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A B S T R A C T   

Without a doubt, asymmetric catalysis has been significantly enriched by the introduction of cinchona alkaloid 
derivatives. Moreover, such methods have been further enabled when used in conjunction with continuous flow 
systems. 

Besides being used in flow chemistry as organocatalysts, they also have been used as ligands or modifiers of 
metal catalysts. This has generally been accomplished via their immobilization on heterogeneous supports and 
incorporation into catalysis-enabling reactors or similar systems. In this minireview we look at the impact that 
cinchona-based catalysts and analogues have had on the field of continuous flow-chemistry during the last two 
decades or so.   

1. Introduction 

Over the last decade cinchona alkaloids (Fig. 1) have played a 
prominent role as asymmetry inducers in the field of enantioselective 
catalysis [1]. These are powerful molecular tools due to their structural 
features, which, in principle, includes a robust chiral skeleton that is 
easily functionalized. A key feature, not only that they are biomass 
derived substances and thus a renewable resource, making them a truly 
green commodity. For the last 20 years, they have been used as chiral 
bases, as chiral Lewis bifunctional catalysts, and as quaternized 
ammonium salts for phase-transfer catalysis. Moreover, due to their 
intrinsic structural characteristics (potential for functionalization and 
grafting), they have been very successfully harnessed with 
continuous-flow systems, proving the chemistry community with a very 
potent tool. This is the subject of this review. 

2. Stereoselective catalytic reactions using cinchona based 
metal catalysts in continuous flow 

Cinchona alkaloid-modified Pt catalysts have been used for the 
asymmetric hydrogenations of α-ketoesters to the corresponding alco
hols as reported by Blaser and colleagues [2]. One route to these targets 
is through the Orito [3,4] reaction from the late 1970s, which is an early 
example of the use of such catalytic systems (a Pt/C catalyst with cin
chonidine as modifier was used in the hydrogenation of methyl pyruvate 
at 200–400 ◦C offering (+)-methyl lactate with an optical yield of 79% 
ee). Further mechanistic insight into these reactions has been provided 
by the research groups of Baiker and Garland [5,6]. 

In addition to these, other workers have used Pt-cinchona chiral 
catalysts in a continuous-flow fixed-bed reactor (CFBR) system for the 
enantioselective hydrogenation of ethyl pyruvate to either (R)- or (S)- 
lactic acid ethyl ester, depending on the catalytic modifier applied 
affording yields of up to 90% and enantioselectivities in the range of 
90% ee [7]. Operational data offering the best experimental outcome 
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was as follows: 80 mg catalyst, toluene/AcOH 9:1 as solvent system, 1 
mL/min in flow rate, concentration of modifier 4.4 × 10− 3 mM, sub
strate concentration 45 mM, 80 bar H2, 283 ± 2 K (+10 ◦C). The 
conclusion drawn from this work was that alkaloid modified Pt-catalysts 
delivered a rate enhancement with Pt-quinine being the fastest (TOF 640 
h− 1) offering a yield of about 65% and an enantioselectivity of 55% ee 
(R-configuration), whereas Pt-quinidine appeared as the slowest (TOF 
430 h− 1) with a yield of about 45% and enantioselectivity of 30% ee 
(S-configuration). Unsurprisingly, the results were affected when oper
ating under different experimental conditions: half the catalyst loading 
(40 mg), temperature 293±2 K, and 40 bar H2 pressure. The differences 
observed are ascribed not only to varying experimental methodologies, 
but also to structural features of the substrate (ethyl pyruvate) when 
associated with the chiral modifying moiety. 

From the same Hungarian group, the reversal of the measured 
enantiomeric excess in the enantioselective hydrogenation of activated 
ketones in a continuous-flow fixed-bed reactor (CFBR) system has been 
studied [8]. From the wealth of data obtained through various 
multi-factorial studies, a complex picture emerged that in some cases 
agreed with the previous results, but in other cases were unexpected, 
such as the variability of the product stereochemistry depending on the 
solvent and substrate structure. Furthermore, it was postulated that 
some possible intermediate structures could be accountable for the 
enantio-differentiation observed. Thus, factors that were considered 
included: the solvent(s) used, the specific chiral modifier, the structure 
of the substrate, the eventual addition of a strong acidic component (e. 
g., trifluoroacetic acid [TFA]), and the reaction conditions. However, 
also the surface properties of the catalyst itself, i.e., a purely atomic 
effect expressed by differences in morphology of the solid-state Pt/Al2O3 
catalyst were also suspected to exert an influence. 

In 2007 and 2015, the same group showed that this cinchonidine 
modified Pt-based catalytic system could be applied specifically to the 
reduction of ethyl 2-nitro-3-methylphenylpyruvate to (R)-3-hydroxy- 
3,4-dihydro-8-methylquinoline-2(1H)-one via the amino-hydroxyester 
intermediate under flow conditions [9,10]. With two reducible groups 
– carbonyl and nitro – present in the starting material, the chemistry 
changed to become a cascade reaction. Thus, thorough investigation of 
this transformation showed that until the complete conversion of the 
pyruvate had been achieved the second step was instantaneous leading 
to the ring-closed quinolone. At low conversions, however, the 
amino-hydroxy intermediate is accumulated after desorption from the 
Pt-surface and can only be transformed into the quinolone after 
re-adsorption. Interestingly, the flow set-up could not compete with the 
batch-mode operation because, as indicated by available data, a high 
concentration of the complex between substrate and cinchonidine is 
possible only in solution. This can then be absorbed on the solid 
Pd-surface in the presence of a chemical modifier (notably benzylamine) 
enabling good enantioselectivities. 

3. Stereoselective organocatalytic reactions using non-metal 
containing cinchona catalysts in continuous flow 

3.1. Homogeneous systems 

Cinchona alkaloid derivatives have had a tremendous impact in the 
field of asymmetric organocatalysis [11]. Since 2000 several cinchona 
alkaloid derivatives have emerged, the more promising featuring as 
organocatalysts, however, belong to the group of cinchona-derived 
primary amines [12,13] and thioureas [14,15]. Notably, cinchona 
alkaloid derivatives organocatalyze a wide range of asymmetric re
actions, such as Michael Additions, aldol reactions, hydrosilylations, 
Morita–Baylis–Hillman, Aza-Morita–Baylis–Hillman, Henry, cyano
carbonylation and cyanosilylation, Friedel–Crafts, interrupted 
Feist–Bénary, Mannich reaction, Aza-Henry, Strecker among others 
[11]. 

In the case of catalysis under continuous flow conditions, the group 
of Benaglia has successfully used a quinidine-based organocatalyst for 
the asymmetric synthesis of (S)-warfarin applying a simple organo
catalyzed Michael addition as the key step [16,17]. The reaction was 
carried out using 4-hydroxycoumarin and benzylideneacetone in the 
presence of the catalyst and trifluoroacetic acid (TFA) as a co-catalyst 
(Scheme 1). The transformation was very rapid with a 10min resi
dence time using a 10 μL microreactor at 75 ◦C, and the desired product 
was obtained in good conversion and excellent enantioselectivity (up to 
61% conversion, 93% ee). The researchers also tried scaling-up their 
continuous flow process using a larger coil, but, unfortunately, the 
conversion dropped significantly, which was ascribed to mixing issues. 

The group of Belder also investigated this Michael addition reaction 
using a microreactor combined with an integrated 2D-HPLC-MS chip to 
enable online monitoring of the ee of the product generated [18]. 

Cinchona-thiourea derivatives are robust and tuneable bifunctional 
organocatalysts, due to their functionalities they easily adapt to a wide 
variety of substrates in asymmetric synthesis. These remarkable cata
lytically active species were independently developed in 2005 by four 
different groups (see below). Chen and co-workers applied the cincho
nine- and cinchonidine-thiourea as organocatalyst in the Michael addi
tion of thiophenol to N-cinnamoylbenzamide, furnishing the Michael 
adduct with low ee (≤17%) [19]. The team of Soós introduced the 
quinine-quinidine-thiourea organocatalyst and applied it to the asym
metric addition of nitromethane to chalcone, which gave the products 
with very good yields (up to 93%) and with excellent ee (up to 95%) 
[20]. Later, simultaneously and independently, Connon’s [21] and 
Dixon’s [22] groups, respectively, described the design of similar 
organocatalysts for application in stereoselective addition reactions of 
dimethyl malonate to various nitroalkenes (trans-β-nitrostyrene and 
trans-2-(2-nitrovinyl)thiophene), furnishing the Michael adducts in high 
yields (95% and 92%, respectively) and ee values (both 94%). 

As discussed above the pioneering cinchona-thiourea catalysts have 
played a remarkable role on the enantioselective Michael addition re
action of a wide range of substrates, offering high yields and enantio
selectivities but overly protracted reaction times (≤192 h) [23]. 
Nonetheless, considering the high loading of catalyst (20 mol%) inevi
tably required their application in a continuous flow scenario to over
come the shortcomings with catalyst load and reaction time. In 2019, 
Kisszekelyi and co-workers [24] described a new continuous process of 
homogeneous organocatalysis, employing both cinchona-squaramide 
and -thiourea organocatalysts immobilized on permethyl- 
β-cyclodextrins in an integrated synthesis-extraction flow reactor. 

In the literature, some integrated separation-synthesis flow reactors 
have appeared; an equipment that enables the identification of the 
separation efficiency limitations in this type of system [25–34]. The 
authors improved the separation efficiency by anchoring the organo
catalyst to a soluble polymer (β-cyclodextrin), which increased the dif
ference in molecular weight between the organocatalyst and the 
reagents and, thus improved the retention/recovery of the catalyst by 

Fig. 1. Structures of cinchona alkaloids derivatives.  
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Scheme 1. Asymmetric continuous flow synthesis of (S)-Warfarin as described by Benaglia and co-workers [17].  

Scheme 2. The Continuous-Flow Membrane reactor system described by Kisszekelyi and colleagues [24].  
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the membrane. The researchers successfully immobilized the cinchona 
squaramide and thiourea organocatalysts to permethyl-β-cyclodextrins 
and evaluated their catalytic performance in batch and continuous-flow 
modes using, as their test reaction, the Michael addition of 1,3-diketones 
to trans-β-nitrostyrene. The reaction conditions were optimized in batch 
mode, and the cinchona-thiourea and –squaramide catalysts furnished 
excellent yields and enantioselectivities (95/97% and 79/99%, respec
tively). The continuous-catalyst separation system is depicted in Scheme 
2. The best membrane was selected based on its permeability to the 
products, reagents and solvents, and retention of the organocatalysts. 
The robustness and reusability of the catalysts were demonstrated over 
18 days of operation, being able to tolerate operating temperatures of up 
to 100 ◦C in the flow reactor. 

The group of Fraile and Alemán, in 2021, reported the asymmetric 
aza-Michael addition of 2-hydroxybenzophenone imine to wide di
versity of nitroolefins (aromatic, aliphatic or heterocyclic derivatives) 
organocatalyzed by cinchona alkaloid thiourea under batch and flow 
conditions [35]. They found that the enantioselectivity of this reaction 
increased with the use of the imine of 2-hydroxybenzophenone, due to 
the formation of intramolecular hydrogen bonds in the imine portion. 
After optimization of the reaction conditions, 18 examples were pre
pared with moderate to excellent yields (up to 98%) and excellent ee 
values (up to 99%), at rt with reaction times up to 22 h under batch 
conditions. The aza-Michael reactions under flow conditions were car
ried out briefly as follows: the starting reagents and the organocatalyst 
(10 mol%) were dissolved in acetone and flowed through the coil reactor 
[(V = 18 mL) made of perfluoroalkoxy (PFA) capillary tube (1/8″ OD; 
1.60 mm ID, 9 m length)] placed in a cooling bath at 15 ◦C, by pumping 
acetone at 0.6 mL/min (Scheme 3). Using these conditions, 5 products 
were prepared in excellent yields and ee values, up to 92 and 95%, 
respectively, with residence times up to 1 h. The authors successfully 
applied this flow setup to the preparation of the bioactive compound, 
VNI, used to treat Chagas disease. This versatile reaction enables higher 
yields and shorter reaction times if carried out under flow conditions. 

Cinchona-based phase-transfer catalysts also have a major role in the 
field of asymmetric synthesis and catalysis over the last decades, due to 
their unique structural features [36]. The development of methodologies 
using phase transfer catalysts under continuous flow conditions is highly 
desirable for the chemical industry, due to the combination of its 
operational simplicity, mild reaction conditions, and reduced reaction 
time. 

Meng [37] and co-workers developed a family of C-2′-modified 
cinchonine-derived phase-transfer catalysts (Fig. 2), which were suc
cessfully applied in the asymmetric photooxygenation of β-dicarbonyl 

compounds in batch and in a flow photo-microreactor. The batch reactor 
furnished yields up to 97% and enantioselectivities up to 90% ee over an 
8 h reaction time. However, much better reaction times were obtained in 
the flow photo-microreactor, offering yields of up to 97% at enantiose
lectivities ≤86% ee with a residence time of only 0.89min (Scheme 4). 
Gratifyingly it was possible to scale this up to 1 g, maintaining both yield 
and enantioselectivity. At the same time, Meng’s group reported a 
closely related work on the asymmetric aerobic oxidation of β-dicar
bonyl compounds catalyzed by cinchona-derived phase transfer cata
lysts under batch and semi-flow conditions [38]. In this case they 
irradiated the flow photo-microreactor with light blue LEDs instead of 
visible light, obtaining the desired products in excellent yields (up to 
96%) and very good enantioselectivities (up to 90% ee). Once again, the 
cinchona phase transfer catalysts showed their versatility, acting 
simultaneously as a chiral catalytic and phase transfer centre, forming a 
chiral enolate complex with the substrate to act as a photosensitive unit 
in the reaction. The results obtained for reactions carried out under 
semi-flow photochemical conditions were very similar to batch condi
tions but required a shorter reaction time (24 h vs 0.89 h). 

The same group reported the enantioselective α-hydroxylation of 
β-dicarbonyl compounds catalyzed by C-2′ modified cinchonine-derived 
phase-transfer catalysts in batch and flow microreactors (Scheme 5) 
[39]. A main objective of this work was to develop a new method using 
peroxide as an oxidant to achieve this asymmetric oxidation reaction in 
these flow microreactors, avoiding the use of the more expensive 
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Scheme 3. Asymmetric aza-Michael addition of 2-hydroxybenzophenone imine to nitroolefins developed by Fraile and Alemán [35].  

Fig. 2. C-2′-modified cinchonine-derived phase-transfer catalysts.  
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photo-microreactors. The results obtained with this new methodology 
were very good, affording excellent yields (up to 95%) and high enan
tioselectivities (up to 89% ee) under batch conditions. When the reac
tion was carried out in the flow microreactor similar results were 
obtained (up to 93% yield, 84% ee), but, gratifyingly, the residence time 
was shortened from 24 h in batch to 2 h in flow. In fact, the results 
obtained using the flow photo-microreactor (Scheme 4) were very 
similar to the results obtained in the normal flow microreactor (Scheme 
5), but the residence time was shorter. 

In general, for reactions catalyzed by cinchona alkaloid derivatives 
in the homogeneous phase carried out under continuous flow condi
tions, the yield and enantioselectivities were not affected, but the re
action time decreased significantly in all cases, which is a major 
advantage when using this technique. 

3.2. Supported-cinchona alkaloid derivatives: heterogeneous systems 

Heterogenization of chiral organocatalysts is well accepted for 

sustainability, however the use of solid immobilized catalysts in some 
reactions affects catalyst performance, with concomitant decreases in 
yield and enantioselectivity. Nonetheless, the inclusion of solid- 
supported organocatalysts in the catalytic reactor unit of a continuous 
flow system, brings huge benefits to asymmetric organocatalysis, 
particularly as regards decreasing the long reaction times generally 
experienced in batch reactions and even increasing yields and 
enantioselectivities. 

In the early 2000s supported cinchona alkaloid derivatives were 
applied in continuous-flow systems. For example, Lectka and co-workers 
carried out some remarkable work on the application of these organo
catalysts in continuous-flow settings. The work focused on the enan
tioselective synthesis of β-lactams using three different reactors in series; 
(i) the first one contained a polymer-supported base (ii) the next one the 
immobilized quinidine catalyst and (iii) the last one contained a scav
enger resin to prevent the non-reacted material from contaminating the 
outgoing stream (Scheme 6) [40]. The ketene precursors obtained from 
acyl chlorides mediated by the polystyrene phosphazene base 
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Scheme 4. Enantioselective photocatalytic oxidation of β-dicarbonyl compounds in a flow photo-microreactor by Meng and co-workers [38].  
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(PS-BEMP) (supported) are introduced into the system. Subsequently, in 
the second reactor these precursors were reacted with the sulfonylimine 
counterpart in a process catalyzed by the Wang resin supported quini
dine. Then, on passing into the third reactor containing benzylamine 
scavenger resin any unreacted ketene and imine are removed (Scheme 
6). Remarkably, using this methodology it was possible to prepare 
β-lactams with yields of up to 62% and 90% ee after 20 cycles. In fact, 
this set up was very advantageous for the preparation of enantiopure 
β-lactams, as it overcame the drawbacks of performing a batch synthesis 
in flask regime, as the unstable ketene intermediate underwent 
concomitant reaction once formed, thus minimizing possible side re
actions. This set-up was useful in that the BEMP reagent was maintained 
separated from the ketene and sulfonylimine reagents, preventing their 
decomposition, or that of the lactam or even epimerization of this 
product. 

Later, Lectka and co-workers designed a new set-up introducing an 
extra reactor, where the imine intermediates were prepared from 
α-chloroglycine derivatives using NaH/Celite (6:1) [41]. This column 
was placed in parallel with the column where the ketene precursors were 
prepared (see Scheme 7). These two reactors were connected to a third 
reactor containing the polymer-supported organocatalyst, and the cat
alytic reaction was the same as that described in the previous arrange
ment. It is important to emphasize the robustness of both systems 
particularly regarding the efficiency of the system, the ability to carry 
out the reaction at least 60 times, maintaining the yields and 

Scheme 6. Preparation of enantioenriched β-lactams in a continuous 3-part 
flow system described by Lectka and co-workers [40]. 

Scheme 7. Second Flow set up developed by the Lectka group [41].  

Scheme 8. Schematic flow set-up for the synthesis of β-lactams according to 
Lectka and colleagues (assembly 3) [42]. 
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enantioselectivities. 
In line with this work, Lectka and his team developed an alternative 

reaction set-up, using only two reactors (Scheme 8), [42]. In this case, 
the supported-quinine derivative catalyst played a double role, cata
lyzing both the ketene formation and the β− lactam synthesis. The 
ketene intermediates were produced from the respective acyl chlorides 
by reacting them with catalytic amounts of an amine (a dehy
drohalogenating agent) and a base (K2CO3) in stoichiometric amounts. 
The generation of the intermediates and the products occurred in a 
single reactor which was basically a mixture of finely powdered K2CO3 
and catalyst. The results obtained were not as good as in the previous 
cases (61% yield, 7:1 dr, 91% ee). However, this methodology has ad
vantages particularly regarding the 2-reactor-assembly system, and due 
to the fact, that the product could be obtained as a single enantiomer 
isolated after recrystallization. 

In 2004 and 2005, this group reported two other very similar pro
tocols [43,44] for the enantioselective α-chlorination of acyl chlorides 
mediated by the supported-quinine species, that acted as both a stoi
chiometric dehydrohalogenating agent and as the enantioselective 
nucleophilic catalyst for enolate formation from the corresponding acyl 
chloride. This approach was applied in a “flush-and-flow” system, with 
the objective to regenerate the supported-quinine after each cycle by 
washing with a tertiary amine. Using this methodology six compounds 
were prepared with good yields (up to 61%) and excellent ee values (up 
to 94%) [45]. Later, the researchers described the use of this reactor 
system in the preparation of a complex peptide and the multi-step flow 
synthesis was completely automated [46]. 

In 2006, the Hodge group described the application of the poly
styrene immobilized cinchona alkaloids through the thiol-ene click re
action [47]. This immobilized cinchonidine was used as a chiral base 
catalyst for the Michael addition of 1-oxo-indan-2-carboxylate to methyl 
vinyl ketone (Scheme 9). In this case, the flow system design consisted of 
a catalytic reactor made of a closed glass tube (360 × 14 mm) filled with 
the supported catalyst (14.0 mmol, 0.094 mmol/g) and immersed in a 
hot water bath (50 ◦C). The starting reagents dissolved in toluene were 
pumped at the same rate through the catalyst bed under constant flow 
rate and the crude product were collected and removed by from the 
system with a peristaltic pump. The experiment was run for 72 h at a 
flow rate of 0.083 mL/min. The Michael adduct was obtained with high 
yield 97% and an ee of 51%. This ee value is like that obtained when the 

reaction was carried out under batch conditions (47% ee). In conclusion 
this flow system is able to reproduce the same yields and ee values than 
the batch system. 

In 2013, the group of Soós described the immobilization of quinine- 
and quinidine-squaramide organocatalysts for applications in batch and 
continuous-flow reactions. The supported-quinine-squaramide organo
catalyst was evaluated in the Michael addition of 1,3-dicarbonyl com
pounds to nitrostyrene under continuous-flow conditions [48]. The 
reactions were kept running for 17 h, afforded 5.3 g of product, with a 
yield of 89% and enantioselectivity of 97% ee. Gratifyingly the catalytic 
performance of the catalyst remained constant throughout this period 
(Scheme 10). These flow reactions were performed with a Syrris Asia 
setup, constituted by a syringe pump, reagent vessels, injectors, a cata
lytic reactor, and a backpressure regulator (9 bar). Two different sub
strates (pentane-2,5-dione and ethyl cyclopentanone-2-carboxylate) 
were evaluated and furnished the respective Michael adducts with 
excellent yields (up to 96%), enantioselectivities up to 99% ee and 
diastereoselectivities up to 96% de. 

Remarkably, this continuous-flow system was shown to be advan
tageous in terms of shorter reaction times, easy scale up and automation. 

Cinchona primary amine-catalyzed enantioselective reactions have 
recently appeared as a powerful tool for the synthesis of complex mol
ecules in enantiopure form [49–54]. Due their good catalytic perfor
mance, several researchers have reported the immobilization of 
cinchona-derived primary amines for stereoselective reactions [55,56]. 

In 2015, almost at the same time and independently, the groups of 
Benaglia and Pericàs reported the application of supported 9-amino-9- 
deoxy-epi-quinine in stereoselective continuous-flow Michael additions 
[57,58]. Benaglia’s group described the immobilization of a modified 
9-amino-epi-quinine through a 1,2,3-triazole as a linker with a styrene 
moiety. The supported catalyst was packed in a stainless-steel column (i. 
d. 0.4 cm, L 6 cm) where the stereoselective reaction of iso-butyric 
aldehyde with β-nitrostyrene was carried out under continuous-flow 
conditions (Scheme 11), using benzoic acid as an additive [57]. After 
reaction condition optimization, the Michael adduct was obtained with 
excellent enantioselectivity (up to 93% ee). In addition, the supported 
organocatalyst was shown to be very versatile, due to the successful 
application in two different reactions, including an organo-cascade 
transformation (affording the target compound with an enantiopurity 
of up to 95% ee). Moreover, using this procedure it was possible to 
synthesize >1 g of the desired product in high enantiopurity (Scheme 
11). 

The group of Pericàs reported the enantioselective Michael addition 
of benzalacetone to ethyl nitroacetate catalyzed by a polystyrene- 
supported 9-amino-9-deoxy-epi-quinine under continuous flow condi
tions [58]. It is worth noting that the polystyrene used by the Benaglia 
group was a highly cross-linked and insoluble polymer, whilst the 
polystyrene used by Pericàs was a swollen resin. In the case of the resin 
used in the latter example, some care needed to be taken when choosing 
the reaction solvent, as it could affect the reaction course. The 
polystyrene-supported organocatalyst was packed into a Teflon tube 
between two plugs of glass wool. The reaction was carried out by 
pumping a solution of the two substrates and the benzoic acid 
co-catalyst in CHCl3 (chosen after solvent screening) at 30 ◦C with a 
40min residence time (Scheme 12). Amazingly, 3.6 g (12.9 mmol) of the 
desired product was collected during an operating period of 21 h with 
97–98% ee and 1:1 dr. Furthermore, a small library of compounds was 
synthesized by using a combination of four different aromatic enones 
with three nucleophiles using the same continuous-flow system. 

From a pharmaceutical point of view, the preparation of enantiopure 
amines is in high demand due to the large number of medicinal products 
that contain the amine functionality [59]. Many of the well-known in
dustrial approaches, such as reductive aminations and hydrogenations 
of imines or enamines have their associated limitations and hazards that 
make more sustainable, greener, and safer methods more desirable. One 
route with these qualities, includes the asymmetric hydrosilylation of 

Scheme 9. Schematic representation of flow set-up used by Hodge and col
laborators [47]. 

E.P. Carreiro et al.                                                                                                                                                                                                                              



Tetrahedron Green Chem 2 (2023) 100025

8

imines using silane reagents. In fact, in 2014, the groups of Burke and 
Benaglia reported a useful method to afford enantio-enriched chiral 
amines using an enantioselective reduction of imines with tri
chlorosilane catalyzed by cinchona picolinamide catalysts [60]. This 
technology was shown to be appropriate for the synthesis of the active 
substance rivastigmine, used for the treatment of Alzheimer’s disease. 

In 2016, the same groups reported the preparation of five immobi
lized cinchona-based picolinamides which were evaluated in the 
asymmetric hydrosilylation of imines. Furthermore, this was the first 
application of these polymer-immobilized organocatalysts for the ster
eoselective reduction of imines with trichlorosilane under continuous 
flow conditions. The researchers investigated two different solid sup
ports; silica and polystyrene, the latter offering higher enantioselectiv
ities. The chiral compound N-4-methoxy-N-(1-(4-nitrophenyl)ethyl) 
aniline was obtained in very high yields from imine N-(4-methox
yphenyl)-1-(4-nitrophenyl)ethan-1-imine catalyzed by the polystyrene- 
supported supported picolinamide cinchona catalyst with a 3 h reten
tion time under continuous flow, unfortunately at quite low 

enantioselectivities (20–47%) (Scheme 13) [61]. The reason for the poor 
outcome, can probably be related to the decomposition of the catalyst 
inside the reactor. 

In a similar fashion, Cinchona amide hybrids I-III (Fig. 3), which are 
bifunctional organocatalysts, were shown by Huang et al. to catalyze the 
asymmetric allylsilylation and crotylsilylation of aldehydes with high 
yields and enantioselectivities [62]. In 2022, the group of Ng [63] re
ported the immobilization of cinchona alkaloid amide I (R––H) to a 
polystyrene-support and their evaluation in the asymmetric allylation of 
several aldehydes using allyltrichlorosilane under both batch and 
continuous-flow conditions (Scheme 14). High yields and enantiose
lectivities were obtained for the allylation of aliphatic aldehydes in 
batch, and the catalyst could be reused for more than 10 runs while 
maintaining its effectiveness. This supported organocatalyst was suc
cessfully used in a packed bed flow catalytic reactor furnishing similar 
results. 

Continuous flow conditions were optimized with respect to tem
perature and flow rate to achieve high yields and enantioselectivities, 

Scheme 10. Michael addition catalyzed by polystyrene supported cinchona-squaramide catalyst as reported by Sóos and co-workers [48].  
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Scheme 11. Asymmetric Michael addition catalyzed by solid supported-organocatalyst under flow conditions [57].  
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Scheme 12. Continuous flow Michael addition system designed by Pericàs and co-workers [58].  

Scheme 13. Continuous-flow system used for asymmetric hydrosilylation of imines, adapted from the work of Burke and Benaglia and their teams [61].  

Fig. 3. Cinchona amides hybrids I-III developed by Huang and colleagues [62].  
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the best conditions were found to be 50 ◦C at a flow rate of 26 μL/min 
with a residence time of 30min. These conditions were used for the 
enantioselective allylation of aliphatic citronellal and naphthaldehyde, 
furnishing the respective products with very good yields and ee values. 
The newly developed organocatalyst and its immobilization made a 
notable contribution to the preparation of enantiopure homoallylic al
cohols. This heterogeneous catalyst performed very well in both batch 
and continuous flow synthesis; however, continuous flow synthesis can 
significantly reduce the residence time. 

In 2020, the groups of André and Pedrosa described the immobili
zation of cinchona-thiourea derivatives onto polystyrene resin and 
evaluated their catalytic performance in the asymmetric aza-Friedel- 
Crafts reaction of naphthol derivatives with a diversity of N-Boc keti
mines derived from isatin [64]. After optimization of the reaction con
ditions, 17 examples are reported in moderate to excellent yields (up to 
99%) and enantiomeric ratio, er, up to 98:2 under batch conditions. The 
asymmetric aza-Friedel-Crafts reaction of naphthols with N-Boc keti
mines derived from isatin were carried out under flow conditions 
(multigram scale) operated in a Teflon column (6.6 mm ID) filled with 
the supported catalyst and two different solutions of imines (20 or 40 
mL, respectively, 0.14 M in toluene) and 1-naphthol (20 or 40 mL, 0.20 
M in toluene) were separately injected via a syringe pump (0.1 mL/min) 
at room temperature. The products were collected in a flask cooled to 15 
◦C to avoid further side reaction of the unreacted reagents (Scheme 15). 
The desired products were obtained in very good yields (80%) and 
excellent er:s (up to 97:3), with only 10.3min of residence time. The 
productivity of the reactions was 2.2 mmol cat

− 1 
h
− 1. Thus, comparing the 

continuous flow mode with the batch mode, the significant reduction in 
reaction time from 3 h to 10.3min is noteworthy. 

In 2013, the List group reported the uncommon immobilization of 
cinchona-sulfonamide catalysts on nylon-6,6, through UV irradiation 
using penta-erythritol triacrylate (PETA) as a cross-linker. The sup
ported catalyst was called “organotextile catalyst” (Scheme 16), which 
was packed in a fixed-bed reactor (as 20 sheets of the catalyst) and tested 
in the desymmetrization of cyclic anhydrides under continuous-flow 
[65]. Amazingly, the authors proved the robustness of the hetero
genized catalyst by performing more than 300 batch-recycling experi
ments, in which some experimental conditions were varied (catalyst, 
and MeOH load, as well as concentration of the substrate). As a logical 
consequence, the catalyst was applied in the continuous flow synthesis 
of statin derivatives (cholesterol-lowering agents) at a multigram scale 
using a continuous circulatory reactor packed with sheets of the 
immobilized catalyst (Scheme 16). 

The Zhao group reported the immobilization of quinine-squaramide 
organocatalyst onto porous carbon nanosheets (PCNs) for application in 
enantioselective Friedel-Crafts addition of pyrazolones to isatin keti
mines under both batch and continuous-flow conditions [66]. The re
searchers also enhanced the structural features of the PCN supports, 
such as the macroporous (interconnected macropores) and hydropho
bicity, which did not affect the catalytic performance in the heteroge
neous phase, furnishing the products with high yields (up to 90%) and 
with high ee values (up to 99%). Gratifyingly these results were very 
similar to the homogeneous catalyst. 

The heterogeneous catalyst, which consisted of the quinine- 
squaramide grafted onto a porous carbon nanosheet, was applied in a 
continuous flow system (Scheme 17). The experimental setup consisted 
of a two-pump system with two packed bed catalytic reactors. The first 
reactor contained the supported catalyst to which the pyrazolones and 

Scheme 14. Asymmetric allylation in continuous flow following the procedure designed by Ng and team [63].  

Scheme 15. Schematic representation of flow set-up experiment reported by Andrés’ and Pedrosa’s groups [64].  
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Scheme 16. Continuous flow anhydride desymmetrization as described by List and co-workers [65].  

Scheme 17. Asymmetric Friedel-Crafts addition/fluorination sequence under continuous-flow conditions by Zhao and co-workers [66].  
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isatin ketimine substrates were fed. This reactor was connected to the 
second reactor filled with K2CO3 into which N-fluo
robenzenesulfonimide (NFSI), an electrophilic fluorination reagent was 
pumped, giving the desired product, with excellent yield (91%) and very 
good ee (88%). The catalyst supported on a PCN could be reused up to 
five times, both in batch reactions and in a continuous-flow process. In 
this case, the ee values had a slight decrease when compared with results 
obtained in batch reaction. Furthermore, the supported catalyst can be 
reused in 5 runs (in both processes) without losing its catalytic 
efficiency. 

The group of Ciogli have described the immobilization of 9-amino-9- 
deoxy-epi-quinine (or quinidine) and benzoic acid derivative onto the 
same silica support [67]. These organocatalysts were also immobilized 
on a polymeric support and applied in a Michael addition reaction under 
continuous flow conditions, showing very good to excellent yields and 
ee:s. Firstly, the researchers evaluated the supported catalyst and 
co-catalyst for the asymmetric Michael addition of ketones to trans-
β-nitrostyrene, furnishing the Michael adduct with diastereo- and 
enantioselectivities like those obtained in the homogeneous reaction 
(dr≤90:10 and 90% ee). Furthermore, the supported catalyst and 
co-catalyst could be recycled and reused for up to 4 cycles while 
maintaining its catalytic performance. The supported catalyst was then 
applied in Michael reactions under continuous-flow conditions. The 
optimal residence time with the highest level of stereoselectivity (83% 
ee) was found to be 2 μL/min for the reaction between cyclohexanone 
and trans-β-nitrostyrene. Additionally, using this continuous flow 
reactor it was possible to prepare the anti-coagulant drug substance 
(− )-warfarin (for comparison, see above the report by Benaglia; Scheme 
1, in which no catalytic reactor was used, and the temperature was 70 
◦C) in excellent yield (95%) and high enantioselectivity (78% ee) over 
16 h at room temperature (Scheme 18). 

Recently, teams at the University of Evora and the contract company 
Chiratecnics reported the first immobilization of cinchona-squaramide 
organocatalysts onto three types of porous glass beads EziG™ (speci
fied as controlled pore glass with three surface modifications; (i) an 
organic polymer leading to hydrophobic (Amber), (ii) semi-hydrophobic 
(Coral), or (iii) hydrophilic (Opal) resins commercialized by EnginZyme, 

Stockholm, Sweden), supports that only previously were used to 
immobilize enzymes [68,69]. These novel catalysts have been evaluated 
in asymmetric Michael reactions under both batch and continuous-flow 
conditions. Curiously, the best heterogeneous organocatalyst for the 
batch conditions was Opal-cinchonine-squaramide, whereas in the case 
of the continuous-flow system the best support was found to be Coral 
[70]. Gratifyingly the reactions proceeded with high efficiencies using 
catalyst loads of only 0.8 and 1.6 mol% under batch conditions. These 
immobilized catalysts were then evaluated under continuous flow using 
a packed-bed flow reactor (Scheme 19), and excellent results could be 
achieved (up to 99% yield and 97% ee, with dr = 0.4:99.6). Further
more, the immobilized catalysts could be recycled 5-times (without 
losing their catalytic performance). The yields and ee:s obtained for the 
continuous flow system were very similar to the values obtained under 
batch conditions, but the reaction times were considerably shorter. 

Furthermore, in 2023, the same team demonstrated, for the first 
time, successful organocatalysis in deep eutectic solvents based on 
betaine (DES) [71]. Thus, it was shown that asymmetric Michael addi
tions could be performed in good to excellent chemical yields (≤99%) 
and stereoselectivities (≤98%) even under conditions where the catalyst 
was recycled up to 9 times at a catalyst loading of 1 mol-% (5 times at 
0.5 mol-% catalyst). These promising, quasi-immobilized systems, show 
a great potential for conducting a broad range of chemical trans
formations in an efficient and sustainable manner. 

In summary, heterogeneous reactions catalyzed by cinchona alkaloid 
derivatives under continuous flow conditions showed some advantages 
in terms of efficiency and sustainability. However, in the case of some 
reactions, a slight decrease in enantioselectivity was observed, which is 
probably due to the lack of access to the stereogenic centres due to the 
packing of the supported catalysts in the column. The choice of the 
catalyst is crucial, and the catalyst should be stable under the flow 
conditions chosen. Metal-based catalysts on the other hand tend to un
dergo redox processes as well as being vulnerable to water and oxygen, 
which is not the case for organocatalysts. 

Scheme 18. Schematic representation of the continuous-flow system developed by Ciogli and co-workers [67].  
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4. General conclusions 

In this review we have shown the significant progress has been made 
over the last two decades in the field of enantioselective catalysis under 
continuous flow conditions utilising cinchona alkaloid organocatalysts. 
The catalysts can either be used in their original form under homoge
neous conditions or can be grafted onto a polymer support to serve in a 
heterogeneous set-up. The catalytic systems are typically very robust 
and durable, delivering high yields and excellent enantioselectivities. 
Continuous flow systems are in many cases superior over batch mode as 
reaction times can be shortened, sensitive intermediates can be handled 
well, processes can be scaled in most cases and run under automated 
conditions. Multiple reactor systems allow for the handling of more 
complex reactions with integrated purification steps. Michael additions 
have been well studied with cinchona catalysts under continuous flow 
conditions. Very good examples have been reported for hydrosilylations, 
allylations or Friedel-Crafts reactions. Even an unusual immobilization 
of cinchona catalysts onto porous glass beads has been successfully 
carried out. That said, many challenges remain, for example, reducing 
catalyst loadings and maintaining high selectivities and turnover 
numbers in flow processes. Some flow processes are not easily scalable, 
that poses some risks and difficulties for larger scale reactions and in
dustrial use. There is also the question of catalyst deactivation, but this 
can be resolved through the choice of reaction conditions, solvent, 
temperature, retention time, additive etc. Also, in the case of catalytic 
reactors the choice of support is crucial, to reduce disadvantageous side 
effects, and enhance catalyst stability, etc. Generally larger pore sup
ports are better. The linker length can have an effect, generally the 
longer the better, but this is not always the case. Returning to the point 
on the reaction conditions, one needs to consider three possible modes of 
action: covalent intermediate formation (enamine) or hydrogen 
-bonding, or ion-ion interactions (in the case of PTC). In the case of the 
former the conditions should promote the formation of an enamine 
(right choice of solvent, maybe an additive like benzoic acid etc), in the 
case of the latter two, avoid a protic or a charged solvent that will 
compete with the catalyst. 

As regards how to select a more suitable continuous flow reactor, one 
that provides good catalytic efficiency, and product selectivity, which is 
a significant challenge to those working in the field and particularly 
novices. There are many very comprehensive reviews published on this 
topic including one outstanding example by Gilmore and Seeberger 
[72]. Also, the proverbial process of trial and error has an important part 
to play in this. 

We trust that organocatalysis employing cinchona catalysts in 
continuous flow systems will gain more importance as soon as a more 
sustainable way to carry out chemical reactions selectively and in high 

yields is obtained. A further step towards expanding the capabilities of 
organocatalysis has recently been reported [73], where the opportu
nities for a fruitful connection with the field of biocatalysis is high
lighted as "a synergistic approach to catalysis” opening an avenue for 
application of designer-organocatalysts as co-factors working in concert 
with enzymes. This is an attractive and promising path towards further 
improvement of stereo-, chemo-, and regioselectivities under mild and 
sustainable conditions, and we look forward to seeing more de
velopments in this area in the future. 
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