectively

yields the intermetallic nano-brass phases β-CuZn and γ-Cu3Zn depending on

the chosen molar ratios of the precursors. The bimetallic β-CuZn nanoparticles

were precursors to active catalysts for methanol synthesis from syntheses gas H2/

CO/CO2 with a productivity of 10.7 mol(MeOH)/(kg(Cu)·h) (Fig. 12). STEM

investigation of the CuZn/[BMIm][BF4] dispersion after catalytic methanol forma-

tion still showed particles in the 50 nm diameter range as before the catalysis.

These particles had a high Cu content by energy-dispersive X-ray spectroscopy

(EDX). The regions around the particles were amorphous and contained

mostly ZnO according to EDX. Also powder X-ray diffraction of the separated

particles revealed that only a fraction of the original β-CuZn phase remained with

the rest having turned into crystalline Cu-NPs and amorphous ZnO [189].

From ILs metal nanoparticles can also be deposited onto a support.

Rhodium-NPs (<5 nm) on attapulgite (Rh-Atta) were prepared by reducing immo-

bilized Rh3+ on Atta in the IL 1,1,3,3-tetramethylguanidinium lactate. Cyclohexene

hydrogenation activity of the Rh-Atta composite was much higher than other catalysts

with turnover frequencies reaching 2,700 (mol cyclohexene/mol Rh)/h [135]. Uniform

Pd nanoparticles on Vulcan XC-72 carbon were synthesized from H2PdCl4 and

NaBH4 using G-IL as medium [77].

Hybrids of Au-NP-decorated multiwalled carbon nanotubes (Au-MWCNT)

onto poly(ethylene terephthalate) (PET) films were prepared by a sonochemical

method from HAuCl4·3H2O and MWCNT in [BMIm][BF4] [108]. Au-NPs can

also be deposited onto a polytetrafluoroethylene (PTFE, Teflon) surface [106].

Poly(vinylpyrrolidone) (PVP)-stabilized Au-NPs were encapsulated into titania

microwave irradiation
50 W,10 min, 220°C

β-CuZn (a = b)
or

γ-Cu3Zn
(a = 3, b = 1)Zn

N

iPr

N
iPr

Me
N

N
Me

iPr

iPr

CuN

N Cu
Me

iPr

iPr

N

N

iPr

iPr

Mea

b

[BMIm][BF4]

[BMIm][BF4]

CH3OHH2 + CO + CO2

1.0 wt% β -CuZn in

74 : 20 : 6v:v:v 5.0 g CuZn/IL dispersion
p(total) = 35 bar,

T = 140 °C, 180°C
or 220 °C,

t(max) = 300 min

β-CuZn

Fig. 12 Microwave-assisted thermal co-decomposition of copper and zinc amidinates to mono-

metallic (not shown) and bimetallic Cu/Zn-NPs in IL. The high-angle annular dark-field-scanning

TEM (HAADF-STEM) image of a 1.0 wt% β-CuZn dispersion in IL gave a median diameter of

51 � 29 nm. The β-CuZn/IL dispersion could be employed as precursor for the conversion of

syngas to methanol without any catalyst deactivation up to 300 min (5 h) at different temperatures
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xerogels with [BMIm][PF6] as medium. Then the IL was removed by solvent

extraction and the PVP calcinated. The average Au-NP diameter was 8.8 � 2.5 nm

after calcination [136].

Hybrid materials of platinum nanoparticles and thiol-functionalized thermally

reduced graphite oxide (TRGO-SH) were synthesized by thermal decomposition of

the organometallic precursor (MeCp)PtMe3 in dispersions of TRGO-SH in [BMIm]

[BF4] under microwave heating conditions (Fig. 13) [137]. Thiol groups on TRGO

assist the deposition of Pt-NPs through a possible dual role of anchor groups and

nucleation centers. The IL also helps to exfoliate and separate the graphene sheets

in order to increase the surface area and accessibility for deposition of Pt-NPs [137].

4.2 Photochemical Reduction

UV photolysis of (MeCp)PtMe3 in [BMIm][BF4] and [BtMA][Tf2N] yielded

Pt-NPs of 1.1 � 0.5 nm diameter (1 day old) or 1.2 � 0.4 nm (aged 331 days)

(Fig. 8). Complete decomposition was verified by 1H-NMR spectroscopy

through the absence of the characteristic signals from the Pt–Me groups of

(MeCp)PtMe3 [89].

TRGO

OHSH SH

SHHS

+ Pt-NP

microwave
heating,
15min

TRGO

OHSH SH

SHHS
[BMIm][BF4]CH3

Pt
H3C

CH3

CH3

IV

TRGO-SH

Pt-NP@TRGO-SH

Fig. 13 Schematic presentation of the formation of Pt@TRGO-SH hybrid materials in IL with

threemagnifications of TEM images. The Pt-NP loading is 3.2 wt%with amedian particle diameter

of 9 � 4 nm. Reprinted from [137] with permission from the author; © 2014 Elsevier B.V
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Irradiation of AgClO4 with a high-pressure mercury lamp in a mixture of an IL,

water, Tween 20 (polyoxyethylene sorbitan monolaurate), and benzoin as photo-

activator gave Ag-NPs with average diameters of 8.9 and 4.9 nm in water/[BMIm]

[BF4] and water/[OMIm][BF4] (1-octyl-3-methylimidazolium) microemulsions,

respectively [138].

UV irradiation of HAuCl4·4H2O in a [BMIm][BF4]/acetone mixture (ratio 10:1)

turned the acetone into a free radical which reduced Au(III) to Au nanosheets of

about 4 μm length and 60 nm thickness [119]. UV irradiation of HAuCl4 in 1-decyl-

3-methyl-imidazolium chloride/water gave differently shaped nanorods with

lengths between 100 and 1,000 nm [120]. Photolysis of Au(CO)Cl in [BMIm]

[BF4] (cf. Fig. 11) yielded Au-NPs with large diameters of 61 � 43 nm [106].

4.3 Sonochemical (Ultrasound) Reduction

Ultrasound irradiation of Pd(OAc)2 or PdCl2 in [BBIm][Br] or [BBIm][BF4] for

1 h yielded nearly spherical Pd-NPs with a diameter of 20 nm. The formation

of a Pd–biscarbene intermediate and its subsequent sonolytic conversion to Pd

nanoparticles (cf. Fig. 7) was established by NMR/MS and TEM analyses [79].

Au-NP-decorated MWCNT-hybrids were prepared by the ionic liquid-assisted

sonication onto PET films. Sonication of a HAuCl4·3H2O, MWCNT, and [BMIm]

[BF4] mixture for 60 s gave Au-NPs with narrow size distribution of 10.3 � 1.5 nm

decorated onto the surface of ionic liquid-wrapped MWCNTs [108]. Ultrasound

was also used for the synthesis of ionic-liquid-functionalized multiwalled carbon

nanotubes decorated with highly dispersed Au nanoparticles from HAuCl4·3H2O in

the presence of 1-(3-aminopropyl)-3-methylimidazolium bromide and dicyclohex-

ylcarbodiimide in DMF solution [139].

4.4 Electro(chemical) Reduction

Ionic liquids are conducting and have a wide electrochemical window of up to 7 V

which makes them nearly inert in electrolytic processes. A clean route to prepare

metal nanoparticles in ionic liquids is electroreduction with electrons as the only

metal-reducing agent (see also Sects. 4.5 and 4.5.2). However, the size of the metal

nanoparticles from electroreduction is often above the 100 nm definition limit for

nanoparticles.

The technique of pulsed electrodeposition (PED) [140, 141] was used to deposit

nanocrystalline Ni [142], Pd [143], Cu [144], Fe [145], Cr [146], and other metals

with normal potentials E� > 0 V as well as nanoalloys NixFe1�x and NixCu1�x

[147] from aqueous electrolytes. Less-noble metals like Al, Mg, and W and their

alloys cannot be electrodeposited from aqueous electrolytes but from ionic liquids

[140, 141]. Table 2 provides an overview on nanostructured metals which were

electrodeposited from ILs.
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4.5 Gas-Phase Synthesis

Gas-phase synthesis can be divided in gas-phase condensation and flame pyrolysis

and is very effective for high purity nanoparticle products. In gas-phase condensa-

tion, the metal is vaporized from heated crucibles by electron or laser beam

evaporation or sputtering and condensed here onto an ionic liquid. When a precur-

sor compound is decomposed, the process is called chemical vapor condensation or

Table 2 Nano-metals by electrodeposition in ILs

Metal

Metal

precursor Ionic liquida Size and remarks References

Monometallic

Fe FeCl3,

anhydrous

[BMIm][Cl] 40–160 nm by variation of the

DC-current density

[148]

Pd Pd-foil [BMMor]

[BF4]

Nearly 0.5 nm size control with

2.0 � 0.1, 2.2 � 0.3,

2.4 � 0.3, 2.9 � 0.3,

3.5 � 0.5, 3.9 � 0.6, and

4.5 � 0.9 nm; particle size

increased with a decrease in

the current density and an

increase in temperature and

electrolysis duration

[149]

Cu CuCl [BMIm][PF6] 10 nm, at electrode potential of

�1.8 V

[150]

Ag Ag(TfO) [EMIm][TfO] Nanowires 3 μm long and 200 nm

wide

[151]

Ag@TiO2 AgBF4 [BMIm][BF4] Dendritic network [152]

Au@PANI HAuCl4·3H2O [EMIm][Tos]/

CF3COOH

500–800 nm Au-NPs distributed

in polyaniline (PANI) matrix

[153]

Au@graphene HAuCl4 [BMIm][PF6] 10 nm Au-NPs by simultaneous

reduction of graphite oxide

and HAuCl4 at �2.0 V

[154]

Al AlCl3,

anhydrous

[EMIm][Cl] Crystallite sizes from 10 to 133 nm

with aromatic and aliphatic

carboxylic acid additives and

by temperature variation

[148]

Bimetallic

AlxMn1�x MnCl2 [BMIm]

[Cl]/AlCl3

25 [148]

AlxIn1�x InCl3 [BMIm]

[Cl]/AlCl3

25 [148]

aFor nonfunctionalized ILs, see Fig. 3; for functionalized ILs, see Fig. 5
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chemical vapor synthesis. In flame pyrolysis, the gaseous or liquid precursors are

decomposed by a combustion reaction [155]. The negligible vapor pressure of ILs

allows to use them in methods requiring vacuum conditions. For metal nanoparticle

synthesis, such methods are magnetron sputtering onto ILs, plasma reduction in

ILs, physical vapor deposition onto ILs, and electron beam and γ-irradiation to

ILs [34].

4.5.1 Magnetron Sputtering

The sputtering of clusters or atoms onto ILs to give nanoparticles is possible for all

elements that can be ejected from a target by Ar+ and N2
+ plasma ion bombardment.

Thus, Au, Ag, Pt, and other M-NPs with diameters of less than 10 nm were prepared

by magnetron sputtering. The surface tension and viscosity of the IL are important

factors for the nanoparticle growth and stabilization [34].

Indium nanoparticles were obtained by sputter deposition of indium into

[BMIm][BF4], [EMIm][BF4], [(1-allyl)MIm][BF4], and [(1-allyl)EIm][BF4]. The

In-NP surface was covered by an amorphous In2O3 layer as In/In2O3 core–shell

particles. The size of the In core was tunable from ca. 8 to 20 nm by choice of the

IL [156].

Platinum nanoparticles were produced by Pt sputtering onto [Me3PrN][Tf2N]

with mean particle diameters of 2.3–2.4 nm independent of sputtering time [157].

Gold nanoparticles of 1–4 nm size were prepared by sputter deposition of the

metal onto the surface of [BMIm][BF4] [158] and [BMIm][PF6] [159]. In the latter,

the size of Au nanoparticles was increased from 2.6 to 4.8 nm by heat treatment at

373 K [159]. Au-NPs of 3–5 nm diameter were obtained by sputtering onto several

imidazolium ILs [160].

4.5.2 Plasma Deposition Method, Glow-Discharge (Plasma)

Electrolysis

A plasma is a gas which is partially ionized, becomes electrically conductive,

and has collective behavior. Plasma deposition is also called glow-discharge

electrolysis (GDE) [34], plasma electrochemical deposition (PECD) [140, 141,

155], or gas–liquid interfacial discharge plasma (GLIDP) [161]. It is an electro-

chemical technique in which the discharge is initiated in the gas between a metal

electrode and a solution by applying a high voltage. In ionic liquid glow-discharge

electrolysis (IL-GDE), the discharge is initiated in the gas between the metal

electrode and the ionic liquid solution. The plasma is regarded as an electrode

because of the deposition of the materials at the interface of ionic liquid and plasma.

In IL-GDE the precursor material is dissolved in the IL and is reduced with free

electrons from the plasma [155, 162]. Table 3 lists metal nanoparticles which were

obtained by IL-GDE.
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4.5.3 Physical Vapor Deposition Method

Physical vapor deposition uses laser beam evaporation of the metal and condensa-

tion onto an ionic liquid under vacuum. It offers an easy and fast method for the

preparation of stable metal and metal-oxide particles. The use of nonvolatile ILs

avoids the otherwise needed freezing of the solvent as well as additional

stabilizers [170].

Evaporization of elemental Cu powder under high vacuum (10�6 Torr) onto the

surface of [BMIm][PF6] or [BMIm][Tf2N] generated Cu nanoparticles with an

average diameter of 3 nm. Cu metal was also vaporized into an IL dispersion of

ZnO to give Cu-NPs with ~3.5 nm diameter on or near the ZnO surface [170].

Gas-phase deposition gave Au-NPs whose average diameter (∅) depended on the

IL: [BMIm][BF4] ∅ 7 nm, [BMIm][Tf2N] ∅ 4 nm, [BMPy][Tf2N] ∅ 20–40 nm,

[BMIm][DCA] (DCA ¼ dicyanamide) initial ∅ 10 nm, later 40–80 nm, and

[P66614][DCA] (P66614 ¼ trishexyltetradecylposphonium) ∅ 50 nm [170].

4.5.4 Electron Beam and γ-Irradiation

Very strong electron beam and γ-irradiation of an IL with a dissolved metal

salt yield solvated reducing electrons and/or radicals which generate the metal

nanoparticles [34].

Accelerator electron beam and γ-irradiation of NaAuCl4·2H2O gave Au-NPs at

6 and 20 kGy in [BMIm][Tf2N]. From accelerator electron beam irradiation,

spherical Au nanoparticles were formed with a mean diameter of 7.6 � 1.5 nm at

6 kGy irradiation and of 26.4 � 3.7 nm at 20 kGy. The γ-irradiation gave smaller

Table 3 Nanoparticles by plasma deposition method (glow-discharge plasma electrolysis) in ILs

Metal Metal precursor Ionic liquida
Average particle diameter � standard

deviation/nm References

Pd PdCl2 [BMIm][BF4] 32.7 [163]

Cu Cu(TfO)2 [BMPy][TfO] ~40, deposited on gold surface [164]

Cu [EMIm][Tf2N] ~11 [165]

Cu [BMPy][Tf2N] ~26 [165]

Ag AgNO3/Ag(TfO) [BMIm][TfO] ~8–30 [155, 166]

Ag(TfO) [EMIm][TfO] 20 [155, 164]

AgBF4 [BMIm][BF4],

[BMIm][PF6]

<100, at glassy carbon electrode [167]

Au HAuCl4 [BMIm][BF4] ~2; as Au-NP-DNA encapsulated

SWNTsb
[161]

HAuCl4·4H2O [BMIm][BF4] 1.7 � 0.8, in presence of PVPc [168]

Al AlCl3 [BMPy][Tf2N] ~34, 20–64, deposited on gold surface [164]

Ge GeCl2 dioxane [EMIm][Tf2N] <50 [169]
aFor nonfunctionalized ILs, see Fig. 3; for functionalized ILs, see Fig. 5
bSWNTs single-walled carbon nanotubes
cPVP polyvinylpyrrolidone
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Au-NPs with 2.9 � 0.3 nm and 10.7 � 1.7 nm at 6 kGy and 20 kGy, respectively,

in [BMIm][Tf2N]. It was emphasized that the prepared Au-NPs were stable without

the need for a coordinating additive for more than 3 months [171]. A low-energy

electron beam irradiation was used to synthesize 122 nm Au-NPs from

NaAuCl4·2H2O in [BMIm][Tf2N] [172].

4.6 Metal Nanoparticles from Zerovalent Metal Precursors

4.6.1 Metal Nanoparticles from Metal Carbonyls, Mx(CO)y

The binary metal carbonyls Cr(CO)6, Mo(CO)6, W(CO)6, Mn2(CO)10, Re2(CO)10,

Fe(CO)5, Fe2(CO)9, Fe3(CO)12, Ru3(CO)12, Os3(CO)12, Co2(CO)8, Co4(CO)12,

Rh4(CO)12, Rh6(CO)16, Ir4(CO)12, and Ni(CO)4 are commercially available from

Aldrich, ABCR, or Acros. Fe(CO)5 and Ni(CO)4 are industrially produced on a

multiton scale [173]. Most metal carbonyls Mx(CO)y are easily purified and han-

dled, even if care should be exerted for the possible liberation of poisonous CO. The

metal carbonyls contain the metal atoms already in the zerovalent oxidation state,

and a reducing agent is not needed for M-NP synthesis. The side product CO is

removed through the gas phase. Thus, contamination from by- or decomposition

products is greatly reduced. Hence, metal carbonyls were already long used for the

preparation of M-NPs but without ILs. Much of the work on Fe- or Co-NPs from

Mx(CO)y dealt with magnetic NPs [174].

Metal nanoparticles were reproducibly obtained by conventional thermal

decomposition (180–250�C, 6–12 h), by UV photolysis (1,000 W, 15 min), or by

easy, rapid (few minutes), and energy-saving (as low as 10 W) microwave irradi-

ation (MWI) under an argon atmosphere from their metal carbonyl precursors

Mx(CO)y in ILs (Fig. 14, Table 4). The M-NP synthesis in IL from Mx(CO)y
again does not require any additional stabilizers, surfactants, or capping molecules

to give long-term stable M-NP/IL dispersions [30, 31].

Ionic liquids have a significant absorption efficiency for microwave energy

because of their high ionic charge, high polarity, and high dielectric constant and,

thus, are attractive media for microwave reactions [35]. Microwave heating is

extremely rapid. The low-frequency energy source of microwaves is remarkably

adaptable to many types of chemical reactions [179]. Microwave radiation can

interact directly with the reaction components. The reactant mixture absorbs the

microwave energy and localized superheating occurs resulting in fast and efficient

heating times [180, 181]. The use of microwaves is a rapid way to heat reactants

compared with conventional thermal heating. Any presumptions about abnormal

“microwave effects” [182–184] have been proven wrong in the meantime [185,

186]. Microwaves are also an “instant on/instant off” energy source which reduces

the risk of overheating reactions [179, 180].

Complete Mx(CO)y decomposition from the short 3–10-min microwave irradi-

ation was verified by Raman or IR spectroscopy through the absence of (metal)
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carbonyl bands around 2,000 cm�1 (Fig. 15) [30, 31, 111, 117]. For W- and

Rh-NPs, it was shown that the diameter increases with the molecular volume of

the ionic liquid anion (similar to Ag-NPs, cf. Fig. 9) [124].

Examples of TEM pictures of metal nanoparticles obtained by microwave

irradiation or UV photolysis from their metal carbonyl precursors Mx(CO)y in

[BMIm][BF4] are given in Fig. 16 [117].

The synthesis of Co-NPs and Mn-NPs from Co2(CO)8 and Mn2(CO)10, respec-

tively, in the functionalized IL 1-(3-carboxyethyl)-3-methyl-imidazolium

tetrafluoroborate [CEMIm][BF4] yields smaller and better separated particles

(1.6 � 0.3 nm and 4.3 � 1.0 nm, respectively) than in the nonfunctionalized IL

[BMIm][BF4] (5.1 � 0.39 nm and ~29 � 12 nm, respectively) (see Table 4) under

the same conditions which is an indication of a rather strong interaction of the

IL-carboxy group with the nanoparticles [111].

4.6.2 Metal Nanoparticles from Zerovalent Metal Precursors Other

Than Mx(CO)y

Other organometallic compounds with zerovalent metal atoms are [Ru(COD)

(COT)] and [Ni(COD)2] (COD ¼ 1,5-cyclooctadiene, COT ¼ 1,3,5-cyclooctatriene).

Hydrogen as a reagent was used to hydrogenate the ligands COD and COT to

cyclooctane and thereby dissociate them from the Ru(0) or Ni(0) atom [91, 118, 126,

187]. [Ru(COD)(COT)] and [Ni(COD)2] were dissolved in imidazolium ILs and the

mixture heated with 4 bar of hydrogen under different conditions to obtain the metal

nanoparticles (Table 5).

Ruthenium nanoparticles from [Ru(COD)(COT)]/H2 in various 1-alkyl-3-

methyl-imidazolium ionic liquids showed a relationship between the Ru-NP diam-

eter and the size of IL nonpolar domains [188]. This suggested that the size of the

nanoparticles is governed by the degree of self-organization of the imidazolium

ionic liquid in which they are generated: the more structured the ionic liquid, the
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Fig. 14 Schematic presentation for the formation of M-NPs from Mx(CO)y/IL dispersions by

conventional thermal heating, photolysis, or microwave-induced heating
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smaller the size [91]. The stabilization of Ru-NPs in imidazolium ILs is further

related to the presence of surface hydrides and their confinement in nonpolar

domains due to the continuous 3-D network of ionic channels [191].

Very small (ca. 1.2 nm) and stable Ru-NPs were obtained from [Ru(COD)

(COT)]/H2 in the imidazolium ILs [CxMIm][Tf2N] (Cx ¼ CnH2n+1 where n ¼ 2,

4, 6, 8, 10) in the presence of amine ligands (1-octylamine, 1-hexadecylamine)

which act as coordinating ligands [192].

Ni(COD)2 also decomposes thermally in 1-alkyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)amide ionic liquids [118] or in [BMIm][BF4] under

microwave heating to Ni nanoparticles [193]. Thermal co-decomposition of

[Ni(COD)2] and GaCp* in [BMIm][BF4] in 1:1 or 1:3 molar ratio gave the stable

nanoalloys NiGa and Ni3Ga, respectively (Fig. 17) [193].

Fig. 15 Raman–Fourier-transform spectra of W(CO)6 and Ir4(CO)12 in [BMIm][BF4] before and

after 3 min 10 Wmicrowave irradiation (MWI). Red boxes highlight the indicative metal carbonyl

bands [117]. Adapted from [117] with permission from the author; © 2010 Wiley-VCH

Fig. 16 TEM photographs. Left: Re-NPs from Re2(CO)10 by MWI in [BMIm][BF4],∅ 2.4 � 0.9

nm. Right: Ru-NPs from Ru3(CO)12 by photolysis in [BMIm][BF4],∅ 2.0 � 0.5 nm (cf. Table 4)

[117]. Reprinted from [117] with permission from the author; © 2010 Wiley-VCH
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4.6.3 Catalytic Applications of Metal Nanoparticles Derived

from Mx(CO)y

Nonfunctional ionic liquids contain only weakly coordinating cations and anions

(see Fig. 3) which bind less strongly to the M-NP surface than coordinating capping

or protective ligands. Hence, metal nanoparticles in ILs should be effective

catalysts, and a number of catalytic reactions have successfully been carried out

in ILs [12, 194]. Nonvolatile ILs fit into the context of “green catalysis” [195]

which requires that catalysts be designed for easy separation from the reaction

products and multi-time efficient reuse [35, 196, 197]. The miscibility of ILs with

organic substrates can be designed to allow for phase separation and decantation

[197] or removal of volatile products by distillation in vacuum. At the same time,

the IL is able to retain the M-NPs for catalyst reuse and recycling. It was already

demonstrated that M-NP/IL systems were quite easily recyclable and reusable for

several times without significant catalytic deactivation [24]. In hydrogenation

reactions with Rh- or Ru-NP/IL systems, the catalytic activity did not decrease

upon repeated reuse [117, 124]. The catalytic properties (activity and selectivity)

put dispersed M-NPs closer to heterogeneous (multisite, surface-like) than to

homogeneous (single-site) catalysts [198, 199].

The hydrogenation of internal alkynes with Pd-NPs at 25�C under 1 bar of

hydrogen yields Z-alkenes with up to 98% selectivity. At higher hydrogen pressure

Fig. 17 Microwave-assisted thermal co-decomposition of [Ni(COD)2] and GaCp* to bimetallic

Ni/Ga-NPs in IL. The high-angle annular dark-field-scanning TEM (HAADF-STEM) image of a

1.0 wt% NiGa dispersion in IL gives diameters between 7 and 29 nm (average 14 � 9 nm). PXRD

provides evidence for NiGa as the single crystalline component with reference data in red taken

from ICSD No: 103854 (NiGa). The slightly broadened reflections suggest crystallite domain sizes

of 21 � 10 nm as calculated with the Scherrer equation [190]. The NiGa/IL dispersion could be

employed for the catalytic semihydrogenation of 1-octyne or diphenylacetylene (tolan, not depicted)

to 1-octene or diphenylethylene in about 90% yield and with up to 94 or 87% selectivity, while

Ni-NPs under the same conditions yield the alkanes in 97 or 78% selectivity, respectively [193]
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(4 bar), alkanes were exclusively obtained without detection of any alkenes. TOF

values reached 1,282 h�1 with good recyclability of the system and no loss of

activity for at least four runs [85].

Ru-, Rh-, and Ir-NP/[BMIm][BF4] dispersions were active catalysts in the

organic-solvent-free hydrogenation of cyclohexene or benzene to cyclohexane

(Fig. 18) [30, 31, 117]. Also, a remarkable partial hydrogenation of benzene to

cyclohexene with Ru-NP/[BMIm][PF6] has been reported [187].

Ruthenium or rhodium nanoparticles could be supported on thermally reduced

graphite oxide (TRGO, “graphene”) with small and uniform particle sizes (Ru 2.2 �
0.4 nm and Rh 2.8 � 0.5 nm) from Ru3(CO)12 and Rh6(CO)16, respectively,

through microwave irradiation of a Mx(CO)y/TRGO/[BMIm][BF4] mixture

(Fig. 19). The hybrid materials Rh-NP@TRGO and Ru-NP@TRGO were directly

catalytically active in hydrogenation reactions. The recyclable M-NP@TRGO

nanocomposites gave a complete conversion of cyclohexene or benzene to cyclo-

hexane under organic-solvent-free conditions (50–75�C, 4 bar H2) with reproducible

and steady activities of 1,570 mol cyclohexene � (mol Ru)�1 � h�1 and 310 mol

benzene � (mol Rh)�1 � h�1 (Fig. 19) [175].

Rhodium nanoparticles could be deposited onto a standard Teflon-coated

magnetic stirring bar which is present during microwave decomposition of

Rh6(CO)16 in [BMIm][BF4]. Such metal nanoparticle deposits were not easy to

remove from the Teflon surface by simple washing with organic solvents.

The barely visible Rh-NP@stirring bar deposits (32 μg or less Rh metal,

Fig. 18 Hydrogenation of cyclohexene to cyclohexane with Ru-, Rh-, or Ir-NP/IL. Activity even

increases over seven runs with the same Ru-NP/[BMIm][BF4] catalyst at 90
�C, 10 bar H2 pressure.

Conversion was intentionally stopped at 95% as thereafter the decrease in cyclohexene concen-

tration lowered the reaction rate [117]. Rh- and Ir-NP/[BMIm][BF4] gave activities of 1,900mol

cyclohexane � (mol Ir)�1 � h�1 and 380 mol cyclohexane � (mol Rh)�1 � h�1 for quantitative

conversion at 4 bar H2 pressure and 75�C [124]
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Ø 2.1 � 0.5 nm, on a 20 � 6 mm magnetic stirring bar) could act as an easy-to-

handle and reusable catalyst in organic-solvent-free hydrogenation reactions with

quantitative conversion and very high turnover frequencies of up to 32,800 mol

cyclohexene � (mol Rh)�1 � h�1 (Fig. 20) [178].

Fig. 19 Scheme for the synthesis of transition metal nanoparticles on thermally reduced graphite

oxide (TRGO) in ILs by microwave treatment and the use of Ru- and Rh@TRGO for hydroge-

nation catalysis with activities for cyclohexene hydrogenation over 10 consecutive runs. TEM

images top row: Ru-NP@TRGO before (left) and after (right) 10 hydrogenation runs; bottom row:
Rh-NP@TRGO before (left) and after (right) 10 hydrogenation runs [175]. Reprinted in part from
[175] with permission from the author; © 2010 Elsevier Ltd
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5 Conclusions

In this review, it is shown that ionic liquids are remarkable and excellent media

for the synthesis and stabilization of metal nanoparticles (M-NPs) without the need

of additional coordinating ligands, polymers, or surfactants. The stabilization of

metal nanoparticles in ILs can be attributed to electrostatic and steric effects from

the Coulomb network properties of ILs which prevent M-NP agglomeration.

Various chemical synthesis methods of metal nanoparticles in ILs allow for

the design of M-NP shapes and sizes. The synthesis of M-NPs can proceed

by chemical, photochemical, sonochemical, and electroreduction as well as

gas-phase deposition methods. A microwave-induced thermal decomposition of

metal carbonyls Mx(CO)y in ILs provides an especially rapid and energy-saving

access to M-NPs because of the significant absorption efficiency of ILs for micro-

wave energy due to their high ionic charge, high polarity, and high dielectric

constant. Metal carbonyls present attractive synthons for M-NPs as they are

readily commercially available and contain the metal atoms already in the required

zerovalent oxidation state needed. No reducing agent is necessary for metal car-

bonyls. The only side product is CO which is removed through the gas phase

and avoids contaminations of the M-NP/IL dispersion. From the IL dispersion,

the M-NPs can be deposited on various surfaces, such as nanotubes and thermally

reduced graphite oxide (TRGO). The formation of bimetallic MM0-NPs in ILs

has just been started, e.g., with intermetallic Cu/Zn-nanobrass and Ni/Ga nanoalloy

phases. M-NP/IL dispersions have been successfully employed in organic-solvent-

free catalytic reactions with multiple recycling of the M-NP catalyst.

Acknowledgment Our work was supported by the Deutsche Forschungsgemeinschaft through

grant Ja466/17-1.

Fig. 20 Rh-NP deposition on a Teflon-coated magnetic stirring bar from an IL dispersion and the

use of Rh-NP@stirring bar in hydrogenation catalysis with high activities [178]. Reprinted in part

from [178] with permission from the author; © 2010 Elsevier Ltd
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Abedin S (2011) Electrochim Acta 56:10295–10305

170. Richter K, Birkner A, Mudring A-V (2010) Angew Chem Int Ed 49:2431–2435

171. Tsuda T, Seino S, Kuwabata S (2009) Chem Commun 6792–6794

172. Imanishi A, Tamura M, Kuwabata S (2009) Chem Commun 1775–1777

173. Kerfoot DGE, Nickel X, Wildermuth E, Stark H, Friedrich G, Ebenhöch FL, Kühborth B,
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Size Control of Monodisperse Metal
Nanocrystals in Ionic Liquids

Pascal Lignier

Abstract During the last decade, a great interest in the preparation of uniform

nanocrystals has offered efficient synthetic strategies to precisely engineer metal,

metal oxide and alloy at the nanoscale. Due to their physicochemical properties,

ionic liquids (ILs) simultaneously demonstrated their potential in different areas

such as nanocrystal synthesis, catalysis and energy. As a result, ionic liquids have

been employed for the preparation of monodisperse nanocrystals and the control of

their size. This chapter highlights the most promising methods for the synthesis of

uniform nanocrystals in ionic liquids which act as a solvent, stabiliser, reducing

agent and even precursor. As a result, successful preparations of nanoparticles in

the presence of ILs are now available for both noble and earth-abundant elements

such as gold, platinum, iridium, silver, palladium, ruthenium, rhodium, copper,

nickel, cobalt and iron.

The formation mechanisms of these nanocrystals are discussed as well as our

mechanistic understanding in conventional organic and aqueous solvents. In addi-

tion, the IL approach is compared to leading methods in conventional solvents to

make possible the identification of general principles for most metallic elements.

By analogy with conventional solvents, these strategies can be adapted to the

preparation of semiconductor nanocrystals. These achievements are going to

drive the identification of relationships between the nature of ILs components, the

physicochemical properties of ILs, the formation of nanocrystals in ILs and the

resulting performances of these nano-objects.
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1 Introduction

Recently, synthetic strategies have been developed for the synthesis of uniform

metal, metal oxide and alloy nanocrystals [1–4]. As a result, bottom-up approaches

in the liquid phase now lead to nanocrystals which can adopt uniform size,

morphology, structure, composition and to some extent, surface chemistry. In

comparison with traditional solvents, ionic liquids (ILs) exhibit a combination of

distinctive physicochemical properties which are precisely selected via the subtle

choice of their cationic and anionic components. As a consequence, ILs are highly

relevant for the synthesis of inorganic and hybrid (inorganic–organic) nano-objects

[5–9]. In 2002, Dupont et al. initiated the synthesis of uniform metal nanoparticles

in ILs [5]; their work demonstrated that ILs are relevant for the synthesis and use in

catalysis of metal nanoparticles as small as 3 nm.

This chapter presents the main synthetic strategies and related mechanisms for

controlling the size of metal, metal oxide and alloy nanocrystals in ionic liquids

(ILs). Successful preparations of nanoparticles in the presence of ILs are now

available for most metallic elements [10, 11]. Interestingly, ILs can act as a solvent,

stabiliser, reducing agent or even precursor. The resulting nanocrystals offer dif-

ferent properties (catalytic, electronic optical, magnetic). As a consequence, a wide

range of innovative nanomaterials has been prepared in ionic liquids for various

applications such as catalysis [12, 13] and energy storage [14]. In this chapter, the

IL approach is compared to leading strategies in conventional solvents to make

possible the establishment of general principles for the preparation of uniform

nanocrystals composed of noble and earth-abundant elements.
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2 Synthesis of Metal Nanocrystals in Conventional
Aqueous and Organic Solvents

During the last decades, scalable preparations of uniform and sophisticated

nanoparticles have been achieved via bottom-up strategies in the liquid phase.

The controlled transformation of metal precursors, which are organometallic com-

plexes or metal salts, occurs via thermal decomposition and reduction steps. A large

temperature range, i.e. from room temperature up to ~380 to 400�C, has been used

for these preparations. Conventional reducing agents are dihydrogen, hydrides

(e.g. sodium borohydride), polyols (e.g. ethylene glycol, 1,2-hexadecanediol),

amines (e.g. hexadecylamine) and monosaccharides (e.g. ascorbic acid) [15].

Whilst metal salts are usually cheaper, organometallic complexes have been

outstanding metal precursors to prepare well-defined nanoparticles [16] and inves-

tigate their surface reactivity as well as the nature, location and dynamics of the

species onto the surface of these nanoparticles in conventional solvents [17]. For

example, the η4-1,5-cyclooctadiene (COD) and η6-1,3,5-cyclooctatriene (COT)

ligands can be hydrogenated to cyclooctane during the synthesis of Ru

nanoparticles from Ru(COD)(COT) under dihydrogen atmosphere at room temper-

ature (Fig. 1). Due to the dissociation of dihydrogen, hydrides are present on the

metal surface. Since alkanes will not significantly interact with the metal surface,

hydrides are the only species on this surface [19, 20]. As a consequence, these well-

defined nano-objects led to significant advances in our understanding of the surface

reactivity of metal nanoparticles [17].

Due to their high surface energy and their high surface-area-to-volume ratio,

nanoparticles tend to agglomerate to decrease their surface area and therefore

Fig. 1 Synthesis of Ru nanoparticles via the room-temperature decomposition of Ru(COD)(COT)

under H2 atmosphere in conventional solvents or ILs (e.g. [C1C4Im][NTf2]; C1C4Im, 1-methyl-3-

n-butylimidazolium; NTf2, bis(trifluoromethylsulphonyl)imide) and the associated formation of

COA due to the reduction of COD and COT [18]
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minimise their total energy. As a consequence, stabilising agents are required to

preserve their nanodimensions. The efficient stabilisation of nano-objects originates

from the appropriate combination of attractive and repulsive interactions. The

attraction between the stabiliser and the nanoparticle surface mainly results from

covalent bonding and electrostatic forces. The repulsion between the stabilisers of

neighbouring nanoparticles is usually presented as the result of electrostatic and

steric effects, as well as their association (electrosteric). For the synthesis of

uniform nanoparticles in conventional solvents, different ligands have been exten-

sively employed as stabilising agents. For example, typical ligands are long alkyl

chains functionalized with an alcohol, amine, carboxylic acid, phosphine or thiol

group. These various ligands can offer different interactions, primarily covalent,

with the metal surface. Polymers, such as PVA (polyvinyl alcohol), are also widely

used to stabilise nanoparticles (up to ~1 to 3 nm) [21] in conventional solvents.

Further functionalisation of the stabiliser introduces complementary properties,

e.g. for controlling the selectivity in catalysis or the self-assembly of monodisperse

nanocrystals.

The major parameters for the precise synthesis of uniform nanocrystals are the

temperature of the reaction medium, the nature and relative concentration of all

species (capping agent, metal precursor, reductant, seed, additive) as well as the

seed morphology at each reaction time. Since the formation of metal nanoparticles

usually involves different organic, inorganic or organometallic species, interac-

tions between these different species can strongly impact the kinetics of formation/

evolution of the metal nanoparticles [22]. Understanding secondary reactions and

associated intermediates, e.g. the formation and evolution of a complex formed

from the metal precursor and an organic additive, is crucial for controlling the final

properties of the nanocrystals (Figs. 2 and 3) [4, 23–28]. Furthermore, the

preferential adsorption of organic (ligands, polymers, surfactants) or inorganic

Fig. 2 Cobalt nanocrystals of different sizes and morphologies prepared at 150�C under

dihydrogen atmosphere (3 bar) following different addition rates of the metal precursor ([Co{N

(SiMe3)2}2(THF)]) to a solution of conventional ligands (hexadecylamine and lauric acid) at room

temperature [23]
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(ions, gases) agents is an advanced strategy for the selective growth or etching of

specific facets. This can result in sophisticated nanocrystals via well-controlled

nucleation, growth and etching steps [1–4]. Finally, the precise engineering of

ligand–nanocrystal interfaces in conventional solvents led to hybrid nanomaterials

which exhibit specific properties such as selectivity control in catalysis [17, 29, 30]

and air stability [4].

Developed for two decades in aqueous and organic solvents, modern methodol-

ogies currently allow the size control of uniform metal nanoparticles. In the next

part, the main achievements in the synthesis of these nanoparticles in the presence

of ILs are discussed and compared to their preparations in conventional solvents.

Fig. 3 Size and shape control of cobalt nanocrystals via the amount of free ligands following a

reaction between hexadecylamine and a carboxylic acid ligand. Co spheres, rods, discs and

hexagonal prisms were prepared via the decomposition of [Co(η3-C8H13)(η4-C8H12)] under H2

(3 bar) at 110–150�C in the presence of ligands e.g. hexadecylamine in association with a

rhodamine B derivative [24]
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3 Synthesis of Metal Nanocrystals in Ionic Liquids

Ionic liquids (ILs) are molten salts (Fig. 4) which combine significant advantages as

sustainable solvents: low melting point (from �80 to 100�C), negligible vapour

pressure, good thermal stability (e.g. up to 300�C), non-flammability, high misci-

bility with a wide range of organic and inorganic compounds, hydrophobicity, high

ionic conductivity, large liquidus range, high microwave absorption and high

electrochemical stability. Their non-volatility avoids exposure to toxic vapours,

Fig. 4 Cations (top) and anions (bottom) of ionic liquids (ILs) [31]
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Fig. 6 Simulation boxes of 700 [CnC1Im][PF6] (l is the length of the box sides): (a) [C2C1Im]

[PF6] CPK colours; (b) [C2C1Im][PF6] red (polar)/green (nonpolar); (c) [C4C1Im][PF6],

l¼ 49.8 Å; (d) [C6C1Im][PF6], l¼ 52.8 Å; (e) [C8C1Im][PF6], l¼ 54.8 Å; (f) [C12C1Im][PF6],

l¼ 59.1 Å [34]
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4
C

1
Im][PF

6
] [C

4
C

1
Im][PF

6
]

Fig. 5 [C4C1Im][PF6]; (left) Corey, Pauling, Koltun (CPK) colours; (right) red for polar domains,

i.e. the imidazolium ring of the cation and the PF6
� anion, and green for nonpolar domains, i.e. the

side chain of the imidazolium [34]
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whereas their inherent toxicity, as well as their physicochemical properties, could

be controlled by design [32, 33]. Furthermore, their potential recyclability could be

a significant advantage.

Ionic liquids, particularly those based on imidazolium cations, can exhibit both

polar and nonpolar nanodomains within self-organised three-dimensional networks

of non-covalent interactions (Figs. 5 and 6). Charged substances (e.g. metal salts)

are preferentially located in polar domains whilst neutral compounds (e.g. metal

carbonyls) are within nonpolar domains. Interestingly, these nanodomains may act

as dynamic (soft) nanoreactors to engineer nanomaterials since the IL structure

depends on easily controllable parameters such as the temperature and the stirring

rate.

For example, sub-2 nm Ru metal nanoparticles were prepared in imidazolium

and phosphonium ILs from organometallic precursors, such as Ru(COD)(COT)

[20] and Ru(2-methylallyl)2(COD), in the absence of conventional stabilisers

[35–37]. In a similar fashion to conventional synthesis [17], organometallic com-

plexes have been remarkable metal precursors to study the surface reactivity of

uniform nanoparticles prepared in ILs. In the absence of impurities, these

nanoparticles offer unique opportunities for the understanding of the interactions

between ILs and the metal surfaces [16].

For example, Santini, Padua et al. achieved such investigations via well-defined

Ru metal nanoparticles prepared from Ru(COD)(COT) in [C1CnIm][NTf2]

(2� n� 10) ILs (C1CnIm, 1-methyl-3-n-alkylimidazolium; NTf2, bis(trifluoro-

methylsulphonyl)imide) in the absence of a further stabiliser. These experimental

and computational studies concluded that ILs offer a sophisticated and highly

dynamic three-dimensional framework of hydrogen bonds, Coulomb and van der

Waals forces as well as polar and nonpolar domains. As a consequence, ionic

liquids can control the stabilisation of metal nanoparticles within their dynamic

nanodomains, mainly via weak interactions (i.e. non-covalent) [38, 39].

For example, isothermal titration calorimetry showed that interactions between

the IL and the metal surface are stronger by using [C1CnIm]+ with longer alkyl

chains. This suggests the influence of van der Waals forces. Furthermore, in

comparison with [C1C4Im][NTf2], the addition of a methyl group on the C2 carbon

of the [C1C4Im]+ cation (i.e. [C1C1C4Im][NTf2]) or, to a lesser extent, the exchange

of the imidazolium cation with the N-methylpyrrolidinium cation (i.e. [C1C4Pyrro]

[NTf2]) resulted in weaker hydrogen bonds and therefore a less efficient

stabilisation of the Ru nanoparticles.

In addition, Santini and co-workers achieved in situ labelling and spectroscopic

studies with these ruthenium nanoparticles in [C1C4Im][NTf2] [40]. Interestingly,

hydrides were present on the ruthenium surface, as previously characterised in

conventional organic solvents [20], and acted as a stabiliser of the metal

nanoparticles. Furthermore, the nanoparticles were in close proximity to the alkyl

chains of the imidazolium cations. Finally, the addition of water led to the agglom-

eration of the Ru nanoparticles. These results suggested that the hydride-covered

Ru metal nanoparticles were within the nonpolar domains of the three-dimensional

network of [C1C4Im][NTf2] in a similar fashion to organometallic Ru nanoparticles
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within cyclooctane domains in a mixture of conventional solvents (Fig. 7) [17, 41,

42].

Experimental and computational studies of metal nanoparticles in imidazolium

ILs proposed that both cationic and anionic sites of multi-charged

{[(C4C1Im)x(X)x�n]
n+[(C4C1Im)x�n(X)x]

n�}m assemblies (C4C1Im, 1-n-butyl-3-
methylimidazolium cation; X, anion) are located near the metal surface, whereas

the alkyl chains could still interact with the surface [10].

IL building blocks usually exhibit weak interactions with metal surfaces. How-

ever, stronger ligands can be in situ prepared from ILs. For example, different

groups reported the in situ formation of N-heterocyclic carbenes (NHC) from

imidazolium ILs and the role of these carbenes in the stabilisation of Ir metal

nanoparticles [36, 43, 44]. Whilst N-heterocyclic carbenes (NHC) were well-known
as ligands in ruthenium complexes for olefin metathesis, the ability of carbenes to

stabilise metal nanoparticles was first reported in ILs and then in conventional

solvents [45], e.g. by using NHC carbenes [46–49].

Conventional stabilisers were also injected in the solution for the synthesis of

metal nanocrystals in ILs [50]. Furthermore, highly specific properties resulted

from the functionalisation of ILs with conventional reducers [51] or stabilising

groups [52]. Both strategies can lead to a stronger stabilisation of metal surfaces via

covalent interactions. In addition, conventional reducing agents, such as ascorbate

anions, can be the anionic part of imidazolium ILs [53]. Adding conventional

stabilisers in ILs is an efficient strategy for the transfer to ILs of advanced

methodologies developed in conventional solvents. For example, Hang and

co-workers were able to control the size of silver, platinum and iron oxide

nanoparticles in [C4C1Im][NTf2] by using oleic acid, oleylamine and cetyltrimethy-

lammonium bromide (CTAB) [50]. In addition, the functionalisation of ILs

expands the properties of conventional stabilisers. For example, the incorporation

of a hydroxyl group into the IL ethyl chain had a strong impact on the solubility of

poly(vinylpyrrolidone) (PVP), an extensively used stabiliser in conventional sol-

vents. As a result, Rh–PVP nanoparticles were homogeneously dispersed in

Fig. 7 Stabilisation of ruthenium nanoparticles within nonpolar domains (a) in conventional

organic solvents as well as (b) in ILs [40]
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1-(2-hydroxyethyl)-3-methylimidazolium boron tetrafluoride ([C2OHC1Im][BF4])

whilst being not soluble in 1-ethyl-3-methylimidazolium boron tetrafluoride

([C2C1Im][BF4]) [54]. The efficient stabilisation and dispersion of the Rh–PVP

nanoparticles resulted in higher activity, separation and recycling in [C2OHC1Im]

[BF4] for the selective hydrogenation of styrene to ethylbenzene. Further discus-

sions on the stabilisation of nanocrystals in ILs are available in recent reviews

[10, 52, 55].

In addition, the low solubility of dioxygen in ILs [56] can reduce the oxidation

rate of sensitive metals such as Fe, Co and Cu. As a consequence, metal oxide

nanocrystals could be prepared by controlling the dioxygen diffusion in ILs and

associated oxidation of metal nanocrystals. In conventional solvents, this strategy

led to sophisticated and highly monodisperse nanocrystals such as hollow metal

oxide or metal@metal oxide core-shell nanoparticles prepared from uniform metal

nanospheres [4]. The formation of an oxide shell can also limit further oxidation of

the metal core [4].

The stability of the metal nanoparticles can also be related to the formation of

acidic species, such as HX (X: Cl�, NO3
�, BF4

�, PF6
�, CF3SO3

� anions), which

can favour the leaching, i.e. the removal of atoms on the nanocrystal. As a

consequence, a proton sponge [43] (e.g. N1,N1,N8,N8-tetramethylnaphthalene-1,

8-diamine) or an imidazole was used as a proton scavenger (Fig. 8) [57]. Further-

more, the in situ transformation of ILs can result in the release of nanocrystals’
components which are then used in a controlled fashion. For example, the water-

assisted formation of F� from BF4
� in the presence of a metal precursor (e.g. Fe

(NO3)3) led to the well-controlled preparation of iron fluoride (e.g. FeF3) [58].

4 Size Control of Uniform Metal Nanocrystals

4.1 Size Uniformity

Since the reactivity of metal nanoparticles is related to their size, relevant prepara-

tions have to deliver monodisperse nanoparticles which exhibit the optimal

Fig. 8 Formation and

stabilisation of Ag

nanoparticles from AgBF4
in [C4C1Im][BF4] under

dihydrogen atmosphere in

the presence of an imidazole

[57]
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diameter for a specific application, e.g. the use of these nanoparticles as a catalyst in

a structure-sensitive reaction [59]. The formation of nanocrystals is usually

described using a three-step model: (1) formation of the basic building units of

the bulk crystal (monomers) from the precursors; (2) nucleation step, i.e. the

formation of crystal seeds (nuclei) from the monomers; and (3) growth step,

i.e. the formation of the crystal from the nuclei. The separation of these different

steps is an efficient strategy to prepare monodisperse nanocrystals. In addition, the

size uniformity is related to the focusing of the size during the growth of the

nanocrystals via monomer addition, dissolution, coalescence and “punctuated”

growth [60]. As a result, this lead to monodisperse nanocrystals which exhibit a

narrow size distribution, i.e. the relative standard deviation of the nanoparticles’
size is below 5–10% [25]. This size uniformity allows nanocrystals to self-assemble

in superlattices which can be used as model catalysts [61]. For example, Murray

and co-workers investigated the nature of the active sites for CO oxidation by using

Au–FexOy binary superlattices with different densities of catalytic contacts between

both components [62].

The final size of monodisperse nanocrystals can be predetermined via the control

of nucleation and growth rates. For a given amount of precursor, a low nucleation

rate leads to a low concentration of nuclei and consequently in big nanoparticles,

whereas smaller nanoparticles are expected at a higher nucleation rate resulting

from a higher concentration of nuclei [63]. The separation of the nucleation and

growth steps can also be achieved using the controlled addition of monomers on

preformed nanocrystals acting as seeds. Since the nucleation on the surface of the

preformed nanocrystal is energetically favoured, undesirable nucleation in solution

can be avoided [2].

IL nanodomains can be used as a soft template for the facile preparation of

nanoparticles which exhibit a relatively narrow size distribution and a size between

1 and 20 nm. Whilst the high surface-area-to-volume ratio of the particles at this

scale is relevant for their use as catalysts, their high surface energy favours their

agglomeration in the absence of stabilisation. Interestingly, ILs demonstrated their

ability to act as efficient stabilising agents for the synthesis, use and storage of

nano-objects as small as 1 nm [17].

Recently, in situ transmission electron microscopy (TEM) techniques have been

highly useful to investigate the formation mechanisms of metal nanocrystal forma-

tion [60]. However, these studies require specific cells to accommodate the volatile

solvent within the TEM instrument which operates under high vacuum. Interest-

ingly, Kuwabata and co-workers took advantage of the non-volatility of ILs and

achieved similar investigations without a cell, i.e. via a conventional instrument,

during the in situ formation of sub-5 nm gold nanocrystals from the reduction of

NaAuCl4 in a mixture of 1-butyl-3-methylimidazolium bis(trifluoromethyl-

sulphonyl)imide [C4C1Im][NTf2] and trimethylpropylammonium bis(trifluoro-

methylsulphonyl)imide [N3,1,1,1][NTf2] (volume ratio¼ 50:50) [64]. Further

advantages are the facile deposition of the IL solution onto mesh grids, the superior

control of the liquid thickness and a higher resolution due to the absence of window.

These studies showed that classical mechanisms of the nanocrystal formation
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occurred in ILs such as the disappearance of a nanoparticle to feed the growth of a

larger (i.e. more stable) nanoparticle via Ostwald ripening (Fig. 9). In addition, the

authors observed the sequential formation of a sub-5 nm twinned nanocrystal from

the attachment of a multiply twinned nanocrystal to a single-crystalline nanocrystal

via rotation, coalescence and relaxation steps (Fig. 10). This sequence also occurs

during the oriented attachment of two nanocrystals in conventional solvents [62].

4.2 Size Control via the IL Cation

The nanoparticles’ size can depend on the IL cation. Santini and co-workers

identified a relationship between the size of Ru metal nanoparticles and the number

of carbons (n) of the alkyl chain (Cn) of [CnC1Im][NTf2] (Fig. 11) [65]. Due to its

nonpolarity, the organometallic precursor Ru(COD)(COT) was preferentially

located within the nonpolar domains of [CnC1Im][NTf2]. As a consequence, the

nucleation and growth of the Ru metal nanoparticles occurred within these nonpolar

reactors under H2 atmosphere (0.4 MPa), at 0�C without stirring or 25�C with

stirring. Interestingly, in [CnC1Im][NTf2] ILs, longer alkyl chains (n¼ 4, 6 or 8)

increased the volume of the nonpolar domains (calculated via molecular dynamics

simulation) and therefore the size of the nanoparticles (determined via TEM).

However, this relationship was not valid for shortest and longest alkyl chains.

This may result from the higher mobility of ruthenium species in [C2C1Im][NTf2]

and [C10C1Im][NTf2] due to the smaller size of the nonpolar domains for n¼ 2 and

the presence of nonpolar channels between the nonpolar domains for n¼ 10. The

Fig. 9 Sequential disappearance of the particle h and associated growth of the particle g due to

Ostwald ripening [64]
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Fig. 10 Sequential formation of a sub-5 nm twinned nanocrystal (B) from the attachment of a

multiply twinned (I) nanocrystal and a single-crystalline (II) nanocrystal via rotation, coalescence
and relaxation steps. The schema shows the nanocrystal B and specially highlights the twin plane

which acts as a (111) mirror plane [64]
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addition of a nonpolar substance in these ILs increased the size of the nonpolar

domains and therefore the size of the Ru nanoparticles prepared from Ru(COD)

(COT) in these nanodomains. For example, Ru metal nanoparticles of 2.4� 0.3 nm

were prepared at room temperature in [C4C1Im][NTf2], whereas the addition of

cyclooctane (0.5 mol per mole of Ru(COD)(COT)) favored the agglomeration of

the Ru nanoparticles. This effect of nonpolar compounds in [C4C1Im][NTf2] is

similar to previous studies on the synthesis of Ru metal nanoparticles from Ru

(COD)(COT) in conventional solvents (i.e. THF/methanol mixtures) [41, 42].

The properties of the alkyl chains also had a strong impact on the size of Ni

nanoparticles prepared from Ni(COD)2 in imidazolium ionic liquids [36, 66,

67]. Interestingly, Prechtl, Santini, Dupont and co-workers achieved the room-

temperature synthesis of Ni nanoparticles via the auto-decomposition of Ni

(COD)2 in the absence of dihydrogen in imidazolium ILs with short alkyl chains

(i.e. [C2C1Im][NTf2], [C4C1Im][NTf2] and [C4C4C1Im][NTf2]; C4C4C1Im: 1,2-di-

n-butyl-3-methylimidazolium) (Fig. 12). Whilst sponge-like agglomerates were

Fig. 11 Size of Ru metal nanoparticles depending on the number of carbons (n) in the alkyl chain
(Cn) of [CnC1Im][NTf2] [65]

Fig. 12 Ni metal nanoparticles prepared via the room-temperature decomposition of Ni(COD)2 in

imidazolium ILs [CxCyCzIm][NTf2] under inert atmosphere (no dihydrogen was required) [66]
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obtained in [C2C1Im][NTf2] and [C4C1Im][NTf2], well-dispersed metal

nanoparticles of 7� 2 nm were prepared in [C4C4C1Im][NTf2] at 25�C under

inert atmosphere [36]. Mudring and co-workers adapted this facile synthesis for

controlling the diameter (d) of monodisperse Ni metal nanoparticles in [CxCyCzIm]

[NTf2] ILs by using imidazolium cations with longer alkyl chains,

e.g. d¼ 2.4� 0.8 nm in [C12C1Im][NTf2], 2.9� 0.4 nm in [C18C1Im][NTf2],

4.0� 0.5 nm in [C12C12Im][NTf2] and 4.4� 0.7 nm in [C12C1C12Im][NTf2]. The

connexion of two imidazolium cations [CRC12Im]+ via a hexanediyl linker led to Ni

metal nanoparticles of 5.4� 1.6 nm, whereas a bridging ether (oxydi-2,1-

ethanediyl) resulted in the highest size uniformity (d¼ 3.4� 0.2 nm) obtained in

this system.

Similarly to preparations in conventional solvents [16, 24], successful syntheses of

nanocrystals have been achieved by using different organometallic complexes such

as Rh(allyl)3 and Cu(Mes) [4, 51, 68, 69]. Furthermore, promising metal precursors

have still to be investigated, e.g. Co(COD)(COE) (COE: cyclooctadienyl).

4.3 Size Control via the IL Anion

Furthermore, the nanoparticles’ size can depend on the IL anion. For example,

Janiak and co-workers reported that silver nanoparticles, prepared from AgIX salts

(X: BF4
�, PF6

�, TfO� trifluoromethanesulphonate CF3SO3
�) in [C4C1Im][Y] ILs

at 85�C for 2 h under H2 (4 atm), were larger with increasing anion (Y) molecular

volume. As a result, the size increased from 2.8 to 26.1 nm by using BF4
�, PF6

�,
CF3SO3

�, bis(trifluoromethylsulphonyl)imide or N(CF3SO2)2
� [57].

Taubert et al. prepared gold nanoparticles via the reduction of HAuCl4,3H2O

(65 μmol) in the presence of glycerol (0.2 mmol) as a reducing agent in 1 g

[C2C1Im][Y] ILs (Y: ethyl sulphate C2H5SO4
�, CF3SO3

�, methanesulphonate

CH3SO3
�) at 120–180�C for 24 h [70]. As a result, the size of the gold nanoparticles

was between ~5 and 20 nm depending on both temperature and IL anion [71].

Dupont et al. also proposed that the nanoparticle size was related to the IL anion

in the synthesis of Co nanoparticles. The injection of Co2(CO)8 (0.05 mmol in

10 mL hexane) into 0.5 mL of IL at 150�C led to diameters of 4.5 + 0.6 nm in

1-n-decyl-3-methylimidazolium tetrafluoroborate ([C10C1Im][BF4]) and 7.7

+ 1.2 nm in [C10C1Im][NTf2] [72].

Furthermore, this group obtained Rh nanoparticles of different sizes via the

reduction of RhCl3 at 75�C under hydrogen atmosphere in [C4C1Im]+ ILs,

i.e. d¼ 2.7 nm and 5 nm with PF6
� and BF4

�, respectively [73, 74]. The choice

of the precursor was also critical since [RhCl(COD)]2 in [C4C1Im][PF6] led to

larger and polydisperse Rh nanoparticles (d¼ 15 nm via XRD) [73, 75].

In conclusion, the nature of both anions and cations strongly impacts the

physicochemical properties of ILs and therefore the nucleation, growth,

stabilisation, dissolution, agglomeration and self-organisation of metal

nanoparticles in ILs due to various interactions between the IL and different species
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in solution such as the metal precursor. Further investigations are required to

understand the relationships between the properties of ILs and the size of the

metal nanoparticles.

4.4 Size Control in the Presence of Conventional Stabilisers
in ILs

The addition of conventional ligands has been used to control the size of monodis-

perse nanocrystals in ILs. For example, Yang et al. carried out the preparation of

uniform metal and metal oxide nanoparticles in [C4C1Im][NTf2] in the presence of

cetyltrimethylammonium bromide (CTAB), oleic acid or oleylamine which are

ubiquitous stabilisers in conventional aqueous and organic solvents.

The synthesis of monodisperse Ag nanoparticles was achieved at 160 or 200�C
under argon using an excess of a stabilising agent compared to the quantity of a

metal precursor (CF3COOAg) such as the oleic acid–silver trifluoroacetate molar

ratio (x)¼ 3 or 6 [50]. This excess is even much higher once reported to the number

of atoms at the surface of the prepared nano-objects. Although the silver salt has a

low solubility at room temperature in [C4C1Im][NTf2], a homogeneous solution

was obtained at ~150�C in the presence of both oleic acid (~0.50 mmol) and

CF3COOAg in the IL. In addition, metal carboxylate complexes are usually

obtained in situ due to the simultaneous presence of various carboxylic acids and

metal precursors, such as oleic acid and CF3COOAg. The low temperature ramp

rate (1.5 or 2�C min�1) can lead to the controlled build-up of monomers in solution

via the thermal decomposition of silver oleate complexes. This “heating-up”

approach, initiated by Hyeon et al., has been extensively used in conventional

solvents [4, 25].

At 160�C, silver nanoparticles of 4.1� 0.5 nm were prepared at x¼ 6 and

6.1� 0.8 nm at x¼ 3. At 200�C, the increase of the molar ratio x resulted in smaller

nanoparticles, i.e. 4.5� 0.4 nm at x¼ 6 and 5.1� 0.7 nm at x¼ 3, whilst a higher

ratio favoured the uniformity of size at 160 and 200�C. The increase of temperature

positively impacted the nanoparticle yields. In addition, higher yields were obtained

following the increase of x at 160 and 200�C. As a result, the highest yield (~70%)

was reported at x¼ 6 and 200�C. As shown on Fig. 13, the self-assembly of these

Ag nanoparticles in a two-dimensional superlattice reflected their monodispersity.

It is worth mentioning that the nanoparticles can be efficiently separated from

[C4C1Im][NTf2] via a simple settling step as demonstrated by UV and TGA studies.

Furthermore, oleic acid-capped nanocrystals can be efficiently dispersed in

nonpolar conventional solvents.

For the synthesis of Pt metal nanocrystals, Yang et al. selected a different

strategy which has been widely employed for the facile preparation of well-defined

nanocrystals in conventional polyol solvents [2, 77]. In their work in [C4C1Im]

[NTf2] (5 mL), 1,2-hexanedecanediol (0.34 mmol) was used as a reducing agent in
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the presence of a conventional combination of ligands, i.e. oleic acid (~0.13 mmol)

and oleylamine (0.09 mmol). As discussed herein, these ligands can be involved in

molecular complexes formed from the metal precursor [4, 23–26]. As a result,

metallic Pt nanoparticles of 4.5� 0.8 nm were prepared at 230�C under argon via

the reduction of Pt(acac)2 (0.07 mmol). The simultaneous presence of both ligands

was important since the absence of oleic acid in this system led to irregularly

shaped nanoparticles, whereas the absence of oleylamine resulted in agglomerates

obtained from 5 nm nanoparticles.

The group of Bockstaller prepared gold nanoparticles of different sizes in

[C2C1Im][C2H5SO4] via the control of the nucleation rate [78]. As discussed herein,

larger nanoparticles can be obtained at lower nucleation rates, e.g. under milder

reducing conditions. The reduction of HAuCl4 by citrate ions resulted in 9.4� 3 nm.

In the presence of CTAB (cetyltrimethylammonium bromide), using a stronger

reducing agent, i.e. NaBH4, led to smaller nanoparticles: 6.5� 2.1 nm at 25�C and

3.9� 1.6 nm at 0�C, the size being inversely proportional to the quantity of NaBH4.

Yang et al. reported the synthesis of iron oxide nanospheres from the thermal

decomposition of a metal carbonyl precursor in an imidazolium IL [79]. The

transformation of Fe(CO)5 (0.25 mmol) was achieved under argon atmosphere in

the colourless [C4C1Im][NTf2] (5 mL). The solution turned black at 150–160�C and

oleic acid (0.38 mmol) was then injected at 165�C. Then, the reaction medium was

heated up to 280�C and kept at this temperature for 1 h. For an oleic acid-to-Fe

(CO)5 molar ratio of 1.5 and a Fe(CO)5 concentration of 0.05 M, this method

resulted in the synthesis of 10.6� 1.6 nm iron oxide nanoparticles. As discussed

herein, the efficient separation of the nanoparticles from the IL occurred via a

simple settling step. This allowed the facile reuse of [C4C1Im][NTf2] at recycling

Fig. 13 TEM images of (left) oleic acid-capped silver nanoparticles prepared in [C4C1Im][NTf2]

at silver trifluoroacetate–oleic acid molar ratio of 1:6 at 200�C [50]; (right) [C10C1Im][MPS]–Au25
clusters prepared from MPS–Au25 clusters and [C10C1Im][Cl] in CH3CN; MPS:

(3-mercaptopropyl)sulphonate [76]
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ratio of 60 or 100% (v/v), at least two times, for the synthesis of monodisperse iron

oxide nanoparticles which self-assembled in superlattices and had the same size

than nanoparticles prepared in fresh [C4C1Im][NTf2] (Fig. 14e). HRTEM image

showed a single-crystalline particle (Fig. 14d). FTIR spectroscopy, which is an

efficient technique to probe the surface of the nanoparticles [17], showed that the

iron oxide nanoparticles exhibited typical carboxylic C¼O and C–H bands.

Since no band was assigned to the IL, only oleic acid was present at the surface.

In addition, similar X-ray diffractograms were obtained for nanoparticles prepared

in fresh or recycled (60% (v/v)) [C4C1Im][NTf2] (Fig. 14f). FTIR and TGA studies

of fresh and recycled [C4C1Im][NTf2] showed no significant evolution of the IL

properties after four runs in despite of a slight change of the solution colour.

In conventional solvents, the “polyol” approach has frequently used

1,2-hexanedecanediol in combination with oleic acid and oleylamine, as discussed

Fig. 14 TEM images of iron oxide nanoparticles prepared (a) in freshly made, (b) second-use, (c)
third-use recycled [C4C1Im][NTf2] 100% (v/v), (oleic acid–Fe(CO)5 molar ratio¼ 1.5, [Fe

(CO)5]¼ 0.05 M; (d) HRTEM image of a nanoparticle; (e) average size and distribution of iron

oxide nanoparticles prepared in recycled [C4C1Im][NTf2] (square, 100% (v/v), triangle, 60%
(v/v)); (f) X-ray diffractograms of nanoparticles prepared in (a) freshly made and (b) 60% (v/v)

recycled [C4C1Im][NTf2]; (g) FTIR spectrum of the iron oxide nanoparticles [79]
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herein for the synthesis of metal nanocrystals. In [C4C1Im][NTf2] (5 mL), the

“polyol” strategy led to 8� 1 nm iron oxide nanoparticles from [Fe(CO)5]

(0.25 mmol) in the presence of oleic acid (0.2 mmol), oleylamine (0.03 mmol)

and 1,2-hexanedecanediol (0.34 mmol) [79]. Studies of the magnetic properties, via

SQUID, showed that these 8 nm superparamagnetic particles exhibited a coercivity

of 360 Oe at 5 K and a saturation magnetisation (Ms) of ~50 emu.g�1 at 5 K. Using

a similar protocol, further studies showed that the reaction temperature (270�C to

288�C) was a key point for controlling the size of iron nanospheres in the sub-10 nm
range in [C4C1Im][NTf2] [80].

Recently, the preparation of atomically defined nano-objects, especially gold

nanoclusters, has been highly investigated [81, 82]. Lee et al. exploited these

advances and achieved the synthesis of MPS-capped Au25 nanoclusters (MPS:

3-mercaptopropyl)sulphonate) showed on the Fig. 13. Then, the association

between the sulphonate site of MPS and the cationic site of [C10C1Im] led to the

synthesis of [C10C1Im][MPS]–Au25 clusters from MPS-capped Au25 and

[C10C1Im][Cl] in CH3CN [76].

The addition of conventional stabilisers in ILs has been an efficient strategy for

the transfer to ILs of advanced methodologies developed in conventional solvents.

The size control of metal nanocrystals has also been achieved in modified ILs [52,

83]. For example, in [C2OHC1Im] ILs, the nature of the IL anion impacted the

nanoparticles’ size following the functionalisation of the ethyl chain with a

hydroxyl group [83]. In these functionalized [C2OHC1Im] ILs, the oxidation of

the metal nanoparticles also depended on the IL anion.

Whilst the synthesis of multimetallic nanocrystals has been widely explored in

conventional solvents, only a few preparations have been reported in ILs. For

example, Santini et al. achieved the synthesis of Ru@Cu nanoparticles via the

one-pot decomposition of Ru(COD)(COT) and mesitylcopper (CuMes) in

[C1C4Im][NTf2] under H2 (0.9 MPa) at 100�C for 4 h [69]. The formation of

monometallic nanoparticles being significantly faster from Ru(COD)(COT), Ru

nanoparticles were first obtained. Then, the controlled decomposition of CuMes

allowed the preferential deposition of copper onto these Ru cores as demonstrated

via a combination of techniques, i.e. electron energy loss spectroscopy (EELS),

X-ray photoelectron spectroscopy (XPS), X-ray Auger electron spectroscopy,

electron-dispersive X-ray (EDX) and HRTEM. The composition of these mono-

disperse Ru@Cu nanoparticles was controlled via the molar ratios of the metal

precursors. Higher CuMes/Ru(COD)(COT) molar ratios (x) led to larger

nanoparticles; their size is 1.8 nm for x¼ 0.005 and 3.4 nm for x¼ 10. In addition,

the hydrogenation of benzene was used as a complementary tool to study the

surface of the Ru@Cu nanoparticles since monometallic Cu are not active unlike

the Ru nanoparticles.
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5 Conclusions

Over the last decade, significant advances for the efficient synthesis of uniform

nanocrystals have occurred simultaneously with the development of ionic liquids.

As a result, precise preparations of uniform metal, metal oxide and alloy

nanocrystals have been achieved by exploiting ILs properties. This chapter

presented the most promising strategies to engineer uniform nanocrystals via recent

achievements in the size control of these monodisperse nano-objects in the presence

of ionic liquids which play the role of solvent, stabiliser, reducing agent and even

precursor.

For example, the selection of specific IL anions or cations has been an efficient

strategy for controlling the size of monodisperse nanocrystals via a combination of

non-covalent interactions. Further approaches for the efficient size control,

stabilisation and use of uniform nanocrystals are the injection of traditional

stabilising agents in ILs as well as the in situ delivery of conventional stabilisers

formed in operando from ILs. In addition, ILs were functionalized with specific

reducers or stabilising groups to offer an even more subtle control. In situ HRTEM

studies highlighted that the formation of nanocrystals can occur in ILs similarly

than in conventional solvents.

These achievements are going to drive the identification of relationships

between the nature of ILs components, the physicochemical properties of ILs, the

formation of nano-objects in ILs and the resulting properties of these nano-objects

in ILs. Furthermore, the transfer of methods from conventional solvents to ILs

could result in even more sophisticated design of nanocrystals as building blocks of

functional systems in the areas of catalysis and energy. By analogy with conven-

tional solvents, these strategies can be suitable for the preparation of semiconductor

nanocrystals [84]. Finally, it would be potentially relevant to investigate the

presence and role of intermediate species during the formation and evolution of

nanocrystals.
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Structural Features and Properties of Metal

Complexes in Ionic Liquids: Application

in Alkylation Reactions

Cinzia Chiappe, Tiziana Ghilardi, and Christian Silvio Pomelli

Abstract Metal-containing ionic liquids (ILs) represent a promising sub-class of

“charged” liquids which increase the tunability of ILs combining the properties of

common organic salts with magnetic, photophysical/optical or catalytic properties

of the incorporated metal salts. In ILs lacking of coordinating groups on cation

dissolution of metal salts is generally associated with the coordination of the metal

cation with IL anion(s). Here we report on the anionic speciation of metals in ILs

having either highly or poorly coordinating anions and we discuss some peculiar

properties of these systems in the light of their structural features.

Keywords Alkylation reactions � Ionic liquids � Metal speciation � Transition
metals

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

2 Solvation of Metal Salts in Ionic Liquids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

3 Coordination Structure of Transition Metal Salts in Ionic Liquids . . . . . . . . . . . . . . . . . . . . . . . . . 83

3.1 Coordination Structure and Physico-Chemical Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4 Application of Halometallates in Synthesis: Alkylation Reactions . . . . . . . . . . . . . . . . . . . . . . . . 87

5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

Abbreviations

[bmim]+ 1-Butyl-3-methylimidazolium

[C3mpip]+ N,N-propylmethylpiperidinium

[C4mpyr]+ N,N-butylmethylpyrrolidinium

C. Chiappe (*), T. Ghilardi, and C.S. Pomelli
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[emim]+ 1-Ethyl-3-methylimidazolium

[Et3NH]
+ Triethylammonium

[omim]+ 1-Octyl-3-methylimidazolium

[Tf2N]
� bis(Trifluoromethanesulfonyl)imide

ILs Ionic liquids

1 Introduction

Ionic liquids (ILs) are a relatively recent class of ionic compounds which have many

potentialities in synthesis, (bio)catalysis, separation processes, electrochemistry as

well as in material sciences and for the development of new electrical and electro-

chemical devices [1]. Usually constituted by an organic cation and a polyatomic

anion, ILs are characterized by melting points near or below room temperature. ILs

have also a negligible vapour pressure, a high thermal stability, a nonflammable

nature [2] and a good solvent power. Since cations and anions can exert practically all

types of interactions with solutes (coulombic interactions, hydrogen bonding, π–π
stacking), ILs can solubilize a large variety of organic, inorganic compounds and

polymeric materials. Moreover, their physico-chemical properties, such as melting

temperature and hydrophilicity/hydrophobicity, can be simply tuned by changing the

structure of the cations and anions: for instance, ILs can be designed to make them

immiscible in water or in certain organic solvents [3]. The incorporation of specific

functional groups into the chemical structure of constituent ions can be used to confer

a desired chemical or physical property on the resulting ILs, commonly defined task-

specific ionic liquids. It is noteworthy that these peculiar features can be transferred

also onto solid surfaces through the formation of self-assembled monolayers of

properly functionalized ILs.

Metal-containing ILs represent a promising sub-class of “charged” liquids which

combine the properties of the common ILs with magnetic, photophysical/optical or

catalytic properties of the merged metal salts [4, 5]. ILs that contain salts of

palladium, ruthenium, platinum, gold, aluminium (but also iron, nickel, zinc or

copper) have been used with success in catalysis. The use of ILs in catalysis is

generally related to their ability to dissolve at least small amounts of metal salts,

often favouring the formation of transient “active” species and, contemporane-

ously, avoiding the leaching of the metal salt during product extraction. This latter

feature increases indeed the possibility of recycling the catalyst, and many excellent

accounts and reviews have already been published on this topic [6–10].

Moreover, the ability of ILs to dissolve ions (in particular, large amounts of

metal salts) is of great interest also in other fields of chemistry, such as electro-

chemistry and material sciences: ILs that contain metal salts are used in batteries,

photovoltaic cells and in electrical devices or sensors. Metallic materials having

specific characteristics (thin films, nanostructures and others) can be obtained by

electrodeposition of metal salts dissolved in appropriate ILs [11]. Of course the

addition of metal salts to common ILs modifies the physico-chemical properties of
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these latter: this approach can therefore be considered a promising alternative to the

use of mixtures of ILs or ILs-organic solvents to extent the tunability of these

neoteric media [12].

Here, we explore some aspects related to the coordination environment

surrounding metal cations in pure ILs as function of IL structure in order to under-

stand how this feature can affect the main physico-chemical properties of the multi-

ion systems and the possibility for their application.

2 Solvation of Metal Salts in Ionic Liquids

Solubility of metal salts in classical ILs depends strongly on IL cation–anion

structure: it can be very low, in particular in ILs with poorly coordinating anions.

The presence of specific polar functional groups (COOH, OH, CN) on cation or

strongly coordinating anions (Cl�, SCN� and so on) generally increases metal salts

solubility as well as eventual traces of water. The presence of water is an important

variable to be considered in this contest since also hydrophobic ILs are able to

capture quickly relevant amounts of water from atmosphere [13].

IL structure determines, however, not only the metal salt dissolution ability but

also the coordination environment around the metal and, consequently, metal

activity and reactivity.

The starting point for understanding reactivity and selectivity of processes

carried out in metal-containing ILs requires indeed a detailed knowledge of the

coordination structure of metal cations in this special class of solvents.

In water or polar solvents the solubilization of an electrolyte is the consequence

of the ability of the solvent molecules to separate and “solvate” the single ions;

a solution of metal salts in molecular solvents consists of solvated ions and their

combinations (ion pairs or solvent-separated ion pairs). In ILs, salt solubility is

primarily governed by the coordination of the IL ions to the metal centre and, in

particular in the absence of specific coordinating groups in IL cation, the anionic

components of the IL play a fundamental role during the dissolution affecting both

the kinetic and thermodynamic of the process [4].

The coordination structure of the metal centre is indeed determined by the

degree of metal-IL anion interaction which can be considered a process in compe-

tition with the interaction between IL cation and its counterion.

The process of solubilization of a metal salt (MX) in an IL, possessing an anion

able to coordinate (more or less strongly) the metal centre, can be schematized as a

three-step process:

M(X)solid M(X)gas M(X)n + C + + A -

M(X) n A - + C +

(0) (1)

(2)

IL = [C][A]
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where the step (0) is practically independent by the IL nature, whereas step (1) and (2)

are related to the transfer of the salt in solution and subsequent possible coordination

reactions (for instance, the coordination of a further anion). Since the formation of

bond between a metal centre and a small mono-dentate anion to give a charged

complex typically gives a (negative) energy ranging from �50 to �100 kcal mol�1,
while the dissolution of a neutral salt, M(X), in an IL gives a positive excess free

energy of about 25–50 kcal mol�1 and the extent of solute polarization energy by an
unfunctionalized IL is considerably lower, about 1–10 kcal mol�1, it is possible to

deduce that the driving force for solubilization of a metal salt in an IL is the formation

of the charged complex in solution, arising from an “addition reaction.”

Since in a pure IL we expect to find the formed charged complex of the metal

solvated by the IL cation (generally a mono charged species) the metal complexes

with a single negative charge should be preferred for electrostatic reasons. This

aspect, together with the coordination properties of the anion (mono- bi- or

polydentate species), determines the coordination number (see below), which must

be coherent also with the coordination number of the metal ion.

A remarkable point to be stressed is that calculations show that the stability of

mixed complexes is usually much lower than that of the homocomplexes [4], in

particular when the ligands differ in denticity, geometry, or type of bonding. This

observation can support some experimental data showing that the solubility of

transition metal salts in ILs sharing the same anion is significantly higher than that

in ILs having a different anion. Metal triflates, acetates, nitrates, and bis(trifluoro-

methanesulfonyl)imides ([Tf2N]
�) show indeed a high solubility in ILs possessing

the corresponding anion, and they are characterized by a low dissolution ability in ILs

bearing a different anion (for example, metal bis(trifluoromethanesulfonyl)imides are

poorly soluble in [bmim][NO3]) [4].

Chlorometallate ILs are easily obtained via direct mixing of a metal chloride with

an organic chloride salt and the physico-chemical properties, as well as their Lewis

acidity and catalytic ability, depend on both the nature of themergedmetal salt and the

ratio of the metal chloride to organic chloride salt. However, mixed complexes can be

present in solution and their formation, even as transient species, may be determinant

for some specific applications of themetal. Tetrahedral mixed tetrahaloaluminates (III),

tetrahaloferrates (III), and tetrahalogallates(III) (for example, [AlCl3Br]
�,

[FeCl3Br]
�, [GaCl3Br]

�) can be obtained by dissolution of the corresponding

trichlorides (MCl3) in the proper halide ILs; however, complex stability strongly

depends on halide nature. The 27Al NMR spectra show indeed that [AlCl3Br]
� anion

is the dominant species in the [C8mim]Br–AlCl3 sample, whereas the [C8mim]

I–AlCl3 mixture is characterized by three peaks corresponding to [AlCl4]
�, the

dominant anion, [AlCl3I]
� and [AlCl2I2]

�, respectively [14]. On the other hand,

tetrahedral mixed complexes including halides and pseudohalides (such as NCS�)
have been reported for aluminium(III) and iron(III), [(MCl3)NCS]

�whereM ¼ Al(III)

or Fe(III) [15]. Actually, also mixed complexes involving anions with significantly

different shapes and dimensions, such as bis(trifluoromethanesulfonyl)imide and

chloride, have been reported, at least as transient species. In particular, it has been

shown that even if the addition of AlCl3 to pyrrolidinium, piperidinium or

imidazolium bis(trifluoromethanesulfonyl)imides ([C4mpyr][Tf2N], [C3mpip][Tf2N],
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and [bmim][Tf2N]) gives, depending on composition and temperature, phase

separation due to the formation of Al(Tf2N)3 (lower phase) and the homocomplex

[AlCl4]
� (upper phase), these species arise from the disproportionation of the

initially formed mixed complexes, [AlClx(Tf2N)4�x]
� (where x may be 3 or 4)

[16, 17]. These transient species present relevant properties, as shown by the fact

thatwhile aluminium deposition doesn’t occurwith [AlCl4]
� in chloroaluminated ILs,

this process can be performed in the above reported mixtures and the mixed complex

[AlCl3(Tf2N)]
� has been proposed as the electroactive aluminium-containing species.

A similar behaviour has been attributed to [AlCl2(Tf2N)2]
� [18].

Finally, it is necessary to mention that hydrophobic ILs composed of simple

organic cations (ammonium, phosphonium, pyridinium and imidazolium) having as

counteranion chelate anions of monovalent transition metal (Mn, Co, Ni, Cu) have

been recently prepared, characterized and used as catalysts in oxidation reactions [19]

(Fig. 1).

3 Coordination Structure of Transition Metal Salts

in Ionic Liquids

It is well known that in the case of halometallates the coordination chemistry of the

anion and, consequently, the Lewis acidity of the resulting IL can be modified by

tuning the ratio of metal chloride to organic chloride (generally expressed as mole

fraction of metal chloride, χMClx
).

Equations (1–3) show the acid�base reactions that occur when an organic

chloride salt (IL ¼ [cat]Cl) and AlCl3 are mixed.

½cat�Clþ AlCl3 ! ½cat�½AlCl4� (1)

½cat�½AlCl4� þ AlCl3 ! ½cat�½Al2Cl7� (2)

½cat�½Al2Cl7� þ AlCl3 ! ½cat�½Al3Cl10� (3)

M

O

O
O

O

O

O

R

F3C

CF3

R

CF3
R

M = Cu, Co, Mn, Ni

R- CF3, Ph, Furan

N N
C10H21

N

C14H29

R2

P
R1 R1

R1

R2

N
R1 R1

R1

Fig. 1 ILs with metal

chelate anions
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When χA1C13 is 0.5, [AlCl4]
� is practically the sole anionic species present in

solution; however, in systems with χA1C13 > 0:5 multinuclear chloroaluminate

anions are formed which are in equilibrium each other. In the presence of an excess

of organic chloride salt ( χA1C13 < 0:5) the resulting ILs are Lewis basic systems

becoming neutral at χA1C13 ¼ 0:5 and Lewis acidic at χA1C13 > 0:5 [20]. The tunable

and variable acidity of these salts is therefore determined by the molar fraction of

the Lewis acid, a parameter that strongly affects also all the physico-chemical and

thermal properties of the resulting melts. Anionic speciation based on analogous

equilibria has been reported also for many other chlorometallate systems, such as

chloroferrate(III), chloroindanate(III) and chlorogallate(III).

On the other hand, the existence of several anions and equilibria has been

reported also for systems arising by the addition of Me(II) salts (ZnCl2, CuCl2,

SnCl2 and FeCl2) to organic chloride salts although, at least for some of these

metals, the nature of the predominant species is still the object of debate. On the

basis of fast atom bombardment mass spectra (FAB-MS) of the ZnCl2–[emim]Cl

mixtures it was reported [21] the formation of the ZnCl3
� ion under basic

conditions (excess of chloride anion), a result subsequently confirmed [22] by

Lecocq et al. through NMR and MS analyses. On the contrary, an anion speciation

based exclusively on Cl�, [ZnCl4]
2�, [Zn2Cl6]

2�, [Zn3Cl8]
2� and [Zn4Cl10]

2�

anions has been reported in a more recent investigation [23], whereas the Raman

spectra of proper mixtures of [bmim]Cl and ZnCl2 appeared to suggest the presence

of [ZnCl4]
2� as the main ionic species at χZnCl2 < 0:3 [24]. A different speciation

has been proposed for dissolution of SnCl2 in chloride-based ILs [25]. In this case,

when the anionic speciation of the resulting chlorostannate(II) liquids has been

investigated in both solid and liquid states, no evidence was collected for the

existence of [SnCl4]
2� within the entire range of χSnCl2 , although such anion was

reported [26] in the literature for chlorostannate(II) organic salts crystallized from

organic solvents. Both liquid and solid systems contained [SnCl3]
� in equilibrium

with Cl�, when χSnCl2 was < 0.50, [SnCl3]
� in equilibrium with [Sn2Cl5]

�, when
χSnCl2 was > 0.50, and only [SnCl3]

� when χSnCl2 ¼ 0:5.

Finally, in the case of CuCl2 in [bmim]Cl the presence under specific conditions

of the trigonal and deformed tetrahedral copper(II) chloride coordination

complexes, [CuCl3]
� and [CuCl4]

2� respectively, has been proposed on the basis

of both experimental (XPS, UV–Vis and EPR) and DFT calculations [27].

Although the above reported examples are related to metal salts in ILs having

strongly coordinating anions, anionic speciation can occur also in weakly

coordinating ILs, such as bis(trifluoromethylsulfonyl)imide-based ILs. This “innocent”

anion can act as a monodentate ligand coordinating the metal directly through either an

N or O atom or as a bidentate ligand chelating the metal ion via O, O or O, N atoms to

give stable six-membered chelate rings. The coordination via two oxygen atoms, each

placed on a different sulfonyl group, assures, however, a remarkable flexibility due to

some structural features of this anion and, therefore, it should be preferred. In particular,

this kind of coordination guarantees the fact that: (1) the rotation of the CF3SO2

moieties around the N–S bonds allows to modify distance and relative orientation of
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the two chelating oxygen atoms thus favouring the adoption of the preferred coordina-

tion geometry of the metal cation; (2) the presence of 2 equiv. oxygen atoms on each

sulfonyl group adds further geometrical flexibility; and (3) free rotation of the CF3
groups can reduce the sterical hindering in the coordination complex.

Furthermore, considering that each metal cation is characterized by a peculiar

charge (M) and a preferred coordination number (N), and that in common bis

(trifluoromethylsulfonyl)imide-based ILs the dissolution of single charged species

should be favoured with respect to uncharged or multicharged species [28], since

bis(trifluoromethylsulfonyl)imide is a mono charged anion and a bivalent ligand,

coordination complexes of the type [M+M(Tf2N)N/2]
�1 should be the most stable.

This is the situation characterizing single charged metals in tetrahedral coordination

complexes, typical example (Li(I)), double charged metals in octahedral coordina-

tion complexes, typical examples Ni(II), Co(II), Zn(II), Cu(II) and so on, or triple

charged metals in square antiprism coordination complexes, typical example Y(III).

In Fig. 2, an optimized structure for each of the above-mentioned coordination

complexes [M+M(Tf2N)N/2]
�1 is reported.

The stability of these coordination complexes with respect to the neutral salts

determines the chemical and electrochemical behaviour of these solutions as well as

their surface properties. The coordination of the metal cation with the IL anion and

the interaction of the arising complex with the counteranion (IL cation) strongly

affects the metal ion distribution inside the IL and at the IL/air surface [12, 27, 29]

thus determining the IL properties in the bulk and at the interface.

X-ray photoelectron spectroscopy (XPS), a technique able to provide informa-

tion about elemental and chemical state of a sample, has been employed in the last

years not only to investigate the surface of solid materials, including metals and

metal compounds, but also of metal-containing ILs [12]. Since the species present

in ILs are highly mobile in comparison with solid ionic compounds, the surfaces

show phenomena such as surface segregation and enrichment, preferential orienta-

tion, and others in much larger extent than crystalline or amorphous solids. In the

case of “pure” ILs surface often presents peculiar characteristics, such as the

enrichment of the cation alkyl chains at the expense of the polar cation head groups

and the anions. It is noteworthy that the enhancement effect depends on alkyl chain

length and anion size, and more in particular, it is most evident for the smallest

anions and least pronounced for the largest anions [30, 31]. On these bases, it is

reasonable to expect that systems constituted by metal ions dissolved in ionic

Fig. 2 (a) [Li(Tf2N)2]
�; (b) [Ni(Tf2N)3]

�; (c) [Y(Tf2N)4]
� complexes. In all complexes the

ligands ([Tf2N]
�) are in trans conformation and the CF3 groups are arranged to form a sort of

belt, probably due to an interligand dispersive interaction
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liquids, because of the larger number of chemical species present in such ionic

mixtures, may be characterized by structural differences between bulk and surface.

In fact, the presence of complexation equilibria can lead to the simultaneous

existence of several anions having different size and therefore affinity toward the

liquid/gas interface. It is noteworthy that in these systems, slight variations in

IL/metal ratio can dramatically change the surface composition with important

consequence when ILs are used for surface processes, for example in the ILs

chemistry on supported materials (supported IL phase, SILP).

3.1 Coordination Structure and Physico-Chemical
Properties

Addition of metal halides (AlCl3, ZnCl2, FeCl3 and so on) to organic chlorides gives

ILs whose physico-chemical properties are determined by anion speciation. The effect

of anionic composition on melting point, glass transition temperature, viscosity, and

conductivity has long been recognized. In the case of 1-methyl-3-ethylimidazolium

chloride/aluminium trichloride ([emim]Cl/AlCl3) viscosity remains practically con-

stant at values significantly lower than the starting IL, until the amount of [emim]Cl is

below 50 mol%, however, when [emim]Cl exceed 50 mol%, the absolute viscosity

begins to increase [2]. This increase in viscosity, which is related to the increase in

chloride ion concentration, has been attributed to hydrogen bonding between chloride

ion and imidazolium cation. The formation of the metal complexes ([emim]Cl below

50mol%) therefore decreases, at least in this case, the viscosity reducing the hydrogen

bond ability of the anion and the Coulombic forces inside the IL, as a consequence of

the lower charge density of the AlnClm
� anions. Moreover, on the basis of a more

recent investigation in which density, viscosity and conductivity of 1-butyl-3-

methylimidazolium and 1-hydrogen-3-methylimidazolium chloroaluminates,

[bmim]Cl–AlCl3 and [Hmim]Cl–AlCl3, have been determined varying the molar

composition in the temperature range 293.15–343.15 K, it has been inferred [32]

that not only the hydrogen bonding but also the structural geometry of the formed

complexes and cation/anion interaction have a significant effect on the physico-

chemical properties of these liquids. An analogous behaviour of viscosity, i.e. high

viscosity values in the case of very basic compositions (excess of chloride) and a

dramatic decrease with increasing Lewis acid concentration, was observed also in

the case of chlorostannates(II) (the investigated system was [omim]Cl–SnCl2), the

minimum viscosity value for this system being at χSnCl2 ¼ 0:5 [25].

Furthermore, it is noteworthy that for this class of metal-containing ILs

(imidazolium chlorometallates) an interesting and not predictable correlation has

been found between chlorometallate compositions, i.e. anion speciation, and Lewis

acidity using the Gutmann acceptor number [33].

Although the mixtures of metal salts in ILs bearing weakly coordinating anions

have been scarcely investigated, it is nevertheless known to researchers working in

ILs chemistry that the unwanted presence in bis(trifluoromethylsulfonyl)imide-

based ILs of even small amounts of LiTf2N, arising from the metathesis reaction,
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dramatically decreases the melting temperature of the resulting IL and modifies its

physico-chemical properties (viscosity, conductivity, hydrophobicity, polarity and

so on). Generally, the presence of the metal salt increases viscosity and decreases

conductivity with respect to the pure IL and the entity of the effect is determined by

the metal cation nature. In contrast with chloride-based ILs, the interaction between

cations and anions in organic bis(trifluoromethylsulfonyl)imide is very low and

probably moderately affected by the formation of the metal complexes which can,

however, modify the packing ability of the system and the “holes” availability.

Fig. 3 illustrates the temperature dependence of viscosity and conductivity for some

[bmim][Tf2N]-Me(Tf2N)n (Me ¼ Cu, Co, Al, Ni) mixtures, at χMeðTfl2NÞn ¼ 0:1.1

It is noteworthy that both these properties are strongly affected by the temperature;

however, while viscosities of the investigated [bmim][Tf2N]-Me(Tf2N)n (Me ¼ Cu,

Co, Al, Ni) mixtures at relatively high temperatures (340–350 K) converge towards

the values of the pure IL, conductivities remain parallel and always significantly

lower than the pure IL.

4 Application of Halometallates in Synthesis: Alkylation

Reactions

Since the earlier development of chloroaluminate ILs in the 1960s, halometallates

have been largely used as replacements for conventional acid catalysts for many

different applications [34]. In particular, as a consequence of the industrial interest,

the petroleum industry has been by far the largest applicant of this kind of ILs;

alkylations of arenes (Friedel–Crafts reaction) and alkanes (in particular, of isobutane

with 2-butene for the production of high-octane gasoline) have been widely
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1 Unpublished results from this laboratory.
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investigated (from 2005 more than 50 patents have been published on alkylation with

chloroaluminate-based ILs!). The high potential of ILs as alkylating catalysts is

best expressed by the fact that an industrial alkylation plant in China is now running

with an IL as catalyst [35] and the use of ILs was also studied by several companies

(e.g. by the IFP in a pilot plan) although specific details have been not reported up

to now.

Wilkes first reported [36] the Friedel–Crafts reactions of aromatic substrates,

such as benzene, toluene, chlorobenzene and nitrobenzene in [emim]Cl–AlCl3:

with the exception of nitrobenzene the aromatic substrates were efficiently

alkylated. Subsequently, chloroaluminate ILs have been extensively tested as

solvents and catalysts for alkylation of other aromatic systems, such as naphthalene

and anthracene [37, 38] and, more recently, also other halometallate-based ILs have

been investigated [38] for the same reaction.

RCl

[Cat]Cl-MeCln

R

In particular, in 2006 Yin et al. [39] reported the syntheses of diphenylmethane

and its derivatives through Friedel–Crafts benzylation of benzene and derivatives

with benzyl chloride through the use, for the first time, of the moisture-stable

[bmim]Cl/ZnCl2, [bmim]Cl/FeCl3, and [bmim]Cl/FeCl2 systems as solvents and

catalysts. Easy separation of the reaction products, increased reaction rates with

respect to conventional molecular solvents, and high selectivity towards

monoalkylated products were obtained in these media under specific conditions.

R1 R2 + PhCH2Cl R1 R2

CH2Ph

[bmim]Cl-MeCln

Recently, also the moisture-stable chloroindanate ILs have been used [40] as

versatile catalysts for the reaction of phenols with alkenes, obtaining high

conversions to alkylated phenols with high selectivities. However, the supposition

that moisture-stable chlorometallates can always substitute chloroaluminate-based

ILs does not found a general agreement from the literature. Indeed, their lower

Lewis acidities have been reported to be an important detrimental factor in some

reactions: for example, in the case of anthracene alkylation [38], it has been stressed

that [emim]Cl/AlCl3 gave the best results in terms of both yield (74.5%) and

selectivity (82.9%).

Inspired by the outstanding strong Lewis acidity of chloroaluminate ILs,

Chauvin et al. firstly investigated the use of [bmim]Cl–AlCl3 as catalysts in another

important refinery process, the isobutane alkylation with light alkenes to obtain

branched alkanes [41]. Despite the fact that the alkylate products obtained in

chloroaluminate-based ILs alone were characterized by a relatively low content

of octane components and a low trimethylpentane/dimethylhexane ratio [41], also
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other chloroaluminate systems have been studied [14, 42–44] as catalysts for this

reaction. It is noteworthy that, according to the accepted mechanism, in this case

strong Brønsted acids are the catalytic species which can be generated from the

interaction between a strong Lewis acid and a Brønsted acid; in the case of [bmim]

Cl–AlCl3 they arise from the interaction of Lewis acidic chloroaluminates

([Al2Cl7]
� or [Al3Cl10]

�) with HCl. Acidic protons are indeed inherently present

in halogenoaluminate ILs due to the reaction of AlCl3 with the IL cation or traces of

water, if the preparation is done in a not very dry atmosphere. Since acidity is a

crucial parameter in alkylation, which can be controlled by the molar fraction of the

Lewis acid and the addition of “electron donating substances”, various additives

including metal chlorides, organosulfur compounds and tert-butyl halides, were
investigated to improve the catalytic performance of the chloroaluminate ILs in this

reaction [42–45].

+ HX, isomerization

Initiation

C8 Dimerization

C12
+ Oligomerization

Addition of 2-butene

chain reaction

with 4 steps

Hydride transfer

In this contest, interesting results have been recently obtained by addition of acid

cation exchange resins (dry or with small amount of water) or 1-(4-sulfobutyl)-

3-methylimidazolium hydrogensulfate ([(HO3Sbu)mim][HSO4]) to the catalytic medium,

1-octyl-3-methylimidazolium bromide–aluminium chloride, [omim]Br–AlCl3. Under

optimized conditions, a content of desired trimethylpentanes (up to 64%) and

thus an octane number (RON up to 96) comparable or higher than that with

H2SO4 [46] were obtained. First of all, it is noteworthy that [omim]Br–AlCl3 was

chosen because the anionic species formed, [AlCl3Br]
� or [Al2Cl6Br]

�, show
higher Lewis acidity compared to complexes containing only chloride as

halogenide. Furthermore, a Brønsted acid able to give highly acidic protons was

added. In particular, in the case of 1-(4-sulfobutyl)-3-methylimidazolium

hydrogensulfate ([(HO3Sbu)mim][HSO4]), the reaction of the Lewis acidic

haloaluminate with the sulfonic group of the functionalized IL leads to a dimeric

structure generating superacid protons which can react with either the

hydrogensulfate or the [Al2Cl7]
� anion species. The Lewis acid is able to react

with hydrogensulfate to give HCl and another highly acidic proton. On the other
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hand, HCl interacts with the [Al2Cl7]
� anion leading to H[AlCl4] which is regarded

as a superacid.

NN

SO3H

+ [AlCl7]-
NN S O

O

O

AlCl3

+ H[AlCl4]

[AlCl4]- + H2SO4

NN
S O

O

O

Al O

Cl

Cl

S

O

O

N N + H

[HSO4]-

[HSO4]-

- HCl
+ [AlCl7]

-

[H[AlCl4]2]-

Thus, on the basis of these latter results the possibility to control the Brønsted

acidity by forming superacidic IL species or superacidic species in ILs, via protic

additives, appears a particularly promising approach to obtain high yields and

selectivities in isobutane alkylation. However, the efficiency of this reaction is

also determined by reaction conditions (temperature, stirring, paraffin/olefin ratio

and residence parameters). Recent kinetic studies, carried out in reactors with and

without stirring, have shown [47] that the biphasic alkylation of light olefins with

i-paraffins using chloroaluminate ILs as catalysts is an extremely fast reaction,

leading to a low effectiveness factor of the IL catalyst. In a well-mixed reactor the

effective reaction rate is determined by the size of the interphase and of the

characteristic length of the diffusion in the IL phase, the thickness of an IL film

or the diameter of the IL droplets dispersed in the organic phase [48].

Although chloroaluminate ILs are the most investigated systems for this reaction,

recently also chlorogallate ILs have been tested [49]. These latter ILs are more

resistant to hydrolysis than the analogous chloroaluminate ones and are characterized

by a Lewis acidity comparable or slightly higher than those of chloroaluminate ILs

having analogous compositions. In particular, a series of triethylammonium-based

chlorogallate ILs with a variety of Lewis acidity have been applied to isobutane

alkylation. The triethylammonium chloride–gallium trichloride ([Et3NH]Cl–GaCl3)

with χGaCl3 ¼ 0:65 displayed a potential catalytic activity and the addition of CuCl

(5%mol) dramatically enhanced the alkylation reaction; also in this case, up to 70.1%

C8 selectivity and 91.3 RON were achieved under selected conditions (0.5 MPa,

900 r min�1, 15 min, 288 K).
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5 Conclusions

Ionic liquids containing metal salts represent a fascinating world in the ILs universe

that can open up new possibilities in important areas such as catalysis, electro-

chemistry and material science. The physico-chemical properties of the included

metals and the structural organization of the ionic systems arising from the inter-

action between the “appropriate IL” and the metal salt can give new materials,

catalysts and solvents. Bulk and surface properties of ILs containing a metal cation

can be substantially modified changing IL anion (more or less coordinating anions

can give ILs having completely different properties and abilities) and IL/metal salt

ratio, although also the IL cation, in particular when functionalized, can contribute

to this purpose.
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Ionic Liquids in Transition Metal-Catalyzed

Hydroformylation Reactions

Bernhard Rieger, Andriy Plikhta, and Dante A. Castillo-Molina

Abstract The latest state of the art in ionic liquid-based hydroformylation is

reviewed in detail in this chapter. This multiphase homogenous catalytic system

represents a promising strategy in order to reduce catalyst leaching during product

separation and achieve the desired ratio of linear-to-branched aldehyde with a high

catalytic activity and yield. A series of different catalytic systems, ionic liquids

(ILs), and ligands together with their application in the hydroformylation of a

variety of alkenes is presented. The features of those ILs derived from their

composition and their interactions with substrates and catalysts are also discussed.

In addition, recent studies on the catalyst distribution in the bulk and on the surface

of ILs are summarized. Herein, the properties of the ligands show an impact in the

activity and selectivity of the reaction. Moreover, not only Co and Rh complexes

can be applied in the hydroformylation in ILs but also Pt and Ru complexes. On the

other hand, the uses of CO2 as chemical C1 feedstock or scCO2 as carrier for the

reagents and products in the hydroformylation reaction are commented. Catalytic

processes where supported ionic liquid phases (SILPs) and nanocatalysts inter-

vened complement this work.

Keywords Alkenes, Hydroformylation, Ionic liquids, scCO2, SILP
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Abbreviations

[4-mbpy][Cl] 1-N-n-Butyl-4-methylpyridinium chloride

[b((MeOSi)3p)im]

[Cl]

1-Butyl-3-[3-(trimethoxysilyl)propyl]imidazolium

chloride

[bdmim][PF6] 1,2-Dimethyl-3-butylimidazolium hexafluorophosphate

[bmim][BF4] 1-n-Butyl-3-methylimidazolium tetrafluoroborate

[bmim][Cl] 1-n-Butyl-3-methylimidazolium chloride

[bmim][Co(CO)4] 1-n-Butyl-3-methylimidazolium tetracarbonylcobaltate

[bmim][n-
C12H25OSO3]

1-n-Butyl-3-methylimidazolium n-dodecylsulfate

[bmim][n-
C8H17OSO3]

1-n-Butyl-3-methylimidazolium n-octylsulfate

[bmim][p-C6H4SO3] 1-n-Butyl-3-methylimidazolium para-toluenesulfonate
[bmim][PF6] 1-n-Butyl-3-methylimidazolium hexafluorophosphate

[bmim][Tf2N] 1-n-Butyl-3-methylimidazolium bis

(trifluoromethylsulfonyl)imide

[bmim][TfO] 1-n-Butyl-3-methylimidazolium

trifluoromethanesulfonate

[bpy][BF4] N-n-Butylpyridinium tetrafluoroborate

[bpy][Tf2N] N-n-Butylpyridinium bis(trifluoromethylsulfonyl)imide

[daim][An] 1,3-Dialkylimidazolium anion

[emim][C2H5OSO3] 1-Ethyl-3-methylimidazolium ethylsulfate

[emim][TfO] 1-Ethyl-3-methylimidazolium trifluoromethanesulfonate

[emmim][TfO] 1-Ethyl-2,3-dimethylimidazolium

trifluoromethanesulfonate

[hmim][Tf2N] 1-n-Hexyl-3-methylimidazolium bis

(trifluoromethylsulfonyl)imide

[hmim][TfO] 1-n-Hexyl-3-methylimidazolium

trifluoromethanesulfonate

[mbmim][TfO] 1-(2-Methyl-n-butyl)-3-methylimidazolium

trifluoromethanesulfonate

[mg][Co(CO)4] N-Methyl-guanidinium tetracarbonylcobaltate

[mtr][Co(CO)4] 1-Methyl-triazolium tetracarbonylcobaltate
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[NBnEt3][Tf2N] N-Benzyltriethylammonium bis(trifluoromethylsulfonyl)

imide

[NBu4][BF4] Tetra-n-butylammonium tetrafluoroborate

[NEt4][Tf2N] Tetraethylammonium bis(trifluoromethylsulfo-nyl)imide

[NOc3Me][Tf2N] N-Methyltri-n-octylammonium bis

(trifluoromethylsulfonyl)imide

[omim][Tf2N] 1-n-Octyl-3-methylimidazolium bis

(trifluoromethylsulfonyl)imide

[omim][TfO] 1-n-Octyl-3-methylimidazolium

trifluoromethanesulfonate

[P(C4H9)3(C14H29)]

[DBS]

Tri(n-butyl)-n-tetradecylphosphonium dodecyl-

benzenesulfonate

[P(C4H9)3(C2H5)]

[DEP]

Tri(n-butyl)ethylphosphonium diethylphosphate

[P(C6H13)3(C14H29)]

[Cl]

Tri(n-hexyl)-n-tetradecylphosphonium chloride

[P(C6H13)3(C14H29)]

[DCA]

Tri(n-hexyl)-n-tetradecylphosphonium dicyanamide

[P(C6H13)3(C14H29)]

[Tf2N]

Tri(n-hexyl)-n-tetradecylphosphonium bis

(tri-fluoromethylsulfonyl)imide

[PEmim][PF6] 1-(20-Piperid-10-yl-ethyl)-3-methylimidazolium

hexafluorophosphate

[PEmmim][PF6] 1-(20-Piperid-10-yl-ethyl)-2-methyl-3-methylimidazolium

hexafluorophosphate

[prmim][TPPMS] 1-n-Propyl-3-methylimidazolium triphenyl-phosphine-3-

monosulfonate

[prmim]2[TPPDS] 1-n-Propyl-3-methylimidazolium triphenyl-phosphine-

3,3’-disulfonate

[tmg][Co(CO)4] N,N-Tetramethyl-guanidinium tetracarbonylcobaltate

[tmim][TfO] 1,2,3-Trimethylimidazolium trifluoromethanesulfonate

2-(DPP-C6H4)-

[mmim][BF4]

2-Diphenylphosphinophenylen-1,3-dimethylimidazolium

tetrafluoroborate

2-DPP-[mbim][PF6] 1-n-Butyl-2-diphenylphosphino-3-methylimidazolium

hexafluorophosphate

2-DPP-[PEmmim]

[PF6]

1-(20-Piperid-10-yl-ethyl)-2-diphenylphosphino-3-
methylimidazolium hexafluorophosphate

bim(B(C6H5)3) (3-n-Butylimidazole)triphenylboron

Co Cobalt

CO Carbonyl or carbon monoxide

COD Cycloocta-1,5-diene

DPP-Cobaltocene 1,10-Bis(diphenylphosphino)cobaltocenium
hexafluorophosphate

DPPiPr-Cobaltocene 1,10-Bis(diphenylphosphino)-iso-propylcobaltocenium
hexafluorophosphate
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EDX Energy-dispersive X-ray spectroscopy

FTIR Fourier transform infrared spectroscopy

ILCs Ionic liquid crystals

IR Infrared

m.p. Melting point

MAS Magic angle spinning

MCILs Metal-containing ionic liquids

MCM-41 Mesoporous silica nanoparticles

NHCs N-heterocyclic carbenes
nm Nanometer

NMR Nuclear magnetic resonance

NORBOS-Cs3 Tricesium 3,4-dimethyl-2,5,6-tris( p-sulfonato-phenyl)-1-
phosphanorbornadiene

NPs Nanoparticles

OPGPP Octylpolyethyleneglycol-phenylene-phosphite

P Phosphorus

PEG Polyethylene glycol

PFILs Phosphine-functionalized phosphonium ILs

PGMILs Polyether guanidinium methanesulfonates ILs

POP-Xantphos-2

[mmim][PF6]

Phenoxaphosphino-modified Xantphos

ppb Parts per billion

Pt Platinum

PTSA para-Toluene sulfonic acid
Rh Rhodium

Rh(CO)2(acac) (Acetylacetonato)dicarbonylrhodium(I)

rt Room temperature

Ru Ruthenium

scCO2 Supercritical carbon dioxide

SCF Supercritical fluid

SEM Scanning electron microscopy

SILP Supported ionic liquid phase

TEM Transmission electron microscopy

Tg Glass-transition temperature

TMGL 1,1,3,3-Tetramethylguanidinium lactate

TOF Turn over frequency

TOMAC Trioctylmethylammonium chloride

TON Turn over number

TPP, PPh3 Triphenylphosphine

TPPDS Disodium triphenylphosphine-3,30-disulfonate
TPPMS Sodium triphenylphosphine-3-monosulfonate

TPPTI Tri(1,2-dimethyl-3-n-butyl-imidazolium)

triphenylphosphine-3,30,300-trisulfonate
TPPTS Trisodium triphenylphosphine-3,30,300-trisulfonate
XRD X‐ray diffractometry
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1 Introduction

Hydroformylation, also known as oxo process or oxo synthesis, is the most pow-

erful synthetic industrial tool where an alkene is converted in a highly valuable

aldehyde through a homogeneous procedure [1]. During this process, a new C–C

bond is formed using CO and H2 as reagents, which affords a linear and a branched

product with the use of a transition metal catalyst as depicted in Scheme 1.

Since its discovery in 1938 by Otto Roelen, the hydroformylation reaction has

been conducted under diverse conditions and/or reaction media in order to achieve

the desired ratio of linear-to-branched aldehyde and the highest catalytic activities

and yields with a low catalyst leaching [2]. Accordingly, the first hydroformylation

reactions in a homogeneous medium were reported using Co catalysts. Later on, Rh

complexes were introduced as catalysts in the reaction and most of the reports in the

last decades are related to this metal due to the remarkable activity of Rh [3].

Consecutively, further ligand-modified Rh and Co catalysts were proposed and

showed an improvement in the reaction. However, the separation of the products

from the reaction mixture was always an important subject during the development

of new procedures in hydroformylation. In this regard, an aqueous biphasic

hydroformylation process was established for the first time by Ruhrchemie with

the purpose of overcoming expensive recycling cycles [4]. This technical break-

through has been commercially used since 1984 and facilitated the separation of

catalyst and products by decantation. Several examples of aqueous hydrofor-

mylation reactions with multiphase systems have since then been reported in the

literature [5–10].

The mechanism of hydroformylation in a biphasic medium is analogous to that

in organic solvents, as exemplified in Scheme 2. In addition, high-pressure IR and

NMR studies have confirmed that the catalytic active Rh complexes are present in a

dynamic equatorial–equatorial (ee) and equatorial–apical (ea) equilibrium (1a and

1b) [12]. On the other hand, the decay in the catalytic activity is often associated

with the dimerization of the catalytic active species (9). However, an increase in the

partial hydrogen pressure shifts the equilibrium to the monomer site, and a reduc-

tion of both ligand and catalyst concentration also leads to an increase in catalytic

activity [13]. Moreover, the oxo process is often accompanied by different side

reactions such as double-bond isomerization, hydrogenation of unsaturated sub-

strates to saturated species, or reduction of the formed aldehydes to alcohols.

R R R

COH
COH+

[cat.]

Scheme 1 Typical hydroformylation of an alkene
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Due to the low solubility of higher alkenes, the aqueous biphasic hydrofor-

mylation is limited to C2–C5 olefins (Scheme 2) [14]. The industrial conversion of

higher olefins to aldehydes is mainly based on cobalt catalyst and is applicable

under rather harsh conditions [15]. Therefore, ILs were seen as alternative solvents

in order to overcome the limitations of the water-based biphasic oxo synthesis [16].

ILs can better dissolve organic substrates and, in consequence, increase the

reaction rates. Their use as solvents in catalysis is well documented for other

catalytic reactions [17–21]. The possibility of using ILs in biphasic oxo processes

was shown as an example by Chauvin on the Rh-catalyzed hydroformylation of

1-pentene in [bmim][PF6/BF4] in the presence of PPh3, TPPMS, and TPPTS in

1995 [22]. The non-nucleophilic [PF6], [SbF6], [BF4], and [CuCl2] counterions

were chosen for the first studies, due to their availability and relative stability.

Nevertheless, an earlier report on the hydroformylation in molten chlorostannates

by Parshall in 1972 can be found in the literature [23].

Up to date a range of substrates have been tested in ionic liquid-supported

hydroformylation. These include linear C2–C16, cyclic unsaturated hydrocarbons,

and unsaturated esters like methyl acrylate [24], norbornene [25], styrene [25, 26],

methyl-3-pentenoate [27, 28], vinyl acetate [29, 30], vinylnaphthalene [31], and

dimethyl itaconate [32]. An overview of the different catalytic systems is presented

in Scheme 3. Herein, it is important to remark that some of the substrates tested in

ionic liquid-based hydroformylation afford not only aldehydes but also alcohols

[33–35] or heterocycles [24] due to the subsequent hydrogenation or cyclization.

Rh(CO)2(acac) +
P

P

Rh

H
P

P
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CO
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P
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P
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P
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H
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Scheme 2 General

hydroformylation

mechanism using bidentate

phosphine ligands [11]
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This chapter is organized in an easy-to-understand form. Reports on the use of

Rh and Co as catalytic centers are presented at first as most of the studies are

focused on those metals. Within this section, the properties, effects, and perfor-

mance of ILs and ligands in different catalytic systems are described. Additionally,

the development and latest results on the use of scCO2 and SILP in multiphasic

ionic liquid-based hydroformylation catalysis are also summarized. Subsequently,

the less explored homogeneous hydroformylation with Pt and Ru in ILs is reviewed.

Hydroformylation with Ru complexes has been investigated in recent years due to

the recent concerns on the efficient use of CO2 as C1 feedstock in industrial

processes. A summary of Rh- and Co-based hydroformylations in ILs excluding

those systems using scCO2 and SILP is presented by the end of this chapter

(Appendix, Table 3).

2 Properties and Effects of ILs in Hydroformylation

Liquid organic salts below 100�C, defined as ionic liquids (ILs), are promising

non-conventional green solvents, which attract more and more interest for indus-

trial homogeneous multiphasic applications. They are constituted by a wide range

of asymmetric organic cations such as imidazolium, pyridinium, morpholinium,

ammonium, or phosphonium as well as by inorganic or organic anions like

halogenides, perfluorinated borates and phosphates, sulfonates, carbonates, and

carboxylates. Their physicochemical properties are related to those cations and

anions. Solubility, stability, thermomorphic behavior, density, viscosity, and

NN C2H5

CO/H2
Co2(CO)8

Tf2N
C4H9 C4H9

COH

NN C4H9

CO2/2H2
Ru3(CO)12

PF6

C4H9

OHC4H9

OH
C4H9

OH

or or

CO/H2
Nano-Rh (~3 nm)

C10H21 C10H21
COH

thermoregulated IL
(monophasic)

CO/H2
C4H9 C4H9

COH

N
H

NH2

NH2 Co(CO)4

CO/H2
RhCl3

COH

(C8H17)3NCH3/H2O
(triphasic)

COH

1) CO/H2
Rh(CO)2acac/PPh3
2) phenylhydrazine,
PTSA N

N

NN C4H9

PF6

on SILP

O

O
O

O HO
O

O
COH

2)
N

Tf2N

1) CO/H2
Rh(CO)2acac/P(OR)3
2) oxidation, 2 EtOH

COOEt

CO/H2
PtCl2(PPh3)2

O

O
O

O

O

OHOC

HOCN
SnCl3 /
Sn2Cl5

C4H9

C4H9

or or

O

Scheme 3 The variety of hydroformylation approaches
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polarity are key physicochemical features of ILs. On the other hand, their recycla-

bility, cost, and toxicity have to be considered before applying them in catalysis,

especially for industrial purposes. Herein, their decomposition pathways and tox-

icities [67] remain as issues to be studied in detail. Some of the advantages of using

ILs in catalysis are their negligibly low vapor pressure, relatively high thermal

stability, task-specific structure variability, and ability to immobilize the catalyst.

The progress on the ILs-based hydroformylation covering the period from 1972

to 2008 has been reviewed by Dyson and Geldbach [13] as well as in publications

from Haumann and Riisager [68, 69] to the full extent. The interest on its industrial

application is reflected by the number of patents reported from 1993 to 2009 [36,

70–81]. The first studies in this field were focused on the following subjects:

catalyst retention and recyclability in multiphase ionic liquid systems, examination

of parameters influencing catalytic activity, selectivity and substrate solubility,

search for new molecular architectures of liquid organic salts, and new feedstocks.

The development of ILs has been marked by important achievements. For

instance, Wasserscheid et al. investigated the hydroformylation of methyl-3-

pentenoate as a model technical feedstock in 1999. This substrate did not form

biphasic reaction mixtures with [bmim][PF6], but a TOF of 180 h�1 was achieved

[27]. Herein, the catalyst could be easily reused after simple product distillation

from the monophasic reaction mixture. Later on, Dupont applied xanthene-

modified phosphines to the hydroformylation of high olefins (C8–C18) in [bmim]

[PF6] and [bmim][BF4] and raised the question about the structural organization of

ILs [60]. Consecutively, Olivier-Bourbigou reported the first systematic solubility

screening of alkenes in ILs and discussed the dependence of the catalytic activity as

a function of 1-hexene solubility in various ILs [44]. Further, the series of useful

ionic liquid anions in hydroformylation was expanded to [CF3SO3], [CF3CO2], and

[Tf2N]. Similarly, Wasserscheid proposed the application of the ionic liquid

[bmim][n-C8H17SO4] as a halogen-free and hydrolytically stable ionic medium

for hydroformylation of high olefins and, therefore, opened a discussion on the

green aspects of the ILs-based catalysis [47]. In addition, Raubenheimer extended

the ILs library with new molecular architectures and tested these ILs in 1-hexene

and 1-decene hydroformylation [62]. Notably, a similar activity but a higher

tendency toward alkene isomerization in comparison with conventional organic

solvents was observed. Following this tendency, Shreeve presented in 2004 a new

family of triazine-based polyfluorinated triquarternary liquid salts [59]. The catal-

ysis based on those high viscous ionic compounds (17a, b, Fig. 1) gave almost full

conversion for 1-octene within 19 h at 80�C and 69 bar. The range of novel ILs was

hereafter expanded with high viscous ammonium ILs tagged with polyether tails by

Jin in 2004 [64]. These asymmetric ammonium salts were investigated in the

thermoregulated hydroformylation of 1-tetradecene. Furthermore, Williams found

that imidazolium- and ammonium-type ILs gave markedly higher n/iso ratios for

branched aldehydes (>99:1) in the monophasic reaction of vinyl acetate compared

to those obtained in organic solvents [30]. A promoting effect of ILs on the catalytic

activity has been also reported by several authors [30, 37, 68]. Interestingly, the
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blending of two different ILs and the addition of organic solvents enhance the

reaction rates and selectivities [30].

Solubility of gaseous substrates like CO, CO2, H2, and C2–C4 olefins in ionic

liquid media during hydroformylation is an important issue, which should be

clearly understood in order to perform the catalysis effectively. The actual collected

experimental data allow to outline some correlation trends in solubility, but, due to

the application of different methodologies and techniques, not all data is reliable

and, in some cases, appears to be even contradictory [82].

Generally, the solubility of CO and H2 gases in ILs is substantially lower than in

common organic solvents [13]. For [bmim]-containing ILs, H2 solubility increases

in the order [PF6]< [BF4]< [SbF6]� [CF3CO2]< [Tf2N] [82] and, for 1-alkyl-3-

methylimidazolium cations, seems to be largely independent of alkyl chain length

[83]. Pyridinium-based ILs solubilize H2 slightly better than those based on

imidazolium. The highest H2 solubility was found for the phosphonium-based

ionic liquid [P(C6H13)3(C14H29)][PF3(C2F5)3]. A diminution in the temperature

raises the H2 solubility in [(C4H9)N(CH3)3][Tf2N], [bmim][Tf2N], and [emim]

[Tf2N], but the inverse temperature effect is observed for [bmim][PF6], [hmim]

[Tf2N], [bmim][MeSO4], and [bmim][Tf2N] [82]. In addition, the CO solubility

rises in the anion order [BF4]< [PF6]< [SbF6]< [CF3CO2]< [Tf2N] for [bmim]-

based ILs and in the order [mmim]< [emim]< [bmim]< [hmim]< [omim] for

NN C4H9
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NN R
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Fig. 1 Examples of ILs

applied in hydroformylation
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cations with the same anion as determined by 13C NMR, which indicates anion and

alkyl chain length dependences [68, 84]. A contrary effect was only observed for

[bmim][CH3SO4].

Solubility of gaseous unsaturated hydrocarbons in ILs commonly improves with

increasing the olefin chain length C2H4<C3H6<C4H8. Regarding the influence of

the IL anions, solubility of alkenes ascends regularly in the order [BF4]< [PF6]<
[CF3SO3]< [CF3CO2]< [Tf2N] as well as with alkyl chain length of the substitu-

ents in imidazolium cations [82]. For phosphonium-containing ILs, the solu-

bility rises in the order [P(C4H9)3(C14H29)][DBS]< [P(C4H9)3(C2H5)][DEP]<
[P(C6H13)3(C14H29)][DCA]< [P(C6H13)3(C14H29)][Cl]< [P(C6H13)3(C14H29)]

[Tf2N] [85]. Pyrrolidinium-based ILs solubilize ethylene better than the

ammonium-containing ILs.

Normally, when the catalytic conversion of substrates is conducted in an ionic

liquid as the supporting solvent, the TOFs of the catalysts are affected because only

the gaseous reagents initially dissolved in the ionic liquid substrate are available for

the catalytic active species, and, once consumed, the solubilization of further gas

into the ionic liquid occurs slowly [86]. Mass transfer limitations have been

recognized since first reports on biphasic hydroformylations. As an example, a

different reactivity was observed for alkenes in water-based biphasic media. While

the hydroformylation of lower olefins based on water-soluble sulfonated

monodentate phosphines is running with acceptable rates, the poorly water-soluble

higher olefins can be hydroformylated with a rather low activity due to mass

transfer limitations [68, 86, 87]. Therefore, several solutions have been suggested

to increase the reaction rates of higher alkenes in aqueous-phase catalytic conver-

sions, such as addition of conventional surfactants [87]. In ILs, an increase in the

olefin chain length from 1-hexene to 1-decene causes a drop in catalytic activity

from 1,155 h�1 to 22.1 h�1, as observed for the oxo synthesis using a bidentate Rh

complex in [bmim][p-CH3C6H4SO3] [88]. By hydroformylation of higher olefins in

[Rmim][p-CH3C6H4SO3] (11, Fig. 1), Lin et al. reported that the activities are

strongly dependent on the ionic liquid cation [45]. When the chain length of an

alkyl substituent in an imidazolium fragment was comparable with that of an

olefinic substrate, the reaction rates evidently accelerated. This confirms a strong

influence of the solubility of high alkenes in imidazolim alkylsulfonates on the

reaction rates.

An important improvement in the development of ILs for hydroformylation was

the incorporation of a catalytic active metal core in the architecture of ILs, which

represented another promising approach [25]. One of the first works in this field was

addressed to simplify the standard operating procedures of catalyst preparation by

eliminating any activation or synthetic steps. Thus, it was found that mixing RhCl3
and [(C8H17)3NCH3][Cl] (TOMAC; 14, Fig. 1) led to the formation of

[(C8H17)3NCH3][RhCl4]. This ammonium salt, which contains an anionic RhCl4
moiety, catalyzes effectively the hydroformylation of styrene, norbornene, and

tetradecene under triphasic conditions at 80�C without detectable loss of activity

(Appendix, Table 3). The catalytic active species could not be fully characterized

due to isolation difficulties, but the formation of rhodium carbonyl complexes
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during the reaction was evidenced by the appearance of two sharp signals

(2,063 cm�1 and 1,988 cm�1) in the carbonyl region of IR spectra. Interestingly,

addition of water was indispensable for the reaction. Such positive “on water”

effect has been also reported by other authors [89].

The cobalt-based ionic liquid system Co2(CO)8/pyridine/[bmim][Tf2N] appeared

to be active in the hydroformylation of 1-hexene at 130�C and 100 bar CO/H2

pressure reaching a TOF of 110 h�1 with a selectivity of 78% for n-heptanal
[42]. This hydroformylation reaction took place only in ILs which contain

non-coordinating anions ([Tf2N] or [PF6]). Hence, no conversion occurs in the case

of [emim][CH3SO3], [emim][p-CH3C6H4SO3], and [bmim][p-CH3C6H4SO3]. Based

on the fact that the reactivity of Co2(CO)8 with pyridine produces the ionic pair

[Co2+(Py)6][Co(CO)4]2, Olivier-Bourbigou proposed a putative mechanism for the

reaction of Co2(CO)8 with ILs, which leads to the formation of the anionic fragment

[Co(CO)4] as indicated by IR analysis (Scheme 4). This reaction only takes place

with the most coordinating anions and seems to be related with the observed catalytic

results. Additionally, it was assumed that the catalytic active cobalt complex

[HCo(CO)4] is generated under high pressure and temperatures, but tends to dimerize

into Co2(CO)8 or undergoes an acid–base neutralization by pyridine forming

[PyH][Co(CO)4] under normal conditions. The [HCo(CO)4] complex can be

regenerated again by increasing the temperature and pressure. The use of pyridine

effectively prevents the cobalt leaching to the 100–150 ppm level.

Further catalytically active metal-containing ILs (MCILs) for hydroformylation

reactions were reported by Rieger et al. in 2011 (Fig. 2) [43].

These new MCILs were able to convert 1-hexene to n-heptanal with 47%

selectivity at 120�C and 30 bar (mixture of 20 bar H2 and 10 bar CO). Interestingly,

only protic steric unhindered metal-containing ILs (18, 19) showed a good perfor-

mance toward olefin conversion, while zero activity was detected for the aprotic

and protic bulky MCILs (20, 21). Herein, in the context of the acid–base reaction

discussed above for pyridine, the cation–anion interaction forming [HCo(CO)4] is

not ruled out for guanidinium carbonylcobaltates (Scheme 5, B). However, it was

also concluded that [HCo(CO)4] is not the active species in this case and hydrofor-

mylation occurs via cooperative ligand–metal interactions in the case of protic

MCILs (Scheme 5, A).

Based on investigations of structural organization of common dialkylimi-

dazolium salts, Dupont et al. described such salts as hydrogen-bonded polymeric

supramolecules of the type [([daim]x[An]x-n)
n+([daim]x-n[An]x)

n-]n [90]. The intro-

duction of guest molecules into ILs environments causes a disruption of the

hydrogen bond network and, in some cases, induces the nanostructured reorgani-

zation and creation of polar and nonpolar regions. Substantially, electrostatic,

hydrogen bonding, and π-stacking interactions between the ionic liquid and guest

2[emim][X] + 3/2Co2(CO)8 2[emim][Co(CO)4] + CoX2 + 4CO

Scheme 4 Reaction of Co2(CO)8 with ethylmethylimidazolium-based ILs
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substrates take place forming “inclusion complexes” as a result of the supramolec-

ular organization [91]. The ionic media can have a considerable influence on the

molecular reactivity and selectivity of the organometallic catalytic species and

reaction mechanisms. By consecutive dilution, ILs take the shape of triple ion

aggregates and contact ion pairs to a considerable degree, whereas solvent-

separated ion pairs in the infinitely diluted state are formed (Fig. 3).

In the last years, investigation on the surface and interface properties of ILs at

the molecular level has also gained significant interest with the purpose to assess

their mass transfer characteristics, thermic behavior, surface tension, and wettabil-

ity. Numerous non-vacuum and ultrahigh vacuum spectroscopic and scattering

techniques have been applied in order to examine in detail their surfaces

[92]. The chemical composition in upper and boundary layers can differ from that

in the bulk, due to the non-isotropic environment.

Steinrück and Wasserscheid studied, for the first time, the topologic distribution

of Rh complexes and their surface activity in [emim][C2H5SO4], [emim]

[C8H17SO4], [bmim][C8H17SO4], [emim][Tf2N], and [emim][PF3(C2F5)3]

[93]. Steinrück et al. reported on ionic liquid interfaces and related bulk properties

and studied chemical reactions and the dissolution of transition metal complexes in

situ using X-ray photoelectron spectroscopy (XPS) technique [92]. Analyses of the

near-surface region (7–9 nm) at 0� emission angle and of the topmost surface layer

(1–1.5 nm) at the 80� emission angle were performed. A surface enrichment with

Rh by addition of TPPTS to the dissolved [Rh(CO)2(acac)] in both [emim]

[C2H5SO4] and [bmim][C8H17SO4] was observed. Moreover, the orientation of

the formed Rh–TPPTS complex in the topmost IL layer was also deduced out

from the XPS experiments. Herein, the SO3 groups and P atoms are preferentially

pointed toward the ionic liquid bulk (Fig. 4).

Additionally, the hydroformylation reaction can be successfully monitored by

common analytic techniques, such as high-pressure IR [94] or NMR [12]. Reliable
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information about the ionic liquid-immobilized catalyst can be also obtained by

direct analysis of reaction mixtures using electrospray ionization ion trap spectrom-

etry, as reported by Dyson and Zhang [37, 95].

In general, the state of matter of most common ILs is mainly due to the

dissymmetry of the cationic fragments at standard conditions. Nevertheless, it is

Pure polymeric 
supramolecular structure 

Supramolecular agregates, 
inclusion compounds, etc. 

Triple ions 

Contact ion pairs 

Solvent-separated ions at 
infinite dilution of ILs 

Fig. 3 Simplified two-dimensional model of the structural organization of

1,3-dialkylimidazolium ILs (reproduced from [90])
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important to note that symmetric solid organic salts can also be applied in biphasic

hydroformylation of olefins by setting their melting point using supercritical CO2

(scCO2) or even low-to-moderate CO2 pressures. As an example, Leitner

et al. showed that the prototypical hydroformylation of 2-vinylnaphthalene in

[NBu4][BF4] is possible by inducing its melting point depression with CO2

[31]. Thus, the melting point of [NBu4][BF4] can be significantly lowered from

156�C to 36�C at 150 bar, whereas [NEt4][CF3SO3] (m.p. 102�C) turns to the liquid
state already at 20�C at 35 bar CO2. This methodology has the potential to expand

the number of organic melts by using easy accessible and cheaper symmetric ionic

salts as an alternative to ILs.

Another parameter that can be adjusted in order to modify the physical proper-

ties of some ionic liquid systems is the temperature. The modulation of this

condition opens a new spectrum of possibilities in the application of ILs in catalysis

[96]. For instance, numerous concepts that considered the thermomorphic phase

behavior of solvents and thermoregulated phase separation of catalysts have been

developed in the recent years [96]. The method of thermoregulated multicomponent

solvent systems is particularly promising to overcome the mass transport limita-

tions between nonpolar substrates and the polar catalyst-containing phase. This is

beneficial for the achievement of a high reactivity, efficient separation, recovery,

and recycling of the catalyst [96, 97]. This process contemplates the temperature-

dependent miscibility gap of eligible solvent mixtures (Fig. 5). Herein, a system

switches from biphasic form under normal conditions to a homogenous liquid by

increasing the temperature, and the latter can be again separated by cooling. The

point of transition from the biphasic system into the homogeneous state is defined

as upper critical solution temperature (UCST). These smart solvents are particularly

useful uppermost for industrial homogeneous catalytic applications and, in princi-

ple, can be implemented within existing facilities [98].

Incidentally, the combination of ILs with some solvents shows the inverse

miscibility effect, which means that a transformation from monophasic to biphasic

form passing through the point of lower critical solution temperature (LCST) can be

observed by heating [96].

Typical examples of thermoregulated ILs are quaternary ammonium alkane

sulfonate salts tailed with various polyether chains (ILPEGx, x¼ 350, 550, 750;

24, Fig. 7) [63, 64]. Such non-fluorinated ILs are enviromentally friendly and

allow easy catalyst separation by decantation without observable activity loss

over 7 h. Hydroformylation of 1-dodecene catalyzed by Rh–TPPTS was performed
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Fig. 4 Surface orientation

of a Rh–TPPTS complex in
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in a ILPEG750/toluene/n-heptane solvent mixture (miscibility point 108�C) with 97%
conversion and a TOF of 295 h�1 at 110�C (see Appendix, Table 3). Conducting the

reaction at 90�C under biphasic conditions results in much lower conversion (21%)

and activity (TOF¼ 65 h�1), which shows mass transport limitations taking place

under biphasic conditions. In addition, the improved conversion values and activ-

ities in the temperature range from 100 to 110�C indicate that this thermomorphic

system changes from biphase to monophase. Products from this reaction were

obtained by simple phase separation, while the Rh catalyst was retained in the IL

phase with a leaching of less than 1%. PEG-derivatized ammonium

methanesulfonates (22, 24, Fig. 7) were also studied in a “ligand-free” hydrofor-

mylation of 1-octene using Rh nanoparticles (~1.3–2.1 nm) [53, 54]. Both of them

showed thermoregulated phase transition properties, high activities, and retention

of Rh NPs with low metal leaching (0.3%) (Fig. 6).

On the other hand, an oxo synthesis performed in ionic liquid crystals (ILCs) was

reported recently byWang [55]. The novel N-alkylcaprolactam-based ILCs (27a, b;

Fig. 7) hydroformylate 1-octene with lower conversion compared to common

imidazolium-based ILCs 26. It was shown that the lamellar mesophase and the

anion and chain length of the substituents of the cation have a strong impact on the

TOF and regioselectivity.

The room temperature-solidifiable polyether guanidiniummethanesulfonates ILs

(PGMILs; 25, Fig. 7) possess an advantage in the Rh-catalyzed biphasic hydrofor-

mylation of C8–C14 olefins being long-term highly active (TON¼ 31188 after

35 runs), selective, and thermal and chemical stable [61]. The glass-transition

temperature (Tg) of PGMILs can be modulated by changing the polyethyleneglycol

chain length (for n¼ 16, 22, and 42 are Tg¼ 23.8, 37.9, and 50.2�C, respectively).
Therefore, some PGMILs can solidify at room temperature, which effectively

simplifies the separation of catalyst from the product.

Other types of thermoregulated ILs are long alkyl chain imidazolium

halogenides and triflates. They can be used as “micellar promoters” by combining

Catalyst in the 
polar phase Heating 

Cooling 

Reaction products in 
the unpolar phase 

Fig. 5 Functional principle of temperature-controlled multicomponent solvent systems: simple

phase separation before or after catalytic conversion (left) and reaction under monophasic condi-

tions (right) (reproduced from [96])
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them with α-cyclodextrins in thermoregulated microemulsions under hydrofor-

mylation conditions [66]. The supramolecular interactions of the imidazolium

salts favor the micellization at high temperatures, whereas at lower temperatures,

the complexation of benzimidazolium cations by α-cyclodextrins leads to destabi-

lization of micelles (Fig. 8). Such thermoregulated switch is a valuable element for

organometallic catalysis. The decantation times can be substantially decreased and

a perfect phase separation can be achieved in such α-cyclodextrins-containing
mixtures.

a b c 

Heating Cooling 

Fig. 6 Visualization of the thermomorphic behavior of PEG-derivatized ammonium

methanesulfonates containing Rh nanoparticles (~1.3–2.1 nm): (a) room temperature, (b) misci-

bility temperature, and (c) phase separation at room temperature (reproduced from [53])
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3 Structure, Properties, and Application of Ligands in

ILs-Based Hydroformylation

The nature of the ligand structure plays also an essential role in hydroformylation

and affects important catalyst properties such as activity, selectivity, stability, and

solubility. The latter is crucial in catalytic systems where a catalyst separation

and/or recycling step is included. In search for more selective and effective

catalysts, a large spectrum of ligands for ionic liquid-supported hydroformylation

processes has been designed and tested in the last decades. Nowadays, they can be

classified by their physicochemical properties (solubility in organic solvents, water,

or in both), their ionic character (ionic and nonionic), or their complexation mode

(mono- or bidentate). Herein, PPh3 has been used very often as a model ligand, due
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to its availability; it was one of the first ligands used in ionic liquid-containing

biphasic hydroformylation reactions. However, although acceptable reaction rates

and low-to-moderate selectivities and n/iso ratios were obtained, it was observed

that a large amount of the Rh catalyst passed into the organic layer during the course

of the biphasic hydroformylation reaction [48]. This effect produced a considerable

loss of the catalyst during product separation.

The functionalization of PPh3 with ionic groups showed an improvement in the

immobilization of the catalysts in the ionic liquid layer and, therefore, a decrease of

the catalyst leaching [99, 100]. Accordingly, several derivatives of sulfonated PPh3
have been investigated in recent decades (Fig. 9) and their corresponding Rh

complexes are reported to be soluble in ILs and water [38]. In some of the cases,

their solubility in ionic liquid media can be increased by addition of small amounts

of water to the reaction mixture [39]. As an example, the use of (3-sodium

sulfonatophenyl)diphenylphosphine (TPPMS), bis(3-sodium sulfonatophenyl)

phenylphosphine (TPPDS), and tri(3-sodium sulfonatophenyl)phosphine (TPPTS)

under biphasic conditions has been reported by Beller et al. [13, 68, 87].

In order to understand the influence of the sulfonated PPh3 ligands on the surface

composition of Rh-containing ionic liquid solutions, Wasserscheid et al. have

conducted ARXRD spectroscopic studies using a Rh–TPPTS complex in [emim]

[C2H5OSO3] [93]. The results of this study indicated that the nature of the ligand

affects the distribution of the catalytic active species at the interface of the ionic

liquid. Thus, the Rh–TPPTS complex displays a high surface activity, while the

TPPTS-free catalytic system using [Rh(CO)2(acac)] as precursor showed Rh
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depletion from the ionic liquid surface. In this context, it is important to mention

that the influence of new ligands on ionic liquid-based oxo synthesis is often

compared in the literature with reaction mixtures where only [Rh(CO)2(acac)] is

present. For this catalyst precursor in the absence of added ligands (so-called

ligand-free conditions), TOF values up to 1,315 h�1 (for 1-hexene and 1-decene)

but low n/iso ratios (0.5–1.0) and a high metal leaching have been reported

depending on substrate, ionic liquid, and reaction conditions [26, 39].

Following the list of monodentate sulfonated phosphines depicted in Fig. 9, a

range of amphiphilic or tenside phosphines has also been developed and success-

fully applied in catalysis [38, 87, 101–103]. Hydroformylation reactions with bis

(3-sodium sulfonatophenyl)(4-tert-butylphenyl)phosphine (28), phenyl(3-sodium

sulfonatophenyl)(4-tert-butylphenyl)phosphine (29), and bis-(4-tert-butylphenyl)
(3-sodium sulfonatophenyl) phosphine (30) in [bmim][PF6], [bmim][BF4], and

[bmim][n-C12H25OSO3] have shown relatively high reaction rates and higher

n/iso ratios for 1-hexene in comparison with those obtained with TPPDS and

TPPTS [38]. In addition, the complexes of hydrotropic TPPTS and TPPDS showed

not to be suitable for catalytic conversion of 1-hexene to heptanal in hydrophobic

[bmim][PF6].

Further monodentate phosphines for hydroformylation in ILs are presented in

Fig. 10. Special attention should be paid to the phosphonium-functionalized
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monodentate phosphines (PFILs) 41, which were found to be effective stabilizing

agents for high alkene hydroformylation [51]. The alkene solubility and selectivity

in hydroformylation have been enhanced varying the length of the P-alkyl chains.

Such phosphonium-derivatized ligands appeared to be more catalytically active and

selective in comparison with TPP-based systems (Appendix, Table 3) [104].

A new family of monodentate 2-imidazolium-functionalized phosphines (35 and

38, Fig. 10) was applied in the hydroformylation of 1-octene by Stelzer [49] and Liu

et al. [58]. According to the authors, the close proximity of the positive charge of

the imidazolium moiety to the phosphorus atom significantly enhances the catalytic

activity of the catalyst in biphasic 1-octene hydroformylation.

In general, the hydroformylation in the presence of monodentate phosphines

provides rather low n/iso ratios [13] in comparison to bidentate ligands. Therefore,

further investigations have been focused on the development of suitable bidentate

ligands for hydroformylation in ILs. From all bidentate ligands reported in the

literature, the Xantphos family is one of the most effective in hydroformylation

reactions because they give very high activities and n/iso selectivities. For instance,
catalytic reactions based on the dicationic phenoxaphosphino-modified Xantphos

ligand shown in Fig. 11 (POP-Xantphos-2[mmim][PF6], 47) displayed one of the

highest activities and selectivities for 1-octene with TOF up to 10,100 h�1, high

n/iso ratio (40–50), low rhodium leaching (<5 ppb), and poor ligand loss

(<100 ppb P) [40, 41]. On the other hand, the monocationic imidazolium–xantphos

46 hydroformylated 1-octene in a continuous-flow process in [omim][NTf2]

affording high yields and n/iso ratios up to 53 (Appendix, Table 3) [100]. Addition-
ally, a catalyst based on sulfonated xantphos (45) converted completely 1-octene in

[bmim][PF6] within 24 h, but showed a TOF of 41 h�1, whereas the selectivity was

up to 42 with a 1:5 (Rh:L) ratio [60, 105].
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The guanidinium-modified xantphos (48, Fig. 11) has been used in the hydrofor-

mylation of 1-octene in [bmim][PF6] giving good n/iso values (20/1) and low

rhodium leaching (less than 0.07%). Surprisingly, an increase in the conversion

after every reuse of the catalytic mixture was observed. This effect was attributed to

the preformation time of the active catalytic species [48]. Moreover, a guanidinium-

containing ligand based on PPh3 (43, Fig. 10) was also prepared. Both ligands can

be obtained through a simple and efficient methodology and represent an excellent

way to immobilize the catalyst.

Ionic bidentate electron-poor phosphines containing a cobaltocenium frame-

work have been tested in the rhodium-catalyzed hydroformylation of 1-octene in

[bmim][PF6] (49 and 50, Fig. 12) [46]. The catalysts based on these ligands

afforded n-nonanal with remarkably high catalytic activity and selectivity. Further

rhodium complexes containing phosphines with electron-withdrawing groups (35,

Fig. 10) have also been reported to show a significantly high TOF [49, 106, 107]

and, in some cases, high n/iso ratios [108]. The reason for such performance is the

low electron density on phosphorus atoms which causes an increase in the π-back
bonding between the Rh atom and the phosphine in the catalytic species. This
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produces the weakening of π-back donation from an occupied metal d-orbital to the
π*-orbital of a CO ligand and facilitates the substitution of the CO ligands by

alkenes. The degree of π-back bonding in metal carbonyl complexes and the

hydroformylation rate can be assessed with the stretching frequency of the CO

ligands in IR [109, 110].

The incorporation of an aliphatic spacer between the phosphorus atoms and the

electron-withdrawing cobaltocenium moieties resulted in a significant diminution

of the catalytic activity and selectivity (50, Fig. 12). A similar insulation effect was

observed by Brauer et al. in the catalytic activity of DPP-[mbim][PF6] (35)

(TOF¼ 552 h�1) and 2-(DPP-C6H4)-[mmim][BF4] (36) (51 h�1) in the biphasic

hydroformylation of 1-octene in [bmim][PF6] due to the presence of a para-
phenylene bridge. This conclusion is also in good agreement with the results

reported by Leitner et al. [111] and Erkey et al. [109], where the insulation effects

of oxygen and methylene spacer were indicated. Herein, the introduction of ionic

fragments such as sulfonate, phosphonate, and guanidinium at the para- or meta-
position to phosphorus in arylphosphines does not lead to a significant change in the

electronic and steric properties of phosphine ligands, according to IR and NMR

studies [48, 112].

The use of bidentate ligands with biphenyl or binaphthyl backbonds in ionic

liquid-based hydroformylations is also reported in the literature (Fig. 12). For

instance, a BISBIS-containing catalyst gave up to 95% conversion in the hydrofor-

mylation of 1-octene in N-alkylimidazolium sulfonates (54, Fig. 12) with high TOF

(1,055 h�1) and n/iso values (17.9) [88]. The selectivity in this case is determined

by the steric effects of the ligand and the P–metal–P angles [13, 113]. Overall,

bidentate phosphines with large bite angles promote high n/iso ratios. For instance,

high selectivities (66.5:1) were achieved in the hydroformylation of 1-hexene with

the very flexible ligand BISBIS, which has a wide bite angle (124.8�).
Inter- and intramolecular interactions taking place in the catalytic environment

have a strong impact in the performance and stability of the catalysts. The rhodium

leaching is a substantial problem to overcome considering the high metal costs and

complicity of the catalyst recovering. It can be caused by ligand dissociation

followed by formation of tetracarbonyl rhodium hydrides [114] as well as by a

range of other undesirable side reactions, leading to catalyst decomposition, such as

metal reduction, ligand degradation, or oxidation. The metal leaching can be

significantly decreased by the equipping of phosphine ligands with cationic

(guanidinium, imidazolium, phosphonium [51], ammonium, pyridinium) or anionic

(sulfonates) functionalities. Such designed ligands are a powerful tool for the

retention of active catalytic species in ionic liquid matrices [44, 48].

Furthermore, the ligand loading affects the activity of the catalytic systems.

Thus, it was observed that reactions with a Rh:L ratio (1:3) have a slightly higher

TOF (up to 75 min�1) in comparison to systems with a Rh:L ratio of 1:10

(TOF¼ 70 min�1), while an overload (Rh:L¼ 1:100) causes a drop in the catalytic

activity (TOF¼ 30 min�1) in [bmim][PF6]. In all cases, the n/iso ratios remained

unchanged. On the other hand, a high amount of added phosphine prevents signif-

icantly metal leaching, which stays below the detection limit [39].
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In addition to the known advantages in the catalyst recyclability and stability,

ILs can also participate as ligands when they are used as reaction medium. Forma-

tion of N-heterocyclic carbene (NHC) Rh complexes can take place during the

catalysis in imidazolium-based ILs in accordance with several reports about the

room temperature C–H activation at the C2/C4 position of imidazolium cations.

Hence, NHC-mediated hydroformylation became an intensive research area since

1997. However, the first investigations on mono- and bidentate NHCs-supported Rh

and Co hydroformylations were conducted mainly in organic solvents (benzene,

toluene, and dichloromethane) [115–118]. Evidences for the complexation of Rh

with carbenes in ionic liquid-supported oxo synthesis have been reported more

intensively in recent years [37, 119]. For instance, the formation of transient

carbene species in the ILs-supported hydroformylation of 1-octene was first

observed by Dupont et al. [119]. Based on D/H exchange experiments, it was

concluded that NHCs derived from imidazolium moieties are produced in typical

[bmim]-based catalytic systems. Moreover, phosphine ligands play an essential role

in the creation of carbene species, and the presence of weak bases, such as

methanol, favors the complexation. The formed Rh–NHC complexes do not

cause any significant changes in the catalytic activity or selectivity, and the

NHCs can be easily displaced by other substrates present in the reaction mixture.

Regarding the catalyst decomposition pathways, three different cases can be

mentioned: the well-studied oxidative addition of the P–C bond on the rhodium

center, the aryl migration from one phosphine to Rh, and the hydrolytic cleavage of

water-soluble ligands [103, 120]. Furthermore, a very small amount of oxygen or

peroxide in the reagent feed system over long flow periods can lead to phosphine

oxidation with the subsequent ligand cleavage from the rhodium atom. This results

in a dramatic decrease of linear-to-branched aldehyde ratios as well as in metal loss,

especially in a continuous-flow process. In order to overcome this problem, a

cheaper phosphine was added as a sacrificial oxygen scavenger. However, this

has not shown to be very effective in preserving the carrying ligand from oxidation

and it could negatively affect the n/iso ratio [100]. Therefore, the development of

alternative oxygen-resistant ligands is still an important research area in industrial

hydroformylation.

The interactions of a ligand with an ionic liquid have a remarkable impact on the

rate and selectivity in oxo synthesis. For example, significant catalytic activity

increase after addition of a salt to a reaction mixture containing surface active

water-soluble phosphines was observed by Basset [121]. This “salt effect” was

proposed to be an expression of the self-associations on tenside phosphines studied

by Hanson (31 and 33) in 1995 [103]. The expected exchange between Na and

[mbmim] in a TPPMS/[mbmim][TfO] mixture and the formation of hydrogen

bonds between the SO3
� groups and [mbmim] were observed while studying IL–

ligand interactions [26]. Therein, a 2D-NMR study confirmed that the sulfonated

phosphine tended to form an 1:1 “inclusion complex” with [mbmim][TfO] due to

supramolecular interactions, while the neutral TPP is π-stacked to the imidazolium

moiety of the ionic liquid framework [26]. The same fact was reflected in a

molecular dynamic simulation of biphasic systems, which indicated the presence
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of π-interactions between aromatic and alkene groups and the [mbim] moiety

[122]. The formation of such “inclusion complexes” may cause a drop in activity

and in linear-to-branched ratio for 1-decene, as proposed by different authors

[26]. On the other hand, an induction of stereoselectivity by optically pure ionic

liquid 15 has been noted in certain reactions. Herein, a chiral environment around

the rhodium core can be created through the strong intermolecular interactions

between TPPTS and chiral imidazolium ions. At the same time, it is not ruled out

that the solvation of other solutes by optic active ILs fragments or formation of

asymmetric NHC–Rh complexes can be the reason for the transmission of the chiral

information.

Another important side effect is the reduction of Rh(I) to Rh(0), which takes

place in reductive hydroformylation environments and results in nanoparticles

(NPs) formation [51]. The latest is not always accompanied by a color change in

the reaction mixture. Thus, the PPh3-containing catalyst solutions turn from an

orange to a dark brown color under CO/H2 pressure at elevated temperatures

(indicating the formation of a high concentration Rh NPs and their macro agglom-

erates), while the reaction mixtures based on phosphonium-functionalized phos-

phines (41, Fig. 10) containing NPs in the size range �2–10 nm remained orange

throughout recycling experiments. Modification of the ligand structure or the Rh:L

ratio can diminish the size and concentration of NPs.

4 Ionic Liquid-Supported Hydroformylation in scCO2

Hydroformylation of alkenes was one of the first catalytic reactions investigated in

scCO2 due to its industrial importance. The conception of using scCO2 in the

hydroformylation of alkenes came as a solution for the high energy-consuming

distillations to separate the desired products from the catalyst in the reaction

medium [123–127]. Moreover, such distillations have to be often carried out

above the decomposition temperature from the catalyst.

Due to the sharp changes in solubilities of dissolved species with density of the

supercritical medium, scCO2 was seen as a solvent for hydroformylation that would

facilitate such separations by easy pressure alterations to control fluid density and,

in turn, catalyst or product solubility. Additionally, scCO2 is an environmentally

friendly solvent which is totally miscible with permanent gases (e.g., H2 and CO).

Therefore, there are not major problems related to interfacial gas transport.

One of the first studies on the use of scCO2 in hydroformylation was reported by

Rathke et al. in the late 1980s [128]. Their research can be considered the first

systematic study with the aim of understanding the equilibrium and dynamic

processes in the hydroformylation of propylene in scCO2 catalyzed by a dicobalt

octacarbonyl complex. Sometime later, several methods were described in the

literature involving changes in the temperature and/or pressure in the scCO2-

based hydroformylation reactors to separate the products from the catalyst.
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However, a separation procedure that occurs under the reaction conditions was

more desirable, so that it could be adapted for use in flow systems.

Cole-Hamilton et al. proposed at first a solution by introducing a highly active

catalyst which was poorly soluble in scCO2 [129]. The products could be removed

by fluxing them into a second autoclave at low temperature and decompressing the

system. Nevertheless, a catalyst decomposition was detected after several cycles

due to the low solubility of the ligand in scCO2. Therefore, a new strategy to

immobilize the catalyst was searched.

ILs were seen as a solution for these processes due to their poor solubility in

scCO2 (as a result of their ionic character and negligible vapor pressure) and the

high solubility of scCO2 in certain ILs, as observed by Brennecke et al. [130]. In

addition, the ability of CO2 to induce liquid/liquid phase separations of ILs and

organics has also been studied and it depends on the solubility of CO2 in the ionic

liquid and the hydrogen bonding interactions between the latest and organics [130–

132]. Therefore, pure organic compounds could be extracted from the catalyst-

containing ionic liquid phase by using scCO2. There are further remarkable prop-

erties of scCO2-ionic liquid systems: they remain biphasic even at high operating

pressures, and the presence of scCO2 decreases the viscosity of the original ILs,

enhancing the mass transfer and solubility of permanent gases in the liquid phase

(the high-pressure phase equilibria of CO2 and ionic liquids have been studied by

Scurto et al. see: [133]). This reduction of potential mass transfer barriers can

lead to increased reaction rates and selectivities. Additional studies about the

interactions of CO2 or scCO2 in ILs and their effects have been published elsewhere

[134–137].

Preliminary studies using triarylphosphite ligands for the hydroformylation of

1-hexene in a batch system with scCO2/[bmim][PF6] mixtures showed an improve-

ment in the selectivity (84%), the n/iso ratio (6.1), and the reaction rate in compar-

ison to reactions in the absence of scCO2 [138]. A semicontinuous operation using

1-hexene or 1-nonene as substrates showed a decrease in the selectivity and

reactivity after three runs with reuse of the catalytic medium due to degradation

of the catalyst by [PF6] from the reaction medium. In similar conditions, TPPTS

gave low yields as a result of their poor solubility in the biphasic system. An

exchange of sodium for [bmim] increased the catalyst reactivity (TON¼ 160–

320 h�1), and rhodium leaching was not observed, but the n/iso ratio fell slowly

after 9 runs (3.7 to 2.5). This was due to ligand oxidation as a result of the handling

steps required for the semicontinuous process.

Cole-Hamilton et al. reported the first continuous-flow process with immobili-

zation of the catalyst in ILs and extraction with scCO2 [139]. This process showed

that the catalyst was stable during 30 h due to the lack of ligand oxidation. A general

design of the applied system for the hydroformylation is depicted in Fig. 13. This

consists of two separated vessels. On the first one, an ionic catalyst is immobilized

in the ionic liquid in a stirred reactor. The desired alkene, CO/H2, and scCO2 are

introduced continuously at determined rate, coming from separated feeds. The

reaction takes place under homogeneous conditions. The expected products and

scCO2 are transferred to a second vessel where they are subject to product
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separation from the gases by simple expansion. The desired products precipitate

immediately due to the poor solvating capacity of the expanded CO2 under ambient

conditions. The catalyst and the ionic liquid stay in the reactor and CO2 can be

recycled.

The ligand [prmim]2[TPPDS] was tested at first in the continuous-flow hydrofor-

mylation of 1-octene using [bmim][PF6] as ionic liquid and Rh2(OAc))4 as catalyst

precursor [139]. The catalyst showed a high stability during 30 h due to the lack of

phosphine oxidation and a good n/iso ratio (3.8). The rhodium content in the

recovered products was <1 ppm. However, the low conversion (10%) and reaction

rate (TOF¼ 5–10 h�1) stimulated the search for optimized reaction conditions.

The partitioning of the alkenes was considered to be the rate determining factor

in the biphasic system. Therefore, an ionic liquid which is able to solubilize a large

amount of nonpolar substrates was envisioned to overcome the mass transport

limitation. The effects of anions and alkyl groups from the ILs in the solubility of

1-octene were studied. An enhancement on the solubility was observed by increas-

ing the alkyl chain length in the 1-position of 1-alkyl-3-methylimidazolium moiety

and by changing [PF6] for [Tf2N]. In this manner, [omim][Tf2N] showed the best

results in the hydroformylation of 1-dodecene catalyzed by [Rh2(OAc)4]/[prmim]

[TPPMS] with a high conversion (up to 87%) and TON (>1,000) [52, 138]. Addi-

tional optimization tests were conducted with this system. An increment in the TOF

of the hydroformylation of 1-octene was noted with higher substrate flow rates,

although the percentage of aldehyde in the recovered solution decreased

[138]. Accordingly, a TOF of more than 500 h�1 was achieved. Furthermore, this

value was not affected by the use of other substrates. Similar growth in the TOF was

observed as the CO/H2 partial pressure was increased up to a saturation limit. This

result was interpreted as a shift in the equilibrium partitioning of substrate toward

the ionic liquid phase. When the system reached the highest CO/H2 partial pressure,

Fig. 13 General representation of a continuous-flow system for hydroformylation in the presence

of ILs and using scCO2 as the transport vector
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the solvating properties of scCO2 decreased with a subsequent undesirable accu-

mulation of the substrate in the reactor. However, the poor solvating properties of

scCO2 at high CO/H2 partial pressures were beneficial to prevent rhodium leaching

as most of it stayed in the ionic liquid. The content of rhodium in the product during

steady-state operation was <0.1 ppm.

A more specific study to understand the kinetics, phase behavior, and mass

transport in biphasic reaction systems for hydroformylation has also been reported

by Scurto et al. using 1-octene/[Rh(CO)2(acac)]/PPh3 in [hmim][Tf2N]/scCO2 as

model system [140].

Ultimately, Cole-Hamilton et al. showed that the selectivity in the hydrofor-

mylation of 1-octene can be improved (n/iso ratio¼ 40) by the use of the

imidazolium–xantphos ligand (46, Fig. 11) [52].

5 Supported Ionic Liquid Phase (SILP) Hydroformylation

As noted in the previous section, catalyst immobilization in an ionic liquid for

hydroformylation has been a well-established method for the separation of the

corresponding aldehydes from the reaction mixture with minimal catalyst losses.

Although the use of scCO2 showed a very low proportion of catalyst leaching

during continuous-flow processes, an easier to handle catalytic system would be

more attractive for the industry. In this case, the great majority of industrial

catalysts are in solid form due to the ease of catalyst separation and the possibility

to use a fixed-bed reactor. On the other hand, the use of large amounts of ILs in an

industrial hydroformylation process is not desirable from an economic and envi-

ronmental point of view. Additionally, the liquid–liquid biphasic catalysis does not

make use of all available ionic liquid and catalyst dissolved in it. Due to the slow

mass transfer to ionic liquid, a fast catalytic reaction is limited by the concentration

of an alkene in the bulk ionic liquid phase, and the reaction occurs mostly at the

interface or at the diffusion layer rather than in the whole ionic liquid phase.

Therefore, a good catalytic system would consist in an ionic liquid phase of the

same size as the alkene diffusion layer. Herein, new approaches to immobilize the

catalyst and separate it from the reaction media were envisioned [141–146].

5.1 SILP Catalysts for Hydroformylation
of Nonfunctionalized Linear Alkenes in Batch Reactors

Mehnert et al. reported the first immobilized ionic liquid media on the surface of a

support material (SILP) [147]. Accordingly, a silica gel surface was modified with a

monolayer of ionic liquid fragments, which were covalently attached using

alkoxysilane groups as depicted in Scheme 6.
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Further amount of non-covalently attached ionic liquid could be added to the

modified silica gel and this afforded a multiple layer of free ionic liquid on the

support. All those layers served as the homogeneous reaction media in which a

catalyst could be dissolved. For instance, a Rh-based catalyst precursor and a ligand

could be mixed in an organic solvent and added to a previously modified silica gel.

After removal of the solvent, the silica gel-supported catalyst was ready to be use in

hydroformylation. Some examples of hydroformylation of alkenes using this pro-

cedure are shown in Table 1. The first results in catalysis from those supported

catalysts in the hydroformylation of 1-hexene in a batch reactor showed an

enhanced activity, probably due to the higher concentration of the catalyst on the

surface in comparison to the biphasic systems. However, the catalyst leaching was

similar in both systems [147, 154]. A low aldehyde concentration was necessary to

be kept during the reaction in order to avoid the catalyst loss.

Other supports have also been used for the preparation of SILP catalysts for

hydroformylation in a batch reactor. For instance, Yuan et al. reported an SILP

catalyst prepared from a mesoporous material with well-order periodic structures

(MCM-41) [149, 150]. This support was impregnated with a mixture of a Rh–

TPPTS complex and a halogen-free ionic liquid (TMGL; 12, Fig. 1) to afford an

active (TOF up to 389 h�1) and low regioselective (n/i ratio up to 3.5) catalyst in the
hydroformylation of 1-hexene. This regioselectivity was slightly higher in compar-

ison to published results for monodentate rhodium catalysts. In the case of 1-octene,

1-decene, and 1-dodecene, lower TOF and selectivities were obtained. The hexag-

onal array of MCM-41 was not disturbed after treatment with the ionic liquid/Rh

complex mixture, but the surface area, pore volume, and pore size were smaller, as

indicated by XRD and N2 adsorption measurements. This implied that most of the

ionic liquid and Rh complex were located in the inner channels of the support. FTIR

and 31P NMR experiments of the TGML–TPPTS–Rh-supported catalyst showed

the presence of the active hydroformylation species [149, 150]. The catalytic

activity of this catalyst depended on the type of ionic liquid and its loading.

TMGL was advantageous in the reaction in comparison with [bmim][PF6] and

[bmim][BF4]. The latest gave the lowest regioselectivities. This SILP catalyst was

active even after eleven cycles without losing its catalytic performance.

Further studies on the physicochemical and thermodynamic properties of ionic

liquid-containing mesoporous materials have been reported recently by Romanos

et al. [155]. In addition, a complete characterization of SILP materials applying

Si(OEt)3

N N Bu

An

Silica gel

O O
Si

N N Bu

An

OEtSilica gel

CHCl3

An = BF4, PF6

Scheme 6 Surface

attachment of an ionic

liquid monolayer to

silica gel
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diverse analytical and spectroscopic techniques from different porous supports can

be found in the literature [156].

5.2 SILP Catalysts for Hydroformylation of Different
Substrates in Batch and in Continuous-Flow Reactors

5.2.1 Propene

Fehrmann et al. reported the first SILP catalytic system without chemical modifi-

cation of the supporting material surface for a continuous gas-phase fixed-bed

hydroformylation process (Fig. 14) [105]. Hence, silica gel was impregnated with

a nonionic organic solvent/ionic liquid mixture containing a ligand (sulfoxantphos;

45, Fig. 11) and [Rh(CO)2(acac)] as catalyst precursors followed by subsequent

removal of the nonionic organic solvent. This procedure can be carried out with the

use of a rotary evaporator although a new scalable preparation method for SILP

catalyst has been recently reported [157]. In addition, Fehrmann et al. used for the

first time a halogen-free ionic liquid ([bmim][n-C8H17OSO3]) in SILP systems. As

indicated in Table 1, the hydroformylation of propene exhibited a moderate TOF at

steady state with selectivity for the linear product up to 96% during typically 3–4 h.

The regioselectivity depended on the amount of catalyst precursor. Additionally,

the catalyst performance was strongly influenced by the catalyst composition. Low

activities were obtained for catalysts with low ligand to rhodium ratios and a

prolonged use of the catalyst resulted in a decrease in catalytic activity and

selectivity. Moreover, the catalytic activity decreased with increase of ionic liquid

Fig. 14 Schematic

representation of a

continuous-flow fixed-bed

reactor with an SILP

catalyst

Ionic Liquids in Transition Metal-Catalyzed Hydroformylation Reactions 125



loading, and this supports the conclusion that the catalysts were operating with a

mass transfer limitation.

2-DPPD-guanidinium-PF6 and NORBOS-Cs3 (44 and 37, respectively, Fig. 10)

were also tested as ligands in the continuous gas-phase hydroformylation of

propene [104]. A two-phase catalyst preparation procedure was conducted with

those ligands due to the better reproducibility of the kinetic results. TOF up to

88 h�1 was obtained with NORBOS-Cs3 at steady state typically 4–5 h after initial

catalyst preformation. Despite of the larger catalytic activity, the best n/iso ratio

obtained with this ligand was 2.8. This result is in the range for Rh-monophosphine

ligands in hydroformylation. The modified 2-DTPPD ligand afforded a lower n/iso
ratio and catalytic activity.

As noted above, the catalytic activity decreased in systems with a covalently

anchored ionic liquid, where catalyst leaching was detected, or in some with

physisorbed catalyst precursors [105, 147]. Wasserscheid et al. observed that a

more stable SILP catalyst for the hydroformylation of propene could be prepared by

a high-temperature pretreatment of the silica gel used as supporting material [158,

159]. This process afforded a dehydroxylated silica gel without inducing structural

changes. Nevertheless, the catalyst performance and stability was still influenced by

the catalyst composition, and a large excess of ligand was still necessary to prepare

long durable catalysts. Therefore, a dependence of the catalytic activity and the

ligand degradation was established. The optimal Rh:L ratio was found to be around

10. To further understand this process, FTIR spectroscopy of the SILP catalyst with

different amounts of sulfoxantphos (45, Fig. 10) was used to detect the catalytic

species under reaction conditions. As expected, signals corresponding to Rh com-

plexes related to those reported for homogeneous hydroformylation were observed

confirming that the catalysis in the supported ionic liquid layer is homogeneous. In

addition, the amount of those species corresponded to the amount of ligand and

hydroxyl groups in the silica gel. As observed by MAS 31P NMR spectroscopy, part

of the ligand was irreversibly attached to the surface before and during catalysis.

Therefore, those acidic groups on the silica gel surface affected the long-term

stability of SILP Rh–phosphine catalysts and a large excess of phosphine ligand

was necessary to compensate for some detrimental surface reactions.

FTIR and MAS NMR in situ studies were also conducted by Bell et al. using the

catalytic SILP system [Rh(CO)2(acac)]/sulfoxantphos/[bmim][n-C8H17OSO3] for

the hydroformylation of propene [160]. Accordingly, it was proposed that the active

Rh complexes are attached to the silica gel surface by interactions of the sulfonate

groups of the ligand with silanol groups of the support (Fig. 15). Interactions

between the phosphine groups and the silica gel surface are also possible but

undesirable, because they reduce the number of active Rh species. Therefore, it

was suggested that the task of the ionic liquid film on the silica gel support is to

decrease the negative interactions between the ligand and the silanol groups.

Herein, an optimal amount of ionic liquid is necessary to achieve the best results

in hydroformylation.

Supplementary kinetic studies on the continuous gas-phase hydroformylation of

propene using SILP catalysts have been also reported [159, 161, 162]. Accordingly,
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the activation energy of the catalytic SILP system sulfoxantphos/[bmim][n-
C8H17OSO3] was determined to be 63.3� 2.1 kJ mol�1, and the reaction was

found to be first order with respect to propene partial pressure. These data were

similar to those obtained for rhodium-catalyzed hydroformylations using

sulfonated ligands in homogeneous media. Therefore, this comparison provided

additional proof that an SILP catalyst behaves as a homogenous catalyst. Further-

more, it was found that a slightly decreased in catalytic activity of the SILP catalyst

prepared under enhanced conditions was due to the formation of high boiling side

products which dissolve in the ionic liquid layer and lowered the effective catalyst

concentration. However, those by-products could easily be removed from the

catalyst by a vacuum procedure, after which the initial activity could be regained.

Following this procedure, the catalytic system Rh–sulfoxantphos/[bmim][n-
C8H17OSO3] showed to be active for more than 700 h without decomposition.

Additional kinetic studies were reported by Bell [163].

5.2.2 1-Butene

Further substrates have also been tested using the Rh–sulfoxantphos complex in

[bmim][n-C8H17OSO3] and supported in silica gel. 1-Butene showed a significantly

higher activity and selectivity than propene, as depicted in Table 1 [148]. This

improvement on activity was related to an enhanced solubility of 1-butene in the

SILP system, as determined by magnetic suspension balance measurements. The

reaction order on 1-butene and activation energy were similar to those observed for

propene. The selectivity was not affected by the 1-butene pressure or the catalyst

loading, but the temperature had a small influence on it. The reaction rate showed

first-order dependency in rhodium concentration. The syngas composition affected

the reaction in accordance with the accepted hydroformylation mechanism. The

reaction kinetics was also studied in a gradient-free loop reactor (Berty reactor)

[164]. This type of reactor has a circulating flow which has an order of magnitude

higher than the previous system, and the outlet concentration is representative for

the concentration inside the catalyst bed. Therefore, the resulting kinetic data

obtained from this type of reactor have smaller errors. Accordingly, the kinetic

Ionic liquid phase

SiO2

Fig. 15 Proposed

interactions of

sulfoxantphos with the

silanol groups of silica gel

in an SILP catalyst
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information was similar to that previously found. Additionally, the catalytic system

was operated under no mass transport limitations.

As pure 1-butene is not a very attractive substrate for industrial hydrofor-

mylation due to its high price, a new catalytic system for the hydroformylation of

an industrial C4 feedstock was envisioned. For instance, raffinate I (a mixture

containing 1-butene, cis-2-butene, trans-2-butene, isobutene, and butanes) was

seen as a possible substrate. Herein, a complex that would be able to catalyze not

only the hydroformylation reaction but also the isomerization of cis-2-butene and

trans-2-butene to 1-butene was conceived. Wasserscheid et al. showed that an

SILP–Rh complex formed with a benzopinacolphosphite ligand (51, Fig. 12)

could be successfully applied in a continuous gas-phase hydroformylation of

raffinate I [165]. This reaction gave an excellent regioselectivity toward n-pentanal
(up to 99.5%) with no formation of 3-methylbutan-1-al, and the 2-butenes were

hydroformylated after isomerization to give n-pentanal. The high content of

isobutene (43%) did not affect the reaction. The success of this catalytic system

was due to the high stability of the catalyst achieved through the combination of a

drying procedure for the substrate and the use of an acid scavenger to avoid ligand

decomposition. Under optimized reaction conditions, the TOF reached 3,600 h�1

and the selectivity toward n-pentanal remained above 99% after at least 30 days

time-on-stream. Moreover, a space–time yield of 850 kgn-pentanal m
�3 h�1 could be

maintained for at least 10 h time-on-stream. Catalyst leaching was not detected by

analyzing the product with coupled plasma atomic emission spectrometry. Kinetic

investigations of the catalytic system indicated that the reaction is influenced by H2

and CO partial pressures like in a homogeneous hydroformylation reaction, with

activation energy of 41 kJ mol�1. The hydroformylation of a C4 feedstock with a

lower amount of 1-butene/2-butenes (70% n-butane) has shown to give a lower

selectivity on n-pentanal (93.2%) with the use of a bidentate phosphite similar to

those shown in Fig. 12, but with a still industrially acceptable space–time yield of

100 kgn-pentanal m
�3 h�1 [166]. A related patent application can be also found in the

literature [167].

5.2.3 Ethylene

Ethylene is one of the substrates for hydroformylation where the SILP technology

has just been recently applied. An SILP catalyst prepared by impregnating

[Rh(CO)2(acac)] and TPPTS-Cs3 on silica gel for the hydroformylation of ethylene

was reported by Fehrmann et al. [168]. This catalyst showed good activity in the

continuous-flow gas-phase hydroformylation of ethylene giving TOF above

800 h�1. The supported catalyst was also characterized by physical adsorption of

nitrogen, SEM-EDX, and FTIR. The content of ionic liquid in the pores of the solid

support had a strong influence on the catalytic activity, and it was suggested that the

deactivation of the catalyst could be due to the redistribution of the catalyst-

containing ionic liquid on the support surface.
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5.2.4 Vinylarenes

As observed above, most of the research about SILP catalysts has been focused on

the synthesis of linear aldehydes through the hydroformylation of alkenes due to the

importance of the products in the manufacture of detergents and other widespread

substances. Nevertheless, branched aldehydes could also be of interest for the

chemical industry [169]. Consequently, Blum et al. reported the first synthesis of

branched aldehydes starting from vinylarenes using an entrapped Rh complex in a

sol–gel matrix [152]. The SILP catalyst was prepared by mixing [Rh(COD)Cl]2 and

TPPMS in the presence of [b((MeOSi)3p)im][Cl] and Si(OMe)4, and this mixture

was aged at room temperature. The molar ratio ionic liquid/Si(OMe)4 was between

1/20 and 1/30. No Rh was detected in the solvents used to prepare the SILP catalyst,

which indicates that the resulting ceramic material contained all catalyst precursors.

In addition, washings with n-heptane and CH2Cl2 after hydroformylation of

vinylarenes did not show catalyst loss for four consecutive runs.

The sol–gel-supported catalyst was applied to the hydroformylation of different

substituted vinylarenes as well as to 2-vinylnaphthalene in a batch reactor giving

high conversions and branched aldehyde yields (Table 1). No electronic effects due

to the substituents in the substrates were observed. However, the steric effects

related to the ortho position substitution caused a reduction in the reaction rate and

the selectivity. High syngas pressures were beneficial for the increase of the

selectivity in the reaction. The hydroformylation proceeded well in solvents like

alkanes and toluene, but it gave lower selectivities in 1,2-dichloroethane, and

hydrogenation of the starting material was detected in THF. The same catalytic

system was later used together with a separately encaged base in a one-pot,

multistep reaction which included hydroformylation of vinylarenes, base-promoted

condensation of the corresponding aldehyde with reactive methylene compounds

(malononitrile or ethyl cyanoacetate), and hydrogenation of the formed unsaturated

products [56].

The use of water as a solvent was also reported for this supported catalyst

[170]. Hence, a microemulsion of a vinylarene in water with a surfactant was

performed and the entrapped catalyst was added to give the desired branched

aldehydes. The hydroformylation of styrene showed a TON of 1,666 h�1 with

excellent selectivity (branched aldehyde yield: 99%). Nevertheless,

4-methylstyrene, 4-fluorostyrene, 4-chlorostyrene, and 2-vinylnaphthalene did not

show better results as those previously reported.

5.2.5 Allylic Alcohols

Hydroformylation of allylic alcohols is an important step toward the synthesis of

1,4-butanediol in the chemical industry. However, this synthetic route has some

challenges as diverse side reactions can be found for unsaturated alcohols under

hydroformylation conditions. Herein, a novel approach for the regioselective
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hydroformylation of allylic alcohols in a batch reactor was reported by Bhanage

et al. with the use of an SILP catalyst in water [153]. As observed in Table 1, a

series of allylic alcohols was tested in a hydroformylation reaction where the

catalyst precursors (HRhCO(PPh3)3/PPh3) were previously impregnated in an

ionic liquid film on silica gel. An excess of PPh3 was necessary to get high

conversions and regioselectivities, and a higher catalyst loading increased the

reaction rate without altering the regio- and chemoselectivity. The latest was

affected by the temperature. The catalyst could be used until five times without

any loss in activity and selectivity.

5.2.6 1-Octene

The gained experiences on propene were also applied in the hydroformylation of

1-octene by Riisager et al. [104]. A continuous-flow two-phase hydroformylation

from 1-octene using an SILP catalyst with NORBOS-Cs3 (37, Fig. 10) as ligand

indicated a TOF of 44 h�1 and a n/iso ratio of 2.6. Rhodium leaching was not

detectable.

One of the disadvantages of SILP catalyst in the hydroformylation of liquid

substrates is the possible solubility of the supported ionic liquid in the liquid

substrate or product depending on their polarity. When this solubility is high, losses

of the ionic liquid layer could be detected in continuous-flow hydroformylation

processes. In addition, problems related to the gas solubility of reagents in the

substrate and in ionic liquid layer can be still present. As discussed above, this is an

important factor in hydroformylation because the reaction rates depend on the

solubilities of such gaseous reagents in the ILs. Therefore, a hybrid process for

the hydroformylation of liquid alkenes was proposed by Cole-Hamilton et al. [86,

151]. Based on previous reports on the use of supercritical fluids for transporting

substrates across SILP catalysts, a catalytic system involving flowing the substrate,

CO, H2, and products using scCO2 as the mobile phase for the hydroformylation of

1-octene was developed. The employed SILP catalyst contained [Rh(CO)2(acac)]

and [prmim][TPPMS] in [omim][Tf2N] and showed high hydroformylation activ-

ities (rates up to 800 h�1) with a low catalyst leaching (from 2–4 ppm at the

beginning to 0.5 ppm later) and a high stability (at least 40 h). The reaction rate

had a limited dependence on the film thickness (ionic liquid loading) at constant

catalyst loading. This suggested that diffusion is no longer limiting the reaction rate

and all catalytic active species can reach the reactants. The reaction was mainly

affected by the substrate flow rate and the CO2 pressure.
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6 Nanoparticles in Oxo Processes

Nanoparticles were reported as an active catalyst in oxo synthesis of olefins

according to the works published recently (Appendix, Table 3) [171–175]. The

ionic matrices are able to retain the nano-sized particles [54] and prevent their

agglomeration to some extent [171]. Using thermoregulated ILs, a good recycla-

bility of the nanocatalysts by simple phase separation can be achieved, while the

catalytic process is driven under monophasic conditions [53, 54]. The stability and

activity of NPs in imidazolium-based ILs is mainly determined by the nature of the

substrates or products and the coordinative strength of the aggregates with the metal

surface. The chemoselectivity and activity are strongly influenced by nanoparticles

size. While the 1.5–5-nm-scaled rhodium was highly active and selective in

ILs-supported hydroformylation, the large-sized Rh cores (>15 nm) produce only

small amounts of aldehydes with low selectivity similar to Rh/C heterogeneous-

driven processes. The TEM, XRD, IR, and NMR experiments gave evidence on the

Rh NP catalyst degradation. Herein, catalytic active carbonyl species are formed

under reaction conditions [53, 171, 176]. Thus, it was concluded that the Rh NPs

served as a reservoir for active catalyst [172, 175]. The coexistence of NPs with

mononuclear species in the hydroformylation mixtures is evident, but their role and

impact in active catalyst formation in hydroformylation mediated by organometal-

lic Rh(I) compounds has not yet been fully clarified and remains as a subject of

intensive research.

7 Pt-Based Hydroformylation

Due to the high activity of Rh complexes in the hydroformylation reaction, demand

growth of this metal and increasing prices have been observed in the last years.

Therefore, alternative transition metal catalysts have become more desirable [177].

In addition to Rh and Co catalysts, phosphine-containing platinum complexes

have been reported to catalyze the hydroformylation of alkenes in the presence of

chlorostannate ILs. The Lewis acidity and anionic speciation of those ILs have been

recently studied in detail [178]. As a first example in the literature, a method for the

hydroformylation of ethylene using a low-melting tetraalkylammonium salt

([(C2H5)4N][SnCl3]) and a platinum complex (PtCl2) as catalyst precursor was

presented by Parshall in 1972 [23]. Herein, a 65% combined conversion of

propionaldehyde and 2-methyl-2-pentenal was obtained under harsher conditions

(90�C and 400 atm). Although more data on the catalytic activity was not presented,

this seminal work was extended to other substrates by Wasserscheid

et al. [28]. Accordingly, the hydroformylation of methyl-3-pentenoate and

1-octene with (PPh3)2PtCl2 was conducted in slightly Lewis-acidic chlorostannate

ILs, which were prepared by mixing SnCl2 and an ionic liquid ([bmim][Cl] or

[4-mbp][Cl]). For the first substrate, an enhancement of catalyst lifetime and

activity in the ionic liquid was observed in comparison with similar reactions in
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CH2Cl2. However, a low conversion of methyl-3-pentenoate was observed in the

presence of both ILs. Methylpentanoate was also detected, which indicates that

hydrogenation of the product occurs simultaneously.

In the case of 1-octene, a biphasic reaction took place with each of the

chlorostannate ILs. Therefore, the isolation of the catalyst was conducted by simple

phase separation. A maximum conversion of 22% was obtained with [bmim]

[Cl]/SnCl2 and a high selectivity of 96% was achieved. Herein, the hydrogenation

activity of the catalyst was higher as in methyl-3-pentenoate. The highest ratio

hydroformylation to hydrogenation was obtained at low temperatures and high

syngas pressures. It is important to mention that hydroformylation of styrene

under similar conditions has been also tested. However, the formed platinum

complexes have been practically inactive in imidazolium-type ILs [179]. NMR

mechanistic investigations on the formation of catalytic precursors in

chlorostannate ILs were first reported by Kollár et al. [180]. Additional reports

can also be found in the literature [181, 182].

8 Ru-Based Hydroformylation

A different reaction mechanism has been proposed for the hydroformylation of

alkenes using ruthenium clusters as catalytic precursors and CO2 as educt. During

the search for new environmentally friendly alternatives for the hydroformylation,

CO2 has been found to be a good nontoxic reagent to produce alcohols and/or

aldehydes. The first tests on hydroformylation with CO2 as carbon source in ILs

were reported by Tominaga et al. [33]. His previous work on the hydroformylation

of alkenes using metal halides and multinuclear ruthenium complexes as catalyst

precursors [183] prompted him to look for alternative polar solvents to N-methyl-2-

pyrrolidone (NMP), which has a high boiling point and, therefore, complicates the

isolation of hydroformylation products. In addition, terminal alkenes in NMP

afforded the corresponding alkanes due to the reduction of the educt before the

hydrogenation took placed. Herein, ILs were seen as an alternative solvent to

overcome those difficulties. Accordingly, a biphasic system would reduce the

undesired alkene hydrogenation and improve the chemoselectivity toward

hydroformylation. Moreover, the catalytic species could remain in the ionic liquid

layer with the possibility of reusing it several times. Hydroformylation with CO2

using the most effective catalyst precursors (H4Ru4(CO)12 or Ru3(CO)12) consists

of two steps: conversion of CO2 to CO via a reverse water–gas shift reaction and

subsequent reaction of the latest with alkenes through a hydroformylation mecha-

nism. For the first step, tetranuclear ruthenium species have been detected in the

reaction medium, and these are assumed to be responsible for the reduction of CO2

to CO, as depicted in Scheme 7 [34, 184].

A key step in the mechanism requires the successive elimination of the coordi-

nated hydrogens in the hydride complex [H2Ru4(CO)12], which is promoted by the

chloride anions from the corresponding ionic liquid. Subsequent nucleophilic attack

of protons to tetranuclear ruthenium [Ru4(CO)12(CO2
�)] converts CO2 to
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CO. According to investigations followed by Tominaga, the halide anions are

sufficiently strong to abstract a proton from metal hydride complexes in

nonaqueous solvents. Therefore, the reaction rate depends on the proton affinity

of such anions. This is supported by the observed effect of anions: the yield of

hydroformylation increases in the order Cl>Br> I.

For the second step of the hydroformylation of alkenes with CO2 catalyzed by

ruthenium complexes, the reactivity of CO with cyclohexene in the presence of

metal halides has been studied to determine the possible mechanism [34]. The

observations by electrospray ionization mass spectrometry suggested that this step

is catalyzed by a combination of mono- and tetranuclear ruthenium complexes

([RuCl3(CO)3] and [H3Ru4(CO)12]). Moreover, [(cyclohexene)RuCl2(CO)3] was

also observed in the reaction solution. As a sequel, this step involves the coordina-

tion of substrates to the mononuclear species, followed by insertion of CO and the

hydrogen donation from the tetranuclear species. These observations can be extrap-

olated to the reactions in ILs. Table 2 shows some examples of hydroformylation of

alkenes with CO2 using multinuclear ruthenium complexes and different ILs.

The seminal investigations conducted by Tominaga et al. have been used to

develop a new strategy for the hydroaminomethylation of olefins. Srivastava

et al. reported the first example of a one-pot protocol which includes the hydrofor-

mylation of alkenes and a subsequent reductive amination which leads to secondary

and tertiary amines with good yields [186]. This reaction was carried out in the

presence of Ru3(CO)12, CO2, and an ionic liquid (benzyltriethylammonium chloride).

Recently, Porcheddu has demonstrated that formic acid can be used as feedstock

in the hydroformylation of alkenes [187]. This procedure avoids all the safety issues

related to the use and management of gaseous reagents and facilitates the perfor-

mance of small-scale reactions. However, the reactions have to be conducted in two

separated reaction chambers to obtain good yields. The production of CO2 and H2 is

done in one of the chambers in the presence of a small amount of sodium formate

and lithium chloride. The second chamber contains the desired educt and a mixture

of ILs ([bmim][Cl]/[bmim][Tf2N]) to accomplish the hydroformylation. Both

chambers contain Ru3(CO)12 as catalyst precursor and heated at the same temper-

ature. Several alkenes were reported to afford the corresponding alcohol through

this procedure with high regioselectivity. Some examples are (conversion; yield; n/
iso ratio): 1-hexene (95; 74; 85/15), 2-methyl-1-hexene (95; 71; 100/0),

vinylcyclohexane (94; 81; 82/18), and α-methylstyrene (97; 71; 100/0).

[H2Ru4(CO)12]2
-

[Ru4(CO)13]2
-

[Ru4(CO)12]4
-

[Ru4(CO)12(CO2)]3
-

2Cl

2HCl

CO2

2Cl

2HCl

H2O +

CO

H2

Cl HCl

[H3Ru4(CO)12]

Scheme 7 Ruthenium-

catalyzed reduction of CO2

to CO
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9 Concluding Remarks

Although the use of ionic liquid for immobilization of the catalyst is the most viable

method for hydroformylations where high n/iso ratios and yields with a low catalyst

leaching are desirable, modifications to the catalytic systems still need to be

conducted in order to afford better results. For instance, a rigorous model-based

reactor for such processes has to be developed. In this regard, new reactor concepts

for the hydroformylation of long chain linear alkenes have been proposed by

Sundmacher et al. recently [188, 189]. In addition, a reduction in the catalyst

leaching with the application of nanofiltration membranes to a continuous homo-

geneous hydroformylation has been reported by Subramaniam et al. [190]. His

pioneering work has shown a high efficiency in the retention of Rh complexes in the

reaction medium. Moreover, CO2 can be also used as a switchable water additive to

allow homogeneous hydroformylation to take place in a monophasic form and to

separate the products in a biphasic version [191]. This new technique presented by

Jessop et al. does not suffer from the traditional mass transfer limitations because

the reaction is conducted in a monophasic medium.

As noticed by Leitner et al., the right combination of immobilization techniques

with modern engineering solutions will cope the still remaining challenges in

hydroformylation [192].

Appendix

Table 2 CO2 hydroformylation of alkenes using Ru3(CO)12 as catalyst precursor
a

Substrate Reaction medium Conversion/yieldb References

1-Hexene [bmim][Cl]/toluene 97/84, 0, 11 [33, 35]

1-Hexene [bmim][BF4]/toluene 96/63, 0, 26 [33]

1-Hexene [bmim][PF6]/toluene 95/3, 0, 86 [33]

1-Hexene [bmim][Cl]/[bmim][NTf2]
c 94/82, 0, 9 [185]

1-Hexene [bmim][Cl]/[bmim][BF4]
c 95/71, 0, 9 [185]

1-Hexene [bmim][Cl]/[bmim][PF6]
c 94/50, 0, 7 [185]

Cyclohexene [bmim][Cl]/toluene 80/76, 0, 3 [35]

α-Methylstyrene [bmim][Cl]/toluene 78/50, 0,22 [35]

α-Methylstyrene [bmim][Cl]/benzene 88/62, 2, 22 [35]

Styrene [bmim][Cl]/toluene 100/47, 0, 49 [35]

Styrene [bmim][Cl]/benzene 100/60, 0, 38 [35]
ap(CO2/H2) [bar]¼ 40/40 and T [�C]¼ 140�C, unless noted
bAlcohol, aldehyde, and alkane, respectively
cT [�C]¼ 160�C

134 B. Rieger et al.



T
a
b
le

3
S
u
m
m
ar
y
o
f
R
h
-
an
d
C
o
-b
as
ed

h
y
d
ro
fo
rm

y
la
ti
o
n
s
in

IL
s

S
u
b
st
ra
te

C
at
al
y
st
p
re
cu
rs
o
r/
li
g
an
d

R
ea
ct
io
n
m
ed
iu
m

p(
C
O
/H

2
)

[b
ar
]/
T

(�
C
)

C
o
n
v
er
si
o
n
/

y
ie
ld

T
O
F
(h

�1
)

[n
/i
so
]a

C
at
.

re
cy
cl
e.

(t
im

es
)

R
ef
er
en
ce
s

E
th
y
le
n
e

R
h
(P
P
h
3
)C
l/
P
P
h
3
(R
h
/L

¼
1
/

1
0
)

[b
m
im

][
B
F
4
],
[h
m
im

][
B
F
4
],

[o
m
im

][
B
F
4
],
[b
p
im

]

[B
F
4
],
[b
d
im

][
B
F
4
],

[b
m
im

][
P
F
6
]

2
0
/1
0
0

7
1
.4
–
9
8
.2

1
,1
2
3
–

1
0
,6
2
7

–
6

[3
6
,
3
7
]

[b
m
im

][
T
sO

],
[b
m
im

][
A
cO

],

[b
m
im

][
S
C
N
],
[b
m
im

]

[H
S
O
4
]

–
–

–
–

1
-P
en
te
n
e

[R
h
(C
O
) 2
(a
ca
c)
]/
P
P
h
3
,

T
P
P
T
S
,
T
P
P
M
S

(R
h
/L

¼
1
/3
–
1
0
)

[b
m
im

][
B
F
4
],
[e
m
im

][
B
F
4
],

[b
m
im

][
P
F
6
]

2
0
–
4
0
/8
0

/1
6
–
9
9

5
9
–
3
3
3

2
.8
–
3
.9

–
[2
2
]

1
-H

ex
en
e

[R
h
(C
O
) 2
(a
ca
c)
]/
2
8
,
2
9
,
3
0

(R
h
/L

¼
1
/5
)

[b
m
im

][
B
F
4
],
[b
m
im

][
P
F
6
],

[b
m
im

][
n
-C

1
2
H
2
5
O
S
O
3
]

1
5
/1
0
0

5
8
.5
–
8
7
.3

1
1
7
–
1
7
4

2
.6
–
3
.9

[3
8
]

[R
h
(C
O
) 2
(a
ca
c)
]/
–

[b
m
im

][
P
F
6
]

4
1
.4
/1
0
0

–
2
–
2
1

0
.5
–
1
.5

5
[3
9
]

[R
h
(C
O
) 2
(a
ca
c)
]/
T
P
P
,

T
P
P
T
S
,
T
P
P
T
I

(R
h
/L

¼
1
/1
0
)

[b
m
im

][
B
F
4
]

4
1
.4
/1
0
0

–
4
–
1
4

1
.9
–
2
.6

3
–
1
0

[3
9
]

[b
m
im

][
P
F
6
]

–
2
3
–
7
0

1
.8
–
2
.6

1
–
1
0

[b
d
m
im

][
P
F
6
]

–
3
–
3
7

2
.2
–
2
.6

1
–
7

[R
h
(C
O
) 2
(a
ca
c)
]/
P
O
P
-

x
an
tp
h
o
s-
2
[m

m
im

][
P
F
6
]

(4
7
)
(R
h
/L

¼
1
/4
)

[b
m
im

][
P
F
6
]

6
0
/1
0
0

4
9
–
8
9
/–

4
,0
0
0
–

8
,9
0
0

5
4
–
5
8

1
–
9

[4
0
,
4
1
]

C
o
2
(C
O
) 8
]/
p
y
ri
d
in
e,

su
b
st
it
u
te
d
p
y
ri
d
in
es

[b
m
im

][
P
F
6
]

[b
m
im

][
T
f 2
N
]

[b
m
p
y
rr
][
T
f 2
N
]

1
0
0
/1
3
0

6
6
–
9
0
/–

4
7
–
2
6
0

1
.8
–
2
.1

–
[4
2
]

[m
tr
][
C
o
(C
O
) 4
]
(1
9
)

[m
g
][
C
o
(C
O
) 4
]
(1
8
)

–
(1
0
/2
0
)/

1
2
0

2
7
–
8
7

–
4
3
b

3
[4
3
]

[R
h
(C
O
) 2
(a
ca
c)
]/
3
3

(R
h
/L

¼
1
/4
-1
/1
0
)

[b
m
im

][
B
F
4
],
[b
m
im

][
P
F
6
]

2
0
/8
0

4
2
–
9
6
/7
4
–

9
6

6
0
–
2
4
0

2
.6
– 1
2
.6

2
[4
4
]

(c
o
n
ti
n
u
ed
)

Ionic Liquids in Transition Metal-Catalyzed Hydroformylation Reactions 135



T
a
b
le

3
(c
o
n
ti
n
u
ed
)

S
u
b
st
ra
te

C
at
al
y
st
p
re
cu
rs
o
r/
li
g
an
d

R
ea
ct
io
n
m
ed
iu
m

p(
C
O
/H

2
)

[b
ar
]/
T

(�
C
)

C
o
n
v
er
si
o
n
/

y
ie
ld

T
O
F
(h

�
1
)

[n
/i
so
]a

C
at
.

re
cy
cl
e.

(t
im

es
)

R
ef
er
en
ce
s

1
-O

ct
en
e,
1
-d
ec
en
e,

1
-d
o
d
ec
en
e

[R
h
(C
O
) 2
(a
ca
c)
]/
T
P
P
T
S

(R
h
/L

¼
1
/6
–
1
/1
0
)

[b
m
im

][
T
sO

],
[o
m
im

][
T
sO

],

[d
o
d
m
im

][
T
sO

],
[c
m
im

]

[T
sO

]
(1
1
)

3
0
/1
0
0

5
9
.3
–
9
8
.7
/–

6
5
4
–
2
,1
8
1

2
.8
– 1
5
.6

9
[4
5
]

1
-O

ct
en
e

[R
h
(C
O
) 2
(a
ca
c)
]/
T
P
P
,

T
P
P
T
S
,
D
P
P
E
,
D
P
P
F
,
4
9
,

5
0
(R
h
/L

¼
1
/2
)

[b
m
im

][
P
F
6
]

1
0
/1
0
0

–
3
5
–
8
2
8

2
.6
– 1
6
.2

–
[4
6
]

[R
h
(C
O
) 2
(a
ca
c)
]/
3
1

(R
h
/L

¼
1
/2
)

[b
m
im

][
B
F
4
],
[b
m
im

][
P
F
6
],

[b
m
im

][
n
-C

8
H
1
7
O
S
O
3
],

[b
m
im

][
n
-C

8
H
1
7
O
S
O
3
]

+
cy
cl
o
h
ex
an
e

2
8
/1
0
0

–
/–

2
7
6
–
8
9
2

2
.0
–
2
.9

–
[4
7
]

[R
h
(C
O
) 2
(a
ca
c)
]/
T
P
P
,

T
P
P
T
S
,
4
8
,
4
3
a
,

b
(R
h
/L

¼
1
/2
)

[b
m
im

][
P
F
6
]

3
0
/1
0
0

7
.7
–
6
9
.1
/–

1
5
–
6
8
0

1
.7
– 2
1
.3

1
0

[4
8
]

[R
h
(C
O
) 2
(a
ca
c)
]/
D
P
P
-

[m
b
im

][
P
F
6
]
(3
5
),

2
-(
D
P
P
-C

6
H
4
)-
[m

m
im

]

[B
F
4
]
(3
6
)
(R
h
/L

¼
1
/2
)

[b
m
im

][
P
F
6
]

3
0
/1
0
0

–
5
1
–
5
5
2

1
.1
–
2
.8

–
[4
9
]

[R
h
(C
O
) 2
(a
ca
c)
]/
P
O
P
-

x
an
tp
h
o
s-
2
[m

m
im

][
P
F
6
]

4
7

(R
h
/L

¼
1
/4
)

[b
m
im

][
P
F
6
]

6
0
/1
0
0

4
0
/–

1
,2
0
0
–

1
0
,1
0
0

(6
,2
0
0
)

1
.9
–
4
5

(4
4
)

1
–
1
3

[4
0
]

[R
h
(C
O
) 2
(a
ca
c)
]/
3
4

(R
h
/L

¼
1
/2
)

[b
m
im

][
P
F
6
]

3
0
/1
0
0

–
3
2

2
.8

–
[5
0
]

[R
h
(C
O
) 2
(a
ca
c)
)]
/P
F
IL

3
7
,

3
8
,
3
9
(R
h
/L

¼
1
/2
,
4
,
8
)

P
F
IL

4
1
(a
ct
s
as

IL
)

1
0
–
4
0
/

5
0
–

1
0
0

5
7
–
1
0
0
/–

–
1
.8
–
3
.7

1
–
5

[5
1
]

136 B. Rieger et al.



[R
h
(C
O
) 2
(a
ca
c)
]/

im
id
az
o
li
u
m
–
x
an
tp
h
o
s

(4
6
)

(R
h
/L

¼
1
/2
)

[o
m
im

][
T
f 2
N
]

1
0
–
4
0
/

1
0
0

6
0
–
9
4

–
8
–
5
3

–
[5
2
]

R
h
N
P
’s
(1
.3
–
2
.4

n
m
)/
–

IL
P
E
G
7
5
0
(2
2
)

2
0
–
5
0
/

8
0
–

1
2
0

3
2
–
1
0
0
/2
4
–

9
9

–
0
.8
–
1
.6

5
[5
3
]

R
h
N
P
’s
(2
.1

n
m
)/
–

IL
P
E
G
7
5
0
(2
2
)

3
0
–
6
0
)/

7
0
–

1
0
0

4
0
–
9
9
/2
2
–

9
1

–
1
.2
–
4
.7

8
[5
4
]

[(
T
P
P
) 3
R
h
C
l]
/T
P
P

N
-a
lk
y
lc
ap
ro
la
ct
am

-b
as
ed

IL
C
’s
(2
7
a
,
b
),
[C

1
6
m
im

]

[T
fO

]/
[B
F
4
]
(2
6
)

4
0
/1
0
5

6
7
–
9
8
/–

7
4
–
9
6
9

0
.3
–
5

–
[5
5
]

[R
h
(C
O
) 2
(a
ca
c)
]/

su
lf
o
x
an
tp
h
o
s
(4
5
)

(R
h
/L

¼
1
/4
)

[b
m
im

][
P
F
6
]

1
0
,
(5
/1
0
),

(1
6
/4
)/

1
0
0

6
3
–
6
8
/3
6
–

3
9

3
8
2
–
4
1
1

6
–
7

–
[5
6
]

[R
h
(C
O
) 2
(a
ca
c)
]/
4
2

(R
h
/L

¼
1
/1
0
)

[b
m
im

][
T
f 2
N
],
[b
m
im

][
T
f 2
N
]

+
M
eO

H

1
2
0
/8
0

9
8
/–

–
2
.7
–
2
.9

1
7

[5
7
]

[(
2
-D

P
P
-[
m
b
im

][
P
F
6
])
2
R
h

(C
l 4
)]
/3
8
(R
h
/L

¼
1
/6
)

[b
m
im

][
B
F
4
]

[P
E
m
im

][
B
F
4
]

4
0
/1
2
0

9
6
–
9
8
/–

6
1
3
–
8
6
6

2
.8

2
[5
8
]

[R
h
(C
O
) 2
(a
ca
c)
]/
4
0

(R
h
/L

¼
1
/4

1
/2
0
)

1
7
a
,
1
7
b
,
1
6

6
9
/8
0

1
2
–
6
0
/–

2
0
–
2
0
7

1
.2
–
1
9

2
[5
9
]

[R
h
(C
O
) 2
(a
ca
c)
]/
x
an
tp
h
o
s,

su
lf
o
x
an
tp
h
o
s
(4
5
)

(R
h
/L

¼
1
/1
–
1
/5
)

[b
m
im

][
P
F
6
]

[b
m
im

][
P
F
6
]
+
H
2
O

[b
m
im

][
B
F
4
]

1
5
.2
– 5
0
.6
/

8
0
–

1
0
0

1
8
–
9
9
/–

1
5
–
2
4
5

1
.7
– 1
4
.8

–
[6
0
]

R
h
C
l 3
•3
H
2
O
/T
P
P
T
S

[M
e(
E
O
) 1
6
T
M
G
]O

m
s
(2
5
)

5
0

8
5
/–

1
9
3

2
.0

3
5

[6
1
]

(c
o
n
ti
n
u
ed
)

Ionic Liquids in Transition Metal-Catalyzed Hydroformylation Reactions 137



T
a
b
le

3
(c
o
n
ti
n
u
ed
)

S
u
b
st
ra
te

C
at
al
y
st
p
re
cu
rs
o
r/
li
g
an
d

R
ea
ct
io
n
m
ed
iu
m

p(
C
O
/H

2
)

[b
ar
]/
T

(�
C
)

C
o
n
v
er
si
o
n
/

y
ie
ld

T
O
F
(h

�1
)

[n
/i
so
]a

C
at
.

re
cy
cl
e.

(t
im

es
)

R
ef
er
en
ce
s

1
-D

ec
en
e

[R
h
(C
O
) 2
(a
ca
c)
]/
–

[b
m
im

][
T
fO

]
5
0
/8
0

–
1
,3
1
5

0
.5

–
[2
6
]

[R
h
(C
O
) 2
(a
ca
c)
]/
T
P
P
,

T
P
P
M
S
,T
P
P
T
S

(R
h
/L

¼
1
/5
.2
5
)

[e
m
im

][
T
fO

]
5
0
/8
0

5
8
–
6
2
/–

4
0
0
–
7
6
0

2
.1
–
2
.8

–
[2
6
]

[b
m
im

][
T
fO

]
8
8
–
8
9
/–

5
3
0
–
9
6
0

2
.2
–
2
.8

–

[m
b
m
im

][
T
fO

]
9
7
–
9
9
/–

9
2
5
–
1
,3
0
0

1
.8
–
2
.7

5

[h
m
im

][
T
fO

]
9
7
–
1
0
0
/–

9
1
0
–
1
,0
4
5

1
.4
–
2
.7

–

[o
m
im

][
T
fO

]
9
8
–
9
9
/–

1
,2
2
5
–

1
,2
6
0

1
.2
–
2
.7

–

1
-H

ex
en
e,

1
-d
o
d
ec
en
e

R
h
(P
P
h
3
)C
l,
[R
h
C
O
D

(2
-m

en
th
y
l-
4
,7
-

d
im

et
h
y
li
n
d
en
y
l)
]

1
0
,
1
3

8
0
/1
4
0
–

1
5
5

6
8
–
1
0
0
/4
0
–

8
2

–
0
.4
–
2
.1

–
[6
2
]

1
-D

o
d
ec
en
e

R
h
C
l 3
•H

2
O
]/
T
P
P
T
S
,
5
5

(R
h
/L

¼
1
/3
–
3
0
)

IL
P
E
G
7
5
0
(2
4
)

5
0
/1
1
0

9
0
–
9
8
/7
4
–

9
6

2
3
0
–
2
9
8

–
8

[6
3
]

1
-D

ec
en
e

R
h
C
l 3
•3
H
2
O
/T
P
P
T
S

[M
e(
E
O
) 1
6
T
M
G
]O

m
s
(2
5
)

5
0

9
5
/–

1
8
0

2
.3

4
[6
1
]

1
-D

o
d
ec
en
e

8
6
/–

1
6
0

2
.4

5

1
-T
et
ra
d
ec
en
e

9
4
/–

1
5
0

2
.3

6

R
h
C
l 3
/P
P
h
3
,
T
P
P
T
S
,
O
P
G
P
P

(R
h
/L

¼
1
/1
5
)

2
3

5
0
.6
/1
0
5

1
7
–
9
5
/1
6
–

9
4

1
6
–
9
5

0
.2
–
3
.9

3
[6
4
]

1
-T
et
ra
d
ec
en
e,

n
o
rb
o
rn
en
e,

st
y
re
n
e

[(
C
8
H
1
7
) 3
N
C
H
3
][
R
h
C
l 4
]

–
(4
5
/4
5
)/

6
0
–
8
0

5
4
–
1
0
0

–
4
/9
6
–
1
/

9
9
b

5
[2
5
]

M
et
h
y
l-
3
-p
en
te
n
o
at
e

[R
h
(C
O
) 2
(a
ca
c)
]/
P
P
h
3
,
5
2

(R
h
/L

¼
1
/4
)

[b
m
im

][
P
F
6
]

1
0
/1
1
0

–
1
0
7
–
1
8
0

0
.1
–
1
.0

1
0

[6
5
]

S
ty
re
n
e,
al
ly
l-

su
b
st
it
u
te
d

ar
o
m
at
ic
s

[R
h
(C
O
) 2
(a
ca
c)
]/
T
P
P
T
S

(R
h
/L

¼
1
/5
)

α-
cy
cl
o
d
ex
tr
in

[C
1
2
m
im

][
B
r]

[C
1
6
m
im

][
B
r]

[C
1
2
m
im

][
T
fO

]

5
0
/8
0

3
8
–
1
0
0
/–

–
2
.7
–
5
.2

3
[6
6
]

138 B. Rieger et al.



2
-V

in
y
ln
ap
h
th
al
en
e

[R
h
(C
O
) 2
(a
ca
c)
]/
T
P
P
T
S

(R
h
/L

¼
1
/5
)

[N
B
u
4
][
B
F
4
]

4
0
/7
5

1
0
0
/9
8

2
0
/8
0
b

–
[3
1
]

V
in
y
l
ac
et
at
e

[R
h
(C
O
) 2
(a
ca
c)
]/
tr
is
(2
,4
-d
i-

te
rt
-b
u
ty
lp
h
en
y
l)
p
h
o
s-

p
h
it
e)

(R
h
/L

¼
1
/3
)

[b
m
im

][
T
f 2
N
]

[N
O
c 3
M
e]
[T
f 2
N
]

[N
B
n
E
t 3
][
T
f 2
N
]

[C
4
P
y
][
T
f 2
N
]

2
0
–
7
1
/

8
5
–

1
0
0

–
/–

1
,2
0
0
–

7
,4
0
0

5
/9
5
–
1
/

9
9
b

2
[3
0
]

V
in
y
l
ac
et
at
e,

st
y
re
n
e

[R
h
(C
O
) 2
(a
ca
c)
]/
B
IN

A
P
,

B
IN

A
P
S
(5
3
)
(R
h
/L

¼
1
/

3
)

[b
m
im

][
B
F
4
],
[b
m
im

][
B
F
4
]

+
to
lu
en
e

2
0
/6
0

2
8
.2
–
5
5
.2
/–

–
–

6
[3
2
]

M
et
h
y
l
ac
ry
la
te

an
d

o
th
er

u
n
sa
tu
ra
te
d

es
te
rs

[R
h
(C
O
) 2
(a
ca
c)
]/
P
P
h
3
/S
IL
P

(R
h
/L

¼
1
/1
0
)

[b
m
im

][
P
F
6
]

4
0
/6
0

6
4
–
9
8
/–

–
5
/9
5
–
0
/

1
0
0
b

>
1

[2
4
]

a
M
o
la
r
ra
ti
o
o
f
li
n
ea
r-
to
-b
ra
n
ch
ed

al
d
eh
y
d
e

b
E
x
p
re
ss
ed

in
%

Ionic Liquids in Transition Metal-Catalyzed Hydroformylation Reactions 139



References

1. Franke R, Selent D, Börner A (2012) Chem Rev 112:5675–5732

2. Cornils B, Herrmann WA, Rasch M (1994) Angew Chem Int Ed 33:2144–2163

3. Magna L, Harry S, Faraj A, Olivier-Bourbigou H (2013) Oil Gas Sci Technol Rev IFP

Energies Nouvelles 68:415–428

4. Kohlpaintner CW, Fischer RW, Cornils B (2001) Appl Catal A 221:219–225

5. Ungvary F (2002) Coord Chem Rev 228:61–82

6. Ungvary F (2005) Coord Chem Rev 249:2946–2961

7. Ungvary F (2007) Coord Chem Rev 251:2072–2086

8. Ungvary F (2007) Coord Chem Rev 251:2087–2102

9. Marteel AE, Davies JA, OlsonWW, AbrahamMA (2003) Annu Rev Env Resour 28:401–428

10. Joo F, Papp E, Katho A (1998) Top Catal 5:113–124

11. Deshpande RM, Kelkar AA, Sharma A, Julcour-Lebigue C, Delmas H (2011) Chem Eng Sci

66:1631–1639

12. Silva SM, Bronger RPJ, Freixa Z, Dupont J, van Leeuwen P (2003) New J Chem 27:1294–

1296

13. Dyson P, Tilmann G (2005) Catalysis by metal complexes, vol 29. Springer, The

Netherlands, p 246

14. Werner S, Haumann M, Wasserscheid P (2010) Annu Rev Chem Biomol 1:203–230
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ILs in Transition Metal-Catalysed

Alkoxy- and Aminocarbonylation

Rita Skoda-Földes

Abstract The use of carbon monoxide as a carbonyl source for the preparation

of aldehydes, ketones and carboxylic acid derivatives in homogeneous catalytic

reactions is a valuable tool in the synthesis of fine chemicals. Amongst immobilising

agents for carbonylation catalysts, the application of ILs drew particular attention.

Besides enabling catalyst reuse, the ionic liquid may influence the structure of

catalysts or catalyst precursors, may affect the chemoselectivity of the reaction or

may be capable of solubilising special substrates. The present chapter is intended to

summarise the research carried out in the past 15 years involving carbonylation

reactions of alkenes/alkynes and aryl/alkenyl halides in the presence of various

nucleophiles, such as alcohols, water, amines and thiols.
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1 Introduction

By homogeneous catalytic methods, carbon monoxide can be introduced directly into

a number of different sites in an organic molecule leading to the synthesis of carbonyl

compounds and carboxylic acid derivatives. In many cases, instead of a multi-step

synthesis, the targeted product can be obtained in a single selective catalytic step,

resulting in a substantially higher overall yield. As a consequence, transition metal-

catalysed carbonylation reactions have become a useful tool for the preparation

of bulk and fine chemicals as well as intermediates for organic synthesis [1, 2].

The common drawback of all homogeneous catalytic reactions, the difficulties in

phase separation and recovery and reuse of the catalysts, raised the application of

various alternative solvents [3]. Amongst these systems, the use of ILs drew particular

attention due to their many advantageous properties, such as a very wide liquid range,

negligible vapour pressure, ability to stabilise metal complexes, great variability of

the structure of cation and anion. At the same time, the lower solubility of CO in ILs

than in conventional solvents [4] necessitates the use of relatively high pressures in

many cases.

Although hydroformylation was the most thoroughly explored transition metal-

catalysed carbonylation reaction in ILs, other carbonylations – especially those

based on palladium catalyst precursors – such as alkoxy- and aminocarbonylation

of alkenes and aryl halides have also been investigated [5, 6]. This chapter is

intended to review briefly the progress of research since the first report on

alkoxycarbonylation carried out in ILs by Dupont in 1998 [7].

2 Carbonylation of Alkenes and Alkynes

In this reaction an unsaturated hydrocarbon is reacted with CO and a nucleophile

(alcohol (alkoxycarbonylation), water (hydroxycarbonylation) or an amine (aminocar-

bonylation)) to produce the corresponding carboxylic acid derivatives (Scheme 1) [8].

Of the catalytic systems investigated, phosphine–palladium complexes, promoted

with a strong protic acid, have received particular attention. In these procedures,

valuable carboxylic acids, such as linear fatty acids or branched 2-arylpropanoic

acids (the latter used as nonsteroidal anti-inflammatory agents (ibuprofen, naproxen

and ketoprofen)), can be obtained. As a consequence, a significant research effort

has been devoted to find adequate catalyst recycling methods [9] to facilitate large-

scale applications. Amongst immobilisation methodologies, the use of ILs can

be particularly interesting. Besides enabling catalyst reuse, the presence of an IL

in the reaction mixture may have other important consequences. It may influence the

structure of catalysts or catalyst precursors, and may affect the chemoselectivity of

the reaction. Also, the IL may be capable of solubilising special substrates, such as

cellulose, or it can play the role of not only the solvent but also the acidic promoter.
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2.1 Alkoxycarbonylation

The first example for alkoxycarbonylation (also called hydroalkoxycarbonylation or

hydroesterification) of alkenes in ILs was published by Dupont in 1998 [7]. Starting

from styrene, very high regioselectivities in the branched products, 2-arylpropionic

esters (>99.5%), were obtained using a catalytic system composed of PdCl2(PhCN)2,

(+)-neomenthyldiphenylphosphine and p-toluenesulphonic acid (TsOH) under mild

reaction conditions (10 bar and 70�C). The reactions were performed in a two-phase

system composed of [BMIM][BF4] (Fig. 1) and isopropanol/cyclohexane. Although

a chiral phosphine ligand was used, the degree of asymmetric induction was low

(<5%).

The products could easily be separated by decantation, but the ionic phase could

not simply be recycled since the palladium catalyst was decomposed after the

catalytic reaction. At the same time, atomic absorption analysis of the two phases

of the reaction mixture obtained at low conversion (<35% after 3 h) indicated that

more than 95% of the Pd was still retained in the ionic phase. In accordance with

this, the recovered ionic solution obtained at low conversions could be reused

giving 60% conversion of styrene after 20 h.

Shaughnessy et al. carried out a detailed investigation of alkoxycarbonylation of

styrene derivatives in a range of ionic liquid media [10]. The PPh3/Pd/TsOH catalyst

system gave high linear to branched ratios (3–5) that were relatively independent of

reaction conditions. An excess of the PPh3 ligand was necessary to prevent catalyst

decomposition. The reversed regioselectivity obtained in this study was explained

by the different mechanistic pathways that might take place in the IL/methanol

and IL/isopropanol/cyclohexane [7] systems. It was assumed that the use of the IL

solvent alone made the cationic pathway, resulting in linear esters, more favourable.

R + CO + HNu
catalyst

R
CONu

R

CONu

Nu=OR', OH, NR'R" linear branched

+

Scheme 1 Carbonylation of alkenes

[BMIM]+: R=Bu, R'=Me, R''=H

[MIM]+: R=H, R'=Me, R''=H

[MIMPs]+: R=(CH2)3SO3H,
R'=Me, R''=H

N N
R R'

R"

[DMIMPs]+: R=(CH2)3SO3H,
R'=R"=Me

N
R

[PYPs]+: R=(CH2)3SO3H, R'=H

R'

[BMPY]+: R=Bu R'=Me

[BDMIM]+: R=Bu, R'=R"=Me

P

R

R'''

R'

R"

[THTdP]+: R=R'=R"=(CH2)5CH3,
R'''=(CH2)13CH3

[TBTdP]+: R=R'=R"=(CH2)3CH3,
R'''=(CH2)13CH3

Fig. 1 Cations of some ILs used in the carbonylation reactions
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Upon recycling the IL/catalyst solution, ester yields remained constant through

the first two runs with near complete conversion of styrene. After that, a gradual

decline was observed, but product yields remained greater than 50% until the sixth

cycle. PPh3 was added in each cycle to account for leaching losses.

A detailed investigation of the effect of IL structure and the choice of phosphine

ligands on the same reaction was carried out by Kollár et al. [11, 12]. Alkoxycar-

bonylation of styrene was performed in a number of imidazolium-based ILs in the

presence of either (Pd(PPh3)2Cl2) or in situ systems obtained from Pd(PPh3)2Cl2
and bidentate phosphine ligands. The reactions were carried out in the absence

of an acidic promoter at 100�C and under 100 bar CO pressure. An enhanced

oligomerisation/polymerisation of styrene, compared to similar reactions in organic

solvents, was observed, especially in [BMIM][PF6], possibly due to the formation

of HF in the presence of trace amounts of water.

Styrene conversion and regioselectivity of alkoxycarbonylation were found to be

greatly dependent on the choice of the alcohol reaction partner, added ligand and

the ionic liquid solvent. The use of bidentate phosphines uniformly led to lower

conversions. The highest regioselectivities towards the branched ester were

observed with PdCl2(PPh3)2, whilst the linear regioisomer was the prevailing

product in the presence of DPPF (DPPF: 1,10-bis(diphenylphosphino) ferrocene)
as the added ligand. However, the branched/linear ratio was also greatly influenced

by the choice of the IL. The use of the Pd(PPh3)Cl2 catalyst led to moderate

branched selectivities in imidazolium ILs with butyl, dodecyl or 4-cyanopropyl

substituents. On the other hand, the introduction of an acetonyl or benzyl group

resulted in the exclusive formation of branched esters.

The application of the [BF4]
� counterion seemed to enhance branched selectivity

compared to [PF6]
� even in the presence of bidentate ligands. The great difference

in the regioselectivity of the reaction in the two types of ILs was attributed to

the formation of different catalytic species. According to 31P NMR experiments,

monodentate and bidentate mode of coordination of bidentate phosphines was

observed in [BMIM][BF4] and [BMIM][PF6], respectively. Recycling of the ionic

liquid containing the catalytically active species led to a 10–25% decrease in the

activity in the first three runs, even if some additional phosphine was added.

Ammonium and phosphonium salts were also proved to be suitable media for the

alkoxycarbonylation of styrene [13]. Using the PdCl2/PPh3/CuCl2 system at 50 bar

CO pressure and 110�C, almost complete conversion and acceptable regioselectivity,

74–78% towards the branched regioisomer, could be reached. The reaction in the

presence of ammonium salts showed strong dependence of the regioselectivity on

the halide counterion (bromide or chloride). Improved reaction rate and lower

regioselectivity were observed with the PdCl2/PPh3/CuCl2–NBu4Br system. The

chloride–-bromide exchange in the coordination sphere of palladium was proved

by 31P NMR.

Brønsted acidic ILs were employed not only as solvents but also as acid

promoters [14]. The catalytic activity was almost in agreement with the
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acidity order of the ILs ([MIMPs][HSO4] > [MIMPs][BF4] > [PYPs][TsO] >
[MIMPs][TsO] > [DMIMPs][TsO] > [MIMPs][H2PO4] > [MIM][TsO], Fig. 1).

In the alkoxycarbonylation of 1-hexene better conversion, higher linear/branched

ratio and more efficient recycling were achieved, compared to the reaction of

styrene. Both UV–vis measurements, carried out to determine the partition

coefficients of the PPh3–Pd complex in the organic phase and IL–methanol phase,

and ICP measurements showed a higher Pd loss in the case of styrene, which may

be related to the different coordinative abilities of the reactants to the Pd species.

During alkoxycarbonylations, the use of longer chain alcohols led to varying

results depending on the reaction conditions. Excellent conversions, exceeding

even that of the carbonylation with ethanol, were obtained with benzyl or n-octyl
alcohol [11]. At the same time, alkoxycarbonylation with bulky alcohols was less

facile (with isopropanol [14]) or did not take place at all (with tert-butanol [11]).
Screening of ethylene alkoxycarbonylation with n-propanol by Pd(OAc)2/PPh3/

methanesulphonic acid in BMIM ionic liquids revealed that the success of the

reaction greatly depended on the choice of the anion [15]. No reaction occurred

with [BMIM][OAc] and [BMIM][(MeO)2PO2], in [BMIM][NTf2] the products

were obtained in moderate yield, whilst in [BMIM][MeSO3] essentially full

conversion was observed.

Based on these results, alkoxycarbonylation of ethylene with cellulose was

carried out in [BMIM][MeSO3]. Maximum substitution of cellulose, with a degree

of 1–2, was obtained in the presence of Pd(OAc)2/PPh3 at 100�C and 55 bar

pressure (ethylene/CO ¼ 1:1). The use of either lower or higher temperatures led

to worse results, because of slow reaction and catalyst deactivation, respectively.

Intramolecular alkoxycarbonylations, leading to exo-α-methylene γ-lactones
[16] and δ-lactones [17], were carried out effectively in ILs. The carbonylation of

3-butyn-1-ol (1, Scheme 2) was performed in the presence of a cationic palladium

complex formed from Pd(OAc)2 and 2-(diphenylphosphino)pyridine (PyPPh2)

dissolved in [BMIM][BF4] or [BMIM][PF6] [16]. However, a significant drop in

the yield of 2 was observed (from 99% in the first run to 85% and 37% in the first

and second recharges) using the same IL–catalyst solutions.

A dramatic effect of ILs was noticed in the palladium-catalysed reaction of

enynols (3, Scheme 3) with thiols [17]. Carbonylation in THF led to double

carbonylated products (5) via a cyclocarbonylation–thiocarbonylation reaction

sequence. In ILs monocarbonylated 6-membered ring lactones (4) were obtained

in high yields. Although in the latter reactions the thioether derivatives (4) were the

main products, the selectivity of the reaction was affected by the choice of both the

catalyst precursor and the ionic liquid. For example, the system of Pd(OAc)2/PPh3/

[BMIM][NTf2] gave 4 as a sole product in excellent yield, whilst the use of

bidentate phosphines, as well as the Pd(OAc)2/PPh3/[BMIM][BF4] system,

provided a mixture of 4 and 5.
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2.2 Hydroxycarbonylation

An extensive investigation of hydroxycarbonylation of styrene and other alkenes in

an IL/heptane two-phase system was carried out by Lapidus et al. [18].

Similarly to the alkoxycarbonylation reaction, complexes with bidentate

phosphines were less active than PdCl2(PPh3)2 [19]. An acid promoter was a

necessary component of the catalytic system. In weakly acidic media, branched

and linear products were formed in nearly equal amounts, whilst with an increase in

the concentration of HCl the branched/linear ratio increased.

Both the conversion of styrene and the yield of acids depended on the pressure in

the range of 10–70 bar in a nearly linear fashion [18]. The experimental results

suggested that the nature of the catalytic system changed at temperatures higher

than 120–130�C, when palladium metal precipitation could be observed together

with a dramatic increase in the hydrogenating ability of the catalyst.

[Bu4N]Br was found to be an ideal medium to stabilise palladium catalysts in the

absence of phosphine ligands. With palladium acetate precursor, products were

obtained in even higher yields than with PdCl2(PPh3)2 [20]. Formation of a

nanosized suspension of palladium metal was proved by TEM measurements in

[Bu4N]Br [21]. The presence of the bromide anion seemed to be essential to

stabilise palladium nanoparticles. Whilst ligand-free palladium was retained in

the melts of [Bu4N]Br and [BMIM]Br, the precipitation of palladium black was

observed in [Bu4N]Cl, [BMIM]Cl, [BMIM][BF4] and [MIM][PF6] [20]. At the

same time, the PdCl2(PPh3)2–TsOH–[Bu4N]Cl catalytic system was proved to be

equally efficient. So phosphine ligands and chloride anions seem to have an

ambiguous effect on the catalyst activity, depending on the molten salt nature.

Phosphine can replace CO in the coordination sphere of palladium and thus it

hampers the formation of an acyl–Pd complex. However, [Bu4N]Cl and [BMIM]+-

containing ILs stabilise palladium less efficiently; therefore, PPh3 is needed to

avoid precipitation of palladium black.

The nature of IL anions was also found to influence the regioselectivity of

styrene carbonylation to a substantial extent [22]. In [NBu4]Cl and [BMIM]Cl,

+ CO
Pd(OAc)2/PyPPh2

IL, 60 oC, 25 barOH O O

2 99%1

Scheme 2 Carbonylation of 3-butyn-1-ol (1)
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Scheme 3 Carbonylation of enynols (3)
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the branched/linear ratio was between 6 and 10 depending on the reaction

conditions, whilst hydroxycarbonylations carried out in the analogous bromides

resulted in the formation of approximately equimolar amounts of the regioisomeric

products. In order to explain the anion-dependence of regioselectivity, the mecha-

nism of migratory insertion of styrene to the palladium–hydrogen bond was studied

using the B3LYP method of density functional theory. In the absence of PPh3,

chlorine ligand was found to decrease substantially the stability of the intermediate

carbonyl complex compared to the bromide analogue.

The Pd(OAc)2–acid promoter–[Bu4N]Br catalytic system was found to be suit-

able for the production of higher fatty acids from aliphatic olefins [19, 21]. The

reactivity of the substrates decreased as the number of substituents at the double

bond increased. In the reaction of dodecene-1, the application of an excess of

phosphine ligands was found to be beneficial [21]. Although conversion decreased,

the presence of phosphines could completely suppress the migration of the double

bond in the olefin and lowered the yield of the corresponding isomeric acids. As an

additional advantage, the linear/branched ratio also increased.

An efficient recycling of the PdCl2(PPh3)2–TsOH–[Bu4N]Br mixture was

achieved, with only a small loss of activity or selectivity to acids [18]. In the

hydroxycarbonylation of dodecene-1, it was demonstrated that the activity of the

catalyst could be sustained with the addition of another portion of TsOH after

the sixth run, to compensate the gradual washout of the acidic promoter from the

reaction mixture [21].

2.3 Aminocarbonylation

Aminocarbonylation of alkynes with various primary and secondary amines was

shown to proceed efficiently in [BMIM][NTf2] under mild conditions (13.8 bar,

110�C). The reaction was regiospecific, affording α-methylene amides (6, Scheme 4)

in good yields. In this IL, even catalyst recycling was performed without any

significant loss of activity after five runs. The use of [BMIM][PF6] led to lower

conversion and in [BMIM][BF4] the product was obtained only in traces. The choice

of the palladium precursor was also a crucial point: both Pd(CH3CN)2Cl2 and

Pd(OAc)2/PPh3 demonstrated poor catalytic activity, but in the presence of

Pd(OAc)2/DPPP (DPPP: 1,3-bis(diphenylphosphino)propane), terminal alkynes

with diverse structure could be converted to acrylamides efficiently. Carbonylation

of internal alkynes was less facile [23].

+ CO + HNR'R"R
Pd(OAc)2/DPPP

[BMIM][NTf2]

110 oC, 13.8 bar

O

R

NR'R"

6 50-85%

Scheme 4 Aminocarbonylation of alkynes
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3 Carbonylation of Aryl or Alkenyl Halides

When aromatic halides are treated with an appropriate nucleophile in a carbon

monoxide atmosphere in the presence of a catalytic amount of a palladium com-

plex, the leaving group is formally replaced by the nucleophile with incorporation

of one or two molecules of carbon monoxide (Scheme 5) [24–27]. In ILs,

carbonylations were carried out in the presence of both phosphine-free palladium

catalysts and phosphine–palladium complexes. In the latter case a high P/Pd ratio

had to be used to perform efficient catalyst recycling. In most reactions, relatively

high CO pressures (above 5 bar) were used, resulting in the formation of a

considerable amount of double carbonylated products, especially in aminocarbo-

nylation reactions. Phosphonium ILs were found to be especially suitable solvents

that made it possible to carry out carbonylations under mild conditions leading to

selective monocarbonylation.

3.1 Alkoxycarbonylation

The first examples for palladium-catalysed mono- and double carbonylation of aryl

halides in ILs were reported by Tanaka in 2001 [28]. A considerable enhancement

in the rate of alkoxycarbonylation of bromobenzene was observed in [BMIM][BF4]

and [BMIM][PF6] compared to the reactions carried out using the alcohol reagent

as solvent. Even tert-butyl alcohol, which participates reluctantly in the carbonyla-

tion reaction, gave the corresponding ester in an acceptable yield. The use of the IL

solvent seemed to suppress double carbonylation. Under 29 bar CO pressure,

selective monocarbonylation took place, and the ketoester products were formed

only in 5–6% even at elevated pressure (147 bar). An efficient recycling of the

catalyst could be achieved only by the increase of the PPh3/Pd(OAc)2 ratio from

4 to 20, and the IL–catalyst mixture exhibited catalytic activity even in the seventh

run (25% yield). At low PPh3/Pd ratio, the formation of metallic palladium was

observed both in alcohol or IL solvents.

The water-soluble Pd–TPPTS (TPPTS: triphenylphosphine-3,30,300-trisulphonic
acid trisodium salt) complex was effective in alkoxycarbonylation of iodobenzene

in [BMIM][OTs] and [BMIM][BF4] [29]. At 150
�C and 30 bar CO pressure, TOFs

as high as 1938 and 1660 h�1 were achieved, respectively. Although the catalyst

showed similar activity in dioxane or THF, the use of ILs made it possible to

+ CO + HNu
catalyst

Nu=OR', OH, NR'R", SR'

+

X

R R

O

Nu

R

O

O

Nu

base

X=Cl, Br, I, OTf

Scheme 5 Carbonylation of aryl halides
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recover and recycle the catalyst. Only a small loss of activity was observed during

the first ten runs. Optimal results were obtained with catalysts with a P/Pd ratio of 4.

Lower concentrations of TPPTS led to the formation of inactive palladium black,

whilst at higher P/Pd ratios catalytic activity decreased, probably due to the

coordination of TPPTS that led to the formation of stable complexes.

Butoxycarbonylation of aryl halides was carried out in [Bu4N]Br melt in the

presence of a Pd–benzothiazole carbene catalyst (7, Fig. 2) developed by Calò et al.

[30]. Iodobenzene could be carbonylated efficiently at atmospheric pressure, whilst

for other substrates (4-bromoacetophenone, bromobenzene) the use of somewhat

higher pressure (8 bar) and the addition of phosphine ligands were necessary to

obtain optimal results. The palladium–carbene catalyst could be recycled and only a

small loss of activity was observed after six runs.

The presence of [Bu4N]Br was shown to exert a beneficial effect on the carbon-

ylation of bromobenzene even in the presence of an organic solvent. This phenom-

enon was attributed to the stabilisation of the 14-electron, underligated L2Pd(0)

complex, obtained by the reduction of 7, in the form of a stable and catalytically

active 16-electron complex [L2PdBr]
� [R4N]

+. This assumption is supported by the

fact that ILs with poorly coordinating anions, such as [OTs]� or [BF4]
�, were

proved to be unsuitable solvents for the carbonylation. Also, the activating effect of

other halides, changing in the order: Cl� ~ I� < Br�, was explained by the differ-

ent coordinating power of the anions. The I� ion is less coordinating than the Br�,
whilst Cl� is too coordinating towards palladium, and slows down the successive

CO insertion process. ILs with imidazolium cations were proved to be less effective

than ammonium salts. It was assumed that the planar [BMIM]+ cation, by binding

the anion tightly, rendered the latter less available for palladium and hindered the

formation of [L2PdBr]
�.

A catalyst stabilisation and rate enhancing effect of [Bu4N]Cl was reported

by Trzeciak in methoxycarbonylation of iodobenzene [31]. According to 1H NMR

investigations of PdCl2(COD) and [Bu4N]Cl mixtures, a partial removal of

cyclooctadiene from the coordination sphere of palladium was observed in the

presence of increasing amounts of the ammonium salt. It was proposed that

[Bu4N]Cl participated in the reaction only as an agent facilitating breaking of

Pd–C bonds. In the molten salt, ionic palladium complexes were thought to be

stabilised by electrostatic interactions of cationic [Pd2Cl2(COD)2]
2+, [Bu4N]

+ and

anionic [PdCl4]
2�, X� species. In contrast to [Bu4N]Cl, [BMIM]Cl was shown to

have an inhibiting effect on carbonylation.
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N

CH3
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I
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Fig. 2 Palladium–carbene catalysts used in the alkoxycarbonylation of aryl halides
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Another explanation for the high activity of these systems can be the reduction of

PdCl2(COD) to colloidal Pd(0) under carbonylation conditions [32]. Tetrabuty-

lammonium salts can stabilise the Pd colloid by a double layer of ions surrounding

the metal colloid crystallite, which prevents aggregation and inactivation. XRD

studies of the reaction mixture have indeed revealed the presence of Pd(0)

nanoparticles. The assumption that these nanoparticles were responsible for the

catalytic activity was supported by the fact that PdCl2(COD) and a preformed Pd/

PVP (PVP: N-polyvinylpyrrolidone) colloid exerted similar catalytic activity in

molten salts as reaction media.

Not only molten salts with tetraalkylammonium ions, but also pyridinium ILs

were shown to increase the yield of ester products in methoxycarbonylations

carried out in the presence of preformed Pd colloids [33]. The best results were

obtained with catalytic systems with [Bu4N]X (X ¼ Cl, Br, I). However, during the

recycling experiments, a more significant decrease in the catalytic activity was

observed here than in the reactions carried out in pyridinium ILs. Imidazolium type

ILs with non-coordinating anions gave only slightly worse results. On the contrary,

[BMIM] halides were found to inhibit the reaction, probably via formation of stable

carbenes in the presence of [BMIM]+ on the surface of the Pd colloid.

This assumption was supported by several observations [34]. (1) A preformed

palladium–carbene catalyst 8 (Fig. 2) presented much lower activity in methoxycar-

bonylation than other precursors, such as PdCl2(COD), PdCl2(P(OPh)3)2, or

complexes obtained by the reaction of PdCl2(COD) with [BMIM]Cl or [BMPY]Cl

(Fig. 1). (2) The presence of [BMIM]Cl was shown to result in the decomposition of

aryl-palladium complexes (I, Scheme 6), intermediates in carbonylation reactions,

using both phosphine-free systems and complexes with phosphite ligands. (3) No

inhibiting effect of imidazolium halides with C-2 methyl group (such as [BDMIM],

Fig. 1) was observed.

In the report of McNulty [35], phosphonium salts (e.g. [THTdP]Br, Fig. 1) were

shown to be highly effective solvents in alkoxycarbonylation of aryl iodides/

bromides and vinyl bromides. The reactions could be carried out under mild

conditions (1 bar CO, 60�C) and good or acceptable yields were obtained even

using secondary or tertiary alcohols as nucleophiles. The most striking feature was

the superiority of the bromide-containing medium over ILs with other anions. It

was assumed that the great difference of the results obtained in ILs with chloride

and bromide anions was not consistent simply with the involvement of an anionic

[L2PdX]
� species. Control experiments carried out in the absence of a nucleophile

showed the presence of carboxylic acid bromides possibly formed from acyl-

palladium complexes (II, Scheme 6). So in the presence of an excess of bromide

ions, another path involving ArC(O)Br intermediates, alternative to the generally

accepted catalytic cycle, might be operating.
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3.2 Hydroxycarbonylation

Hydroxycarbonylations of iodobenzene and bromobenzene were carried out

by Hayashi et al. in ionic liquid media ([BMIM][PF6], [BMIM][BF4] and

[CH3(C8H17)3N]Cl) under conditions similar to alkoxycarbonylation [28], but

using water as the nucleophile [36]. Exceptionally high catalytic activity was

observed in [BMIM][PF6]. As this IL is not miscible with water, the catalyst–IL

mixture could be recycled, after separation of the product by aqueous extraction.

The problem concerning the accumulation of triethylammonium salt in the catalytic

system that hindered catalyst reuse in alkoxycarbonylation [28, 30] was solved

here, as the salt of Et3N could be removed together with the product at the end of

each run. As a result, the activity of the catalyst species was sustainable to allow

recycling several times without a significant decrease in the yield. The reaction of

bromobenzene in [BMIM][PF6] catalysed by a higher amount of palladium acetate

also allowed recycling but chlorobenzene could not be converted at all under

similar conditions.

The use of a phosphonium salt as reaction medium made it possible to carry out

hydroxycarbonylation of aryl and vinyl bromides under mild conditions (1 bar CO,

60�C) in the presence of a Pd(OAc)2/DPPF catalytic system [35].

Isomeric vinyl bromides (E/Z � 5:1) were carbonylated in good yields to the

corresponding α,β-unsaturated carboxylic acids with excellent E/Z stereoselectivity

(up to 99:1) in [BMIM][PF6] under 10 bar of CO in the presence of 3 mol% Pd(PPh3)4
[37]. When PdCl2(PPh3)2 was used as precursor, the IL–catalyst mixture could be

recycled, but the reactions had to be carried out under harsher conditions (20 bar of

CO, 5 mol% catalyst, at 100�C). The yields were higher in the second and third runs

than that in the first run with better E/Z molar ratios. A side reaction of self-coupling

of the substrates was also observed under these conditions. Vinyl dibromides

(9, Scheme 7) afforded only monoacids 11. It was supposed that the substrates were

initially carbonylated to the corresponding diacids 10 that were easily decarboxylated

under the relatively harsh conditions, to form the monoacids 11 in modest

stereoselectivity.
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Arylacetic acids were obtained starting from benzyl chloride derivatives in the

presence of 1–2 mol% PdCl2(PPh3)2, with NaOH as the base instead of Et3N [36].

However, a greater drop in product yields was observed in recycling experiments

than in the reactions of aryl halides. The carbonylation was not completely selective

and some side-products, such as benzyl alcohol (by hydrolysis) and toluene (by

reduction with some metal hydride generated through possible water–gas shift

reaction), were formed simultaneously.

Similarly to alkoxycarbonylations, a beneficial effect of the use of tetrabuty-

lammonium salts was observed during hydroxycarbonylation of benzyl halides [38].

Interestingly, the order of efficiency of various molten salts and ionic liquids as

reaction medium was somewhat different ([NBu4]Cl � [NBu4]Br > [NBu4]I >
[BMIM]Cl > [BMIM]Br � [BMIM][PF6] ~ [BMIM][BF4]) from that observed

during alkoxycarbonylation [33] of aryl halides. The reactions were carried out

under phosphine-free conditions and, as another advantage, in the absence of a

base. Similar to the results of Hayashi [36], carbonylation of benzyl chloride and

its reduction to toluene were found to be competing reactions. Upon pressure

decrease from 50 to 5 bar, carbonylation was suppressed whilst toluene formation

increased.

3.3 Aminocarbonylation

The first example for aminocarbonylation in ILs was reported by Tanaka [28].

Iodobenzene was converted into a mixture of mono- and double carbonylated

products (see Scheme 5) in [BMIM][BF4] and [BMIM][PF6] solvents in the pres-

ence of Pd(OAc)2/4PPh3. Contrary to the alkoxycarbonylation reactions, the use of

ILs did not alter the selectivity of the reaction. At 40 bar CO pressure double

carbonylation was the prevailing reaction, and the α-ketoamide was obtained with

58% selectivity even at 5 bar. As another difference, at lower pressure the use of ILs

resulted in lower conversion, compared to the reaction carried out in the amine

nucleophile as solvent. The catalyst/IL mixture could be recycled only if a fresh

supplement of 4 equiv. of PPh3, relative to Pd, was added in each cycle.

Carboxamides could be prepared in good yields in ILs even at atmospheric

CO pressure starting from steroidal alkenyl iodides and secondary amines [39].

The use of ILs with non-coordinating anions ([BF4]
� or [PF6]

�) was essential, the
presence of imidazolium halides destroyed catalytic activity rapidly. [Bu4N]Br was a

suitable solvent but its solubility properties made impossible product separation via
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Scheme 7 Hydroxycarbonylation of vinyl dibromides (9)
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extraction. High activity of palladium catalysts with either PPh3 or DPPBA

(DPPBA: 4-(diphenylphosphino)-benzoic acid) ligands was observed. The use of

the water-soluble ligand, TPPTS, led to lower conversions.

The efficiency of catalyst recovery and recycling depended greatly on the choice

of the phosphine ligand. In the case of catalysts with PPh3, a considerable loss of

both Pd and phosphine was observed. The Pd(OAc)2/DPPBA system was proved to

be a highly efficient catalyst with no leaching of the phosphine upon recycling. This

also means that completely phospane-free products could be obtained by simple

extraction. In order to avoid the formation of inactive palladium–carbonyl

complexes and drop of activity upon reuse, carbonylations had to be carried out in

the presence of catalysts with relatively high P/Pd ratio (6 for PPh3 and 10 for

DPPBA both in [BMIM][BF4] and in [BMIM][PF6] solvents). It should be men-

tioned that a further increase in the P/Pd ratio led to a decrease in the yield of the

product. Under optimal conditions, 94% conversion could be achieved after the fifth

run in [BMIM][BF4] that turned out to be a more suitable solvent than [BMIM][PF6].

At the same time, the results show that the catalyst/IL systems should be fine-

tuned for each particular aminocarbonylation reaction when using nucleophiles of

diverse structure. The replacement of the amine nucleophile by an amino acid

ester was shown to affect strongly the outcome of the reactions [40–43]. In

recycling experiments, satisfactory results were achieved even in the presence

of the Pd(OAc)2 + 2PPh3 system, used normally in conventional solvents.

[BMIM][PF6] turned out to be a superior reaction medium compared to [BMIM]

[BF4]. Besides, optimal results in [BMIM][PF6] were obtained with catalysts with

P/Pd ¼ 4 ratio using either PPh3 or DPPBA as the phosphine ligand.

Whilst carboxamides were found as single products during carbonylation of

iodo-alkenes, the formation of α-ketoamides, via double carbon monoxide inser-

tion, was favoured with iodo-arenes especially at higher CO pressure [41].

A low pressure microflow system was developed by Fukuyama and Ryu [44] for

palladium-catalysed multiphase carbonylation reactions in an IL. Carrying out the

reactions at various CO pressures (20 and 15 bar), the yields of α-ketoamides were

higher in the case of the microflow system than in a batch reaction. The superior

efficiency of the microflow reactor was attributed to the occurrence of an alternate

liquid (IL + substrate)–gas (CO) plug flow that provided a large specific interfacial

area between the CO and the liquid phase and facilitated the diffusion of CO into

the thin IL plugs.

Aryl bromides were carbonylated efficiently using Et2NH as the nucleophile in

phosphonium ILs. In the presence of Pd(OAc)2/DPPF, excellent results were

obtained under mild conditions (1 bar, 60�C) affording the amide products in

81–85% yield in 6–8 h [35].

Preformed Pd-nanoparticles stabilised by the phosphonium IL [TBTdP][DBS]

(Fig. 1) were used for the aminocarbonylation of various aryl halides [45]. Both

electron-rich and electron-poor aryl iodides were successfully transformed into the

corresponding amides in moderate to high yields under 12 bar CO pressure,

at 130�C in the presence of K2CO3 as the base. In most cases, the catalytic activity

in [TBTdP][DBS] was higher compared to imidazolium-based ILs. The recycled

catalyst demonstrated sustained activity. After five runs, TEM and XPS studies of
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the nano-Pd(0) catalyst demonstrated that both particle size and oxidation state of

palladium have essentially remained unchanged. In the phosphonium ionic liquid,

displaying increased stability towards thermal and chemical degradation, aminocar-

bonylation of less reactive substrates such as aryl chlorides and bromides could be

carried out, to generate the corresponding amides in 25–47% and 50–77% yields,

respectively. In these reactions, a strong base (KOtBu) and a relatively high

temperature (150�C) were employed to enhance catalyst activity. Based on mercury

poisoning tests, the authors excluded the possibility of residual homogeneous

palladium catalyst initiating the aminocarbonylation reaction.

A similar ionic liquid, [THTdP]Br (Fig. 1), was shown to be an efficient medium

for the synthesis of phthalimides (13, Scheme 8) from different dihaloarenes (12)

[46]. Under optimised reaction conditions, a wide variety of amines reacted readily

with dibromobenzene affording good yields of products 13. Both bromo- and iodo-

arenes with different substituents could be used as substrates. At the same time, the

reaction of 1-bromo-2-chlorobenzene and allylamine afforded only the

monocarbonylated product (14, R0 ¼ C3H5), in 77% yield after 24 h.

Under the same reaction conditions, 1-halo-2-alkynylbenzenes (15, Scheme 9)

were converted to substituted 3-methyleneisoindolin-1-ones (16) via a carbonyla-

tion–intramolecular hydroamination reaction sequence [47]. The results revealed

that the bromide-containing media showed the greatest efficiency, ILs with [NTf2]
�

and [PF6]
� anions were not effective. Both aromatic and the aliphatic amines

showed good reactivity, and consistently provided the (Z)-isomer of 16 as the

main product. tert-Butylamine afforded lower yields of the target products (41%),

possibly because of the bulkiness of the tert-butyl group.
The 3-methyleneisoindolin-1-ones (16) could also be synthesised by the one-pot

Sonogashira coupling–carbonylation–hydroamination reaction of 17, alkynes and

amines, in the presence of the PdCl2(PPh3)2/CuI/DBU catalyst system.
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Photo-induced atom transfer carbonylation (ATC) reactions of alkyl iodides and

amines to produce amides were also carried out using ILs, such as [BMIM][PF6]

and [BMIM][NTf2], as reaction media in the presence of a catalytic amount of a

Pd–carbene complex [48].

3.4 Thiocarbonylation

Alper reported the first examples for palladium-catalysed thiocarbonylation of aryl

iodides with thiols in phosphonium ionic liquids [49]. ILs consisting of the

[THTdP]+ cation with a range of common anions were screened for the carbonyla-

tion reaction of iodobenzene and thiophenol. ILs with Br�, [NTf2]
� and

[PF6]
�anions gave uniformly good results, but the use of the latter IL enabled easier

separation of the product. Pd(OAc)2/4PPh3 was the most effective catalyst system

for the formation of the corresponding thioester in 91% yield at 100�C and 14 bar

CO pressure. Under similar conditions, a great variety of aryl iodides were converted

to the products using both aromatic and aliphatic thiols as reaction partners.

4 Concluding Remarks

As the above examples show, the use of ILs serves as a promising methodology to

improve carbonylation reactions. ILs enhance catalytic activity, stabilise catalytic

species, make catalyst recycling and product separation easier. However, a lot more

research remains to be done. Just to mention a few topics: the possibility of fine-

tuning the IL structure has not been exploited to its full extent. Despite the efforts

made until now, the nature of the catalytically active species and the effect of ILs on

their structure are not entirely understood in most reactions. In the case of alkenes,

the development of the enantioselective version of carbonylation is a great

challenge, too.
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40. Müller E, Péczely G, Skoda-Földes R, Takács E, Kokotos G, Bellis E, Kollár L (2005)

Homogeneous catalytic aminocarbonylation of iodoalkenes and iodobenzene with amino

acid esters under conventional conditions and in ionic liquids. Tetrahedron 61:797–802
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Metal-Catalyzed Oxidation of C–X (X ¼ S, O)

in Ionic Liquids

Andreia A. Rosatella and Carlos A.M. Afonso

Abstract Ionic liquids (ILs) have attracted the scientific community due to several

advantages compared with traditional solvents such as their low volatility and high

ability to dissolve different organic and inorganic compounds, among other

advantages. Transition metals can be toxic compounds; however, this issue can

be minimized when used in catalytic amounts which also allows reaction efficiency

and selectivity increases. The combination of metal catalysis with the use of ILs can

be a powerful tool for several organic reactions, taking advantage of the most

attractive property of the ILs, which is the possibility of an easier recycling of the

catalytic system, increasing the greenness of the process. The application of ILs in

metal-catalyzed oxidation reactions of alcohols and sulfides is discussed in this

chapter.
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1 Introduction

Oxidation reactions are an important subject in organic synthesis. Different metals

have been reported as catalyst for this type of reaction, but in some cases still a

stoichiometric amount of the metal is necessary for higher efficiency of the reac-

tion. It is a challenge to developed greener catalytic oxidation reactions, where the

oxidant gives no waste as by-product(s), the catalyst is used in a small amount and

can be reused, reaction conditions near room temperature and atmospheric pressure

and the solvent can be reused, and ideally can be biodegradable. Ionic liquids (ILs)

have attracted the scientific community due to several advantages compared with

traditional solvents, such as their low volatility and high ability to dissolve different

organic and inorganic compounds, among other advantages [1]. Although several

advantages can be attributed to these new solvents, other important issues have to

be taken into account, for example their toxicity and biodegradability. After using

the IL, it is necessary the remediation of the wastes that can became a problem,

since the majority of the reported ILs are not biodegradable, or their toxicity is not

well known. The viscosity of the IL can also be a problem, since these solvents can

have high viscosities at room temperature. But this problem can be minimized by

the fact that the IL physical properties can be tuned by changing the cation and/or

anion. In this chapter the oxidation of sulfones and alcohols in ILs is discussed. In

Fig. 1 the structure of all cations and anions in the ILs described in this chapter is

presented.

2 Oxidation of Sulfides

Sulfur-containing compounds (S-compounds) present in fuel can be converted into

sulfur oxides (SOx) during combustion of car engines. This can lead to serious

environmental problems, such as acid rains and air pollution. On the other hand,

SOx can also reduce the efficiency of engine catalytic converters promoting the

emissions of CO, NOx, also with serious environmental outcome. To avoid this

contamination, governments all over the world are reducing the limit of

S-compounds present in diesel. In this way the production of ultra low sulfur diesel

(ULSD) has become a major task for refineries. The most used process to reduce

S-compounds from diesel is the hydrodesulfurization (HDS) that uses high

temperatures and high pressures [2]. This method can remove S-compounds such

as thiols and sulfides efficiently, but it is not so effective for more hindered ones

such as dibenzothiophene (DBT), benzothiophene (BT), and their derivatives.

For this reason different strategies for deep desulfurization have been developed,

such as extraction adsorption, oxidation, and biodesulfurization [2]. The extraction

process extractive desulfurization (EDS) was reported using polar solvents, such as

dimethyl sulfoxide (DMSO), acetonitrile, and dimethylformamide (DMF), but the

selectivity of the extraction is difficult to achieve, since diesel possesses different
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aromatic compounds with similar polarity [2]. In a way to avoid the use of volatile

organic solvents and improve the extraction selectivity, ILs have been reported as

efficient extractors of S-compounds from diesel. The use of ILs as extractors of

S-compounds from diesel was first reported in 2001 [3], and since then different ILs

were reported, including Fe- and Cu-containing ILs [4, 5]. Although good extrac-

tion values for aromatic S-compounds could be achieved, the selectivity is still an

open issue, due to the cross-solubility of aromatic compounds present in diesel.

In the search for ULSD, researchers have accomplished the extraction process with

oxidation (extraction and oxidative desulfurization, EODS), where S-compounds

are extracted to the IL phase and then are oxidized (Fig. 2). Since the S-compounds

are consumed by oxidation, the equilibrium is displaced to the IL phase, increasing

the extraction efficiency.

Taking advantage of the group experience in vanadium complexes, Correia et al.

[6] characterized different vanadium complexes based on the structure VO

(X-acac)2 (where X ¼ Cl, Me, or Et, Fig. 3) and tested their catalytic activity for

the oxidation of sulfur compounds (S-compounds) from model oil (n-octane), at
room temperature. Since vanadium complexes are soluble in different ILs, the

authors tested the oxidation catalysis with ILs based on imidazolium and

pyridinium cations, in combination with OTf, NTf2, BF4, and PF6 anions. They

observed that when ILs based on NTf2 and PF6 (least coordinating anions) were

used, the catalytic activity for the oxidation was higher. The best O/S ratio

[O-oxidant (H2O2), S-sulfur compounds] obtained in this study was 4, when

DBT, 4, 6-DMDBT, and BT were used as substrates. The highest conversion values
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obtained in 2 h of reaction, using [bmim]NTf2, were 96% – DBT, 92% –

4,6-DMDBT, and 100% – BT. The authors emphasized that the use of this type

of catalysts in more environmental friendly ILs could be an attractive alternative to

the HDS method.

In 2009 was reported the EODS using V2O5 as catalyst for the oxidation step in

combination with different ILs [7]. The ILs water immiscible [omim]BF4, [bmim]

PF6, and [omim]PF6 were less efficient than the water miscible [bmim]BF4, which

maybe due to the formation of triphasic systems. In the optimized conditions [IL/

oil ¼ 1:5 (volume ratio), DBT/catalyst ¼ 20 (molar ratio), O/S ¼ 6 (molar ratio)],

at 30�C for 4 h, it was possible to remove 98.7% of DBT from the model oil

(n-octane), and the IL/catalyst phase could be recycled seven times without loss of

activity. Different aromatic S-compounds were also tested, and under optimized

conditions was possible to remove 98.7%, 79.4%, and 40.4% of DBT, BT, and

4,6-DMDBT, respectively. The authors justify the less efficient removal of

4,6-DMDBT by the highest steric hindrance of the compound. The proposed

mechanism involves peroxovanadium VO(O2)
2� as the active species in the oxida-

tion reaction transferring the active oxygen to the S atom.

In the same year (2009) the oxidation and extraction of DBT from model

oil (n-octane) using ZnCl2-based ILs was reported [8]. ILs based on

[(CH3)3NCH2C6H5]Cl in combination with different proportions of ZnCl2 were

tested, and the authors concluded that the extraction efficiency depends on the

Lewis acidity and viscosity of the IL. They observed that the extraction ability
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Fig. 2 General scheme for the EODS process, using ILs as extractors for S-compounds from

model oil, H2O2 as oxidant, and different metals as catalysts
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Fig. 3 Vanadium-based catalyst used for the oxidation of S-compounds (catalyst 1: R ¼ H, 2:

R ¼ Cl, 3: R ¼ CH3, 4: R ¼ CH2CH3)
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increases with the increase in Lewis acidity and the decrease in viscosity. In this

way the authors have chosen [(CH3)3NCH2C6H5]Cl�2ZnCl2 as the best IL studied.

After the process optimization, the best extraction efficiency was observed for an

IL/oil ratio of 1:5 and O/S ratio of 6. Under these conditions, at 30�C for 30 min,

it was possible to extract 94% of the S-compounds present on the model oil

(n-octane). It was also possible to recycle the IL six times without a significant

decrease in activity. The extraction mechanism was proposed based on literature

results [9] that showed the importance of the pi-complexation between the lone pair

electrons on organosulfur compounds and the unoccupied orbital on transition

metal ions. After extraction, the oxidation reaction occurs in the IL phase, where

H2O2 and acetic acid are present, forming the peracetic acid (CH3COOOH) that the

authors claim to be the active oxidant of the reaction.

Chen and his group have reported Zn-based ILs as extractant and catalyst for the

EODS process [10]. Lewis and Brønsted acidic ILs (Fig. 4) were tested as extractors

and also as catalysts for the EODS process using H2O2 as oxidant. The authors

claim that the IL acidity strongly influence the extraction and catalyst activity,

being the most efficient [bmim]Cl/2ZnCl2 and [bmim]HSO4. It was also observed

that besides the anion effect, the cation is also an important issue for the extraction

efficiency. The optimization of the process was performed by testing different

temperatures, O/S, and IL/oil ratios. The results have shown that for higher

temperatures compiled with longer reaction times, the oxidant (H2O2) degradation

enlarges, decreasing the efficiency of the process. The optimal temperatures

observed were: 90�C for [bmim]Cl/2ZnCl2 and 60�C for [bmim]HSO4. Although

the EODS process is sensitive to small changes in the O/S ratio, the same does not

happen with IL/oil ratio, since the increase of oil phase from 1 to 5 the extraction

efficiency variation is less than 10%. It was possible to recycle the two ILs for at

least six times without loss of efficiency. The decrease in the extraction efficiency

on the next cycles can be due to the accumulation of oxidative product in the IL

phase. To extract these products from the IL, it was re-extracted with tetrachlor-

omethane, and the final products were isolated. The authors tested this process with

real commercial diesel fuel and also coke diesel fuel (with higher S-content), and

observed that the EODS was less effective than with the model diesel. Furthermore

O
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the S-content extracted from the coke diesel fuel was much lower than the one

extracted from the commercial diesel fuel. This means that this EODS process is

less efficient for diesel with high S-content. The authors suggest a process where the

oxidative extraction using this ILs could be applied after HDS treatment.

Yan et al. [11] reported the extraction and catalytic oxidative desulfurization

process using ILs as extracting agents and different Fenton-like reagents such as

CoCl2, CuCl2, NiCl2, MnCl2, CrCl3, and FeCl3 as catalysts, using H2O2 as oxidant.

The results showed that the extraction of DBT from model diesel (n-octane) with
ILs was improved when H2O2 was added to the IL/oil system, nevertheless a better

improvement was observed when a catalyst was added to the system (extractive

catalytic oxidation desulfurization). All the catalysts tested showed extraction

values lower than 50%, except for Fenton reagent (Fe2+/H2O2) and Fenton-like

reagent (Fe3+/H2O2) that could remove up to 96% of the DBT from the model oil.

Different ILs were tested, and the more hydrophobic ones formed three phases

EODS system, although the biphasic systems were more efficient. In this way

[bmim]BF4, anhydrous FeCl3, and aqueous H2O2 were chosen for further EODS

optimization. The optimum O/S molar ratio was 6:1, and the optimum temperature

was 30�C, due to the decomposition of the oxidant at higher temperatures. The

catalyst/DBT ratio was also studied, and if the catalyst excess is high it is possible

that FeCl3 promote the H2O2 decomposition, decreasing the efficiency of the DBT

extraction. On the other hand, if the catalyst amount is too low, the extraction is also

compromised, so it was chosen a 1:1 ratio of catalyst/DBT. Under these conditions

and when H2O2 was added in four different batches during 4 h (to avoid the oxidant

self-decomposition), the DBT extraction from the model oil could reach 99%.

When different S-containing substrates were tested, the extraction efficiency was

higher for DBT (DBT (96.1%) > BT (76.6%) > 4,6-DMDBT (32.6%)). The

authors explained these results by the chemical hindrance, that is higher for

4,6-DMDBT, and also by the lower Nernst partition coefficient of 4,6-DMDBT in

comparison with DBT and BT, being more difficult to extract this compound from

the oil to the IL phase where the oxidation occurs. The IL/catalyst was recycled for

at least five times without considerable loss of efficiency, although the authors

reported that the accumulation of the oxidative products in the IL phase was

responsible for the loss of efficiency in further cycles. The catalytic oxidation

mechanism of DBT with Fenton-like reagent was explained by the authors due to

the formation of hydroxyl radicals that are strong oxidants.

In the same year the same group reported the use of [bmim]Cl/FeCl3 as efficient

extractor/catalyst for the EODS process [12]. The authors observed that in the

presence of anhydrous FeCl3 and the oxidant (H2O2), the extraction of

S-compounds (DBT) from the model diesel was only 55%, although when

[bmim]Cl was added to the system the extraction could reach 99%. The ILs

[omim]Cl/FeCl3 and Et3NHCl/FeCl3 were also tested. Although [omim]Cl/FeCl3
provided higher extraction capability for EDS (68%) than [bmim]Cl/FeCl3 (66%),

when the oxidant was added (EODS process), this last IL could remove almost

completely the DBT present in the model oil (99%) in comparison with the 87%
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achieved with [omim]Cl/FeCl3. The authors explained this difference by the steric

hindrance of the alkyl chain interfering with the oxidation reaction. Under the

optimized conditions (IL ¼ [bmim]Cl/FeCl3; oil/IL ¼ 3 (mass ratio); O/S ¼ 3

(molar ratio); temperature 30�C, for 10 min), it was possible to remove DBT,

4,6-DMDBT, and BT in 99.2%, 90.3%, and 75.9%, respectively, from the three

different model oils. Actual diesel was also tested, and the extraction efficiency

dropped to 71%. It was possible to recycle the IL at least six runs, although in

the last one only 90% of DBT was extracted from the model oil. However when the

oxidized compounds were removed from the IL after each cycle, it was possible to

recycle the IL nine times with the efficiency drop from 99.2% to only 98.6%.

The same authors reported in 2012 a similar study of EODS using ILs based on

the triethylammonium cation [13], in combination with metal salts: ZnCl2, CoCl2,

SnCl2, CrCl3, and FeCl3. These ILs were tested as catalysts and extractor solvents

for the extraction of DBT from model oil (n-octane). The best extraction result was
obtained for the IL [Et3NHCl]FeCl3 that under the optimized conditions (30�C,
5 min, O/S ¼ 6, V(IL)/V(oil) ¼ 2/5) could extract 97.1% of the model substrate.

In this study the authors also tested different substrates and the extraction decreased

in the order: DBT > BT > 4,6-DMDBT. A similar result was obtained in the

previous work [11], although the EODS efficiency was improved, since the

S-removal from the model oil was 82.5%, 86.9%, and 97.1% for DBT, BT, and

4,6-DMDBT, respectively. It was possible to recycle the IL for at least four times.

To justify the loss of efficiency of the IL by the accumulation of the oxidized

S-compounds in the IL phase, the authors have re-extracted the IL with tetrachlor-

omethane after each cycle. In this way it was possible to recycle the IL for ten

cycles, without loss of efficiency. No IL contamination was observed in the model

oil after EODS. By this process it was possible to decrease the S-content of pre

hydro-treated gasoline from 150 to 15 mg/L, although two rounds of reactions were

required.

1-n-Butyl-3-methylimidazolium chloride in combination with different metal

chloride salts (MCl2) were reported as Lewis acidic ILs for the EDS and the EODS

process [14]. When the metal was Zn, Fe, Sn, and Co, the EODS was more efficient

than EDS, as expected, although for the metals Cu and Mg, the extraction results of

EODS were lower than EDS. The authors explained this result by the addition of

the oxidant (H2O2) on the IL phase which enforces DBT to return to the oil phase,

and the possibility that these two ILs ([bmim]Cl/MgCl2 and [bmim]Cl/CuCl2)

accelerate the oxidant degradation, reducing the oxidative power. In this way

[bmim]Cl/ZnCl2 was chosen to be the best IL to proceed with further optimization

reactions. It was observed that the extraction efficiency increased with the Lewis

acidity of the IL ([bmim]Cl/xZnCl2), being the best catalyst, the one with higher

amount of ZnCl2. The higher efficiency of [bmim]Cl/3ZnCl2 was also explained by

the formation of more complex anions such as Zn2Cl5
� and Zn3Cl7

�, and the

possibility to have ZnCl2 in solution will improve somehow the oxidative reaction.

The optimum conditions for this process were achieved using [bmim]Cl/3ZnCl2 as

catalyst and extractor, with a O/S ratio of 8 and IL/oil ratio of 1:2 (mass ratios), and

reaction temperature of 45�C, for 3 h. Under these conditions it was possible to
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extract 99.9% of DBT from the model oil (n-octane). The IL was recycled

seven times without loss of efficiency, although after some cycles the oxidized

S-compounds accumulated on the IL were re-extracted from the IL with tetrachloro-

methane and obtained as white solid. The experiment of the EODS with real diesel

resulted in a much lower efficiency, even when the O/S ratio increases to 60, the

extraction is 63.5%. After five runs of EODS, it was possible to remove 90.6% of the

S-content in the real diesel.

Three different dialkyl-pyridinium tetrachloroferrate ILs were tested as

extractors and catalyst for the EODS process [15]. The EDS results showed that

the efficiency of S-removal from the model oil (n-octane) decreased in this order:

[C8mpy]FeCl4 > [C6mpy]FeCl4 > [C4mpy]FeCl4. When the oxidant was added to

the process, the effect of the cation alkyl chain almost disappears, and it was

observed an S-removal of 100% with [C8mpy]FeCl4 and [C4mpy]FeCl4 after

20 min reaction. The authors denote that the EODS efficiency was determined by

the catalysis of the Lewis acid anion. After optimization of the EODS process, it

was possible to remove 100% of S-compounds from the model oil at 25�C for

30 min with a mass ratio of IL/oil 1:5 and O/S of 6. The authors also studied the

S-content of the initial oil model (500 and 1,000 ppm of DBT in n-octane) and
observed that at higher temperatures the initial S-content affected the S-extraction,

but the same does not happen when the reaction was performed at room

temperatures. It was observed that the IL/oil ratio did not affect the EODS perfor-

mance, and after two cycles of recycling the IL the EODS efficiency decreased from

100% to 90%. The authors explained this result by the saturation of the IL with

the oxidized S-compounds, which could be re-extracted from the IL with

tetrachloromethane.

Different Brønsted acidic ILs based on pyrrolidonium and imidazolium cations

were tested for the EODS of thiophene in model oil (n-octane), being the best

[Hnmp]BF4 (N-methyl-pyrrolidonium tetrafluorborate), that could extract 99.4% in

the optimal conditions (Fig. 5) [16]. Commercial catalysts based on tungsten,

vanadium, and molybdenum were tested, and tungsten catalysts could remove

higher amount of thiophene from the model oil, especially ammonium tungstate.

The authors justify this result by the formation of peroxo-species derived by the

catalyst and the oxidant. Aromatic sulfur-containing compounds are the most

difficult to remove from real diesel, and thus the authors have tested the oxidation

of thiophene and derivatives (Table 1). It was observed that the oxidation product of

thiophene (1,2-dioxide) was unstable, and consequent reactions lead to benzalde-

hyde, benzoic acid, and sulfuric acid. When the substitution of thiophene was

increased, the stability of the oxidized product also increased, being possible their

isolation. Using ammonium tungstate in a ratio of 25 (sulfur/catalyst), [Hnmp]BF4
as solvent, for a reaction time of 5 h, at 60�C, with a molar ratio of O/S of 10, it was

possible to completely remove each substrate from the model oil (experiments were

done with six different model oils for each substrate). Based on 1H-NMR, FT-IR,

and electrochemical studies, it was demonstrated that the thiophene aromaticity

decreases when this is dissolved in the [Hnmp]BF4, due to polarization induced by

the IL, and also by the hydrogen bonding present between the substrate and the IL.
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The authors claimed that this distortion on the thiophene structure favors the

oxidation reaction catalyzed by the ammonium tungstate.

In 2001 it was reported the use of a halogen-free IL ([SO3Hbmim]Tos) in the

EODS process using Na2WO4 as catalyst [17]. DBT dissolved in n-tetradecane was
used as model oil. Although the extraction efficiency increased with the tempera-

ture, the EODS optimal temperature was determined taking into account that

aromatic compounds (such as toluene) can be oxidized at temperatures over 50�C
in the same oxidative conditions, thus the temperature chosen for further studies

was 50�C. In the optimal conditions, it was possible to remove 99.4% of DBT from

the model oil, and it was possible to recycle the IL with the catalyst, for at least five

times, without loss of efficiency, and without the need to re-extract the oxidized

S-compounds. The authors proposed a mechanism involving the formation of

unstable peroxytungstate species that are somehow stabilized in the IL and have

the capability to oxidize the extracted DBT in the IL phase.

Using [bmim]BF4 as extracting agent, Song et al. [18] reported the use of

polyoxometals (POMs) as catalysts for the EODS process. Different POMs were

tested, being Na7H2EuW10O36 (EuW10) and Na7H2LaW10O36 (LaW10) capable of

removing 100% of DBT in less than 12 min, at 70�C. The optimized conditions for

EODS were: molar ratio of H2O2/DBT/LaW10, 500:100:5 at 30�C, for 25 min.

It was possible to recycle the IL/catalyst for at least ten times without significant

loss of extractive efficiency. After that, the oxidized S-compounds were

re-extracted with chloroform from the IL, and the FT-IR spectrum of the recycled

[bmim]BF4 showed no changes from the freshly IL. An interesting result that the

authors didn’t tested would be another round of recycling cycles using the recycled

IL/catalyst.

The combination of two catalysts based on molybdenum and tungsten with

different ILs was studied for the EODS process (Fig. 6) [19]. Similar results were

NH

O

CH3

[Hnmp]X

X-

X=BF4, HSO4 or CH3SO3

N NHN N

BF4
- BF4

-

[bmim]BF4 [Hmim]BF4

Fig. 5 Structure of the ILs

used for the EODS of

thiophene and derivatives

Table 1 Reaction

conditions: temperature ¼
60�C, 20 mL model oil

of thiophene in n-octane,
[Hnmp]BF4 (4 g),

ammonium tungstate as

catalyst, S/W ¼ 25 (molar

ratio), O/S ¼ 10 (molar

ratio, oxidant H2O2)

Substrate Product Conversion (%) Yield (%)

S S
O O

93.5 87.6

S S
O O

92.5 90.3

S S
O O

98.2 96.5
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obtained with ILs [omim] and [bmim] with both anions PF6 and BF4 (93–98.6%

extraction for EODS process). It was interesting to observe that [omim]BF4 was

more efficient for EDS process than [bmim]BF4, although when the catalyst/

oxidant is added, [bmim]BF4 could remove a higher amount of S-compounds

from the model oil than [omim]BF4. In the optimized conditions (IL ¼ [bmim]

BF4; DBT/catalyst ¼ 25 (molar ratio); O/S ¼ 10 (molar ratio); oil/IL ¼ 5:2 (vol-

ume ratio); at 70�C, for 3 h) it was possible to extract 98.6% and 93% with [WO

(O2)2�Phen�H2O] and [MoO(O2)2�Phen], respectively. It was possible to recycle the
catalyst/IL five times with the two catalysts with a slight decrease in the catalytic

activity.

Peroxophosphomolybdates based on three different cations (Q3(PO4[MoO

(O2)2]4) (Q ¼ [(C4H9)4N], [C14H29N(CH3)3], and [C16H33NC5H5])) with different

alkyl chains were tested as catalyst for the EODS in combination with different ILs

[20]. The results have shown that the best catalyst was the peroxophosphomo-

lybdates with the shorter alkyl chain ([(C4H9)4N]3PO4[MoO(O2)2]4), although in

the absence of the IL the most efficient catalyst was the longer chain. This result is

explained by the steric hindrance of the long alkyl chain that prevents the access of

the catalytic active species to the sulfur atom in the IL. Different ILs were tested

under the optimized conditions (Table 2), being the best [bmim]BF4 that could

remove up to 97% of DBT from the model oil (n-octane). Different substrates were
tested, and the order of reactivity in the EODS system was DBT > 4,6-DMDBT >
BT (45.8, 90.2, and 98.8, respectively). It was possible to recycle the catalytic

system for four runs, with the efficient decrease of 97.3–95.9%.

The same ILs were studied for the EODS process using as catalysts different

commercially available molybdic and tungstic compounds [21, 46]. When molybdic

salts were used [21] the best catalytic system was obtained with the combination

[bmim]BF4 and Na2MoO4 (Table 2) although very good DBT extraction (92.6–99.0%)

was also possible to obtain with the other Mo-species catalysts tested. When other

substrates were tested, the reactivity order in the EODS system was DBT > 4,6-

DMDBT > BT, as reported in the previous work [20]. It was also possible to recycle

the catalytic system five times, with a decrease in efficiency from 99% to 90%, which

maybe due to the accumulation of the oxidized S-compounds retained in the IL phase.

The authors also observed that Mo catalysts could be leached into the oil phase during

the EODS process, leading to the loss of activity of the catalytic system during the

recycling runs.

A similar study was performed using alkylammonium decatungstate as catalysts

[22]. From the different catalyst tested ([(CH3)4N]4W10O32, [(C2H5)3N(C7H7)]4W10O32,

Mo

O

OO

O

O

N N

W

O

OO

O

O

N N

[WO(O2)2·Phen·H2O][MoO(O2)2·Phen]

Fig. 6 Reported catalysts for

the EODS process, using

[bmim]BF4 as extractor
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and [(C4H9)4N]4W10O32), the tetrabutylammonium decatungstate [(C4H9)4N]4W10O32

was chosen as the best catalyst for the oxidation step, using [bmim]PF6 as extractor

solvent for the EODS process. Therefore starting from 1000 ppm of DBT dissolved in the

model oil it was possible to extract 98% of DBT (reaction conditions: 60�C, for 0.5 h,

O/S ¼ 3 (molar rate); S/catalyst ¼ 100 (molar rate)). It was possible to recycle the

catalytic system for six cycles, although in the last run the extraction efficiency was

only 83%, and longer reaction time was needed (1 h). The authors reported that 0.7% of

the catalyst was leached into the oil phase.

Important values must be considered in the EODS process, such as the ratios

IL/oil and oxidant/S-compounds (O/S), temperature, and time reaction. The volume

ratio of the IL vs. model oil (IL/oil ratio) used indicates the extraction efficiency,

lower this rate,more efficient is the extraction. The usual oxidant in this process is the

aqueous H2O2, considered environment friendly since the only by-product is water.

Usually the S-removal efficiency increases when the O/S molar ratio also increases,

although when the amount of the oxidant is too high, the IL phase can be diluted

losing some extraction capability, thus decreasing the S-removal efficiency

[10, 14]. On the other hand, stoichiometrically 2 mol of oxidant is consumed per

mol of S-compound (when S-compounds are oxidized to sulfones), although 2:1

molar ratio O/S is not sufficient to achieve a good EODS efficiency. This result is

justified by the self-destruction of the oxidant in the different reaction conditions,

thus a molar ratio O/S higher than 2 is always required [20]. The H2O2 self-

destruction is also a determinant effect in the reaction temperature selection. Usually

the efficiency of EODS increases with the temperature, although when H2O2 is used

this effect is only observed for short time reaction, and after a period of time the

efficiency starts to decrease, due to the degradation of the oxidant [7]. On the other

hand, if the temperature is too low, the viscosity of the IL determines the EODS

efficiency [8]. The choice of the catalyst is also important, and several Lewis acids

were tested for the oxidation step of the EODS.When iron is used, the formation of a

Fenton-like reagent is possible, forming hydroxyl radicals that are strong oxidizers.

Table 2 EODS process using different ILs

Ionic liquid

Sulfur

removal (%)a

[(C4H9)4N]3PO4

[MoO(O2)2]4

Sulfur

removal (%)b

Na2MoO4

Sulfur

removal (%)c

H3PW12O40

[bmim]BF4 97.3 99.0 98.2 Biphasic system

[omim]BF4 83.2 67.6 64.7 Triphasic system

[bmim]PF6 90.7 69.8 98.0 Triphasic system

[omim]PF6 94.5 77.8 63.5 Triphasic system

[omim]CF3COO 67.6 37.4 – Biphasic system
a[(C4H9)4N]3{PO4[MoO(O2)2]4} as catalyst, reaction conditions: oil/IL ¼ 5 (volume ratio); O/S/

catalyst ¼ 200:100:1; at 70�C for 3 h [20]
bNa2MoO4 as catalyst, reaction conditions: oil/IL ¼ 5 (volume ratio); O/S ¼ 4; S/catalyst ¼ 20;

at 70�C for 3 h [21]
cH3PW12O40·14H2O as catalyst, reaction conditions: oil/IL ¼ 5 (volume ratio); O/S/catalyst ¼
300:100:1 (molar ratio); at 30�C for 1 h [46]
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In this case it is possible that the metal ions can also consume hydroxyl radicals

increasing the H2O2 degradation [15, 23].

Besides very efficient methods reported for the oxidation of more demanding

substrates such as 4,6-DMDBT, DBT, and BT by different catalysts immobilized in

ILs and using H2O2 as oxidant, the overall process of desulfurization of diesel still

requires more combined feasible methods for the removal of the oxidized products

from the system (IL or diesel).

3 Oxidation of Alcohols

The oxidation of alcohols to the correspondent ketone, aldehyde, or carboxylic acid

is a fundamental transformation in organic chemistry, since carbonyl groups are

essential constituents of chemical platform, pharmaceuticals, and other important

chemicals. In this section the oxidation of alcohols using ILs in combination with

metal catalysts will be discussed.

In 2007 [24] the oxidation of sec-alcohols using as catalyst copper(II)

acetylacetonate (Cu(acac)2, Fig. 7, catalyst 1) was reported. Four different ILs

were tested as solvents ([bmim]PF6, [bmim]BF4, [emim]CF3COO, and [bpy]PF6),

and it was observed that when ILs based on PF6 anions were used, the reaction rate

was faster than with BF4-based ILs. Imidazolium-based ILs were also better for this

reaction than pyridinium ones. Therefore [bmim]PF6 was chosen as solvent for

further reaction optimization. In the optimized conditions, using t-BuOOH as

oxidant, different substrates were tested. Good yields were obtained for aromatic

alcohols (91–94%), although aliphatic alcohols were converted in moderate yields

(58–66%). It was possible to recycle the IL/catalyst system for at least five times,

although the efficiency dropped from 91% to 84% in the last run. These reactions

were performed at room temperature for 5 h, although the same group have reported

[25] that the reaction time could be improved when a different catalyst/IL system

was used (Fig. 7). The oxidation of primary and secondary alcohols (into acids and

ketones, respectively) was reported, using an amino acid Schiff base copper ligand

catalyst (Fig. 7, catalyst 2). The efficiency of this new catalyst could be improved

when [bmim]BF4 was used as solvent. Other oxidants were also tested, such H2O2

and NaClO, but the results demonstrated that t-BuOOH showed to be optimal for

this reaction system. The results obtained for secondary alcohols were similar as the

one obtained in the previous work [24], although in reduced reaction time. This

oxidation system was also not so efficient for aliphatic alcohols (30–63% yields).

The catalytic system could be recycled at least five times, with an yield of 83% in

the last cycle.

The continuation of research for greener oxidation of alcohols in ILs by metal

catalysts was reported in 2012 by Han group [26]. The authors used salicylic amino

acid Schiff base manganese ligand as catalyst (Fig. 7, catalyst 3), and H2O2 was

shown to be the best oxidant, when [bmim]BF4 was used as a solvent. After

optimization, different substrates were tested. Good yields were obtained for
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aromatic alcohols (88–94% yield), although for aliphatic alcohols the reaction

system was not so effective (48–62% yield). The catalytic system could be recycled

at least four times with a drop of efficiency from 94% yield to 82% in the last run.

With the purpose of direct oxidation of aliphatic and aromatic primary alcohols

to carboxylic acids, Kumar et al. [27] reported a novel catalytic system based on

CuCl2 and a bifunctional IL (Scheme 1). The ILs [COOHemim]Br and [NH2emim]

Br were tested in combination with CuCl2 leading to no reaction, or the formation

of the respective aldehyde, in the presence or absence of additional organic

solvents. The optimized conditions were achieved when CuCl2/BIL was used as

catalyst, and H2O2 as oxidant, at room temperature (Scheme 1). Good to very good

yields (88–99%) were achieved for aromatic alcohols with reaction times near

30 min. The authors observed that when electron-donating groups were present in

the aromatic nucleus, the reaction was accelerated, although when electron-

withdrawing groups were present the reaction was retarded. The oxidation of

aliphatic alcohols required longer reaction time (near 4 h), but yields over 84%

could be achieved. It was possible to recycle the catalyst for five runs without any

significant loss of catalytic activity (99–91% yields in the last run). The

chemoselectivity of this reaction was studied, when benzyl alcohol and 1-octanol

were allowed to react in the presence of CuCl2/BIL catalyst. Benzoic acid was

formed in 78% yield and 1-octanoic acid in 22% yield. The authors explained this

result by the higher acidity of the α-CH unit in the benzyl alcohol.

In 2011 [28] the synthesis of different ruthenium triphenylphosphine complexes

containing N-(2-pyridyl)-N0-(5-sub-salicylidene) hydrazine (Scheme 2) was

reported. These catalysts were used for the oxidation of primary and secondary

alcohols, to the correspondent aldehyde and ketone, respectively. Five different

catalyst were tested (R ¼ H, Cl, Br, NO2, OCH3, Scheme 2), and similar oxidation

yields were obtained for the five catalyst, although the authors observed that

catalytic activity slightly decreases with increase in bulkiness of the substituents,

due to steric hindrance. When [emim]Cl was used as solvent, and NaClO as

oxidant, it was possible to obtain yields over 86% for aromatic and allylic primary

alcohols. Good yields (over 70%) were also obtained for aliphatic primary alcohols.

The IL/catalyst system was recycled seven times, but the catalytic efficiency

decreased during the recycle runs, from 90% to 80% yield. As active specie of
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Fig. 7 Catalysts and reaction conditions reported by Han group (catalyst 1 [24], catalyst 2 [25],

catalyst 3 [26])
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the catalytic oxidation, the authors proposed the valent ruthenium-oxo species

formed by the oxidant (NaClO).

Using RuCl3 as catalyst, Dullius et al. [29] have reported the oxidation of several

alcohols using [bmim]BF4 as solvent. It was observed that the selectivity of

cyclohexanol oxidation was increased to 100% when the IL was used as solvent,

instead of toluene. In the optimized conditions (1 mol% of RuCl3, 100
�C and 7 atm

of oxygen) different fluorinated ILs were tested, although no improvement in the

reaction efficiency was achieved. It should be noted that [bmim]PF6 was not stable

under reaction conditions. It was possible to obtain up to 80% yield for the

oxidation of aliphatic sec-alcohols, but lower yield was obtained for primary

aromatic alcohols (<47%). This catalytic system was not efficient for allylic

alcohols that didn’t react. Although the catalytic system RuCl3/[bmim]BF4 could

be reused, the authors didn’t referred the number of cycles possible.

An heterogeneous system was reported using an hybrid catalyst involving

dicationic IL and W-containing heteropolyanion, based on tungsten-bearing

Keggin-structured heteropolyacids (Scheme 3) [30]. Using this catalyst in combi-

nation with different polar solvents, including DMSO, acetonitrile, and water,

resulted in moderate conversions. Although when a mixture of acetonitrile/water

(1:1) was used, the best conversion and selectivity were obtained (benzyl alcohol

conversion and selectivity, 92.3% and 98.2%, respectively). The oxidation of

benzyl alcohol in this liquid–solid heterogeneous system resulted the formation

of an insoluble product that was easily isolated from the reaction medium. In these

conditions the authors also tested catalysts bearing different mono-cations, based on

imidazolium, pyridinium, and ammonium salts that resulted in a homogeneous

catalysis, although with good conversion and selectivity. The authors excluded

these catalysts due to the difficulty of recovering the catalyst from the reaction

system. Cyclohexanol, 1-phenylethyl alcohol, benzhydrol, and 1-octanol were

tested as substrates providing high conversion and selectivity results, except for

1-octanol that was only possible to obtain 7.4% conversion. The catalyst was reused

N N
H
N N

O N

Br-
Br-

R OH

BIL
CuCl2/BIL
H2O2 (aq. 30%)

30 min, 25ºC R OH

O

Scheme 1 Reaction conditions and catalyst structure for the oxidation of aliphatic and aromatic

primary alcohols

Ru
O N

N NH

PPh3

R
PPh3

R=H, Cl, Br, NO2,OCH3

R OH

Catalyst
NalClO

[emim]Cl
30 min, r.t.

R H

O

Scheme 2 Ruthenium(II)-based complexes as catalyst for the oxidation of primary alcohols,

using [emim]Cl as solvent and NaClO as oxidant
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for at least six runs although with a small loss of catalytic activity, since

the conversion drop from 92% to 84% in the last run. The decrease observed in

the catalyst activity may be due to some leaching of the catalyst observed in the first

run, when fresh catalyst was used.

The oxidation of cyclohexanol to cyclohexanone was studied in 2011 by

Sundmacher et al. [31] using tungsten oxide as catalyst and H2O2 as oxidant

(Scheme 4). The authors compared the efficiency of the oxidation between organic

solvents and ILs. Traditional polar solvents resulted in conversions under 50%,

although ILs (based on imidazolium cation and chloride as anion) resulted in

conversions over 70%. A study was made based on the theory of COSMO-RS,

which demonstrated that solvents polarities can be ordered as acetone, 2-propanol,

methanol, and [HOemim]Cl, being the last the most polar one. This study justified

the order of reactivity for the tested solvents, being the most polar, the most

efficient. ILs with different alkyl chains were also tested, and it was observed that

lipophilic ILs (higher chain) were the most efficient ones, and in the case of [omim]

Cl it was possible to achieve 100% conversion with 100% of selectivity to cyclo-

hexanone. Although it is a good result, no further substrates were tested by the

authors under these conditions. Later, the same group has reported the oxidation of

different aromatic alcohols to the respective aldehydes, using tungsten oxide and

H2O2 as oxidant; however, in this work toluene was used as co-solvent in combi-

nation with [omim]Cl [32]. After an optimization, where different ILs and organic

solvents were tested, it was possible to achieve good conversions for different

aromatic alcohols (Table 3).

Kumar et al. [33] have studied the oxidation of biphenyl carbinol to benzophe-

none, in ILs. Initially sodium tungstate and sodium molybdate were tested as

catalyst, using [bmim]BF4 as solvent, although only 34% and 40% yield, respec-

tively, were achieved. The authors explained this result by the low solubility of the

inorganic salts in the IL, and also the known effect of ammonium salts to affect

the catalytic activity of these salts [33]. In order to increase the reaction efficiency,

the authors developed a new catalyst where sodium was replaced by another cation.

1-methyl-3-butylimidazolium decatungstate [bmim]4[W10O23] was slightly soluble

R R'

OH

R R'

O

3mol% Catalyst
H2O2 (30% aq.)

CH3CN/H2O (1:1)
reflux, 12h Catalyst

N N
N N

1,5

PW10O40
3-

Scheme 3 Oxidation of alcohols using an hybrid catalyst involving dicationic IL and

W-containing heteropolyanion

OH O0.6 mol% WO3
H2O2 (30% aq.)

70ºC, 2h

Scheme 4 Oxidation of cyclohexanol using as catalyst tungsten oxide
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in the IL [bmim]BF4, but with the addition of the oxidant (aq. H2O2), only one

phase was observed, which maybe due to the formation of peroxometalate complex

[33]. Under the optimized conditions (Scheme 5), it was possible to oxidize

biphenyl carbinol to benzophenone in 96% yield, and recycle the catalytic system

for at least five cycles. Different substrates were tested, and this oxidation method

was shown to be efficient for secondary aliphatic alcohols, but not to aliphatic

primary alcohols, where no reaction occurs. To illustrate this selectivity the authors

tested the method to the substrate 1-phenyl-1,2-diethanol and was obtained

phenylhydroxymethyl ketone as major product (92% yield). Aromatic primary

alcohols resulted in the respective aldehyde with very good yields (up to 96%

yield).

Also in 2005 a similar work was reported, in which the catalyst was based on

phosphotungstate complex (Fig. 8) [34]. The oxidation reaction was performed in

[bmim]BF4, at 90
�C, for different reaction times (2–4 h). Different secondary

alcohols were tested with good yields (86–98% yield). For benzyl alcohol it was

possible to stop the oxidation in the respective aldehyde when only 2 equiv. of H2O2

was added for 8 h. In addition, the corresponding acid was formed when higher

amount of H2O2 was added (4 equiv.), and larger reaction time was used.

Table 3 Oxidation of several aromatic alcohols, using tungsten oxide as catalyst, in a toluene/

[omim]Cl mixture

Substrate Product Time (h) Conversion Selectivity

OH O 6 100 98

MeO

OH

MeO

O 12 96 95

OH O 12 95 94

Cl

OH

Cl

O 10 94 93

OH O 6 94 96

OH O 12 92 92

Reaction conditions: aromatic alcohol (1 g), hydrogen peroxide (30 wt.%, 2 g), ILs (0.2 g)/toluene

(10 g), and tungsten oxide (0.01 g) were mixed for a period of time, at 90�C

OH

[bmim]BF4

90ºC, 90 min.

O[bmim][W10O23] cat.
H2O2 (30% aq.)

Scheme 5 Biphenyl carbinol oxidation, using [bmim]BF4 as solvent and [bmim][W10O23] as

catalyst
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In 2010 the use of catalysts based on nickel and cobalt for oxidation of alcohols

was reported (Scheme 6) [35, 36]. For Ni(II) or Co(II) complexes it was observed

that the catalytic activity decreased with increase in bulkiness of the substituents.

It was observed that good yields could be obtained at room temperature. Under

optimized conditions different substrates were tested (primary and secondary,

aromatic and aliphatic alcohols). When Ni(II) complexes were used, it was possible

to obtain good to very good yields (60–96%). With Co(II) complexes as catalysts

was also possible to oxidize all the tested substrates in good to very good yields

(71–94%).

Methyltrioxorhenium (MTO) is a well-known catalyst used in several oxidation

reactions [37]. In a way to improve the immobilization of MTO in ILs, Saladino

et al. [38] reported the synthesis of catalysts based on the heterogenization of MTO

on poly(4-vinylpyridine) and poly(4-vinylpyridine N-oxide) (Fig. 9). The oxidation

of alcohols and hydrocarbons was tested, using H2O2 as oxidant in [bmim]PF6.

For the alcohols biphenyl carbinol and 1-phenylethanol, similar results were

obtained when MTO and the other catalysts were used (Scheme 7). The authors

observed that MTO was not entirely retained in the IL, being loss during the

recycling experiences, although it was possible to recycle the catalyst V with

similar selectivity and reactivity.

Using Mn (salen) as catalyst and PhI(OAc)2 as oxidant (Scheme 8), Li et al. [39]

reported the oxidation of several secondary alcohols. The authors observed that

oxidation reaction was faster when the IL [bmim]PF6 was used as solvent in

combination with dichloromethane as co-solvent. The yield of aromatic alcohols

was good (88–99% yields), although aliphatic alcohols resulted in very low yields

(24–59% yields). Primary alcohols were also tested under the reaction conditions,

and depending on the substrate it was possible to obtain the respective acid or

aldehyde in moderate yields (22–60% yields). It was possible to recycle the catalytic

N N

3
PO4(W(O)(O2)2)4

3-

Fig. 8 Structure of the tungstate-based catalyst (tris(imidazolium)-tetrakis (diperoxotungsto)

phosphate (3�)) reported for the oxidation of alcohols

Co
O

N
NH

Cl

PPh3

R

Ni
O

N
NH

Cl

PPh3

R

R R'

OH

R R'

O

20 mol% Ni(II) complex,
or

20mol% Co(II) complex
NaClO

[emim]Cl
15-30 min, r.t.

Co(II) complexNi(II) complex

Scheme 6 Oxidation of alcohols using [emim]Cl as solvent, NaClO as oxidant, and catalysts

based on Ni(II)[36] and Co(II) [35] complexes
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system five times, although with some decrease in the activity (from 99% to ~80%

yield in the last run).

Trimethyl-1,4-benzoquinone (TMBQ) is an important intermediate for the pro-

duction of vitamin E. TMBQ is obtained from the oxidation of 2,3,6-trimethylphenol

(TMP), in a two-steps reaction (para-sulfonation of TMP followed by oxidation of

MnO2). The search for more efficient one-step oxidation of TMP to TMBQ has been

investigated. In 2004 the use of ILs in this oxidation reaction was reported

[40]. Sun et al. reported the use of catalytic amounts of CuCl2 in [bmim]Cl using

n-butanol as co-solvent andmolecular oxygen as oxidant. Under these conditions it was

possible to obtain 100% conversion, with 94% selectivity for the desired product.

The authors also isolated the catalytic active species as red cubic crystals in which the

X-ray showed to be the 1-n-butyl-3-methylimidazolium oxotetracuprate. Further stud-

ies [41] have shown that ILs based on 1,3-dialkyl imidazolium chloride resulted in a

better selectivity than [Hmim]Cl (82% vs. 94% selectivity for [Hmim]Cl and [bmim]

N N

n

MTO MTO

N N

n

O O

MTO MTO

MTO

n=2%, PVP-2/MTO (I),
n=25%, PVP-25/MTO (III)

n=2%, PVPN-2/MTO (II),
n=25%, PVPN-25/MTO (IV)

PS-2/MTO (V)

Fig. 9 Structure of the catalysts based on the heterogenization of MTO on poly(4-vinylpyridine)

and poly(4-vinylpyridine N-oxide)

Ph

OH

Ph Ph

O

Ph Ph

OH

CH3 Ph

O

CH3

Catalyst,
H2O2(aq. 30%)

[bmim]Pf6
45ºC, 24h

[bmim]Pf6
r.t., 48h

Catalyst,
H2O2(aq. 30%)

Catalyst, Conv., Yield
MTO, 98, 88%
(I),     78, 83% 
(III),   91, 82%
(V),    94, 78%

MTO, 98, 91%
(I),     80,  84%
(III),   75,  80%
(V),    88,  85%

Catalyst, Conv., Yield

Scheme 7 Reaction conditions for the oxidation of alcohols with different catalysts
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Scheme 8 Reaction conditions for the oxidation of alcohols, using Mn(salen) as catalyst
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Cl, respectively). No significant effect was observed for ILs based on 1-H-3-

alkylpyridinium chloride and 1-alkyl-3-alkylpyridinium chloride; although the

observed selectivity with pyridinium ILs was lower than imidazolium-based ILs.

Different copper salts were tested as catalyst and was observed that chloride salts are

more active than bromide, acetate, or nitrate. The authors claimed that the chloride ion

has an important role in the oxidation mechanism. On the other hand, copper(II)

chloride was more active than copper(I) chloride, and no significant difference was

observed when anhydrous copper(II) chloride was used. In 1989 have been reported

that nitrogen compounds can enhance the catalytic activity of copper(II) chloride

[42, 43], so the authors have tested other N-containing compounds instead of ILs.

For 1-methyl-imidazole the selectivity decreased to 84%. When the proportion of the

catalyst/N-containing compounds was increased to 1:3, no product was observed,

meaning that when copper(II) chloride is full coordinated with these N-compounds

its activity is inhibited. In the optimized conditions (Scheme 9a) was possible to obtain

TMBQ in 98% yield.

In 2008 was reported the IL [bmim]BF4 as co-catalyst for the oxidation of 2,3,6-

trimethylphenol (TMP) (Scheme 9b) [44]. The use of [bmim]BF4 in combination

with CuCl2 resulted into better results than traditional solvents. The authors

explained this observation by higher solubility of the catalyst and substrate in the

IL media, and also due to the positive cooperation of [bmim]BF4 and CuCl2, since it

was already reported that nitrogen compounds can enhance the catalytic activity of

copper(II) chloride [42, 43]. Another advantage of using ILs is that no side products

were observed, in opposition of what was observed when organic solvents were

used. Under the optimized conditions was possible to obtain up to 88.6% selectivity

for TMBQ.

A continuation of this study in 2009 by the same authors reported the effect of

the IL used and also the recyclability of the IL/catalyst [45]. Imidazolium and

ammonium ILs were tested for the TMP oxidation under atmospheric oxygen,

and it was observed that the anion effect can influence the reaction selectivity.

For neutral anions, such as BF4, good selectivities were obtained (over 94%),

although for stronger acidic ILs, with anions such as HSO4 and H2PO4, the

selectivity decreased up to 80%. This anion effect was confirmed when a screening

was made with ammonium ILs possessing anions with different acidity. The

nitrogen-containing precursors of the ILs were also tested as co-catalysts, namely

imidazole and pyridine. It was observed that when ILs were used the selectivity was

up to 90%, whereas for imidazole or pyridine the selectivity was above 64%.

OH O

O

CuCl2, O2

IL
a) or b)

Scheme 9 Oxidation of 2,3,6-trimethylphenol, using ILs as solvents and CuCl2 as catalyst.

Reaction conditions: (a) [bmim]Cl/CuCl2 (1:1), 2 mL of n-BuOH, 10 bar O2, at 60
�C for 5 h

[40, 41] and (b) [bmim]BF4/CuCl2 (5:1), O2, at 80
�C, for 1 h [44]
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The authors explained these results by the positive cooperation of the ILs

and CuCl2, possibly via formation of oxotetracuprate as an active species for the

oxidation reaction. The IL could be reused for at least five runs without significant

loss of activity (decrease from 96% to 92% in the selectivity).

4 Conclusions

Ionic liquids (ILs) have been successfully applied as reaction media, promoting

agent, and anchoring catalyst for different oxidation systems, such as sulfides and

alcohols. In case of sulfide oxidation for desulfurization of diesel, the ILs also play

an important role in removing the oxidized product from the diesel. The combination

of ILs as efficient extracting catalyst and reaction media with air oxidant is expected

to be more explored in near future for different functional group oxidations.
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Abstract This review gives a summary of the epoxidation of various olefins

catalyzed by different transition metal complexes, as well as by metal-free

compounds in ionic liquid media. A comparison of the most active systems for

different olefins is presented, and the effect of the ionic liquid solvents on the catalytic

activity and catalyst reusability is discussed.
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1 Molecular Catalysts

1.1 Transition Metals

1.1.1 Group V Metals (V)

Among the transition metals, vanadium is one of the most abundant elements in sea

water soils and freshwater. Vanadium peroxides are known to be effective oxidants

for different organic and inorganic substrates such as alkanes, alcohols, alkenes,

and sulfites [1]. These catalytic or stoichiometric oxidation reactions use hydrogen

peroxide under mild conditions with good product yields and selectivities.

Conte et al. [2] reported the synthesis of several new vanadium complexes

(Fig. 1). The catalytic performance was tested for the epoxidation of cyclooctene as

model substrate, with hydrogen peroxide as oxidant in [bmim]PF6 and acetonitrile;

yields up to 25% were obtained for complex 4a after 4 h at room temperature

(Table 1).

1 2

3

4a X=CF3SO3
-, A=B=H

4b X=BF4
-, A=B=H

4c X=CF3SO3
-, A=Cl, B=H

4d X= CF3SO3
-, A=B=Cl

4e X= CF3SO3
-, A=B=t-Bu

4

Fig. 1 Vanadium complexes reported by Conte et al. [2]
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However, the epoxide yields were significantly better (53%, 5 h) in acetonitrile

and trifluoroethanol. Varying temperature and polarity of the ionic liquid from

hydrophobic to hydrophilic led to significant lower yields of epoxide [2].

1.1.2 Group VI Metals (Mo, W)

Molybdenum

In 2009 Valente et al. [3] described a dioxomolybdenum(VI) complex containing

an anionic N,O oxazoline ligand (Fig. 2). The investigation of different solvents,

including ionic liquids, for the epoxidation of trans-β-methylstyrene revealed a

higher solubility of the Mo(VI) complex in the more polar solvent [bmpy]BF4
matched with [bmpy]PF6 (31% conversion in [bmpy]BF4 vs. 1% after 24 h in

[bmpy]PF6). Only the desired epoxide was obtained when using IL as solvent

concluding in a selectivity of 100%. In their studies concerning the recyclability

of the system it was shown that the catalyst leaches out of the IL when using

[bmpy]BF4.

Kühn et al. [4] applied four different Mo(VI) catalysts 6–9 in ionic liquids for

the oxidation of cis-cyclooctene (Fig. 3). The catalytic reactions were performed

at room temperature whereas most groups test their systems at 55�C. With a

concentration of 1 mol% and within 1 h reaction time quantitative yields were

obtained with 6 and 7. The loading of catalyst 6 can be reduced to a concentration

of 0.05 mol% which results in a commanding turnover frequency of >44,000 h�1.

Experiments on the recyclability of the systems revealed a minor loss of activity

after three runs (third run: 80% conversion).

Compound 8 in [bmim]NTf2 gave a moderate yield of 43% after 24 h reaction

time and a TOF of around 110 h�1 [5].

Table 1 Epoxidation of cyclooctene with V(V) complexes

Entry Complex Solvent Time (h)a Yield (%)b

1 1 CH3CN 24 7

2 1 [bmim]PF6 5 20

3 2 CH3CN 24 0

4 2 [bmim]PF6 5 8

5 3 CH3CN 24 33

6 3 [bmim]PF6 4 15

7 4a CH3CN 5 53

8 4a [bmim]PF6 4 25

Reaction conditions: cyclooctene 0.5 mmol, H2O2 0.05 mmol, V(V)-catalyst 0.005 mmol, room

temperature, solvent 1 mL
aAt complete consumption of peroxide
bBased on H2O2
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Recently the fluorinated organomolybdenum complex 9 was studied. A

considerably slower reaction time (93% conversion after 24 h) was accepted for the

possibility to reuse the catalyst for at least eight runs without any loss of activity [6].

Furthermore a series of [MoO2X2L2] (L ¼ 4,40-bis-methoxycarbonyl-2,

20-bipyridine, 5,50-bis-methoxycarbonyl-2,20-bipyridine, 4,40-bis-ethoxycarbonyl-2,
20-bipyridine, 5,50- bis-methoxycarbonyl-2,20-bipyridine) were tested by the same

group in 2010 in different room temperature ionic liquids for the epoxidation

of cis-cyclooctene with TBHP. The authors stated that the activity of the

employed compounds is approximately four times higher in RTILs than in

dichloromethane [7].

Abrantes et al. [8] studied an amino acid-functionalized CpMo-complex 10

for the epoxidation of trans-β-methylstyrene in [bmim]BF4 (Fig. 4). The authors

chose room temperature and a catalyst concentration of 1 mol% as their standard

conditions using TBHP as oxidant. The complex was well soluble in the IL, without

Fig. 3 Investigated

molybdenum compounds

Fig. 2 Dioxomolybdenum

(VI) complex with chiral

tetradentate oxazoline ligand
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any color change of the organic phase during reaction time. Indeed the obtained

yield was lower than in aprotic solvent ([bmim]BF4: 41% conversion, MeCN:

77%), with no significant improvement of the ee, which was independent from

the solvent used below 5%.

The effect of an ionic liquid on the catalytic performance of thiocyanatodiox-

omolybdenum(VI) complexes was studied by Pillinger et al. [9].The authors

synthesized and characterized three different compounds 11–13 (Fig. 5) and

noted the poor solubility of complex 11 in the IL.

This fact explains the lower yield compared to complex 12 and 13 in the same

solvent (Table 2). The kinetic profile of the epoxidation of cis-cyclooctene using

Fig. 4 Amino-acid

functionalized MoCp-

complex

11 12 13

Fig. 5 Thiocyanatodioxomolybdenum complexes for the epoxidation of olefins

Table 2 Catalytic results of 11–13 in ILs

Entry Catalyst Solvent Selectivity (%) Yield (%) TOF (h�1)

1 11 [Bmpy]BF4 54 (92) 67 (74) 97 (50)

2 12 [Bmpy]BF4 83 (88) 74 (78) 57 (56)

3 13 [Bmpy]BF4 93 (94) 85 (86) 62 (31)

Reaction conditions: substrate: cyclooctene ¼ 1:1.5, T ¼ 55�C, t ¼ 24 h, oxidant: TBHP,

1 mol% catalyst, values in parenthesis – results of second run
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TBHP in decane was interestingly practically congruent with the one using TBHP

in water although in a comparison of the two runs a loss in activity is revealed.

The same group used Molybdenum(II) diiodo-Tricarbonyl complexes containing

nitrogen donor ligands as precursors for the epoxidation of methyl oleate in 2012 [10].

The authors utilized four different compounds (Fig. 6) in a molar ratio of

catalyst: substrate: oxidant ¼ 1:100:152 and were able to achieve conversion of

80% with a yield of 9,10-epoxystearate (MES) up to 71%.

A sizeable difference in reaction rate was observed, which is attributed to

the different solubility of the complexes. Complex 16 appeared to be the least

soluble decelerating the overall reaction rate by a slower in situ formation of

the active species (Table 3).

By adding complex 14 to [bmim]BF4 the authors investigated the potential of

recycling the catalytic system. They obtained 86%MES after 24 h at 75�C and were

able to separate the reaction products by adding n-hexane. After treating the IL at

40�C under vacuum for 1 h a second batch run was initiated and showed a similar

activity of the catalytic system.

A technical mixture of methyl oleate and methyl linoleate was epoxidized by

Wang and co-workers [11]. They used MoO(O2)2 · 2QOH (QOH ¼ 8-quinilinol)

in [bmim]BF4, [hydemim]BF4 and [bmim]PF6.

The obtained conversions, selectivities, and turnover-frequencies of the ionic

liquids that were tested are shown in Table 4. Entry 2 and 3 show that for [bmim]

BF4 and [hydemim]BF4 the highest activities for the probed substrate mixture were

14
15

R=H
R=tBu

16
17

R=H
R=tBu

Fig. 6 Catalyst precursors used by Pillinger et al. [9]

Table 3 Conversion of

methyl oleate
Entry Catalyst Conversion (%)

1 14 72

2 15 78

3 16 25

4 17 37

Reaction conditions: T ¼ 75�C, t ¼ 24 h, Mo:MO:TBHP ¼
1:100:152
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achieved. The addition of [hydemim]BF4 (Entry 6) to an organic solvent approved

the positive effect of the ionic liquid concerning the activity of the Mo-catalyst and

maybe subscribed to the polar character of the BF4
� anion.

It can be seen that both the conversion and the selectivity to the corresponding

epoxide increased when the ionic liquid was involved. The Mo(VI)-containing IL

phase of the catalytic system could be eagerly recycled and reused for at least five

runs without any loss of selectivity and only a minor drop of conversion (methyl

oleate: 87% and methyl linoleate: 82% after fifth run).

Gonçalves et al. [12] described in 2010 the catalytic olefin epoxidation with

different cationic molybdenum(VI) cis-dioxo complexes comprising weakly coordi-

nating anions 18a–18c (Fig. 7).

The compounds were tested at 55�C with TBHP as oxidant in different solvents,

including DCE, [bmim]BF4, [bmpy]BF4, [bmim]PF6, and [bmpy]PF6. When using

DCE as a solvent the authors obtained conversion between 61% and 98% within

Table 4 Epoxidation of methyl oleate and methyl linoleate catalyzed by MoO(O2)2 2QOH

Entry Solvent

Conversion %

Selectivity (%) TON (TOF)Methyl oleate Methyl linoleate

1 No solvent 55 31 90 3,690 (1,845)

2 [bmim]BF4 92 78 93 7,812 (3,906)

3 [bmim]PF6 75 44 94 5,358 (2,679)

4 [hydemim]BF4 96 89 95 8,740 (4,370)

5 CH3CN 85 63 92 6,624 (3,312)

6 30% CH3CN/70%

[hydemim]BF4

94 84 95 8,360 (4,180)

7 C2H5OH 81 45 93 5,580 (2,790)

8 30% C2H5OH/70%

[hydemim]BF4

90 74 95 7,695 (3,848)

Reaction conditions: T ¼ 30�C, t ¼ 2 h, oxidant: H2O2, 0.01 mol% catalyst, co-catalyst:NaHCO3

18a Y=Cl-

18b Y=BF4
-

18c Y=PF6
-

18

Fig. 7 Cationic molybdenum complexes
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24 h and a selectivity of 100%. Independent of the used solvent complex 18c is

less soluble than 18a and 18b resulting in the lowest conversion. Table 5 shows

the results of the catalytic reactions. Knowing that in contrast to compound 18c,

18a could be completely dissolved in all ILs while 18b showed good solubility

only in BF4-type ILs it can be concluded that the different solubility of the

catalyst is the most important factor concerning the activity. Due to the fact that

the upper organic phase stayed colorless while the IL phase was yellow (indicating

the active species being formed) the authors defined the reaction as heterogeneous.

Two consecutive 24 h runs at 55�C were done after extracting the IL/catalyst

phase with n-hexane to test the recyclability of the three systems. ICP-AES analyses

for Mo showed that no more than 1% of the catalyst was lost during the extraction.

Furthermore the authors compared the use of different oxidants for the oxidation of

cyclooctene. The authors proclaim that the coordinating abilities of water lead to a

less active catalytic species resulting in a significantly faster reaction rate when

applying water-free oxidants (TBHP in decane, UHP).

An interesting feature is the fact that the authors did not observe any diol-

formation when applying aqueous TBHP or H2O2. To explore the substrate scope

the catalytic system 18a/[bmim]PF6/TBHP was used. After a reaction time of 24 h

the following olefin conversions were obtained: cyclooctene (91%), norbornene

(55%), cyclohexene (37%), and styrene � α-pinene (15%).

The same group reported in 2010 about the synthesis and characterization

of complexes Cp0Mo(CO)2(η3–C3H5) (Cp0 ¼ η5–C5H4Me 20, ¼ η5–C5Me5 21

(Fig. 8) [13].

Compounds 19–21 were utilized as catalyst precursors for the epoxidation of

cis-cyclooctene with TBHP (in n-decane at 55�C). The obtained results using 19 as
catalyst are shown in Table 6. The kinetic profile of the catalytic reaction without

Table 5 Epoxidation of cis-cyclooctene catalyzed by 18a–18c

Entry Solvent Catalyst Conversion (%) TOF (h�1)

1 DCE 18a 96 201

2 18b 98 168

3 18c 61 69

4 [bmim]BF4 18a 78 (70) 76

5 18b 75 (60) 91

6 18c 40 (23) 15

7 [bmpy]BF4 18a 80 (71) 64

8 18b 81 (59) 102

9 18c 40 (13) 15

10 [bmim]PF6 18a 91 (89) 142

11 18b 45 (11) 67

12 18c 42 (11) 22

13 [bmpy]PF6 18a 94 (87) 163

14 18b 51 (11) 73

15 18c 40 (17) 19

Values in parentheses are cyclooctene conversions at 24 h for the second runs
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any cosolvent and in [bmim]BF4 appeared to be quite similar although the reactions

performed in ILs are significantly slower than those involving a single liquid phase.

Royo et al. [14] reported in 2011 about dioxomolybdenum(VI) complexes

containing chiral oxazolines for the epoxidation of olefins in ionic liquids. The

compounds are shown in Fig. 9 and contain bis(oxazoline) 23 and the oxazolinyl-

pyridine 24 ligand, respectively, while 22 is a bimetallic system.

All three compounds were tested at 55�C for the epoxidation of cis-cyclooctene
and gave moderate to good yields (Table 7). Compound 22 led to the exclusive

formation of trans-1,2-(R)-limonene when tested in [bmpy]NTf2 while the mono-

metallic complexes 23 and 24 were not able to introduce diastereoselectivity.

It is noteworthy that the induction of diastereoselectivity was gone when an

imidazolium-based ionic liquid was used as solvent. The authors state that this is

due to the in situ formation of a Mo-NHC carbene complex.

The catalytic system involving 22 in [bmim]PF6/CH2Cl2 allowed the recycling

of the catalyst for at least five consecutive runs.

Commercially available molybdenum(VI)compounds were tested for the epoxi-

dation of olefins in [bmim]PF6 by Galindo et al. [15]. They chose 1 mmol scale

reactions, employing an 1.5 eq. excess of oxidant and 60�C as their standard

conditions. The results of their tests are summarized in Table 8.

It can be seen that the epoxide yield is strongly dependent on the solvent and its

ability to solve all of the reaction components. Furthermore it can be noticed that

the use of aqueous hydrogen peroxide resulted in ring opening hydrolysis of the

19 20 21

Fig. 8 Cp’Mo dicarbonyl

η3-allyl compounds

Table 6 Olefin epoxidation at 55�C using complex 19 as catalyst

Entry Substrate Oxidant Solvent TOF Conversion (%) Selectivity (%)

1 cis-cyclooctene TBHP aq. None 97 99 100

2 H2O2 aq. None <1 27 100

3 TBHP (decane) None 310 100 100

4 DCE 361 100 100

5 [bmim]BF4 156 94 100

6 [bmpy]PF6 108 93 100

7 1-octene TBHP (decane) DCE 6 51 100

8 trans-2-octene TBHP (decane) DCE 81 89 100

9 Cyclododecene TBHP (decane) DCE 188 92 100

10 (R)-(+)-limonene TBHP (decane) DCE 289 100 70

Reaction conditions: T ¼ 55�C, t ¼ 24 h, catalyst concentration ¼ 1 mol%
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epoxide. The authors advertise Entry 3 as the optimal system with a cheap and

commercially available catalyst and UHP as oxidant. Meanwhile they admit the

long reaction time and high temperatures compared to optimal examples of

Mo-catalyzed epoxidation.

The reaction systems shown in Entry 3 and 5 were used to investigate the

recyclability in the ionic liquid. Already after two runs a decline in yield was

observed.

In two subsequent publications Galindos group further investigated the influence

of N-donor bases on the olefin epoxidation with oxodiperoxomolybdenum

compounds using hydrogen peroxide as oxidant [16, 17].

22 23 24

Fig. 9 Oxazoline-substitutes Mo-complexes

Table 7 Cyclooctene epoxidation catalyzed by compounds 22–24

Entry Catalyst Solvent Conversion (%) Epoxide yield (%)

1 22 [bmpy]NTf2/CH2Cl2 81 81

2 23 [bmpy]NTf2/CH2Cl2 98 98

3 24 [bmpy]NTf2/CH2Cl2 87 87

4 22 CH2Cl2 100 100

5 23 CH2Cl2 94 85

Reaction conditions: substrate: oxidant ¼ 1:1.5, catalyst concentration: 2.5 mol%, T ¼ 55�C,
t ¼ 1 h, 1 mL of [bmpy]NTf2 and 1.5 mL CH2Cl2

Table 8 Epoxidation of cis-cyclooctene in several solvents employing Mo(VI) complexes

Entry Solvent Precatalyst Oxidant Conversion (%) Yield (%)

1 [bmim]PF6 UHP <5 <5

2 [bmim]PF6 (NH4)2Mo2O7 UHP >90 >90

3 [bmim]PF6 MoO3 UHP >90 >90

4 [bmim]PF6 MoO3 H2O2 0 0

5 [bmim]PF6 [Mo(O)(O2)2(bipy)] UHP >90 >90

6 MeOH (NH4)2Mo2O7 UHP 0 0

7 MeOH MoO3 UHP 1 1

8 H2O (NH4)2Mo2O7 UHP 0 0

9 H2O MoO3 UHP <5 <5

10 H2O MoO3 H2O2 <5 <5

11 Cl2CH2 (NH4)2Mo2O7 UHP 0 0
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The authors showed that hydrolysis of the epoxide product can be limited by the

addition of coordinating base species and by tuning the IL media to limit the

availability of water. It was also shown that N-heterocyclic base species undergo

favorable oxidation under the applied reaction conditions while pyrazoles resist the

oxidation and even enhance the catalytic activity. Some results are summarized in

Table 9.

They were able to recycle the catalytic system containing 3,5 dimethylpyrazole

(Entry18) for ten cycles without any loss of activity. It needs to be noted that the

system is only suitable for activated substrates such as cis-cyclooctene.
Experiments with more demanding substrates such as 1-octene, styrene, or allyl

amine resulted in very poor yields (Table 10).

Table 9 Oxidation of cis-cyclooctene

Entry Base additive Solvent Conversion (%) Yield (%) Selectivity (%)

1 None Cl3CH 17 1 6

2 [bmim]PF6 29 9 31

3 [omim]PF6 38 25 66

4 [ddmim]PF6 40 40 100

5 Pyridine [omim]PF6 29 29 100

6 [ddmim]PF6 49 49 100

7 4-Picoline [bmim]PF6 31 18 58

8 [omim]PF6 54 54 100

9 [ddmim]PF6 46 46 100

10 2,2’-Bipyridine [bmim]PF6 18 5 28

11 [ddmim]PF6 19 1 5

12 Pyrazole Cl3CH 16 3 19

13 [omim]PF6 63 63 100

14 [ddmim]PF6 73 73 100

15 3-Methylpyrazole [omim]PF6 62 62 100

16 [ddmim]PF6 78 78 100

17 3,5-Dimethylpyrazole Cl3CH 23 8 35

18 [omim]PF6 84 84 100

19 [odmim]PF6 99 99 100

Reaction conditions: catalyst concentration 2.5 mol%, catalyst precursor: [Mo(O)(O2)2(H2O)n],

base additive:0.10 mmol, oxidant: 30% aqueous H2O2, substrate:oxidant¼1:3, T ¼ 60�C, t ¼ 2 h

Table 10 Molybdenum catalyst epoxidation of olefins

Entry Substrate Conversion (%) Yield (%)

1 1-Octene <1 (2) <1 (2)

2 trans-2-octene 5 (20) 5 (20)

3 Styrene 60 4

4 Allyl amine 0 0

5 Cyclohexen-1-ol 66 34

Reaction conditions: catalyst concentration 2.5 mol%, catalyst precursor: [Mo(O)(O2)2(H2O)n],

3,5-dimethylpyrazole:0.10 mmol, oxidant: 30% aqueous H2O2, substrate:oxidant ¼ 1:3,

T ¼ 60�C, t ¼ 2 h (18 h)
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Tungsten

Polyoxometalates (POMs) are a large family of bulky clusters of transition metal

oxide anions. In recent years, they have been utilized for a diversity of applications

in catalysis, electronics, optics, medicine, and biology [18]. It is also well known

that POM catalysts are widely used for organic oxidations [19], a typical example

being the Venturello–Ishii {PO4[WO(O2)2]4}3
� catalyst for the epoxidation of

olefins.

In 2007 the group of Jincai Zhao investigated the influence of ionic liquids as an

activator for the epoxidation of olefins catalyzed by polyoxotungstate [20]. When

exploiting [bmim]PF6 as solvent for the epoxidation reaction the authors observed a

significant enhancement of activity (289 times TOF) and selectivity (1.3 times)

compared to that of traditional organic solvents (e.g., CH2Cl2). They tested several

ionic liquids (Table 11) and could evidence that the counter ion of the ionic liquid

plays a crucial role in the epoxidation of olefin.

Comparing Entry 1 with Entry 9 it can be seen that a change of the counterion

from PF6
� to BF4

� reduced the TOF and the selectivity for cyclooctene oxide

dramatically. Via in situ 31P-NMR spectroscopy the authors could reveal the fast

formation of the active peroxotungstate [PO4{W(O)(O)2}4]
3� (Venturello com-

plex) in presence of [bmim]PF6.

Bonchio and co-workers [21] used microwave irradiation to enhance the activity

of [γ-SiW10O36(PhPO)2]
4� for catalytic epoxidation of olefins in ionic liquids. The

authors screened several ILs to optimize the recycling and the catalytic efficiency

(Scheme 1) and furthermore tested the influence of continuous microwave irradia-

tion. In hydrophobic ILs quantitative conversion and selective epoxidation were

obtained.

They also screened the influence of water within the substrate/IL/oxidant multi-

phase system and ascertained a decreasing TOF with a rising water content. The

results gained by the implementation of microwave irradiation into the catalytic

Table 11 Epoxidation of olefins catalyzed by [bmim]3PW12O40

Entry Substrate Solvent Yield (%) Selectivity (%) TON

1 cis-Cyclooctene [bmim]PF6 87 99 289

2 Cyclohexene [bmim]PF6 36 80 121

3 1-Octene [bmim]PF6 12 86 40

4 trans-2-Octene [bmim]PF6 37 94 125

5 2-Methyl-2-heptene [bmim]PF6 67 89 223

6 Styrene [bmim]PF6 9 32 31

7 trans-β-methylstyrene [bmim]PF6 22 67 74

8 cis-Cyclooctene [bmim]NTf2 82 94 274

9 cis-Cyclooctene [bmim]BF4 Trace 12 <1

10 cis-Cyclooctene CH3CN 1 77 3

11 cis-Cyclooctene CH3OH Trace 40 1

12 cis-Cyclooctene CH2Cl2 Trace 75 1

Reaction conditions: T ¼ 60�C, t ¼ 1 h, cat:sub:ox ¼ 3:100:150
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system are noteworthy – quantitative epoxidation of cyclooctene occurred within

1 min incrementing the TOF value by 35 times to ca 7,500 mol molCat
�1 h�1.

The substrate scope for the microwave-assisted protocol resulted in moderate to

good yields (1-octene 54% in 3 h, E-2-octene 99% in 45 min).

Hou and co-workers [22] synthesized and characterized four polyoxometalate

anion-functionalized catalysts (Fig. 10). The epoxidation of cis-cyclooctene was

chosen as model reaction and 30% aqueous H2O2 solution was used as oxidant. The

authors were able to show a close relation between the length of the alkyl chain on

the imidazolium cation and the reaction rate.

Fig. 10 The anion

[W2O11]
2� functionalized

catalysts

Scheme 1 Catalytic epoxidation of cyclooctene with H2O2
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[Hdim]2[W2O11] can be regarded as a reaction-induced phase-separation cata-

lyst and proved to be the most active catalyst (Table 12). A noteworthy fact is that

the catalytic system switched the reaction mixture from triphase to emulsion, then

to a biphasic system, and at the end of the reaction all the catalysts self-precipitated

from the reaction medium. This feature makes it possible to recycle the catalyst via

decantation.

In 2009 Lui et al. [23] designed an amphipathic ionic liquid system to allocate

a convenient reaction medium for both hydrophobic and hydrophilic molecules

(Fig. 11). The catalytic system was designed for alkene epoxidation using H2O2 as

oxidant. The phosphotungstate functionalized ionic liquid [dopy]3[PW12O40] was

used as a catalyst, dissolved in the amphipathic ionic liquid mixture of [dpy]BF4
and [dopy]BF4.

Under optimized conditions (80�C, 1 h, 1 mol% catalyst, 7.5 mmol H2O2) the

authors reported a conversion of 88% for the epoxidation of cis-cyclooctene with

95% selectivity towards the epoxide. Additionally the group explored the substrate

scope of the system (Table 13).

They achieved moderate to good conversions for more demanding substrate but

a significant lower selectivity to epoxides. After six consecutive runs the authors

report no observable decomposition of the catalyst and a conversion of 84% in run

six for cyclooctene.

Table 12 Epoxidation of cyclooctene with four different polyoxometallate catalysts

Entry Solvent [HHIm]2[W2O11] [HDIm]2[W2O11] [HMIm]2[W2O11] [DMIm]2[W2O11]

1 None 24 66 39 41

2 H2O 16 65 13 28

3 EtOAc 42 54 14 20

4 CH2Cl2 55 79 5 52

5 CH3CN 59 97 13 29

6 CH3OH 66 100 4 46

7 CH3OH–H2O 54 100 26 100

Reaction conditions: catalyst concentration: 2 mol%, Cat:Sub:Ox ¼ 2:100:150, T ¼ 60�C,
t ¼ 4 h

Fig. 11 The compositions of the amphipathic ionic liquid mixture
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Döring et al. [24] synthesized several penta- and hexaalkylated guanidinium-

based ionic liquids and tested these as solvents for the epoxidation of cyclooctene.

They used hydrogen peroxide as oxidant and the Venturello complex, [C8H17)3
N(CH3)]3[PO4{WO(O2)2}4], as catalyst. They reported moderate to good epoxide

yields in the range between 13% and 79% depending on the substituents on the

guanidinium moiety. Furthermore, the miscibility of the anion of ionic liquid with

water played for this system an important role. It was possible to use the system for

three consecutive runs. Additionally the group synthesized new guanidinium

phosphotungstates containing the PW12O40
3� anion and tested these compounds

as catalyst in guanidinium-based ionic liquids as well as in acetonitrile. Compared

with their ammonium-based analog ([NR4][PW12O40]) the guanidinium-based cat-

alyst showed a significant higher activity.

1.1.3 Group VII Metals (Mn, Re)

Manganese

Song and Roh [25] reported the first use of an imidazolium-based ionic liquid,

[bmim]PF6, as reaction media for the epoxidation of alkenes using a Jacobsen-type

Mn-salen 25 as catalyst and NaOCl as oxidant, at 0�C and an pH 13. To prevent

solidification a mixture of CH2Cl2 and IL was used in a ratio of 4:1. Good

to excellent yields and ee’s were obtained under these conditions with conversion

at ca. 70–80% and selectivity above 84%. Although the catalytic system could

be recycled for five times a significant loss of activity was observed for

2,2-dimethylchromene with a drop in yield (ee) from 86 (96)% for the first run to

53 (88)% for the fifth [25] (Fig. 12).

Li and Xia [26] reported the epoxidation of alkenes with a Mn-porphyrin system

26 in a [bmim]PF6-CH2Cl2 mixture (3:1) at room temperature. They investigated

the influence of the oxidation agent, the substituents on the porphyrin ring and

the amount of organic solvent added to the reaction mixture on the catalytic

Table 13 Epoxidation of different olefins in the ILC with H2O2 and UHP as oxidant

Entry Substrate

H2O2 as oxidant UHP as oxidant

Conversion (%) Selectivity (%) Conversion (%) Selectivity (%)

1 cis-Cyclooctene 88 98 97 99

2 Cyclohexene 80 56 90 57

3 Norbornene 76 34 91 87

4 Styrene 66 29 63 29

5 4-Chlorosytrene 49 46 56 86

6 4-Bromosytrene 44 52 53 89

7 4-Methylsytrene 63 10 77 24

8 Ethyl cinnemate <5 – <5 –

9 1-Octene 10 21 22 100

10 1-Dodecene 7 30 8 98
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performance. An increase in conversion of styrene of about 15% from 81% to 95%

was achieved when PhI(OAc)2 was used instead of PhIO, more significantly the

selectivity towards the epoxide increased from 46% to 85%. Comparing 26a, 26b,

and 26c a slight trend in favor of the fluorinated rest can be concluded from the

epoxidation results, also a decrease in volume of organic solvent benefits the

catalysis [26–28].

El-Hiti et al. [29] performed an intensive study on the concentration dependence

of the oxidation agent as well as catalyst amount and a comparison of the most used

ionic liquids for these types of reaction [bmim]PF6 and [bmim]BF4. The catalyst

used was a Katsuki-type Mn-salen complex 27 with 4-phenyl pyridine N-oxide as

axial ligand, NaOCl as oxidant and similar reaction conditions to those used by

Song and Roh et al. The best results (conversion 99%, selectivity 99%, ee 95%)

were obtained in a [bmim]PF6-CH2Cl2 mixture (2:3, v/v) at 0�C with a catalyst

concentration of 2.5 mol% after 2 h reaction time [29]. A straightforward system

was reported by Chan et al. [30] with tetramethyl ammonium hydrogen carbonate

25 26
26a
26b
26c
26d
26e

R=PhF5 (MnTFPPCl)
R=Ph (MnTPPCl)
R=4-MeO-Ph (MnTMOPPCl)
R=N-methyl-4-Py (MnTMPyP)
R=4-Sulfato-Ph (MnTPPS4)

27

Fig. 12 Jacobsen-type chiral Mn catalysts 25, Mn-porphyrin system 26, Katsuki-type Mn

catalyst 27
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and MnSO4 in [bmim]BF4 using hydrogen peroxide as oxidant. Conversions of

99% are achieved for styrene and 1,2-dihydro naphthalene with excellent selectiv-

ity at room temperature and 2 h reaction time. The recycling experiments have

shown that a constant addition of MnSO4 and/or Me4NHCO3 keeps the yield of

styrene oxide at 95%; however without addition of MnSO4 a yield of 45% is

reported after the third run and only 10% after the fourth [30].

The same group performed an indirect approach generating hydrogen peroxide

through electrolysis in alkaline media established by sodium hydroxide at first

followed by the epoxidation of several olefins with MnSO4 in [bdmim]BF4, in a

continuous flow of carbon dioxide for the second step (Fig. 13). After 4 h reaction

time, conversions up to 99% with selectivities for 1,2 dihydronaphthalene and

styrene of 83% are achieved. Although this was one of the first examples where

epoxidation of alkenes was performed indirectly with O2 in an ionic liquid,

recycling experiments have proven to be difficult since Mn2+ species hinders the

electrolysis. When the Mn2+ cation was removed completely by the addition of

Na2CO3 after each cycle, the reaction mixture could be reused for five times with a

conversions of 83% for the first and 85% for the fifth run [31]. In 2008, Han et al.
disclosed the epoxidation of styrene using hydrogen peroxide, MnSO4, and KOH

under CO2 pressure, similar to the reports of Chan et al. After 4 h at 40�C a

conversion of 95% with a yield of 69% could be achieved [32]. In 2005, Chen

et al. reported the synthesis of a new type of complex tagged with imidazolium-

based side chains 28, attempting to increase the solubility of the complex and

therefore the active species (Fig. 14).

The epoxidation of chalcones with m-chloroperoxybenzoic acid (m-CPBA) as
oxidant and N-methylmorpholine N-oxide (NMO) as co-catalyst using catalyst 28

has yielded conversions above 90%, without a significant loss of activity even after

five runs in CH3CN [33]. A similar approach was made by Lu et al. (2007) tagging a

Fig. 13 Indirect electrochemical assisted epoxidation of olefins
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Mn porphyrin catalysts 29 with a pyridium-PF6 based ionic liquid, dissolving the

catalyst directly in [bpy]BF4 as reaction media without any organic solvent. The

catalytic runs were carried out at 30�C with PhIO as oxidation agent with a catalyst

loading of 0.4 mol%. By comparison with previous reports the conversion of

styrene to styrene oxide increases up to 96% even with a significant reduction in

the catalyst concentration. The only drawback of this system is that after five

recycling runs almost no styrene oxide is formed only the corresponding aldehyde

with a conversion of 71% [34]. Similar results were obtained using catalyst 29, 30,

and 31 in a [bmim]BF4 and/or [bzmIm]BF4 solvent mixture by the group of Liu

et al. (2007), Liu et al. (2008) and Cai et al (2008). [35–37]. In the same year

Bernardo-Gusmao et al. [38] reported the selective epoxidation of limonene using

catalyst 25 in [bmim]BF4 with moderate results with a conversion of 74% and

diastereomeric excess of 74%. However similar results are obtained in organic

solvent with a smaller amount of catalyst [38] (Fig. 15).

Fig. 14 Ionic Mn-catalysts
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Simultaneously, Yin et al. [39] reported the synthesis of a new type of Jacobsen-

type Mn-catalysts where the ionic liquid is anchored directly on the salen ligand

without any axial ligand on Mn. The amino functionalized ionic liquid was also

tested as solvent acting as axial ligand for the epoxidation of styrene. Under the

same condition using a m-CPBA/NMO at 0�C 98–99% yield of styrene oxide was

obtained for catalysts 32 and 33, without any loss of activity after the tenth run,

whereas using [NH2propylim]BF4 as solvent/axial ligand the first run yielded 75%

styrene oxide and only 38% after the third cycle [39] (Fig. 16).

A detailed screening of the influence of the ionic liquid and different oxygen

sources was performed by Friere et al. (2010). The 1,3-dialkylimidazolium ionic

liquids provided good epoxide yields with good ee’s. Additionally, an increase in

the alkyl chain on the cation led to decrease in the enantiomeric excess and, on the

other hand the substitution of the acidic proton in the 2-position of the imidazolium

ring facilitated an increase in ee. [bmim]PF6 using NaOCl as oxidant has proven to

be the best system for the Jacobsen catalyst 25 although greener oxidants such as

H2O2 and UHP have shown lower yields but similar ee’s. Compared to 25, the

newly synthesized catalysts 34 and 35 have shown pronounced deficits in activity

with 49% and 53% compared to a yield of 96%; however, similar ee’s are obtained

with Urea-H2O2 as oxidant [40]. NaIO4 was used by the group of Tangestaninejad

et al. [41] in [bmim]BF4 as oxidation agent with several Mn-propyhrin complexes,

32 R=[NH2propylim]BF4, R'=tBu
33 R=R'=[NH2propylim]BF4

Fig. 15 Ionic Jacobsen-type

Mn complexes

34 35

Fig. 16 Ionic Jacobsen-type Mn complexes
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with yields greater than 99% in excellent selectivities [41]. A simpler and more

efficient way for the epoxidation of linear alkenes was reported by Wong et al. [42]

with Mn(OAc)2 as catalyst and peracetic acid as oxygen source. Despite the simple

system, good to excellent conversions were obtained for aliphatic mono- or

di-alkenes, the latter ones being fully epoxidized. Table 14 presents the results

obtained for the four different ionic liquids used for the epoxidation of 1-octene.

The same experiment was performed in water without any addition of ionic liquid

which has shown no conversion of 1-octene.

Recycling the systems has shown stable conversions of 1-octene even after nine

runs. However after four runs manganese oxide and sodium acetate had to be

filtered off with subsequent addition of fresh Mn(OAc)2 [42] (Fig. 17).

Jacobsen-type chiral catalysts 36 and 37 were reported by Tang and Wu et al.
(2011) as good catalysts for the epoxidation of 6-chloro-dimethylchromene in

[bmim]PF6 as solvent with NaOCl as oxidation agent. Yields up to 93%, ee 94%

were achieved at 0�C and good recyclability even after six runs was proclaimed

[43]. Pyrrolidinium-based ionic liquids such as [mopyrro]NTf2 used as solvent for

Table 14 Comparison of the different ionic liquids used by Wong et al. for the epoxidation of

1-octene

Entry Ionic liquids Conversion (%) Yield (%)

1 65 63

2 74 69

3 84 77

4 100 94

Reaction conditions: 1 g (ionic liquid), NaHCO3 (150 mg), H2O (0.38 mL), 1-octene (2.5 mmol),

Mn(OAc)2, (0.04 M in water), peracetic acid (3.4 equiv.), 30 min
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the epoxidation of styrene with hydrogen peroxide as oxygen source by Androletti

and Draye et al. under ultrasound, with a ααββ-bis-binaphthyl-strapped Mn por-

phyrin catalysts, which showed moderate activity towards epoxidation [44]. How-

ever, using an ionic Mn-porphyrin 37, good to excellent results were obtained for

several alkenes [45] (Fig. 18).

Cheng et al. [46] reported the synthesis and the application of complex 38 for the

asymmetric epoxidation of chromenes in a (L-1-ethyl-3-(1-hydroxy-2-propanyl)

imidazolium bromide-CH2Cl2 mixture. As expected increasing the size of the chiral

information, yields (ee) from 89% (88%) for 39 to yields up to 98% (95%) were

obtained for 6-chloro-2,20-dimethylchromene with 41, using NaClO as oxygen

source and pyridine N-oxide as axial ligand [46]. Zhang et al. [47] performed an

extensive study on the epoxidation of unfunctionalized olefins using catalyst 25 and

electro-generated NaClO in a [bmim]X (X ¼ BF4 or PF6) �NaCl/NaOH/H2O

mixture. The data summarized in Table 15 concludes that the addition of organic

36 37

Fig. 17 Dimeric Jacobsen-type complexes

38 39 R=CH3

40 R=iPr
41 R=Bn

Fig. 18 Mn-TPPPOAc and Mn Chiral Schiff-base complex
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solvent has a significant effect on the yield of epoxide with a decrease of 5–10% for

the [bmim]PF6 and a slight increase for [bmim]BF4. This could be attributed to the

solubility of the substrates in the ionic liquid-aqueous solution. Additionally, using

an axial ligand such as NH4OAc showed a decrease in activity in all four reaction

media [48].

In 2013 Abdi et al. reported the use of four macrocyclic Jacobsen-type-salen 25

as catalysts for the epoxidation of olefins in different organic carbonates as solvents

with UHP as oxygen source. One experiment was performed in a [bmim]PF6-

MeOH mixture with yields for styrene of 99% (31%). However, the reaction time

for dimethyl carbonate or propylene carbonate methanol mixture was significantly

lower at 6 to 7 h, compared to 12 h for the ionic liquid:MeOH mixture [49].

Rhenium

In 2000, Abu-Omar and Owens reported the first successful application of ILs as

solvent for the MTO-catalyzed epoxidation of olefins [50]. In this work, several

different olefinic substrates were oxidized at room temperature (RT) to their

corresponding epoxides applying 2 mol% MTO as catalyst, 2.0 equiv. UHP as

oxidant and [emim]BF4 as solvent (Table 16). The yields range from fair (in the

case of 1-decene, Entry 9) to excellent. The poor conversion of 1-decene is ascribed

to the low solubility in the ionic liquid. However, the advantage of this MTO/UHP-

system becomes apparent when applying aqueous H2O2 to 1-Phenylcyclohexene,

which results in a ring opening and diol formation. The advantages of this oxidation

system are (1) the excellent solubility of MTO and UHP in the IL, resulting in a

homogeneous solution; (2) the oxidation solution is practically water-free, thus the

formation of diols is significantly reduced; (3) leftover reactants, if any, and

Table 15 Electrochemical epoxidation of unfunctionalized olefins

Entry Olefin Mediaa Yield % (ee %)

1 Styrene I 80 (94)

2 II 54 (79)

3 III 72 (92)

4 IV 61 (81)

5 α-Methylstyrene I 78 (86)

6 II 67 (75)

7 III 68 (82)

8 IV 70 (79)

9 Indene I 85 (89)

10 II 50 (79)

11 III 77 (83)

12 IV 79 (72)

Reaction conditions: substrate, 2 mmol; catalyst, 0.2 mmol, 10 mol%. aMedia (I) [bmim]PF6-

NaCl/NaOH/H2O; (II) [bmim]BF4-NaCl/NaOH/H2O; (III) [bmim]PF6/CH2Cl2-NaCl/NaOH/H2O;

(IV) [bmim]BF4/CH2Cl2-NaCl/NaOH/H2O
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products are easily separated from the oxidation solution by extraction with an

immiscible solvent; and (4) most of the epoxidation rates are at least comparable to

previously published data.

Further studies of the kinetics and thermodynamic of the reaction of MTO with

hydrogen peroxide in different ionic liquids have been done by the same group

[51]. Additionally, the rate constants for the oxygen atom transfer from the

monoperoxo and bisperoxorhenium complexes of MTO to olefins have been

investigated by means of UV/Vis and NMR spectroscopy [52].

Qiao and Yokoyama gained comparable results for the epoxidation of styrene

under the same conditions by only using 1.1 equiv of UHP and 2 h reaction time

(94.8% conversion; 93.4% yield of epoxide) with [bmim]BF4 as solvent [53]. A

detailed screening of several ionic liquids has shown that [bmim]BF4 was the most

suitable under these reaction conditions. The optimization of the reaction parameters

showed that 1.1 equiv. of UHP is the optimal oxidant/substrate ratio. Besides, it was

observed that halogen impurities in the IL have a major effect on the epoxidation

outcome. ILs with lower chloride concentrations gave a better performance with

respect to the yield of styrene oxide. The negative influence of halides towards the

epoxidation of olefins with MTO is already known in literature. Halides are oxidized

by MTO to the corresponding hypohalous acids, which can catalyze the dispropor-

tionation of hydrogen peroxide [54, 55]. Recycling experiments were done, with a

yield of 78% styrene epoxide after the second run. It is noteworthy that with the

recycling procedure used, only 58% of the IL could be recovered.

The first report of H2O2-promoted epoxidation with MTO carried out in ILs was

by Herrmann et al. [5]. In this work, cyclooctene was oxidized in four different

water-equilibrated ILs, namely [bmim]BF4, [bmim]PF6, [bmim]NTf2, and [omim]

NTf2, with Schiff- and Lewis-base adducts of MTO and ligands 42 and 43 (Fig. 19)

as catalyst. The MTO adducts have shown higher yields of cyclooctene oxide

compared to MTO in any of the IL used, however without any addition of solvent

only diol formation was observed. In all cases, the MTO/42 system led to higher

yields than MTO/43. The highest activity of both systems was observed when

applying ionic liquid [bmim]PF6 as solvent.

Table 16 Epoxidation of several olefinic substrates with MTO in [emim]BF4
a

Entry Substrate Conversion (%) Yield (%)

1 Cyclohexene >95 >99

2 1-Methylcyclohexene >95 >95

3 1-Phenylcyclohexene >95 >95

4 2-Cyclohexen-1-ol >99 >95

5 Styrene 95 >95

6 trans-β-methylstyrene >95 >95

7 Cyclooctene >95 >95

8 1,5-Cyclooctadien >99 >85b

9 1-Decene 46c >99
aReaction conditions: 0.5 mol substrate, 2.0 eqiv. UHP, 2 mol% MTO, RT, 8 h
bThis yield represents the diepoxide; only 1.0 equiv. UHP were used
cThis conversion was obtained after 72 h
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In 2009, Saladino et al. [56] published an efficient catalytic epoxidation system of

monoterpenes with MTO. In this work, MTO (5.0 mol%) was applied as catalyst for

the conversion of monoterpenes such as 1(S)-(+)-3-carene 44, 1(R)-(+)-limonene 46,

geraniol 49, and nerol 53 to their corresponding epoxides, using UHP as oxidant

and [bmim]BF4 and [bmim]PF6 as solvents (Scheme 2).

The epoxidation of 44 with MTO in ILs resulted in 45 as the only product and

was more selective than in CH2Cl2 (only 75% yield) (Table 17). Moreover, the

TON and TOF values of [bmim]BF4 and CH2Cl2 are the same. The oxidation of 46

with MTO gave the bis-peroxide 47 as major product (88% yield). Interestingly,

with CH2Cl2 as solvent, the ratio is inversed (13% yield for 47). The oxidation of

allylic monoterpenes 49 and 53 proceeded selectively at the more electron-rich

6,7-double bond.

42 43

Fig. 19 Schiff- and Lewis-

base ligands of MTO

44 45 46 47 48

49 50 51 52

53 54 55 56

Scheme 2 MTO-catalyzed epoxidation of monoterpenes
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Michel et al. [57] investigated the influence of additives, oxidants, and solvents

on the epoxidation of α-pinene with MTO as catalyst. Dichloromethane has proven

to be the best solvent, while the investigated IL [bmim]PF6 was not suitable for the

tested olefins.

In 2011, Zhang et al. [58] applied several additives (10:1 ratio with MTO) in the

MTO-catalyzed epoxidation of cyclohexene (Fig. 20).

The additive 60 turned out to be the best choice, but was inferior to the

MTO-pyridine system with respect to the epoxide selectivity [59]. In all cases,

the selectivity increased, when 60 was used as additive. The highest increase was

observed, when styrene was used as a substrate (Table 18). Furthermore, after full

conversion of cyclohexene (Entry 1), a fresh batch of substrate and oxidant was

Table 17 Oxidation of monoterpenes with MTO using UHP as oxidanta

Entry Substrate Solvent Temp (�C) Time (h) Product(s) Conversion (%) Yield (%)

1 44 [bmim]BF4 RT 1 45 98 98

2 [bmim]PF6 RT 2 98 98

3 46 [bmim]BF4 RT 2 47 (48) 98 88 (10)

4 49 [bmim]BF4 20 1 50 (51) [53] 95 8 (38) [50]

5 [bmim]BF4 10 2 50 (51) 92 6 (86)

6 53 [bmim]BF4 20 1 54 (55) [57] 98 6 (39) [54]

7 [bmim]BF4 10 2 54 (55) [57] 98 6 (91) [3]
aReaction conditions: 1.0 mmol substrate, 2.0 eqiv. UHP, 5 mol% MTO, 1–2 h

57 58

59 60

Fig. 20 Structures of the

additives

Table 18 Epoxidation of different olefins with MTO and A4 as additivea

Entry Substrate Time (h) Conversion (%) Selectivity (%)

1 Cyclohexene 6 99 92·70b

2 Styrene 12 60 69·13b

3 1-Decene 12 30 97·85b

4 1,2-Dihydronaphthalene 2 96 85·80b

5 1-Phenylcyclohexene 7 99 61·54b

6 α-Methylstyren 7 95 86·85b

aReaction conditions: 5.0 mmol substrate, 2.0 eqiv. H2O2 (30 wt%), 1 mol% MTO, 1 mol%

MBSIB, 7.0 mL MeOH, 0�C
bNo additive was added
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added to the reaction mixture and a new run was taken. This recycling procedure

could be repeated for four times with only a small decrease in selectivity (99.1%

conversion and 75.1% selectivity after fifth run).

In 2013, the same group tagged pyridine N-Oxide via an amide linker to an

imidazolium moiety (Fig. 21) [60]. The pyridine N-oxide functionalized

imidazolium salts were used in a ratio of 1:1 (ligand:catalyst) in the MTO-catalyzed

epoxidation of olefins in MeOH as solvent and H2O2 as oxygen source. The

addition of the ligands to the reaction mixture had a significant impact on the

selectivity of the epoxidation reaction, with an increase from 13 % to 86 % for

styrene oxide. However, a slight decrease in conversion was observed with addition

of the ligands. The substitution patterns on the pyridine moiety have shown no

influence on the activity or the selectivity. Interestingly, catalytic runs in ionic

liquids with chloride as anion have performed better as those with PF6
-.

Water- and air-stable perrhenate ILs were first reported in 2010 by Yang et al.
with the synthesis of several N-alkyl pyridinium perrhenates [61]. The same group

reported the synthesis of imidazolium-based perrhenate ionic liquids [62]. The

authors describe the synthesis of these ionic liquids, their thermodynamic and

physicochemical properties. In this work, the physicochemical properties of several

different 1-methyl-3-alkyl substituted imidazolium perrhenates were examined, but

no application in the epoxidation of olefins was mentioned.

Very recently Kühn et al. [63] reported the epoxidation of olefins mediated by

perrhenates in ILs, conversions and selectivities of 99% were reported for

cyclooctene (Scheme 3). Furthermore, the mechanism of the reaction was

investigated by in-situ Raman, FT-IR, and NMR spectroscopy and corroborated

by DFT calculations. It could be shown that the epoxidation occurs via an outer-

sphere activation of H2O2 by the formation of hydrogen bonds between perrhenate

61 62
61a X=Cl-, 61b X=PF6

- 62a X=Cl-, 62b X=PF6
-

Fig. 21 The structures of the used additives

Scheme 3 Epoxidation of olefins with perrhenate containing ionic liquids
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and the hydrogen peroxide, which makes it susceptible to an attack from the olefin

(Scheme 4). Additionally, these ionic liquids could be recycled for at least 8 times

without any significant loss of activity (yield cyclooctene 98–99%).

1.1.4 Group VIII Metals (Fe, Ru)

Iron

In 2002, Chauhan et al. [64] described the epoxidation of several alkenes with the

sodium salt iron (III) porphyrin catalyst Cl8TPPS4Fe(III) in a biphasic mixture of

ionic liquid and dichloromethane. The yields of the corresponding epoxide ranged

from fair to good (Table 19). In case of styrene and cyclooctene, the reaction was

also run in homogeneous solution of water/acetonitrile (1:1: v/v). The yields were

inferior compared to the yield obtained with the biphasic dichloromethane/IL

system (17% in case of styrene and 21% in case of cyclooctene). The biphasic

system allowed the recycling of the catalyst and showed comparable results even

after 4–5 runs (62% yield after fifth run).

In 2012, the same group used two different iron (III) porphyrin catalysts for the

epoxidation of guggulsterone 63 in [bmim]BF4 and H2O2 as oxidizing agent

(Scheme 5) [65]. With the complex Cl8TPPS4Fe(III) in 2 mL ionic liquid 33.5%

of 64 could be obtained after 3 h reaction time, whereas with the catalyst Cl8TPPFe

(III)Cl in 15 mL dichloromethane, only 16.1% of 64 could be obtained after the

same time.

The epoxidation of substrates with both electron-rich and electron-deficient

double bonds utilizing different iron (III) catalysts was reported by the same

group in 2011 [66]. They used different meso-tetraarylporphyrin iron(III) chlorides

[TAPFe(III)Cl] (Fig. 22) in different imidazolium ionic liquids [bmim][X] (X ¼
Br, BF4, PF6 and OAc) and H2O2 or PhIO as oxidizing agent.

With latter, only the electron-rich olefins were epoxidized (70 and 73), whereas

with H2O2 a mixture of both were obtained with the electron-poor epoxide as major

product (69 and 72). When the reaction was carried out in ionic liquids, a significant

increase in the yield could be observed compared to organic solvents such as

dichloromethane or acetonitrile. This might be due to the better stabilization of

highly ionic iron (III) porphyrin intermediates. In all cases, catalyst 65 gave the best

Scheme 4 Calculated reaction pathway of direct epoxidation via hydrogen bonding
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results. For the epoxidation of 69a the best results were obtained with [bmim]OAc

as ionic liquid (Scheme 6).

In 2012, Neto et al. [67] used a ionically tagged imidazolium-based iron(III)

complex (Fig. 23) for the epoxidation of alkenes in ionic liquids with air and

hydrogen peroxide.

The air oxidation of methyl oleate with 74 in the corresponding ionic liquids

[bmim][X] (X ¼ BF4, PF6 and NTF2) afforded the epoxide in good yields

Scheme 5 Epoxidation of guggulsterone with iron (III) porphyrin catalyst in [bmim]BF4

65 X=Y=H, Z=OMe
66 X=Y=Z=H
67 X=Y=Cl, Z=H

Fig. 22 Structure of the used iron (III) porphyrin catalysts

Table 19 Alkene epoxidation with hydrogen peroxide catalyzed by 1 under a nitrogen atmo-

sphere in dichloromethane/[bmim]Bra

Entry Substrate Yield (%), time (h)

1 Styrene 74 (4)

2 p-Chlorostyrene 70 (5)

3 Cyclohexene 42 (5)

4 cis-Cyclooctene 81 (4)
aReaction conditions: 125.0 mmol substrate, 1.0 eqiv. H2O2 (30 wt%), 1 mol% Cl8TPPS4Fe(III),

2.0 mL [bmim]Br, 5.0 mL dichloromethane, RT, 4–5 h reaction time, under nitrogen atmosphere
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(80%, 81%, and 83%, respectively) as the exclusive product. It is noteworthy that

when the reaction is carried out in the absence of any IL, good yields of epoxide

were obtained (88%). When the reactions were turned out at 70�C a decomposition

of [bmim]PF6 was observed; the system turned black. Reactions without the

presence of oxygen gave no conversion. The best epoxide yield could be obtained

at a temperature of 90�C. The epoxidation of different oils and oleic acid resulted in
good to excellent yields (79–89%). However, substrates such as styrene,

methylacrylate cyclohexene and others gave no conversion. The oxidation method

works good for biomass derivatives, especially for biodiesel, oils, and fatty acids.

When hydrogen peroxide was used as oxidizing agent, methyl oleate oxide was

obtained in good yields (68% for [emim]BF4, 81% for [emim]PF6 and 81% for

[emim]NTf2, respectively. The reactions were run at 30
�C. However, with water as

solvent a yield of 80% epoxide could be obtained. Recycling experiments with

H2O2 resulted in a drastically decrease in the yield (3% yield after fifth run).

Because no leaching could be detected by means of ICP-AES analysis, the authors

see the catalyst deactivation as reason for the low yield. On the other hand,

recycling experiments with air as the oxidizing agent gave no loss of activity,

even after ten cycles (Fig. 24).

68 69 70
68a n=1, 68b n=2 69a n=1, 69b n=2 70a n=1, 70b n=2

71 72 73
71a n=1, 71b n=2 72a n=1, 72b n=2 73a n=1, 73b n=2

Scheme 6 Epoxidation of substrates with H2O2 or PhIO catalyzed by TAPF(III)Cl in IL

Fig. 23 Structure of the

ionically tagged iron(III)

complex
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Ruthenium

Although ruthenium complexes have been widely applied in the homogenous

catalysis, only one example of epoxidation of olefins in ionic liquids has been

reported to date. Romero and Rodriguez et al. (2011) have synthesized NHC-Ru

complex 75 and used it for the epoxidation of aliphatic and cyclic alkenes at room

temperature in a [bmim]PF6:CH2Cl2 solvent mixture, with PhI(OAc)2 as oxygen

source.

As can be seen in table 20 for styrene, 1-octene and 4-vinyl cyclohexene (Entry

1, 5 and 7) epoxide yields decrease when as solvent mixture containing ionic liquid

is utilized. Yet, selectivities towards epoxide formation were slightly better in the

ionic liquid organic solvent mixture, for all tested substrates with exception of

4-vinyl cyclohexene. When cyclooctene is used as substrate a beneficial impact of

using a solvent mixture containing IL on conversion and selectivity to the epoxide

can be proclaimed (table 20, Entry 4). Additionally the authors were able to reuse

the catalytic system for ten runs achieving consistent conversions and yields up to

98% whereas when using CH2Cl2 for the recycling experiment the conversion

drops to 35% in the second run [68].

Fig. 24 Epoxidation of

olefins with complex 75

Table 20 Epoxidation of olefins with Ru-NHC complex 75

Entry Substrate

Conversion (%) Selectivity (%)

IL: CH2Cl2 CH2Cl2 IL: CH2Cl2 CH2Cl2

1 Styrene 62 99.9 57 61

2 trans-β-methyl styrene 99.9 – 99.9 –

3 cis-β-methyl styrene 99.9 81 99a 94a

4 Cyclooctene 99.9 99.9 99.9 94

5 1-Octene 45 98 98 80

6 1-Methyl cyclohexene 90 – 59 –

7 4-Vinyl cyclohexene 73 99 93b 97b

Reaction conditions: substrate 50 mM, catalyst 0.5 mM, PhI(OAc)2 100 mM, solvent 2 mL, room

temperature, 24 h
aSpecific for cis-epoxide
bEpoxidation exclusively at the cyclohexene ring
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1.2 Metal-Free Catalysts

1.2.1 Nucleophilic Epoxidation of Electron-Deficient Olefins

The epoxides of α,β-unsaturated carbonyl compounds are widely applied as

intermediates in pharmaceutical and fine chemicals. The reaction requires strong

alkaline conditions. First, the nucleophilic oxidant (peroxide anion) is generated

using a strong base such as NaOH. After the conjugated addition to the olefin a

carbanion is formed as an intermediate. A hydroxide anion then acts as a leaving

group and the epoxide is formed (Scheme 7). It has to be mentioned that the

substrate scope is limited to electron-poor olefins which implies that an industrial

application is unlikely.

The first example of metal-free epoxidation of olefins carried out in ionic liquids

was reported in 2002, by Bortolini et al. [69]. In this work, electrophilic alkenes of

vitamin K structure were oxidized to their corresponding epoxides with a NaOH/

H2O2-system in [bmim]BF4 und [bmim]PF6 as solvents. Almost quantitative

conversions were obtained with the less hindered substrates. For sterically more

demanding substrates either a longer reaction time or a larger excess of H2O2 was

needed to complete the reaction. One year later, the same group extended the

substrate scope and also screened several other ionic liquids [70]. The results are

shown in Table 21. The best results were obtained with [bmim]CF3SO3. It was

observed that with longer reaction times, [bmim]BF4 becomes instable.

The epoxidation reactions of electron-deficient α,β-unsaturated carbonyl

compounds were investigated by Yang et al. [71]. In this work, olefins were

oxidized in an IL/water biphasic system using NaOH/H2O2 as terminal oxidant.

The conversions range from fair to excellent but with an excellent selectivity in all

cases. [bmim]PF6/H2O2 turned out to be the most efficient system. With longer

alkyl chains, the conversions decreased. Furthermore, the ionic liquid could be

recycled up to eight times, without losing significant activity.

In 2004 Bernini et al. [72] showed a convenient and efficient method for

the epoxidation of chromone, isoflavone, and chalcone derivatives using a

NaOH/H2O2-system with [bmim]BF4 as solvent (Fig. 25). In all cases, the ionic liquid

was superior to common organic solvents such as dichloromethane and acetone.

Scheme 7 Reaction mechanism for the nucleophilic epoxidation of electron-deficient olefins
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Table 21 Base-catalyzed epoxidation of electrophilic alkenes with H2O2 in ionic liquids with

different anions [X-]a

Entry Substrate

Epoxide yield % (time, min)

[BF4]
� [CF3SO3]

� [PF6]
� NTF2

�

1 98 (5) 99 (5) 98 (5) 99 (5)

2 97 (5) 99 (5) 99 (30) 84 (5)

99 (30)

3 – 97 (30) 25 (30)

99 (90)

22 (30)

47 (90)

4 – 99 (30) 20 (30)

85 (120)

2 (30)

5 Traces

(120)

80 (120) Traces (120) 41 (120)

6 – 40 (30)

81 (300)

6 (30)

15 (300)

7 (300)

7 99 (5) 99 (1) 99 (5) 99 (1)

8 – 99 (1) 99 (60) 99 (60)

9 – – 90 (15) –

aReaction conditions: 1 mmol substrate, 3.0 eqiv. H2O2 (30 wt%), 2.0 equiv. NaOH, 1 mL ionic

liquid, 25�C, addition of 4.0 equiv. water
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Chan et al. [73] reported about a process for the epoxidation of electrophilic

alkenes, where the oxidant H2O2 is generated in situ through electrosynthesis

from oxygen in an IL/aqueous NaOH mixture. [bmim]BF4 was chosen as ionic

liquid. A number of α,β-unsaturated ketones were oxidized to their corresponding

epoxides in fair to excellent yields (65–92%). It was additionally shown that

the [bmim]BF4/NaOH system could be recycled up to four times, with only little

decrease in yield (86% after first run; 80% after fifth run).

Okamoto [74] used in 2006 imidazolium salts as phase transfer catalysts in a

liquid–liquid phase system. The authors investigated the structure–activity relation-

ship of the catalysts and their influence on the nucleophilic epoxidation of α,β-
unsaturated carbonyl compounds. The two-phase system consisted of an aqueous

NaOCl solution and an organic solvent (toluene or dichloromethane). Interestingly,

all imidazolium salts exhibited catalytic activity except those who were not

substituted at the C2-position. The activity increased with longer alkyl chains at

the 1- and 3-positions of the imidazolium ion, presumably due to enhanced solubil-

ity in the organic solvent.

Han et al. [32] reported the epoxidation of styrene using carbon dioxide and a

KOH/H2O2-system with different ionic liquids as solvents. Styrene was converted

to its epoxide in bad to fair yields. The best result was obtained, when applying

[bmim]BF4 as ionic liquid (95% conversion; 69% yield). [bmim]Cl gave low yields

(34%) and [bmim]PF6 and the remaining ones gave very bad conversion and yields

(<2%). In case of [bmim]PF6 this is explained by the bad miscibility with H2O2.

Generally, the yield of [bmim]BF4 and [bmim]Cl was higher than those obtained

with organic solvents such as ethanol and acetonitrile.

Chiral quininium bromide was used as catalyst for the enantioselective epoxida-

tion of chalcones in different ionic liquids by Pal et al. [75]. The authors reported

that [bmim]BF4 is the most convenient solvent at a temperature of �5�C. Several
aryl-substituted enones were oxidized to their corresponding epoxides using a

KOH/H2O2-system in excellent yield with fair ee (53–68%) at �5�C.
Bhagat et al. [76] synthesized an imidazolium-based IL 76, where asparagine is

tagged on the imidazolium moiety (Fig. 26). This compound was used as an

equimolar additive for the asymmetric epoxidation of α,β-unsaturated ketones in

a H2O2/NaOH-system with DMF as solvent. The epoxides were obtained in good to

excellent yield with ee’s ranging from 80% to 90%. The system was reusable for up

to five times without significant loss of activity.

Fig. 25 Epoxidation of chromones, isoflavones, and chalcones
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1.2.2 Isoquinoline Systems

In 2008, Welton et al. [77] used several ionic liquids as cosolvents for the catalytic

epoxidation of alkenes with Oxone® and N-alkyl-3,4-dihydroquinolinium salts.

Due to the reported results it can be proclaimed that the ionic liquid has no positive

effect on conversions and turnover numbers (Table 22). The best results were

obtained with the ionic liquid [bmim]OTf. Interestingly, in hydrophobic ILs such

as [emim]NTf2, the epoxidation does not take place. The mechanism is shown in

Fig. 27.

In 2012, Baj et al. [78] reported the epoxidation of alkenes with several N-alkyl-
3,4-dihydroquinolinium salts with Oxone® and Na2CO3. The best results in

the epoxidation of cyclohexene and cyclooctene obtained with [hdhmq]NTF2
were 73% and 58%, respectively. In most cases, the NTf2

� anion was superior to

Br� and BF4
�.

2 Enzymatic Catalysts

Enzyme-catalyzed epoxidation reactions normally follow the principle of a chemo-

enzymatic cascade reaction (Scheme 8). Lipases, such as Candida antarctica
Lipase B (CALB), catalyze the reaction of carboxylic acids with H2O2 to their

corresponding peroxy acids (enzymatic reaction). These peracids are capable of

Table 22 Catalytic epoxidation of olefins with [mdhqm]NTF2

Entry Substrate

Conversion (%) (TON)

MeCN/H2O (bmim)OTf/H2O (1:1)

1 Cyclohexene 92 (19) 100 (20)

2 1-Phenylcyclohexen 75 (15) 63 (13)

3 Methyltransstilbene 66 (13) 6 (1)

4 Hexen 18 (4) 14 (3)

5 trans-Stilbene 0 0

Reaction conditions: 2.0 eqiv. Oxone™, 4.0 equiv. Na2CO3, H2O:solvent 1:1, 0
�C, 18 h reaction

time

76

Fig. 26 Asparagine-tagged

imidazolium-based ionic

liquid
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oxidizing olefins to epoxides (chemical reaction). Octanoic acid is the common acyl

donor.

The first enzymatic epoxidation reaction in ILs was reported in 2000 by Sheldon

et al. [79]. In this work, cyclohexene was oxidized by peroctanoic acid, generated in

situ from octanoic with H2O2 by Novozym 435. With [bmim]BF4 as solvent, a yield

of 83% epoxide was obtained after 24 h compared to 93% in acetonitrile.

The same enzyme (CALB) was used in 2007 for the epoxidation of (+)-3-carene

[80]. Again, octanoic acid was chosen as acyl donor and H2O2 as oxidizing agent.

The highest conversions could be obtained when toluene, dichloromethane, and

acetonitrile were used (all > 99%) whereas hexane gave the worst performance.

When mixtures of dichlormethane:IL (10:1 v/v) were applied, different effects

could be observed. With [bmim]BF4 as IL, no conversion was obtained, whereas

with [bmim]PF6 the conversions to the epoxide were higher than with hexane

and lower than with pure dichlormethane. These results might be explained with

the higher hydrophilic property of the BF4
� anion, thus absorbing water from the

Fig. 27 Mechanism for the epoxidation of olefins with dihydroisoquinolinium salts

Scheme 8 Chemo-enzymatic cascade for the epoxidation of olefins with peracids
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enzyme, which leads to deactivation. Besides, Novozym 435 (CALB immobilized

on acrylic resin) could be recycled four times without notable loss of activity

(85% conversion after fifth run).

Goswami et al. [81] reported the CALB-catalyzed enantioselective epoxidation

of styrene derivatives with a chiral ketone and UHP as oxygen source in different

solvents. The best result for the epoxidation of 4-hydroxy styrene could be obtained

with a mixture of dry dichloromethane and THF (4:1) (75% yield, 57% ee), the

worst was obtained with HFIP (40% yield, 51% ee). The ionic liquid [bmim]Br

performed and comparable to dry THF (45% yield, 50% ee). Furthermore, the

chiral additive and the enzyme could be recovered and used for further runs. There

was no significant loss in the activity observed with respect to the yield of the

corresponding product 4-hydroxy styrene oxide (66% yield after sixth run).

In 2011, Suarez and Neto [82] applied several hydrophobic and hydrophilic ILs

as solvents for the lipase-catalyzed epoxidation of methyl oleate by nine different

enzymes. No acyl donor was used in this case. The best result of epoxide yield was

obtained with the enzyme from Aspergillus niger in [bmim]BF4 after 1 h reaction

time (89%). Interestingly, when the reaction was carried out in the hydrophobic ILs

[bmim]PF6 and [bmim]NTf2 with the same enzyme, 64% and 67% yield epoxide

were obtained after the same time, respectively. However, when the reactions were

carried out in hydrophilic medium, a significant increase in diol formation was

observed. This should be expected since more water is present in the hydrophilic

ILs leading to ring opening of the epoxide.

Sheldon and Arends [83] synthesized several ionic liquids with nitrate anions

(Fig. 28) and investigated their application as solvents for the lipase-catalyzed

epoxidation of different olefins with hydrogen peroxide as oxidant and octanoic

acid as acyl donor. Nitrate was chosen because it is stable under oxidative

conditions, nonpoisonous, neutral, biocompatible, and cheap.

77 78
78a X=NO3

-, 78b X=BF4, 
78c X=PF6

-

79 80

Fig. 28 Structures of the applied ionic liquids
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The best results could be obtained with the hydrogen bond donating ionic liquid

77 as solvent (Table 23). Styren was the most demanding substrate with a yield

of 44%.

A lipase-catalyzed epoxidation of citronellol with UHP as oxidant and octanoic

acid as acyl donor was reported by da Silva et al. [84]. The best results were

obtained with chloroform and dichloromethane as solvents (both > 99% conver-

sion).When mixtures of chloroform/[bmim][X] (where X ¼ BF4, SCN, Cl) were

used in a ratio of 9:1 (v/v), no conversion was observed. With the more hydrophobic

ionic liquid [bmim]PF6, the epoxide was obtained in moderate yields of 33%

after 24 h reaction time. Mixtures of MTBE/[bmim][X], where X ¼ Cl and PF6
(9:1, v/v) showed moderate degrees of conversion, 38% and 31%, respectively.

These were superior to those obtained with pure MTBE. The same enhancement

was observed when mixtures of n-hexane/[bmim]BF4 were applied (31% yield with

mixture compared to 24% with pure hexane).

The first epoxidation of olefins with chloroperoxidase (CPO) and ILs as

cosolvent was first reported in 2004 by Sanfilippo et al. [85]. In this work,

1,2-dihydronaphthalene was transformed to its corresponding epoxide catalyzed

by chloroperoxidase from C. fumago in a homogenous reaction media formed by

citrate buffer containing 10% (v/v) of several hydrophilic ionic liquids, namely

[mmim]MeSO4, [bmim]MeSO4, [bmim]Cl, and [bmim]BF4 using TBHP as termi-

nal oxidant (Scheme 9). Due to the fast hydrolytic ring opening in the aqueous

medium the product is recovered as (1R,2R)-(+)-dihydroxytetrahydronaphthalene.

The enzyme showed no activity and no conversion after 24 h in pure ionic liquid.

In the buffered biphasic mixtures epoxidation activity was observed for all ILs

except [bmim]BF4. With [bmim]Cl the formation of the 1,2-halohydrin was

observed. The best results were obtained with [mmim]MeSO4 and [bmim]MeSO4

as cosolvent in 10% (v/v) (Table 24).

Table 23 CalB-catalyzed epoxidation of olefins in ionic liquidsa

Entry Substrate

Yield epoxide (%), used IL

77 78b 78c 79 80

1 Cyclohexene 71 86b 62 73b 56 79b 56b

2 Cyclooctene 69 46 38 – –

3 Styrene 44 40 41 – –
aReaction conditions: 1.48 mmol substrate, 1.7 eqiv. H2O2 (50%), 10 mg Novozym 435, 0.2 mmol

octanoic acid, 1.0 mL IL, RT, 24 h reaction time
bExperiments at 50�C for 5 h

Scheme 9 CPO-catalyzed epoxidation of 1,2-dihydronaphthalene
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Jiang et al. [86] reported in 2010 the CPO-catalyzed asymmetric epoxidation

of 3-chloropropene with TBHP as oxidizing agent in phosphate-buffered solutions.

The best result was obtained when a mixture of [emim]Br/aqueous phosphate buffer

(1.6% v/v) was chosen as solvent (88.8% yield; 97.1% ee) after 1 h reaction time.

It was superior to the pure phosphate-buffered solution (41.6% yield, 93.9% ee).

3 Heterogeneous Catalysts

3.1 Group VI Metals (Mo, W)

3.1.1 Molybdenum

In 2009 Gonçalves et al. reported about the immobilization of molybdenum

tetracarbonyl-pyridylimine complexes and their use as catalyst precursors for

the epoxidation of cyclooctene [87]. The heterogeneous catalyst was synthesized

by the condensation reaction of 2-pyridinecarboxyaldehyde with amino propyl

groups that were covalently attached to the ordered mesoporous silica MCM-41

(Scheme 10).

The ligand-silica material was then microwave-assisted heated with Mo(CO)6 in

toluene at 110�C. The authors utilized the compound as precursor for the epoxida-

tion of cyclooctene in solventless conditions and in [bmim]BF4 and compared the

results with the conversions achieved with a homogenous analog compound.

Cyclooctene, TBHP and the catalyst precursor in the ionic liquid formed a

biphasic system and the conversion was slower than that observed without

cosolvent (Table 25, Entry 1 and 2), but the authors were able to run the system

for at least five consecutive runs without any effect on the activity.

As can be seen in Table 25, the epoxidation of cyclooctene using MCM-41-

pyim/Mo as catalyst is a lot slower than the one observed for its homogenous

analog.

The group affiliated this to the presumption that some metal sites are inaccessi-

ble to the reagents and therefore the number of active sites might be smaller

than for the free complex. When using [bmim]BF4 as cosolvent for the MCM-41-

pyim/Mo-system the authors were able to recycle the reaction system three times

without lowering the cyclooctene oxide selectivity.

Table 24 Epoxidation of 1,2-dihydronaphthalene with CPO in different media

Entry Co-solvent Conversion (%) ee Product (%)

1 None 48 85

2 [mmim]MeSO4 43 73

3 [bmim]MeSO4 42 77

Reaction conditions: 0.092 mmol substrate, 1.5 eqiv. TBHP, enzyme (800 U)10% IL (v/v),

citrate buffer 0.1 N (pH 5), 1,200 rpm , RT, 3 h reaction time
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The same group compared the activity of a dichlorodioxomolybdenum(VI)-

pyridylimine complex when attached to a micelle-templated silica (MTS) with

the compound being immobilized in an ionic liquid.

Through a condensation reaction of 2-pyridinecarboxyaldehyde with either

3-aminopropyl groups attached to MTS or n-propylamine the authors were able

to gain the N-(n-propyl)-2-pyridylmethanimine (pyim) ligand or its immobilized

analog (pyim-MTS) (Scheme 11) [88]. The treatment of the solvent adduct

MoO2Cl2(THF)2 with the immobilized or the free ligand in dichloromethane

resulted in the requested catalyst precursors.

When the complex MoO2Cl2(pyim) was used for the epoxidation reaction a TOF

of 1,855 mol molCat
�1 h�1 was obtained (93% conversion within 10 min) while the

reaction in [bmim]BF4 was with an epoxide yield of 96% after 24 h significantly

slower although the overall yield was higher than with the immobilized catalyst

(85% in 24 h). By applying the MTS-pyim/Mo compound in the epoxidation of

cyclooctene at different temperatures a temperature-dependent leaching of the

active species was verified.

Scheme 10 Synthesis of MCM-41-pyim/Mo

Table 25 Cyclooctene

epoxidation with TBHP
Entry Sample Solvent Conversion (%)

1 cis-[Mo(CO)4(pyim)] No solvent 100

2 cis-[Mo(CO)4(pyim)] [bmim]BF4 100

3 MCM-41-pyim/Mo No solvent 36

4 MCM-41-pyim/Mo [bmim]BF4 22

Scheme 11 Synthesis of the MTS-pym/Mo
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In a recent report Gonçalves et al. described an ester-substituted cyclopen-

tadienyl molybdenum tricarbonyl complex that is shown in Fig. 29 [89].

By mixing a solution of 81 in CH2Cl2 with equimolar amounts heptakis(2,6-di-O-
methyl)-β-cyclodextrin 81@DIMEB or heptakis(2,3,6-tri-O-methyl)-β-cyclodextrin
81@TRIMEB the compound was encapsulated in the cyclodextrins.

The authors tested all three substances for olefin epoxidation using cis-
cyclooctene as model substrate. They checked different oxidants (TBHP in water

and in decane, aqueous hydrogen peroxide) and several solvents with the aim of

facilitating the recycling of the catalytic system. The results of these catalytic

experiments are summarized in Table 26.

It can be seen that the yields are poor when an ionic liquid containing solvent

mixture (Entry 4, 9 and 14) is used. The authors give no explanation for this

observation.

81

Fig. 29 Mo-Cp compound and cyclodextrins

Table 26 Epoxidation of cyclooctene under different conditions

Entry Catalyst Oxidant Solvents Yield (%)

1 81 TBHP (decane) No solvent 100

2 TBHP aq. No solvent 95

3 H2O/hexane 80

4 IL/hexane 9

5 H2O2 H2O/hexane 78

6 81@DIMEB TBHP (decane) No solvent 96

7 TBHP aq. No solvent 97

8 H2O/hexane 87

9 IL/hexane 9

10 H2O2 H2O/hexane 13

11 81@TRIMEB TBHP (decane) No solvent 100

12 TBHP aq. No solvent 88

13 H2O/hexane 83

14 IL/hexane 8

15 H2O2 H2O/hexane 81

Reaction conditions: T ¼ 55�C, substrate ¼ cis-cyclooctene, t ¼ 24 h
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3.1.2 Tungsten

In 2004 Mizuno et al. [90] reported about the immobilization of the dinuclear

peroxotungstate [{W(¼O)(O2)2(H2O)}2(μ-O)]2� on dihyroimidazolium-based

ionic liquid-modified SiO2. They applied the material for the epoxidation of olefins

using H2O2 as oxidant. Cis-2-octene, cis-β-methylstyrene, and cyclooctene gave

the best result (Table 27) with a quantitative conversion and 100% selectivity.

The authors were able to recover the catalyst by filtration and reuse it for at three

consecutive runs without any loss of activity.

In comparison with the homogenous analog, the heterogenized catalyst did not

forfeit in activity and selectivity.

Later, Mizuno [92] successfully immobilized a related silicadecatungstate catalyst

on SiO2 modified with the dihydroimidazolium cation. The compound displayed

good to excellent efficiency in the epoxidation of a broad range of olefins and

sulfides with a high selectivity to the desired products (Scheme 12).

Moreover the authors were able to separate and recycle the catalyst up to

five times with retention of its catalytic activity. The authors used a mixture of

acetonitrile and tert-butylalcohol as reaction solvent.

It is noteworthy that the gained results concerning stereospecificity and

regioselectivity of the heterogeneous catalyst are very similar to those of the

homogenous compound under the same reaction conditions.

In a recent report Hardacre and Manyar et al. [91] synthesized a peroxopho-

sphotungstate polymer-immobilized ionic liquid phase catalyst (Scheme 13) and

utilized it for the epoxidation of allylic alcohols and alkenes.

Table 27 Epoxidation of olefins with H2O2

Entry Substrate Time (h) Yield (%)

1 cis-2-octene 3 >99

2 trans-2-octene 7 73

3 cis-b-methylstyrene 2 >99

4 Cyclohexene 3 80

5 2-norbornene 2,5 80

6 Cycloheptene 2 >99

7 Cyclooctene 1 >99

8 Geraniol 4 95

9 4-methyl-3-penten-2-ol 4 90

10 (z)-3-methyl-3-penten-2-ol 4 90

Reaction conditions: catalyst concentration: 1 mol%, T ¼ 30�C, CH3CN (0.5 mL)

Scheme 12 Epoxidation of alkenes promoted by silicadecatungstate and aqueous H2O2
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The catalyst gave good to excellent conversions for the epoxidation of a range

of alcohols and alkenes The authors were able to recover the catalyst containing

polymer by centrifugation and siphoning off the liquid phase and observed only a

minor drop in the reaction rate after four cycles.

3.2 Group VII Metals (Mn, Re)

3.2.1 Manganese

In 2006, Liu et al. reported a heterogeneous approach to the epoxidation of prochiral
olefins, using complex 25 as catalyst with m-CPBA/NMO as oxygen source. The

catalyst was immobilized on an ionic liquid-modified mesoporous silicate MCM-48,

additionally [bmim]PF6 was used as coating of the inorganic support (Fig. 30).

The catalytic activity towards epoxidation of olefins was tested for several

substrates, summarized in Table 28. For the epoxidation of styrene (Table 28, entry

1–4) a significant loss of activity is observed for the silica supported Mn-complexes,

compared to the homogenous reaction in dichloromethane. However, a considerable

increase in ee’s is seen for all substrates for the supported catalysts, for

α-methylstyrene from 50 to 99% (Table 28, entry 5 and 6). Additionally, the catalysts

could be recycled several times without any significant loss of activity [93].

The same group reported the synthesis of a covalently bound Jacobsen-type

Mn-catalyst on four different ionic liquid-modified inorganic supports, SBA-15,

MCM-48, MCM-41, and SiO2. The epoxidation of styrene, α-methylstyrene, and

indene, using m-CPBA/NMO as oxidant, was performed at 0�C in CH2Cl2, yielded

conversions up to 99% with good to excellent ee’s after 1 h reaction time.

Scheme 13 Reagents and conditions: (i) cyclopentadiene, BCl3; (ii) LiAlH4, Et2O; (iii)

1,4-dibromobutane, K2CO3, MeCN reflux 15 h; (iv) PhCH2Br, acetone; (v) cis-cyclooctene,
2 mol% [RuCl2(PCy)3)2-(¼CHPh)], CHCl3, 50

�C; (vii) H3[PO4{WO(O2)2}4]aq, pyridine, EtOH
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Furthermore, the immobilized catalysts were recycled for at least five times without

any loss of activity [94, 95].

Tang et al. [96] reported the synthesis of a 5,50-sulfonate functionalized Jacobsen
catalyst 83 supported on siliceous earth and silica gel (Fig. 31). They investigated

the catalytic performance in different [bmim]X (X ¼ BF4 or PF6),–CH2Cl2–H2O

mixtures with NH4OAc as co-catalyst and NaClO as oxidant. Good to excellent

yields with high ee’s are obtained for all tested substrates (styrene, α-methylstyrene,

and indene) at 0�C. The catalysts were recycled for five runs, where a significant

loss in yield was observed for all substrates [96]. Additionally, the group reported a

chiral-5,50 substituted Mn-salen complex deposited on a poly(hydroxyethyl meth-

acrylate) support as catalyst for the epoxidation of α-methylstyrene [97]. An imid-

azole modified zinc poly(styrene-phenyl-vinylphosphonate)-phosphate is reported

by the group of Fu et al. [98]. The amino functionalized linker fulfills the role of

anchor and acts simultaneously as axial ligand for catalyst 25. Conversions up to

99% are obtained independently from the oxidation agent used (m-CPBA or NaIO4)

with ee’s up to 99% for α-methylstyrene and indene; however, in a blank experi-

ment without any Mn-catalyst a conversion of 99% for α-methylstyrene is achieved

[98]. Sun et al. (2012) discussed the catalytic activity of complex 82 anchored on

the solid surface via acid–base interaction between a surface-linked –NH3
+ cation

and the two sulfonate groups of the complex. The epoxidation of olefins was

25

82

Fig. 30 Jacobsen-type Mn-catalyst immobilized on an ionic liquid-modified MCM-48
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performed under same conditions as the previous report, but significant lower yields

and ee’s are obtained compared to the system used by Tang et al. [47].

3.2.2 Rhenium

The only report on immobilized MTO complexes for the epoxidation was in 2009

by Saladino et al. with polymer-supported MTO catalysts [56]. In this work, MTO

was immobilized on poly(4-vinylpyridine) 2% 84 or 25% 85 cross-linked with

divinylbenzene or microencapsulated MTO in polystyrene 86 (loading factor

1.0 mmol/g) (Fig. 32). With all catalysts, the substrate 44 was oxidized to its

epoxide 45 in [bmim]BF4 and [bmim]PF6 in quantitative yield. The catalysts in

ionic liquids were more selective and more reactive than in molecular solvents.

Catalyst 85 showed the best reactivity with substrate 46 and 53. In most cases, the

Table 28 Asymmetric epoxidation of unfunctionalized olefins

Entry Substrate Catalyst Conversion (ee) (%)

1 Styrene 1(a) 99 (48)

2 1(a)/ILa-MCM48 50 (41)

3 1(b) 89 (64)

4 1(b)/IL-MCM48 52 (48)

5 α-Methylstyrene 1(a) 99 (50)

6 1(a)/IL-MCM48 99 (99)

7 1-Phenylcyclohexene 1(a) 96 (86)

8 1(a)/IL-MCM48 95 (92)

9 1(b) 89 (78)

10 1(b)/IL-MCM48 83 (83)

11 Indene 1(b) 97 (88)

12 1(b)/IL-MCM48 97 (87)

Reaction conditions: substrate/catalyst/m-CPBA/NMO ¼ 1:0,01:2:5, solvent CH2Cl2, 0
�C, 2 h

aIL ¼ [Bmim]PF6

83

Fig. 31 5,50-sulfonate functionalized Jacobsen catalyst
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heterogeneous catalysts showed a higher activity when applied in ionic liquids.

In the case of substrate 44, the catalysts 85 and 86 could be recycled up to three

times without significant loss of activity.

4 Conclusion

The epoxidation of olefins with molecular catalysts in organic solvents as well as

in ionic liquids is well studied. A wide range of transition metals have found

application as homogenous catalysts for the epoxidation of olefins in ionic liquids

or supported on different inorganic or organic carrier materials. These catalysts

form stable epoxides in good to excellent yields and selectivities. As substrates

for the epoxidation reactions a considerable amount of olefins have been used,

from cyclic to acyclic/terminal olefins. Also, numerous epoxidation reactions of

prochiral olefins have been reported with catalysts carrying chiral information. The

rare use of homogenous catalysts in chemical industry is largely due to the high

costs of the catalysts and the oxidation agent needed. Taking this into account,

reusing these systems for several times appears to make homogenous catalysts

in ionic liquids good candidates for sustainable processes, particularly since

most of them work at temperatures below 60�C and low pressures. However,

experiments answering the question whether ionic liquids allow catalyst recycling

for thousands of times, as would be required for most industrially relevant systems

are still lacking. Furthermore, the epoxidation of bulk chemicals such as ethylene

or propylene is not yet sufficiently tackled.

Only few reports describing the exact role or influence of the ionic liquid during

catalysis are available. Understanding the role of the ionic liquid should provide

84 n=2%, 85 n=25% 86

Fig. 32 Immobilized MTO complexes
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more information about the “stabilization effect” needed during the epoxidation

reaction and help making it possible to “tailor-make” ionic liquids for different

reactions/reaction paths. So far, experiments are more or less constrained to

“trial-and error” approaches, using a rather quasi-combinatorial approach applying

many structurally different ionic liquids.

The epoxidation of olefins with homogeneous catalysts is known for more than

40 years and nearly all aspects of this reaction have been investigated in great detail.

The next step in the development – especially in terms of a large-scale applications –

most likely is to find molecular catalysts which match or even surpass the activity,

stability, reusability, and price of the current industrial “work horses,” such as

the titanium silicate TS-1, which is a very active epoxidation catalyst, but also

quite active in the catalytic decomposition of the (expensive) oxidant, hydrogen

peroxide. Accordingly, quite a challenge lies still ahead in this field of research.
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Abstract This chapter surveys the most significant developments in the field of

palladium-catalyzed cross-coupling reactions in ionic liquids. The beneficial effect

of the ionic liquids in terms of activity, selectivity, and recyclability is commented for

all types of reactions discussed, namely the Heck, Suzuki–Miyaura, Stille,

Sonogashira, Ullmann, and Negishi cross-couplings. Insights into the reaction

mechanisms reveal that the effect of the ionic liquid on C–C bond forming reactions

manifests itself not only in the energy lowering of polar transition states (or

intermediates) involved in the catalytic cycles but also, depending on the cases, in

the stabilization of palladium nanoparticles, the synthesis of molecular Pd complexes

with the IL anions, the enhancement of the chemical reactivity of reactants, and others.

The synergistic effect found by using appropriate mixtures of ionic liquids is also

discussed.
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Dipartimento di Chimica dell’Università di Bari, Via Orabona 4, 70125 Bari, Italy

M.M. Dell’Anna

Dipartimento DICATECh del Politecnico di Bari, Via Orabona 4, 70125 Bari, Italy

A. Nacci
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1 Introduction

During the last 30 years, ionic liquids (ILs) became one of the most interesting and

rapidly developing areas ofmodern physical chemistry, technologies, and engineering

[1]. ILs are tunable and multipurpose materials used in a variety of fields including

sensors, fuel cells, batteries, plasticizers, lubricants, extractants, synthesis, and cataly-

sis. Their modular physicochemical properties, such as density, viscosity, ionic

mobility, hydrophobicity, and miscibility with molecular solvents, associated with a

negligible vapor pressure and no-flammability, prompted chemists to test these

materials as possible eco-friendly media for synthesis and catalysis as well as for

extraction processes.

However, ILs are more than just an alternative “green” reaction media. They

differ from molecular solvents by their unique ionic character and their “structure

and organization.” For example, the ILs based on the 1,3-dialkylimidazolium cation

display a high degree of 3-D structural organization due to the presence of a rigid

and planar ring and an extended networks of hydrogen bonds and dispersive forces

with polar and nonpolar nanodomains. This structural organization has been

exploited for the preparation of a plethora of nanoscale structures, including the

synthesis of highly dispersed transition metal nanoparticles (NPs) that may be

regarded as soluble forms of heterogeneous catalysts.

Thus, the role of ILs in homogeneous catalysis has more to do with the enhance-

ment of catalytic performances (activity, selectivity) and the possibility of catalyst

separation and/or recycling rather than with environmental concerns, which now are

rightly regarded only from a mere “historic” point of view. In fact, they can behave as

simple innocent solvents, but more often they act as ligands, co-catalysts, and

stabilizing agents for both the active species and intermediates of the catalytic cycle.
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Transition-metal catalyzed carbon–carbon bond formation is certainly the field

of catalysis where ILs are considered the most promising alternative to traditional

solvents. Over the past 40 years, this branch of organometallic chemistry has

emerged as a new powerful tool of organic synthesis enhancing significantly the

ability of synthetic organic chemists to assemble complex molecular frameworks

and changing the way we think about synthesis (see, for example, [2–4]).

Prominent among these processes are the palladium catalyzed carbon–carbon

cross-coupling reactions (Fig. 1a), because the historical, mechanistic, theoretical,

and practical aspects of these processes have been widely discussed [5]. The ability

of palladium to insert into a variety of carbon–LG bonds (LG ¼ leaving group such

as halogen, triflate, and diazonium), its aptitude to give transmetallation with the

most common organometallic reagents, and tolerance towards most of the functional

groups are the key properties that render this metal the sole capable of promoting

such a large number of reactions.

Indeed, palladium is unique in assembling new C–C bonds by a wide array of

unsaturated starting materials (aryls, heteroaryls, vinyls, acetylides, etc.), through

inter- or intra-molecular processes to yield a myriad of organic compounds having a

variety of skeletons and complex molecular architectures, often difficult to be

constructed with other synthetic approaches. This newly acquired ability to mold

carbon–carbon bonds has opened new opportunities, particularly for total synthesis,

broadening the range of industrial applications, which nowadays involves the fields of

medicinal chemistry, agriculture, material and polymer sciences, opto-electronics,

chemical biology, and nano-technology.

Since from their discovery in the early 1970s, Heck, Suzuki, and Stille reactions,

just to cite a few, have become familiar names to the synthetic organic community,

with a true outburst of interest in the last decade attested by the extraordinary

increment of the number of papers and patents published on these topics (Fig. 1b).
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Fig. 1 (a) General scheme for palladium-catalyzed C–C cross coupling reactions; (b) number of

publications and patents on C–C cross-coupling reactions over the last four decades
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Heck, Suzuki, and Negishi couplings are considered true milestones in organo-

metallic chemistry, and the Nobel Prize in Chemistry 2010 awarded to their

discoverers testifies the importance of these processes mainly due to their impact

on the chemical industry. Some widespread antivirals, drugs, pesticides, and

products for electronics are nowadays produced on industrial scale by means of

these processes. The Heck coupling, for instance, is a key reaction for the production

of fine chemicals such as the herbicide Prosulfuron™, the anti-inflammatory

Naproxen™ or the anti-asthma Singulair™ on a multi-ton scale per year (Fig. 2).

In general, a cross-coupling is a reaction occurring between an aryl or vinyl

halide (or triflate), which is considered the electrophile, and an organometallic

reagent as nucleophilic counterpart. Heck coupling represents the exception in

which the nucleophile is given by a simple olefin (Fig. 1a).

The R1 group (Fig. 1a) of the organometallic reagent can be virtually any saturated

or unsaturated groups (alkyl, aryl, vinyl, alkynyl, etc.). Most of magnesium, tin, and

zinc reagents are sufficiently reactive to undergo transmetalation with palladium

without the need for an additive. Boron and silicon reagents, on the other hand, are

usually reluctant to trans-metalate in the absence of an activator. As a consequence,

Suzuki and Hiyama cross-couplings are typically carried out in the presence of an

additive, the role of which is to form a higher-valent, more reactive anionic complex.

The generally accepted mechanisms for these processes are reported in Fig. 3.

(For mechanistic aspects, see: [6–11].)

A common problem associated with the use of palladium complexes in traditional

solvents is the need for ligands that stabilize the metal center and avoid (or at least

retard) Pd-black formation. The classical solution, i.e. the addition of an excess

(chemotherapeutic agent)
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Agonist receptor

of serotonine 

Naproxen (analgesic )
(Albermarle , HoechstAG, 1994)

Singulair (asthma treatment)
(Merck, 1993)
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(antihyperthensive drug)

Suzuki coupling

Heck reaction
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Fig. 2 Some industrial applications of C–C cross-couplings
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of phosphanes suffers from the drawback that trivalent P compounds are toxic,

expensive, and often sensitive to air.

The request of substitutes for phosphanes stimulated the chemists not only to

explore new ligands for palladium but also to search for new reaction media which

could overcome the need of P-based additives. In this regard, ionic liquids revealed

to be a favorable alternative, as their anions can act as stabilizing ligands and, in

addition, their use was beneficial in terms of catalyst activity, selectivity, and

recyclability [12].

In this chapter the most important achievements in the field of palladium-

catalyzed cross-coupling reactions occurring in ILs are surveyed, with an eye to

the ways by which the ionic liquids affect the catalytic performances (an exhaustive

list of the wide range of Pd-catalyzed cross-couplings reactions in ILs can be found

in the following reviews: [13–17]). The material has been subdivided according

to the type of C–C bond forming reaction in a chronological approach. The treatment

starts with the extensively studied Heck reaction, continues with Suzuki–Miyaura,

Sonogashira, and Ullmann cross-couplings, and ends with Negishi reaction.

2 The Heck Reaction

The Heck reaction can be broadly defined as the palladium-catalyzed coupling of

alkenyl or aryl (sp2) halides or triflates with alkenes to yield products which

formally derive from the substitution of a hydrogen atom in the alkene (Scheme 1)

[18, 19], (Reviews: [20–27]).

To date, the Heck reaction is considered the most powerful method to achieve

arylated olefins, substituted dienes, polyenes, and a variety of extended π-systems,

many of which are important intermediates in the synthesis of natural product,

pharmaceuticals, agrochemicals and in the production of other fine chemicals (see,

for example, [28–30]).

a b

Fig. 3 (a) Generalized mechanism for palladium-catalyzed cross-coupling reactions; (b) The

mechanism of the Heck reaction
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The first examples of this reaction were reported independently byMizoroki [31]

and, in an improved form, by Heck [32]. However, the broad applicability of this

processes began to be investigated only a decade later by the wider synthetic

organic community. In the late 1980s, there was a further resurgence of interest

with the asymmetric applications [33], and nowadays this reaction is considered a

remarkably robust and efficient tool for carbon–carbon bond formation [13–17],

(for reviews on the Heck coupling in ILs, see [34, 35]), particularly for the

generation of tertiary and quaternary stereo-centers and for the intramolecular

ring formation, still remaining a flourishing area of research.

Aryl iodides are the privileged substrates being much more reactive than

bromides and chlorides in concordance with the C–X bond energies (EC-X ¼ 65, 81,

96 kcal/mol, for X ¼ I, Br, Cl, respectively). Typically, polar organic solvents

(N,N-dimethylacetamide, DMA; N,N-dimethylformamide, DMF; N-methyl-2-

pyrrolidone, NMP and others), inorganic (usually K2CO3 or NaOAc) or organic

(Et3N) bases and phosphane ligands are employed, with temperature conditions

depending on the starting materials (normally above 100�C). Currently, the main

goals of researchers in this field are: (1) finding catalytic systems that activate C–Cl

bonds or, alternatively; (2) finding alternative substrates endowed with cheaper

leaving groups (e.g., anhydride and diazonium); (3) recovery and reuse of the

catalysts without loss of activity; (4) development of phosphane-free palladium

catalysts.

The first of these objective remains a true challenge of organometallic chemistry,

being chloroarenes the most readily available and cheapest starting materials. Un-

fortunately, they are generally unreactive under the conditions used to couple the

corresponding iodides and bromides, and high temperatures (>140�C), expensive and
air-sensitive phosphane ligands or sterically hindered amines are usually required for

their activation (some examples: [36–42]). From a synthetic standpoint, all these

factors are considerable limitations that need to be addressed to apply Heck reaction

on an industrial scale [43].

The use of ionic liquids as reaction media is by now considered one of the main

solutions proposed to solve these problems. In the following discussion, results are

subdivided on the basis of typology of ionic liquid (tetrahedral, planar, task specific,

etc.) and on the basis of the kind of catalysis.

2.1 Tetraalkyl-Ammonium and -Phosphonium Based ILs

An ionic liquid was used for the first time in the Heck reaction, solely as an additive,

in 1984 by Jeffery [44], in a pioneering work on the palladium-catalyzed vinylation

of aryl iodides at room temperature in DMF solvent and NaHCO3 as the base.

Scheme 1 The Heck

reaction
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During these investigations, Jeffery found, unexpectedly, that the addition of

increasing amounts of tetrabutylammonium chloride exerted a strong activating

effect on the catalyst and explained this phenomenon with an efficient solid–liquid

phase transfer mechanism promoted by the additive.

Since then on, a number of Heck reactions were performed by using quaternary

ammonium salts as additives under the so-called Jeffery conditions in which,

besides the phase transfer agent action, also a stabilizing and activating effect on

the active species by the salt was invoked [45–49].

However, the first Heck coupling performed entirely in an ionic liquidwas reported

by Kaufmann in 1996 [50], who described the synthesis of cinnamic esters carried out

coupling bromobenzene with n-butyl acrylate in tri-n-butylhexadecylphosphonium
bromide as solvent, in the presence of Pd(II) salts as catalyst source (Scheme 2).

In this pioneering work, palladium acetate was outstanding in terms of both

conversions and recyclability. The authors ascribed these good catalytic performances

to the stabilizing effect exerted by the phosphonium salt towards the active Pd(0)

species formed in situ by reduction of Pd(II) salts. Although this work attracted the

attention of many research groups in the world, no attempts were made to disclose the

true mechanism operating in this IL medium.

In 1999Herrmann’s group [51, 52] was the first to report the superior performances

of tetraalkylammonium ionic liquidmedia, and particularly of [Bu4N]Br, in promoting

the Heck coupling of reluctant chloroarenes, and this for almost any known catalyst

system arising from Pd salts, phospha-palladacycles, Pd(0) or Pd-carbene-type

complexes (Scheme 3).

Soon after, Calò’s group reported on the Heck arylation of acrylates catalyzed by a

Pd-benzothiazole carbene complex in molten [Bu4N]Br [53], and Muzart et al.

investigated, in the same molten salt, the Heck coupling of allyl alcohols to give the

β-arylated carbonyl compounds, usingPdCl2 as the catalyst precursor (Scheme 4) [54].

CO2Bu + Br
CO2BuPd cat. (1 mol%)

Et3N, 100 °C
[Bu3PC16H33]Br

PdCl2: 81% (16 h)
Pd(OAc)2: >99% (43 h)

Scheme 2 The first Heck coupling performed entirely in an ionic liquid

Cl
+

Pd cat. (2%)

[Bu4N]Br
NaOAc, 150 °C

cat.

Pd2(dba)3/P(tBu)3 72 92
(CH3CN)2PdCl2/[PPh4]Cl 69 85
phosphapalladacyle/[PPh4]Cl 41 84
Pd(carbene)2I2 3 51
aryloxy-phosphapalladacycle 5 49
PdCl2 0 50
Pd(PPh3)4 17 65

yield%

DMF Bu4NBr

Scheme 3 Heck reaction of chlorobenzene with styrene in [Bu4N]Br
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Based on the fundamental results by Reetz [55–58], who described the catalytic

activity of palladium nanoparticles stabilized by tetraalkylammonium salts in solution

of traditional solvents, the high activity displayed in [Bu4N]Br was explained with

the thermal reduction of the Pd(II) pre-catalyst into extremely active colloids. The

reducing agent in this medium is supposed to be the Bu3N formed by Hoffmann

decomposition of the ammonium salt [59]. Noteworthy, neither Pd0 complexes nor

preformed Pd colloids resulted to actively promote the Heck reaction in [Bu4N]Br,

thus confirming that active species must be formed in situ. This can be interpreted

taking into account that the generation of active colloids in these ILs media follows a

series of consecutive steps startingwith the Pd(II) reduction, fast atoms nucleation and

clusters growing driven by the ionic solvent which acts as a protective agent to prevent

agglomeration.

In 2002, Cacchi et al. reported that a mixture of [Bu4N]Br and [Bu4N]OAc is an

excellent medium for promoting the Heck coupling of iodoarenes with high

stereoselectivity [60]. Calò et al. extended the same coupling conditions to the

less reactive bromoarenes demonstrating that small Pd nanoparticles are the true

catalyst of this reaction (Scheme 5) and that [Bu4N]OAc plays a crucial role for

both promoting the rapid (almost instantaneous) thermal reduction of palladium(II)

to give stabilized colloids (Fig. 4a), and determining the high degree of the

stereoselectivity of the process [61].

The stabilizing effect of the tetraalkylammonium salts [Bu4N]OAc and [Bu4N]

Br is due to the electrostatic interaction of anions as well as to the steric repulsion of

bulky tetraalkylammonium cations present in the surrounding shell of nanoparticle

core (Fig. 4b) [62].

The high level of stereochemical control exhibited by this protocol was ascribed

to the ability of the acetate to rapidly neutralize, by means of a fast intramolecular

elimination (Scheme 6, path a), the palladium hydride intermediate of the Heck

cycle inhibiting its readdition to the double bond of the arylated cinnamic ester and

causing the E/Z isomerization (Scheme 6, path b). The absence of acetate in the

CO2R
+

CO2R

Pd(OAc)2 (2-5 mol%)

[Bu4N]Br/[Bu4N]OAcR1

R1

X
R2

R2

stereoselectivity
higher than 98%

cat. X T (°C) yields

Pd(OAc)2 I 100 70-84% 24

Pdnanop. Br 130 82-95% 25

Scheme 5 Heck reactions in a [Bu4N]Br/[Bu4N]OAc molten mixture

R1
R1

OH

R1 + Ar X

(X= I,Br)

PdCl2 (10 mol%)

[Bu4N]Br
NaHCO3, 120 °C

R1
R1

O

R1

Ar

(yields 33 - 71%, 24 h)

Scheme 4 Heck coupling of allyl alcohols with halobenzenes
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coordination shell, or the use of other bases, allowed the Pd–H isomerization,

leading to a thermodynamic mixture of isomeric olefins.

Similar reaction conditions were employed for the regio-chemical control in the

arylation of n-butyl methacrylate and α-methylstyrene [63]. In this case, however, a

3:1 mixture of regio-isomers was obtained in favor of the terminal olefins, together

with variable amounts of double-arylated products. The terminal olefins were

efficiently converted into the thermodynamically more stable internal isomers by

using the bulkier tetrabutylammonium pivalate [Bu4N]
tBuCO2 as the base.

In 2005, Trzeciak’s group reported an efficient base-free protocol for the Heck

reaction in molten [Bu4N]Br. In this study the authors hypothesized that soluble Pd

(II) complexes of [Bu4N]2[PdX3Ph] type were formed by oxidative addition of PhX

to Pd(0) (in colloid) and subsequent reaction with [Bu4N]Br [64]. The [PdX3Ph]
2–

complexes could be reduced again to Pd(0)L4 mononuclear species provided that

suitable L ligands are present in the system. If not, palladium reduction led to Pd(0)

colloids smaller in size than the initial particles.

In 2009, the effectiveness of a mixture of tetraalkylammonium salts has been

highlighted by Nacci and coworkers in the ligandless Heck coupling between

chloroarenes and deactivated olefins [65]. The catalyst activity was found to

strongly depend on the molar ratio of the two ILs partners, [Bu4N]Br and [Bu4N]

OAc. In particular, a ratio of 2:1 in favor of [Bu4N]Br gave the best results in terms

of catalytic performance, resulting in the activation of a wide range of chloroarenes,

including the less reactive electron-rich ones (e.g., chloroanisole) as well as of

deactivated disubstituted olefins (e.g., cinnamates). The need for greater amounts of
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H O
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Scheme 6 Isomerization process promoted by palladium hydride Pd-H intermediate of Heck cycle
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Fig. 4 (a) Pd colloids generated by thermal reduction of Pd(II) source by acetate ions;

(b) representation of a Pd nanoparticle stabilized by a surrounding shell of tetraalkylammonium

salt (X ¼ AcO– or Br–)
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[Bu4N]Br was explained by admitting that bromide ions, not involved in tight ion

pairs, could provide adequate electron density to the Pd0 species in place of the

electron-rich phosphane ligands, facilitating the oxidative-addition step.

The ability to activate C–Cl bond exhibited by [Bu4N]Br in the absence of

additives has been exploited for the sequential couplings of polyhalobenzenes

with different olefins. In this regard, a triple Heck reaction has been reported

dealing with the 4-bromo-2-chloro-1-iodobenzene in a one-pot sequential manner,

by activating the C–I, C–Br, and C–Cl bonds on the aromatic ring at the three

different temperatures of 90�C, 100�C and 120�C, respectively. Unsymmetrical

trisubstituted arenes were produced with high reaction rates and high overall yield

(Scheme 7) [66].

2.2 Imidazolium and Pyridinium-Based ILs

Dialkylimidazolium and alkylpyridinium-based ionic liquids represent the most

common RTILs (room temperature ionic liquid) and, even though their performance

does not arrive at that of quaternary ammoniummolten salts, they have been largely

employed in catalysis of the Heck reaction during the last decade.

Basically, the effectiveness of the most common ionic liquids decreases in the

order: tetraalkylammonium > imidazolium > pyridinium [52]. Such an order has

been related to a better ability of tetraalkylammonium salts to stabilize, by steric

effect, the palladium colloids formed during the catalytic process (Fig. 4).Moreover,

the bulky alkyl chains of [R4N]
+ cations somehow shield the positive charge, thus

giving rise to loose ion pairs with the counter-anions. As a consequence, the “almost

naked” anions of [R4N]X salts possess a higher coordinating ability than those of

other ILs (not to speak of the same anions in traditional solvents, where they are

invariably solvated) thus enabling the formation of very active anionic Pd

complexes. This is also the rationale for the detrimental effect observed by replacing

a coordinating halide with a poorly coordinating anion in an ionic liquid used as

reaction medium for C–C bond forming reactions.

For example, the Heck coupling of iodobenzene with acrylates in hexylpyridinium

chloride as the solvent, Et3N as the base and Pd(OAc)2 as the catalyst proceeds

under mild conditions [67]. When the chloride anions of the IL were replaced by

tetrafluoroborate or hexafluorophosphate, the yields in cinnamate dropped dramati-

cally and longer reaction times and higher temperatures were necessary to reach

complete conversions.

I

Br Cl

CO2Bu

[Bu4N]Br/[Bu4N]OAc
90 °C, 30 min

CO2Bu

EtO2C
120 °C, 3 h

PhCO2Et

100 °C, 30 min
Ph

(overall yield 65%)

Scheme 7 Triple Heck reaction in ILs
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To explain the better performances of imidazolium-based ILs in comparison

with the pyridinium-based ones, the formation in situ of stable and active palladium

N-heterocyclic carbene complexes (Pd-NHC) is usually invoked (Scheme 8) [52].

The first extensive investigations on the Heck coupling in imidazolium salts were

reported in 2000 by Xiao [68], who showed that, under catalytic conditions, the

imidazolium cation can react with palladium acetate affording an N-heterocyclic
carbene complex via deprotonation of C-2.

Subsequently, Xiao focused the attention on the palladium-catalyzed arylation

of electron-rich olefins, such as butyl vinyl ether in an imidazolium IL showing that

Pd(OAc)2 and 1,3-bis-(diphenylphosphanyl)propane (dppp) in [bmim][BF4]

(bmim¼ 1-n-butyl-3-methylimidazolium) form an excellent catalytic system capa-

ble of arylating electron-rich olefins at the α-position with no need for any halide

scavengers (Scheme 9) [69, 70]. The influence of the IL and some mechanistic

details are discussed in a section below (vide infra).
As in tetralkylammonium salts, also in imidazolium ones Pd colloids have been

recognized in many cases as the true catalytic species operating in Heck reactions.

Moreover, it should be noted that carbenes formed by H-abstraction from the

imidazolium cations may compete, under certain circumstances, with the aryl

halide substrate for the coordination onto the Pd colloid surface, thus inhibiting

the reaction (Fig. 5a) [71]. This could be another reason for the worse performance

of imidazolium salts with respect to tetraalkylammonium ones.

One of the first reports on Heck reaction with Pd nanoparticles in imidazolium-

based ILs was published in 2001 by Srinivasan et al. [72]. In that protocol,

iodobenzenes and olefins were reacted under sonication, at ambient temperature

(30�C), with considerably reduced reaction times (1.5–3 h). TEM and NMR

analyses showed that Pd(OAc)2 precursor afforded first a palladium bis-carbene

complex and then, by further reduction, metal colloids.

Detailed mechanistic insights on the role of Pd colloids in these media were

gained by Dupont et al. [73–75] that converted palladacycles pre-catalysts into Pd

nanoparticles, by reduction with dimethylallene, and dispersed the obtained

nanoparticles into [bmim][PF6]. This system was then tested in the Heck reaction

N

N

R2

R1

X-

+ PdIILn
(- HL) N

N

R2

R2

PdLn-1X

Scheme 8 Formation of palladium N-heterocyclic carbene complexes in imidazolium based ILs

BrOBu
+ Pd(OAc)2

dppp
[bmim][BF4]
base

OBu

OBu

+

major

R
R

R

a

b

Scheme 9 Arylation of electron-rich α-olefins in an imidazolium IL

Ionic Liquids in Palladium-Catalyzed Cross-Coupling Reactions 247



with aryl halides and n-butyl acrylate. TEM analyses of the Pd-powder in IL revealed

the presence of Pd colloids 2 nm in size before catalysis and 6 nm in size after

catalysis (Fig. 5b). In addition, the analysis of the organic layer showed that

considerable quantities of palladium were leached out into the organic phase

indicating that colloids act as reservoir for molecular catalytically active Pd species.

On these bases, the authors proposed that the reaction starts with the oxidative

addition of the aryl halide on themetal surface, followed by cleavage of this oxidized

molecular palladium species from the surface, which enters the catalytic cycle.

By using a simple approach based on membrane physical separation, Rothenberg

and coworkers reported that ions and Pd atoms detached from the surface of

palladium clusters are likely the catalytically active species of the Heck and Suzuki

coupling [76, 77].

An intriguing application of ILs to the Heck coupling is the preparation of

stilbenoids molecules involving the dehydrative Heck one pot sequence assisted by

the ionic liquid [hmim]Br (hmim ¼ N-n-hexyl-N0-methylimidazolium). The method

utilizes readily accessible and inexpensive secondary aryl alcohols as in situ source of

styrenes and does not require an inert atmosphere. The protocol is an atom-economic,

and eco-friendly alternative to the existing multistep approaches as it eliminates the

tricky isolation of the styrenes, as well as the protection/deprotectionmanipulations in

the case of hydroxy-substituted stilbenoids (Scheme 10) [78].

Few examples have been reported on the Heck cross-coupling in pyridinium-

based ILs, which represent the less efficient IL class in stabilizing the active species

when compared to tetraalkylammonium or imidazolium-based ones. However,

an interesting application of a tetradentate pincer N-ligand based on a porphyrin

Pd
cluster

N NR R1

surrounding
shell

Pd(II)

Pd(0)

Ar-X

main
catalytic

cycle

Pd cluster 6 nm size

Pd cluster 2 nm size

a b

Fig. 5 (a) Carbene-bound Pd nanoparticle surface. (b) The catalytic cycle involving Pd

nanoparticles in ILs (adapted from [71])

Ar1

OH N N C6H13

MW
Ar1

Ar2-I

Ar1
Ar2

Br-

(- H2O)

Scheme 10 Synthesis of stilbenoids molecules by dehydrative Heck one pot sequence
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functionalized with four pyridinium tags has been reported (Scheme 11). These

catalytic systems efficiently catalyze the Heck reaction of iodobenzenes and ethyl

acrylate in [bupy]BF4 (bupy ¼ N-n-butylpyridinium) as the solvent and under

aerobic conditions [79]. The good performances were accounted for by the authors

with the strong cation-π/π�π interaction, and a good “ionophilicity” between the

catalyst and the ionic medium.

2.3 Heterogeneous Catalysis

In principle, ionic liquids may be considered an immobilizing phase for the catalyst

that could assure the easy separation of the reaction products from the IL phase and

a prompt catalyst reuse. However, the main drawback remains the metal leaching

during the separation procedures, usually carried out by extraction with organic

solvents, that leads to the slow catalyst inactivation.

One of the solutions adopted is the linkage of palladium catalysts to solid supports.

In the case of Pd colloids, the support must be capable of anchoring nanoparticles

strongly, leaving the active sites well dispersed and easily accessible on their surface.

Moreover, the nature of the support can strongly affect the catalyst properties and

activities as well as the particle size, structure, and methods of preparation of the

composite. To this purpose, charcoal, dendrimers, organic polymers, metal oxides,

clays, and silica have been used over the last few years.

Pd/C is one of the typical heterogeneous hydrogenation catalysts, which is

commercially available and inexpensive. In 2001, Hagiwara and coworkers [80]

tested this supported catalyst in the Heck reaction of a variety of olefins in [bmim]

[PF6] as the reaction medium. The reactions proceeded in moderate to satisfactory

yields and the catalyst was reused for six times without significant loss of activity.

Interestingly, the presence of the Pd species in the ionic liquid before and after the

Heck reaction was negligible.

In 2002 Choudary and coworkers [81] reported on the Heck reaction of

chloroarenes, including the less reactive electron-rich ones, by using a ligand-free

N

N N

N

N+

N+

N+

N+

Me

Me

Me

MePdCO2Et +

[bupy][BF4]

Et3N, 100 °C, 1h

cat. =

CO2Et
Ph

cat.

4 I-

Ph-I

Scheme 11 A porphyrin-based Pd catalyst in the Heck reaction
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supported catalyst under microwave irradiation and [Bu4N]Br as IL. The hetero-

geneous catalyst was prepared by anchoring Pd nanoparticles on a basic support

made up of Mg–Al layered double hydroxides (LDH-Pd0, Fig. 6a).

The activity of LDH-Pd0 in the Heck olefination of 4-chloroanisole was higher

than that of Pd/C, Pd/SiO2, Pd/Al2O3, and polymer supported-PdCl4
2–. The catalyst

was quantitatively recovered from the reaction mixture by simple filtration and

reused for a high number of cycles. Interestingly, mechanistic insights evidenced

that the reaction proceeded on the surface of the nanopalladium particles of the

heterogeneous catalyst.

In 2004 Calò et al. reported on the use of electro-reduced Pd nanoparticles

supported on chitosan (Fig. 6b) as efficient and highly recyclable heterogeneous

catalysts for the Heck reaction of iodo-, bromo-, and activated chloro-arenes with

n-butyl acrylate in tetrabutylammonium-based ILs [82]. Noteworthy, this system

was inactive when used in imidazolium-based IL.

Pan et al. used the microwave irradiation for promoting the Pd/C-catalyzed

olefination of iodo- and bromo-arenes in [omim][BF4] (omim ¼ 1-n-octyl-3-
methylimidazolium), in the absence of phosphane ligand [83]. The catalyst,

immobilized into the IL phase, was reused five times with a little loss of activity.

The Heck reaction between bromobenzene and styrene performed in tributyl-

hexylammonium bistriflimide, using ultrafine particles of palladium metal supported

onto hydrophilized mesoporous soot as the catalyst, has confirmed the fundamental

role of the IL in the catalyst stabilization, also evidencing that the reaction occurs

through a “true heterogeneous” mechanism [84].

Mesoporous SiO2 is a widespread support for metal catalysts, due to its excellent

chemical and thermal stability, high porosity, large surface area, and high surface

concentration of silanols. Pd nanoparticles have been recently immobilized on

silica-based molecular sieves SBA-15 using 1,1,3,3-tetramethylguanidinium lactate

(TMGL) as IL [85]. This catalytic system showed an excellent activity and recyclabil-

ity for the Heck reaction of aryl iodides at 140�C.

Ar-Cl + Ph Ph
Ar

Mg1-xAlx(OH)2Cl.zH2O

N+

N+

N+

N+

N+

N+

metal
coreBr-

Br- PdBr4
2-

Br-

PdBr4
2-PdBr4

2-

O

O
O

NHR

NHR

CH2OH

CH2OH

HO
HO OO

n

a b

Fig. 6 Pd nanoparticles anchored onto solid supports constituted of (a) Mg-Al layered double

hydroxides (LDH-Pd0); and (b) chitosan
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2.4 Task-Specific ILs

Besides supporting them onto insoluble matrices, another attractive solution to

prepare robust catalysts is the covalent tethering of a functional groups to one or

both ions of an ordinary ionic liquid that can impart to the resulting salt the ability to

work itself as a support. These functionalized ILs are referred to as “task-specific”

ionic liquids (TSIL) and are finding an increasing number of applications in

synthesis, separation techniques, and catalysis.

Many efforts have been devoted to the functionalization of ionic liquids by

incorporating specific groups such as amines, hydroxyls, phosphanes, phosphinites,

and nitriles, into the imidazolium ring, with the aim of synthesizing new ionic

solvent having a solvo-catalytic behavior [86].

In this context, during the last decade, a plethora of functionalized ionic liquids

have been prepared and used for anchoring palladium as chelate or carbene

complexes. Table 1 summarizes some of the most representative catalytic systems

formed following this approach along with their applications to the Heck coupling.

A large contribution in this field comes fromShreeve’ group (Table 1 [87–92])who

prepared and used several modified TSILs bearing a number of modified imidazolium

cations such as 2,20-monoquaternary diimidazole, N-pyrazolyl 2-methylimidazolium,

N-pyrazolyl 2-methylimidazolium, pincer dications, dicationic imidazolium and

triazolium.

Under the Heck coupling conditions all these TSILs were able to give rise to stable

and active palladium catalysts acting as carbenes (by H deprotonation in C-2) or P-
(phosphinite) and N-donor ligands. In some case, the TSIL bearing a tetraalkyl-

ammonium cation has been found suitable for stabilizing the Pd colloids formed in

situ. Interestingly, a series of imidazolium-based ILs N-functionalized with diol or

glyceryl groups have been used as ligands and solvents for palladium(II)-catalyzed

reactions. These compounds present, besides the N-heterocyclic donor moiety arising

from the imidazolium skeleton, the ethylene glycol group able to act as an excellent

chelating ligand.

Particularly intriguing are TSILs bearing basic groups like tertiary amine that

render the IL suitable to function as both solvent and proton scavenger (Fig. 7a). An

intriguing approach is also the use of mixtures of differently substituted ILs which

can exert the functions of ligand, base and reaction medium (Fig. 7b). Comparing

results obtained using a single IL with those achieved with their binary mixtures

evidences that the mixtures were superior to each single IL tested, thus highlighting

a synergistic effect of the ILs [99].

2.5 Supported and Layered Ionic Liquids

Materials making use of thin ionic liquid films as support-modifying functional

layer open up a variety of new possibilities in heterogeneous catalysis, which range

from the tailoring of gas–surface interactions to the immobilization of molecularly
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defined reactive sites. In this context, during the last decade the “supported ionic

liquid phase (SILP)” [100–102] and “solid catalysts with an ionic liquid layer

(SCILL)” materials are the most important developed methodologies [103–105].

Basically, in a supported ionic liquid phase (SILP or SCILL) catalyst system, an

ionic liquid film is immobilized on a high-surface area porous solid, and a homo-

geneous catalyst is dissolved in this supported IL layer (Fig. 8). Typically, there is

no direct interaction between the homogeneous catalyst and the support surface,

and thus the molecular control over the catalytic activity is well maintained.

The activity and selectivity is affected by the coating in two ways: (1) the IL may

have a beneficial effect on the chemical properties of the catalyst (“cocatalytic

effect”) or (2) the IL changes the concentrations of reactant and/or intermediate,

compared to the uncoated catalyst (“solvent effect”). For example, the selectivity

towards the intermediate is favored if this latter is less soluble in the IL than the

reactant.

This approach potentially combines the attractive features of homogeneous

catalysts with the benefits of heterogeneous catalysts, and the resulting advantages

seem to be: (1) an increased surface/volume ratio, (2) an easier diffusion of substrates

to the IL-dissolved catalyst, especially of gaseous reagents, (3) the possibility to use

highly viscous ILs, (4) small amounts of ILs requested, (5) the opportunity to operate

in gas phase or liquid phase reactors, (6) a facile catalyst recovery, (7) the possibility

towork under continuous operation. In addition, their low vapour pressure allows the

IL films to remain on the catalyst surface under reaction conditions. Moreover, by

properly choosing the combination of anion and cation, it is possible a fine tune of the

physicochemical properties of the ionic liquids [105]. Some selected examples are

reported below.

In 2005 polymeric beads of a PEG-supported IL (PEG ¼ polyethyleneglicol),

prepared via the covalent anchoring of an imidazolium salt to a PEG-4000 support,

Support

C

IL IL

C

ILIL

C
ILC

Support

C C

IL

IL

IL IL IL IL
IL

ILILIL

C = catalyst

a b

Fig. 8 General scheme for (a) a SILP and (b) a SCILL material

N N

P
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-

N N
N

PF6
-NTf2

-

N N N

N

N N
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a b

Fig. 7 (a) An example of an ionic liquid bearing basic functionalities. (b) A mixture of

monofunctionalized ILs with synergistic effect
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were used as a novel reaction medium for the Heck reaction. Using the Pd(OAc)2/

[PEGmim][Cl] system, the Heck coupling of both aryl bromides and activated aryl

chlorides with olefins afforded the coupled products in excellent yields, and the

catalyst could be recycled five times without deactivation [106].

In 2010, Garcı́a-Verdugo et al. used a catalytic system in which palladium was

immobilized onto gel-supported ionic liquid-like phases (g-SILLPs) based on

gel-type polystyrene-divinylbenzene resins (Fig. 9a) [107]. Palladium was initially

supported onto the g-SILLPs as Pd–NHC complexes and the microenvironment

allowed a controlled release, under the reaction conditions, of the active species to

the homogeneous phase. The presence of additional IL-like moieties contributed to

stabilize and recapture the palladium species released in solution, rendering the

catalyst easily recoverable, reusable and with essentially no Pd leaching at the end

of the reaction.

Another intriguing protocol exploits a copolymer obtained from 1-aminoethyl-3-

vinylimidazolium bromide grafted on the cross-linked polydivinylbenzene (PDVB),

which is used as a support to immobilize palladium nanoparticles (Fig. 9b). The

performance of the catalytic system was studied under solvent-free conditions in the

Heck arylation of olefinswith different aryl iodides demonstrating that the catalystwas

very active and stable and could be reused after simple separation [108].

Similarly, an efficient and reusable heterogeneous catalytic assembly of PdCl2
incorporated into SiO2-supported imidazolium ionic liquids (the so-called ionic

liquids brushes) has been used in the coupling of aryl iodides with acrylic acid in

water as the solvent and under aerobic conditions, giving the desired products in

excellent yield without the need for organic co-solvent or other additives (Fig. 10).

A 0.5 mol% of Pd was found to be sufficient for Mizoroki-Heck reaction. In addition,

the catalyst was easily recovered after reaction and reused at least eight times [109].

Finally, it is noteworthy the recent application of silica supported ionic liquid

phases (SILPs) to the Heck couplings. After IL immobilization, palladium

nanoparticles 10 nm in size are trapped by hydrogenation in situ of Pd salts. The

Heck coupling reaction of iodobenzene and cyclohexyl acrylate is successfully

accomplished with competitive TONs and TOFs, and negligible palladium leaching.

Separation of the products can be reached at ease, due to the fact that both palladium

species and by-products are trapped within the monolithic foams [110].

N

N

N N

LnPd

n

m N

N NH2

Br- PdCl2
NaBH4 copolymer

NH2 NH2 NH2 NH2 NH2

a b

Fig. 9 (a) Gel-supported ionic liquid-like phases (g-SILLP). (b) Pd nanoparticles anchored on a

polymeric aminoethyl imidazolium grafted on a cross-linked polydivinylbenzene (PDVB)
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2.6 Heck Coupling in Chiral Ionic Liquids

Chiral ionic liquids (CILs) represent one of the most interesting groups of ionic

liquids, and the number of publications dealing with CILs is growing rapidly. Some

recent reviews [111, 112] survey the most representative developments and the

progress concerning these chiral media.

In asymmetric synthesis, it is often believed that CILs can be used as chiral

solvents and as sole inducer of chirality due to their polymer-like behavior and

potential high degree of organization. However, very few results are reported which

demonstrate such potential.

The source of chirality can be provided either on the anion or on the cation or on

both the anion and the cation, and for economic reasons the synthesis of most of

CILs arises directly from natural sources. Representative examples are the use of

(–)-menthol and natural aminoacids.

CILs have been applied in metal-free asymmetric catalysis (e.g., aldol

condensations, Baylis–Hillman or Michael addition reaction). In the case of metal

mediated catalysis, CILs are used mainly in double bond addition reactions as a

chirality source or as a “chiral booster” for classic chiral ligands.

There are only few reports about application of CILs in the Heck coupling. Gayet

et al. [113] reported on the arylation of 2,3-dihydrofuran (DHF) with iodobenzene

catalyzed by a pyridinium CIL with [PdCl4]
2� as a counterion in [bmim][PF6]

medium. Two other examples concern the oxyarylation of 7-benzyloxy-2H-

chromene [114], and the arylation of aza-endocyclic acrylate in various imidazolium

and pyridinium CILs.[115] However, very low enantiomeric excess (ee < 5%) was

observed in all these cases.

In 2011, Trzeciak’s group reported that CILswith stereogenic centers present in the

anions are promising co-catalysts for the Heck coupling of dihydrofuran (DHF) with
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Fig. 10 (a) Imidazolium “ionic liquids brushes” supported on silica in the Heck coupling. (b) Pd
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iodobenzene, even if with still unsatisfactory ee values (up to 17%) [116]. More

recently, the same authors found that CILs containing non-chiral quaternary ammo-

nium cations and L-prolinate and L-lactate anions as chiral inducers allowed the

efficient palladium-catalyzed enantioselective Heck arylation of DHF with a series

of aryl iodides. With this protocol 2-aryl-2,3-dihydrofurans were achieved as main

products in moderate to excellent enantioselectivity (until 99% ee) depending on the
nature of the CIL and of aryl iodide (Scheme 12) [117].

A number of factors such as the nature of IL ions, the [CIL]:[Pd] molar ratio

and the reaction time affect both conversion and selectivity of the coupling.

The best results of 52% of yield and 99% ee were obtained with tetrabuty-

lammonium L-prolinate [Bu4N][L-PRO] as the CIL in a two-fold excess with

respect to Pd(OAc)2 and in a maximum reaction time of 6 h.

An homogeneous halide-free pathway was proposed as reaction mechanism

(Fig. 11) in which Pd(0) nanoparticles (revealed by TEM analyses) act as a source of

soluble palladium catalyst species. In addition, the chiral carboxylate anion L-prolinate

(more basic than lactate) competes more efficiently with I– for a place in the coordi-

nation sphere of palladium and is responsible for the asymmetric induction.

The proper selection of the non-chiral cation turned out to be also very important

and higher ee values were achieved with bulky cations for two reasons: (1) the

stabilization of Pd nanoparticles by means of steric interactions with the cations and

(2) the influence of the cations on the nucleophilicity of the chiral anion.
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2.7 Ionic Liquid Effect on Activity and Selectivity

Based on the results reported hitherto, it is apparent that ionic liquids cannot be

considered innocent solvents, but the ionic environment they create may change the

course of the reaction in different ways: for example by generating new stable

catalysts (e.g., carbene complexes, palladium nanoparticles, or palladium anionic

complexes) or by stabilizing intermediates or transition states. The two main

evidences of the action of these reaction media are an increase of the reaction

rate and/or a better control of the regio- and stereo-selectivity in comparison with

“classical” solvents.

The control of regiochemistry is certainly one of the main signs of the ionic liquid

effect. To better understand this point, it is worthwhile to recall the well-known

dualism of the traditional Heck cycle between “neutral” and “ionic” pathways

(Fig. 12). The “neutral” mechanism is characterized by dissociation of one of the

coordinating neutral ligand L, while the “ionic” one generates a Pd-cationic species

through the dissociation of the (pseudo)halide anion X–. This double chance directly

affects the regiochemistry of the Heck reaction. Usually, with monodentate ligands

and aryl halides, the neutral pathway dominates, driving the arylation to the β-position
of the starting olefin, producing linear alkenes. In contrast, in the presence of

low-coordinating anions (X ¼ tosylate, TsO) and chelating bidentate ligands, the

ionic pathways prevails, affording branched olefins arising from the regioselective

arylation to the α-position.
This is, of course, a simplified view, as several other factors may affect the

regioselectivity, primarily the steric and electronic effects on the starting olefins. As

a matter of fact, a complete regioselective control is often difficult, especially in the

case of electron-rich olefins such as vinyl ethers or enamides.

The environment created by the ionic liquid can be determinant for discriminating

between a neutral or an ionic pathway followed by the catalytic system. The two

following examples highlight the influence exerted by the nature of both the cation

and the anion of the ionic liquid in the type of mechanism and, ultimately, in the

regioselectivity of Heck reactions.

In 2005, Xiao et al. [69] reported an elegant regioselective α-arylations of electron-
rich olefins, such as enol ethers, enamides, and allyl silanes, by using imidazolium-

based ionic liquids in conjunction with Pd-1,3-diphenylphosphanylpropane

precatalyst (Scheme 13).

This high degree of regio-control was attributed to the ionic environment created

by the IL, which shifts the equilibrium of (1) to the right (Scheme 14) favoring the

dissociation of the bromide anion in a classical ionic pathway. This was evidenced

by the fact that arylation was notably slowed down by the addition of bromide

anions (as [Bu4N]Br) to the reaction mixture. A further confirmation of this

hypothesis was given by the addition of hydrogen-donating salts such as [HNEt3]

[BF4] that increased both the rate and the selectivity in ionic as well in molecular

solvents, presumably by facilitating that dissociation [70].
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In 2007 Nacci and coworkers [118] demonstrated that the regioselectivity of the

Heck arylation of allyl alcohols in tetraalkylammonium ionic liquids depends on

the nature of the IL anion. In particular, using [Bu4N]OAc dually as solvent and

base, the Heck arylation of allylic alcohols resulted highly selective towards the

formation of aromatic conjugated alcohols, while with [Bu4N]Br as solvent and

NaHCO3 as the base the aromatic carbonyl compounds were selectively obtained

(Scheme 15).
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[bmim][BF4]

R

Ar

Pd(OAc)2 R
Ar

+

a b

R = OR, NHCOR, CH2SiMe3 a : b > 99 : 1

Scheme 13 Regioselective α-arylations of electron-rich olefins
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It is reasonable that the reaction can follow two different pathways, depending

on the nature of the ligand X bonded to palladium before the migratory insertion of

the aryl group on the olefinic double bond. The ligand, in turn, depends on the anion

which prevails in the reaction medium (Scheme 16). In particular, when [Bu4N]Br

is used as solvent, and a conventional base such as NaHCO3 is employed, the ligand

X is bromide or iodide and the reaction follows the neutral pathway (path a).
For steric reasons, themigratory insertion of the aryl group occurs predominantly at

the β-position of the alkenol, giving rise to β-arylated carbonyl products. In contrast,

when [Bu4N]OAc is used as the reaction medium, an anionic metathesis probably

occurs, and the acetate anion readily dissociates to give a cationic complex. In this

case, the migratory insertion on the double bond occurs prevalently to the β-position
due to the formation of a chelate structure, which impedes also the hydrogen atom Hc

to adopt the syn-relationship with Pd, necessary for the β-elimination. Hence, the

abstraction of the benzylic hydrogen atom (Ha) remains the only possible pathway.

Besides the influence on the regioselectivity, numerous other factors affect the

catalyst activity in ionic liquids which are related to the ability of different types of

ionic liquids to generate and/or stabilize several species such as Pd carbenes, Pd

nanoparticles, and cationic Pd complexes [14, 15, 119, 120].

Finally, it is worthwhile to outline the existence of an anionic version of the Heck

cycle, analogous to that ascertained by Amatore and Jutand for the catalysis by Pd
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(OAc)2/PPh3 [121, 122] (Fig. 13) that can be invoked also in cross-coupling

reactions in ILs. In the case of Pd colloids and in the presence of halides salts, de

Vries [123] proposed, based on EXAFS andmass spectrometry experiments, that the

role of the salt may be twofold: (1) it stabilizes the colloids, thus preventing their

further growth to palladium black; (2) the halide anions act as ligand for palladium in

the actual catalytic cycle, which proceeds through anionic intermediates.

The anionic pathway seems to be preferred in case of most traditional, high

temperature Heck reactions carried out with colloids in [Bu4N]Br [53, 61], while, in

case of triflates or other arylating groups bearing non-ligating leaving groups (not

halides), the neutral pathway has been often invoked. The anionic pathway is also

invoked to explain the higher activity of palladium in activating the less reactive

chloroarenes in tetraalkylammonium ILs, for example, in [Bu4N]Br.

It should be kept in mind, however, that the type of catalytic cycle followed by

the system (anionic, neutral, cationic) depends on several factors, including the type

of ionic liquid, the substrate, the leaving group, the base, and the metal ligand.

There are still some shadows in the Heck mechanism that have to be highlighted.

For example, a Pd(II)/Pd(IV) cycle [124], although not generally accepted, is still

being debated and the exact role of the base is still under investigation [125].

3 Suzuki–Miyaura Reaction

The Suzuki–Miyaura reaction between organoboronic acid and aryl halides [126] is

considered the most powerful method for synthesizing the biphenyl skeleton.

Particularly in the past decade, the biaryl scaffold has received increased attention
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as a privileged structure by the agrochemical and pharmaceutical industries. The

core of many types of natural products, advanced materials, polymers, sensors and

ligands for asymmetric catalysis contains the biaryl moiety. Consequently, the

development of new and efficient methods of synthesizing these structures is

crucial to the work of a broad area of organic chemistry.

The Suzuki cross-couplings are typically catalyzed by soluble phosphane palla-

dium complexes in organic solvents, iodo and bromoarenes being the most common

reagents (Scheme 17). However, such a protocol suffers from the difficulty in

recovering and reusing the expensive homogeneous catalysts.

To overcome these drawbacks much work has been devoted to the development

of Pd recyclable catalytic systems in ionic liquids [12, 17]. To date, more than a

hundred papers can be found in the literature on the Suzuki coupling in ionic liquids

media.

In 2000 [127], Welton reported for the first time on the use of ionic liquids in the

Suzuki coupling, demonstrating the accelerating effect of the ionic medium.

Indeed, the reaction of bromobenzene with phenylboronic acid under original

Suzuki conditions (i.e., at 110�C using 3 mol% of Pd(PPh3)4 as the catalyst, in

the presence of two equivalent Na2CO3) led to 88% yield in biphenyl in 6 h in

toluene–ethanol [128], while the same reaction in [bmim][BF4] gave 93% yield of

the desired product in only 10 min (Scheme 18). Moreover, the extraction of the

product was easy, being carried out with diethyl ether, while the by-product salts

were removed by washing with excess water. After reaction workup, the ionic

liquid/catalytic system could be reused for three times with no loss of activity and

selectivity.

Working under carefully controlled conditions, the same authors detected into

the catalytically active solutions a mixed phosphane-imidazolylidene palladium

complex (Scheme 19) as the true active species for promoting the C–C bond

forming reaction [129].

R
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+
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Scheme 17 A typical Suzuki reaction
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In 2002, Srinivasan [130] found palladium-bis(carbene) complexes as the true
catalyst in the Suzuki coupling at room temperature in [bbim][BF4] (bbim ¼ 1,3-

di-n-butylimidazolium), in an interesting protocol carried out under ultrasonic

conditions suitable for activating also the poorly reactive chloroarenes and, for

improving substrates solubility, in the presence of methanol as co-solvent. The

recovered IL could be recycled several times, even though the palladium catalyst

progressively deactivated due to the formation of Pd black. Recycling of the

catalytic system was possible only when the preformed Pd–biscarbene complex 1

was used as the catalyst (Scheme 20).

The first use of tetrahedral ionic liquids in Suzuki couplings was due to McNulty

et al. [131], who employed tetra-n-decyltrihexylphosphonium chloride (THPC), in

conjunction with Pd2(dba)3 (1%) and triphenylphosphane, with the addition of

small amounts of toluene (for increasing boronic acid and aryl halide solubility)

and water (for increasing the solubility of the potassium phosphate base).

By using mild temperatures (50–70�C) aryl halides, including aryl chlorides,

reacted smoothly in THPC and no homo-coupling products were observed. More-

over, the catalytic system was recycled up to five times with negligible loss of

activity and selectivity.

Very interesting was the use of ILs to support aromatic substrates and to improve

their solubility in water. In 2003, Chan et al. [132] reported a protocol in which the

substrate (a iodobenzoate compound) was linked to an imidazolium-based ionic

liquid thus becoming water soluble. The Suzuki coupling with phenylboronic acids

was accomplished in this mixed IL/H2O medium and after reaction, cleavage with

ammonia/methanol gave biaryl products in good yields and high purities, without

the need for chromatographic purification (Scheme 21).

In 2004,Dyson et al. [133] used a series of ionic liquids based on theN-butyronitrile
pyridinium cation [C3CNPy]

+ (Fig. 14a), designed to improve retention of Suzuki and
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Stille catalysts. Pd-nitrile complexes formed in situ by reaction of [C3CNPy]X with

PdCl2 (Fig. 13b) showed good activity, and a recyclability considerably superior to

those observed in N-alkylpyridinium ionic liquids devoid of nitrile functionalities.

Pyridinium based ionic liquids were also used as reagents for palladation in the

presence of a base to obtain palladium-pyridylidene N-heterocyclic carbene

complexes that proved to be active catalysts for Suzuki reactions (Fig. 14c) [134].

A variant of the Suzuki protocol entails the use of aryldiazonium tetrafluoroborates,

derived from inexpensive and easily accessible anilines, with organoboronic acids or

esters in the absence of base. In this framework, in 2005 Mastrorilli et al. [135]

performed successfully the Suzuki coupling between aryldiazonium tetrafluoroborates

and organotrifluoroborates in different ILs. High activity and selectivity were shown

by catalytic systems comprised of azopalladacycles in [bmim]BF4/CH3OH mixtures

(Scheme 22).

Remarkable results were obtained in 2009 by Dyson [136] in the Suzuki reaction

of aryl chlorides using a hydroxyl-functionalized imidazolium-based ionic liquid. It

was demonstrated that the ionic liquid plays a critical role in catalyst/substrate

activation directly facilitating the “ligand-free” coupling reactions (Scheme 23).
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Trombini et al. [137] reported the Suzuki coupling of bromoarenes in good to

excellent yields in a pyrrolidinium-based ionic liquid by using the triethylammonium-

tagged diphenylphosphane palladium(II) complex 2 (Fig. 15a), and more recently

Gómez et al. [138] discussed the use of new azadioxaphosphabicyclo[3.3.0]octane

ligands for Suzuki cross-coupling reactions between phenylboronic acid and aryl

chlorides bearing either electron-donor or electron-withdrawing substituents, in both

organic and ionic liquid solvents (Fig. 15b).

Very intriguing are some recent applications of the supported ILs film (SILP).

Two examples concern the use of palladium acetate immobilized in thin ionic liquid

layers on the mesopore wall of hierarchical MFI zeolite A (Fig. 16) [139] and [Pd

(EDTA)]2– immobilized in an “ionic liquid brush” B (Fig. 16) [140]. These

reactions were carried out in water under aerobic conditions.

Several reports deal with the use of Pd nanoparticles as catalysts for the Suzuki

coupling in ILs. Calò’s group [141] was one of the first in using Pd nanocatalysts in

these media, demonstrating also in this case the good performance of tetraalky-

lammonium salts in stabilizing colloids. In particular, it was found that quaternary

ammonium salts bearing long alkyl chains, such as tetraheptylammonium bromide

in the presence of tetrabutylammonium hydroxide as base afforded remarkable

catalyst activity enhancement, permitting the coupling to proceed smoothly under

relatively mild conditions (ranging from 40�C for aryl bromides to 90�C for

unreactive electron-rich chlorides, Scheme 24). The high activity of the catalytic
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system was attributed to the nature of both the cation and the anion of the IL as well

as of the base, ascribing to the longer alkyl chains of the IL cation the ability to

stabilize the nanoparticles, not only by protecting the metal core but also by

sterically inhibiting its access. On the other hand, due to its nucleophilicity the

bromide anion could act as a cocatalyst, by entering into the metal sphere and

forming more active Pd(0) anionic species as already illustrated for the Heck

coupling in [Bu4N]Br [65, 141].

Gómez [142, 143] reported the use of [bmim][PF6] as efficient immobilizing

media for Pd nanoparticles. Since then on, a number of protocols have been

reported on the use of Pd colloids in the Suzuki coupling in ILs [144–147]. Two

recent selected examples are describe here.

In the first one, tetrachloropalladate salts (obtained from different imidazolium-

based salts bearing aromatic moieties) as pre-catalysts (Fig. 17a) are used in Suzuki

coupling performed in [emim][Tf2N] (emim ¼ 1-ethyl-3-methylimidazolium)

[148]. TEM analyses demonstrated that under reaction conditions Pd nanoparticles

with mean diameter of 6 nm were formed. The catalytic system was active and

recyclable with iodo- and bromoarenes but was unactive with the more challenging

chloroarenes.

The second example is related to the use of magnetic nanoparticles, promising

supports for immobilization of Pd catalysts that are gaining more and more atten-

tion in the last years. This methodology is becoming of wide application due to the

easy separation of catalyst from the reaction medium by means of an external

permanent magnet. In a recent paper, palladium nanoparticles immobilized on
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amine functionalized imidazolium ionic liquid grafted on magnetic Fe3O4 covered

by SiO2 exhibited high catalytic activity in the Suzuki coupling at room tempera-

ture. The catalyst can be separated from the reaction mixture by applying a

permanent magnet externally and can be reused for several times without signifi-

cant loss of activity (Fig. 17b) [149].

4 The Stille Reaction

The Stille cross-coupling [150] is an important palladium-catalyzed reaction

between a trialkylorganotin compound and an aryl halide (Scheme 25). Typical

alkyl groups on tin are methyls or n-butyls: trimethyltin derivatives as by-products

are easy to remove but toxic, while tri-n-butyltin by-products are less toxic but

difficult to take off.

The Stille reaction is generally promoted by palladium complexes in organic

solvents, but there are some examples of Stille couplings carried out in ILs.

The first study about the use of ILs in the Stille reaction deals with the catalytic

activity of the PdCl2(PhCN)2/AsPh3/CuI system at 90�C for the coupling of aryl

iodides and bromides in [bmim][BF4] [151]. The evident advantage of using ILs

instead of traditional organic solvents consists in the recyclability up to five runs of

the catalyst and solvent.

In subsequent works the Stille coupling in ILs was carried out in the absence of

ligands and/or additives. Since 2004, Dyson and coworkers published a series of

articles on the use of a variety of nitrile-functionalized ILs for the C–C cross-

coupling reactions, including the Stille reaction [94, 133, 152, 153]. In these

studies, a series of pyridinium, imidazolium, and pyrrolidinium-based ILs with

nitrile side-chains were designed to improve the catalyst retention (Fig. 18).

Interestingly, different types of complexes were obtained using PdCl2 precursor,

depending on the IL anion. In particular, the tetrachloropalladate complex

[C3CNpy]2[PdCl4] was formed when the anion was Cl�, whereas [PdCl2(C3CNpy)2]

[A]2 species were formed with A ¼ PF6
�, BF4

�, or N(SO2CF3)2
� anions. These

palladium complexes showed promising catalytic activity in the cross-coupling of

iodobenzene with phenyltri-n-butylstannane, with yield ranging from 43% to 63%.

The introduction of nitrile functionality in the ionic liquid imparted to these catalytic

systems a good recyclability (up to nine runs). Palladium nanoparticles with a mean

diameter of 5 nm were identified as the active catalyst [133].

A similar trend was observed with nitrile functionalized imidazolium-based ILs.

The coupling between iodobenzene and tri-n-butylvinyltin in the presence of Pd

(OAc)2 at 80
�C in the ILs depicted in Fig. 18b was found considerably more efficient

in terms of activity and recyclability with respect to unfunctionalized imidazolium

derivatives [143]. Interestingly, TEM analyses revealed also in this case the formation

of palladium nanoparticles of ca. 5 nm in sizes, and colloids isolated from

nitrile-functionalized imidazolium [C3CNmim][BF4] and from [bmim][BF4] showed

differentmorphologies,withwell-separated nanoparticles in the former case in spite of
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aggregated nanoclusters (up to ca. 30 nm) in the latter one [94]. The presence of aweak

interaction between the nitrile group and the palladiumnanoparticle surface, exerting a

stabilizing effect and preventing aggregation, was proposed to explain these results.

Nitrogen-containing anions such as [NTf2]
– and [N(CN)2]

– were also employed

as counterions of the functionalized imidazolium-based ILs. In some case their use

improved the catalyst performance and allowed a higher retention of palladium in the

IL. In other cases the presence of [NTf2]
– anion lowered the catalyst performance,

presumably due to strong interactions of the anion with the metal center [94].

More recent results showed that, besides the promising influence of the nitrile

group, ion-pairing effects and the viscosity of the IL play crucial roles in the catalytic

performances. In this regard, the good performances obtained in pyrrolidinium-

based ILs (Fig. 18c) have been attributed to their comparatively low viscosity [142].

In the framework of Stille coupling in ILs promoted by palladium nanoparticles,

important results for activity and recyclability were obtained using tetraalky-

lammonium salts bearing long alkyl chains, such as tetra-n-heptylammonium

bromide, in the presence of tetra-n-butylammonium hydroxide as base [141]. As

in the case of the Suzuki reaction, the process afforded high product yields starting

from aryl bromides, as well as simple or activated aryl chlorides. These substrates

were in fact successfully converted (yields up to 90%) at 90�C after 16 h reaction,

while deactivated electron-rich aryl chlorides turned out to be significantly less

reactive and afforded modest yields (10–40%) of biaryls. The high efficiency of the

catalytic system can be explained, as in the case of Suzuki reaction, in terms of the

nature of the base and of the length of the alkyl chains of the IL cation which can

ensure the nanoparticles stabilization.

Another interesting application of the IL system for promoting the Stille reaction

deals with the synthesis of ionic liquid supported tin reagents with the aim of

recycling the tin compounds (Scheme 26) [154].

ArX + R3SnR'
Pd cat

Ar-R' + R3SnX

Ar = aryl
X = I, Br or Cl

R = methyl or butyl
R' = alkyl, aryl or vinyl

Scheme 25 The Stille reaction

N
N

X

X= Cl, PF6, BF4, NTf2

N NR
N

n= 1-3
R= Me, (CH2)nCN
R'= H, Me
X= Cl, PF6, BF4, NTf2, N(CN2)

R'
n N

N

NTf2

a b c

Fig. 18 Nitrile-functionalized ILs based on (a) pyridinium (C3CNpy
+), (b) imidazolium

(RCNIm+ or (RCN)2Im
+), and (c) pyrrolidinium salts (C3CNpyr

+) with several anions
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The best results were achieved using iodobenzene as the substrate (the catalytic

system was inactive with bromobenzene) in the presence of 5 mol% of

Pd2dba3·CHCl3 reaching 98% yield in 112 h at 35�C. At the end of reaction, the

products, the remaining starting material and/or side products were extracted by

non-ionic liquid miscible organic solvents, while the palladium catalyst and the

halogen-tin supported ionic liquid remained in the IL phase. The Stille starting

material was regenerated by adding PhLi to this IL phase (Scheme 27).

Unfortunately, the activity of the catalytic system in the second run decreased,

and a conversion of 72% was observed after 184 h at 35�C. Poisoning of the

palladium catalyst by tin by-products and/or palladium and stannane leaching

were presumably responsible for the lowering of the catalytic activity in the recycle,

although the authors did not mention such hypothesis.

5 The Sonogashira Coupling

The Sonogashira reaction is known as the most powerful method for the formation

of substituted or non-substituted acetylenes and finds applications in the preparation

of pharmaceuticals, natural products, liquid crystalline materials, and conducting

polymers. Typically, the Sonogashira coupling occurs between an aryl (or vinyl)

halide and a terminal alkyne in the presence of a base (generally a tertiary amine),

copper(I) salts (usually CuI) as cocatalyst, and palladium with phosphane ligands in

organic solvents under inert atmosphere (Scheme 28) [155, 156]. Similar to the

Heck coupling, also this process does not require organometallic reagents in

stoichiometric amount, being Cu(I) used in catalytic amount. In addition, many

copper-free methods have been recently developed.

Since ILs have been successfully used as solvents in many transition metal-

catalyzed C–C bond coupling processes, they were also utilized for Sonogashira

coupling, but, differently from Heck or Suzuki reactions, less examples have been

reported.

N N
Sn(n-Bu)2Ph

I-

N N
Sn(n-Bu)2I

I-

PhI5

5

PhLi in THF
Stille
reaction

Ph-Ph

Scheme 27 Stille reaction with IL supported Sn reagent

N N
Sn(n-Bu)2Ph

I-
5

Scheme 26 Ionic liquid supported tin reagent
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The first reports on Sonogashira cross-coupling in ILs appeared in 2002, when

Ryu and coworkers developed a copper-free Sonogashira coupling in [bmim][PF6]

in a microflow system by using PdCl2(PPh3)2 as reusable catalyst and diisopro-

pylamine or piperidine as the base [157]. In the same period, the system Pd(OAc)2/

PPh3/CuI/Et3N in the same IL was reported to facilitate the coupling of aryl iodides

with different alkynes at 80�C with moderate to good yields [158].

In 2004, Alper et al. avoided the use of both copper salts and phosphane ligands,

by using a [(bisimidazole)Pd(CH3)Cl] as catalyst in [bmim][PF6] [159]. This system

proved to be very stable and could be recycled many times without any loss of

catalytic activity (Scheme 29).

In 2005, Corma and coworkers reported a comparative study between ionic liquids

and polyethylenglycol (PEG) as solvent media for a catalytic system comprising a

reusable palladium catalyst to be used in Sonogashira and Suzuki coupling reactions

[160]. The carbapalladacycle complex shown in Fig. 19a developed from

4-hydroxyacetophenone oxime and palladium salt was used as pre-catalyst. It was

found that PEG gave better results than ILs such as [bmim][PF6], [bmim]Cl, [bdmim]

[PF6] (bdmim ¼ 1,2-dimethyl-3-n-buthylimidazolium), probably due to the better

stability of the Pd complex in PEG than in the ILs tested.

Pan et al. synthesized symmetrical and unsymmetrical tribenzohexadehydro[12]

annulene and [12]annulenes via cyclotrimerization of iodoarylalkyne under

Sonogashira conditions in [bmim][BF4] using only 1% of CuI and minimizing

homocoupling side reaction (Fig. 19b) [161]. The coupling under the same

conditions but in THF as solvent did not occur.

R-X + R'H Pd(0) (cat), CuI (cat)

base (Et3N)
R'R

X= I, Br, Cl, OTf
R= aryl, alkenyl; R'= alkyl, aryl

Scheme 28 The Sonogashira reaction

+ R'HI
R

R'
R

[bmim][PF6]

NNH3C

NNH3C
Pd

Cl

CH3

Scheme 29 Sonogashira reactions in IL

PdHO
OH

Cl

2

I Pd(PPh3)4/PdCl2(PPh3)2

CuI, Et3N, [bmim][BF4]

a b

Fig. 19 (a) Carbapalladacycle complex used in the Sonogashira coupling in PEG. (b) Synthesis of

annulenes via cyclotrimerization of iodoarylalkyne
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In 2006, Trzeciak et al. [162] reported a simple as well as a carbonylative

Sonogashira cross-coupling of terminal alkynes with aryl iodides catalyzed by

PdCl2{P(OPh)3}2, in the presence of NEt3 in [bmim][PF6] or [mokt][PF6]

(mokt ¼ 1-methyl-3-octylimidazolium) as ionic liquids (Scheme 30, routes i and
ii). Moreover, in the absence of aryl iodide, the same catalytic system efficiently

catalyzed the head-to-tail dimerization of phenylacetylene to 1,3-diphenylenyne in

85% yield (Scheme 30, route iii). More recently, the protocol has been improved by

using several triarylphosphito ligands substituted on the phenyl ring [163].

Ryu et al. [164] carried out the carbonylative Sonogashira coupling of

iodoarenes in [bmim][PF6] at low pressure in a microflow system as well as the

Sonogashira coupling in ionic liquid following a combinatorial approach [165].

In 2007 Picquet and coworkers reported the first catalytic method for the copper-

free Sonogashira of unactivated aryl bromides in an ionic liquid. The protocol,

developed in [bmim][PF6] at 130
�C, uses [Pd(η3-C3H5)Cl]2/PPh3 as catalyst in the

presence of pyrrolidine as base and permits to couple aryl bromides with

phenylacetylene or 1-decyne in good yields [166].

Examples of Sonogashira coupling in pyridinium salts have been recently

reported [167, 168]. A copper- and phosphane-free reaction was performed in a

biodegradable ionic liquid derived from nicotinic acid, under ultrasonic conditions

(Fig. 20a). The system proved to be stable and highly recyclable [168].

A catalytic system based on carboxylate salts, acting as the base, ligand,

reducing agent and solvent, has been used for the copper and phosphane-free

Sonagashira coupling reaction of aryl iodides and bromides. The authors also

introduced a phosphorylated version of one of these ILs showing high efficiency

and recyclability under the same conditions (Fig. 19b) [169].

Ph H

ultrasound

I
PdCl2/Et3N/ILR R

IL= N Me

RO2C

NTf2

R

O

O R'2HN
OH

R = H, CH3, C3H5
R' = CH2CH2OH

OH2NH

O

O

H

O

O H3N
OPPh2

a b

Fig. 20 (a) Sonogashira reaction in a biodegradable ionic liquid derived from nicotinic acid.

(b) Ionic liquids based on carboxylate salts

H Ph-I / COPdCl2(P(OPh)3)2

IL, Et3N
C

O

i)

ii)

iii)

IL= [bmim][PF6] or [mokt][PF6]

Ph-I

Scheme 30 Various types of phosphito-Pd catalyzed Sonogashira cross-couplings in ILs
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A task-specific IL has been reported consisting of a hexafluorophosphate

imidazolium Pd-complex (Fig. 21a), which has been used as efficient and recycla-

ble catalyst for the Sonogashira reactions of aryl iodides and aryl bromides with

several terminal acetylenes in [bmim]PF6. No Pd leaching or deactivation was

observed even after several runs [170].

Recently, phosphonium amino acid ionic liquids have been found to be useful

for the copper-free and amine-free Sonogashira coupling reaction (Fig. 21b).

A hydrophobic and lipophobic ionic liquid permitted an easy separation of the

product from the catalytic solution, which could be efficiently reused [171].

6 The Ullmannn Homo-Coupling

The dimerization of aromatic halides, known as the Ullmann reaction, is a convenient

method for the synthesis of biaryls. For a long time, this coupling has been replaced by

analogous protocols, such as Suzuki, Stille, and Kumada, due to the need of an excess

of copper as promoting agent and the harsh thermal conditions (with temperatures

above 200�C).
However, the prevention in the use of stoichiometric amounts of expensive or

moisture-sensitive organometallic compounds (i.e., boronic acids, stannanes,

Grignard reagents etc.) can make this reaction of particularly attraction for industrial

applications.

A valuable version of the Ullmann reaction is the palladium-catalyzed homo-

coupling of aryl halides under reductive conditions, whichmakes use of amines, zinc

dust, molecular hydrogen, hydroquinone, alcohols, carbon monoxide, ascorbic acid

or formic acid salts. However, most of these reducing agents are environmentally

unsafe, and hence their replacement with clean and renewable substitutes, together

with the use of more eco-friendly solvents, is advisable.

Despite the intrinsic importance of biaryls, only few protocols have been developed

in benign solvents such as ionic liquids. The first onewas reported byRothenberg et al.

in 2006, who carried out the Ullmann homo-coupling at room temperature in [omim]

[BF4] (omim ¼ 1-methyl-3-n-octylimidazolium) as ionic liquid under electro-

reductive conditions [172]. The catalyst was made up of small Pd colloids (2 nm in

size) generated in situ in an electrochemical cell (Pd-anode and Pt-cathode), and the

N

N
P

Ph

Ph

Pd P

Ph

Ph

N

N

Bu

Me

Me

Bu

Cl

Cl
PF6

- PF6
-

R H R ArAr I+
Pd cat.

phosphonium-type
amino acid IL

H2N
O

O

R

IL= R4P

reaction mediumacid scavenger

a b

Fig. 21 (a) Sonogashira reaction in a biodegradable ionic liquid derived from nicotinic acid;

(b) ionic liquids based on carboxylate salt
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reduction was operated by the electric current flowing in the system, without the need

for an extra-reagent. Mechanistic insights revealed that catalysis occurs on the Pd

clusters surface and that water oxidation closes the catalytic cycle regenerating Pd(0)

(Fig. 22).

In 2009, Nacci et al. [173] reported the Ullmann homo-coupling of aryl, vinyl

and heteroaryl halides entirely performed in an ionic liquid. For the first time, an

aldehyde (propanal) was used as reducing agent and the tetraalkylammonium IL,

[Bu4N]OAc, assumed the multiple role of base, reaction medium and stabilizing

ligand for Pd colloid catalyst (Scheme 31).

With this protocol, bromo- and iodo arenes were coupled with good conversions

(70–90%) and under relatively mild conditions (70–90�C) to the corresponding

symmetrical biaryls in absence of other additives. The reducing equivalent was

[ArX]

X

[ArX]

X-

XX
-

Ar-X

Ar

Ar-X

2 Ar-Ar

H2O 2e-

O2 + 2H+ + X-

= Pd0

= Pd+

Ar

Ar

X
[omim][BF4]
25 °C

2 R RR
Pd NPs

X= I, Br

DV

Fig. 22 Proposed catalytic cycle for the electroreductive Pd colloids Sonogashira coupling in

[omim][BF4] (adapted from [172])

Ar Br
CH3CH2CHO

Pd NPs

Ar Ar2

70-90 °C
Ar = aryl,
vinyl,
heteroaryl

X= I, Br

- CH2=CHCHO

melt [Bu4N]OAc

Scheme 31 The Ullmann coupling carried out with aldehydes as reducing agents
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furnished by the dehydrogenation of the aldehyde and the advantage of the method

was the simple preparation by mixing the substrates and palladium acetate in the IL,

followed by the in situ formation of the catalytically active species. With propanal

as reductant, the workup was facilitated by evaporation of the volatile by-product

(acrolein).

Remarkably, the simple change of the IL anion leads to a dramatic change of the

reaction mechanism. In fact, when [Bu4N]OAc was replaced by [Bu4N]Br as the

ionic solvent, the Heck α-arylation prevailed over the Ullmann homo-coupling.

This different behavior can be accounted for on the basis of the different

coordinating ability of bromide and acetate anion of the two ionic solvents that

would make catalysis to follow two different pathways (Scheme 32). In [Bu4N]OAc

as the solvent, the weaker coordinating acetate ion, rendering the palladium atom

cationic in nature, leads to addition of the metal to the more nucleophilic position of

the double bond of the enolate ion, that is the α position (path a). By contrast, in

[Bu4N]Br the anionic nature of palladium should prevail, and the addition of the

metal would occur to the more electrophilic side of the double bond, affording

prevalently the Heck product (path b).
The Ullmann homo-coupling was also carried out in water under emulsioned

conditions, using glucose as a clean reductant and [Bu4N]OH as surfactant. In these

studies, both free and supported nanoparticles were employed [174, 175]. In the

latter case, the heterogeneous catalyst was made up of Pd colloids on zirconium

oxide. Tetrabutylammonium hydroxide in water played the special role of creating

a favorable environment for the catalyst. Indeed, in the emulsioned mixture

generated by the surfactant, reactions presumably occurred in the layer surrounding

the nanoparticles surface, where a high concentration of the base OH– is likely

reached, with a corresponding increase of the reaction rate.

Very recently Cheng et al. developed a catalyst system based on Pd nanoparticles

suitable to perform the Ullmann reaction of aryl chlorides in an economical and green

mixture of IL and super critical CO2 (scCO2). The combination of IL and scCO2

provided superior advantages in terms of product separation, catalyst recycling and

reuse of reactionmedia over traditional organic solvents. In a first protocol [176], they

used a Brønsted-acidic imidazolium IL such as 1-butyl-3-(sulfobutyl)-imidazolium
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Scheme 32 The anion-dependence of the reaction mechanism (adapted from [173])

274 P. Mastrorilli et al.



hydrogen sulfate {bmim(HSO3C4)][HSO4]}, which acts as active hydrogen donor and

stabilizing agent for Pd colloids. In a successive method [177] they introduced

graphene oxide as support for palladium nanoparticles. This novel support bearing

abundant carboxylic, hydroxyl, epoxy and aldehyde groups, replaced efficiently the

traditional active hydrogen donor with much enhanced product separation efficiency.

7 The Negishi Reaction

First discovered in 1977, the Negishi coupling is an important nickel or palladium-

catalyzed cross-coupling reaction which occurs between an organozinc compound

and a variety of organic halides (aryl, vinyl, benzyl, or allyl). Allyl halides provide, in

general, superior chemical yields and higher functional group tolerance [178, 179].

The first example of Negishi coupling in ILs was reported in 2000 byKnochel et al.

who used a TSIL bearing a diphenylphosphane group in the 2-position of the

imidazolium ring as a ligand for palladium (Scheme 33) [180]. The Negishi cross-

coupling was carried out in [bdmim][BF4]/toluene (bdmim ¼ 1-butyl-2,3-dimethyli-

midazolium) biphasic system and the 2-imidazolium-PPh2–Pd complex promoted the

reaction at room temperature in short times with high yields.

The same 2-imidazolium-PPh2–Pd complex promoted the cross-coupling of

3-iodo-2-cyclohexen-1-one with an arylzinc reagent in [bmim][BF4]/toluene

(Scheme 34) with high yield (90%) in short time (20 min). However, the catalytic

activity of the recovered catalytic system decreased significantly after the third

cycle. The poor recyclability observed, probably due to zinc contamination effects,

discouraged further studies on the use of ILs as solvents for the Negishi reaction.

I ZnBr

R2
R1

R2
+

Pd(dba)2 2% / L 4%

[bdmim][BF4]/toluene

rt, 20 min- 5 h yields = 70-92 %

L= NNMe

PPh2

PF6
-

R1

Scheme 33 2-imidazolium-phosphine used as Pd ligand in the Negishi reaction in IL

O

I

ZnBrNC

O

CN

[bmim][BF4]/toluene
rt, 20 min

+

90 %

Pd(dba)2 2% / L 4%

Scheme 34 Negishi coupling with an alkenyl iodide in IL
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8 Conclusions and Outlook

In the past decade extraordinary advances in using ILs as the solvent media for

catalysis have been reached. Concerning the palladium-catalyzed C–C coupling

reactions, it is difficult to draw succinct conclusions on the impact of ILs on the

catalyst performances, as the effect of ILs depends on the Pd precursor used, on the

presence and nature of a base, and on the reactants. Nevertheless, many strides in

the comprehension of the complex interactions between ILs and solute species that

can affect their reactivity have been achieved. Although the results presented in this

chapter can give an idea on the progress in this field, still much remains to be

discovered.

It is commonly accepted that the catalytically active Pd species is determined in

many cases by the nature of the ionic liquid, that may also act as a “reservoir” of

active species consisting not only of molecular compounds such as Pd-carbenes,

Pd-cationic species, anionic complexes such as [Pd0L2X]
–, but also of small Pd(0)

clusters, bigger Pd nanoparticles or colloids. In the case of colloids, it is assumed,

and in some instances demonstrated, that the reaction proceeds through the oxida-

tive addition of the aryl halide on the Pd nanoparticle surface, and the oxidized Pd

species thus formed are detached from the surface and enter the main catalytic cycle

as an active molecular species.

In many cases, the effect of the IL on the reaction outcome can be so large that a

simple change of the IL can lead to a radical change of mechanism, as exemplified

by results obtained in the regioselctive arylation of allyl alcohols, or in the Heck

arylation of electron-rich olefins. A remarkably profound impact of the IL type on

C–C bond forming reactions is that observed in the coupling of aryl halides with

aldehydes, which affords products of Heck cross-coupling when carried out in

[Bu4N]Br and of Ullmann homo-coupling when performed in [Bu4N]AcO.

The research in Pd-catalyzed cross-coupling reactions in ionic liquids is particu-

larly lively nowadays and very recent applications, for example, the task-specific

ionic liquids (TSILs), or the supported ionic liquid phase (SILPs or brush ILs) as

well as chiral ionic liquids (CILs) can be considered the new horizons of the

investigations in this field.
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174. Monopoli A, Calò V, Ciminale F, Cotugno P, Angelici C, Cioffi N, Nacci A (2010) Glucose

as clean and renewable reductant in the Pd-nanoparticles-catalyzed reductive homocoupling

of bromo- and chloro-arenes in water. J Org Chem 75:3908–3911

284 P. Mastrorilli et al.
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RTILs in Catalytic Olefin Metathesis Reactions

Cédric Fischmeister and Christian Bruneau

Abstract The homogeneous catalytic olefin metathesis reaction has found a tre-

mendous interest in the past 20 years and multiple applications have now emerged

in fine chemical synthesis and polymer chemistry. Immobilization of olefin metath-

esis (pre)catalysts in room temperature ionic liquids (RTILs) offers the opportunity

to recover and in some cases reuse the catalyst and it is also a practical way to

reduce the level of metal contaminants in the desired products. This chapter covers

the research in this field from the early days with an emphasis on recent results and

with a critical look at the origin of catalyst recycling.
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1 Introduction

The transformation of carbon–carbon double bonds by olefin metathesis has

known a tremendous growth over the last two decades owing to the continuous

development of more efficient, selective and stable catalysts [1–8]. The early

proposal of the catalytic mechanism was undoubtedly determining for such a fast

and important development ([9]; Y. Chauvin, R. R. Schrock and R. H. Grubbs

shared the Nobel Prize 2005 for their major contribution to the development of

olefin metathesis [10–12]) making this transformation a recognized and powerful

synthetic tool of interest in organic as well as polymer synthesis (Scheme 1)

[13–21]. More recently, olefin metathesis has found a growing interest for the

transformation of renewables in particular for the production of polymer precursor

arising from plant oils [22–26]. Owing to these developments, industrial

applications employing olefin metathesis should be expanding in particular for

the production of bio-sourced compounds [27]. Thanks to the continuous

improvements of catalyst efficiency achieved over the last 20 years, high

performances and productivities are now accessible. However, even though low

catalyst loadings are possible, at high scale, catalyst or metal separation and

recovery are still important issues for several reasons including prevention of

product contamination as well as reduction of costs. Furthermore, organometallic

species arising from catalyst decomposition may promote undesired side

reactions. For these reasons, several strategies have been implemented in order

to achieve efficient separation of the catalysts from the reaction products. For

example, a variety of ruthenium scavengers or catalysts designed for improved

separation by column chromatography have been reported [28]. Many efforts have

also been dedicated to catalyst immobilization onto various organic or inorganic

supports [29, 30] and Organic Solvent Nanofiltration recently appeared as a new

promising process for the separation of ruthenium based catalysts [31–34]. Nev-

ertheless, immobilization of olefin metathesis catalysts in non-conventional reac-

tion media has received most attention over the last 10 years [35, 36]. In particular

the use of ionic liquids as reaction media has been extensively described aiming at

facilitating catalyst separation from the reaction products and also at recycling

or reusing the immobilized catalysts. This last point relied essentially on the

admitted “boomerang” or “release and return” mechanism of the Hoveyda type

catalysts [37]. However, in the light of recent research showing that this mecha-

nism is not operating [38], it is likely that most of the results based on catalyst

recycling were rather due to the formation of a catalyst reservoir in the ionic liquid

media that was gradually emptied upon running successive catalytic cycles. In this

chapter, we will survey the numerous reports on olefin metathesis in RTILs with

an emphasis on recent results that have not been covered by previous reviews on

the topic [39, 40].
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2 Olefin Metathesis in Room Temperature Ionic Liquids

2.1 Pioneering Work

In the 1990s, the group of Chauvin at the Institut Français du Pétrole (now IFP-

Energies Nouvelles) extended the use of organochloroaluminate ionic liquids to a

number of catalyzed transformations in particular the dimerization of butenes

(Difasol). These ILs were also used for metathesis transformation of short olefins.

Thus, using the tungsten precursor W(OAr)2Cl4 (ArOH ¼ 2,6-diphenylphenol or

2,4,6-triphenylphenol) in [bmim][Cl]/AlCl3/EtAlCl2 (bmim ¼ 1-butyl-3-methyl

imidazolium), the self-metathesis of 1-pentene furnished ethylene and 4-octene

[41]. Of note, the catalyst was quite soluble in the ionic liquid phase and did not

leach into the hydrocarbon phase allowing its reuse after decantation.

Ring-Closing Metathesis (RCM) Ring-Closing Ene-Yne Metathesis (RCEYM)

n

n

Ring-Opening Metathesis Polymerization
(ROMP)

R1 R2+

cat. cat.

cat.

cat.
R1

R2

R1
R1 R2

R2

+

+

+

+

Olefin Cross-Metathesis (CM)

R1
+ R2 R3

cat.
R1

R3

R2
R2

R3+

Ene-Yne Cross-Metathesis (EYCM)

n

n
Acyclic Diene Metathesis Polymerization

(ADMET)

cat.

R1

+

+

Scheme 1 Some of the olefin metathesis transformations
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2.2 Neutral Catalysts

2.2.1 Ruthenium Based Catalysts

Shortly after Chauvin reported on olefin metathesis in room temperature ionic

liquids (RTILs), several groups investigated the olefin metathesis reaction in

RTILs employing neutral catalysts. In 2001, Buijsman reported a study on the

ruthenium catalyzed RCM of various dienes performed in [bmim] based ionic

liquids [42]. It was shown that Grubbs 1st generation C1 and 2nd generation C2
were very efficient for the RCM of compound 1 (Scheme 2). In particular, when a

5 mol% catalyst loading of C1 was used it was shown that following extraction by

diethyl ether the residual ruthenium content of the product was 3,200 ppm. For

comparison the same reaction conducted in dichloromethane (DCM) furnished a

product containing 1,700 ppm of ruthenium after purification by column chroma-

tography. Attempts to reuse catalysts C1 andC2 were not successful as conversions
dropped down after two cycles even when a high initial catalyst loading of 5 mol%

was used.

Microwave activation of olefin metathesis catalysts in RTILs was reported in

2002. Impressive rate enhancements were obtained as the RCM of diethyl

diallylmalonate (DEDAM) was completed within 15 s in [bmim][BF4] even though

a rather high catalyst loading of C2 was employed for this type of reaction [43]. The

authors postulated a non-thermal effect as none of the reaction conducted in a

domestic microwave-oven exceeded a temperature of 33�C. However another

study employing laboratory designed microwave equipment demonstrated that rate

enhancement was most certainly due to a thermal microwave effect [44]. So far

limited to RCM reactions, self-metathesis transformations of various substrates in

RTILs were investigated by the groups of Tang [45] and Williams [46]. Grubbs

catalyst C2 was used for the self-metathesis of styrene in [bmim][PF6]. The isolated

yield of (E)-stilbene obtained in [bmim][PF6] at 45
�C with 2.5 mol% of C2 was

slightly better than that of the reaction performed in DCM under identical conditions

N
N

O

Ph
O

[bmim][PF6]
80 °C, 1 h.

C1, 5 mol%
N

N

O

Ph
O

2, 98%1

Ru
Cl

Cl

C1

Ph
Ru

Cl

Cl
NMesMesN

C2

PCy3

PCy3 PCy3
Ph

Mes =

Scheme 2 RCM in [bmim]

[PF6]
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(85% vs. 81%). Following extraction with diethyl ether, the ionic liquid solution

could be reused three times with only low loss of productivity. The authors

demonstrated that this gradual decrease was due to catalyst leaching in the organic

phase. It was also demonstrated that recycling performances dropped upon increas-

ing the reaction temperature and duration as a result of faster catalyst decomposition.

Williams studied the self-metathesis of 1-octene 3 using various catalysts and

compared the conversion and selectivity of reactions performed without solvents

and in ionic liquids (biphasic reaction mixture). First generation Grubbs catalyst C1
and a related complex bearing a phoban phosphine ligand were evaluated and

showed rapid deactivation in both the solventless and ILs reactions. When Grubbs

catalyst C2 was used, high conversions were obtained and interestingly the selectiv-
ity for 7-tetradecene 4 was much higher when ILs were used as reaction media. This

result was ascribed to secondary metathesis product (SMP) formation resulting from

double bond migration occurring under solventless conditions. These side reactions

would be inhibited in ILs. The more stable Hoveyda type catalysts C3 and C4 have

been extensively used in RTILs. Williams used Hoveyda catalyst C4 for the above-

mentioned transformation and found that this catalyst was the most efficient as high

conversions and selectivity were reached under both types of reaction conditions

although higher selectivity was yet observed in ILs. Furthermore, lower leaching of

catalyst into the organic product was measured by ICP with C4 (2%) whereas 72%

of Ru had leached when using the first generation Grubbs catalyst C1. This study
clearly highlighted the beneficial impact of ILs on the reaction selectivity not only

when reactions were conducted in pure ILs but also when ILs were used as additives

in solventless reactions (Scheme 3).

2.2.2 Transformation of Renewables in RTILs

Metathesis transformations of renewables in particular fatty acid methyl esters

(FAMEs) have attracted a strong interest from academia and industry in recent

years in particular for the preparation of polymer precursors [22–26]. Ethenolysis

of methyl oleate 5 leads to methyl 9-decenoate 6 and 1-decene 7, two compounds of

interest for polymer synthesis [47, 48]. This transformation was investigated in ionic

liquids with the aim of reusing the immobilized catalyst [49]. A preliminary catalyst

screening in toluene identified catalystC3 as the most efficient and selective catalyst

whereas C4 led to large amounts of SMPs resulting from double bond migration. In

toluene the best results were obtained at room temperature under 1 bar of ethylene

pressure. Under these conditions and using 2.5 mol% of catalyst, the reaction

proceeded with 93% conversion and the reaction products were isolated in 93%

yield. Higher temperature led to lower selectivity and higher pressure only allowed

marginal improvement of the reaction performances (Scheme 4). When the reaction

was performed in an ionic liquid media, the same level of performance could be

reached provided a higher amount of catalyst and higher ethylene pressure were

used. Due to the high initial catalyst loading, C3 in [bdmim][NTf2] ([bdmim] ¼
1-butyl-2,3-dimethylimidazolium) could be reused twice maintaining almost the
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same level of performances but in that case traces of self-metathesis products were

detected.

In 2009, the group of B. Marvey in South Africa evaluated the interest of RTILs

for the self-metathesis of methyl oleate using the Grubbs 1st and 2nd generation

catalysts C1 and C2 [50]. First the influence of different counter anions associated

to [bmim] was studied. The self-metathesis of methyl oleate 5 was thus conducted

in [bmim][PF6], [bmim][BF4] and [bmim][NTf2] using C1 and C2 catalysts at

20�C. In all cases the biphasic mixture led to conversions in the range 50–60%

after 4 h with full selectivity towards the self-metathesis products 7 and 8 hence no
major difference with regards to the counter anions was visible. Increasing the

reaction temperature had a beneficial impact on the conversion but the selectivity

decreased due to the formation of SMPs. As already reported [49] these side

metathesis products were formed in higher amounts using the NHC based second

generation catalyst C2. The same reaction was repeated in several conventional

organic solvents (DCM, dichloroethane, toluene and chlorobenzene) and compared

to that performed in the RTIL allowing the best results, namely [bmim][BF4].

Amongst the organic solvents tested the best result was obtained in DCM but the

performance in this solvent was slightly lower than in [bmim][BF4] hence showing

an interest for running this reaction in an ionic liquid media (Scheme 5).

C3

Toluene, C3 (2.5 mol%), 1 bar, 3.5 h: Conv.: 93 %, Selectivity: 100%
[bdmim][NTf2], C3 (5 mol%), 10 bar, 2h: Conv.: 83 %, Selectivity: 100%

MeO2C 7
MeO2C +

5

7

20 °C
7

+ H2C CH2

7

methyl 9-decenoate 6 1-decene 7

O

Ru
Cl

Cl
PCy3

Scheme 4 Ethenolysis of methyl oleate 5 in toluene and [bdmim][NTf2]

C4, 0.02%

O

Ru
Cl

Cl
NMesMesN

C4

Solventless Conv.: 93%, Selectivity: 91%
[edmim][NTf2] Conv.: 92%, Selectivity: 97%
Solventless + 10 equiv. [edmim][NTf2]/Ru

Conv.: 96%, Selectivity: 98%

3 440 °C, 5 h

H2C CH2-

[edmim] = 1-ethyl-2,3-dimethylimidazolium

[NTf2] = N[(SO2CF3)2]

Scheme 3 Self-metathesis of 1-octene
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This synthetic protocol was extended to the self-metathesis of methyl ricinoleate

9, a FAME arising from the non-edible castor oil [51, 52]. In addition to the

catalysts and ionic liquids used in their previous work, Hoveyda catalysts C3 and

C4 and [bdmim] cations were studied (bdmim ¼ 1-butyl-2,3-dimethyl

imidazolium). Catalyst C4 proved to be a little more efficient than the Grubbs

catalyst C2 for the self-metathesis of methyl oleate 5. In addition, the use of

[bdmim] led to slightly better results than [bmim] cation. However, the self-

metathesis of methyl ricinoleate was studied in [bmim][X] RTILs using catalysts

C1 and C2 at 60�C. The best result was obtained with C2 catalyst with almost

negligible influence of the ionic liquid anion (conv.: 55–58%). The performances

were slightly lower than those obtained with methyl oleate under identical

conditions (Scheme 6).

2.2.3 Early Transitions Metals

Following the pioneering work by Chauvin (see Sect. 2.1), tungsten catalyzed olefin

metathesis in RTILs was investigated by Vasnev [53]. The self-metathesis of

1-hexene 11 catalyzed by WCl6 (8 mol%) was performed at 20�C in [bmim][PF6]

and [bmim][BF4] (Scheme 7). In both cases, low conversion was reached (<20%) and

the major product was not the expected dec-5-ene 12 but instead oct-4-ene 12a was

obtained due to a preliminary fast isomerization of 1-hexene 11 into 2-hexene 11a.
These results could be slightly improved by using tin promoters in particular SnBu4.

In that case the conversion reached 25% and the reaction led very selectively to

C2, 1%

CO2Me

CH2Cl2: Conv.: 51.3%, Selectivity: 100%
[bmim][BF4]: Conv.: 58.8%, Selectivity: 100%

CO2Me7 7

MeO2C

+
Methyl oleate 5

7 7

7 7

20 °C, 4 h

7

8

Scheme 5 Solvent comparison for the self-metathesis of methyl oleate 5

C2, 1%

CO2Me

[bmim][BF4]: Conv.: 56%, Selectivity: 99%
Self metathesis of 5 Conv.: 78%, sel.:94%

MeO2C 7

MeO2C

+

Methyl ricinoleate 9

7 7

60 °C, 4 h
5

OH
OH

OH
55

7

10

Scheme 6 Self-metathesis of methyl ricinoleate 9
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oct-4-ene 12a. This catalytic system was recently used for the ethenolysis of 4-octene

and 4-pentenol [54]. In both cases, complex reaction mixtures were obtained due to

the presence of double bond migration and self-metathesis reactions.

The first generation of Schrock type catalysts are very efficient and selective

catalysts in a variety of metathesis reactions [4, 55]. However, due to their higher

sensitivity towards moisture and functional groups, their implementation in RTILs

media is seldom. An early example of the use of catalystC5 was reported in 1999 in
a Bayer AG patent [56]. In this example C5 was used for the ROM-Cross metathe-

sis of norbornene 13 with allyl silane 14 in a biphasic mixture of [emim][Cl] and

hexane in the presence of 4 equiv. of AlCl3 (Scheme 8). In 2007 a second study

employing C5 (R ¼ iPr) in a RTIL was reported by Bowden [57]. Several RCM

and CM reactions were conducted in [bmim][PF6]. In all cases, excellent yields

were obtained when reactions were conducted at 75�C using a 5 mol% catalyst

loading thus showing a similar level of performance as the same reaction performed

in DCM at r.t. The ROMP of strained norbornene derivatives was also tested

resulting in uncontrolled polymerization. Interestingly, an effective protocol for

the separation of the reaction products and the solvent using a tailor-made

polydimethylsiloxane (PDMS) thimble was also reported.

2.3 Ionic Catalysts

Cationic ruthenium allenylidene complexes C6 as olefin metathesis catalysts were

disclosed by Dixneuf and Fürstner in 1998 [60]. Due to their ionic character, these

complexes are very soluble in classical RTILs. The first report on the use of such

catalyst in RTILs came from Bayer in 1999 [56]. It was shown that the RCM of 1,7-

octadiene proceeded with modest yield (32%) when performed in [bmim][Cl] in the

presence of AlCl3 and methyl t-butyl ether as co-solvent. In 2002 and 2003, better

results were reported with this catalyst C6 by Dixneuf and Bruneau. In particular it
was shown that the choice of the ionic liquid anion was very important to control

both the reactivity and selectivity of the catalyst in RCM reactions. It was proposed

that anion exchange with the complex anion could occur resulting in variations of

-
X

WCl6

11 12

12a
-

11a

[bmim][BF4]
20 °C

Scheme 7 Tungsten catalyzed self-metathesis of 1-hexene 11
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the catalyst properties since it was earlier shown that the reaction outcome was

strongly dependent on the catalyst anion [60]. Hence, since the best catalysts were

based on OTf or PF6 anions, the ionic liquids should also contain the same anion

[61]. In 2003, the first ROMP in RTILs was reported [62]. Norbornene 13 was

polymerized in high yields in a biphasic mixture of [bdmim][PF6] and toluene and

the catalyst immobilized in the ionic liquid phase could be reused four times

(Scheme 9). Further studies on polymerization reactions employing C6 as catalyst

were reported by Rooney in 2009. The influence of the counter anion was yet

evidenced upon monitoring the σcis parameter in different solvents as a probe of

catalyst efficiency [63].

2.4 Ionically Tagged Catalysts

Following the early reports on olefin metathesis in ionic liquids employing neutral

and ionic catalysts, it became obvious that efficient immobilization of neutral olefin

metathesis catalysts in ILs in view of low leaching and potential recycling would be

greatly enhanced by anchorage on an ionic tag. Thus several strategies were

C
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C
C Ph
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+
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n13

Scheme 9 Polymerization of norbornene in ionic liquids
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implemented for the introduction of such ionic tags on metathesis catalyst ligands.

Most of the research reports deal with the modification of the stable Hoveyda type

catalysts (C7–C23, C25, Scheme 10). Owing to the admitted boomerang mechanism

and because of easier synthetic protocols, ionic tags were exclusively introduced on

the chelating alkoxy-benzylidene ligand. Grubbs type complexes bearing tagged

phosphine were investigated to a lower extent (C24, Scheme 10). These catalysts

were used under three different types of experimental conditions: in pure RTILs, in

monophasic DCM/RTILs mixtures or in biphasic toluene/RTILs conditions.

Two similar types of first generation complexes (C7 and C9) were reported

almost simultaneously in 2003 by the groups of Mauduit and Yao [64, 65]. Ligand

synthesis from commercially available compounds required eight steps in both

cases. The activity and recyclability of catalyst C7 were evaluated in pure [bmim]

[PF6] for the RCM of diallyltosylamide 15 using 2.5 mol% of catalyst. Almost full

conversion was reached after 45 min at 60�C and following extraction of the organic

product with toluene, the ionic liquid phase containing the C7 catalyst could be

reused up to five times without drop of conversion (Scheme 11). However, when

more demanding substrates were used, the possibility to reuse the initial loading of

catalyst was reduced. In the same manner, catalyst C9 was evaluated in the RCM of

a longer chain tosylamine substrate leading to 7-membered ring. However, in that

case the reaction was performed in a monophasic mixture of DCM and [bmim][PF6].

Similarly to C7, a rather high 5 mol% loading of C9 could be reused several times

before the conversion dropped. These two studies evidenced the superiority of the

ionically tagged complexes in terms of reusability. Indeed, complexes C1 and C3
were found to be poorly reusable as the result of their fast extraction from the ionic

liquid phase.

The more reactive second generation of both types of complexes was logically

prepared shortly after the first generation with the aim of increasing the stability of

the catalysts and improving their performances with sterically demanding

substrates [66, 67]. These goals were only partially reached since complex C8
proved ineffective for the challenging RCM of 18 even under optimized solvent

mixture of [bmim][PF6]/toluene (25/75) whereas it could be reused in the RCM of

16 and 17 (Scheme 12) [68]. Interestingly, when C8 was used under biphasic

conditions, the organic products extracted contained a very low residual amount of

ruthenium typically below 22 ppm even though a rather high initial catalyst

loading of 5 mol% was used.

Complexes C11 and C12 were prepared with the objective of shortening the

synthesis of the ionically tagged ligands and to increase the catalyst efficiency in the

latter case [69]. Indeed, it was shown by Blechert that substitution at the ortho

position of the coordinating ether resulted in higher activity of the catalyst due to the

weakening of the Ru–O bond hence facilitating catalyst initiation [70]. However,

both catalysts displayed modest activities in [bdmim] or [bmim] based ionic liquids

in the RCM of 15 and 16. As expected, C12 was more efficient than C11, which
certainly suffered from low stability resulting from the presence of a O–CH2

coordinating ether instead of a O–iPr [71]. Due to its faster initiation, C12 showed

a lower reuse capability than C11. Catalyst C13, the second generation version
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of C12, was reported in 2008 by Wakamatsu [72]. As a second generation catalyst,

C13 exhibited a very high activity for the RCM of various dienes in

dichloromethane/[bmim][PF6] mixture. However, its reuse was limited to only

four cycles with high yields for the RCM of 16 with a high initial catalyst loading

of 5 mol%. In order to take advantage of fast catalyst initiation promoted by electron

withdrawing groups [73], Grela and Mauduit prepared complex C14 bearing a

pyridinium ion playing the dual role of ionic tag and initiation booster [74]. As

anticipated this catalyst showed better activity than C4 and C8 for the RCM of 17 in
DCM. The recyclability of this complex was also evaluated in a solvent mixture of

toluene and [bmim][PF6 or BF4]. As observed with sterically promoted fast initiating

complexes C12 and C13, C14 showed modest recycling properties. In both cases

and considering that the boomerang mechanism is operating the authors attributed

this lower recyclability to an inhibited recoordination of the ionically tagged ligand.

Alternatively, it might also be considered that enhanced initiation results in faster

depletion of the catalyst reservoir immobilized in the ionic liquid. Having

demonstrated that fast initiating catalyst was not the best suited catalyst, pyridinium

tagged complexes C15 and C16 were prepared aiming at finding the best compro-

mise between activity and reusability [75, 76]. The propylene bridged pyridinium

C16 displayed similar activity and reusability properties as C8 hence demonstrating

that the nature of the ionic tag was not a determining parameter. C15 led to the best

compromise between activity and recyclability. As shown in Table 1, C15 allowed

the best performances for a series of RCM of the sterically hindered diene 19. Here
also, the metathesis reactions were performed in a biphasic mixture of [bmim][PF6]/

toluene using a high initial catalyst loading (Scheme 13).

Several other ionically tagged olefin metathesis catalysts based on the Hoveyda

architecture displaying original linkers between the standard chelating ligand and the

ionic tag were reported. As observed with C11, complexes C17 and C18 confirmed

the beneficial role of a branched ether ligand with regards to a linear aliphatic chain

[77]. Of note when the RCM of 16 was attempted in a mixture of [bmim][PF6] and

toluene using a reasonable catalyst loading (0.25 mol% ofC17) the catalyst could be
reused only one time without loss of conversion. ComplexesC19–C22were reported
by Lee in 2009. It was demonstrated that non-precarbenic ionic tag (R ¼ CH3) and

ionic liquids ([bdmim]) led to improved recycling performance and lower ruthenium

EtO2C
EtO2C

EtO2C

EtO2C
EtO2C
EtO2C

16 17 18

Scheme 12 Benchmark

RCM substrates

NTs N Ts
C7, 2.5 mol%

[bmim][PF6]
60 °C, 45 min.

+ H2C CH2

conv. > 98 % for 5 cycles15

Scheme 11 RCM of

diallyltosylamine 15
in [bmim][PF6]
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leaching in the organic phase [78]. C20 and C22 were also evaluated in cross-

metathesis reactions of ester 21 and methyl acrylate 22 (Scheme 14a). If high

conversions were reached, the use of an RTIL media had no influence on the

stereoselectivity of the reaction and 23 was obtained as the E isomer, which is a

general feature in cross-metathesis reactions involving methyl acrylate [25, 79, 80].

In addition poor recycling was achieved with this more demanding reaction since the

conversion dropped below 14% upon running a second cycle. Another study on

cross-metathesis reaction in ionic liquids employing C8 and C8’ led to similar

conclusions albeit slightly different results were obtained [81]. Indeed, better

performances in terms of catalyst reuse were obtained but in this case an initial

catalyst loading of 5 mol% was used (Scheme 14b). Surprisingly, even with this

much higher catalyst loading, the efficiency on the first cycle was lower than that

reported by Lee with 1 mol% of catalyst C20. This difference may find its origin in

the nature of the ionic liquid cation ([bdmim] and [bmim]) and in the different

concentrations used since higher concentrations are beneficial for cross-metathesis

reactions involving methyl acrylate [25]. In both studies, the excess of methyl

acrylate necessary for this type of reaction was postulated as responsible for the

low reusability of the catalysts.

The original anion (carbollide) tagged complex C23 was reported in 2007 [82].

This catalyst performed very well on a series of RCM reactions run in DCM. It was

also evaluated in [bmim][PF6] for the RCM of 15. As reported with other

complexes, the high initial loading of 2.5 mol% could be reused up to ten times

at 40 �C with only little decrease of the conversion.

Being the archetype of stable precatalyst, the Hoveyda type architecture has been

almost exclusively used when catalyst immobilization and recycling were targeted

not only in ionic liquids but also for other types of immobilization or heterogenization

[5, 29, 30]. Nevertheless, in 2008 Dupont reported the ionically tagged Grubbs type

catalyst C24 [83]. Interestingly, a low initial catalyst loading (0.25 mol%) of this

catalyst could be reused several times at 45 �C for the efficient RCM of 1,7-octadiene

in biphasic solvent mixtures of toluene and [bmim] based RTILs. These results

clearly indicate that careful investigation of both catalyst stability and initiation/

propagation mechanism and kinetics in RTILs of the various type of olefin metathesis

Table 1 Comparative

recycling of C14–C16
in the RCM of 19 Catalyst

Cycle/conversion (%)

1 2 3 4 5 6

C14 >98 95 65 6 – –

C15 >98 >98 >98 >98 >98 >98

C16 >98 >98 >98 >98 93 91

TsN

19 20

TsN
C14/C15/C16 5 mol%

[bmim][PF6]/toluene
(1/3)

25 °C, 3h

Scheme 13 RCM of 19
catalyzed by pyridinium

tagged catalysts
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catalysts have to be addressed. Surprisingly, it was also shown that the neutral

catalyst C2 could be reused up to four times with this type of biphasic solvent

mixture provided extended reaction durations were used. Catalysts C17 and C24
were later used for a tandem orthogonal [84] isomerization/metathesis process of

trans-3-hexene into a mixture of olefins containing four to seven carbon atoms [85].

In this example, biphasic mixtures of RTILs and toluene were employed with a

toluene soluble isomerization catalyst RuHCl(CO)(PPh3)3 and catalystsC17 andC24
immobilized in [bmim][PF6]. By this means and owing to the poor affinity of olefins

for this type or RTIL, the metathesis reaction was slowed with regard to the

isomerization reaction hence resulting in a broader olefin distribution.

2.5 Supported Ionic Liquid Phase and Catalyst

Immobilization of olefin metathesis catalysts as supported ionic liquid catalyst

(SILC) was described in 2008 by Hagiwara [86]. These catalysts were prepared by

mixing a suspension of a porous inorganic solid and a solution of ruthenium catalyst

in an ionic liquid dissolved in THF. The SILC was obtained after THF evaporation

and diethyl ether washings. The highest loading (>99%, 0.03 mmol g�1) was

obtained with Grubbs C1 catalyst and [hmim][PF6] using alumina as the inorganic

support. Lower loadings were obtained with Grubbs C2 and Hoveyda C4 catalyst.

Attempted immobilization of C1 performed without IL led to a lower loading of

0.02 mmol g�1. The RCM of 16 was used to evaluate the catalytic efficiency of the

SILCatalysts. Modest performances were obtained as the product was isolated in

77% after 2.5 h refluxing in benzene. The reaction did not proceed at all in other

solvents in particular in DCM which is a solvent of choice for olefin metathesis

Ph O

O

CO2Me

Ph O

O

CO2Me

1st cycle 90% (E/Z = 15/1)
2nd cycle 14% (E/Z = 15/1)

C20 1 mol%

[bdmim][PF6]/toluene
1/3

r.t., 4 h
c = 0.5 M

+

22, 2 equiv.

H2C CH2-

(a)

Ph O

O

CO2Me

1st cycle 80%;79% (E/Z = 99/1)
2nd cycle 82%;86% (E/Z = 99/1)
3rd cycle 70%;65% (E/Z = 99/1)
4th cycle 70%;42% (E/Z = 99/1)
5th cycle 40%;19% (E/Z = 99/1)

C8 or C8' 5 mol%

[bmim][PF6]/toluene
1/4

r.t., 3 h
c = 0.2 M
H2C CH2-

(b)

C8;C8'

21 23
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Scheme 14 Cross-metathesis with methyl acrylate in RTILs
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reactions. Finally, the catalytic solid could be reused up to six times with similar

yields provided the reaction time was extended from 1 to 2 h. This process was

extended to catalyst C4 and to the synthesis of macrocyclic lactones affording 13- to

18-membered lactones in satisfactory yields [87]. Another original use of a SILC

consisted in a continuous flow process as reported in 2010 [88]. Catalyst C8 was

immobilized in [bmim][NTf2] and supported within the pores of silica with super-

critical CO2 as the flowing medium. This systemwas applied to the standard RCM of

16 and to the industrially relevant transformation of methyl oleate 5. Two types of

methylidene free transformation were implemented with this process. Thus, the self-

metathesis of 5 into the diester 24 (dimethyl 1,18-octadec-9-enedioate) and

9-octadecene 25 as well as the cross-metathesis with dimethyl maleate leading to

diester 26 and monoester 27 were carried out (Scheme 15). The self-metathesis of 5
performed very well allowing a cumulative TON as high as 10,000 after 9 h on

stream albeit some decrease of conversion indicating catalyst instability was

observed after 2 h. The cross-metathesis of 5 with dimethyl maleate also performed

well although a selectivity issue was evidenced since the self-metathesis of 5 became

predominant with regards to the cross-metathesis reaction after a few hours. In both

cases, the ruthenium content in the final product determined by ICP-OES analysis

remained very low, typically below 15 ppm.

Another type of SILP was prepared by immobilization of C25 into [bmim][PF6]

supported onto a Starmem 228 nanofiltration membrane in order to prepare a

catalytic membrane reactor [89]. After impregnation of the membrane with the

O

O

O

OO

O

24

25

5

+

O
O

O
O

O

O

O

O
O

O
26

27

self-metathesis

cross-metathesis

Scheme 15 SILC catalyzed

self- and cross-metathesis of

methyl oleate
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ionic liquid, this membrane was mounted in a filtration cell before a suspension of

C25 in toluene was introduced and a trans-membrane pressure of 3 bar applied.

The immobilized catalyst was tested in the RCM of 14. Assuming full catalyst

immobilization, the RCM performed with modest performances since the conver-

sion dropped quickly upon a second reuse of the initial 2.5 mol% load. However,

full conversion could be obtained provided extension of the reaction duration from

1 to 2.5 h at 35�C.

3 Conclusion

Over the last decade many efforts have been devoted to the transfer of homoge-

neous olefin metathesis reactions from conventional organic media to RTILs.

Owing to their poor solubility in RTILs neutral catalysts have quickly shown

some limitations. This problem was however easily solved by employing ionic

tags of various types. The tagged complexes have shown very good activities in

various types of RCM reactions but it is presently difficult to conclude that

reactions carried out in RTILS performed better than in conventional organic

solvents. In some cases the ionically tagged catalysts could be recycled or reused

several times. However with the recent developments on the boomerang mecha-

nism it is very likely that what is seen as recycling is rather due to the formation of a

catalyst reservoir in the RTILs. Most of the recycling tests were done at room or low

temperature on RCM reaction of unhindered dienes with unusually high catalyst

loadings. As a general trend, the higher the initial loading was the higher the

number of cycles. When more demanding substrates and reaction conditions were

necessary, the recycling properties of the catalysts dropped. Surprisingly, one

example showed good reusability when a low initial catalyst loading was employed

and this result was obtained with a Grubbs type catalyst (supposedly not recyclable)

rather than with a Hoveyda type catalyst (supposedly recyclable). This last result

clearly raises the question of the operating mode of all these catalysts in ionic liquid

media having in mind that these features are not yet clearly established in classical

organic solvent in the case of Hoveyda type catalysts [90, 91]. If the nature of the

reusability cannot be truly established, several results have shown the interest of

using ionic tags for the minimization of catalyst leaching and consequently the

amount of residual metal in the reaction products. This point raises a second

question yet in strong relationship with the operating mode of the catalyst. Indeed,

whatever the catalytic mechanism, the ligand bearing the ionic tag is decoordinated

from the metal centre in the initiation step thus releasing a neutral complex in the

media. Without return of the tagged ligand this neutral compound or species arising

from its decomposition should be extracted by organic solvent unless highly soluble

in RTILs. Answers to these questions will be required in the near future in order to

continue developing olefin metathesis processes in RTILs.
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88. Duque R, Öchsner E, Clavier H, Caijo F, Nolan SP, Mauduit M, Cole-Hamilton DJ (2011)

Green Chem 13:1187–1195

89. Keraani A, Rabiller-Baudry M, Fischmeister C, Bruneau C (2010) Catal Today 156:268–275

90. Thiel V, Hendann M, Wannowius K-J, Plenio H (2012) J Am Chem Soc 134:1104–1114
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Ionic Liquids in Transition Metal-Catalyzed

Oligomerization/Polymerization

Anna M. Trzeciak

Abstract This short review presents selected examples of polymerization and

oligomerization reactions catalyzed by transition metal complexes in ionic liquid

media. Analysis of these data to some extent supports the popular opinion that ionic

liquids are not inert solvents but rather should frequently be considered

co-catalysts. In particular, the application of imidazolium salts makes possible the

formation of carbene complexes and consequently changes catalytic activity in

many cases.

Keywords Carbene complexes � Ionic liquids � Olefins oligomerization � Olefins
polymerization � Phenylacetylene � Transition metal complexes
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Abbreviations

Ac Acetyl

Acac Acetylacetonate

Ar Aryl

Bipy 2,20-Bipyridyl
Bmim 1-Methyl-3-butylimidazolium cation

Bmim-y 1-Methyl-3-butylimidazol-2-ylidene

Bn Benzyl

Bp Bis-pyrazolylborate

Bu Butyl

Bupy 1-Butyl-4-methylpyridinium cation

Cat Catalyst

Cod Cyclooctadiene

Cp Cyclopentadienyl

Cy Cyclohexyl

d Day(s)

Dbmim 1,2-Dimethyl-3-butylimidazolium

DMF Dimethylformamide

Emim 1-Ethyl-3-methylimidazolium

Et Ethyl

h Hour(s)

Hfacac Hexafluoroacetylacetonate

i-Pr Isopropyl

Me Methyl

Mes Mesityl, 2,4,6-trimethylphenyl (not methanesulfonyl)

Min Minute(s)

Mokt 1-Methyl-3-octylimidazolium cation

Mol Mole(s)

Nbd Norbomadiene

Nu Nucleophile

PE Polyethylene

Ph Phenyl

PPA Polyphenylacetylene

Pr Propyl

Py Pyridine

Rt Room temperature

s Second(s)

s-Bu sec-Butyl
t-Bu tert-Butyl
Tf Trifluoromethanesulfonyl (triflyl)

TFA Trifluoroacetic acid

THF Tetrahydrofuran

Tol 4-Methylphenyl

Tp Tris-pyrazolylborate

308 A.M. Trzeciak



1 Introduction

Ionic liquids have been used in various polymerization and oligomerization

reactions of unsaturated compounds proceeding according to radical, cationic, or

anionic pathways under metal-free conditions [1–7]. The activity of other types of

systems used in polymerization stems from transition metal species acting as

catalysts. Organic solvents are typically used in such reactions. Ionic-liquid

non-volatile melts present an interesting alternative to organic solvents facilitating

the recycling of the catalyst [8–13]. The commercialized Difasol process should be

mentioned in this connection as an important example of an industrial technology

using ionic liquids [8, 9]. Difasol, developed at ICP (Institut Francais du Petrole) by

Y. Chauvin and H. Olivier-Bourbigou, is the nickel-catalyzed dimerization of short-

chain alkenes into branched alkenes using chloroaluminate ionic liquids as solvents.

1.1 Polymerization and Oligomerization of Olefins

The first attempt at ethylene polymerization in an ionic liquid was reported byWilkes

et al. in 1990 [14]. In that experiment ethylene was bubbled at 1 atm into a melt

composed of AlCl3 + [emim]Cl (1.1:1) (emim ¼ 1-ethyl-3-methylimidazolium

cation) and containing TiCl4 and AlEtCl2, components of a Ziegler–Natta catalyst (1).

The yield of polyethylene was relatively low; however, it was shown that polymeri-

zation can be performed in an ionic liquid. Moreover, spectroscopic studies

evidenced structural transformations of the catalyst and the complete reduction of

Ti(IV) to Ti(III).

TiCl4/AlEtCl2

AlCl3 / [emim]Cl
n ( )

n

1.1 / 1

(low yield) ð1Þ

In subsequent studies, the same molten salt containing AlCl3 and [emim]Cl was

employed with a catalyst composed of cp2TiCl2 and AlCl3-xRx (R ¼ Me, Et) (2)

[15]. The Lewis acidity of this medium can be modulated by changing the

[AlCl3]:[emim]Cl molar ratio. The dominant anions under basic conditions

([AlCl3]:[emim]Cl < 1) were Cl� and AlCl4
�, while Al2Cl7

� and AlCl4
� were

present when acidic properties were stronger ([AlCl3]:[emim]Cl > 1).

cp2TiCl2/AlCl3-xRx

AlCl3 / [emim]Cl
n ( )

n

1.1 / 1  -  1.5 / 1

(high yield)
ð2Þ

Importantly, it was found that catalysis did not occur in basic melts, where

cp2TiCl3
� was predominantly formed from the cp2TiCl2 precursor, whereas catalytic
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activity was observed in acidic melts. Representative catalytic results were in the

range from 0.02 to 0.15 (g PE) min�1 (mmol Ti)�1 min�1. In contrast, cp2ZrCl2 and

cp2HfCl2 did not exhibit any catalytic activity under the same conditions. In order to

explain the observed differences, spectroscopic studies (1H NMR) were undertaken.

Two complexation processes can be considered when the cp2MCl2 complex is

dissolved in an acidic ionic liquid containing AlCl3 and [emim]Cl (3):

cp2MCl2  + Al2Cl7- cp2MCl(AlCl4)  + AlCl4-                                              (a)

cp2MCl(AlCl4)  + Al2Cl7-

cp2M(AlCl4)2
or

cp2MCl(Al2Cl7)2

+   AlCl4-                       (b)
ð3Þ

In all cases, AlCl4
� coordinated in a monodentate fashion forming M–Cl–Al

bridging structures [15].

It was found that the value of the equilibrium constant K1 for reaction 1 (3) was

much higher for Ti (>105) than for Zr (22 � 4) or Hf (4.1 � 0.8), which means that

the M–Cl bonding in Zr and Hf complexes is much stronger than Ti–Cl. This was

assumed to be the main reason for the observed high catalytic ability of Ti with

respect to Zr and Hf. Two active Ti species were proposed, both formed from

AlCl4
�-containing intermediates (4):

cp2TiR(AlCl4) cp2TiR+  + AlCl4-                                                                                    (a)

cp2TiR(AlCl4) + CH2=CH2
cp2TiR(CH2=CH2)+ + AlCl4-                                (b) 

ð4Þ

In the presence of a high excess of AlCl4
�, as was the case in an acidic ionic

liquid, displacement of coordinated AlCl4
� by ethylene was proposed as the step

responsible for the formation of a catalytically active form, cp2TiR(CH2¼CH2)
+.

In 1995, Chauvin described the dimerization of propene performed in a

two-phase system containing ionic liquids that played the role of a regioselective

solvent enabling the maximization of the yield of 2-methylpentene and

2,3-dimethylbutene [16]. After hydrogenation, these branched alkenes can be

used to increase the octane number of gasoline.

NiCl2L2 (L¼PiPr3, PBu3, PCy3, PBn3, py) complexes, air stable and easy to

handle, were used as catalyst precursors. The reaction medium contained [bmim]Cl,

AlCl3 and AlCl2Et as alkylating agents. In the basic ionic liquid, where the molar

fraction of AlCl3 was <0.5 and an excess of free Cl� was present, catalytic activity

was not observed because the nickel precursor formed a blue paramagnetic tetrahe-

dral anionic species of the type NiCl4
2�. In contrast, in an acidic medium a

catalytically active nickel hydrido complex of the type [HNi(PR3)]
+A� was formed

enabling an efficient catalytic process.

The composition of the melt influenced the kind of aluminum anions present in

the reaction medium (Table 1):

The best results were obtained in the third ionic liquid (Table 1). For example,

84% of 2,3-dimethylbutenes was obtained in reaction catalyzed by NiCl2(PCy3)2.
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The same catalyst produced 76% of 2,3-dimethylbutenes in [bmim]Cl/AlCl3/

AlEtCl2.

Analysis of the composition of dimerization products obtained with nickel

catalysts containing different phosphines made it possible to realize the effect of

phosphine, discussed in terms of competition between the bonding of phosphine to

the active nickel species (soft) and to AlCl3 (hard). Thus, [HN
iPR3]

+ loses phos-

phine forming a less active hydride [HNi]+ (5). This hypothesis was proved by
31P NMR, where the formation of a phosphine–AlCl3 complex was evidenced. To

prevent the formation of such species, another soft base was added to the catalytic

system, an aromatic hydrocarbon, ArH. Consequently, an Al2Cl7
� anion formed an

AlCl3.ArH adduct instead of AlCl3.PR3 (5):

[HNiPR3]+ + Al2Cl7- [HNi]+ + AlCl3PR3 + AlCl4-

Al2Cl7- + ArH  AlCl3.ArH + AlCl4- 

active less active ð5Þ

The hydrocarbons that formed adducts with AlCl3, such as tetramethylbenzene or

pentamethylbenzene, facilitated the formation of 2,3-dimethylbutane with high yield.

The system recommended for practical applications contained [NiCl2(PR3)2] –

[NiCl2(pyridine)2] dissolved in an AlCl3/[bmim]Cl ionic liquid with small additions

of AlEtCl2 and aromatic hydrocarbons (1,2,3,5-tetramethylbenzene or toluene) [16].

An acidic molten salt containing AlCl3 and [bmim]Cl (molar fraction of

Al ¼ 0.6) used without any nickel complex transformed propene to oligomers,

typical for cationic reactions [17]. This can be explained by the presence of some

free protons. In contrast, in the same acidic conditions, η3-methylallylnickel bro-

mide produced 67% of 2-methylpentenes (6). In the basic melt (molar fraction of

Al ¼ 0.45), the nickel complex was not active.

Me
Br

Br
Me

[bmim]Cl / AlCl3 

Al molar fraction 0.6

2
- 15oC, 

+ 

Ni Ni

ð6Þ

Cationic side reactions causing a decrease in reaction selectivity were

suppressed by the application of AlEtCl2, acting as a proton scavenger instead of

AlCl3. Under these conditions, other nickel precursors, such as Ni(acac)2 or

NiCl2(
iPr3P)2, were also quite active. For example, 2,3-dimethylbutenes were

Table 1 Aluminum anions present in ionic liquids

IL Composition Aluminum anions

[bmim]Cl/AlEtCl2 1:1.2 AlEtCl2
�, Al2Et2Cl5

�

[bmim]Cl/AlCl3/AlEtCl2 1:0.82:0.26 AlCl4
�, AlEtCl3

�, Al2Et2Cl5
�

[bmim]Cl/AlCl3/AlEtCl2 1:1.2:0.1 AlCl4
�, Al2Cl7

�, Al2EtCl6
�, Al2Et2Cl5

�
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obtained with a yield of 76% in an AlCl3/[bmim]Cl medium (molar fraction of

Al ¼ 0.7) with a NiCl2(P
iPr3)2 catalyst. Interestingly, the steric effect of phosphine

resulted in the formation of 2,3-dimethylbutane as the main product. The lack of

catalytic activity in acidic melts is explained by the formation of NiCl4
� and

NiCl3L
� (molar fraction of Al ¼ 0.45) anionic species.

Three nickel complexes, NiF2, NiCl2(PCy3)2, and [Ni(MeCN)6][BF4], were used

as catalysts for ethylene dimerization in AlCl3–[bmim]Cl [18]. The reactions were

performed in the presence of AlEtCl2 (7). Interestingly, the addition of toluene to

the reaction mixture was essential for the modulation of ethylene dimerization

activity and selectivity. Other hydrocarbons promote the formation of higher

oligomers instead of dimers. The best results, a high yield of 1-butene (83%),

were obtained with a dicationic catalyst. The same catalyst was used in the

heptane-catalyzed formation of 2-butenes with the yield 66%. The most active

catalyst, NiCl2(PCy3)2, gave lower selectivity to the butenes.

[Ni]

[bmim]Cl / AlCl3 / AlEtCl2

n +

[Ni] = NiF2, NiCl2(PCy3)2, [Ni(MeCN)6][BF4]2

+   higher oligomers

ð7Þ
The phosphine-free nickel complex [Ni(H-COD)(hfacac)] (H-COD¼η-4-

cycloocten-1-yl) without an aluminum co-catalyst was used for the dimerization

of 1-butene to linear octenes in slightly acidic pyridinium chloroaluminate

[19]. The chloroaluminate ionic liquid was buffered with small amounts of weak

organic bases such as pyrrole and N-methylpyrrole (8). The addition of

N-methylpyrrole resulted in the suppression of all cationic side reactions and only

dimerization products were formed. Moreover, the reaction proceeded much faster

in the ionic liquid than in toluene, indicating a facilitated activation of the catalyst.

Excellent selectivity to the dimeric product, 98%, was obtained using [bupy]Cl/

AlCl3/N-methylpyrrole (0.43/0.53/0.04) or [bupy]Cl/AlCl3/chinoline (0.43/0.53/

0.04). Interestingly, the application of LiCl as a buffering agent in [bupy]Cl/

AlCl3 (0.45/0.55) resulted in 75% selectivity to dimers [19].

O

O
CF3

CF3

Ni

N BuMe +bupy = 

[bupy]Cl / AlCl3 / N-methylpyrrole
0.43 / 0.53 / 0.04

n-octenes
ð8Þ

The efficiency of the buffering function can be correlated with selectivity to

dimers and the suppression of oligomer formation. It was found that the extent of
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cationic side reactions correlated well with the content of Al2Cl7
�, and the action of

the added base B (N-methylpyrrole, pyridine, chinoline) can be illustrated by the

following set of equilibria (9):

Al2Cl7-   +  B B-AlCl3  +  AlCl4-

B-AlCl3  +  HCl HB+  +  AlCl4-

Al2Cl7-   +  HCl  +  B HB+  +  2 AlCl4-

ð9Þ

Thus, the base traps any free acidic species present in the melt and as a result

cationic side reactions are reduced.

A similar concept, based on the application of a buffered chloroaluminate–

imidazolium ionic liquid, was used for the dimerization of 1-butene with Ni(II)

dicarbene complexes (10) [20]. The first catalytic attempts were performed in

toluene; however, after the addition of an AlEt2Cl cocatalyst, Ni(0) was formed

and dimerization was not observed. Similarly, no products were found when

AlCl3 or MAO were used as cocatalysts. In contrast, in an ionic liquid being a

mixture of [bmim]Cl, AlCl3, and N-methylpyrrole (at a molar ratio of

0.45:0.55:0.1) at room temperature, TOF values as high as 3,820–7,020 h�1

were achieved. Under the same conditions, NiCl2(PCy3)2 was less active, giving

TOF of 2,950 h�1. Isomer proportions after hydrogenation were similar for

NiCl2(PCy3)2 and for carbene complexes, 3,4-dimethylhexane being the

dominating product.

N

NR1

R2
N

N

Ni

R1

R2

I

I

R1 = Me,  R2 = nPr
R1 = Me,  R2 = nBu
R1 = Me,  R2 = iPr
R1 = iPr,   R2 = iPr

ð10Þ

One carbene complex was also tested in propene dimerization [20]. However,

2-methylpentane was formed as the main product instead of the desirable, highly-

branched 2,3-dimethylbutane, which was preferentially formed with NiCl2(PCy3)2.

The selectivity of carbene complexes can change during the reaction due to

replacement of carbene ligands in ionic liquid medium (Scheme 1).

A cationic nickel complex was used for the first time in the selective biphasic

oligomerization of ethylene to 1-olefins (11) [21]. It was shown that ionic liquids

with a PF6
� anion played an important role and very promising results, with high

selectivity to n-hexene and high activity (TOF 12,712 h�1), were observed in

[bmim]PF6 [21]. The activity decreased when alkyl chain length increased.

The catalyst dissolved in an ionic liquid was recycled twice with almost the same

selectivity but with lower activity.
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O P

P
Me Ni

+

SbF6
-

NN
Me R

+

R = C4H9

       C6H13

       C8H17

       C10H21

IL = [Ni] =

n
[Ni]

IL / heptane
50 bar, 25oC, 2 h

1-hexene  +  oligomers

PF6
-

ð11Þ
On the basis of solvent basicity studies, it was proposed that the very high

catalytic activity of the complex in [bmim]PF6 can be explained by a unique

combination of high polarity and low coordination power displayed by this ionic

liquid. In conclusion, ionic liquids with PF6
� anions were recommended as an

appropriate reaction medium that makes it possible to achieve a good compromise

between solvating and coordination properties [21].

Butene oligomerization was performed in a two-phase system containing a

1-butyl-3-methylimidazolium chloro-ethyl-aluminate ionic liquid, containing

57 mol% of Al, prepared by mixing AlCl3, AlEtCl2 and [bmim]Cl [22]. The good

solubility of nickel complexes in polar non-ionic liquids and the poor solubility of

olefins in these media enables efficient separation of the reaction products from the

catalyst by simple decantation.

A nickel cationic complex [Ni(MeCN)6][BF4]2, was used in the presence of

PPh3, PBu3, PCy3, and PCy3.CS2 to produce dimers from 2-butene with a selectiv-

ity of 92–98%. The highest rate constant, ca. 9 mol Ni�1 s�1, was noted when

PCy3.CS2 was applied.

In the absence of AlCl3, lower TOF values were obtained, similarly as observed

for propene dimerization [22]. This was interpreted as a result of a strong influence

of the anion associated with the cationic active species. The structure of C8 products

R1

N

N

Me

R

N N

R1

MeR

+

N N
BuMe

+

H

N

N

Me

Bu

LnNiII
LnNi0 LnNiII

Scheme 1 Formation of modified Ni(II) carbene complex after reductive elimination of

imidazolium cation
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was practically unaffected by the kind of phosphine used. The distribution of C8

products was similar to that obtained with the homogeneous system (Dimersol),

with 3-methylheptene dominating over dimethylpentenes (Scheme 2).

An interesting example of palladium-catalyzed hydrodimerization of

1,3-butadiene to octa-2,7-dien-1-ol in [bmim]BF4 and [bmim]PF6 has been

reported by Dupont et al. (12) [23]. Palladium compounds of the formula

[η3-C4H7PdCl]2, [η3-C4H7Pd(COD)]BF4, and Pd(OAc)2 were used as catalyst

precursors; however, during the reaction they decomposed with the formation of

metallic palladium. Nevertheless, octa-2,7-dien-1-ol was formed as the main prod-

uct in the absence as well as in the presence of CO2 pressure (5–10 atm). In the latter

case, an increase in TOF values to 150–200 h�1 was noted. A higher stability of the

catalyst was achieved for the anionic complex [bmim]2[PdCl4], which was reused

four times with almost the same activity.

OH
[bmim]BF4 / H2O 

[bmim]2[PdCl4]
+

CO2 (10 bar), 70oC, 3 h

ð12Þ
It is worth noting that [bmim]2[PdCl4] reacted with water in [bmim]BF4 forming

the imidazole complex Pd(im)2Cl2, whose catalytic activity in hydrodimerization

was similar to that of its anionic precursor [23].

The cyclodimerization of 1,3-butadiene and isoprene catalyzed by an

iron–nitrosyl complex was studied in [bmim]BF4 and [bmim]PF6 in a two-phase

system (13) [24].

[bmim]BF4 or [bmim]PF6 

[Fe(NO)2Cl]2 / Zn
ð13Þ

The iron precursor [Fe(NO)2Cl]2, was reduced in situ by metallic Zn, AlEtCl2, or

BuLi, and Zn appeared the most efficient in terms of high conversion of

1,3-butadiene and high selectivity to 4-vinyl-1-cyclohexene. The maximum TOF

value, 1,404 h�1, was obtained at 50�C. In further investigations, the effect of

H
+

Ni

Ni Ni Ni

Ni Ni Ni

Scheme 2 Possible pathways to 3-methylheptene
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different phosphines on the reaction course was studied; a decrease in catalytic

activity was noted in all cases.

The same catalytic system was successfully applied in the cyclodimerization

of isoprene to methyl-4-(1-methylethenyl)cyclohexenes and dimethyl-4-

vinylcyclohexenes (14).

Selectivity to 4-vinyl-cyclohexene derivatives was the highest in both ionic

liquids and increased in the presence of phosphine. Consequently, 1,4-dimethyl-

4-vinylcyclohexene was obtained with 65–70% selectivity when phosphine was

present, whereas without phosphine selectivity to this product was 46–65%.

[bmim]BF4 or [bmim]PF6

[Fe(NO)2Cl]2 / Zn or AlEtCl2
+ ++

ð14Þ

2 Dimerization of Acrylates

The first continuous, biphasic dimerization of methylacrylate toΔ2-dihydrodimethyl-

muconate catalyzed by Pd(acac)2 was performed using [bmim]BF4 as the catalyst

solvent (15) [25]. An acceleration of the dimerization process was demonstrated by

comparing the results obtained with the addition of PBu3 and PBu3/[bmim]BF4. The

TON values obtained after 24 h were 1,024 and 2,986, respectively. When the

bidentate ligand PBu2(CH2)2NMe2 was used instead of PBu3, a further increase in

TON values was noted. It was also observed that toluene played an important role in

the reaction system facilitating a biphasic mode of the process and making it possible

to overcome the inhibiting influence of the reaction products.

It was noted that imidazolium and pyridinium salts had similar rate-enhancing

effects. Thus, the formation of a carbene palladium complex was rather unlikely.

Moreover, acidic conditions do not facilitate carbene formation.

O

OMe
O O

OMe

OMe

Pd(acac)2

[HPBu3][BF4], [Et2OH][BF4], [bmim][BF4]
ð15Þ

In continuous flow reaction an overall TON of more than 4,000 was realized

after 50 h indicating the high stability of the catalytic system [25].

Methyl methacrylate was polymerized by a living radical process mediated by a

copper complex formed in situ from CuBr and N-propyl-2-pyridylmethanimine in

[bmim]PF6 [26]. When the ratio of the ligand to Cu(I) increased, the rate of

polymerization also increased. As the Cu(I) catalyst is soluble in [bmim]PF6 but

not in toluene, poly(methyl methacrylate) can be easily extracted to the organic

phase. The possibility of recycling the catalyst dissolved in an ionic liquid after

such extraction was not tested.
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2.1 Styrene and CO Copolymerization

An improvement in the yield of polyketone formed by the copolymerization of

styrene with CO was observed when ionic liquids were used as solvents instead of

methanol or trifluoroethanol in reaction catalyzed by [Pd(bipy)2][PF6]2 (16)

[27]. The yield of the product depended on the kind of anion present in the ionic

liquid and decreased in order: NTf2 > PF6 > BF4 for pyridinium and imidazolium

salts. The structure of the cation, in particular the length of the alkyl chain, also

influenced the reaction yield. In the series of [Cnpy][NTf2] salts, the yield of

polyketone increased with the increase in the number of carbon atoms from

n ¼ 4 to n ¼ 10. It was suggested that different reaction mechanisms operated in

methanol and in ionic liquids; however, further mechanistic considerations were

not presented.

Copolymerization performed in the absence of any oxidant gave a rather low

yield of the product; therefore, 1,4-benzoquinone was preferably used. Under

optimized conditions, productivity as high as 24 kg of polymer (g Pd)�1 was

achieved at 80�C within 8 h. Good recyclability of the catalyst was demonstrated

in four subsequent runs with similar productivity, molecular weight, and polydis-

persity of polyketone.

O

O

+  CO
[Pd(bipy)2][PF6]2

n

[C6py][NTf2]

60oC, 40 atm

ð16Þ

The same process was studied using (bipy)Pd(OAc)2 as a catalyst in a [C6py]

[NTf2] medium [28]. A pyridinium ionic liquid was used to avoid the formation of

Pd-carbene complexes, which can be expected in imidazolium salts. In the typical

procedure some amount of methanol was present and the highest productivity of the

system at 70�C and 40 bar CO was 2.7 kg of the polymer (g Pd)�1. The catalyst was

recycled twice; however, its activity was significantly lower. It was stressed that the

replacement of typically used methanol with an ionic liquid inhibited chain transfer

and catalyst decomposition indicating a higher stability of the catalyst in the ionic

liquid.

2.2 Ring-Opening Metathesis Polymerization (ROMP)

The ROMP of norbornene, catalyzed by an allenylidene ruthenium complex, was

carried out in a biphasic medium containing an ionic liquid and toluene [29].
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As far as the ionic liquid is concerned, the PF6
� anion was selected because of its

hydrophobic properties making it possible to dissolve ruthenium salt. In order to

avoid the formation of a carbene ruthenium complex, an imidazolium cation

substituted at the C2 carbon was used ([bdmim]PF6) (17):

Ph

Ph
Cy3P
Cl

N Nbdmim = 
+

n

Ru C C

+

X-

[bdmim]PF6

X = BF4, PF6, OTf2

ð17Þ

Using the mixture of the ionic liquid and toluene, it was possible to recycle the

catalyst five times with a high yield of the polymer. The second catalyst tested, an

allylidene Grubbs complex rapidly lost its catalytic activity and no polymer was

formed in the second recycle. Better results were obtained with a more bulky

complex; however, a decrease in the yield of the polymerization product was also

observed in this case in the third recycle. The highest efficiency of the

allenylidene catalyst can be explained by its ionic structure, in contrast to the

allylidene catalyst.

The same reaction of functionalized norbornenes was studied using ruthenium

catalysts bearing N-heterocyclic carbene ligands [30].
It was observed that the yield of the polymer depended on what catalysts, ionic

liquids, and substrates were used. In particular, ionic liquids containing chloride, or

nitrate anions are not suitable for obtaining polymers, whereas weakly coordinating

anions, BF4
� or PF6

�, enable high-yield synthesis of the product. Spectroscopic

investigations allowed to characterize the specific interactions between ruthenium

catalyst and ionic liquids (Scheme 3).

2.3 Polymerization of Phenylacetylene

The rhodium-catalyzed polymerization of phenylacetylene to polyphenylacetylene

(PPA) was performed in the ionic liquids [bmim[BF4 and [[bupy]BF4 by

Mastronilli et al. in 2002 (18) [31]. β-Acetylacetonato complexes of Rh(I),

[Rh(acac)(nbd)], and [Rh(acac)(cod)] with diene ligands, highly active in organic

solvents, were selected as catalysts. It was found that a basic co-catalyst, namely

NEt3, was necessary to get PPA.

318 A.M. Trzeciak



Ph Ph

PhPh

H

H

H

H Ph

H

( )
n

Ph H

PPA

[bmim]BF4

Rh(acac)(cod) or Rh(acac)(nbd)

ð18Þ

While the presence of NEt3 played a very important role in the catalytic process,

the influence of the ionic liquid structure was less visible and both of the ionic

liquids used made it possible to obtain similar yields of PPA. The molecular weight

of PPA varied from 55,000 to 196,000 Da, and the cis configuration in the polymer

chain dominated. If the effect of the rhodium precursor structure is considered, the

norbornadiene complex exhibited higher activity, making it possible to obtain a

95–100% yield of PPA within 5 min. Additionally, catalytic experiments performed

with [(nbd)RhCl]2 and [(cod)RhCl]2 dimers confirmed the higher catalytic ability of

acetyacetonato complexes. Moreover, an Rh(acac)(nbd) catalyst was recovered in

the ionic liquid and showed almost unchanged activity in the second run [31]. In

contrast to the [(cod)RhCl]2 chlorido-free rhodium dimer, [(cod)Rh(OMe)]2
catalyzed polymerization of phenylacetylene in ionic liquids without any

co-catalyst [32]. The highest yield (92%) of PPA was obtained in [bupy]BF4,

whereas only 57% of PPA was formed in [bmim]I. The addition of NEt3 caused

an increase in polymerization yield in almost all ionic liquids with the exception of

Cl

Cl

O

N N MesMes

Cl

O

N N MesMes

N

N

Bu

Me

N N MeBu

Me

N N MeBu

Cl

O

N N MesMes

N

N

Bu

Me

Me

Cl

O

O

F3C

Ru

Ru

+

PF6
-

+
CF3COO-

+ PF6
-

Ru

+

C

Scheme 3 Proposed interactions of Ru catalyst with ionic liquids
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[mokt]Cl, where yield decreased from 75% in reaction without NEt3 to 51% in its

presence. At the same time, molecular weight increased from 72,400 to 94,400 Da.

In general, in almost all the ionic liquids studied, the presence of an NEt3
co-catalyst caused an increase in Mw while the reverse effect was observed after

cod addition.

The fact that a different polymerization course was observed in [mokt]Cl than

in other ionic liquids inspired spectroscopic studies oriented towards the identifi-

cation of possible new rhodium species formed in the reaction mixture [33]. In

fact, UV–vis and 1H NMR data made it possible to propose the formation of a new

carbene complex in reaction of [(cod)Rh(OMe)]2 with [mokt]Cl (19). Although

this product was not isolated, its analogs of the formula [Rh(bmim-y)X(cod)]

were obtained and fully characterized, including X-ray analysis [33]. It was also

confirmed that the dimer [(cod)Rh(OMe)]2 reacted only with imidazolium salts

bearing halide anions. The formation of a carbene rhodium complex using

imidazolium salt with the BF4
� anion was also possible in the presence of a

[Bu4N]Cl additive.

Rh
O
Me

O
Me

Rh

N

NN N Cl-+
R1R2

Rh
ClR1

R2

+ 2 2
-2 MeOH

ð19Þ

Rh(I) carbene complexes were tested as catalysts of phenylacetylene polymeri-

zation. However, the catalytic results were in most cases worse than with

the application of [(cod)Rh(OMe)]2. Only in [mokt]Cl were the results similar,

indicating an important role of carbene complexes in the polymerization

course [33].

Transition metal complexes bearing N-heterocyclic carbene ligand have found

many applications in catalysis [34, 35], including olefin polymerizations [36].

A very positive effect of ionic liquids was noted when rhodium complexes

with bis- and tris-pyrazolylborate ligands were used for phenylacetylene poly-

merization (20) [37]. Thus, in reaction with [RhBp(cod)] as a catalyst in ionic

liquids, 28–58% of PPA was formed. The molecular weight of PPA increased

remarkably in comparison with reactions performed in CH2Cl2 and polydispersity

decreased.

Even more spectacular improvement in the polymerization process was

observed in reaction catalyzed by RhTp(cod), which was almost inactive in

CH2Cl2. The highest yield of PPA was obtained in reaction performed in [bmim]

Cl (43% after 1 h and 64% after 24 h). Interestingly, a clear effect of the anion

present in the ionic liquid was found: higher yields of polymerization were obtained

in ionic liquids containing Cl� anions than in an analogous BF4
� containing salt.

Attempts to reuse the catalyst RhTp(cod) in [bmim]Cl resulted in a 75% yield of

PPA, which was even higher than obtained in the first run (51%).
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N
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R2 R1
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RhBp(cod) RhTp(cod) (R1, R2 = H, Me)

ð20Þ

Another tris-pyrazolylborate Rh(I) complex, RhTpMe2(cod), used in ionic

liquids appeared more active than its non-substituted analog, RhTp(cod). In all

cases, the yield of PPA obtained within 2 h was in the range 50–69%, whereas RhTp

(cod) produced 17–56% of PPA. The molecular weight of the PPA was similar,

ranging from 57,500 to 80,400 Da for RhTp(cod) and from 61,600 to 54,800 Da for

RhTpMe2(cod). Interestingly, the activity of RhTp(cod) increased not only in the

presence of imidazolium or pyridinium salts but also after the addition of tetralky-

lammonium salts. In experiments performed in CH2Cl2 at a fourfold excess of salt

versus rhodium, the yield of PPA was 13–81% and the best result was noted for

[Bu4N]Cl. This is a remarkable increase in yield, as only 2% of PPA was formed in

CH2Cl2.

Tetralkylammonium salts also positively modified the catalytic activity of RhBp

(cod) making it possible to obtain up to 100% of PPA. Interestingly, the presence of

[Et4N]Br and [Bu4N]Br resulted in the formation of the polymer with the lowest

Mw, ca. 6,900 Da, and a relatively high polydispersity index, 3.9.

3 Conclusions

The first applications of ionic liquids in polymerization and oligomerization of

olefins were based on organoaluminate ionic liquids. Composition of these salts

influenced remarkably on the reaction course and positive results were obtained

only in acidic ionic liquids containing molar fraction of Al > 0.5. One problem

associated with the use of chloroaluminate ionic liquids was their moisture sensi-

tivity. Thus, any trace of water should be excluded from the reactants and equip-

ment involved in the process. Moreover, the presence of high concentration of

chloride anion, typical for acidic ionic liquid, facilitated formation of MCl4
2� or

MCl3L
� species which were catalytically not active.

Imidazolium and pyridinium salts, air- and water-stable alkylaluminum-free

ionic liquids, can be considered as the second generation that found applications

in catalytic transformations of olefins. When imidazolium ionic liquids are used as

solvents formation of carbene metal complexes is very plausible, in particular for

salts bearing halide anions. Formation of carbene complexes frequently changes the

original activity of the catalytic system. To prevent formation of less active carbene

complexes imidazolium salts substituted at C2 carbon can be used. However, there

are also examples of carbene complexes that exhibit high catalytic activity in

polymerization of olefin and acetylenes.
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Ionic Liquids in Transition Metal-Catalyzed

Enantioselective Reactions

Yong Li, Yan-Mei He, and Qing-Hua Fan

Abstract Transition metal-catalyzed asymmetric reactions provide a powerful

access to the optically active molecules that serve as precursors to pharmaceutically

significant compounds. However, separation and recycling of these often expensive

chiral catalysts are rather difficult and thus limit their applications in industry. As

one of the most promising solutions to these problems, immobilization of a chiral

homogeneous catalyst can, in principle, facilitate its separation and recycling, and

thus is of considerable interest to both academia and industry. Although many

methods have been developed for the immobilization of chiral catalysts via attach-

ment of the catalyst onto a solid support via covalent attachment or noncovalent

interactions, obvious decrease in catalytic activity and/or stereoselectivity is often

observed due to mass transfer and accessibility of the active sites. Alternatively,

chiral catalysts have also been immobilized by the use of aqueous, fluorous,

supercritical CO2 (scCO2) and ionic liquid phase systems. In this chapter, we

present the recent significant achievements of the transition metal-catalyzed asym-

metric reactions in ionic liquids (ILs). Their unique properties render ILs ideal

“mobile supports” for the immobilization of chiral transition metal catalysts with-

out laborious catalyst modification, and consequently facilitating catalyst separa-

tion and recycling through a biphasic operation. Moreover, chiral transition metal

catalysts in ILs often show improved catalytic activities and/or stereoselectivities.
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Representative examples suggested that asymmetric catalysis in ILs would com-

bine the advantages of both traditional homogeneous and heterogeneous catalysis.

The positive “IL effects” together with different strategies and concepts (e.g.,

catalyst with ionic tag and ionic liquid-supported phase catalysis) of IL use in

catalytic applications will also be discussed.

Keywords Asymmetric catalysis � Catalyst immobilization � Catalyst recycling �
Ionic liquid � Transition metal catalyst
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1 Introduction

Asymmetric catalysis provides a powerful access to the optically active molecules

that serve as precursors to pharmaceutically significant compounds [1, 2]. Over the

past four decades, a plethora of chiral catalysts have been reported, and many of

them are known to be highly effective in the asymmetric formation of C–H, C–C,

C–O, C–N and other bonds. However, their practical applications in industrial

processes are still very limited due to their high costs, particularly in the cases

with catalyst loading in the range of 1–10 mol%, and difficulties in removing trace

amounts of the often toxic transition metals from the products. To overcome these

problems, homogeneous chiral catalysts have been immobilized by anchoring the

ligand and/or the catalyst onto a solid support via covalent attachment or

noncovalent interactions [3, 4]. Despite the advantage of easy separation, however,

most of these traditional immobilized chiral catalysts often result in lowered

catalytic activity and stereoselectivity due to mass transfer and accessibility of

the active sites. Thus, the search for more efficient immobilization methods has

received considerable attention in the past decades.
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As an important alternative approach, the use of aqueous, fluorous, supercritical

CO2 (scCO2) and ionic liquid phase systems has shown their potential for immobi-

lization of chiral catalysts [3, 4]. Nevertheless, when water or fluorinated solvents

are used as reaction media, modification of the catalyst is often necessary to ensure

its solubility. For the scCO2 system, the critical conditions may limit its application.

In this context, ionic liquids (ILs) as green and alternative solvents have been

highlighted as one of the most promising candidates for the facile recovery and

reuse of catalysts [5, 6].

ILs consist entirely of organic cations and organic or inorganic anions, and are

regarded as green alternatives to volatile organic solvents due to their negligible

vapor pressure and nonflammable nature. Their physicochemical properties, such as

polarity and solvent miscibility, can be fine-tuned by altering the combination of

cations and anions. These unique properties render them ideal mobile supports for

anchoring the chiral transition metal catalysts without laborious catalyst modifica-

tion, and consequently facilitating catalyst separation and recycling through a

biphasic operation. Moreover, chiral transition metal catalysts in ILs often show

improved catalytic activities and/or stereoselectivities, and in some cases, they can

catalyze the reactions that are not possible to conduct in common organic solvents.

This positive effect might be attributed to their unique ionic nature as well as the

stabilization of catalytically active intermediates in ILs [7]. Thus, asymmetric

catalysis in ILs would combine the advantages of traditional homogeneous and

heterogeneous catalysis.

Since the pioneering work of Chauvin in 1995, who first reported the use of ILs

as reaction media for asymmetric hydrogenation and demonstrated the potential of

ILs in immobilization and recycling of the expensive chiral catalysts [8], many

applications of ILs have been described in asymmetric biocatalysis, organocatalysis

and transition metal catalysis, which have already been reviewed in the recent

literatures [9–11]. In this chapter, we present the recent significant achievements of

the transition metal-catalyzed asymmetric reactions in achiral IL and chiral IL

(CIL), with emphasis on those showing obvious “IL effects” as well as those with

excellent recyclability. Some different strategies and concepts (e.g., catalyst with

ionic tag and ionic liquid-supported phase catalysis) of IL use in catalytic

applications are also highlighted. However, the IL-modified chiral ligands for

asymmetric catalysis without use of ILs are not included in this chapter. The

representative ILs used in transition metal-catalyzed enantioselective reactions

are listed in Fig. 1.

2 Asymmetric Reductions in ILs with Transition

Metal Catalysts

2.1 Asymmetric Hydrogenation

Transition metal-catalyzed asymmetric hydrogenation of carbon–carbon and

carbon–heteroatom double bonds is one of the most effective, economical and

Ionic Liquids in Transition Metal-Catalyzed Enantioselective Reactions 325



environmentally friendly methods for the preparation of optically active

compounds [1, 2]. Excellent enantioselectivity and activity have been achieved

using Rh, Ru, Ir and Pd complexes. However, these catalysts are usually expensive

and air sensitive. It is difficult to recycle homogeneous phosphine-containing

catalysts due to their low stability toward oxidation. Immobilization of these

catalysts in ILs offers a practical way to tackle these challenges. Since the first

report on asymmetric hydrogenation in ILs by Chauvin in 1995 [8], a large number

of asymmetric hydrogenation in ILs with complexes of chiral phosphine- and

nitrogen-containing ligands (as shown in Fig. 2) have been reported. In most

cases, co-solvents are commonly needed to improve catalytic activity and/or

enantioselectivity because of the poor hydrogen solubility in ILs and the important

role of organic solvents on the catalytic performance. Although successful results

have been achieved with direct immobilization of the unmodified chiral catalysts,

incorporation of ionic moieties into catalyst structure would reduce the catalyst

leaching, particularly in the case of noncharged catalysts. Another significant

contribution is the application of CILs for this transformation, which acted as

both the reaction media and the only chiral source.

In 1997, Dupont et al. reported the asymmetric hydrogenation of 2-arylacrylic

acids catalyzed by [RuCl2(1a)]2NEt3 complex in a mixture of [bmim]BF4 and

alcohol [12]. When methanol was used as co-solvent, the homogeneous

hydrogenation gave the products with 86% ee. In contrast, when 2-propanol was

employed, the biphasic system with catalyst immobilized in IL phase was formed,

in which 78% ee was achieved. The results demonstrated that the hydrogenation in

IL phase performed well and gave the products with better enantioselectivity in

comparison with the homogeneous reaction in i-PrOH. The catalyst in ILs could be

reused three times with no significant decline in activity and enantioselectivity

N NR1 R2
X

R3

N,N'-dialkylimidazolium salts N-alkylpyridinium salts Alkyl ammonium or phosphonium salts

N
R

[NR3R']X X [PR3R'] X

[emim]: R1 = Et, R2 = Me, R3 = H;
[bmim]: R1 = Bu, R2 = Me, R3 = H;
[dbim]: R1 = R2 = Bu, R3 = H;
[hmim]: R1 = n-hexyl, R2 = Me, R3 = H;
[omim]: R1 = n-octyl, R2 = Me, R3 = H;
[C10mim]: R1 = n-decyl, R2 = Me, R3 = H;
[bdmim]: R1 = Bu, R2 = Me, R3 = Me;
[pdmim]: R1 = Pr, R2 = Me, R3 = Me

X = Cl, Br, BF4, PF6, SbF6, NTf2, OTs, [FEP], CB10H12.

[bpy]: R = Bu
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[bmpyrr]: N
Me Bu
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Fig. 1 Representative ILs used in transition metal-catalyzed asymmetric reactions
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(Scheme 1). Subsequent studies found that the solubility of H2 in [bmim]BF4 is

almost four times higher than that in [bmim]PF6; and H2 concentration in the ILs

rather than hydrogen pressure had a remarkable effect on the reactivity and

enantioselectivity of the reaction [13].

Similarly, the hydrogenation of α-dehydroamino acid esters catalyzed by

[Rh(cod)(2)]CF3SO3 in a biphasic system of [bmim]PF6/
i-PrOH proceeded smoothly

to give the product with 96% ee [14]. In contrast to the hydrogenation in alcohol, all

manipulations could be performed in air without significant loss of enantioselectivity.

This result suggests that the IL could stabilize the highly air-sensitive catalysts.
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Thus, the catalyst could be easily recovered and reused at least four times with no

loss of enantioselectivity but in gradually decreased yields (Scheme 2).

The same reaction could also be conducted by Rh/diphosphine (3 or 4)

complexes in wet ILs [15]. Superior results comparable to those in organic solvents

or biphasic ILs/organic co-solvent media were achieved, which were not due to the

lower H2 solubility, but more likely due to the differences in catalyst solvation in

different solvent systems. The rhodium catalyst could be recycled at least seven

times with full conversions and more than 99% ee. Moreover, even at a high S/C

ratio of 10,000, the hydrogenation of methyl α-acetamidoacrylate in wet [omim]

BF4 afforded a full conversion and 95% ee in 3 h.

In 2006, Livingston et al. described the enhanced enantioselectivity and catalytic

stability in the Ru-catalyzed asymmetric hydrogenation of dimethyl itaconate in

homogeneous ILs/methanol mixture [16]. Complete conversion and 96% ee at an

S/C ratio of 6,000 in CyPhos101/methanol (75% ee in methanol) were obtained.

Notably, the product was separated from the reaction mixture via solvent

nanofiltration; and the catalyst in ILs could be recycled at least seven times with

a total TON of 43,500 (Scheme 3).

Encouraged by the excellent achievements in asymmetric hydrogenation of

olefins, simple and functional ketones were also subjected to hydrogenation in

ILs. In 2003, Zhu et al. reported the asymmetric hydrogenation of acetophenone

and ethyl benzoylformate in ILs with a rhodacarborane-BINAP catalyst [17]. In

neat ILs such as [omim]BF4, [bmim]PF6 and a new carborane-based IL [bpy]

[CB10H12] at 50
�C, full conversions and excellent enantioselectivities (99.1% ee

for acetophenone and 99.5% ee for ethyl benzoylformate in [bpy][CB10H12]) were

observed, which are better than those obtained in THF (91.3% ee and 85.7% ee,

respectively). In addition, the catalyst could be recycled five times with similar

activity and enantioselectivity (Scheme 4).

H2, RuCl2/1a

CyPhos 101/MeOH

96% ee, recycled 7 times
TON = 43500

CO2CH3

CO2CH3

*
CO2CH3

CO2CH3

organic solvent nanofiltration

Scheme 3 Ru-catalyzed

hydrogenation of dimethyl

itaconate in ILs
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Scheme 1 Ru-catalyzed
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Transition metal nanoparticles have been effectively prepared in ILs, in which

the IL can act as a support and stabilizer against agglomeration [18]. This new class

of catalysts has received increasing attention over the past several years [19].

However, their use in asymmetric catalysis is less explored. In 2011, Baiker et al.

first reported the IL-supported Pt nanoparticles as catalysts for asymmetric

hydrogenation [20]. With cinchonidine as a costabilizer as well as the chiral source,

Pt nanoparticles with a mean size of 2–3 nm could hydrogenate methyl

benzoylformate in [bmim] tris(pentafluoroethyl)trifluorophosphate ([FEP]) to give

the product with 78% ee and 3,100 h�1 TOF. The catalyst could be recycled three

times with the slight decline in conversion and retained enantioselectivity

(Scheme 5).

The use of scCO2 proves to be an interesting alternative to common organic

solvents due to its nontoxic nature as well as its recoverability and ease of separa-

tion [21]. In addition, scCO2 can dissolve quite well in ILs while ILs cannot

dissolve in scCO2, which provides a means of IL recycling without product

contamination. With Ru-(R)-tolBINAP as catalyst, Jessop et al. reported the asym-

metric hydrogenation of tiglic acid in ILs, where the reduced product could be

readily isolated by using scCO2 extraction [22]. Notably, the catalyst could be

recycled four times with retained activity and even enhanced enantioselectivity.

Moreover, in wet [bmim][PF6], higher enantioselectivity (92% ee) was observed as

compared with the biphasic IL/i-PrOH system, which was probably due to the

higher H2 concentration in IL/H2O under the same pressure (Scheme 6).

Based on the similar concept of IL/scCO2 combination, Leitner et al. reported

multiphase catalytic asymmetric hydrogenation of imines in IL/CO2 mixture with a

cationic Ir-phosphinooxazoline catalyst [23]. Improved reaction rate in the presence

of scCO2 was observed, which might result from a strongly increased H2 solubility

and/or reduced viscosity of ILs. Moreover, the IL led to enhanced stability of the

catalyst. An additional benefit is that the product was readily separated by scCO2

extraction; and the catalyst in IL phase could be recycled at least six times with

almost the same conversion and enantioselectivity (Scheme 7).
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hydrogenation of ketones
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Despite great progress made in the asymmetric hydrogenation of olefins and

ketones in ILs, no example of hydrogenation of heteroaromatic compounds [24] in

ILs was reported till 2008. Fan et al. first used phosphine-free cationic Ru-TsDPEN

catalysts for the asymmetric hydrogenation of quinolines [25]. A variety of 2-alkyl

quinolines were hydrogenated smoothly in neat [bmim]PF6 to furnish 1,2,3,4-

tetrahydroquinolines in high yields (87–97%) with excellent enantioselectivities

(96–99% ee), which were better than those obtained in methanol (Scheme 8). More

interestingly, the hydrogenation in ILs was selective for C═N (quinoline) over

C═O bond, which were both reduced in methanol. In addition, the catalyst stability

was remarkably enhanced in ILs. Even after 30 days, almost the same activity and

enantioselectivity were observed. The drastic enhancement of the catalyst stability

in ILs was probably attributed to the solvation effect of [bmim]PF6 on the cationic

Ru catalyst and/or the very low solubility of oxygen in ILs. The catalyst in ILs could

be easily recovered by solvent extraction, and recycled at least seven times without

obvious decrease in reactivity and enantioselectivity.

In addition to achiral ILs, CILs have recently attracted increasing interest

because of their potential chiral discrimination capabilities [26]. In 2007, Leitner

and Klankermayer et al. reported the asymmetric hydrogenation of methyl

2-acetamidoacrylate and dimethyl itaconate catalyzed by Rh-catalyst containing

tropos biphenylphosphane ligand in readily available amino acid-based CILs [27].

With the protic (S)-proline-derived CILs as chiral media, complete conversion and up

to 69% ee were achieved (Scheme 9). After extraction of the product with scCO2, the

catalyst could be successfully recycled, though the decrease in activity and enantios-

electivity was observed. Later, they found that the key role of the CIL was to

effectively block the catalytic cycle for one of the two enantiomers of the catalyst [28].

Although direct immobilization of the unmodified chiral transition metal

catalysts in ILs has proven to be very successful, an obvious decrease in activity

was often noted after several cycles. The main cause of this decrease might be

78% ee, recycled 6 times
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catalyst leaching during product extractions with organic solvents from the reaction

mixture. Generally, the attachment of an ionic tag into catalyst structure would be a

straightforward way to minimize catalyst leaching [29]. In 2003, Lee et al. reported

the introduction of two imidazolium units into chiral bisphosphine ligand for the

Rh-catalyzed hydrogenation of enamide [30]. With this modified ligand/Rh com-

plex as catalyst, an enamide was smoothly hydrogenated in [bmim]SbF6/
i-PrOH

biphasic system in full conversion with 97% ee. Notably, improved catalyst stabil-

ity in ILs was also observed. Moreover, the catalyst could be recycled three times

without any loss of catalytic efficiency (Scheme 10).

Similarly, two imidazolium-tagged Josiphos ligands 11 were also prepared and

tested in the Rh-catalyzed asymmetric hydrogenation of methyl acetamidoacrylate

and dimethyl itaconate in the biphasic co-solvent/ILs system [31]. The introduction

of imidazolium moieties afforded catalyst with sufficient affinity to [bmim]BF4.

The IL-tagged catalysts showed excellent enantioselectivity comparable to those

obtained with the unmodified parent ligands. Moreover, in t-BuOMe/[bmim]BF4
system, the catalyst could be easily recovered and recycled seven times with only

15% decrease in TOFs and retained enantioselectivity (Scheme 11).

In 2011, series of ionic monophosphite ligand 12 bearing the carbohydrate group

were reported by Xia et al. for Rh-catalyzed asymmetric hydrogenation of

functionalized olefins [32]. For the asymmetric hydrogenation of enamides in the

biphasic [bmim]PF6/toluene system, full conversion and >99% ee were obtained.

Moreover, the catalyst could be recycled at least ten times without obvious loss of

catalytic efficiency (Scheme 12).

In addition to the commonly used imidazolium groups, other ionic tags such as

phosphonic or sulfonic acid and ammonium salt were also documented. In 2003,

Lin et al. developed the phosphonic acid-functionalized BINAP ligands 13 and 14

for the Ru-catalyzed asymmetric hydrogenation of β-ketoesters in ILs [33]. Several
β-alkyl ketoesters were successfully hydrogenated in complete conversion with

excellent enantioselectivity in homogeneous MeOH/ILs ([bmim]BF4, [bmim]PF6
or [pdmim]NTf2) system, which are comparable to or better than those obtained in

MeOH. Moreover, the modified catalysts could be recycled by simple solvent

extraction and reused for four times without any deterioration of activity and

enantioselectivity (Scheme 13). Later, the 4,40-phosphonic acid-derived BINAP

ligand was also applied to the highly asymmetric hydrogenation of β-aryl ketoesters
in MeOH/ILs with excellent catalytic performance [34].

NHAc
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NHAc

97% ee, recycled 3 times
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To reduce the amount of ILs utilized, which are also expensive, and further

facilitate catalyst separation from reaction mixture, a “heterogenized” type of

homogeneous ionic liquid catalyst system, described as supported ionic liquid

phase (SILP) catalyst, has recently been introduced [35]. This new concept of

supported ionic liquid catalysis combines the advantages of ILs with those of

heterogeneous support materials. In 2008, Liu et al. reported the successful immo-

bilization of chiral [RuCl2(PPh3)2(S,S-DPEN)] complex into the channels of IL-

modified mesoporous materials such as MCM-48, MCM-41, SBA-15 or amorphous

SiO2 [36]. In the hydrogenation of acetophenone, comparable catalytic activity and

enantioselectivity to those of homogeneous counterpart were achieved. These

heterogeneous catalysts were stable and could be recycled at least four times

without noticeable decrease in reactivity and enantioselectivity (Scheme 14).

Similarly, Müller et al. reported the immobilization of rhodium catalysts

containing chiral diphosphine ligands in silica-supported thin films of phospho-

nium-based ILs [37]. The heterogenized catalysts showed good enantioselectivity

in the asymmetric hydrogenation of acetophenone, while no enantioselectivity was

observed in MeOH (Scheme 15). This effect was probably due to the enhanced

substrate–catalyst (S–C) interactions by the formation of solvent cage of IL around

the complexes.

In 2011, Wasserscheid et al. extended the SILP catalyst concept to continuous

gas phase asymmetric hydrogenation for the first time [38]. With a Ru complex

containing chiral diphosphine as the catalyst, hydrogenation of methyl acetoacetate

in [emim]NTf2 on silica afforded the product with 65–82% ee, which was obtained

from more than 100 h time-on-stream continuous operation (Scheme 16).
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2.2 Asymmetric Transfer Hydrogenation

Asymmetric transfer hydrogenation provides a powerful alternative to asymmetric

hydrogenation because of its versatility and practical simplicity [1, 2]. However, so

far, few examples of transfer hydrogenation have been reported in ILs.

In 2004, Dyson et al. developed a versatile ruthenium precursor for IL biphasic

asymmetric transfer hydrogenation [39]. With an imidazolium-tagged

Noyori–Ikariya Ru-TsDPEN catalyst (15 in Fig. 2), transfer hydrogenation of

acetophenone by the HCOOH/Et3N azeotrope in [bdmim]PF6 proceeded smoothly

to give the product in quantitative conversion and excellent enantioselectivity

(>99% ee). The catalyst could be recycled three times with the same enantios-

electivity but at the expense of decreased activity (Scheme 17).

Similarly, Ohta et al. reported another imidazolium-tagged Ru/diamine catalyst

(16 in Fig. 2), in which an “IL-philic” ionic tag was attached to the diamine ligand

[40]. This catalyst was also applied in the same reaction in [bmim]PF6 to afford

98% conversion and 93% ee; and the recovered catalyst showed slight decrease in

conversion and enantioselectivity.

3 Asymmetric Oxidations in ILs with Transition

Metal Catalysts

3.1 Asymmetric Epoxidation of Olefins

Asymmetric epoxidation of unfunctionalized olefins with Mn-salen catalysts is a

useful method for the synthesis of chiral epoxides, which are important building

blocks in the preparation of many pharmaceuticals and fine chemicals [1, 2]. The

representative salen ligands used in asymmetric epoxidation in ILs are listed in

Fig. 3.

In 2000, Song et al. reported the asymmetric epoxidation of olefins with chiral

Jacbson’s Mn(III)-salen 17 catalyst in [bmim]PF6/CH2Cl2 [41]. The epoxidation of

several alkenes afforded the product with up to 96% ee. Notably, the Mn catalyst

performed more effectively in the presence of IL, giving an enhanced activity

OCH3

O O H2, RuBr2/9

silica-supported [emim]NTf2

*

OCH3

OH O

65-82% ee, 100h continuous
gas phase reaction

Scheme 16 Ru-catalyzed
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hydrogenation in SILP

O

catalyst 15

HCOOH/Et3N, [bdmim]PF6

*
OH
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Scheme 17 Ru-catalyzed

transfer hydrogenation of

ketones in ILs
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comparable to that obtained in pure CH2Cl2. In addition, this catalyst in ILs could

be recycled four times, but both the enantioselectivity and the activity decreased

slightly upon successive use (Scheme 18). Similar results by using a Katsuki-type

catalyst Mn(III)-19 were subsequently obtained by Smith et al. [42].

To improve separation and recyclability of the catalyst, Liu et al. recently

applied solid-supported ILs for the immobilization of chiral Mn-salen catalysts

[43]. The IL phase of [bmim]PF6 containing chiral Mn(III)-salen (17 or 18)

complexes was immobilized onto the IL-modified mesoporous silica MCM-48.

The heterogenized catalysts exhibited good to excellent activities and enantioselec-

tivities in the asymmetric epoxidation of several unfunctionalized olefins. Notably,

these SILP catalysts were stable and could be recycled three times without the loss

of activity and enantioselectivity (Scheme 19).

With the similar strategy, Halligudi et al. also reported the immobilization

of chiral Mn(III)-17 complex onto the IL-modified mesoporous silica SBA-15

[44, 45]. The SILP catalysts displayed moderate to excellent activities and enantios-

electivities in the oxidative kinetic resolution of several secondary alcohols. More-

over, the catalyst could be recycled four times without obvious loss of activity and

enantioselectivity (Scheme 20).

3.2 Asymmetric Dihydroxylation of Olefins

The Os-catalyzed asymmetric dihydroxylation of olefins is one of the most general

methods for the synthesis of chiral vicinal diols, which are important building
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blocks in the preparation of biologically active compounds [1, 2]. Due to the high

cost of both osmium and the alkaloid-derived ligands and the toxicity of the metal,

catalytic systems that can allow the facile and efficient separation of the catalyst

from the reaction mixture are highly desirable. In addition to the organic polymer or

inorganic material-supported alkaloids, systems using ILs have proven to be

promising approach to recycle both the ligand and the metal. Some representative

alkaloid ligands used in ILs are listed in Fig. 4.

In 2002, Song et al. reported the Os-catalyzed asymmetric dihydroxylation of

olefins using NMO as co-oxidant in ILs/acetone–H2O mixture [46]. With bis

(cinchona) alkaloid 20 or 21 as the ligand, excellent yields and enantioselectivities

were obtained in the asymmetric dihydroxylation of trans-stilbene and methyl-

trans-cinnamate (Scheme 21). Notably, the Os catalyst bearing a new bis(cinchona)

alkaloid 22, generated in situ from ligand 21, showed superior recyclability to the

Os/20 catalytic system. The recovered IL phase containing osmium and 22 could be

recycled several times, even in the recycle experiments using 0.1 mol% OsO4; and

the total TON was up to 2,370. In addition, the IL suppressed over-oxidation of the

resulting diols, a commonly observed side reaction in organic solvents. Later, a

similar effect of the chiral ligand structure on recyclability was also observed by

Sheldon et al. in the same transformation [47].
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Almost at the same time, Afonso et al. described the Os-catalyzed asymmetric

dihydroxylation of unfunctionalized olefins using K3Fe(CN)6 as co-oxidant in

ILs/co-solvent media [48, 49]. With K2OsO2(OH)4-23 or 24 as the catalyst, the

reaction in the biphasic [bmim]PF6/H2O or the monophasic [bmim]PF6/H2O–
t-BuOH

mixture afforded good to excellent yields and enantioselectivities, which are

comparable to or better than those achieved in the homogenous H2O–
t-BuOH

mixture. This catalytic system could be reused at least nine times without signifi-

cant loss of activity and enantioselectivity (Scheme 22).

Subsequently, Afonso et al. developed a cleaner Os-catalyzed asymmetric

dihydroxylation of olefins by the combination of ILs as solvent with the use of

scCO2 in the separation process [50]. Dihydroxylation of 1-hexene and styrene

using the aforementioned catalytic systems proceeded smoothly in neat ILs, such as

[bmim]NTf2, [omim]BF4, [dmbim]PF6, [dmbim]BF4 and [dmbim]NTf2, affording

the chiral diols in high yields (87–98%) and enantioselectivities (90–97% ee) without

the need of a slow addition of olefin. In a model dihydroxylation of 1-hexene in

[bmim]NTf2, the chiral diol product was readily isolated via scCO2 extraction without

osmium contamination; and the catalyst could be reused eight times without obvious

loss of activity and enantioselectivity. In contrast, the organic extraction method led

to 1–2% catalyst leaching and resulted in osmium contamination of the product.

Most recently, the same group further reported the Os-catalyzed asymmetric

dihydroxylation by using CILs as both the chiral source and reaction media

[51, 52]. With chiral guanidinium ILs and K2OsO2(OH)4 catalyst, dihydroxylation

of several olefins containing aliphatic and aromatic units proceeded smoothly to

afford very good yields (up to 95%) and enantioselectivities (up to 89%), which are

comparable to or better than those obtained from the conventional system based on

Sharpless chiral ligand. More interestingly, the system of [(di-h)2dmg][quinic]

combined with conventional achiral IL such as [omim]PF6 and [C10mim]PF6 also

provided good performance (Scheme 23). In addition, the chiral diol product could

be isolated by organic solvent or scCO2 extraction; and in the latter case, the

catalyst was successfully recycled at least four cycles without significant decrease

in yield and enantioselectivity.

4 Asymmetric C–C and C–Heteroatom Bond Formation in ILs

with Transition Metal Catalysts

4.1 Asymmetric Diels–Alder Reaction

The Diels–Alder reaction is one of the most efficient bond-forming reactions

widely used in synthetic organic chemistry. The homogeneous Lewis acid-catalyzed

n-Bu *n-Bu

OH

OHK2OsO2(OH)4/23 or 24, K3Fe(CN)6

[bmim]PF6/H2O/t-BuOH
or [bmim]PF6/H2O up to 99%ee, recycled 9 times

Scheme 22 Os-catalyzed

dihydroxylation of olefins

in ILs by Afonso et al
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asymmetric Diels–Alder reaction has been extensively studied over the past

decades [1, 2]. Efforts were also made in the heterogeneous asymmetric Diels–

Alder reaction to facilitate the catalyst recycling. Some representative chiral ligands

used in ILs are listed in Fig. 5.

In 2003, Oh et al. reported the first asymmetric Diels–Alder reaction in ILs [53].

With [dbim]BF4 as reaction media, remarkable enhancement of catalytic activity

and stereoselectivity was observed. The reaction between N-crotonyloxazolidione
and cyclopentadiene catalyzed by chiral Cu/25a complex gave good yield and

excellent diastereoselectivity and enantioselectivity, whereas the same reaction in

CH2Cl2 exhibited much poor yield and selectivity (Scheme 24). More recently, Kim

et al. studied the same kind of Diels–Alder reactions with chiral bis(oxazoline)

26/Cu catalyst in ILs [54]. It was found that the catalytic performance was highly

dependent on the property of ILs. Similar enhanced reactivity and stereoselectivity

were observed. In addition, the catalyst could be recycled up to 17 times with slight

deterioration of yield and selectivity.

To minimize catalyst leaching, Doherty et al. recently developed recyclable

copper catalysts bearing imidazolium-tagged bis(oxazoline) ligands 28 for

Diels–Alder reactions in ILs [55]. In comparison with CH2Cl2, the reaction in

K2OsO2(OH)4, NMO

up to 89% ee, recycled 4 times

R
R'

R
R'

OH

OH
*

*
[(di-h)2dmg][quinic] or

[(di-h)2dmg][quinic]/[C10mim][BF4]

Scheme 23 Os-catalyzed dihydroxylation of olefins in CILs
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[emim][NTf2] provided much faster rates and significantly enhanced enantioselec-

tivities. Remarkably, the catalyst loading could be decreased to 0.5 mol% in the IL

to give complete conversion within 2 min with retained enantioselectivity (95% ee).

In addition, this catalyst could be readily recycled at least ten times without any loss

of activity and enantioselectivity; and much lower metal leaching was observed as

compared with those of the original ligand without an IL-tag.

Similarly, C2-symmetry imidazolium-tagged bis(oxazoline) ligands were also

successfully utilized for the same reactions in [bmim]NTf2, furnishing the products

with 98% conversion and 97% ee. The catalyst Cu/29 could be recycled at least 20

times without an obvious loss of activity and enantioselectivity [56].

In addition to bis(oxazoline) ligands, other chiral ligands, including BINOL (30)

[57], diphosphines (31)[58] and phosphinooxazolidine (32) [59], have also been

used for Diels–Alder reactions. For example, Loh et al. recently described the In

(III)/30-catalyzed Diels–Alder reaction in [hmim]PF6 [57]. The cycloaddition of

both cyclic and acyclic dienes to 2-methacrolein and 2-bromoacrolein resulted in

high yields and enantioselectivities (up to 98% ee). The catalyst could be recycled

at least seven times with similar yields and enantioselectivities (Scheme 25).

4.2 Asymmetric Cyclopropanation

Cyclopropane subunits have been found in many important natural and synthetic

compounds, and the chiral bis(oxazoline)-Cu complexes are the most extensively

used catalysts for asymmetric cyclopropanation reactions [1, 2]. Recently, Mayoral

et al. extensively investigated the Cu-catalyzed asymmetric cyclopropanation

reactions between alkenes and ethyl diazoacetate in ILs. In 2001, they reported

the first asymmetric cyclopropanation in ILs and demonstrated the possibility to

recycle the catalyst [60]. The reaction with catalyst CuCl2/25a in [emim]NTf2 gave

the best results in terms of diastereoselectivity and/or enantioselectivity. Their

further studies revealed that the ionic Cu/25a or 25b catalysts in ILs were more

robust than those supported on anionic solids [61]. This behavior was likely due to

the higher stability of the catalyst in IL media than those attached onto the solid

supports. Moreover, the nature of both the anion and the cation, the presence of

water and the IL/catalyst molar ratio could strongly influence both catalytic perfor-

mance and catalyst recycling. The catalyst CuCl/25a in [emim]OTf or [bmim]OTf

could be recycled five times with retained reactivity but decreased enantios-

electivity, which was due to the ligand decoordination. To overcome this problem,

a more stable Cu catalyst containing azabis(oxazoline) (27 in Fig. 5) was further

+

30-In(III) (20 mol%),
Allyltributyl stannane (60 mol%)

[hmim]PF6, 4A MS

Br
H

O
CHO

Br
up to 98% ee, recycled 7 times

Scheme 25 In-catalyzed D—A reaction in ILs
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utilized in the asymmetric cyclopropanation in [emim]OTf [62]. The catalyst could

be recycled at least seven times without any loss of activity and selectivity

(Scheme 26).

In 2007, the same group developed SILP as two-dimensional nanoreactors for

the Cu-catalyzed asymmetric cyclopropanation in [bmim]PF6 [63]. With layered

clay with negative charges as the support, the SILP catalyst Cu(I)/25b displayed

greatly different catalytic behaviors comparable to bulk IL media due to the

confinement effects of the nanoreactors. For example, the cyclopropanation of

styrene changed from a preference of the (1S,2S)-trans isomer in bulk solution to

the (1R,2S)-cis isomer in the SILP.

Davies et al. also reported the Cu-catalyzed cyclopropanation between styrene

and ethyl diazoacetate [64]. They found that the cyclopropanation catalyzed by

Cu(OTf)2/25a could be carried out in different ILs with good yield and enantios-

electivity; and the purity of ILs had a marked effect on the catalytic performance.

The catalyst could be recycled at least four times without any drop of yield and

enantioselectivity.

4.3 Asymmetric Allylic Substitution

Palladium-catalyzed asymmetric allylic substitution reaction represents a useful

process for enantioselective formation of carbon–carbon and carbon–heteroatom

bonds [1, 2]. Some representative chiral ligands used in ILs are listed in Fig. 6.

In 2000, Toma et al. first reported the asymmetric allylic substitution reaction of

racemic (E)-1,3-diphenyl-3-acetoxyprop-1-ene with dimethyl malonate catalyzed

by Pd complexes containing diphosphine ligands 33 or 34 in [bmim][PF6].

A significant enhancement in enantioselectivity was observed in ILs as compared

with those in THF [65] (Scheme 27). The catalyst could be recycled but with

reduced yield and enantioselectivity. In a subsequent study, the influence of chiral

ligands, bases and other reaction conditions was further investigated and up to 92%

ee was achieved [66].

In 2011, Teuma et al. reported the Pd-catalyzed asymmetric allylic substitution

reactions with chiral carbohydrate-based diphosphite ligands in neat ILs [67]. With

[bmpyrr]NTf2 as reaction media, the catalyst Pd/35 was found to be highly active

and induced excellent enantioselectivity in the allylic alkylation and amination. In

the case of allylic amination, the catalyst could be reused at least nine times with

retained enantioselectivity and activity (Scheme 28).

In addition to the chiral bidentate phosphorus ligands, other chiral ligands,

including monodentate phosphoramidite (36) [68], tridentate NPN ligand (37)

CuCl/27

[emim]OTfPh
+ N2CHCOOEt

Ph CO2Et Ph CO2Et
+

91% ee 82% ee
recyled 7 times (trans/cis = 73:27)

Scheme 26 Cu-catalyzed

cyclopropanation in ILs
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[69] and phosphine–imidazoline ligand (38) [70], have also been used for asym-

metric allylic substitution reactions. For example, Claver et al. developed a Pd/38

catalytic system for the allylic substitution in ILs under microwave conditions [70].

High conversion and excellent enantioselectivity (up to 96% ee) were achieved in

[bdmim]BF4. The catalyst could be recycled three times but with gradually

decreased activity and enantioselectivity.

4.4 Asymmetric Ring-Opening Reactions of Epoxides

Epoxides are valuable intermediates for the stereocontrolled synthesis of complex

organic compounds, and the asymmetric ring opening of such chiral epoxides

extends their utilities [1, 2]. In 2000, Song et al. reported the asymmetric ring-

opening of epoxides with TMSN3 catalyzed by Cr(III) complex containing salen

ligand (17, Fig. 3) in ILs for the first time [71]. They found the nature of the anion of

ILs strongly affected the reactivity and enantioselectivity of catalyst. With
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hydrophobic [bmim]PF6 as the reaction media, the reaction proceeded smoothly to

provide up to 97% ee. The catalyst could be recycled four times without any loss of

activity and enantioselectivity (Scheme 29).

Subsequently, hydrolytic kinetic resolution of racemic epoxides was also

reported by the same group [72]. The reaction catalyzed by Co(III)/17 in [bmim]

PF6/THF mixture afforded the chiral epoxides and diols with up to 99% ee and up to

94% ee, respectively. Notably, IL proved to stabilize the Co(III) complex against

reduction, which usually occurred in organic solvent. In addition, the catalyst could

be recycled up to nine times with the loss of catalytic activity and enantioselectivity

(Scheme 30).

In 2010, Kureshy et al. described aminolytic kinetic resolution (AKR) of trans-
epoxides catalyzed by chiral Cr(III)/17 complex in ILs [73]. They demonstrated

that the AKR of trans-epoxides with different anilines as nucleophile proceeded

well in [bmim]PF6, affording anti-β-aminoalcohols in excellent yields with high

enantioselectivity. More importantly, the reaction was five times faster in the

presence of ILs than in conventional organic solvents. In addition, the recycling

test allowed the catalyst to be reused five times with unchanged yield and ee value

(Scheme 31).

4.5 Other Asymmetric Reactions

In addition to the asymmetric C–C bond formation reactions described above, some

attempts were recently made to use ILs in other types of asymmetric reactions, such

as carbonyl-ene reaction [74, 75], carbonyl alkylation [76–78], Mukaiyama aldol

reaction [79], Michel addition [80], Henry reaction [81], Mannich reaction [82],

hydrovinylation [83], Heck reaction [84] and so on. However, in most cases, the

catalytic performance and/or the catalyst recycling were still less satisfactory as

compared with those achieved in the asymmetric hydrogenation and oxidation

reactions. Here, we only highlighted the recent results achieved in asymmetric

carbonyl-ene reaction in ILs.

In 2007, Luo et al. reported the asymmetric carbonyl-ene reaction between

arylglyoxals and alkenes with a chiral Pd(II)-BINAP catalyst in ILs [74]. Moderate

yields and high enantioselectivities were achieved in [bdmim]NTf2/CH2Cl2

O N3 OTMS

TMSN3, Cr(III)/17

[bmim]PF6

up to 97% ee, recycled 4 times

Scheme 29 Cr-catalyzed

ring-opening of epoxides

with TMSN3 in ILs

H2O, Co(OAc)3/17

[bmim]PF6/THF

O

Me

O

Me Me
OH

OH
+
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recycled 9 times

Scheme 30 Co-catalyzed

HKR of epoxides in ILs
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mixture, which are comparable to those obtained in organic solvent. Remarkably,

this chiral Lewis Pd catalyst was very stable in ILs, and could be recycled 21 times

with retained enantioselectivity and activity (Scheme 32).

Most recently, Kim et al. also investigated the same reaction with Cu(II) catalyst

containing bis(oxazoline) (25, Fig. 5) in ILs [75]. Reaction between α-methyl

styrene and ethyl glyoxylate in neat [bmim]PF6 exhibited remarkably enhanced

reactivity and enantioselectivity, which greatly exceed those of the corresponding

reactions in dichloromethane. Moreover, the catalyst could be recycled eight times

with no significant decrease in catalytic efficiency.

5 Conclusion and Perspectives

As being described in this chapter, room temperature ILs as an effective alternative

to common volatile organic solvents have been extensively employed as reaction

media for various transition metal-catalyzed asymmetric reactions in recent years.

The use of ILs allows chiral organometallic catalysts to be recycled more easily,

which often requires no ligand modification. More importantly, large increases in

reactivity and/or stereoselectivity in many cases have been achieved as compared

with conventional solvents. In addition, the combination of IL as reaction media

with new concepts and/or techniques, such as scCO2 extraction, nanofiltration and

SILP catalysis, has made asymmetric catalytic reactions in ILs greener and more

economical. CILs as both the reaction medium and source of chirality provide a

promising tool for transition metal-catalyzed asymmetric reactions without the use

of common chiral ligands.

Despite of significant progress made in this field, some challenges still retain.

First, a great amount of organic solvents are often required to realize satisfactory

catalytic performance and/or to isolate the product. Replacement of organic

solvents with greener media such as scCO2 is highly desirable in the future. Second,

high cost of IL may limit practical applications of catalysis in ILs. The SILP

catalysis together with scCO2 extraction appears to be successful examples.

Expectedly, there is a large potential to realize practical asymmetric

transformations in both liquid phase and gas phase by using the combination of

O
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Ph Ph
Ph

OH
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Ph Ph
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H2N Ar+
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ILs with solid catalysts. Third, although some interesting and even unprecedented

“IL effects” have been observed in different catalytic systems, the nature of these

effects and detailed mechanistic understanding of reaction pathways in ILs remain

to be extensively investigated in the future. On the basis of the mechanistic

understanding, to develop more effective asymmetric reactions with higher TOF

and TON values in ILs than those achieved in conventional organic solvents is also

highly desirable.

In conclusion, the examples described in this chapter have demonstrated that ILs

represent a unique class of reaction media for transition metal-catalyzed asymmet-

ric reactions. In addition, asymmetric catalysis in ILs can combine the advantages

of conventional homogeneous and heterogeneous catalysis, and will continue to

attract increasing research interest from both academia and industry.
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