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1. INTRODUCTION 

Doubtless, catalysis has significantly affected the chemical industry as more than 90% of the 

chemical processes utilize some kind of catalyst, allowing more economical and often highly 

selective production. Due to catalysis, a substantial amount of energy and resources are saved, 

while considerably less waste is generated. The growing demand from the end-user industries 

are leading the market growth, and by the year 2025, the global catalyst market is expected to 

reach USD 35.63 billion.1 Consequently, additional development of the field and answering 

ongoing challenges are both crucial because catalysis plays a significant role in the development 

of economical and sustainable processes. By definition, the catalyst is not consumed in the 

reaction, however, deactivation and degradation could occur. Also, the loss of catalyst during 

work-up is commonly experienced. Therefore, catalyst loading and leaching of the catalyst 

should be minimized.2 

Organocatalysts are generally small, metal-free, organic molecules capable of accelerating 

chemical transformation. The real “kick-off” of the field was not until the turn of the 

millennium, when the works of List et al., and MacMillan et al. were published. While the first 

demonstrated that small organic molecules can mimic the enzyme-like catalytic activity and 

mechanism, the latter conceptualized the field as organocatalysis and revealed a general 

activation method that is compatible with several organic transformations. Preparative chemists 

quickly recognized the advantages organocatalysis could offer for laboratory-scale research. 

Low cost and toxicity, ease of access, secure handling without the need for special equipment 

or conditions, and the countless new possibilities for modification have all attracted a multitude 

of research groups. Although after the exploration of “the low-hanging fruits”, the difficulties 

of organocatalysis have been slowly unveiled, which resulted in the appearance of new research 

directions to overcome these drawbacks. Still, high catalyst loading and long reaction time are 

generally experienced disadvantages. In the pursuit of improved organocatalyzed chemical 

transformations, increased attention is paid to the recovery and reuse of organocatalysts.3,4 

Membrane-based separations are proved to be sustainable with low energy needs, and their 

scale-up and application in continuous and hybrid processing are quite straightforward.5,6 

Considering the recent progress made toward greener organocatalytic methods and more eco-

friendly membrane processes, the application and membrane-assisted recovery of new 

organocatalysts have been studied in this work. We devised that further extending the 

possibilities for the membrane-supported recovery of organocatalysts could provide a 

particularly useful tool in the hands of organic chemists not only in the academia but possibly 

also in the industry. 

 

 

 
1 Catalyst Market by Material, Type, Application, Regions, Industry Analysis, Size, Share, Growth, Trends, and Forecast 2018 to 2025 

https://www.fiormarkets.com (accessed Mar 18, 2020) 
2 Kamer, P.; Vogt, D.; Thybaut, J. W. Contemporary Catalysis: Science, Technology, and Applications, The Royal Society of Chemistry, 2017 
3 MacMillan, D. W. C. The Advent and Development of Organocatalysis. Nature 2008, 455, 304–308. 
4 Oliveira, V.; Cardoso, M.; Forezi, L. Organocatalysis: A Brief Overview on Its Evolution and Applications. Catalysts 2018, 8, 605.  
5 Szekely, G.; Jimenez-Solomon, M. F.; Marchetti, P.; Kim, J. F.; Livingston, A. G. Sustainability Assessment of Organic Solvent 

Nanofiltration: From Fabrication to Application. Green Chem. 2014, 16, 4440–4473. 
6 Cseri, L.; Fodi, T.; Kupai, J.; Balogh, G. T.; Garforth, A.; Szekely, G. Membrane-Assisted Catalysis in Organic Media. Adv. Mater. Lett. 

2017, 8, 1094–1124. 
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2. LITERATURE OVERVIEW 

Looking at the chemical industry, application of organocatalysts in industrial processes is 

still not significant. However, considering the enormous advances achieved by academic 

researchers and the potential advantages organocatalysts, in general, can provide, it is easy to 

understand how they could bring added value to the manufacturing of high value products. The 

inherent contradiction between catalyst loading and the cost of catalyst leaves us with no other 

choice but catalyst recycling, which is strongly supported by the current approach ruling the 

chemical industry: sustainable engineering and green chemistry. Being primarily small organic 

molecules, the first representatives of organocatalysts were homogeneous catalysts, but 

heterogeneous alternatives quickly followed them. Today, both types offer viable recycling 

options, however, further improvement of the field is still essential.7 

Organocatalysts have classically been used as homogeneous catalysts, and, naturally, their 

recovery by chromatography is unambiguous. Obviously, this method is applicable only on 

laboratory-scale under standard conditions and does not comply with the expectations of 

sustainable manufacturing. Nowadays, most industrial catalytic processes are performed in 

biphasic systems, where the catalyst is heterogeneous. Although their activity and selectivity 

are frequently lower than the corresponding homogeneous catalysts, heterogeneous catalysts 

provide significant engineering advantages, like the ease of separation from the reaction 

mixture enabling excellent recycling. Even though homogeneous catalysts are commonly more 

effective regarding activity and selectivity, catalyst recycling, and product separation both pose 

a challenge to develop industrially feasible processes.8 

Heterogenization of homogeneous organocatalysts is a commonly used method for their 

recovery from the reaction mixture, either by precipitating the homogeneous catalyst, or by 

using a heterogeneous catalyst.9 Immobilization of organocatalysts is usually straightforward, 

though the anchoring method has a huge impact on the activity: both the ratio of catalytic unit 

to the extent of backbone, and the linker between them needs to be considered. Other than the 

solid-liquid phase separations, liquid-liquid phase separation is also a commonly used 

convenient method. 

As separation processes account for up to 40–70% of both capital and operating costs, and 

consume 15% of the energy produced in the world, they clearly play a major role in the chemical 

and related industries. Compared to traditional separation techniques (distillation, extraction, 

evaporation, adsorption, chromatography), membrane technologies might be advantageous due 

to their low carbon footprint, ease of scalability, and small spatial requirements. Relative to 

thermal processes, they are less energy demanding, because they do not require a phase change 

in most cases, and they operate at relatively mild conditions. Owing to the several attractive 

features of this field, membrane separations are both well-developed and widely used in 

industrial procedures.10 Organic solvent nanofiltration (OSN) is capable of distinguishing 

molecules in the range of 50–2000 Da using a pressure gradient. Considerable research has 

 
7 Bertelsen, S.; Jørgensen, K. A. Organocatalysis—after the Gold Rush. Chem. Soc. Rev. 2009, 38, 2178–2189.  
8 Benaglia, M. Recoverable Organic Catalysts. In Recoverable and Recyclable Catalysts; John Wiley & Sons, Ltd: Chichester, UK, 2009; pp 

301–340. 
9 Joshi, S. S.; Ranade, V. V. Industrial Catalytic Processes for Fine and Specialty Chemicals, Elsevier, 2016. 
10 Galizia, M.; Bye, K. P. Advances in Organic Solvent Nanofiltration Rely on Physical Chemistry and Polymer Chemistry. Front. Chem. 

2018, 6, 511. 
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been done to improve the performance of OSN processes providing low molecular weight cut-

off values and high permeance, facilitating the widespread industrial utilization of OSN. The 

sustainability assessment of OSN has been thoroughly performed, and from greener membrane 

fabrication through more efficient process development to scale-up significant progress toward 

environmentally friendly solvent-resistant separations has already been made. Consequently, 

OSN is a sustainable recycling technique for homogeneous catalysts. However, leaching of the 

catalyst into the permeate and subsequent decrease in conversion or selectivity are significant 

drawbacks.5, 6, 11  

The membrane-assisted recovery of homogeneous organocatalysts was first realized by 

Kragl et al., followed by rapid progress in the field. As the efficiency of separation is mainly 

dependent on (i) the molecular weight gap between the catalyst and the other solutes, and (ii) 

the absolute catalyst retention by the membrane, molecular weight enlargement (MWE) of 

small catalysts is usually required. 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 attachment to benzoyl subunits (Fig. 1a). These 

synthetic approaches were demonstrated in various process configurations (Fig. 1b). In Fig. 1c, 

a schematic representation of an optimal OSN catalyst recycling is shown, where the MW of 

the catalyst is morefold higher than product’s MW. During the filtration process, the catalyst 

accumulates in the retentate. 

 

 

c) 

 

Figure 1. Membrane-assisted recovery of homogeneous organocatalysts: (a) catalyst MWE approaches, (b) the 

employed reactor types in the hybrid processes, and (c) a schematic representation of an optimal catalyst recovery 

by nanofiltration: having higher MW the catalyst is retained, while the product can easily pass through the 

membrane. 

 
11 Marchetti, P.; Jimenez Solomon, M. F.; Szekely, G.; Livingston, A. G. Molecular Separation with Organic Solvent Nanofiltration: A Critical 

Review. Chem. Rev. 2014, 114, 10735–10806. 
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Although synthetic modification of catalysts, including covalent and non-covalent 

approaches as well, enables the efficient recycling of the organocatalyst, the modifications in 

the structure can also negatively affect their catalytic activity. Accordingly, verification of the 

catalytic activity is necessary following the structural modification. During my work, I am 

mainly interested in the development of novel bifunctional hydrogen-bonding organocatalysts. 

H-bond donor organocatalysts are applicable in several C–C and C–heteroatom bond forming 

organic transformations. These types of catalysts are commonly applied in bifunctional 

organocatalysis (dual activation), and a frequently associated organocatalyst framework is the 

cinchona skeleton. Being a privileged scaffold with readily available pseudo-enantiomers, 

cinchona-based organocatalysts are an esteemed family due to their twisted structure containing 

several stereocenters, the several modification possibilities, the highly basic quinuclidine N-

atom, and the H-bond donor moiety hydroxyl group. Therefore, the native cinchona skeleton is 

already a bifunctional organocatalyst as the 9-OH, or other hydrogen-bond donor motifs 

(thiourea, squaramide, etc.) in this position, can activate electrophiles, while the quinuclidine 

N-atom being a H-bond acceptor is responsible for the activation of nucleophiles.12 

Among C–C bond-forming reactions, the asymmetric Michael addition is regularly 

performed using bifunctional hydrogen-bonding organocatalysts. A classic example is the 

cinchona-squaramide catalyzed addition of pentane-2,4-dione to trans-β-nitrostyrene (Scheme 

1.) Furthermore, the asymmetric Michael addition is an expedient reaction for the catalytic 

activity verification of modified bifunctional H-bond donor organocatalysts, because Michael 

adducts are usually rapidly formed with high yield and good selectivity, it requires no special 

reaction conditions, a wide variety of solvents are suitable for the Michael addition, and a broad 

range of Michael donors and acceptors are commercially available. Besides Michael reaction, 

the importance of H-bond donor motifs in the cinchona catalyzed hydroxyalkylation of indoles 

has been experimentally also proven. 

 
Scheme 1. Michael addition reaction of pentane-2,4-dione to trans-β-nitrostyrene catalyzed by a cinchona-

squaramide bifunctional H-bond donor organocatalyst. 

 

As organic chemistry, in simple terms, essentially rests on the addition and removal of 

electrons, manipulating matter through the application of plain electric current is particularly 

appealing. Though the foundational exploration of electroorganic chemistry began in the 1830s, 

for decades, ordinary organic chemists have swept aside this field as either not applicable or 

unrewarding. Recently, due to the rapidly developing area of electrochemical apparatus and to 

the expanding availability of commercial electrodes, the field of organic electrosynthesis 

 
12 Nagy, S.; Fehér, Z.; Dargó, G.; Barabás, J.; Garádi, Z.; Mátravölgyi, B.; Kisszékelyi, P.; Dargó, Gy.; Huszthy, P.; Höltzl, T.; Balogh, G. T.; 

Kupai, J.: Comparison of Cinchona Catalysts Containing Ethyl or Vinyl or Ethynyl Group at Their Quinuclidine Ring, Materials 2019, 12, 
3034. 
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experiences a renaissance. As the easy-to-use electrolysis devices are arriving at the laboratories 

of conventional chemists, application of electrochemistry in all fields of organic chemistry is 

escalating.13,14  

Among others, electrochemical platforms can provide an environmentally friendly solution 

for the oxidation of sensitive compounds. Because of the multitude of adjustable reaction 

parameters — such as electrode materials, electrolyte, solvent, current strength, potential — 

and the optional reaction set-up types like constant current or potential, the selectivity of the 

reaction can be fine-tuned. Furthermore, by using renewable energy sources and recyclable 

catalyst/electrolyte systems, electroorganic methodologies could offer sustainable synthetic 

processes. 

Recently, the inappropriate use of diminishing fossil resources, the fast-rising levels of 

carbon dioxide emissions, and the ever-increasing demand in the energy sector have gained 

much interest. The utilization of biomass-based chemical platforms, in particular the 

exploitation of agricultural waste, shows promising advancements. Catalytic transformation of 

lignocellulosic biomass into value-added chemical compounds could provide a renewable, 

carbon-neutral feedstock platform that might be a sustainable alternative to the crude oil and 

natural gas-based bulk chemical industry.15  

 

Figure 2. Schematic representation of recyclable TEMPO-mediated electrochemical oxidation of biomass-based 

HMF; catalyst recovered by (a) microfiltration, (b) nanofiltration, (c) magnetic separation. 
 

5-Hydroxymethylfurfural (HMF) is a promising C6 carbohydrate-based building block 

within the furan family, that attracted much interest lately (Fig. 2).16 HMF is a naturally 

occurring substance that is also accessible by the acid-catalyzed dehydration of hexoses. Its 

market, which is increasing rapidly worldwide, is expected to reach 61 million USD in 2024.17 

As a platform chemical, HMF can be transformed into several high-value derivatives. The 

 
13 Minteer, S. D.; Baran, P. Electrifying Synthesis: Recent Advances in the Methods, Materials, and Techniques for Organic Electrosynthesis. 

Acc. Chem. Res. 2020, 53, 545–546. 
14 Yan, M.; Kawamata, Y.; Baran, P. S. Synthetic Organic Electrochemical Methods Since 2000: On the Verge of a Renaissance. Chem. Rev. 

2017, 117, 13230–13319. 
15 Mika, L. T.; Cséfalvay, E.; Németh, Á. Catalytic Conversion of Carbohydrates to Initial Platform Chemicals: Chemistry and Sustainability. 

Chem. Rev. 2018, 118, 505–613. 
16 van Putten, R.-J.; van der Waal, J. C.; de Jong, E.; Rasrendra, C. B.; Heeres, H. J.; de Vries, J. G. Hydroxymethylfurfural, A Versatile 

Platform Chemical Made from Renewable Resources. Chem. Rev. 2013, 113, 1499–1597. 
17 https://www.1marketresearch.com; Global 5-hydroxymethylfurfural (5-HMF) (CAS 67-47-0) Market 2019 by Manufacturers, Regions, 

Type and Application, Forecast to 2024; Date of publication: 08.11.2019 
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dialdehyde derivative 2,5-diformylfuran (DFF) is a particularly useful derivative of HMF with 

several potential applications. DFF is most commonly synthesized by oxidation of the primary 

hydroxyl group of HMF, and due to the reactive nature of the CHO, selectivity plays a crucial 

role in the efficiency of the production. The scientific literature on the electrocatalytic oxidation 

of HMF to DFF is scarce. 

In addition to direct electrolysis, N-oxyl radicals are commonly used catalysts for the indirect 

oxidation of primary and secondary alcohols.18 Particularly, 2,2,6,6-tetramethylpiperidinyl-N-

oxyl (TEMPO) and its derivatives are common oxidants with industrial- and laboratory-scale 

applications. Under electrochemical conditions, the formation of the active reactant from 

persistent organic radicals can be accomplished in the absence of chemical oxidants.19 As it was 

stated before, catalyst recovery has a pivotal role in meeting ecological and economic demands 

in the pursuit of sustainable chemical transformations. Although electrocatalytic oxidation 

cannot be considered as a classical organocatalytic reaction, TEMPO as an oxidative mediator 

between the substrate and the metal electrodes, in itself, fully complies with the requirements 

of an organocatalyst. 

Accordingly, for the recovery and reuse of TEMPOs, similarly to the possibilities discussed 

in connection with organocatalysts in general, a variety of solid-supported heterogeneous 

(silica, magnetic nanoparticle, carbon nanotube, polymer, etc.) and homogeneous organic 

supports (ionic liquid, fluorous tag, polymer, etc.) were applied.20 However, to the best of our 

knowledge, size-enlargement of TEMPO catalyst has not been used up until now to facilitate 

its recovery with membrane filtration. 

 

3. EXPERIMENTAL METHODS 

During the preparative work, the methods of classical organic laboratory practice were used. 

The electrochemical reactions were performed with an IKA ElectraSyn 2.0 set-up. The progress 

of the reactions was followed by TLC, NMR, HPLC, or LCMS. The purification of the prepared 

compounds was done by column chromatography, thin-layer chromatography, or 

recrystallization. The compounds were characterized by well-established methods using TLC, 

melting point, optical rotation, HPLC, LCMS, HRMS, elemental analysis, UV-VIS, IR, EPR, 

or NMR. The enantioselectivity of the examined organocatalytic reactions was measured by 

chiral HPLC. 

In this work, we actively collaborated with several Hungarian and foreign researchers from 

different fields. The membrane separation processes and the flow experiments were performed 

in collaboration with Dr. Gyorgy Szekely and his research group at either the University of 

Manchester or at the King Abdullah University of Science and Technology (KAUST). The 

computational works were done by Dr. Tibor Höltzl and Júlia Barabás from the BME-SzAKT, 

and by Hakkim Vovusha and Udo Schwingenschlogl from KAUST. 

 

 
18 Francke, R.; Little, R. D. Redox Catalysis in Organic Electrosynthesis: Basic Principles and Recent Developments. Chem. Soc. Rev. 2014, 

43, 2492–2521. 
19 Delorme, A. E.; Sans, V.; Licence, P.; Walsh, D. A. Tuning the Reactivity of TEMPO during Electrocatalytic Alcohol Oxidations in Room-

Temperature Ionic Liquids. ACS Sustain. Chem. Eng. 2019, 7, 11691–11699. 
20 Beejapur, H. A.; Zhang, Q.; Hu, K.; Zhu, L.; Wang, J.; Ye, Z. TEMPO in Chemical Transformations: From Homogeneous to Heterogeneous. 

ACS Catal. 2019, 9, 2777–2830. 
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4. RESULTS AND DISCUSSION21 

 

4.1 Pyridine-, and piperidine-based crown ethers, camphorsulfonamides 

At the beginning of my work, the catalytic activity and the OSN recovery of pyridine- and 

piperidine-based crown ethers and camphorsulfonamides were studied (Fig. 3).[KIP-3,4] Although 

these compounds showed no or only negligible catalytic activity and selectivity in the Michael 

addition reaction, their recovery by OSN was thoroughly investigated.  

 

Figure 3. Studied pyridino- and piperidino-type crown ethers and camphorsulfonamides. 

Following the synthesis of the pyridine- and piperidine-based compounds, their recovery by 

diafiltration was studied. Rejections of crown ethers (S,S)-1 and (S,S)-2 were found to be 

between 97% and 100% on 22PBI membrane in toluene at 20 bar. The rejections of precursors 

were between 16% and 33% except for a diisobutyl substituted diamine, which showed 80% 

rejection. 

The experimental rejections were also obtained for camphorsulfonamides (S)-5 and (S,S)-6 

in THF, IPA, and toluene using 18PBI or 22 PBI membranes. As expected, the tighter 

membrane (22 PBI) shows higher camphorsulfonamide rejection but lower flux values. Having 

larger MW, (S,S)-6 has higher rejection compared to (S)-5 varying between 48% and 99%.  

As a result, we can conclude that to achieve efficient catalyst recycling, practically 100% 

rejection is needed. However, organocatalysts usually used in practice are not significantly 

larger than the other compounds, causing a cumbersome separation. Moreover, limitations like 

low yield and high solvent consumption also need to be considered. During my work, I intended 

to address these limitations from the side of the catalyst. As the size gap between the required 

and other components strongly influences the efficiency of the recycling, the molecule size-

enlargement of the catalyst was proposed as a solution. 

4.2 Cinchona-decorated cyclodextrin 

Next, a cyclodextrin-enhanced synthetic platform using cinchona-based organocatalyst for 

asymmetric synthesis in flow was successfully established.[KIP-2] The size-enlarged CD-

cinchona catalysts were prepared from native β-cyclodextrin through a permethylated 

cyclodextrin amine derivative and commercially available hydroquinine. Having 

monofunctionalized the β-cyclodextrin, cinchona-thiourea and squaramide scaffolds were 

 
21 The compound numbers that were given in the dissertation are used in the thesis book. 
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attached, forming well-defined and characterized bifunctional hydrogen-bonding 

organocatalysts (Fig. 4). 

 

Figure 4. Cinchona-decorated cyclodextrin, a new method proposed for organocatalyst size-enlargement: (a) 

schematic representation of the CD-anchoring through a H-bond donor unit; (b) CD-anchored cinchona thiourea 

(CD-1) and cinchona squaramide (CD-2). 

The batchwise optimization of the Michael addition of 1,3-diketones to trans-β-nitrostyrene 

catalyzed by the size-enlarged cinchona organocatalysts resulted in the formation of adducts 

with good yields (up to 95%) and excellent enantiomeric excess (up to 99%, Table 1). 

Moreover, a connection between the enantioselectivity and the hydrogen bond donor Kamlet–

Taft solvent parameter (α) was observed: solvents with lower α parameter showed higher 

enantioselectivities. 

 
Table 1. Yields for the solvents providing the highest enantioselectivities in the Michael addition reactions in 

batch mode. 

 

 

 

 

Entry Solvent 

Substrate 19 Substrate 20 

CD-1 

yield/ee (%) 

CD-2 

yield/ee (%) 

CD-1 

yield/ee (%) 

CD-2 

yield/ee (%) 

1 THF 31/91 95/89 73/88 45/91 

2 DMC 50/94 95/96 71/95 95/95 

3 toluene 88/81 95/88 75/77 67/78 

4 anisole 33/83 91/77 95/84 86/80 

5 2-MeTHF 67/97 73/98 95/97 79/99 

 

For the development of the continuous catalysis–separation platform, the biomass-derived  

2-MeTHF as solvent, diketone 20 as a reactant, and the squaramide-based CD-2 catalyst were 

chosen. Then, the effects of the ratio of the reactants, amount of catalyst, and the reaction time 

on the conversion were investigated. The results gained from the batch optimization were used 

as the starting point for the reaction design in the continuous-flow reactor. Following the 

assessment of the organocatalytic reaction in flow mode, multiple commercial membranes were 

tested to separate CD-2 catalyst from the reaction mixture. DM900, the most open membrane, 
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demonstrated 100% rejection of the catalyst and less than 5% rejection of the other species. 

Showing noticeably higher rejections and lower permeances, the other membranes were ruled 

out. 

Finally, the coupling of the flow reactor with the nanofiltration cell was carried out. 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 membrane unit was 

thermostated at 50 °C to eliminate precipitation of the product. The retentate stream, which in 

situ recycled 100% of the CD-2 catalyst and 50% of the 2-MeTHF solvent, was pumped into a 

mixing chamber where it was combined with the inlet flow containing fresh starting materials. 

The permeate stream consisted of the highly concentrated product 23 (41 g L-1) having a purity 

of 92%. The collection vessel was kept at room temperature, where the product crystallized 

allowing the final purity to reach 98%. The enantiomeric excess was 99%, as expected based 

on previous experiments. 

The CD anchor was found to have two main roles. First, it positively altered the conformation 

of the catalyst and the reagents, and, consequently, improved the catalytic performance. This 

finding was supported by ab initio methods revealing increased intermolecular interaction 

energies and decreased distances and angles between the reagents. Second, it allowed the 

complete recovery of the catalyst due to the 3-fold increase in size, which was demonstrated in 

a continuous synthesis-separation platform. 

 

 
Figure 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 a solvent. The length and volume of the 

reactor were 21 m and 9.6 mL, respectively. 

 

4.3 C3-symmetrical HubX-cinchona organocatalysts 

Following the application of cyclodextrins, the hub approach, where multiple catalytic units 

are anchored to a multifunctional core, was explored for the size-enlargement of 

organocatalysts. We have prepared four C3-symmetrical cinchona derivatives utilizing different 

types of cores and linkers (Fig. 6).  
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Figure 6. Size-enlargement using the hub approach: the structures of the C3-symmetrical cinchona organocatalysts, 

where the colors indicate the different cores exploited as building units. 

 

These organocatalysts were used to catalyze the hydroxyalkylation reaction of indole with 

ethyl trifluoropyruvate (Table 2). First, the best solvent (CPME) and the reaction time were 

selected using hydroquinine, the basic catalytic unit of the size-enlarged catalysts (up to 73% 

ee). The newly prepared Hubx-cinchonas showed significantly lower enantioselectivity (2–

29% ee).  

 

Table 2. Hydroxyalkylation of indole catalyzed by hydroquinine and the size-enlarged Hubx-cinchona 

organocatalysts. 

 

Entry Catalyst Conversion (%) ee (%) 

1 hydroquinine 82 73 

2 Hub1-cinchona 69 18 

3 Hub2-cinchona 72 29 

4 Hub3-cinchona 78 26 

5 Hub4-cinchona 77 2 

 

The deterioration of selectivity might be explained by the structure of the size-enlarged 

catalysts: as the catalytically active motifs are close to each other, they can form non-covalent 

interactions instead of coordinating the reactants. This theory is supported by our observation 

that the catalysts with longer and more rigid linkers between the core and the cinchona units 

have shown better performance. However, the hub approach utilized for the size-enlargement 

of cinchona organocatalysts to facilitate their membrane-supported recovery is proved to be a 
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viable method. The membrane separation was performed in PolarClean22 solvent at 10 bar using 

a crossflow nanofiltration rig set-up with three types of membranes (DM900, DM500, and 

20PBI.X). While the size-enlarged catalysts were retained entirely on all the tested membranes 

(Fig. 7a), the rejections of other components were between 5% and 70%. As DM900 provided 

complete retention for the catalysts, the rejections of the starting material (31) and the product 

(33) were below 30%, and it also gave the highest flux of  

6.7±0.24 L m-2 h-1 (Fig. 7b), we can conclude that out of the three examined membrane-types, 

this membrane is the most suitable for the recovery of the Hubx-cinchonas. Finally, the results 

also show that the OSN recovery of the simple hydroquinine (14) would be difficult, because 

the differences in rejection values between the product (33) and the cinchona 14 are not broad 

enough on these membranes. Therefore, the hub approach used for their size-enlargement is 

essential to achieve efficient recovery. 

  

 

Figure 7. Rejection (a) and flux (b) values for the three screened solvent-resistant membranes in PolarClean 

solvent at 10 bar in cross-flow mode. The MWs of the examined compounds are listed on the right, while the 

symbols on (a) depict their individual rejection measured on the different membranes.  

 

Next, the Michael addition reaction of 1,3-diphenylpropan-1,3-dione and trans-β-

nitrostyrene was catalyzed by Hub1-cinchona, and enantiomeric excess values up to 93% were 

observed. In comparison to the results found in the literature using cinchonidine or quinine as 

catalysts (2 and 21% ee), this is a significant advancement. Consequently, we can say that the 

size-enlarged C3-symmetric cinchona organocatalysts might provide better performance by 

reducing the number of possible diastereomeric transition states during the catalytic cycle, and 

creates a sterically more hindered space, which might lessen disadvantages like rotation or 

flexibility. However, this property is highly substrate-specific, and further investigation with a 

broader spectrum of reactants is required. 

 
22 PolarClean: methyl-5-(dimethylamino)-2-methyl-5-oxopentanoate 
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4.4 C3-symmetrical Hubx-TEMPO catalyst 

Exploiting the compact ElectraSyn reactor in an environmentally friendly organic 

electrosynthesis, biomass-derived HMF was successfully converted into DFF in a galvanostatic 

setup with 78% isolated yield and virtually 100% selectivity.[KIP-1] In comparison with previous 

literature that employed platinum, graphite (anode) and stainless steel (cathode) were chosen as 

the electrode material to achieve cost-effective operation. The roles of TEMPO and the lutidine 

base on the electrooxidation were explored both experimentally (Fig. 8a) and through DFT 

modeling (Fig. 8b), and a synergistic influence was found. 

 

 

Figure 8. Synergistic effect of the TEMPO catalyst and 2,6-lutidine base during the electrooxidation of HMF 

using (a) experimental and (b) computation methods. R: reactant, TS: transition state, P: product. 
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Next, the effects of current strength, solvent, stirring rate, temperature, catalyst molar ratio, 

and electrode surface area were investigated. Solvents with low dielectric constant were found 

to be advantageous. For further studies, acetonitrile as solvent, 10 mol% TEMPO, room 

temperature, 1 mA current strength, and 600 rpm stirring rate with graphite anode and stainless 

steel cathode were chosen. Following the reaction optimization, the application of two 

heterogeneous TEMPO derivatives (SiliaCAT®, TurboBeads™) were performed. Additionally, 

a homogeneous catalyst (Hub1-TEMPO) was also designed using the hub approach (Fig. 9).  

 

 

 

Figure 9. Schematic representation of the applied heterogeneous (a) and homogeneous (b) TEMPOs in the 

oxidation of HMF to DFF. 

 

The size-enlarged catalyst design and structure optimization were aided by computer 

modeling. The reaction pathways of the electrocatalytic conversion were studied, and the 

relative energy profiles of the commercial and designed catalysts were compared. For the 

heterogeneous catalysts, moderately slower reaction rates were observed in comparison to the 

homogeneous native TEMPO system (Fig. 10). The TurboBeads provided full conversion after 

16 h, while SiliaCAT gave a good yield (93%) in 20 h. In comparison to the native TEMPO, 

the homogeneous Hub1-TEMPO applied in equivalent mole percentage, meaning that three 

times more TEMPO units were present in the reaction mixture compared to the native TEMPO 

catalyzed reaction, showed no significant differences in the yield or the progression of the 

reaction (Fig. 10). Even when the catalyst was used such that an equivalent amount of TEMPO 

units was present in the reaction mixture (one third the mole percentage in comparison that of 

the native TEMPO), practically no change was observed in the catalytic performance. 

Therefore, we conclude that the size-enlargement did not adversely affect the catalytic 

performance. 
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Figure 10. Comparison of homogeneous and solid-supported TEMPO derivatives in the oxidation of HMF. a 10 

mol% catalyst (3 eq active units). b 3.3 mol% catalyst (1 eq active unit). 

 

The homogeneous size-enlarged C3-symmetrical tris-TEMPO derivative was successfully 

recovered using organic solvent nanofiltration. The GMT-oNF-1, NF030306, and DM300 

membranes were screened to identify the most suitable membrane for the catalyst recovery via 

diafiltration (Fig. 11). Based on the MWs, the rejection gap between the commercial TEMPO 

and the other solutes, as well as the absolute rejection of TEMPO (approx. 30–70%) were not 

sufficiently large for successful diafiltration. In contrast, the rejection of Hub1-TEMPO was 

proved to be between 90% and 100% for all the membranes. DM300 fully retained the enlarged 

catalyst (Hub1-TEMPO) while still being able to purge all other solutes effectively, showing 

rejections as low as 10–20%. Based on the concentration profile, the solutes were completely 

washed out of the system within 10–12 diavolumes, while the catalyst purity reached 100%. 

The highlighted area shows the mathematical modeling results for the catalyst purity when the 

other solutes showed rejections between 10% and 30%, requiring 10 and 12 diavolumes to reach 

virtually 100% catalyst purity. 
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Figure 11. (a) Solute rejections for different membranes in MeCN at 30 bar. The values in the boxes above each 

membrane are fluxes expressed in L m-2 h-1. (b) Solute concentration and purity profiles during catalyst recovery 

via diafiltration. The curves are modeled, while the symbols are experimental datapoints. The green area represents 

the catalyst purity when the other solutes show rejections between 10% and 30%. In the figure, Hub1 refers to 

Hub1-TEMPO. 

5. THESIS POINTS 

 

1) First, we showed that for the efficient membrane-supported recovery of pyridino-crown 

ethers and camphorsulfonamides practically 100% rejection on the membrane is needed, 

because even with 97–98% retention values approximately 20% of the compound is lost in 

10 diavolumes. Based on this observation, we explored the size-enlargement of cinchona 

organocatalysts by covalently anchoring them to a monofunctionalized permethyl-β-

cyclodextrin and we found that this is an applicable method to facilitate their nanofiltration-

supported recovery by achieving complete retention on the membrane. [KIP-2,3,4] 

 

2) We successfully prepared two cinchona-decorated cyclodextrin organocatalysts by 

covalently anchoring the cinchona derivative to a monofunctionalized permethyl-β-

cyclodextrin through either a thiourea or a squaramide hydrogen bond donor unit. The 

quantum chemical modeling revealed that anchoring to the cyclodextrin caused structural 

changes enabling more favorable non-covalent interactions between the catalyst and the 

reactants. Following the immobilization, the new organocatalysts were found to be highly 

active in Michael addition reactions performed in batch with good preparative yields (up to 

95%) and high enantiomeric excess values (up to 99% ee). [KIP-2] 

 

3) We demonstrated that to achieve high enantioselectivity in the Michael addition of 1,3-

diketones to trans-β-nitrostyrene catalyzed by the newly prepared cyclodextrin anchored 

cinchona organocatalysts the application of solvents with low α (hydrogen-bond donor 

strength) parameter is a necessary but not sufficient condition. The importance of the 

hydrogen bonds between the reagents and the catalyst is in agreement with the observed 

effect of the α factor on the ee values. [KIP-2] 
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4) The immobilization of the cinchona organocatalyst on the cyclodextrin allowed the complete 

recovery of the catalyst due to the 3-fold increase in size, which was demonstrated in a 

continuous-flow synthesis-separation platform 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 were confirmed up to 100 °C in the flow reactor, and over 18 

days of application. As the cinchona moiety can catalyze several types of organocatalytic 

transformations, the applicable broad temperature range of the CD-2 catalyst is a reaction-

dependent advantage. The integrated synthesis–separation process was demonstrated 

through the coupling of an in-line membrane separation unit to the flow reactor. The 

sustainability of the process was demonstrated by the in-line recovery of the catalyst and 

50% of the solvent. [KIP-2] 

 

5) We showed that, in the hydroxyalkylation reaction of indole, the size-enlargement of 

cinchona derivatives by anchoring them on trifunctional cores (hub approach) is an 

applicable method to facilitate their nanofiltration-supported recovery, because these size-

enlarged organocatalysts were completely rejected by all the applied membranes while the 

separation of hydroquinine was found to be insufficient with them. In the hydroxyalkylation 

reaction, we found that hydroquinine provides good enantioselectivity (up to 73% ee), while 

the size-enlarged derivatives gave significantly lower values (up to 29% ee).  Among these, 

compounds with more rigid core and longer linkers provided better results. 

 

6) We demonstrated the synergistic effect of TEMPO catalyst and lutidine base on the oxidation 

of 5-hydroxymethylfurfural (HMF) into 2,5-diformylfuran (DFF) both experimentally and 

by quantum chemical aided computation. Using non-precious stainless steel and graphite 

electrodes, we applied multiple conventional and alternative solvents in the electrooxidation 

reaction, and showed that solvents with low dielectric constant values facilitate the selective 

oxidation of HMF. [KIP-1] 

 

7) We successfully applied solid-supported TEMPO derivatives (SiliaCAT, TurboBeads) for 

the electrocatalytic oxidation of HMF into DFF. With quantum chemical aided catalyst 

design, we synthesized a size-enlarged C3-symmetrical TEMPO derivative, which was found 

to have similar activity to the native TEMPO in the electrooxidation reaction. We 

demonstrated that while the nanofiltration-supported recovery of the native TEMPO is 

inadequate, the size-enlarged derivative can be efficiently recycled. [KIP-1] 

 

6. POSSIBLE APPLICATIONS 

In the dissertation, several size-enlargement methods were explored to facilitate the 

membrane-supported recovery of homogeneous organocatalysts. Both, the immobilization on 

cyclodextrin support and the anchoring to multifunctional cores were proved to be feasible 

approaches that enabled a more-fold increase in the catalyst’s size. 

The cinchona decorated cyclodextrin organocatalyst was used to synthesize Michael adducts 

in good yield, and high selectivity, and its application in the continuous synthesis-separation 

platform with 100% catalyst and 50% solvent recycling shows great potential in the 
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pharmaceutical and related industries. Furthermore, the cyclodextrin ring was found to have a 

second role by positively altering the non-covalent interactions between the catalyst and the 

reactants. Based on this observation, the exploration of other catalyst systems enforced with the 

steric effect of the cyclodextrin ring could be beneficial.  

The immobilization of cinchona and TEMPO catalysts on C3-symmetrical multifunctional 

cores demonstrates the general applicability of this organocatalyst recovery method that can be 

applied in different fields of chemistry, e.g., in the electrocatalytic oxidation of biomass-based 

HMF into DFF; a high-value derivative with potential applications as intermediate for 

pharmaceuticals, functional polymers, fungicides, macrocyclic ligands, organic conductors, and 

crosslinking agent of poly(vinyl alcohol) for battery separations. The membrane-supported 

recovery of the homogeneous size-enlarged TEMPO derivative, the application of solid-

supported TEMPOs recovered by microfiltration or magnetic force, the alternative solvents, 

and the utilized non-precious electrodes are all essential aspects of this work that could 

contribute significantly to further research in this field. 
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