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1. Imidazolium Hydroxides and Catalysis 

Cameron C. Weber 

1.1 Introduction 

Base catalysis is important for a wide range of organic transformations. These include, but are 

certainly not limited to, aldol reactions and condensations, Michael additions, Henry reactions, 

Dieckmann, Knoevenagel and Claisen-Schmidt condensations and the Robinson annulation. 

Given the synthetic importance of base catalyzed reactions and the use of ionic liquids (ILs) as 

‘designer solvents’, an approach to conducting base catalyzed processes has been to utilize ILs 

that possess a basic anion. This methodology has the advantage of simplifying the reaction 

medium and the subsequent purification as the IL acts as both the solvent and as a catalyst for the 

reaction, reducing the need for other additives. Alternatively, this methodology can be used to 

enable the base to become miscible with various organic solvents and therefore provide 

inorganic type bases with organic solvent solubility. As one of the most studied classes of these 

ILs, the focus of this chapter will be on imidazolium hydroxides and their role in various 

catalytic transformations. The abbreviations used for the imidazolium salts will be based on the 

alphanumeric system used by Hallett and Welton, i.e. the 1-butyl-2-methyl-3-ethylimidazolium 

cation would be [C4C2C1
2Im].1 

 

It would be remiss to introduce a chapter on imidazolium hydroxides without discussing the 

reactivity and general instability of these compounds.2,3 The hydrogen in the 2 position of the 

imidazolium ring is mildly acidic. This hydrogen in [C1C1Im][I] was found to exchange with 
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deuterium in borate buffer solutions at pD 8.92 with a half life of 4.5 mins.4 This exchange 

occurs through the formation of an N-heterocyclic (Arduengo-type) carbene intermediate of the 

type depicted in Scheme 1.5 Consequently many imidazolium salts generate reactive carbene 

intermediates in the presence of bases which will clearly influence their stability and reactivity. 

When the base is the anion of the imidazolium salt its association with the 2-position of the 

imidazolium ring is further enhanced due to Coulombic attraction, particularly in the absence of 

a diluent.6 Consequently, the reactivity of the 2-position of the imidazolium ring increases in neat 

imidazolium salts meaning that salts with anions as weakly basic as acetate behave as ‘proto-

carbenes’.7 When more basic anions such as hydroxide are used the reaction lies further to the 

right leading to the facile formation of the carbene.2,8 The carbene can then be hydrolyzed 

leading to further degradation, as illustrated in Scheme 1.9-11 The hydrolysis pathway is 

equivalent to the nucleophilic addition of hydroxide to the imidazolium salt which also occurs in 

these salts. As can be anticipated, the use of imidazolium hydroxides as solvent systems can be 

fraught with complications particularly if the 2-position of the imidazolium ring is not protected.  
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Scheme 1. Degradation of an imidazolium hydroxide with an unsubstituted 2-position via 

hydrolysis of the intermediate carbene.  

 

Not all imidazolium hydroxides are inherently unstable. Imidazolium salts with unsubstituted 2-

positions can be stabilized by sufficiently diluting the salt in a protic solvent such as water to 

reduce the basicity of the hydroxide ion through hydrogen bonding interactions.11 Importantly, 

this requires that these salts are used in a regime where they are not ILs under the conventional 
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definition. Density functional theory (DFT) calculations suggest that at least two water 

molecules are required to stabilize a single [C2C1Im][OH], and even then many of the lowest 

energy structures feature a carbene.12 These results were consistent with calculations for the 

hydrolysis of the imidazole-2-ylidene which found that 3 water molecules were required for the 

formation of the imidazolium hydroxide to be thermodynamically favorable over other 

hydrolysis products with the stability increasing further with additional water molecules.11 

Despite these calculated values, significantly higher water concentrations were required 

experimentally to ensure that the imidazolium hydroxide salt did not undergo degradation under 

ambient conditions. For example, it has been reported that [C2C1Im][OH] is unstable at 

concentrations above 20 wt% in water which corresponds to over 25 molar equivalents of 

water.13 This suggests that imidazolium salts with unsubstituted 2-positions should ideally be 

used as dilute aqueous solutions rather than as neat liquids to prevent their degradation. 

 

The other approach for the stabilization of imidazolium towards bases is the substitution of the 2-

proton with alkyl or aryl groups. Some examples are depicted in Figure 1. The simplest 

substitution is the addition of a methyl group which has been found to increase the base tolerance 

of the imidazolium cation.14-16 However, the 2-methyl substituted imidazolium salts still undergo 

H/D exchange even in the presence of a mild base such as triethylamine.14 These salts have also 

been found to be incompatible with strong bases such as Grignard reagents.17 Modification of the 

2-position with an isopropyl group was found to imbue sufficient base stability to the IL to allow 

the conduct of Grignard reactions.18 A 2-phenyl substituent also lead to stability towards 

Grignard reagents for closely related imidazolinium salts.19 It is important to consider that the 

lack of conjugation around the entire ring in the imidazolinium cation may increase the base 
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stability of these salts relative to their imidazolium counterparts which have not been studied. 

More exotic 2-position substitutions include the formation of fused bicyclic imidazolium salts 

(Figure 1) which did not undergo H/D substitution even under forcing basic conditions.20,21 It is 

important to consider that H/D exchange reflects the acidity of the hydrogens but not the stability 

of the cation. Recent publications calculated the LUMOs for a wide range of substituted 

imidazolium cations which were found to correlate with experimental degradation values.16,22 It 

was determined that unbranched alkyl C2 substituents actually facilitated greater stabilization of 

the imidazolium ring towards degradation than branched substituents due to hyperconjugation 

effects from the α-C-H groups, despite their increased propensity to undergo H/D exchange. This 

illustrates an important distinction between the acidity of the imidazolium cation and its stability 

as the 2-methyl substituted imidazolium cations were found to be more acidic than the isopropyl 

variants despite being less prone to degradation under basic conditions.18,21,22  Most of the 

stability tests were conducted in the presence of added solvent and not on the neat hydroxide 

salts which means these results may not necessarily reflect their absolute stability as ILs. 
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Figure 1: Some examples of 2-position substitution used to enhance the base stability of the 

imidazolium cation. 

 

It is evident from the above discussion that imidazolium cations can be rendered more stable 

towards bases by appropriate substitution of the 2-position. Unfortunately, these substitutions 
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have not been examined for the preparation of neat hydroxide salts so their efficacy in stabilizing 

the neat IL cannot be determined. However, hydroxide salts with unsubstituted 2-positions can 

be used in aqueous solution provided they are sufficiently dilute to prevent the decomposition of 

the cation. Unfortunately many literature reports dealing with imidazolium hydroxides do not 

address the issue of stability and therefore the role of carbene intermediates or degradation 

products cannot be clearly ascertained. It is therefore not always clear whether it is the 

imidazolium hydroxide itself responsible for the behavior observed or one of its degradation 

products. Given how strongly impurities are intertwined with IL chemistry generally and 

imidazolium hydroxide in particular, this chapter will outline approaches to the synthesis of these 

salts and their effect on the properties and identity of the resultant material. The application of 

these salts as catalysts will then be explored with special emphasis placed on the role that 

carbenes and IL degradation may play and how the use of imidazolium hydroxides compares to 

simple alternative bases. 

 

1.2 Imidazolium Hydroxide Synthesis 

The synthesis of imidazolium hydroxides has been conducted through conventional ion 

metathesis from the corresponding imidazolium halide salt in an organic solvent,23 the use of an 

anion exchange resin,24 or a combination of both methods (Scheme 2).25 The metathesis process 

is controversial as the original report using dichloromethane as a metathesis solvent was found to 

result in highly colored ILs with significant halide contamination when independently repeated 

by a number of research groups.2,25,26 Despite this, the metathesis synthesis remains widely used 

for those aiming to produce imidazolium hydroxide salts while the anion exchange resin 

approach is more often used to produce an imidazolium hydroxide solution for immediate 
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reaction with acids to form different ILs.24,27 For the synthesis of imidazolium hydroxide salts 

free of halide contamination, the use of the anion exchange resin approach is advisable as 

conventional approaches for removing residual halide following ion metathesis such as washing 

with water would not yield any selectivity for the halide over the hydroxide anion.28 The 

preparation can also be conducted by coupling the ion metathesis with the use of an anion 

exchange resin. For example, Peng et al. conducted the metathesis of [C4C1Im][Br] with KOH in 

THF followed by passing the resultant liquid through a hydroxide loaded anion exchange resin. 

This methodology led to halide-free [C4C1Im][OH] although, as discussed previously, it was 

only stable as an aqueous solution (30-40 wt%).25  
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Scheme 2. General synthetic approaches for the preparation of imidazolium hydroxides. X = Cl, 

Br. (a) Anion metathesis in organic solvent (either THF or DCM) and (b) the use of an anion 

exchange resin such as Amberlite IRA-400 (OH).  

 

1.3 Base Catalyzed Reactions in Imidazolium Hydroxides  

1.3.1 Michael Additions 

Michael additions were the first base catalyzed process to be intentionally studied using an 

imidazolium hydroxide catalyst, in this case [C4C1Im][OH].23 This original study examined 1,3-

dicarbonyl compounds as Michael donors with ketone, ester and nitrile substituted acceptors 
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(Scheme 3). Notably, the ester and nitrile substituted acceptors formed bis-addition products 

while ketone acceptors formed only the anticipated monosubstituted compounds. Given the use 

of [C4C1Im][OH] at 0.6 equivalents, diluted only by reagents, significant carbene concentrations 

would likely be present. Similar 1,3-dicarbonyl substrates have been shown to react at 

comparable rates using only 2.5 mol% of a closely related imidazol-2-ylidine carbene.29 For the 

carbene catalyzed processes, substrates which were capable of undergoing bis-addition were not 

examined so direct comparison with the [C4C1Im][OH] conditions cannot be made. While it 

cannot be conclusively determined whether the reactivity observed is exclusively due to the 

presence of carbenes, it does indicate that these Michael additions can be catalyzed by the 

carbenes present in the [C4C1Im][OH] solution. 

 

R1

R2

+ X [C4C1Im][OH]
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X = CN,
CO2Me

R1

R2

X
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R2

X

X  

Scheme 3: Michael addition of 1,3-dicarbonyl compounds in [C4C1Im][OH]. Redrawn with 

permission.23 Copyright 2005 American Chemical Society.  

 

Following this initial report, Michael reactions featuring a wider range of donor and acceptor 

groups have been reported using [C4C1Im][OH] as a catalyst and reaction medium. These include 

activated methylene systems for the addition to styrylisoxazoles as well as thia- and aza-Michael 

reactions.30-33 The activated methylene compounds used for the addition to styrylisoxazoles were 

1,3-dicarbonyl compounds and 3,5-dimethyl-4-nitroisoxazole (Scheme 4).32 The reaction 

conditions and yields obtained were similar to those of the original Ranu and Banerjee 
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publication which is unsurprising given the similarity of the compounds used. These systems 

were found to always give faster rates than in refluxing triethylamine and no reaction was 

detected in the absence of a base. Unfortunately there was no comparison with other hydroxide 

systems and the use of an unstable imidazolium cation means that again the precise role of 

carbenes, the hydroxide anion and other degradation products is unclear.  
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Scheme 4. Reaction of 3,5-dimethyl-4-nitroisoxazole with chalcones.32 

 

The thia-Michael addition reactions were studied with alkyne acceptors and generally found to 

form the disubstituted product (Scheme 5).30 For these reactions Ranu et al. used [C4C1Im][OH] 

as a 10 mol% solution in [C4C1Im][Br] to limit the reaction rate and polymerization side-

reactions as the reaction proceeded too vigorously in neat [C4C1Im][OH]. No control 

experiments were conducted with other bases or ILs so the role of carbenes or the importance of 

the use of an imidazolium hydroxide rather than a simple hydroxide salt cannot be determined. 

 

[C4C1Im][OH]
Ar

O

RSH Ar

O SR

SR
 

Scheme 5. Thia-Michael additions as studied by Ranu et al. Redrawn with permission.30 

Copyright 2006 Elsevier Ltd. 

 

For the aza-Michael reactions (Scheme 6),31 the reaction between piperidine and methyl acrylate 
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proceeded slowly in conventional organic solvents such as THF and DMSO with an orders of 

magnitude increase in rate in the ILs [C4C1Im][BF4] and [C4C1Im][PF6]. However, the best 

results were obtained for hydroxide ILs with yields of 98% found for [C4C1Im][OH] in 10 min 

compared to 60% for [C4C1Im][BF4]. In this case it is likely the basicity of the hydroxide anion 

rather than in situ carbene formation that is responsible for the activity as similar results were 

obtained for [C4C1C1
2Im][OH]. Obviously piperidine is inherently more basic than the 1,3-

dicarbonyl compounds studied by Ranu and Banerjee which reduces the need for an added basic 

catalyst to enable the reaction to proceed.  

 

[C4C1C1
2Im][OH]NH + CO2Me N CO2Me

 

Scheme 6: Aza-Michael reaction of piperidine with methyl acrylate in [C4C1C1
2Im][OH].31  

 

Aromatic amines such as anilines, imidazoles and pyrazoles were also studied as donors for aza-

Michael additions (Scheme 7).33 Due to their reduced basicity, aromatic amines had much longer 

reaction times than the aliphatic heterocyclic systems. Notably, no reaction for aniline was 

observed for a 1:1 NaOH:[C4C1Im][BF4] solution whereas [C4C1Im][OH] gave 90% yield over 

the same reaction time. This indicates that in this case there is an inherent benefit for 

imidazolium hydroxides over mixtures of an imidazolium salt with a simple hydroxide salt. It is 

not clear whether this substantial difference in reactivity is due to chemical interactions, physical 

properties of the solution such as viscosity or the miscibility of reagents as organic bases were 

found to perform better than inorganic bases. Carbenes are unlikely to be implicated given the 

poor results for the NaOH: [C4C1Im][BF4] system where such species would also be present. 
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[C4C1Im][OH]
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+

O O

N
H  

Scheme 7. Reaction of aniline with cyclohexenone, typical aza-Michael addition studied by 

Yang et al. Redrawn with permission.33 Copyright 2006 Elsevier Ltd. 

 

Overall it appears that the role of imidazolium hydroxides in Michael additions can be complex 

and depend on the nature of the Michael donors used. For weakly acidic species such as the 

carbon acids and thiols, the importance of in situ carbenes cannot be ruled out and there is 

literature precedent for the role of these carbenes. For the basic species used in the aza-Michael 

additions it appears that carbenes are not relevant for the observed reaction behavior and it is 

simply the basicity of the hydroxide anion and potentially the reduced viscosity of the 

imidazolium hydroxide salt relative to inorganic hydroxide/imidazolium IL mixtures that are 

central to the catalytic activity. 

 

1.3.2 Other Addition Reactions  

Given the success of imidazolium hydroxides as catalysts for Michael addition reactions, they 

have also been investigated for other addition processes. The Markovnikov addition of N-

heterocycles to vinyl esters was accomplished using [C4C1Im][OH] as a solvent and catalyst 

(Scheme 8).34 The reactivity of the imidazoles investigated increased with their acidity and the 

reaction did not proceed in organic solvents in the absence of a base. Consequently, 

[C4C1Im][OH] likely enables this reaction to proceed through the initial deprotonation of the N-

heterocycle to produce the more nucleophilic azolide anion followed by its nucleophilic attack 

on the vinyl group. No other bases were tested under these conditions so the efficacy of 
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[C4C1Im][OH] over other bases and the importance of carbenes cannot be determined. 

 

[C4C1Im][OH]+
N

N
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Scheme 8. Markovnikov addition of substituted imidazoles to vinyl esters, a typical reaction 

studied by Xu et al. Redrawn with permission.34 Copyright 2006 American Chemical Society. 

 

The heterocyclization of various oxygen donors with alkynes and nitriles catalyzed by 

[C4C1Im][OH] has been studied extensively by Siddiqui and coworkers (Scheme 9).35-37 This 

methodology was used for the synthesis of benzofurans, isocoumarins and benzoxazine-4-one 

derivatives. Ring closure was accomplished either by intramolecular Markovnikov addition, 

Markovnikov addition followed by a nucleophilic aromatic substitution by the resultant 

carbanion or addition to the nitrile followed by nucleophilic aromatic substitution by the 

resultant carbamate anion. [C4C1Im][OH] was found to be the best solvent for these reactions, in 

all cases performing better than a range of inorganic and organic bases in organic solvents or 

[C4C1Im][Br] ILs. Part of the role of [C4C1Im][OH] will be to activate the nucleophile by 

abstracting a proton in a similar fashion to the Markovnikov addition discussed. In the 

benzofuran reactions it was found that inorganic bases were dramatically more active in 

[C4C1Im][Br] than in polar organic solvents such as DMF which implies that carbene catalysis 

may also be important.  
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[C4C1Im][OH]

OH
O

 

Scheme 9. The heterocyclization of 2-(phenylethynyl)phenol to form 2-phenylbenzofuran, a 

typical heterocyclization studied by Siddiqui and coworkers. Redrawn with permission.35 

Copyright 2013 Elsevier Ltd. 

 

[C8C1Im][OH] was compared with an imidazolinium hydroxide salt grafted on silica for the 

catalysis of the cyanosilylation of a range of carbonyl compounds (Scheme 10).38 The grafted 

imidazolinium salt gave a 91% yield of the desired product from cyclopentanone while 

[C8C1Im][OH] achieved only 19%. The silica itself was not active even with the imidazolinium 

chloride salt grafted on it. Curiously, the hydroxide salts of the ILs were prepared from ammonia 

solution rather than the inorganic hydroxide salt or an anion exchange column and the exchange 

was conducted in different solvents (THF and acetonitrile for the imidazolinium salt and 

[C8C1Im][OH] respectively). This could explain the large discrepancy of activity observed as the 

change in solvent as well as the presence of a modified cationic silica surface may influence the 

extent of ion exchange. It is important to note that N-heterocyclic carbenes have been shown to 

successfully catalyze this process with as low as 0.5 mol% loading,39 although this wasn’t 

explored in the IL investigation. The success of the imidazolinium salt for this reaction, however, 

does suggest that imidazolium hydroxides, with appropriately stable cations and in the presence 

of the pure hydroxide anion, may also be able to facilitate cyanosilylation reactions. 
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[C8C1Im][OH]

O
Me3SiCN NC OSiMe3

 

Scheme 10. The cyanosilylation of cyclopentanone by trimethylsilyl cyanide catalyzed by 

imidazolium or imidazolinium hydroxides, as studied by Yamaguchi et al.38 

 

Collectively these results illustrate that imidazolium hydroxides can be effective catalysts for 

addition reactions. The role of carbenes, however, is not clear and the relatively limited results 

obtained in this regard suggest they may be involved in some of the catalysis observed.  

 

1.3.3 Knoevenagel Condensations 

The Knoevenagel condensation is one of the most widely studied reactions within imidazolium 

hydroxides due in part to its synthetic importance. The Knoevenagel condensation of 

benzaldehyde and malononitrile (Scheme 11) was attempted in a mixture of KOH and 

[C4C1Im][PF6] which would generate [C4C1Im][OH], amongst other species, in situ.40 This 

combination was found to be favorable for the Knoevenagel reaction with 96% conversion in 6 

h. Major limitations were the extraction of the product from the reaction mixture as it was quite 

soluble in the IL and the recyclability of the IL system as conversion decreased over multiple 

uses. Titration of the reaction mixture found that up to 40% of added base was not available for 

reaction. This was attributed to the formation of carbenes which were identified by NMR, 

however, carbene formation would not reduce the basicity of the mixture. A more likely cause is 

the hydrolysis of the hexafluorophosphate anion which generates hydrofluoric acid.41,42 
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Scheme 11. The Knoevenagel reaction between benzaldehyde and malononitrile. Redrawn with 

permission.40 Copyright 2004 Elsevier Ltd.  

 

Building on this initial study, the Knoevenagel reaction was further explored by using 20 mol% 

[C4C1Im][OH] as a catalyst added to the neat reagents (Scheme 12).43 This methodology was 

compatible with a wide range of substrates with reactions performed at room temperature leading 

to good isolated yields for most products in under 30 min. This included the reaction of aliphatic 

aldehydes with malonic esters which generally react much slower than their aromatic 

counterparts. It was noted that no side products due to carbene formation were detected, 

however, the importance of carbenes as catalytic agents was not explored. This methodology was 

extended to examine the use of grinding, microwave heating and melting of solid reagents to 

enable the reaction to proceed more rapidly.44 Unsurprisingly given the more forcing conditions 

used, this approach led to faster reaction times than observed by Ranu et al. Acidic or neutral ILs 

such as [C4C1Im][HSO4] and [C4C1Im][BF4] did not give any significant conversion even under 

the forcing conditions indicating the importance of the basic anion. 

 

[C4C1Im][OH]+
E1

E2

R1

R2
O

R1

R2

E1

E2

R1,R2
 = aryl, alkyl, H

E1,E2
 = CN, COMe, COOMe, COOEt, COOH

 

Scheme 12. The general range of Knoevenagel condensations investigated by Ranu et al. 

Redrawn with permission. Redrawn with permission.43 Copyright 2006 Wiley VCH Verlag 
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GmbH & Co. 

 

Following on from the successful studies on the Knoevenagel condensation in [C4C1Im][OH], its 

application in the synthesis of compounds of chemical, biological and pharmacological interest 

has been reported. These include 5-benzylidene rhodamine derivatives, 4-thiazolidinones 

(Scheme 13), 4-thiazolidinediones, 3-benzamidocoumarins (Scheme 14) and α,β-unsaturated 

arylsulfones (Scheme 15).45-49 In the preparation of the rhodamine derivatives, [C4C1Im][OH] is 

used dilute in water at room temperature and gives good yields suggesting that carbene 

intermediates may not be relevant for this reaction. For the syntheses of 4-thiazolidinones and 

thiazolidinediones, [C4C1Im][OH] is diluted only by reagents. No side reactions were reported in 

these cases and yields of the desired products were good indicating that side reactions due to the 

solvent instability were not significant. Interestingly, the [C4C1Im][OH] used for the 

thiazolidinones was prepared using the ion metathesis method while [C4C1Im][OH] used for the 

thiazolidinediones was prepared by ion exchange. The similarity of outcomes implies that, at 

least in these examples, the anticipated difference in solvent impurity profiles arising from the IL 

synthesis does not affect its reactivity.  

[C4C1Im][OH]S N

O

N
N

O

F

CHO

R

S N

O

N

N
O

F

R  

Scheme 13. Knoevenagel condensation in [C4C1Im][OH] as the key step in the preparation of a 

variety of 4-thiazolidinones.46 
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O
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CH3CN
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N
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Scheme 14. Preparation of 3-benzamidocoumarins from the Knoevenagel condensation. 

Redrawn with permission.49 Copyright 2009 Elsevier Ltd.  

 

The syntheses of 3-benzamidocoumarins (Scheme 14) and α,β-unsaturated arylsulfones (Scheme 

15) both utilized [C4C1Im][OH] at low concentrations (40 mM and 50 mM respectively) diluted 

by solvent. For the 3-benzamidocoumarin synthesis it was found that yields were not improved 

by heating above room temperature and that acetonitrile was the best performing solvent, 

although methanol gave similar yields. No side products and good yields were observed with this 

protocol. For the arylsulfone synthesis, the reaction was conducted at reflux in a range of 

solvents with alcohols giving the best yields. This was ascribed to the solubility of the reagents 

although the role of the alcohol in stabilizing the IL may also be a factor. The presence of 

byproducts was not reported although moderate to good yields were generally observed. This 

demonstrates that these imidazolium hydroxides have potential utility as catalysts for synthesis 

once the issues regarding their stability are fully addressed.   

 

[C4C1Im][OH]
H

O
+
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SO2Ph

Cl
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EtOH

 

Scheme 15. A typical synthesis of an α,β-unsaturated arylsulfone, as described by Zhang et al.45 
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These examples all illustrate that Knoevenagel condensations generally proceed favorably using 

[C4C1Im][OH] as a catalyst either diluted only by reagents or diluted by another solvent. The 

consistent outcomes across this range of conditions implies that degradation products and 

carbene formation play relatively inconsequential roles in the use of imidazolium hydroxides as 

catalysts for these reactions. 

 

1.3.4 Combination of the Knoevenagel condensation and Michael addition 

Following on from the success of [C4C1Im][OH] as a catalyst for Knoevenagel condensations 

and Michael additions, their combination has been explored for the synthesis of a wide range of 

different compounds. These include the synthesis of functionalized pyridimidines (Scheme 16), 

furocoumarins (Scheme 17), tetrahydrobenzo[b]pyrans, benzo[g]chromenes (Scheme 18), highly 

substituted pyridines (Scheme 19) and 2-amino-2-chromenes (Scheme 20).50-56  

 

The synthesis of the pyrimidines (Scheme 16) utilized microwave irradiation for a period of 2-3 

min using [C4C1Im][OH] diluted only by reagents. It was found that this procedure gave 

improved yields over both conventional heating and compared to [C4C1Im][OH] dissolved in 

ethanol. When compared under similar conditions, [C4C1Im][OH] and NaOH performed equally 

well which suggests that the efficacy of [C4C1Im][OH] likely arises from its miscibility with 

reagents rather than any inherent synergy with the imidazolium cation. 

[C4C1Im][OH]
H

O
+

CN

CN
+

R

H2N NH2

NH

N

N

CN

H2N NH2

R

MW, 60°C
2-3 min

 

Scheme 16. The synthesis of 2,4-diamino-5-pyrimidinecarbonitrile derivatives from aromatic 
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aldehydes, malononitrile and guanidine. Redrawn with permission.54 Copyright 2011 

HeteroCorporation. 

 

In an archetypal example of the furocoumarin synthesis (Scheme 17), 1-

(cyanomethyl)pyridinium bromide was formed in situ from pyridine and bromoacetonitrile. The 

4-hydroxycoumarin then underwent a Knoevenagel condensation with p-tolualdehyde followed 

by a Michael reaction with the pyridinium-ylide formed in situ by deprotonation of the 

pyridinium salt and finally heterocyclization occurred from the nucleophilic attack of the ketone 

to yield the final furocoumarins. The use of [C4C1Im][OH] gave excellent yields whereas organic 

bases such as triethylamine and DBU gave relatively poor yields. 2 mole equivalents of 

[C4C1Im][OH] were used with yields decreasing with lower loading so its role as a catalyst is not 

clear. The method of [C4C1Im][OH] synthesis and halide content was not reported so it is 

possible that the actual hydroxide loading was lower than the reported 2 mole equivalents.  

 

[C4C1Im][OH]
+

O O

OH

H

O

R

+
Br

Z N

O O

O
Z

R

Z = CN, COPh, CO2Et  

Scheme 17. Synthesis of furocoumarins in [C4C1Im][OH]. Redrawn with permission.52 

Copyright 2012 Elsevier Ltd. 

 

 [C4C1Im][OH] diluted solely by reagents was used for the synthesis of tetrahydrobenzo[b]pyrans 

(Scheme 18). The reactants used were malononitrile or ethylcyanoacetate, a cyclohexa-1,3-dione 

and an aldehyde with [C4C1Im][OH] at 20 mol% concentration.53 The reaction is conducted at 
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room temperature and yields over 90% were obtained in under 20 min. While 

tetrahydrobenzo[b]pyran syntheses can proceed with excellent yields in conventional ILs such as 

[C8C1Im][PF6] for aromatic aldehydes and certain aliphatic aldehydes,57 albeit over a slightly 

longer reaction time of 3 h, it is reported that the hydroxide anion is necessary for the reaction to 

proceed with all aliphatic substrates although no reactions involving these substrates with other 

ILs were discussed.53  

 

[C4C1Im][OH]+

O
H

O
+

CN

CN
O

O

O
CN

NH2  

Scheme 18. A typical tetrahydrobenzo[b]pyran synthesis as described by Ranu et al.53 

 

The preparation of benzo[g]chromene derivatives uses [C4C1Im][OH] diluted with ethanol and 

good yields are obtained with slightly longer reaction times than observed for the 

tetrahydrobenzo[b]pyran derivatives.55 Notably, the reaction does not proceed at all when water 

is used as a solvent which implies that either carbene intermediates or ion-pairing may play a 

role in the catalysis observed. The synthesis of benzo[g]chromene derivatives was also explored 

by Khurana et al. although in this case using neat rather than diluted [C4C1Im][OH] (Scheme 

19).56 Reaction times were generally comparable to those of Yu et al. where [C4C1Im][OH] was 

diluted despite the use of the neat IL. Not all substrates studied were successfully able to form 

the desired benzochromene derivative with 2-hydroxy-1,4-naphthoquinone not reacting with 

ethylcyanoacetate or its condensation product. Strangely, Yu et al. report good yields for these 

compounds when the reaction is at room temperature in ethanol rather than diluted only by 

reagents at 50-60 °C which suggests that perhaps side-reactions with the unstable IL may be 
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playing a role and limiting its efficacy as a reaction medium. 
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X

CN
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Scheme 19. Synthesis of benzo[g]chromene derivatives.56 

 

Highly substituted pyridines were synthesized through the Knoevenagel condensation of 

malononitrile with an aryl aldehyde followed by the Michael addition of a second malononitrile 

molecule with thiolate addition to the nitrile and cyclization to form dihydropyridine.50 The 

dihydropyridine aromatizes to form the resultant pyridine (Scheme 20). The use of [C4C1Im][Br] 

or  [C4C1Im][BF4] did not allow the reaction to proceed beyond the initial Knoevenagel 

condensation. Whether this is due to the lack of hydroxide anions, carbenes or a combination of 

the two cannot be fully established from these investigations.  

[C4C1Im][OH]
H

O
+

CN

CN
+2

SH

R'R
NH2N

NC

R

CN

S

R'  

Scheme 20. Synthesis of highly substituted pyridines from the condensation of malononitrile, 

aromatic aldehydes and thiophenol derivatives. Redrawn with permission.50 Copyright 2007 

American Chemical Society. 
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2-amino-2-chromenes were synthesized in aqueous solutions of [C4C1Im][OH] which would 

minimize the role of carbenes in the chemistry (Scheme 21).51 This reaction was conducted at 

100 °C rather than room temperature as was performed by Ranu et al. and Yu et al. for their 

closely related reactions. [C4C1Im][OH] performed slightly better for the synthesis than NaOH 

with yields of approximately 90% being obtained after 10 min for the former and 30 min for the 

latter. It is worth noting that the IL [C4C1Im][BF4] which is not able to act as a base was able to 

achieve yields greater than 80% after 1 h, likely due to the high temperatures used and the 

presence of water. No control experiment in refluxing water was reported to determine the role 

of the added salt. Similar chromene moieties has been synthesized using neat [C4C1Im][OH].58 In 

these studies a range of basic ILs were used and while [C4C1Im][OH] gave the highest yields, 

ILs with less basic functionalities such as acetate anions or cations functionalized with amines  

gave very similar results. Density Functional Theory (DFT) calculations were conducted to give 

insight into the mechanism and predict that the role of the hydroxide is primarily as a base and 

the imidazolium cation provides stabilization of the carbonyl and nitrile moieties.  

[C4C1Im][OH]
H

O
+

CN

CN
+2

R

OH

H2O
100°C

O

NH2
CN

R
 

Scheme 21. Typical synthesis of 2-amino-2-chromenes from an aromatic aldehyde, 

malononitrile and 1-naphthol. Redrawn with permission.51 Copyright 2007 Elsevier B.V. 

 

These examples illustrate that imidazolium hydroxides can act as catalysts for multicomponent 

reactions featuring both Michael addition and Knoevenagel condensation steps, amongst others. 



22 

  

Unfortunately many of these examples do not examine the precise role or necessity of the 

imidazolium cation or the implication of the presence of carbenes. Studies that have examined 

both imidazolium hydroxides and inorganic bases suggest that the imidazolium salts may be 

more active for these transformations but substantially more work needs to be conducted to 

confirm and understand these results. 

 

1.3.5 Transesterification 

Transesterification is the main chemical conversion utilized in biodiesel production. Specifically, 

triglycerides in the feedstock are transesterified with a simple alcohol such as methanol or 

ethanol to form the desired alkyl esters (Scheme 22). Most commonly, a simple inorganic base 

such as NaOH or KOH is used as a catalyst for this process although imidazolium hydroxides 

have also been investigated in this role.59  
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H2C
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H2C OH
OH
OH

 

Scheme 22. The general transesterification process for the formation of biodiesel from 

triglycerides. 

 

In one study, the transesterification of glyceryl trioleate, a representative triglyceride, with 

methanol was examined using a range of imidazolium hydroxide catalysts with varying alkyl 

chains and compared to inorganic bases such as NaOH and KOH.60 The imidazolium hydroxides 

generally fared poorly compared to the inorganic hydroxides with the methyl ester yields for the 

former in the range 50-60% with yields for the inorganic hydroxides above 80%. Optimization of 
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conditions for [C4C1Im][OH] did allow for yields of up to 87.2% to be achieved. The IL was 

recycled 6 times with a slight decrease in yield to 81% after the 6th reuse. 

 

The reaction of glyceryl trioleate with methanol has also been performed by 

[(C1=C2)C12Im][OH] immobilized on either CoFe2O4 nanoparticles or a mesporous 

SiO2/CoFe2O4 support.61 The magnetic CoFe2O4 support was used to aid the separation of the 

catalyst. In this case the supported ILs performed better than NaOH for the transesterification 

although no control experiments conducted with the support were reported so whether it is 

innocent in the reaction is unclear. The activity of each catalyst declined significantly upon 

recycling which is likely due to decomposition of the IL and loss of hydroxide ions as the 

transesterification reactions were conducted at 170 °C. The mesoporous catalyst activity 

decreased more slowly than the other supported catalyst which was attributed to slower 

degradation due to restricted diffusion within the mesoporous matrix. 

 

In an example using a real feedstock, [C4C1Im][OH] was employed as a catalyst for the 

transesterification of pretreated waste oil. Optimization led to 95.7% conversion of the 

triglycerides to the desired methyl esters.62 The optimized conditions were an 8:1 molar ratio of 

alcohol to oil, 70°C for 110 min and 3.0% [C4C1Im][OH] loading. No saponification due to 

hydrolysis of the triglycerides was observed. Unfortunately the results were not compared with 

other common methods of transesterification such as the use of simple inorganic salts with the 

same feedstock so the importance of the imidazolium cation is unclear. Comparison with values 

obtained for other waste oils using conventional catalysts, however, suggests that these 

conditions are harsher and lead to lower yields than can be achieved with significantly cheaper 
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catalysts such as KOH.63 This difference may also be due to feedstock variation and pretreatment 

conditions. Collectively these investigations demonstrate that while imidazolium hydroxides are 

active for the transesterification of triglycerides to form fatty acid methyl esters, they rarely 

display any advantage over simpler, far cheaper and more stable inorganic hydroxide salts.  

 

Transesterification reactions are not only used for biodiesel production. Imidazolium hydroxides 

have been investigated for the transesterification of dimethylcarbonate to produce various alkyl 

carbonates. Yi et al. utilized [C4C1Im][OH] and [(C1=C2)C1Im][OH] as catalysts for the 

transesterification of dimethylcarbonate with glycerol to form glycerol 1,2-carbonate which has a 

potential role as a renewable chemical feedstock (Scheme 23).64 Both hydroxide ILs were found 

to give similar conversions to the desired carbonate as K2CO3 but with improved selectivity. 

These hydroxide ILs were not the best performing catalysts however with ILs possessing 

imidazolide anions giving better conversions with similar selectivity (73.4% compared to 60% 

for [C4C1Im][OH]). The better performance of the imidazolide was attributed to its more 

effective hydrogen bonding interactions with the glycerol. A similar reaction utilizing pentanol 

to form dipentylcarbonate has also been studied and optimized using [C4C1Im][OH].65 Their 

approach led to 75% yield of the desired dipentylcarbonate although no direct comparison was 

made with inorganic bases so the importance of the cation is not clear.  

Ionic Liquid
+OH

OH
HO O

O

O
O O

O

HO

+ 2 CH3OH

 

Scheme 23. Transesterification of glycerol with dimethylcarbonate to form glycerol 1,2-

carbonate. Redrawn with permission.64 Copyright 2014 Dalian Institute of Chemical Physics, the 
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Chinese Academy of Sciences. 

 

The production of dimethylcarbonate through a transesterification route has also been 

examined.66 In this case, the transesterification of ethylene carbonate with methanol was 

investigated using 1-(triethoxy)silylpropyl-3-methylimidazolium hydroxide ([SiC1Im][OH]) that 

was condensed onto a mesocellular silica foam (MCF), a 3D structured mesoporous material 

with large mesopores, as a heterogeneous catalyst. This material was able to achieve yields of 

82.9% which is comparable to the neat IL (86.1%). Both yields were substantially higher than 

could be achieved using either the [SC1Im][Cl] salt or the support alone. Catalytic performance 

decreased slightly upon recycling with an approximately 10% decrease in conversion after 5 

cycles. The yields obtained by this catalyst exceeded those reported for this reaction by other 

catalysts despite being conducted at a lower temperature. These reports indicate that imidazolium 

hydroxides can be used for the conduct of transesterification reactions although at present it has 

not been established whether they offer substantial benefits over inorganic bases or the role 

played by in situ carbenes.  

 

1.3.6 Activation of CO2 

CO2 is an attractive reagent for chemical synthesis due to its low cost, abundance and desire to 

prevent its escape to the atmosphere due to its role as a greenhouse gas. CO2 can also act as a 

replacement single carbon building block over toxic compounds such as phosgene. One of the 

initial studies on the utilization of CO2 within ILs found that the use of CsOH within [C4C1Im]Cl 

could give good yields of symmetric N,N’-disubstituted ureas (Scheme 24) without the addition 

of a drying agent.67 No explicit rationale was given for these results. The most likely explanation 
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is that the strong coordination of water to the [Cl]− and [OH]− anions drives the dehydration 

reaction. The [OH] − anion would also increase the effective solution concentration of CO2 

through the in situ formation of [HCO3]−. The use of KOH rather than CsOH led to significantly 

reduced yields (53.5% versus 98%) which was ascribed to the different basicity of the salts 

although given the strong dissociation power of ILs on ionic compounds, serendipitous water 

may play a larger role than the cation of the base. If the strong coordination of water to the anion 

drives this reactivity then imidazolium hydroxides, notwithstanding their stability issues, should 

enable similar reactions to proceed in the absence of added alkali hydroxides. 

 

NH2 CO2, CsOH
[C4C1Im][Cl]

2

H
N

H
N

O  

Scheme 24. Typical synthesis of substituted ureas from amines and CO2.67 

 

The use of [C4C1Im][OH] as a catalyst both in the presence and absence of added solvent for the 

above reaction has been explored.68 The maximum yield obtained with [C4C1Im][OH] was 

47.9% for the N,N’-dicyclohexylurea described previously, compared with 98% in the 

CsOH/[C4C1Im][Cl] system. However, [C4C1Im][OH] was used at 15 mol% compared to the 

much higher [C4C1Im][Cl] concentrations (~ 100 mol%) so if the equilibrium was affected by the 

coordination of water to the anion the low anion concentration would account for the reduced 

yields. Under these conditions it would be expected that the [HCO3]− anion would form from the 

reaction of [OH]− with CO2, however according to Jiang et al., [C4C1Im][OH] exposed to 5.5 

MPa at 170 °C for 19 h did not show evidence of undergoing any reaction. This may also 

indicate that the reaction was reversible upon removal of CO2. That the [C4C1Im][OH] salt did 
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not undergo significant degradation under such conditions is itself remarkable given reports of its 

instability under much milder conditions by a number of authors and may be due to the in situ 

formation of the less basic [HCO3]− anion. 

 

The use of imidazolium hydroxides for the carbonylation of amines has been extended to the 

synthesis of quinazoline-2,4(1H,3H)-diones, which are used as pharmaceutical intermediates, 

from 2-aminobenzonitriles (Scheme 25).69-71 The initial study on this synthesis found that 5 

mol% [C4C1Im][OH] under 3 MPa of CO2 at 120 °C for 18 h with no added solvent was capable 

of producing the desired product in 90% yield. Further increases in catalyst loading did not 

improve the yield and the use of relatively strong inorganic bases such as potassium tert-

butoxide gave no product or very low yields. Meanwhile, triethylamine, a weaker base but 

stronger nucleophile, gave yields of 28%. A computational study on this reaction proposed that 

the reaction is aided by nucleophilic catalysis of the carbene rather than the base catalysis as was 

proposed.71 Preparation of a silica supported [C6C1Im][OH] enabled this reaction to be 

conducted heterogeneously but led to lower yields of around 40-50% except when DMF was 

used as a solvent.70 Given the harsh reaction conditions and the tendency of DMF to decompose 

into CO, it is likely the results in DMF are an artifact of the experimental conditions. This 

reiterates the inherent complexities of catalysis using imidazolium hydroxides due to the 

potential for carbene formation. 
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Scheme 25. Synthesis of quinazoline-2,4(1H,3H)-diones from 2-aminobenzonitriles. Redrawn 
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with permission.69 Copyright 2009 Elsevier B.V. 

 

The other major synthetic application of CO2 explored using imidazolium hydroxide catalysis is 

the formation of dialkylcarbonates or cyclic carbonates, namely dimethylcarbonate and 

propylenecarbonate.72-74 The formation of dimethylcarbonate directly from the reaction of 

methanol with CO2 was attempted using the imidazolium hydroxide salts [C2C1Im][OH], 

[C4C1Im][OH] and [(HOC2)C1Im][OH] amongst others.72 The imidazolium salts performed 

poorly compared to choline hydroxide which was able to produce over 3 times the amount of 

dimethylcarbonate as [(HOC2)C1Im][OH], the best performing imidazolium salt. The use of 

electrolysis to accomplish this reaction has also been attempted with a 4.0 V potential applied for 

60 h to a solution of IL electrolyte in methanol.73 While [C4C1Im][OH] was active for this 

reaction, it led to lower yields of dimethylcarbonate than either [C4C1Im][Cl] or [BzC1Im][Cl], 

which when combined with its instability indicates that imidazolium hydroxides do not appear to 

be useful catalysts for this process. Attempts to use a two-step synthesis of dimethylcarbonate 

from the cycloaddition of CO2 to ethylene oxide followed by its transesterification with methanol 

catalyzed by imidazolium ILs in the presence of basic anions were also unsuccessful.75 This 

result was attributed to the imidazolium cation reducing the basicity of the added base. 

 

The cycloaddition of CO2 to propylene oxide to form propylene carbonate (Scheme 26) was 

studied with ILs that were grafted onto a silica support through the use of silyl side chains.74 The 

grafted imidazolium hydroxide ILs were found to exhibit excellent activity achieving yields of 

95% compared to 83% yield obtained by the industrially used homogeneous KI catalyst. The role 

of the hydroxide anion is not clear given the reaction generally proceeds via nucleophilic rather 
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than basic catalysis and indicates that this may be another example where carbenes, much better 

nucleophiles than the [OH]− anion, may be implicated in the activity. 

 

Catalyst
CO2O

O

O

O

 

Scheme 26. Cycloaddition of CO2 with propylene oxide to form propylene carbonate.74 

 

In conclusion, the carbonylation of amines is favored in imidazolium hydroxides due to the 

strong affinity of water for the anion and potentially their reactivity with CO2. Carbenes may also 

participate through nucleophilic catalysis for appropriate substrates, an effect that may also be 

responsible for their role in the cycloaddition of CO2 to epoxides. The synthesis of carbonates 

from simple alcohols is ineffective using imidazolium hydroxide catalysts due to their instability. 

Revisiting the participation of imidazolium hydroxides in all of these reactions using more base 

stable cations may be worthwhile to fully elucidate their role.   

 

1.6 Conclusions 

Imidazolium hydroxides have clearly been shown to be useful for a range of catalytic 

transformations, particularly Michael additions and Knoevenagel condensations, both as a 

solvent and diluted by another solvent. Nonetheless, the inherent instability of these compounds 

is currently underreported and casts doubt on the active catalytic species, particularly the role of 

carbenes, and the actual identity of the material used for many of these investigations. Despite 

the discovery of more base stable cations, most studies have focused on the use of [C4C1Im][OH] 

and closely related dialkylimidazolium cations. If more stable and pure imidazolium hydroxides 
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can be used for the transformations highlighted then the utility of this class of compounds can be 

fully realized and their role in basic catalysis delineated. Without this advance, imidazolium 

hydroxides may remain underutilized due to reproducibility and stability concerns.   
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