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ABSTRACT 

This work presents a cyclodextrin-enhanced organocatalytic method from molecular to process 

design. Cinchona-thiourea and -squaramide catalysts were covalently anchored to inherently large, 

stable and well-defined permethyl-β-cyclodextrins. The asymmetric catalysis was successfully 

demonstrated on the Michael reaction of 1,3-diketones and trans-β-nitrostyrene. Both emerging 

green and conventional solvents were screened for the asymmetric addition  

(up to 99% ee), and the Kamlet–Taft solvent parameters were correlated to the enantioselectivity. 

Quantum chemical modelling revealed that the catalyst anchoring resulted in favorable structural 

changes, and stronger intermolecular interactions between the catalyst and the reagents. 

Continuous organocatalysis was performed in coiled tube flow reactor coupled with a membrane 

separation unit, which allowed complete recovery of the catalyst and 50% solvent (2-MeTHF) 

recycling. The 100% conversion, 98% purity, 99% ee, 100% in-line catalyst recovery, and  

80 g L-1 h-1 productivity makes it an attractive catalytic platform. 
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GRAPHICAL ABSTRACT 

 

 

 

Cyclodextrin-enhanced cinchona organocatalysis in a coiled tube continuous-flow reactor 

coupled with a nanofiltration recycle unit for asymmetric synthesis. 
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1. Introduction 

Organocatalysis in continuous flow is an attractive platform for manufacturing value added 

products, especially in industrial fields where chirality transfer is a necessity [1]. The rapid 

progress in laboratory scale applications of organocatalysis paves the way for industrial 

implementation, albeit still hindered by limitations such as catalyst recovery and reuse, or loss of 

productivity and selectivity over time [2,3]. 

Heterogenization of catalysts via immobilization on solid support, precipitation of catalysts, or 

chromatography are common methods for their recovery from the reaction mixture [4]. Integrated 

catalysis-separation systems is a rapidly emerging field due to its compact and efficient nature [5-

7]. The membrane-assisted recovery of homogeneous organocatalysts was first realized by Kragl 

et al. [8], followed by rapid progress in the field (Fig. 1) [9]. Such recycling methodology is 

sustainable with low energy consumption, and its scale-up and implementation in continuous and 

hybrid processing are relatively straightforward [10,11]. However, the efficiency of separation 

depends on two main factors: i) the molecular weight gap between the catalyst and the other 

components, and ii) the absolute catalyst retention by the membrane. To meet these requirements, 

size-enlargement of the catalyst is required via embedding in soluble polymers, conjugating to 

dendrimers or polyalkylation anchoring via multifunctional cores and benzoyl subunits (Fig. 1a). 

These synthetic approaches were demonstrated in various process configurations (Fig. 1b). 
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Fig. 1. Membrane assisted recovery of homogeneous organocatalysts: catalyst size enlargement 

approaches for efficient retention by the membranes (a), and the employed reactor types in the 

hybrid processes (b). The references are given in the top right corner. 

Herein, a cyclodextrin (CD) anchoring methodology is proposed to facilitate recovering the 

enlarged organocatalysts. CDs with and without catalytic unit(s) had been applied in 

organocatalytic reactions as catalysts, or to enhance the water-solubility of the catalyst and the 

reactants, or for the utilization of inclusion complexes [21]. Owning to the inherent stability of 

cyclodextrins, their well-defined structure, non-toxicity and production from renewable resources 

[22], they are excellent candidates to provide a platform for the development of size-enlarged 

organocatalysts, which can be sustainably recycled. Furthermore, their ability to form inclusion 
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complexes could result in steric hindrance, which in return enhances catalytic selectivity [23]. A 

continuous-flow reactor was selected for the organocatalysis because it is an emerging solution for 

sustainable pharmaceutical manufacturing, which has the potential to overcome the drawbacks of 

organocatalysis such as higher catalyst loadings, decreased reaction rate and lower productivity 

[24,25]. The advantages of flow reactors, such as better control of process variables, good mixing 

and heat-transfer, lower risk of side-reactions, process intensification, compartmentalization, 

scalability, and energy-efficiency, collectively contribute to the increasing interest in flow 

synthesis [26,27]. Both flow reactors and membrane separators provide the possibility of being 

consecutively coupled with other processes or each other in continuous operation [28]. 

Recently, we reported a covalently grafted cinchona-squaramide on a polybenzimidazole 

nanofiltration membrane for heterogeneous organocatalysis in batch processes [6]. As a 

continuation of our work, herein we present a continuous homogeneous organocatalysis process 

employing a cyclodextrin-cinchona organocatalyst in a synthesis-separation integrated flow 

reactor.  

 

2. Results and discussion 

2.1. Synthesis of the asymmetric organocatalysts 

Two cinchona-based organocatalysts were synthesized on a β-CD anchor (Scheme 1). The 

monofunctionalization of the CD was followed by permethylation to gain solubility in organic 

solvents. The CD and the cinchona derivatives were linked either by a thiourea (CD-1) or a 

squaramide (CD-2) unit. Anchoring the cinchona moiety to the CD by a covalent bond should 

provide the stability needed for a robust catalytic system. Moreover, the linker could serve as a 

hydrogen bond donor to promote beneficial catalytic activity. 
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Scheme 1. Synthesis of asymmetric organocatalysts CD-1 and CD-2 (a), and the optimized 

structure for the latter organocatalyst obtained through quantum mechanical modelling (b). C, 

grey, O red, H white, N blue 
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The key intermediate mono-6-deoxy-6-amino-permethyl-β-cyclodextrin (CD-3) [29] and the 

cinchona derivatized amine 1 [30] were prepared based on previously reported procedures. The 

thiourea type organocatalyst CD-1 was synthesized by the addition of cinchona amine derivative 

1 to the corresponding isothiocyanate CD-4. The latter compound was derived from the reaction 

of amine CD-3 with carbon disulfide and N,N'-dicyclohexylcarbodiimide (DCC). For the direct 

synthesis of thiourea CD-1, an alternative reaction route via the addition reaction of cinchona 

isothiocyanate derivative 2 and the key intermediate amine (CD-3) was explored, which provided 

CD-1 with a higher overall yield (50% vs. 33%). 

Using commercially available dimethyl squarate, half squaramide CD-5 was prepared from CD-

3 as a mixture of syn/anti conformers with a ratio of 1 to 1.3, confirmed by 1H-NMR. The 

coalescence point is in the region of 54–56 °C (see Supplementary material). Addition of amine 1 

to the half squaramide CD-5 resulted in organocatalyst CD-2. During the synthetic procedures, all 

compounds were characterized by well-established methods including low- and high-resolution 

MS, IR, 1D- and 2D-NMR spectroscopy. In addition, thermal analysis of the organocatalysts CD-

1 and CD-2 were carried out by TGA and DSC measurements  

(see Supplementary material). 

 

2.2. Application of organocatalysts CD-1 and CD-2 in batch mode 

Cinchona-based organocatalysts were successfully applied in several asymmetric reactions with 

good yield and selectivity using a broad variety of substrates [31]. Prior to the continuous-flow 

process, the catalytic performance was investigated in a batch operation. The Michael additions of 

pentane-2,4-dione (3) and diphenylpropane-1,3-dione (4) to trans-β-nitrostyrene (5) were selected 



 9 

as model reactions (Table 1). Concerning selectivity, no significant difference was found between 

the thiourea and the squaramide type catalysts.  

Conventional and green solvents including toluene, anisole, tetrahydrofuran (THF),  

2-methyltetrahydrofuran (2-MeTHF) and dimethyl carbonate (DMC) were screened. The best 

results, up to 99% enantiomeric excess (ee) and 95% yield, were achieved in 2-MeTHF and DMC 

solvents. The correlation between the enantiomeric excess and the solvent was examined through 

the Kamlet–Taft parameters [32]. As the α factor (H-bond donor strength) of the solvent increased, 

a decrease in the ee value was observed (Fig. 2). A low value for α is necessary, but not sufficient, 

to achieve high ee in the organocatalytic reaction under investigation. This observation is in line 

with similar cinchona-based organocatalysis [33]. For the development of the continuous catalysis-

separation platform, the biomass-derived 2-MeTHF green solvent [34], diketone 4 as reactant and 

the squaramide based CD-2 catalyst were chosen. The amount of catalyst and ratio of reactants 

were optimized to facilitate the membrane separation via complete consumption of diketone 4 (see 

Supplementary material), which requires 5 mol% organocatalyst CD-2 and 1.5 eq of trans-β-

nitrostyrene (5). 
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Table 1 Solvent screening for the Michael addition of 1,3-diketones (3, 4) to trans-β-

nitrostyrene (5) catalyzed by CD-1 or CD-2a 

 

Entry R Solventb 
CD-1 

yield/ee 
CD-2 

yield/ee 

1 Me THF 31/91 95/89 

2 Me DMC 50/94 95/96 

3 Me toluene 88/81 95/88 

4 Me anisole 33/83 91/77 

5 Me 2-MeTHF 67/97 73/98 

6 Ph THF 73/88 45/91 

7 Ph DMC 71/95 95/95 

8 Ph toluene 75/73 67/78 

9 Ph anisole 95/84 86/80 

10 Ph 2-MeTHF 95/97 79/99 

 

aReaction conditions: Reaction conditions: 1,3-diketone (2.5 eq.),  

trans-β-nitrostyrene (1 eq.), organocatalyst (0.05 eq.), solvent (1.0 mL) 

and 25 °C. After 24 h reaction, the solvent was evaporated, and the crude 

product was purified by preparative TLC. The enantiomeric excess was 

determined by chiral HPLC analysis. bRefer to the Supplementary material 

for further solvent screening, which was used for the Kamlet–Taft 

parameters versus enantiomeric excess diagram (see Fig. 2). 
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Fig. 2. The effect of α parameter (H-bond donor strength) of the solvent on the enantiomeric excess 

of 7. Refer to the Supplementary material for the solvents and the corresponding α parameter. 

2.3. Continuous catalysis–separation platform 

The optimized batch reaction conditions were used as the starting point for the evaluation of the 

model reaction (Table 1, entry 10) in the continuous-flow reactor. Fig. 3a shows the conversion as 

a function of flow rate, temperature and catalyst loading, while Fig. 3b depicts the ee as a function 

of temperature at the highest flow rate, which still provides 100% conversion. The CD-2 catalyst 

has excellent thermal stability demonstrated by TGA and DSC  

(see Supplementary material), which allowed expanding the reaction temperature range up to 

100 °C. Coupling the membrane unit downstream of the flow reactor enabled the reaction to be 

performed above the atmospheric boiling point of the solvent due to the pressurized system. Refer 

to the Supplementary material for the process details. The increase of temperature from 20 to 100 

°C enables higher production rate through the increase in the maximum flow rate, which still 

provides 100% conversion. For instance, increasing the temperature from 20 to 100 °C, the 
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maximum flow rate increased from 4 to 16 mL min-1. Moreover, at 100 °C the catalyst loading can 

be decreased from 5 to 3 mol% at 16 mL min-1, which still provides 100% conversion. Further 

decrease in the catalyst loading compromises the maximum flow rate. However, the enantiomeric 

excess decreases with increasing temperature, and consequently 20 °C was selected for the 

integrated synthesis-separation process. 

 

Fig. 3. Optimization of the flow reactor for entry 10 in Table 1: the effect of flow rate, temperature 

and catalyst loading on the conversion of 4 (a), and the effect of temperature on the enantiomeric 

excess of 7 (b). The values in the diamond brackets refer to the maximum flow rate (mL min-1) 

that achieves 100% conversion. 
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The separation performances of several commercial membranes for entry 10 (Table 1) are 

compared in Fig. 4. While the rejection of the catalyst should be 100% for its efficient recovery in 

a continuous process, the product and remaining reagents should have rejections as low as possible 

for their efficient purge from the system. Owing to the large gap in the size of the catalyst and the 

other species, the most open membrane, namely DM900, was selected. DM900 demonstrated 

100% rejection of CD-2 and less than 5% rejection of the other species. Having lower permeances 

and considerably higher rejections, the other membranes were ruled out.  

 

 

Fig. 4. Comparison of membrane performance: rejection and permeance values were measured at 

10 bar and 50 °C in 2-MeTHF using a cross-flow nanofiltration system. The permeance values are 

given in brackets and expressed as L m-2 h-1 bar-1. The errors are standard deviations based on three 

independent measurements using different membrane pieces. 
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During the integrated synthesis-separation process, the flow reactor outlet stream containing the 

crude reaction mixture was diverted to a cross-flow membrane cell (Fig. 5). The permeate stream 

consisted of the highly concentrated product 7 (41 g L-1) having a purity of 92% (Fig. 6). The 

membrane unit was thermostated at 50 °C to eliminate precipitation of the product. The retentate 

stream in situ recycled 100% of the CD-2 catalyst and 50% of the 2-MeTHF solvent. The product 

crystallized in the collection vessel at room temperature, which allowed the final purity to reach 

98%. The enantiomeric excess was 99% as expected based on the screening in Fig. 3. Refer to the 

Supplementary material for the detailed process description. 

 

 

Fig. 5. Schematic process diagram for the continuous catalysis-separation platform. The coiled 

tube plug flow reactor and the membrane cell were thermostated at 20 °C and 50 °C, respectively. 

The reactor inlet flow rate was set at 4 mL min-1, the recycle ratio was 50% and  

2-MeTHF was used as solvent. 
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Fig. 6. Concentration profiles for the membrane separation. Underlying curves are not fitted to the 

data but were modelled based on screening data and system parameters (refer to section 6.4 in the 

Supplementary material). The final product that crystallized in the collection vessel reached 98% 

purity. 

A sensitivity analysis was performed to reveal the effect of recirculation on the productivity, 

purity and concentrations (Fig. 7). The recirculation was defined as the ratio of the retentate flow 

rate and permeate flow rate. The continuous process in Fig. 5 was carried out at  

50% recirculation. Increasing recirculation results in higher concentration, longer equilibrium 

times, and increasing purity. The decrease in productivity over a broad range of recirculation is 

negligible. However, the increasing concentration of the product will lead to precipitation and 

fouling in the membrane unit. Consequently, the solubility limit of the product needs to be 

considered and the temperatures adjusted accordingly. (Refer to the Supplementary material for 

the description of the sensitivity analysis and further data.)  
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Fig. 7. Sensitivity analysis revealing the effect of the recirculation on the productivity, product 

purity, equilibrium time and the concentration of the purified product. Refer to the Supplementary 

material for the detailed sensitivity analysis. The asterisk indicates the operating point for the 

continuous process depicted in Fig. 5 and 6. 

2.4. Elucidation of catalyst–reagent interactions 

CDs are computationally well-studied systems (for references see Supplementary material), 

however, CD-anchored catalysts have not been investigated. We studied for the first time how 

catalyst anchoring to CDs affects the catalyst conformation and its interaction with the reagents. 

Having found the lowest energy conformers using the MMFF94 force field, the geometries of each 

systems were optimized using the verified ωB97X-/D6-31G* method. Interaction energies 

between the different fragments were computed using the Symmetry Adapted Perturbation Theory 

(SAPT). Non-covalent interaction (NCI) plots were used to analyze the secondary interactions 

between the catalyst and the reagents [6], as well as the effect of the CD anchoring. Refer to the 

Supplementary material for the detailed ab initio methods and obtained coordinates. 
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The geometry optimization showed that the catalyst anchoring does not significantly alter the 

structure of the CD ring (Fig. 8). Furthermore, the reagents coordinate with the same part of the 

catalyst irrespective of the CD anchoring. The non-covalent interactions are small between the CD 

and the active site of the catalyst, as only one of the NH groups of the squaramide forms hydrogen 

and dihydrogen bonds with the OCH3 and CH moieties of the cyclodextrin, respectively. On the 

contrary, the CD anchoring has a significant effect on the interactions between the catalyst and the 

reagents. Both reagents 4 and 5 interact with the amino group of the quinuclidine part of the 

catalyst via hydrogen bonding (Fig. 8a). The presence of hydrogen bonds was confirmed by the 

analysis of bond critical points (electron density is approximately 10-2 a.u.) and bond paths of the 

electron density (see Supplementary material). Hydrogen bond is also formed between the oxo 

group of reagent 4 and the amino group of the squaramide. However, only one oxo group of reagent 

4 participates in hydrogen bonding with the CD-anchored catalyst, while the relative position of 

compound 4 and the squaramide moiety enables the formation of two hydrogen bonds with the 

non-bound catalyst. The absence of the second hydrogen bond decreased the interaction energy 

between the reagents and the catalyst from -279 kJ mol-1 to -174 kJ mol-1 as a result of the CD 

anchoring. The importance of the hydrogen bonds between the reagents and the catalyst is in line 

with the observed effect of the α factor on the ee values (see Fig. 2). 

Owing to the CD anchoring of the catalyst, the relative position of the reagents became more 

favorable for Michael addition, which is indicated by both the decreased distances  

(6.3 Å   4.1 Å) and angle (43°   19°) between the reagents. In line with these observations, the 

SAPT calculations showed that the CD anchoring increased the intermolecular interaction energy 

between reagents 4 and 5 from -13 kJ mol-1 to -40 kJ mol-1. Consequently, the quantum chemical 
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modelling revealed that the presence of the CD anchor results in more favorable interactions 

between the catalytic site and the reagents, which could enhance the catalytic activity. 

 

 

Fig. 8. Non-covalent interactions (NCI plots, isovalue: 0.5) between the reagents and the 

squaramide catalyst: a) CD anchored catalyst CD-2 and b) the non-bound catalyst. Refer to the 

Supplementary material for the ab initio calculation methods and the videos showing the NCI 

plots. 

3. Conclusion 

A cyclodextrin-enhanced synthetic platform for asymmetric cinchona organocatalysis in flow 

was successfully demonstrated. The cyclodextrin-cinchona catalysts were prepared from a 

permethylated cyclodextrin amine derivative. Having monofunctionalized the β-cyclodextrin, 
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cinchona-thiourea and squaramide scaffolds were attached, forming well-defined and 

characterized bifunctional hydrogen bond type organocatalysts. 

The solvent and parameter optimization of the asymmetric Michael addition of 1,3-diketones to 

trans-β-nitrostyrene resulted in the formation of adducts with excellent yields (up to 95%) and 

enantiomeric excess (up to 99%). Moreover, a correlation between the α Kamlet–Taft solvent 

parameter and the enantioselectivity was observed. 

The cyclodextrin anchor was found to have two key roles. First, it allowed complete recovery of 

the catalyst due to the 3-fold increase in size. Second, it favorably altered the conformation of the 

cinchona-squaramide catalyst and the reagents, and consequently improved the catalytic 

performance. The former role was demonstrated in a continuous-flow reactor achieving  

80 g L-1 h-1 productivity, 98% final product purity, up to 99% enantiomeric excess and  

100% catalyst recovery. The robustness and reusability of the catalyst was demonstrated up to 100 

°C in the flow reactor, and over 18 days of operation. The latter role was supported by  

ab initio methods revealing increased intermolecular interaction energies and decreased distances 

and angles between the reagents. 

The integrated synthesis-separation process was realized through the coupling of an in-line 

membrane separation unit to the flow reactor. The efficiency of the process was demonstrated via 

the in-line recovery of the catalyst and the solvents. The sensitivity analysis revealed the process 

boundaries and the importance of the extent of retentate recirculation. Further development of this 

scalable catalysis-separation methodology will widen the alternatives and facilitate the efficient 

production of enantiopure chemicals. 
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