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Abstract:
Chiral molecules hold a mail position in Organic and Biological Chemistry, so pharmaceutical industry needs
suitable strategies for drug synthesis. Moreover, Green Chemistry procedures are increasingly required in order
to avoid environment deterioration. Catalytic synthesis, in particular organocatalysis, in thus a continuously
expanding field. A survey of more recent researches involving chiral imidazolidinones is here presented, with
a particular focus on immobilized catalytic systems.
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1 Introduction

Chiral molecules do hold a main position as numerous biological functions rely on the recognition between
an unsymmetrical system and the correct stereoisomer. On these basis stereoisomers activities in pharmaco-
logically active compounds can be completely different, one providing the highest therapeutic effect while the
others being less active, inert or toxic. Despite a substantial quantity of chiral drugs is still sold in the racemic
form – i. e. a mixture of enantiomers – the pharmaceutical industry needs to switch to the commercialization of
single enantiomers; in fact, in 1992 FDA and in 1994 EU issued guidelines concerning the development of new
chiral drugs, which mandate the development of enantiopure compounds [1].

Development of strategies for preparing enantiomerically enriched chiral molecules represents therefore a
field of very active research. Synthetic methods based on the use of chiral auxiliaries (chiral enantiomerically
pure molecules covalently linked to a reaction partner to control the stereochemical outcome of a reaction and
removed once the desired product is obtained) are gradually being abandoned in favor of chiral catalysts, re-
garded as a fundamental tool in the context of Green Chemistry. Recognizing the progressive deterioration of
environment and natural resources, a special commission of the United Nations General Assembly (the World
Commission on Environment and Development) released an official report entitled “Our Common Future”
stating the concept of sustainable development [2].

Catalytic strategies are included in the twelve Principles of Green Chemistry and are classified according to
the kind of application or to the structure of the catalyst, i. e. the molecule that “accelerates a chemical reaction
without affecting the position of the equilibrium” on the basis of their aggregation state or their nature and
composition [3]. Catalysts, promoting and controlling reaction selectivity, can be metal complexes, enzymes
or organocatalysts. Specifically, in 2000 the term organocatalysis was coined by McMillan to identify reactions
where catalysts are “organic compounds which do not contain a metal atom” [4]. Perhaps better described as
a process where a metal is not directly involved in the reaction mechanism, so to include also ferrocene-based
organocatalysts, organocatalysis is a continuously expanding field in organic chemistry. Relying on the use of
relatively small molecules, typically cheap and readily accessible, easy to handle and non-toxic, organocatalysis
finds economic- and eco-friendly applications.

While organocatalysts’ biocompatibility was previously mainly hypothesized, a recent study on different
cell lines demonstrated these molecules are actually harmless over a wide range of concentrations, the only
exception being a thiourea derivative [5]. Despite the high catalyst loading is often considered a requirement
limiting organocatalysis viability in industry, the low cost of organocatalysts as well as bypassing the prob-
lem of metals removal from final products make this approach nevertheless appealing [6] and highly selective

Laura Raimondi is the corresponding author.
© 2020Walter de Gruyter GmbH, Berlin/Boston.

1

Open Access. © 2018 The Author(s), published by De Gruyter.
This work is licensed under the Creative Commons Attribution 4.0 Internationa License.

http://rivervalleytechnologies.com/products/


Au
to

m
at

ica
lly

ge
ne

ra
te

d
ro

ug
h

PD
Fb

yP
ro

of
Ch

ec
kf

ro
m

Ri
ve

rV
al

le
yT

ec
hn

ol
og

ie
sL

td
Raimondi et al. DE GRUYTER

organocatalytic synthesis of pharmaceutical compounds have already been reported and developed in large
scale [7].

Stereoselective organocatalysis relies on different modes of substrate activation. This can be classified as co-
valent or non-covalent and further distinguished considering the molecular orbital involved (Figure 1) [8]. It has
to be mentioned that the same catalyst can operate through distinct modalities depending on the interacting
substrate. Besides, organocatalysts featuring more than one active site, which are simultaneously activating two
reaction partners or different positions of the same compound, have been developed and dubbed as multifunc-
tional catalysts.

Figure 1: covalent and non-covalent activation modes of substrate activation

When the energy level of the lowest unoccupied molecular orbital of the substrate is lowered, nucleophilic at-
tack is favored. Within covalent catalysis, iminium ion, generated upon condensation of a (chiral) primary or
secondary amine, is one of the most common intermediate exploited to make the LUMO of α,β–unsaturated
compounds more accessible to electrophiles. To achieve carbonyl carbon activation of carboxylic acid deriva-
tives, acylammonium catalysis is instead applied: initiated by the nucleophilicity of an acyltransfer organocat-
alyst, reactions including transesterifications, kinetic resolutions, desymmetrizations, and Steglich rearrange-
ments have been reported. Activation of the LUMO orbital is also achieved by non-covalent Brønsted acid or
hydrogen bonding catalysis, both based on substrate electronic depletion.

On the contrary, increasing of the energy level of the highest occupied molecular orbital enhances the nucle-
ophilicity of the substrate. The most traditional approach is represented by enamine – subsequently extended to
di- and trienamine catalysis: parallel to iminium ion mode, the first step of the catalytic cycle consists in the re-
action between an amine catalyst and a carbonyl compound, followed by α–deprotonation and generation of an
intermediate highly reactive towards electrophilic carbons or heteroatoms. Alternatively, a nucleophilic enolate
equivalent (ammonium enolate) can be obtained either by addition of a chiral tertiary amine catalyst to a ketene
or through α-deprotonation of an acylammonium intermediate. A different kind of activated nucleophile is the
Breslow intermediate; in this case, the α-carbon of an aldehyde acquires an electron rich character upon reaction
with carbenes. As for non-covalent catalysis, HOMO activation is achieved via phase-transfer principle.

In aminocatalysis [9], three main catalytic mechanisms are operating, based on HOMO (via enamine),
LUMO (via iminium-ion) and SOMO activation (Figure 2). Stereoselectivity is given either by steric-shielding, in
which one of the reactive intermediate faces is blocked by a bulky group, or by a hydrogen-bonding [10] directed
approach, in which both substrate and reagent are simultaneously coordinated. In particular, in enamine-based
catalytic processes a carbonyl compound is transformed into a more nucleophilic intermediate. Upon conden-
sation between the catalyst and the substrate, an iminium ion is formed, that tautomerizes to the favored nucle-
ophilic enamine form, in contrast to what happens in the keto-enol equilibrium, mainly lying in the keto-form.
The stronger nucleophilic character achieved thanks to the amine activation is not only due to the abundance of
the enamine species, but also to the enamine HOMO energy that is higher than that of the corresponding enol,
the less electronegative nitrogen lone-pair electrons being higher in energy than that of the more electronega-
tive oxygen. Iminium ion catalysis acts lowering the substrate LUMO energy: when an α,β-carbonyl compound
condenses with a chiral secondary amine, it forms a positively charged intermediate prone to electrophilic at-
tack on the β-position. SOMO activation, instead, is based on the in situ generation of single electron species,
generated through single electron oxidation of an enamine intermediated or by attack of a radical species.
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Figure 2: Operating catalytic mechanisms in aminocatalysis

The field evolved allowing stereoselective functionalization of position that are farther from the carbonyl group,
thanks to the vinylogous activation of poly-unsaturated substrates.

2 Imidazolidinones: Iminium ion activation

The fundamental work of MacMillan and coworkers with chiral imidazolidinones represents the first example
of the iminium ion activation mode and is now considered a landmark in the field of organocatalysis [11]. While
usually inactive for enamine-mediated transformations, imidazolidinones have proven to be very versatile cat-
alysts for the activation of α,β-unsaturated aldehydes through formation of a transient iminium ion.

In 2000, the MacMillan research group reported the use of a chiral imidazolidinone derived from nat-
ural amino acid L-phenylalanine as organocatalyst to promote Diels-Alder cycloadditions [4]. The catalyst
was developed in the context of a general strategy for stereoselective organocatalytic reactions promoted by
chiral amines alternatives to Lewis acid catalyzed ones. The reversible formation of iminium ions from α,β-
unsaturated aldehydes and amines emulates the equilibrium dynamics and π-orbital electronics that are inher-
ent to Lewis acid catalysis resulting in a LUMO-lowering activation (Figure 3). The iminium ion formation is
enhanced by the presence of acid additives so the catalyst operates in its protonated form.

Figure 3: Modes of activation of α,β-unsaturated aldehydes.

The catalytic cycle for the stereoselective Diels–Alder reaction promoted by MacMillan catalyst is outlined in
Figure 4: the condensation of the α,β-unsaturated aldehyde with the enantiopure secondary amine leads to the
formation of an iminium ion that is sufficiently activated to engage a diene reaction partner. Accordingly, Diels–
Alder cycloaddition would lead to an adduct which upon hydrolysis provides the enantioenriched product,
while releasing the chiral amine catalyst.
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Figure 4: Reaction mechanism for stereoselective Diels Alder cycloaddition promoted by chiral imidazolidinones.

MacMillan group reported many other asymmetric reactions such as the 1,3-dipolar cycloadditions, Friedel-
Crafts alkylations, α-chlorinations, α-fluorinations, and intramolecular Michael reactions using chiral imida-
zolidinones. It was also shown that by combining the organocatalyst and Hantzsch ester it was possible to
promote the first enantioselective organocatalytic hydride reduction of α,β-unsaturated aldehydes in what can
be defined as a biomimetic approach, somehow analogous to nature’s stereoselective enzymatic transfer hy-
drogenation with NADH cofactor [12].

A second generation of imidazolidinones-based organocatalysts was developed soon after, to further im-
prove the stereochemical efficiency of the chiral scaffold by exploiting the presence not only of the stereocenter
on the aminoacid moiety, but also of an additional stereogenic center on the imidazolidinone scaffold, that of-
fers further possibilities to control the behavior of the catalyst, employed either as trans or cis diastereoisomers,
depending on the reactive substrates and the type of transformation (Figure 5). Starting from an amino acid the
reaction with an aldehyde or a ketone allows to prepare a high number of compounds, where it is possible to
fine tuning the performance of the catalyst and its ability to direct the formation of a well defined conformer in
the iminium ion intermediate, key structure for all the stereoselective transformations promoted by this class
of catalysts. The reaction of a nucleophile with such intermediate brings to the formation of β–substituted alde-
hydes, often with very high enantioselectivity.

Figure 5: Stereoselective nucleophile addition to unsaturated aldehydes.

Iminium-ion based catalytic cycle has been the subject of mechanicistic investigation, confirming the importance
of a protic additive in assisting a proton transfer that facilitates the formation of the hemiacetal intermediate and
of water as proton shuttle for the enamine resulting after C-C bond formation. Moreover, kinetic measurements
by Mayr group established an electrophilicity scale for eleven iminium ions obtained from differently structured
secondary amines, which revealed dominated by imidazolidinone-based ones (Figure 6) [13]. Rationalization
on the stereochemical outcome of the reaction has also been addressed through NMR and theoretical studies.
These assessed the conformation of the catalysts, showing that steric shielding has to be ascribed to the benzyl
substituent of oxazolidinones. Additionally, the configuration of the iminium ion intermediate was elucidated
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being in an E/Z ratio > 9:1, the higher level of enantioselection justified by a kinetic resolution process operated
by the nucleophile itself [14].

Figure 6: electrophilicity scale for iminium ions

Such organocatalysts have found later wide application in the so called SOMO catalysis (Single Occupied
Molecular Orbital), where the chiral imidazolidinone is employed in combination with a photoredox catalyst
to promote radical stereoselective reactions, and the organocatalytic cycle is interlocked with the photoredox
catalytic cycle. However, since a whole chapter of the book is devoted to organo-photoredox catalysis, the topic
will not be discussed in the present chapter.

3 Chiral imidazolidinones: Other activation modes

3.1 Stereoselective alkylation of aldehydes

Metal-free synthetic α-alkylation methodologies of aldehydes have been developed by SN1-type reactions, in
which carbocations of sufficient stability generated in situ from alcohols, or stable carbenium ions, are employed
to perform enantioselective α-alkylation of aldehydes (Figure 7) catalyzed by MacMillan-type catalysts, accord-
ing to the mechanism reported in Figure 8 [15]. Differently from the previous cases, the organocatalyst is here
employed to activate the alfa position of the carbonyl derivative as enamine that reacts with the electrophilic
species to afford α-substituted enantiomerically enriched aldehydes.

Figure 7: Stereoselective alkylation of aldehydes.
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Figure 8: Reaction mechanism for the stereoselective alkylation of aldehydes promoted by chiral imidazolidinone.

High yields and remarkable enantioselectivities, often higher than 90% e.e. were obtained with linear and not
branched aldehydes. Enantiomerically pure α–alkyl-substituted aldehydes are remarkably important key sub-
strates for the synthesis of more complex molecules [16].

3.2 Stereoselective imine reduction

Despite all the recent achievements in the field of enantioselective organocatalytic reduction of C=N double
bonds, the combination of inexpensive, non-toxic, easily disposable reagents with very low catalyst loadings,
comparable to those of the metal-based chiral catalysts, is an unmet challenge in organocatalysis today [17].

Trichlorosilane-based reduction methodology may offer this opportunity. Recently the design, the synthe-
sis, the optimization, and the application of a new class of easy accessible chiral Lewis bases, prepared with
few steps starting from cheap and commercially available aminoacids, have been reported (Figure 9) [18]. Pi-
colinamides, that could be easily obtained by condensation between picolinic acid/chloride/anhydride with
different chiral scaffolds, have been extensively studied as activators of trichlorosilane [19]. The inspiration,
for the design of this new class of LB*, was taken by the well-established and efficient scaffold of imidazo-
lidinones, able to successfully control the stereochemical outcome of the reaction of carbonyl compounds. The
picolinamide residue is responsible of HSiCl3 coordination and chemical activation, while the imidazolidinone
scaffold offers many opportunities to tune and modify the steric hindrance and the stereoelectronic properties
of the catalytic system.
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Figure 9: Chiral Lewis bases for enantioselective catalytic hydrosilylation of imines.

A series of new chemical entities, featuring different substituents on the imidazolidinone ring and on the aro-
matic ring of the amino acid moiety, were synthesized. Surprisingly the introduction of a para substituent on
the aromatic ring leads to the identification of very efficient catalysts. A-C showed very high activity and in-
credible stereocontrol, ee up to 98% in the enantioselective reduction of ketoimines. In the model reduction of
N-PMP imine of acetophenone, with catalyst C the product was obtained with 80% of yield and 97% of ee, using
only 0.1% mol of catalyst. Working under such conditions, the ACE (Asymmetric Catalyst Efficiency) [20] was
evaluated to be 375–400, a comparable value with organometallic systems and better then most organocatalysts
[21].

To test the general applicability of the new catalysts the reduction of a wide variety of imines was investi-
gated. The reduction of 3-alkoxy-substituted acetophenone imines, either N-benzyl protected (as precursor of
primary amine derivatives), or N-(3-phenylpropyl) substituted, represents a practical and efficient entry to the
synthesis of enantiomerically pure valuable pharmaceutical compounds, used in the treatment of Alzheimer
and Parkinson diseases, hyperparathyroidism, neuropathic pains and neurological disorders (Figure 10).

Figure 10: Chiral amines as valuable pharmaceutically active compounds.

4 Immobilized imidazolidinones

Given its popularity, due to wide applicability and easy availability, it is not surprisingly that the catalyst has
been covalently anchored onto different supports [22]. The immobilization of a catalytic species on a solid sup-
port may represent a solution to some of the problems related to the use of chiral catalysts in organic synthesis
[23]. Not only the recovery and the possible recycle of a catalyst may be investigated and successfully realized
through its immobilization, but also the studies of other issues like the stability, the structural characterization
and the catalytic behavior may be better conducted on a supported version of the enantioselective catalyst.

These general considerations are true also for organic catalysts. Even if the transformation of a stoichiometric
into a catalytic process can be regarded as a significant step toward the development of a truly green chemistry,
catalytic reactions are amenable to a variety of improvements that can make them greener and greener. Among
these, the replacement of metal-based catalysts with equally efficient metal-free counterparts, the so-called
“organic catalysts”, can be extremely important.
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The immobilization of the catalyst on a support with the aim of facilitating the separation of the product
from the catalyst, and thus the recovery and recycling of the latter, can also be regarded as an important im-
provement for a catalytic process [24]. In this line, the immobilization of organic catalysts seems particularly
attractive, because the metal-free nature of these compounds avoids from the outset the problem of the leach-
ing of the metal that often negatively affects and practically prevents the efficient recycling of a supported
organometallic catalyst [25].

Despite the great number of proposed solutions, the development of a supported chiral imidazolidinone for
the application in catalytic flow reactor was not reported until 2013, when the use of chiral imidazolidinones
supported on mesoporous silica nanoparticles to build catalytic reactors was investigated (Figure 11) [26].

Figure 11: Immobilization of chiral imidazolidinones.

Later, the use of two supporting materials with different properties, inorganic silica and organic polystyrene
was compared [27]. The silica supported catalysts were prepared by grafting on silica particles of different size.
In order to evaluate the influence of the linker on catalyst performances, a different anchoring strategy was
evaluated: the supported catalyst was synthesized through a click reaction between azido-functionalized silica
and imidazolidinone in the presence of CuI as catalysts and Hunig’s base in chloroform as solvent. Catalyst
with the triazole ring as spacer was obtained (Figure 12).

Figure 12: Synthesis and use of silica and polystyrene-supported catalysts.

Silica-grafted catalysts promoted the model Diels Alder cycloaddition between cyclopentadiene and cinnamic
aldehyde in good yields and ee up to 82%, while the material which features a triazole linker on its structure,
promoted the reaction in good yields and very good ee, up to 93%. This suggests that a longer linker between
the solid support and the catalytically active site positively influences the enantioselectivity of the process.

The solid supported catalysts could be easily recovered after reaction time by simple filtration of the crude
mixture. However, attempts to recycle the catalysts were unsuccessful, thus suggesting that the organic catalyst
supported onto silica is deactivated under reaction conditions (probably the presence of the acid co-catalyst
accelerates the degradation of the imidazolidinone ring).

The use of packed-bed flow reactors was then investigated. As catalytic reactor, an empty HPLC column (l:
12.5 cm, id: 0.4 cm, V: 1.57 mL) containing 1 g of silica-supported catalyst was employed. The void volume was
determined experimentally for each reactor and it was necessary to calculate the residence time. The model
cycloaddition between cyclopentadiene and cinnamaldehyde was studied. The reagents were pumped in the
reactor by a syringe pump and the products were collected at the way out of the reactor. The catalytic reactor
containing showed a good activity in terms of chemical yields and enantioselectivity (up to 85%). By using both
TFA and HBF4 as co-catalysts the flow system produced cycloadducts for more than 150 h, demonstrating that
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the flow process could extend catalyst lifetime and reduce the imidazolidinone deactivation observed in batch
[28]. Trifluoroacetate salt of the supported imidazolidinones promoted a faster reaction than its tetrafluorobo-
rate counterpart.

The synthesis of polymer-supported catalysts involved a click reaction between imidazolidinone and 1-
(azidomethyl)-4-vinylbenzene in the presence of CuI and Hunig’s base. Resulting intermediate was subjected
to radical copolymerization with divinylbenzene as co-monomer in the presence of toluene and 1-dodecanol as
porogens and AIBN as initiator. Polystyrene-supported catalyst was obtained with a loading of 0.57 mmol/g
that was determined by the stoichiometry of the polymerization reaction. In the benchmark cycloaddition under
the same experimental conditions employed for silica-supported catalysts, the cycloadducts were obtained in
very good yields and excellent ee, up to 90%. Notably, when the catalyst was recycled, it maintained a good
level of chemical activity and a very good enantioselectivity

The results indicate that polystyrene as supporting material is better than silica. This is probably due to the
a polar nature of the organic polymer compared to silica that presents Si-OH groups on his surface that can
interfere with the activity of the supported catalyst.

A packed bed reactor containing polystyrene-anchored imidazolidinone was then prepared. As flow reactor
an HPLC column (l: 6 cm, id: 0.4 cm, V: 0.75 mL) filled with 0.3 g of supported catalyst was employed. The system
was used for the enantioselective cycloadditions of cyclopentadiene and three different aldehydes. For the first
24 h product was formed in 75% yield and 91% and 92% ee for endo and exo isomers, respectively. The catalytic
reactor operated for 150 h with no appreciable loss in chemical or stereochemical activity.

Although the flow system proved to be stable for a long period of time, a major limitation was related to the
low flow rate employed (2 μL/min). The flow reactor was not suitable for operation at high flow rates, as these
prevented the supported catalyst to have sufficient contact time with the reagents.

To overcome this problem the use of monolithic reactors was explored [29]. As already reported above, these
reactors feature a large surface area and can be employed at high flow rates. Monolithic reactor was prepared in-
side a HPLC column (l: 6 cm, id: 0.4 cm, V: 0.75 mL) by radical copolymerization of the chiral monomer featuring
the imidazolidinone moiety with divinylbenzene as co-monomer, in the presence of toluene and 1-dodecanol
as porogens and AIBN as initiator (Figure 13).

Figure 13: Synthesis of monolithic reactor.

The reactor was sealed and heated at 70 °C for 24 h. The reactor was then washed with THF in order to re-
move excess of porogens. The void volume was determined experimentally and it was necessary to calculate
the residence time. Monolithic reactor was tested in the model cycloaddition between cyclopentadiene and
cinnamaldehyde in the presence of HBF4 as co-catalyst. Differently from packed bed reactors, the monolithic
reactor could work at high flow rates with no appreciable loss in chemical or stereochemical activity. After 70 h
of continuous operation the desired cycloadducts were produced in 73% yield and 88% ee.

Comparing the Turn Over Numbers (TON) and productivities (calculated as 1000* mmol product*mmol
catalyst−1 * time−1) for the three different flow systems (silica packed bed, polystyrene packed bed and
polystyrene monolith reactors), the monolithic reactor proved to be much more efficient in terms of TONs
and productivity than packed bed reactors, especially for longer reaction times. Differently from packed bed
reactors, the monolithic reactor could work at high flow rates with no appreciable loss in chemical or stereo-
chemical activity (after 24 h, 75% yield and 92% ee, after 44 h 68% yield and 90% ee). After 70 h of continuous
operation the desired cycloadducts were produced in 73% yield and 88% ee with a residence time of 1.2 hours
(entry 5).

To further demonstrate the advantages related to the use of monolithic reactors with respect to packed bed-
ones a comparison of TON and productivities (calculated as 1000* mmol product*mmol catalyst−1 * time−1)
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obtained with three different flow systems was made. The productivity was determined to be 64 h−1 for the
silica-based packed bed reactor, 120 h−1 for the polystyrene-based packed bed reactor and 339 h−1 for the mono-
lithic reactor.

The greater performances are ensured by the possibility to work at higher flow rates with no erosion in the
chemical or stereochemical activity. Thus in the same unit of time, larger quantities of product can be obtained.

In order to develop a continuous flow process with the catalytic reactors previously described, the alkyla-
tion of propanal with three different cationic electrophiles (I, II and III) [15], was first studied in batch, in the
presence of 30 mol% of supported imidazolidinones, HBF4 as co-catalysts, NaH2PO4 as scavenger (of HBF4 re-
leased from the electrophile) and CH3CN/H2O mixture as solvent (Figure 14) on two different supports, silica
and polystyrene [30].

Figure 14: Alkylation of propanal with different cationic electrophiles.

Products were obtained in good yields and fair to very good enantioselectivity. For example, reaction of propi-
onic aldehyde with electrophile I afforded the product in 75% yield and 90% ee with silica-supported catalyst,
and 67% yield and 86% ee with PS-supported system. However, with electrophiles II and III polymer supported
imidazolidinone promoted the reactions with higher enantioselectivity compared to silica supported, affording
the products in 90% ee with cation II (compared to 79% ee with silica-immobilized species) and in 95% ee with
cation III (compared to 67% ee with silica-immobilized catalyst).

Once the compatibility of supported catalysts in the batch reaction was demonstrated the use of packed-bed
reactors for the continuous flow alkylation of aldehydes was studied. Two stainless-steel HPLC columns (l: 6 cm,
id: 0.4 cm, V: 0.75 mL) were filled with polymer (0.3 g) and silica (0.3 g) supported catalysts, respectively. The
alkylation of propanal with I in the packed bed reactor containing silica-support imidazolidinone afforded the
product in 65% yield and 80% ee. Packed-bed reactor containing the polystyrene-immobilized catalyst promoted
the reaction in moderate yield and very good ee (up to 95%).

The flow systems prepared showed a good activity in the stereoselective alkylation of aldehydes, affording
the desired products in very good ee (up to 95%) and high productivities. However when high flow rates were
employed quite low yields were obtained. Even if some improvements are still required, this procedure repre-
sent the first continuous flow stereoselective alkylation of aldehydes using solid supported imidazolidinones.

The stereoselective reduction of imines with HSiCl3 using picolinamides with a chiral imidazolidinone as
scaffold has been recently reported [18]. Starting from (L)-Tyrosine, a chiral picolinamide was prepared and the
phenolic residue exploited as an handle to anchor the catalyst onto a solid support (Figure 15) [31].
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Figure 15: Synthesis of immobilized imidazolidinones-based chiral picolinamides for enantioselective reduction of
imines.

Silica supported picolinamides were prepared by grafting commercially available SiO2 (Apex Prepsil Silica
Media 8 µm); the loading was determined by weight difference. Another silica supported picolinamide which
features a longer linker longer between the active site and the solid support was synthesized by a click reaction.

The synthetic strategy for the preparation of polymer supported picolinamide involved the preparation of
the chiral monomer that was then polymerized with divinylbenzene as co-monomer, in the presence of toluene
and 1-dodecanol as porogens and AIBN as initiator. The loading was determined by the stoichiometry of the
polymerization reaction.

The reduction of imines derived from acetophenone with trichlorosilane was chosen as model reaction to
test the solid supported picolinamides (Figure 16).

Figure 16: In batch and in flow enantioselective organocatalytic reductions of imines.

Silica-supported catalyst promoted the reaction in excellent yield and very good ee. The presence of a longer
linker in the structure of catalyst did not improve neither the yield nor the stereoselectivity of the process.
However, polystyrene supported picolinamide proved to be the best catalytic system, affording the desired
products in very good yields and excellent ee (97%).

On the basis of these preliminary results, the amount of the polymer-supported catalyst could be reduced to
1 mol% without any loss in the chemical or stereochemical activity. When the reaction time was reduced to 4 h,
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a loading of 5 mol% of immobilized catalyst gave the chiral amine in 82% yield and 94% ee. The methodology
showed a wide reaction scope.

In order to demonstrate the practical applicability of the supported catalyst, the recycle was studied. When
recycling experiments were conducted for 18 h for each cycle, amine was obtained as racemic mixture already at
the second run. It was necessary to reduce reaction time to 2 h to maintain a high level of stereoselectivity. Under
these conditions, it was possible to run four reaction cycles without any loss in the chemical or stereochemical
activity of the process (ee up to 95%). In the fifth cycle, the product was obtained in very low yield and reduced
ee. At the sixth cycle the catalysts was completely deactivated.

Polystyrene supported catalyst was then employed for the preparation of packed bed reactors for the con-
tinuous flow reduction of imines with HSiCl3. A 0.05 M solution of imine and HSiCl3 in CH2Cl2 was pumped
into the reactor through a syringe pump at 0.4 mL/h (res time: 1 h) at room temperature. The outcome of the
reactor was collected into a flask containing NaOH 10% solution. After phase separation and concentration the
product was isolated. Every hour the product was collected and analyzed in order to determine the conversion
and the ee as a function of time.

The flow system was stable for 7 h, producing the expected chiral amine in excellent yield and very good ee
(up to 91% ee). The stereoselectivity of the process slightly decreased with time, probably because of a partial
decomposition of the catalyst.

Finally the continuous flow synthesis of chiral precursor of Rivastigamine was performed. The continuous
flow process, afforded the desired product in 82% yield and 83% ee for the first 2.5 h. Then the product was
continuously produced for additional 3 h in 79% yield and 74% ee.

5 Conclusion and perspectives

Since their introduction in asymmetric catalysis, chiral imidazolidinones have shown to be one of the most
successful class of organocatalysts. Their popularity is due to many positive features:

– they are highly tunable in different positions of the scaffold, thus modifying the behavior of the catalyst
playing either with electronic or steric effects

– they are easy to synthesize by a few steps short reaction sequence

– they are reasonable cheap catalysts, since they are derived by readily available, enantiopure starting materials
such alfa-aminoacids

– they are quite stable and can be stored as salts for long time

– in aminocatalysis they can be used to activate carbonyl derivatives both through iminium ion catalysis (pre-
ferred) and by enamines activation (less frequently)

– chiral imidazolidinones have found widespread use also in stereoselective organophoto-redox catalysis,
opening the way to the development of unprecedented reactions

– imidazolidinone structure has been employed also as chiral platform to build novel metal-free catalysts to be
used in fields other than aminocatalysis.

All these advantages well explain the great popularity of this family of organocatalysts, which have been also
immobilized on different solid supports in order to develop a recyclable version of the chiral catalyst. The use
of solid supported imidazolidinones in packed or monolithic reactors opened the avenue to the development of
in-flow reactions, for the synthesis also of active pharmaceutical ingredients (APIs) or advanced intermediates
[32].

Chiral imidazolidinones can be considered without doubt “privileged ligands” [33] and even more, novel
applications in asymmetric catalysis can be envisaged in the future.
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