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Abstract: Over the past decade, a great effort has been made by the chemical community to improve the efficiency and 

greenness of reactions. Merging the use of supported and recyclable organocatalysts and aqueous conditions to pursue this 

goal in the asymmetric synthesis of interesting enantioselective molecules lead to outstanding results in some cases. 

Progresses in this area also offer the possibility of having even more sustainable processes by implementing these 

reactions in the large scale production of chiral molecules using automated flow chemistry. 
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1. INTRODUCTION 

 In words of R. Noyori, ‘’chemists must pursue practical 
elegance,’’ by the development of more efficient and 
sustainable processes, catalysis being one of the ways to 
achieve this goal [1]. In Nature, this chemical efficiency is 
wonderfully illustrated by the action of enzymes [2], that 
selectively convert rather small building blocks into 
sophisticated molecular architectures which ruled 
physiological processes in living organisms. These enzyme 
catalyzed biotransfomations are generally performed in 
water, with the reaction taking place in a hydrophobic pocket 
of the enzyme. The use of water as solvent to carry out any 
transformation [3] meets several criteria of what it is known 
as ‘green chemistry’ [4,5]. Thus, water has several important 
advantages: a) is abundant, and therefore cheap; b) is safe, 
because is non-flammable and nontoxic; c) is 
environmentally friendly and renewable; d) is convenient 
from a practical point of view, as there is no need of using 
dry solvents and glassware. In addition, water has unique 
chemical and physical properties such as its hydrogen 
bonding ability and high density, surface tension and 
cohesive energy density, which may affect the evolution of a 
chemical process. Conversely to what happens in Nature 
with enzymes, in catalytic asymmetric organic synthesis 
[6,7] it is well established that the use of water may disrupt 
hydrogen bonding and polar interactions between catalyst 
and substrates, therefore having a deleterious effect in the 
stereoselectivity of the reaction [8,9]. 

 Trying to mimic the catalytic action of the selective 
enzymes, over the last decade, small organic molecules have 
been successfully used as promoters for several 
enantioselective organic transformations [10-13]. This type 
of methodology, known as organocatalysis, has become the 

third pillar of asymmetric catalysis, together with 
biocatalysis and transition-metal catalyzed processes. 
Organocatalysts are tolerant to air and moisture, thus 
allowing their use under aqueous conditions or in sole water 
as solvent [14].  

 However, in organocatalytic transformations, both 
substrates and catalysts are usually insoluble in water, 
raising a debate about considering these reactions as ‘in 
water,’ ‘on water’ or ‘in the presence of water’. Accordingly 
to Sharpless, ‘on water’ reactions are processes that take 
place in an emulsion, displaying consequently an 
acceleration rate compared to the same transformation in 
organic media [15]. Hayashi introduced a differentiation 
between the ‘in water’ or ‘in the presence of water’ 
terminology for organocatalytic reactions [16]. The first one 
was attributed to homogeneous dissolved reactants 
processes, whereas the second one would take place in a 
concentrated organic media, with water being a second phase 
influencing the stereochemistry of the achieved products. 
Simultaneously, the ‘green’ perspective of such processes 
was questioned by Blackmond [17], since most of these 
reactions are carried out in the presence of a great excess of 
one reagent or by addition of a surfactant/micellar agent. In a 
strict sense, water can only be considered as a green solvent 
if it can be directly discharged to a biological effluent plant 
and the work-up of the reaction has being performed using 
minimal amounts of an environmentally friendly organic 
solvent. 

 Nevertheless, the replacement of organic solvents by 
water can always be recognized as a development in the 
greenness of the reaction, especially if the activity of the 
catalysts is enhanced [18,19]. For organocatalytic systems, 
the beneficial effect of water is mainly due to two reasons: 
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firstly, water reduces side reactions, such as the formation of 
iminium ions [20], and secondly, it speeds up the reaction. 
This last effect in the reaction rate has been theoretically 
studied [21], showing that ‘dangling OH groups’ (OH groups 
that are not hydrogen bonded and protrudes in the organic 
layer) from the interface water-oil form stronger hydrogen 
bonds with the transition states that with the reactants, thus 
enhancing the catalytic activity. On the other hand, although 
the role of water is not clear when a high stereoselectivity is 
achieved, the key of success is generally due to an increase 
of the hydrophobicity of the catalysts. This emulates the 
action of the hydrophobic pocket of the enzymes, therefore 
leading to a heterogeneous system. However, increasing the 
hydrophobicity of a catalyst do not provides a practical 
procedure for its separation from the products, as both would 
be soluble in the organic phase. Taking into account that the 
typical catalyst loading in organocatalyzed processes ranges 
10-30% mol, a catalytic design leading to recoverable and 
recyclable systems would be highly desirable [22,23]. This 
goal can be accomplished by anchoring them to hydrophobic 
supports, such as organic or inorganic polymers or 
dendrimers [24], or even providing them with the correct 
amphiphilic character through a ion tag strategy [25]. 

 In this review, the development of new supported 
organocatalytic systems that can be used under aqueous 
conditions for the enantioselective synthesis of chiral 
molecules will be discussed. For that purpose, 
organocatalysts will be presented by reaction and support 
type: organic polymers, inorganics, dendrimers and ionic 
liquid immobilized systems, highlighting the advantages of 
each of the catalytic systems. 

 

1.1. Aqueous aldol reactions with supported 
organocatalysts 

The process discovered by Wurtz in 1872 [26] where an 

enolizable carbonyl compound (acting as nucleophile) reacts 

with itself or another carbonyl compound (acting as  

electrophile) affording a β-hydroxy carbonyl compound, is 

known as the aldol reaction (Scheme 1) [27]. This useful 

transformation allows the formation of a C-C bond, with the 

possible concomitant creation of one or more stereogenic 

centers [28,29]. In nature, this reaction is catalyzed by 

aldolase enzymes, which can be of type I, operating via an 

enamine mechanism, or of type II, working through the 

formation of an enolate [30]. Both are active in water in a 

very selective way but with a limitation in the substrate 

scope. The use of small organic molecules to perform this 

reaction [30-36] gave the definitive boost for the 

development of organocatalysis, L-proline (1) and its 

derivatives being the most used systems to carry out this 

transformation in an intra- [37-42] or intermolecular fashion 

[43,45]. Although the use of this type of catalysts has several 

advantages, such as the atom economy enhancement, the use 

of mild reaction conditions and, more important, the lack of 

contamination with toxic metals of the final product, 

generally these organocatalytic systems are used in high 

loadings (from 10 to 30 mol%) and show their efficiencies in 

high polar solvents such as DMSO or DMF. However, the 

proper design of the catalysts has allowed to perform this 

reaction in a more sustainable way [46], including the 

application of solvent-free conditions [47] or the use of 

water as solvent [48]. The addition of water in the proline 

catalyzed aldol reaction has several effects, such as assisting 

the hydrolysis of the oxazolidinone intermediate formed by 

reaction with the aldehyde, ketone or product [49,51], 

facilitating the hydrolysis of the enamine intermediate in the 

catalytic cycle and, finally, diminishing the LUMO of the 

incoming electrophile, which facilitates a proton transfer in 

the transition state. Thus, the addition of water up to 300 

mol% benefits the process, while the use of a higher amount 

leads to a racemic product. 
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Scheme 1. L-Proline catalyzed intermolecular aldol reaction. 

 

In order to use small molecules as catalysts for the aldol 

reaction under aqueous conditions, hydrophobic groups have 

been attached to functional groups of the native catalyst. For 

instance, Hayashi incorporated an hexanoyloxy group at the 

4-position of 4-hydroxy-L-proline, allowing its use in a 

water/oil emulsion [52] This position of the 4-hydroxy-L-

proline has been used to support this molecule to several 

polymers following different synthetic strategies. For 

instance, this catalyst has been incorporated to a polystyrene 

Merrifield resin through a 1,3-dipolar cycloaddition reaction 

with the corresponding O-propargyl hydroxyproline 

derivative [53,55]. When 10 mol% of resin 5 (Figure 1) was 

used in the aldol reaction between acyclic and cyclic alkyl 

ketones (3, 5 equiv.) with different aromatic aldehydes in 

water as reaction media, the expected aldols 4 were achieved 

with excellent diastereo- and enantioselectivities (64-94% 

de, and 93-97% ee), with the exception of α-hydroxyacetone 

that led to poor results. The addition of poly(ethyleneglycol) 

dimethyl ether (DiMePEG-2000, 10 mol%) facilitated the 

diffusion of reagents from the solvent-resin interphase, 

enhancing the yields (18-97% yield). The presence of water 

was compulsory to achieve good results, suggesting that the 

reaction took place at the interphase between polymer and 

the aqueous phase. Resin 5 was recovered by filtration and 

reused three times affording similar results [56]. This resin 

was also deployed under continuous flow in the presence of 

organic solvents for other enantioselective transformations 

[57]. The attachment of the proline moiety directly through 

the 1,2,3-triazole linker (resin 6, Figure 1) allowed the 

establishment of a hydrogen-bond-based aqueous 

microphase around the hydrophobic resin. Supported catalyst 

6 (10 mol%) formed a gel-like single phase in sole water as 
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reaction media with an improved activity for the same aldol 

reaction (16-99%, 68-94% de, 94-99% ee) in a shorter 

reaction time. The catalyst was recovered and reused at least 

five times affording similar results [58]. When a p-phenylene 

spacer was introduced in the catalytic system (catalyst 7, 

Figure 1), the enantioselectivity of the reaction was further 

increased, probably because the separation between the 

hydrophilic, catalytically active moiety and the hydrophobic 

polymer backbone was also increased. In order to achieve 

higher conversions, catalyst 7 (10 mol%) was used in a 1:1 

mixture of DMF:water as solvent, the catalysts being 

recovered and reused up to seven times under batch-

conditions. The use of this solvent mixture allowed to apply 

the catalyst under flow conditions in a packed-bed reactor, 

with similar results to those obtained under batch conditions. 

In addition, different aldol products were prepared using the 

same resin after washing it with DMF, water and 

cyclohexanone for a small period of time before employing 

two different aldehydes, which resulted in a high 

productivity (mmol of product per mmol of resin and hour) 

in each case[59]. By changing the nature of the resin for 

polystyrene to polynorbornenes, supported systems of type 5 

and 6 were obtained using alkyl spacers of different length 

between the triazol moiety and the resins. These two 

supported systems were tested as supported catalysts in the 

aldol reaction between cyclohexanone and several aromatic 

aldehydes, showing a different behavior. Thus, while catalyst 

of type 5 (10 mol%) afforded the best results in 

DMSO:water (87:13) in the presence of TFA (10 mol%), 

catalyst of type 7 (10 mol%) led to better results in 

DMF:water (1:1) in absence of additives. Both catalysts 

could be recovered after the reaction by filtration and reused 

for at least seven times. A small decrease in activity was 

encountered for catalyst 5 due to some leaching of the 

proline residue, whereas catalyst 7 showed comparable 

results for each reaction cycle and no leaching at all. The use 

of the robust polynorbonene resin as support, with a 

complete saturated structure, transparent to UV light, made 

these systems suitable candidates to be applied in photo-

organocatalyzed reactions[60]. 

 

 

Figure 1. 4-Hydroxy-L-proline derivatives supported using 

click-chemistry. 

 

Using also a click reaction trans-4-hydroxyproline was 

grafted to commercially available mercapto-methyl-

polystyrene resin by means of a thiol-ene reaction, giving 

catalyst 8 (Figure 2). This polymeric organocatalyst (10 

mol%) was used in the aldol reaction between 

cyclohexanone (2 equiv.) with different aromatic aldehydes 

in a small amount of water as solvent, affording mainly 

aldols anti-4 in good chemical yields, and excellent 

diastereo- and enantioselectivities (71-98%, 84-92% de, 90-

98% ee) [61,62]. Using other cyclic ketones as nucleophiles, 

similar results were found, acetone giving low yields. The 

resin was recovered by simple filtration and reused four-fold 

achieving reproducible enantioselectivities but with a slight 

decrease on the final yield. Following the same synthetic 

strategy, two different prolinamides have been supported in a 

polystyrene resin, yielding catalysts 9a and 9b (Figure 2). 

Both catalysts (10 mol%) promoted the aldol reaction 

between acetone and cyclohexanone in a mixture of 

chloroform:water as solvent at 25 ºC in good results (17-98% 

yield, 84-97% ee). Treatment of the resin with formic acid 

was neccessary in order to regenerate it, these catalyst 

species being reused up to sixteen and twenty two times, 

respectively, without detrimental of the observed 

results[63,64].  
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Figure 2. 4-Hydroxy-L-proline derivatives supported by 

means of thiol-ene reaction. 

 

The cis-4-aminoproline moiety has been also anchored to 

polystyrene resins using standard chemical protocols. Hence, 

polymers 10, having a flexible spacer (n = 2 or 4) or a rigid 

spacer 11 (5 mol%, Figure 3), were tested in the aldol 

reaction between cyclohexanone and aromatic aldehydes to 

afford anti-4 products with similar yields and good 

diastereo- and enantioselectivities (46-94%, 66-90% de, 84-

96% ee) in a DMF/water (15:1) media. When the same 

reaction conditions were applied to the reaction of acetone or 

2-butanone with aromatic aldehydes, lower yields and 

diastereoselectivies were achieved, albeit the 

enantioselectivities levels were maintained. The polymeric 

resins could be reused up to five times, a slightly decrease on 

the reactivity being observed [65,66]. 

 

Figure 3. Immobilized cis-4-aminoproline derivatives. 

 

In all the above described systems, the catalytic moiety 

was anchored to a commercially available or a conveniently 

functionalized synthetic polymer. This traditional ‘post-

modification’ strategy has several limitations. Thus, it is 

impossible to modify the swelling properties of the polymer, 

and results quite expensive to be applied in large-scale 

synthesis. Another way to incorporate the catalyst in a 

polymeric matrix is applying a ‘bottom-up’ strategy. In this 

case, the polymeric catalyst is prepared by a 

copolymerization of the catalyst-functionalized monomer 

with other monomers and cross-linkers, following a modular 

approach. This protocol is more cost-efficient and therefore 

scalable, but also more synthetic challenging. In addition, 

just by changing the ratios or structures of the monomers, the 

chemical reactivity and physical properties, such as the 

solubility, can be fine-tuned. Moreover, the degree of 

incorporation of the active monomer to the polymeric matrix 

is easily controllable. Following this ‘bottom-up’ strategy, 

several methacrylates or acrylates derivatives were 

copolymerized with functionalized acrylic 4-hydroxyproline 

or prolinamide monomers by a free-radical reaction, giving 

acrylic polymer beads such as compounds 12 and 13, which 

were used as supported catalysts (5-10 mol%, Figure 4) in 

water as solvent for the enantioselective synthesis of aldols 4 

with similar results for all the different polymeric structures 

tested (65-85% yield, 76-96% de, 97-98% ee). Different 

results were obtained when a soluble ketone such as acetone 

was used as pro-nucleophile with polymer 12 as catalyst, 

leading to poor results, whereas polymer 13 gave good yields 

and enantioselectivities (82-93%, 90-91% ee)[67]. These 

results allowed the use of catalyst 13 in a semi-continuously 

operating process in a packed-bed reactor, affording similar 

results to those achieved under batch conditions for at least 

five reaction cycles [68]. 

 

 
Figure 4. ‘Bottom-up’ strategy used for acrylic 4-

hydroxyproline or prolinamide immobilization. 
  

 L-Proline derivatives have also been anchored to different 
supports through the formation of an amide bond with the 
resin. The amide linkage is quite robust and stable and 
therefore the corresponding polymeric systems are easy to 
recover and reuse. For instance, prolinamides derived from 
1,1’-binaphthyl-2,2’-diamine (Binam) are very efficient 
catalysts in the aldol reaction between cyclic, acyclic, alkyl 
and α-functionalized ketones and aldehydes under different 
reaction conditions, including aqueous solvents [69-78]. 
Particularly the N-tosyl-(Ra)-binam-D-prolinamide derivative 
has been shown as a very efficient organocatalyst for the 
intra- and intermolecular aldol reactions in aqueous and 
solvent-free media. However, this catalyst can only be 
recovered by direct column chromatography from the 
reaction media. Therefore, a vinyl derivative of similar 
structure was synthesized and grafted into a polystyrene 
resin to give a supported prolinamide system 14 (Figure 5). 
This polymeric organocatalyst (14, 20 mol%) was used in 
the intermolecular aldol reaction in the presence of benzoic 
acid (5 mol%) under dry and wet (55 equiv of water added) 
solvent-free conditions. Aldol products 4 were achieved 
usually in high yields, regio-, diastereo-, and 
enantioselectivities (22-83% yield, 26-90 de, 73-88% ee), 
these results being similar to those obtained under 
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homogeneous conditions. However, the use of polymer 14 as 
catalyst gave moderate results (54% yield, 62 de, 84% ee) in 
the cross aldol reaction between propanal and p-
nitrobenzaldehyde. This supported catalyst was recovered by 
filtration and reused up to six times affording similar results 
[79]. The ‘bottom-up’ immobilization strategy was used for 
the synthesis of polymers containing the same N-tosyl-(Ra)-
binam-D-prolinamide moiety with different degree of cross-
linking. Thus, polymer 15 (10 mol%, Figure 5), containing 
1% of divinylbenzene as cross-linker, was deployed in the 
aldol reaction between several ketones, including 
functionalized ones, and aromatic aldehydes under different 
reaction media, including solvent-free conditions. The best 
results (25-88% yield, 10-76 de, 53-93% ee) were achieved 
in the presence of a small amount of water (20 equiv) and 
benzoic acid (2.5 mol%). The catalyst was recovered after 
filtration and reused up to seven times without altering the 
achieved results [80]. 

 

 

Figure 5. Polymer supported 1,1’-binaphthyl-2,2’-diamine 

prolinamides 

 Commercially available sulfonylpolystyrene was used as 
a support for different 1,n-diamines, in order to study the 
influence of the length of the tether chain connecting the 
sulfonyl group of the polymer and the carboxamide group, 
the substitution on the nitrogen atom at the sulfonamide, and 
the presence of an additional stereocenter at the amine 
component on the stereoselection of the reaction. In the 
reaction between several cyclic ketones and aromatic 
aldehydes, the best results were obtained using the simplest 
ethylene diamine-polymer catalyst 16 (5 mol%, Scheme 2) 
in the presence of AcOH as cocatalyst and in water as 
solvent (40-95%, 36-90% de, 74-96% ee)[81]. This 
supported catalyst has also been employed in the 
intramolecular aldol reaction, a very important process, both 
in academia and industry, because it provides access to a 
chiral cyclic ketones found in a lot of natural and synthetic 
products with very interesting properties. Hence, the 
cyclization of compound 17 (n = 2, Scheme 2) allows the 
synthesis of the Wieland-Miescher ketone and analogues 
with applications in the pharmaceutical industry [82]. 
Polymer 16 (n = 1, 10 mol%) in the presence of AcOH (10 
mol%) in water at 20 ºC was able to catalyze this 
transformation with moderate results (75%, 66% ee), 
although better results were achieved under solvent-free 
conditions [83]. 

 Other resins and supports have been used to immobilize 
prolinamide derivatives. Thus, polyvinyl chloride-supported 
prolinamide-thiourea catalyst 19 (8 mol%, Figure 6) 
promoted the reaction between cyclohexanone and 

arylaldehydes in water as solvent with moderate results (17-
81%, 0-50% de, 15-95% ee). This catalyst was recovered 
and reused for at least three times affording similar results 
[84]. 

 

 

Scheme 2. Sulfonylpolystyrene supported prolinamide using 

different  1,n-diamines linkers. 

 Although it was thought that the thiourea group of 
catalyst 19 would act as a weak Brønsted acid, thus 
stabilizing the transition state by formation of hydrogen 
bonds, the better results achieved (18-99%, 14-84% de, 48-
92% ee) using polymeric catalyst 20 (5 mol%, Figure 6) in 
the same reaction, and in the presence of a small amount of 
water showed that this assumption was wrong. Catalyst 20 
resulted also active in the reaction between acetone and 
aromatic aldehydes albeit moderate results were achieved for 
the corresponding aldols 4 (87-91%, 63-77% ee). This 
polymeric system was applied in a five-fold reaction cycle 
affording constant results [85]. Prolinamide has also been 
supported on natural chitosan, leading to catalyst 21 (15 
mol%, Figure 6) which was applied in the reaction between 
cyclohexanone and acetone with arylaldehydes in water in 
the presence of Tween-20 as a surfactant. The use of the 
surfactant improved the results (42-95%, 50-88% de, 41-
92% ee) due to the formation of an aqueous micelle that 
acted as a hydrophobic pocket, allowing the solution of the 
reactants. However the system was not recovered or reused 
after the reaction [86]. 

 

 

Figure 6. Other resins and supports used to immobilized 

proline derivatives. 

 Not only proline and its derivatives have been supported 
on organic polymeric resins, but also other catalytic moieties 
have been grafted into them and used under aqueous 
conditions. For instance, a series of primary amino acids 
were covalently bonded onto polystyrene through a 1,3-
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dipolar cycloaddition, and were used in the aldol reaction 
between cyclohexanone and p-nitrobenzaldehyde, the 
threonine supported system 22 (10 mol%, Figure 7) showing 
the best catalytic performance in DMF:H2O (92:8). These 
conditions were applied in the reaction between aromatic 
aldehydes with a variety of cyclic ketones, acetone, α-
hydroxyketone and protected dihydroxyacetone (70-96%, 
16-76% de, 46-95% ee), the catalyst being recovered and 
reused at least five times affording similar results [87]. In 
addition, a tripeptide supported in a polyethyleneglycol 
grafted on cross linked polystyrene (23, 20 mol%, Figure 7) 
in the presence of ZnCl2 (20 mol%) was applied as catalytic 
combination in the reaction between acetone and 
arylaldehydes. Good yields and acceptable enantio-
selectivities (89-100%, 71-74% ee) were achieved working 
in a mixture of acetone:H2O:THF (1:1:1) as solvent. This 
catalyst was reused in a four-fold reaction without 
detrimental on the results [88]. Moreover, cinchonine has 
also been supported into a polymeric support following the 
‘bottom-up’ strategy. Thus, several systems 24 with different 
chemical compositions of acrylonitrile and a cinchonine 
derivative (7.5 mol%, Figure 7) have been evaluated as 
supported catalysts in the aldol reaction. The best results 
were achieved using a polymer with a low content in 
cinchonine (1/25 x/y, monomer ratio). This catalyst, in 
combination with triflic acid (10 mol%), was used in the 
reaction between cyclic ketones and aromatic aldehydes in 
water as solvent (18-98%, 22-98% de, 61-98% ee), its 
recovery and reuse being possible for seven cycles, with only 
a small drop in conversion after the fifth cycle [89].  

 
Figure 7. Other organocatalysts grafted into organic 

polymeric resins. 

 Inorganic supports have also been used to immobilize 

organocatalysts, the most frequently used being silica 

containing organic appendages [90]. These organosilica-

supported organocatalysts combine the advantages of a silica 

matrix (high surface area, mechanical and thermal stability 

and chemical inertness) with the properties of the 

organocatalyst. Interesting classes of organosilicas are the 

bridged silsesquioxanes, obtained by a sol-gel methodology 

form bridged organosilanes, which have low porosity but 

high homogeneity and loading of organic fragments. 

Following this methodology, an aminoindanone derived 

prolinamide was incorporated to a silica matrix leading to 

compound 25a (Figure 8) that was tested as catalyst (16 

mol%) in the intra and intermolecular aldol reaction in water 

as reaction media, affording moderate results of products 

anti-4 (96-99%, 26-94% de, 50-74% ee) and 18 (n = 2, 74%, 

43% ee). The catalyst was reused for five times achieving 

similar results [91]. From the related monosilylated product, 

several hybrid materials of type 25b (Figure 8) were 

prepared by sol-gel condensation with different amounts of 

tetraethyl orthosilicate (TEOS) and by grafting on a 

mesostructured silica. The catalytic activity of these systems 

(10 mol%) were evaluated in the aldol reaction between 

cyclohexanone and p-nitrobenzaldehyde (97-99%, 62-72% 

de, 82-88% ee) in water as solvent, showing that the porosity 

of the material does not affect yields nor selectivities, while 

the less porous material (n = 5) shows a lower reaction rate. 

These catalysts were also applied in the intramolecular aldol 

reaction to afford product 18 albeit with moderate results 

(60-82%, 42-48% ee). While reusing the catalysts in the 

intermolecular process was possible for five reaction cycles, 

in the intramolecular reaction the results were only 

reproducible for three reaction cycles [92].  

 
Figure 8. Aminoindanone derived prolinamide immobilized 

into a silica matrix. 

 

 The trans-4-hydroxyproline motif has also been 

incorporated through a carbamate-type linker to the 

structured mesoporous material MMCM-41 (26, Scheme 3) 

and screened as catalyst in the aldol reaction between 2,2-

dimethyl-1,3-dioxane (28) and a chiral aldehyde derived 

from tartaric acid, leading to product 29. After 

hydrogenation, this compound gave azasugars, which are 

important inhibitors of enzymes involved in carbohydrate 

processing. The best performance of this catalyst was 

achieved in toluene as solvent in the presence of only 5 

equiv of water [93]. 
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Scheme 3. Aldol reaction between 2,2-dimethyl-1,3-dioxane 

and a chiral aldehyde.  

 

 Recoverable silica-gel supported organocatalyst 30 (10 

mol%), combined to benzoic acid (5 mol%) and in the 

presence of a small amount of water (12 equiv) was very 

efficient as catalyst in the intermolecular aldol reaction, 

affording products 4 in high yields, regio-, diastereo- and 

enantioselectivities (48-95% yield, 36-100% regioselectivity, 

42-90% de, 50-95% ee). Under these reaction conditions, the 

cross-aldol reaction between propanal and p-

nitrobenzaldehyde gave also good results (75% yield, 76% 

de, 97% ee). The recovered catalyst was reused up to nine 

times providing similar results. Remarkably, this 

heterogeneous organocatalyst 30 allowed the synthesis of the 

Wieland-Miescher ketone and analogues 18 in good results 

(73-91% yield, 80-91% ee), its reuse up to five times being 

possible without observing changes in the results [94].  

Moreover, this silica-supported bisprolinamide was active in 

the synthesis of Tacrine precursors of type 33 (Scheme 4), 

which are potent acetylcholinesterarease inhibitors and have 

been applied as drugs in neurodegenerative disorders. The 

catalysts was recovered and reused for at least five times 

without any changes on the results [95]. 

 

 
Scheme 4. Synthesis of Tacrine precursors using silica-gel 

supported organocatalyst 30. 

 

 Another inorganic support for organocatalysts are 

magnetic nanoparticles (MNP) which form a colloidal 

suspension, thus offering quasi homogeneous conditions. 

Once the reaction has been completed, the magnetic 

organocatalysts can be easily separated from the reaction 

mixture by decantation of the supernatant after retaining the 

nanoparticles using an external magnet. These 

superparamagnetic materials are robust and have large 

surface area, high dispersion, stability as well as low price 

and toxicity [96]. There are only a few examples, all of them 

employing nanomagnetite (Fe3O4) as support, were MNP-

supported organocatalysts have been used in enantioselective 

reactions. For instance, chiral 1,2-cyclohexyldiamine has 

been immobilized on magnetic nanoparticles, leading to 

system 34 (20 mol%, Figure 9) which has shown a good 

performance in the aldol reaction between acetone or 

cyclohexanone with aromatic aldehydes (53-98% yield, 33-

84% de, 84-98% ee), working in the presence of 

trifluoracetic acid, in water at 25 ºC as solvent. This catalytic 

system was magnetically recovered from the reaction media 

and reused up to seven cycles with unchanged activity. The 

nanospheric dimensions as well as the silica coating were 

maintained after these reaction cycles, a slight aggregation 

being observed [97]. Instead of the former silica-coating of 

the MNP silanization procedure to link the MNP with the 

catalyst, a phosphonic acid was directly used as anchor point 

to fix several cinchonidine derivatives to magnetite MNP 

through a co-precipitation method, affording systems 35 (5 

mol%, Figure 9). The optimal results in the aldol reaction 

between cyclohexanone and several aromatic aldehydes 

using water as solvent were achieved using the catalyst 

bearing an arm chain of length n = 4 and catalyst loading 

0.52 mmol/g (36-100%, 64-96% de, 75-9% ee). Using a 

simple magnet, this system was recovered and reused six 

times achieving almost identical results [98]. 
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Figure 9. Magnetic supported organocatalysts. 

 

 The same cinchonidine derivative was attached to porous 

zirconium through the same phosphonate linkage, giving 

compound 36 (Figure 10). These zirconium-phosphonate 

materials are insoluble in water and organic solvents and 

have a layered or pillared structure. Again, the system with 

an arm chain of length n = 4 (10 mol%) led to the best results 

in the aldol reaction between cyclohexanone and 

arylaldehydes in the presence of triflic acid in water as 

solvent (12-98%, 36-96% de, 5-99% ee). This catalyst was 

recovered by centrifugation and reused, after treatment with 

a Et3N solution (30 wt%), for at least five cycles [99]. This 

layered inorganic backbone may be considered as a hook 

onto which organic groups with different functionalities may 

be attached, which allows controlling both the reactivity and 

selectivity of the organic catalyst. Thus, 4-trans-hydroxy-L-

proline was also attached to a zirconium layered material 
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through methyl and/or phenyl phosphonate or phosphate 

groups affording systems 37. These systems were tested as 

supported catalyst for the aldol reaction between 

cyclohexanone and p-nitrobenzaldehyde in DMF/water as 

solvent, giving mainly anti-4, the best results being achieved 

when both methyl and phenyl phosphonates were present in 

the structure (51%, 78% de, 93% ee). The catalysts were 

recovered by centrifugation and reused. However their acid 

sensitivity and hydrolysis tendency led to unsatisfactory 

results [100]. 

 

 
Figure 10. Zirconium supported orgaonocatalysts. 

 

 The use of hybrid inorganic-supported organocatalyst led 

to systems suitable to work under heterogeneous conditions. 

However, the immobilization of organocatalyst to ionic 

liquid systems gave catalyst which can be used either under 

organic or aqueous homogeneous conditions [101]. Hence, 

several functionalized ionic liquids have been attached to the 

pyrrolidine motif after quaternization of the pyrrolidine-

imidazole precursor. These systems were evaluated in the 

reaction between cyclohexanone or cyclopentanone with 

aromatic aldehydes in the presence of water (100 mol%) and 

acetic acid (5 mol%), catalyst 38 (20 mol%, Figure 11) 

giving the best results (66-92%, 0-66% de, 5-63% ee). The 

catalyst was recovered and reused six-fold obtaining a 

similar enantiomeric excess but lower yields and 

diastereoselectivities [102]. Better results were observed 

using ionic liquid-functionalized 4-trans-hydroxy-L-proline 

derivatives 39 (Figure 11), although a higher catalyst loading 

(30 mol%) was necessary to afford the corresponding aldol 

products (20-95%, 71-94% de, 80-99% ee) in water as 

solvent. The catalyst was recovered from the reaction by 

extraction and reused up to five times without detrimental on 

the achieved results [103]. A higher recyclability, up to 8 

cycles, was displayed using compound 40 (15 mol%, Figure 

11) as catalyst in the aldol reaction between an array of 

cyclic ketones and aromatic aldehydes in water at 25 ºC, 

giving good yields (38-97%) and excellent diastereo- and 

enantioselectivities (60-94% de, 92-99% ee) [104]. The use 

of the more lipophilic counteranion Tf2N
−
, led to the system 

41a (5 mol%, Figure 11) which showed extremely efficient 

in the reaction between cyclohexanone  and aromatic 

aldehydes in water at 25 ºC (41-98% yield, 82-96% de, 96-

99% ee). The catalyst loading could be decreased to 0.1 

mol% when high electrophilic aromatic aldehydes were 

used, without compromising the enantioselectivity of the 

process. However, lower yields were achieved using 

aliphatic aldehydes as electrophiles (52-60%), but still 

excellent diastereo- and enantioselectivities (99% de, 99% 

ee). Under these conditions, the catalyst was recovered and 

reused up to five times without deleterious effect in the 

results [105,106]. 

 

 

Figure 11. Immobilization of organocatalyst into ionic liquid 

systems. 

 

 System 41b (10 mol%, Figure 11) was completely 

insoluble in ether and highly soluble in water due to the 

presence if a hydrophilic cation and a lipophilic anion. Its 

catalytic efficiency in the reaction between cyclohexanone 

and aromatic and aliphatic aldehydes was good (50-98% 

yield, 90-99% de, 99% ee). Although this catalyst was 

designed to improve its recyclability properties, the achieved 

yields were highly compromised after the third reaction 

cycle, although the stereoselectivity of the process was 

maintained up to five runs [107]. 

 Prolinamides have also been modified by attaching a 

ionic liquid moiety. For instance, ionic liquid-tagged 4-

hydroxyprolinamide derived from (S)-diphenylvalinol 42 (2-

5 mol%, Figure 12) has been used in the aldol reaction 

between cyclic ketones and alkyl and aryl aldehydes in water 

at 25 ºC or 3 ºC, respectively. Both aromatic and aliphatic 

electrophiles provided the aldol products with good results 

(38-99%, 24-98% de, 75-99% ee). Once recovered by 

extraction, the catalyst could be reused for three cycles 

affording similar results, albeit a drop in conversion was 

observed in the fourth run [108]. The use of two ionic tags 

showed more efficient, providing a catalyst with a higher 

recyclability. Thus, C2-symmetric prolinamide 43 (10 mol%) 

was employed as catalyst in the reaction between cyclic 

ketones with aromatic and heteroaromatic aldehydes, in the 

presence of water (100 equiv.) as solvent, affording products 

4 in good results (40-99%, 22-98% de, 25-99% ee). The use 

of acyclic ketones as pro-nucleophiles led to lower 

conversions and enantioselectivities (15-99%, 39-68% ee). 

As expected, this catalytic system was recovered and reused 

at least 10 reaction cycles giving similar results [109]. In 

addition, instead of using a chiral 1,2-cyclohexanodiamine as 

a bridge between the two prolinamide units, other systems 

derived from more simple diamines such as 1,2-

diaminobenzene, 1,4-diaminobenzene and 1,2-

diaminoethane were evaluated in the aldol reaction under 
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similar reaction conditions, leading to similar results. 

Remarkably, catalyst derived from 1,4-diaminobenzene 

showed very robust, being recycled up to fourteen times 

without detrimental on the results [109]. 

 

 
Figure 12. Ionic liquid-tagged supported prolinamides. 

 

 As shown above, one of the limitations of the use of the 

ionic-tag strategy is the recyclability of the obtained 

catalysts. Thus, most of the reported systems are partially 

soluble in water or organic solvents and, therefore, are lost 

during the extractive work-up needed for the recovery. To 

overcome this disadvantage, an ionic liquid-functionalized 

organocatalyst 44 has been grafted onto MNP coated with 

silica and it has been used as catalyst (10 mol%, Figure 13) 

in water at 30ºC as solvent, affording better results (30-96%, 

34-98% de, 45-89% ee) than when using the related ionic 

liquid-free supported system. Catalyst 44 was recovered for 

the reaction mixture by using a simple magnet and reused 

five times leading to similar results. Moreover, the inactivity 

of the supernatants and the maintenance of the nitrogen 

percentage of the recovered catalyst demonstrated that no 

leaching of the active species occurs into the solution, and 

confirmed the stability and robustness of the system [110]. 

 Another way to increase the recyclability without losing 

the advantages of the use of homogeneous conditions is to 

entrap the ion-tag catalyst into the liquid film of a 

multilayered ionic liquid covalently bonded to silica gel, like 

in system 45 (Figure 13). Thus, system 45 (5 mol%) was 

used as catalyst in the aldol reaction between cyclohexanone 

and aromatic aldehydes in the presence of water, affording 

products 4 in excellent yields, diastereo- and 

enantioselectivities (81-99%, 78-94% de, 87-98% ee). Really 

short reaction times (usually 2.5 h) were observed for these 

reactions, which were performed just changing the aldehyde 

counterpart and using the same catalytic batch that was 

recycled and reused for fifteen times. Remarkably, no traces 

of cross contamination were observed in any of the products. 

This reaction took place under a two stage liquid-liquid 

biphasic homogeneous conditions, with the immobilized 

ionic liquid acting as a catalyst reservoir, delivering the 

active catalyst to the cyclohexanone phase and capturing the 

catalysts once the organic phase (products and reactants) 

were removed [111]. In addition, a very simple 

organocatalytic approach was developed by using a 

polyvinylidene chloride supported ionic liquid (18 mol%) 

combined to simple proline (12 mol%) as catalytic system 

for the aldol reaction of cyclohexanone, acetone, and 2-

butanone and arylaldehydes in water at room temperature 

(74-99%, 4-88% de, 67-98% ee). The catalytic system was 

recovered by extraction of the aldol products, and reused at 

least six times achieving comparable results [113]. 

 

 
Figure 13. Recyclable organocatalysts having ionic liquid 

moieties. 

 

 The attachment of organocatalysts to dendrons was other 

strategy to afford systems that acted as homogeneous 

catalysts, being suitable to recycling due to their high molar 

mass [114-116]. Thus, functionalization of proline 

sulfonimide with Fréchet dendritic wedges provided 

dendrimers 47a-c (10 mol%, Figure 14), which were 

evaluated as catalysts in the reaction between cyclohexanone 

(2 equiv.) and p-nitrobenzaldehyde in pure water as solvent 

at 25 ºC, yielding mainly the isomer anti-4 with excellent 

results (86-92% yield, 94-98% de and 98-99% ee). The best 

results were achieved using catalyst 47b (n = 1) due to the 

hydrophobic effect of the dendritic wedges. This catalyst 

was recovered by precipitation using a n-hexane:ethyl 

acetate mixture and reused five-fold obtaining similar results 

[117]. 

 

 
Figure 14. Organocatalysts attached to dendrons. 

 

 System 48 having a proline-derived core and nonpolar 

hydrocarbon dendrons behaved as an amphiphilic species 

The use of this catalyst (10 mol%, Figure 14) in the aldol 

reaction between cyclohexanone and aromatic aldehydes, in 

the presence of trifluoroacetic acid in water at 23 ºC, gave 

good results (5-95% yield, 28-66% de, 35-93% ee) [118]. 
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Figure 15. Proline-derived core with nonpolar hydrocarbon 

dendrons organocatalyst. 

 

 Peptidic dendrimers of type 49 having lysine and proline 

residues at the core and near the surface, presented a 

structure that resembled the aldolase enzymes. They were 

synthesized by a combinatorial approach using the split-and 

mix methodology. The peptide dendrimers of the libraries 

contained eight variable amino acids positions along three 

successive branches. Using four different amino acids per 

variable position resulted in a combinatorial library of 

65,536 members. The library containing free N-termini, N-

terminal proline or lysine at the surface, showed to be active 

in the aldol reaction between cyclohexanone and p-

nitrobenzaldehyde in an aqueous buffer solution (pH 8.5), 

affording the corresponding aldol in 54% yield, 33% de and 

65% ee. Unfortunately, although these dendritic peptides are 

active in the reaction between acetone and dihydroxyacetone 

under aqueous conditions, the aldol products were obtained 

as racemic mixtures [119]. 

 

1.2. Aqueous Michael reactions with supported 
organocatalysts 

 The Michael addition is a basic C-C bond forming 
reaction that allows the synthesis of 1,5-difunctionalized 
compounds. In the last years a considerable effort has been 
made to design efficient organocatalysts to perform this 
reaction in an asymmetric way [120-122] and even under 
aqueous conditions [123]. Generally, two approaches have 
been used to accomplish this transformation using chiral 

organocatalysts. In the first one, a chiral bifunctional 
organocatalyst activates simultaneously the ketone carbonyl 
function and the α,β-unsaturated compound, while in the 
second a substituted chiral amine (frequently pyrrolydine 
derivatives) creates an enamine intermediate in which the 
attack of the electrophile occurs through its less hindered 
diastereotopic face.  

 One of the most explored Michael type reactions using 

organocatalyst is the 1,4-addittion of carbonyl compounds to 

nitroalkenes 50, which affords versatile functionalized 

products 52, mainly as syn-isomers. 
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Scheme 5. Organocatalyzed 1,4-addittion of carbonyl 

compounds to nitroalkenes. 

 

 For this type of transformation, the immobilization of the 

organocatalysts has been achieved using a covalent 

attachment to polystyrene resins such as in catalysts 52-54 

(Figure 16). Catalyst 52 (10 mol%) has been used as 

promoter, its best results being achieved in dichloromethane 

as solvent. However,  a high yield, as well as diastero- and 

enantioselectivity (97%, 92% de, 99% ee) was also 

accomplished in the reaction between propanal (3a, R
2 
= Me, 

R
3
 = H) and β-nitrostyrene in the presence of 

dimethylpoly(ethylene glycol) (diMePEG, 10 mol%) in 

water as solvent [124]. In addition, a broad substrate scope 

was shown by using polystyrene-immobilized catalyst 53 (10 

mol%) in the presence of p-nitrobenzoic acid, in water at 

room temperature. Thus, very high selectivities were 

achieved in the conjugate addition of cyclic and acyclic 

ketones or aldehydes with nitrostyrenes and β-alkyl 
substituted nitroolefins (42-100%, 76-94% de, 74-93% ee). 

This catalyst was recovered by filtration and reused in six 

consecutive runs without significant loss of activity or 

enantioselectivity [125]. Moreover, the Merrifield-supported 

pyrrolydine system 54 (10 mol%) resulted very active as 

catalyst in the addition of cyclic and acyclic ketones to 

nitrostyrenes in the presence of DiMePEG (10 mol%) in 

water as solvent, the best results (40-85%, 78-98% de, 26-

99% ee) being achieved when a p-phenylene group was 

present in the resin as a linker. Linear aldehydes could also 

be used as substrates but only moderate enantioselectivities 

were found (81-99%, 74-92% de, 48-62% ee). The catalytic 

performance of the resin resulted maintained after three 

reaction cycles [126]. 
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Figure 16. Immobilized organocatalysts attachment to 

polystyrene resins. 

 

 The use of ion-tagged catalysts allowed performing the 

reaction under homogeneous conditions. Thus, catalyst 55 (1 

mol%) showed very efficient in the Michael addition of 

propanal (3a, R
2 
= Me, R

3
 = H) and β-nitrostyrene in water 

as solvent, affording product syn-51 in 98% yield, 86% de 

and 99% ee. This catalytic system gave the best results in the 

reaction between propanal and aromatic nitroalkanes in 

dichloromethane as solvent, although water showed to be the 

ideal media when the less reactive aliphatic nitroalkenes or 

large aliphatic aldehydes were used as substrates. Water was 

also the best reaction media to perform the reaction between 

sterically hindered nitroalkenes and aldehydes, the addition 

of benzoic acid as cocatalyst being necessary to afford the 

highest enantioselectivities. Unfortunately, the recycling of 

the catalyst was not studied [127]. In addition, surfactant-

type chiral catalyst 56 (20 mol%), without needing an acid 

additive, was used to promote the reaction of cyclohexanone 

[3b, R
2 
= R

3
 = (CH2)4] and β-nitrostyrene derivatives in 

water as solvent, giving the corresponding syn-52 products, 

which precipitate in the water solution, in good results (83-

99%, 86-98% de, 91-98% ee). However, the use of acetone 

as pro-nucleophile was not successful [128]. 

 

 
Figure 17. Ionic liquid derived organocatalysts used in the 

Michael addition. 

 

 Diarylprolinol silyl ether species of type 57 (3-10 mol%) 

in the presence of benzoic acid (10-30 mol%) catalyze 

efficiently the conjugate addition of aldehydes to 

nitroolefins, even using acetaldehyde as donor, in water or 

brine as solvent, leading to the corresponding products in 

excellent results (30-97%,.90-96% de, 80-99% ee). The 

catalytic system was recovered by extraction of the products 

with the appropriate organic solvents, and reused six times 

giving similar results [129,130]. This catalytic system was 

successfully applied in the asymmetric domino [131,133] 

Michael/Henry reaction of pentane-1,5-dial (3c) with 

nitroolefins, giving the expected products 58 in high yields 

and enantioselectivities (Scheme 6), the catalyst being 

recycled up to four times [134]. 

 

 
Scheme 6. Michael/Henry reaction catalyzed by recyclable 

diarylprolinol silyl ether derivative. 

 

 In the former reaction, the separation of the acid 

cocatalyst from the reaction products, since both were 

soluble in organic media, resulted extremely difficult. In 

order to avoid this problem, an ionic liquid-supported (ILS) 

benzoic acid 60 was used as cocatalyst. Hence, the catalytic 

combination 59a (3 mol%) and ILS 60 (21 mol%) was used 

in the reaction of aliphatic aldehydes with aryl and alkyl 

nitroolefins in water at 25ºC, giving good yields (74-98%) 

and excellent diastereo- and enantioselectivities (88-98% de, 

99% ee). The catalytic system was recovered by extraction 

of the product form the reaction media, and reused twelve 

times, observing a drop in the yield after the ninth cycle but 

keeping the enantioselectivity [135]. Comparable results 

were obtained by  using catalyst 59b (5 mol%) in the 

presence of 6 equiv of the ionic liquid 60 for the conjugate 

addition of pentanal (3d, R
2 
= nPr, R

3
 = H) with nitroolefins, 

this system being recycled and reused ten cycles. Again, no 

detrimental of the enantioselectivity was observed during the 

reaction cycles, although a noticeable decrease of the yield 

was observed after the sixth run [136]. Following the same 

strategy, different pyrrolidine-based organocatalysts of the 

type 61 have been synthesized and used, in the presence of 

an ionic liquid-supported acid, for the conjugate addition of 

cyclohexanone and other cyclic ketones to nitrostyrenes. The 

best results were achieved using a combination of catalyst 61 

and sulfonic acid 62 (10 mol%), leading to good selectivities 

(42-96% de, 57-96% ee) in water at 25 ºC. However, the 

recycling of this system was not attempted [137]. 

 The introduction of a fluorous tag into the catalysts can 

facilitate its recovery by using fluorous silica gel-based 

solid-liquid extraction. For this purpose, catalyst 63 was 

designed and used (10 mol%) in the reaction between cyclic 

ketones and aliphatic aldehydes with nitrostyrene derivatives 
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in water at solvent. The Michael products syn-51 were 

obtained in good results (60-98%, 50-96% de, 68-95% ee), 

the catalyst being recycled by solid-liquid extraction and 

reused for six times. Although the enantioselectivities were 

retained over the cycles, the yields and diastereoselectivities 

dropped after the second cycle. However, when the same 

catalyst was used in the aldol reaction between ketones and 

aromatic aldehydes to give products anti-4 (Scheme 1, 75-

93%, 0-90% de, 70-97% ee), only slight decreases on the 

activity and selectivity were observed after seven reaction 

cycles [138,139]. 

 

 
Figure 18. Other recyclable organocatalysts used in the 

Michael addition to nitroolefins. 

 

 Besides the use of nitroolefins as electrophiles in the 

Michael addition, other α,β-unsaturated compounds have 
been employed in this type of transformation. For instance, 

diarylprolinol silyl ether 57, combined to the ILS sulfonic 

acid 62, has been used in the Michael reaction of maleimides 

64 with aldehydes, leading to the chiral succinimide 

derivatives 65 in moderate yields and diastereoselectivities, 

but with high enantioselectivities (Scheme 7). Better results 

were obtained using as catalyst a diarylprolinol-based 

species containing two dioctylamino residues as substituents 

in the amino groups. This compound was employed as 

catalyst, under similar reaction conditions, for the aldol 

process using acetaldehyde as nucleophile. However, in  

these transformations the recycling of the catalyst was not 

explored [140,141].  

 

 
Scheme 7. Michael reaction of maleimides with aldehydes. 

 Activated methylenes were also used as pro-nucleophiles 
in the Michael addition using supported catalysts under 
aqueous conditions. Thus, malonates reacted with α,β-
unsaturated aldehydes (66a, R

2
 = H) using catalyst 57 in the 

presence of benzoic acid, in a mixture of water:isopropanol 
as solvent, affording products 68 (Scheme 8). The catalyst 
was reused four times with gradual reduction of the yields 
and enantioselectivities [142]. 

 

 
Scheme 8. Michale addition of malonates with α,β-
unsaturated aldehydes. 

 

 The catalytic combination 57 (7 mol%)/PhCO2H (40 

mol%), in THF/water as solvent, was used for the addition of 

nitromethane (69) to α,β-unsaturated aldehydes, yielding 
products 70 in high yields (62-82%) and excellent 

enantioselectivities (84-94%). Although the catalyst was 

recovered and recycled five times, yields sharply decreased 

after the second cycle, while enantioselectivities dropped 

gradually [143]. The same trend in recyclability was shown 

when peptide-supported catalyst 71 (Scheme 9) was used in 

the addition of nitromethane (69) to α,β-unsaturated ketones 
(69-80%, 90-96% ee) under similar reaction conditions. This 

peptide-supported catalyst was also active in the Michael 

addition of malonates to α,β-unsaturated ketones under 
similar reaction conditions (50-85%, 94-97% ee), and even 

in a three-component reaction between methacrolein, indole 

and diisopropyl azodiacarboxylate (98%, 88% ee) [144]. 

Better recyclability properties were displayed by the ion 

tagged α,α-diphenyl prolinol catalyst 72 (10 mol%) in the 

Michael addition of nitroalkanes to α,β-unsaturated 
aldehydes. Products of type 70 were achieved in high yields 

(55-95%) and excellent enantioselectivities (85-94%) using 

96% aqueous methanol as solvent media. The catalysts was 

recovered and reused five times without any decrease in 

product yields and enantioselectivities [145].  
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Scheme 9. Supported organocatalyst used in the addition of 

nitromethane to α,β-unsaturated aldehydes. 
 

1.3. Other C-C bond forming reactions using supported 

organocatalysts in aqueous media. 

 
 Although the aldol and Michael addition reactions are 

probably the most widely studied processes using 

organocatalysis, other important C-C bond-forming 

processes have also been explored. Thus, the Morita-Baylis-

Hillman is an organic transformation where a catalyst 

(usually a tertiary amine or phosphine) promotes the reaction 

between the α-position of an electron-deficient alkene with a 
carbonyl compound [146,147]. The use of a resin-supported 

(S)-proline in the intramolecular version of this 

transformation (Scheme 10), working in mixtures of water 

and several organic solvents, led from low to moderate 

enantioselectivities, depending highly of the mixture 

composition. Thus, a mixture of 1,4-dioxane:water (1:1) 

gave the best yield although low enantioselectivity, whereas 

a combination of dichloromethane:water  (2:1) led to 46% ee 

but in poor yield. Furthermore, the absolute configuration of 

product 74 resulted reversed in the presence of 

acetonitrile:water (1:1) [148]. 

 

 

Scheme 10. Morita-Baylis-Hillman catalyzed by resin-

supported (S)-proline. 

 

 More successful was the use of a resin-supported peptide 

in a Friedel-Crafts-type alkylation [149,150]. Thus, several 

prolyl peptides supported in an amphiphilic 

polyethyleneglycol-grafted cross-linked polystyrene have 

been employed as supported catalysts in the alkylation of 

indoles 76. System 78, having a polyleucine tether, catalyzed 

the reaction in a mixture of THF:water (1:2), giving, after 

reduction, products 77 in good yields (57-85%) and 

enantioselectivities (52-88% ee) [151]. The catalyst was 

recycled and reused for five cycles with only a slight 

decrease in yields and enantioselectivities in the fifth cycle. 

This reaction was also carried out using as catalyst peptide-

supported 79, with a 310 helical motif (Leu-Leu-Aib)2,  

leading to better results (71-84%, 89-91% ee) when working 

in neat water [152,153]. In addition, catalyst 79 in 

combination with a laccase enzyme was also able to catalyze 

the one-pot Friedel-Crafts alkylation-α-oxyamination of 
indoles, providing the corresponding oxygen-functionalized 

systems in high selectivities, its recycling being not 

explored.  

 

 
Scheme 11. Friedel-Crafts-type alkylation catalyzed by 

supported prolyl peptides.  

 

 Another seminal reaction that supposed a milestone in 

the development of organocatalysis as a research field was 

the Diels-Alder reaction catalyzed by MacMillan’s chiral 

imidazolidine 82 (Scheme 12) [154,155]. Some efforts in 

order to use this catalyst under homogeneous ionic liquid 

(imidazolinium [Bmim]PF6 or pyridinium [mpy]OTf)/water 

phase conditions have been carried out affording good 

results. The use of pyridinium triflate as a ionic liquid 

allowed its recycle and its reuse for at least three reaction 

cycles affording similar results [156,157]. 

 

 
Scheme 12. Diels-Alder reaction catalyzed by MacMillan’s 

chiral imidazolidine. 

 

 Higher recyclability was shown by the ionic liquid-

supported imidazolidinone 83 (20 mol%, Figure 19) which 

was used in the presence of trifluoroacetic acid (20 mol%) in 

acetonitrile/water (95:5), being reused five times maintaining 

its catalytic activity. This catalyst led to the desired products 

in moderate to good yields (45-99%) depending of the nature 

of the R
1 
substituent, aromatic derivatives affording the best 
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results. Although the products were obtained nearly as a 1:1 

mixture of endo/exo products, the enantioselectivities for 

both isomers were consistently high (71-94%) [158]. In 

addition, poly(methylhydrosiloxane)-supported chiral 

imidazolidinone 84 (10 mol%), combined to HBF4. was used 

as catalyst in the Diels-Alder reaction between 

cyclopentanediene (80) and cinamaldehyde, using as solvent 

mixtures of organics such as methanol, dichlorometane or 

acetonitrile with water or even in pure water, the best results 

being achieved in the latter (98%, 1:1 endo/exo, 91:90% ee). 

However, the best recyclability was obtained in 

acetonitrile:water (95:5), which allowed it reuse for at least 

six reaction cycles, the expected mixture of isomers being 

obtained with up to 92 % ee [159]. Remarkably, a good 

performance in terms of recyclability was shown using as 

catalyst a C2-symmetric-bypyrrolidine salt derived from 85 

(10 mol%), in the presence of 2 equivalents of HClO4 in 

water solvent, albeit with moderate enantioselectivities (83-

87% ee). The catalyst was recycled by simple extraction, 

achieving similar results for the first three cycles (94-95%, 

2.7:1 exo/endo) [160]. 

 

 
Figure 19. Recyclable organocatalysts used in the Diels-

Alder reaction. 

 

1.4. Aqueous oxidation and reduction processes with 
supported organocatalysts. 

 The organocatalytic asymmetric epoxidation of electron-
poor alkenes has experienced a significant development in 
the recent past [161], due to the importance of chiral 
epoxides as building blocks. The Juliá-Colonna epoxidation 
is one of the first examples of polypeptide-catalyzed 
reactions in an aqueous system. Thus, excellent 
enantioselectivities have been obtained using polyamino acid 
derivatives such as poly-L-alanine or poly-L-leucine in an 
organic solvent and an aqueous layer containing H2O2 and 
NaOH [162,163]. However, this transformation has several 
limitations, such as the narrow substrate scope and the long 
reaction times. Therefore, improved protocols have been 
developed. For instance, resin-supported peptide 87 (20 
mol%, Scheme 13) promoted the epoxidation of α,β-
unsaturated aldehydes 66 (R

2
= H) in a mixture of 

THF:water, using H2O2 as oxidant, affording the final 
epoxides with high enantioselectivities (45-87%, 74-95% 
ee). The introduction of a three amino acid motif with a 
hydrophobic and bulky aromatic ring was crucial for the 
activity and selectivity of the reaction. Furthermore, the 
enantioselectivity of the process was controlled by the 

absolute configuration of the terminal proline residue. The 
recovery of the peptide was easily accomplished by 
filtration, and the enantioselectivity was maintained after 
several reaction runs, but the rate decreased after the second 
cycle [164]. In addition, moderate results were achieved 
using as catalyst sulfur-functionalized chiral ionic liquid 88 
(10 mol%) in the presence of Na2CO3 as a base in water as 
solvent in the epoxidation of α,β-unsaturated aldehydes 66 
(R
2
= H) (41-57%, 70-72% ee). Since the organocatalyst was 

insoluble in ether and soluble in water, it could be easily 
separated from the products and reused for at least five times 
without detrimental of the activity [165]. 

 Chiral phase-transfer reagents, especially those derived 
from Cinchona alkaloids, have also been applied to this 
transformation under mild reaction conditions, achieving 
high efficiency. However, only moderate enantioselectivities 
(55-93%, 19-86% ee) were obtained in the epoxidation of 
(E)-diarylenones (66, R

1
= Ar

1
, R

2
= Ar

2
) using soluble chiral 

polymeric ammonium salts anchored to diacetamido-
PEG2000 chloride resins, such as 89, as organocatalysts (5 
mol%, Scheme 13), using t-BuOOH as oxidant in a biphasic 
system of dichloromethane and aqueous KOH (1M). The 
catalyst was precipitated with ether after the reaction and 
reused for three times without losing its activity [166]. 

 

 
Scheme 13. Organocatalytic asymmetric epoxidation of 

electron-poor alkenes. 

 

 The enantioselective α-oxyamination of aldehydes 90a 
(R
2
 = CHO), using 2,2,6,6-tetramethylpiperidine-1-oxyl 

(TEMPO) involves the oxidation of an enamine by a single 

electron transfer (SET) mechanism forming a planar radical 

cation. This radical undergoes an enantioface-selective C-O 

bond formation with TEMPO. In addition, iron trichloride 

(30 mol%) was used as SET reagent in the α−oxyamination 
of aldehydes,  using as catalyst a resin-supported peptide 

(93, n = 25.4, 20 mol%) in the presence of sodium nitrate. 

After in situ reduction with NaBH4, the α-oxygenated 
product 91a (R

2
 = CH2OH) was obtained in good yields and 

enantioselectivities (73-84%, 87-93% ee), working in a 
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mixture THF:water (1:2) as solvent [167]. The procedure 

was extended to a one-pot sequential reaction, starting from 

primary alcohols, using copper(I) chloride under aerobic 

conditions. Hence, catalyst 93 (n = 25.4, 20 mol%), CuCl 

(30 mol%) and 2,2’-bipyridine (30 mol%), in the presence of 

oxygen and in a mixture of THF:water as solvent (1:2) led to 

the formation of products 92 (R
2
 = CH2OH)   in good results 

(66-85%, 4-93% ee). The catalyst was recovered by filtration 

and reused for seven times without a substantial loss in both 

yields and enantioselectivities [168]. On the other hand, the 

combination of a peptide-supported catalyst with an 

enzymatic air oxidation using laccase enzyme, avoids the use 

of any metal reagent. So, catalyst 93 (n = 27, 20 mol%), 

combined to enzyme laccase in a acetate buffer solution (pH 

4.4) and in the presence of air, afforded aldehydes 92b (R
2
 = 

CHO), while the addition of the surfactant Tween 80 to the 

reaction mixture, led to the corresponding carboxylic acids 

92c (R
2
 = CO2H). In both protocols, good yields (65-80%) 

and enantioselectivities (86-92% ee) were achieved [169]. 

 

 
Scheme 14. Enantioselective α-oxyamination catalyzed by 
resin-supported peptide. 

 

 Finally, the resin-peptide supported catalyst 93, as its 

trifluoroacetic salt (Scheme 15), was used as catalyst for the 

hydrogen transfer hydrogenation reaction of unsaturated 

aldehydes 94 in aqueous media, using Hantzsch ester 95 as 

reducting species. The presence of a hydrophobic leucine 

chain was essential for both reactivity and selectivity, 

providing a hydrophobic microenvironment around the 

terminal proline residue. However, the possible recovery of 

the catalyst was not investigated [170,171]. 

 

 

Scheme 15. Resin-peptide supported catalyst used in the 

hydrogen transfer hydrogenation. 

 

CONCLUSIONS 

 Although supported reagents have been in use for 
decades, in the last years are experiencing a surge in 

popularity due to the discovery of an array of different 
materials and nanoparticles suitable to anchoring catalysts, 
thus allowing its recovery. As stereoselective 
organocatalysis is perhaps the present synthetic methodology 
which more easily and efficiently allows the preparation of 
interesting enantioenriched products, anchoring 
organocatalysts to different supports represents a further step 
of increasing the efficiency of organocatalyzed processes. 
These reactions are usually performed using rather large 
catalyst loadings, therefore the easy recovery of the 
organocatalyst present obvious economic advantages, as well 
as facilitates their possible use in convenient continuous flow 
systems. If these methodologies can be carried out in a cheap 
and environmentally convenient solvent as water, they can 
be considered as almost perfect. This review has shown that 
many efforts have been devoted in the last years in order to 
develop easily recyclable and reusable chiral organocatalyst 
suitable to develop their stereoselective activity in aqueous 
media. In many cases the obtained results, concerning 
stereoselectivity and recyclability have been impressive, 
although still plenty of research is necessary. Thus, the aldol 
and Michael reactions have been profusely studied, but many 
processes remain practically or totally unexplored.  There is 
no doubt that new anchored organocatalysts with higher 
reactivity in water will be developed, and that many more 
synthetic procedures involving all these reagents will show 
in near future. 
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