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3. Introduction and objectives 

From the conversion of hydrogen into helium in gigantic stars to the production of 

ATP in the mitochondria, catalyst promoted processes can be found universally. During 

the course of history, we have learnt to utilize catalysis for our benefit in every part of 

our life. We use them in catalytic converters to reduce the amount of emitted toxic gases, 

but catalysis also takes part in the brewing of alcohol, in the installation of windows with 

polyurethane foam, or when we are baking bread. 

Without doubt, the discovery of catalysis has significantly affected the chemical 

industry as most chemical processes use some kind of catalyst, enabling more economical 

and often selective production under moderate reaction conditions. Thanks to catalysis, 

we save energy and conserve resources while generating considerably less waste. It is a 

small wonder that catalytic methods play a pivotal role in the sustainable development 

goals of several international intergovernmental and governmental organizations like the 

United Nations, European Union, African Union, League of Arab States, etc. Also, the 

widespread application of catalysis facilitates the rapid advancement of this economically 

relevant field. 

Regarding catalyst material, countless different types like metals and metal- 

containing compounds, small organic molecules, enzymes, carbon-based nanostructures, 

etc. have been exploited. My first encounter with organocatalysis, the application of small 

metal-free organic compounds capable of catalyzing organic transformations, took place 

while I was working on my master’s thesis at the Budapest University of Technology and 

Economics (BME), Department of Organic Chemistry and Technology (SzKT). The 

research carried out by MacMillan and his co-workers on the synthesis of aspidosperma 

alkaloids employing organocascade catalysis piqued my curiosity and shepherded me 

toward continuing my studies in this field. 

 My supervisor, Dr. József Kupai, has earned his PhD degree for his work on pyridino-

18-crown-6 ethers in the Supramolecular Chemistry Research Group (BME-SzKT) under 

the guidance of Dr. Péter Huszthy. In 2013 following his graduate studies, he formed the 

Organocatalysis Subgroup (Kupai Group) with the supervision of several BSc, and later 

MSc students. His research interest laid in the synthesis and application of hydrogen-bond 

donor organocatalysts, especially in the catalytical utilization of the cinchona family. 
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As I developed a particular interest in the field of organocatalysis, I joined the Kupai 

Group as a PhD student in the fall semester of 2016. In the light of recent progress made 

in the direction of sustainable chemical applications, we have focused on the drawbacks 

of organocatalysis during my research, and we have attempted to contribute to the 

development of more eco-friendly, sustainable, and efficient organocatalytic systems. 

In comparison to transition metal catalysts or enzymes, organocatalysts are commonly 

favored for their moderate cost, lower environmental impact (toxicity), and because no 

special equipment or reaction conditions are needed for their application. Also, their 

availability and immense diversity encouraged the rapid spread of organocatalyzed 

reactions. However, these benefits are not universal, and the industrial application of 

organocatalysis is greatly hindered by the usually necessary high catalyst loading and the 

unsatisfactory reaction time.  

To overcome these drawbacks, the improvement of organocatalysts’ recyclability is 

essential. Immobilization on solid supports is a feasible method for the heterogenization 

of organocatalysts, as their recovery by filtration or centrifugation is quite 

straightforward. While several exceptional solid-supported organocatalytic methods have 

been published recently, the general applicability of this recycling concept is still hindered 

by the cumbersome transfer of catalytic activity from the homogeneous organocatalyst to 

the solid-bound form. The commonly experienced lower productivity and insufficient 

selectivity of the heterogeneous catalyst offer room for further improvement in this field. 

Otherwise, homogeneous organocatalysts have the advantage of having no such 

problems with catalytic activity like their solid alternatives, but their recovery is more 

challenging. It usually involves a phase change following the complete conversion of the 

starting material(s), when either the organocatalyst or the other compounds are transferred 

into a separate phase. The simplest case is when either of them is precipitated and 

removed by filtration or centrifugation. Additionally, liquid-liquid phase separation is 

also a frequently seen solution. Although these catalyst recycling techniques are well-

applicable on the laboratory scale, their industrial utilization can be difficult, as the 

reaction work-up becomes complex, and the use of additional chemicals (precipitating 

solvent, acid/base, etc.) increases the costs. 

Catalyst recovery without a phase-change is obviously a demanding, but doubtless a 

promising alternative for homogeneous organocatalysts. As enzymes have already been 
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retained by ultrafiltration, the use of membrane-based (ultra-, and nanofiltration) 

separation methods for smaller organic molecules appears to be reasonable. Such 

recycling methodology is sustainable with low energy consumption, and its scale-up and 

implementation in continuous and hybrid processing are relatively straightforward, thus 

feasible for industrial utilizations. However, the efficiency of separation depends on two 

key 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 by structural modification is usually required. So far, 

embedding in soluble polymers, conjugating to dendrimers, or polyalkylation anchoring 

to multifunctional cores and other subunits were the chosen synthetic methods for the 

catalyst modification. 

We have devised that further extending the possibilities for the membrane-supported 

recovery of organocatalysts would provide a particularly useful tool in the hands of 

organic chemist not only in the academia but possibly also in the industry. However, 

several complex questions are needed to be answered to reach this goal. For example, the 

stability, solvent resistance, selectivity, and fabrication process of membranes need to be 

improved. Also, solvent consumption of the membrane separation is essentially high. 

From an organic chemist point, the straightforward and diverse synthesis of weight-

enlarged catalyst should be resolved. Quite obviously, these issues require the active 

cooperation of different research fields, including synthetic organic chemistry, material 

science, process design, and quantum chemical modeling. Consequently, we have 

actively collaborated with several Hungarian and foreign specialists (United Kingdom, 

Saudi Arabia, China) from these fields throughout my PhD work. 

The objectives of my research were the following: 

• to gain experience in the recovery of hydrogen-bond donor organocatalysts 

by nanofiltration. 

• to propose new organocatalyst size-enlargement synthetic methods to 

broaden the spectrum of available preparation procedures. 

• to apply and recycle new size-enlarged catalysts. 

• to explore the possibility of an integrated synthesis–separation methodology. 
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The dissertation consists of 10 main chapters. Following the “Acknowledgments” and 

the “Table of Contents”, the current chapter “Introduction and objectives” introduces the 

subject of the research and outlines the desired goals. This is followed by the “Literature 

review”, where the background and connecting scientific results are discussed. The 5th 

chapter is the “Results and discussion”, in which the detailed description of my work can 

be read. It contains four sub-chapters separating the different topics, all of them beginning 

with a short introduction summarizing the related background and objectives of the 

individual parts. At the end, a brief conclusion outlines the main results. Finally, the main 

summary and conclusions of the complete dissertation can be seen in Chapter 6, 

“Summary and Outlook”. This is followed by the “Thesis points”, the “List of 

publications”, the “List of Abbreviations”, and finally the “References”. The “Methods 

and Materials” containing the detailed description of the preparative work is presented as 

Supporting Information (SI) to maintain a manageable length for this document. Finally, 

the articles closely connected with the dissertation can also be found in the SI. 
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4. Literature review 

4.1  Catalysis 

 

The term “catalysis”a originates from J. J. Berzelius (1835), and it describes the 

phenomenon where a reaction is accelerated by a substance which remains unchanged 

after the process.[1–4] He systematically studied and classified previously reported 

experiences, paving the way for the methodical search of new catalytic procedures. The 

hope of gaining financial profit by implementing catalysts in industrial processes has 

strongly encouraged researchers to immerse themselves in the study of catalysis. Over 

time, the spectrum of reactions accelerated by catalysts has broadened to the point where 

W. Ostwald once stated: “there is probably no chemical reaction which cannot be 

influenced catalytically”.[5] 

By the end of the 19th century, the knowledge collected by academic researchers has 

slowly transferred to the industry. As the general demand for bulk chemicals was 

growing, the minimization of by-product formation using catalysis became inevitable. 

Until the end of WWI, nitric acid (Ostwald process, 1902) was the defining raw material 

used as an explosive. Following the diminishing need for explosives, the industry turned 

to the production of synthetic fuels (Fischer–Tropsch process, 1925), and the fluid 

catalytic cracking process enabled the Allied forces to satisfy their need of fuel. After 

WWII, the trends of the catalytic industry have notably changed. The development of 

synthetic polymers dominated the petrochemical industry led by the automotive market. 

Around the 1970s, the environmental impact of the industry was slowly recognized, 

and the first steps towards environmentally benign chemistry were taken, like the catalysts 

in cars to reduce the exhaust gas emissions. Terms such as reaction selectivity and  

chemo-, regio-, and stereoselectivity were well-known for synthetic organic chemists. 

However, before the mid-1990s atom efficiency of a reaction, which describes the amount 

of reactants (mass) that is transformed into the product and how much waste is generated, 

was not taken into consideration.  

 
a The first reference to catalysis as a chemical phenomenon originates from A. Libavius from 1597, however, 

he used the term to describe the decomposition of base metals rather than the process defined by Berzelius.[5] 
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In the following decades, the concepts of green chemistry and sustainability were 

conceptualized. Sustainability can be described as “meeting the needs of the present 

generation without compromising the ability of future generations to meet their own 

needs”. At the same time, “green chemistry efficiently utilizes (preferably renewable) raw 

materials, eliminates waste, and avoids the use of toxic and/or hazardous reagents and 

solvents in the manufacture and application of chemical products”.[6,7] These concepts are 

embodied in the “12 Principles of Green Chemistry”, which provides a guide for “benign 

by design” chemical processes (Fig. 1).[8,9] As a blueprint, the United Nations proposed 

Sustainable Development Goals that should be achieved by 2030 to reach a better and 

more sustainable future for all.[10] Looking at the larger picture, chemical processes, in 

general, may directly affect these global challenges.  

 

Figure 1. Green chemistry pocket guide, the 12 principles of green chemistry (source: 

https://www.acs.org; 18.03.2020) 

 

Certainly, catalysis has a pivotal role in the introduction of clean methodologies as it 

can significantly reduce the amount of produced waste and allow mild reaction 

conditions. It can also enable regio- or stereocontrol over the reaction, this way decreasing 

the number of steps by eliminating the need for separation or purification.[11] The growing 

https://www.acs.org/content/acs/en/greenchemistry/principles/12-principles-of-green%20chemistry.html
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demand from the end-user industries (polymer and petrochemical industry, chemical 

manufacturing industry) is leading the market growth, and by the year 2025 the global 

catalyst market is expected to reach USD 35.63 billion.[12] As more than 90% of chemical 

processes use catalysts, further development of the field and answering ongoing 

challenges are both crucial.[13]  

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. Consequently, from both financial and environmental viewpoints, catalyst 

loadings and the loss of catalyst should be minimized. Clearly, a countless number of 

methods using different types of catalysts have been published over the years to challenge 

these drawbacks and discussing all of them is far beyond the extent of this work.  

Therefore, only organocatalysis and electrocatalysis are going to be addressed in the 

following chapters, as the catalysts applied during our experiments belong to these 

subgroups of catalysis. 

4.2  Organocatalysis 

4.3 Historical overlook 

 
Often referred to as artificial enzymes, organocatalysts are generally small, metal-free 

organic molecules capable of accelerating chemical transformation. This particular field 

of catalysis has already been exploited by J. von Liebig in 1860, when he observed the 

transformation of dicyan and water into oxamide in the presence of acetaldehyde.[14] 

About a century later, in 1971, two research groups, Hajos–Parrish[15,16] and Eder–Sauer–

Wiechert[17], independently reported the use of organic molecules as catalysts in 

asymmetric organic transformation. While the authors already recognized the potential of 

their research, they did not emphasize the general applicability of this method, rather 

presented their results as unique cases. In the following years, only a handful of research 

papers were published in this topic. The first real change waited until the late 90s, when 

the results of enantioselective catalytic epoxidations nourished the realization that catalyst 

with similar chemical functionality (ketone) support the transformation of analogous 

substrates (olefin).[18–20] Thus, a generally valid reactivity was observed, and the 

possibility to foretell the results applying other substrates became possible. Further 
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insight was gained by the examination of the organocatalyzed Strecker reaction, where 

the assumed hydrogen bonding driven catalytic activity already proposed the later 

recognized activation methods.[21] 

Nevertheless, the real “kick-off” of the field began at the turn of the millennium, when 

the seminal works of List et al.[22], and almost simultaneously, MacMillan et al.[23] were 

published. While the first demonstrated that small organic molecules could mimic the 

enzyme-like catalytic activity and mechanism, the latter conceptualized the field as 

organocatalysis and revealed a general activation method which is compatible with 

several organic transformations. Studying the number of published scientific papers and 

the citation numbers in this topic, the rapid growth of interest in the first decade, as well 

as the unchanged attention in the last ten years are clearly visible (Fig. 2).  

 
 

Figure 2. Annual and total number of publications related to organocatalysis (a) and their citation 

numbers (b) (Search engine: Web of Science; keyword: organocatalysis; 01.03.2020). 
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The motivation behind this great interest toward the field lies in the different 

properties of organocatalysts in comparison to enzymes, metal catalyst, etc. The 

preparative chemistry community quickly recognized the underlying advantages 

organocatalysis could offer for laboratory-scale research. Low cost and toxicity, ease of 

access, easy handling without the need for special equipment or conditions, and the 

countless new possibilities for modification have all attracted a multitude of research 

groups.[24,25] Although after the exploration of “the low-hanging fruits”, the difficulties of 

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

directions to overcome these drawbacks.[26,27] 

4.4 Advantages and disadvantages of organocatalysis 

A generally accepted fact, that organocatalysts are relatively inexpensive and 

considering the prices of the most basic commercially available compounds 

(camphorsulfonic acid, proline, quinine, etc.) this claim is essentially understandable. 

However, several highly selective and easily recyclable catalysts are modified versions 

of the basic catalytic moieties and, accordingly, their prime cost can be much higher (see 

Table 1). 

The significantly higher cost can be explained by the cumbersome multistep synthesis 

required, the expensive enantiomerically pure starting materials, and the limited market 

demand, which leads to only low-scale manufacture. Fortunately, organocatalysts show 

good stability in general: they are usually insensitive to air, moisture, and light. However, 

this does not mean that these conditions cannot influence the selectivity and productivity, 

or that stability issues cannot occur. For example, the water content of the solvent can 

strongly affect the selectivity and the reaction rate.[28] Also, incompatibility of 

thiosquaramides with silica gel and their instability in specific solvents (e.g. DMSO) 

illustrate well why reaction and work-up conditions should be chosen  

cautiously.[29],[KIP-8] The choice of solvent has especially significant importance as it plays 

a crucial role in selectivity. While the first outstanding results were mostly achieved in 

conventional solvents (diethyl ether, THF, DCM, CHCl3, toluene, etc.), by now, 

numerous examples using alternative solvents (water, 2-MeTHF, ethylene carbonate, 

propylene carbonate, etc.) or even solvent-free reactions have been published.[30–33] 



Literature review  | 13 

 

Accordingly, the application of solvent selection guidelines should be a must, as the 

solvent consumption of the chemical industry has a huge impact on the  

environment.[34–37] 

Table 1. Demonstration of the extensive range of organocatalyst prices. 

Compound Compound name Listed priceb 
Price (EUR 

mmol-1) 

 

(S)-

camphorsulfonic 

acid 

EUR 39.70/ 

100 g 
92 

 

L-proline 
EUR 117.00/ 

100 g 
135 

 

quinine 
EUR 149.00/ 

50 g 
967 

 

MacMillan catalyst 
EUR 160.00/  

2 g 
20,381 

 

(DHQ)2PHAL 
EUR 61.00/  

0.50 g 
95,036 

 

Schreiner’s thiourea 
EUR 77.10/ 

0.25 g 
154,293 

 

quinine thiourea 
EUR 229.00/ 

0.25 g 
544,663 

 

(R)-TRIP 
EUR 1460.00/ 

0.50 g 
2,198,643 

 
b Source: https://www.sigmaaldrich.com, 21.03.2020 
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Non-toxicity of organocatalysts might also be an exaggerated statement.[38] In the last 

two decades, a vast number of structures have been reported as organocatalysts.[39,40] 

Initially, they were claimed to be at an advantage to transition metal catalysts, because 

they are non-toxic and eco-friendly. However, almost no data were published about their 

potential health and environmental impact. Early representatives of organocatalysts were 

mostly natural compounds (amino acids, camphor, quinine, etc.) posing a negligible 

hazard, hence the generalized statement of lower toxicity. However, with the appearance 

of structurally more complex molecules, the bioactivity profile of the natural and 

synthetic molecules can significantly differ. Recently, several organocatalysts proved to 

be biologically active, bearing various effects like cytotoxicity or antimicrobial 

properties.[41,42] Hence, a more comprehensive study is needed in this matter, and future 

candidates should be designed in agreement with the “12 principles of green chemistry”: 

(a) less hazardous synthesis, (b) designing safer chemicals, and (c) design for degradation. 

Being aware of the presumably high value of organocatalysts, the significance of 

catalyst loading is quite straightforward. Much to the organocatalysis community’s regret 

this might be the weakest point of the field, as the applied catalyst loading typically varies 

between 5 and 20 mol%.[43] In some cases, a lower amount of catalyst still provided 

satisfactory results, but a decrease in selectivity and/or reaction rate are commonly 

experienced.[44] Longer reaction time is well-tolerable at laboratory scale (academia), but 

from industry point of view this could mean high additional cost. Thus, on the one hand 

high catalyst loading is preferable to reduce time and to ensure good 

selectivity/productivity, but on the other hand it also means higher costs. 

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, but heterogeneous alternatives quickly followed them. Today, both types 

offer viable recycling options, however, further improvement of the field is still essential. 

If efficient catalyst recovery is achieved, practically, most of the drawbacks connected to 

organocatalysis can be resolved (see Table 2). Furthermore, as new research papers are 

published daily in this topic, discovery of new activation methods or improvement by 

combination with other techniques will certainly be implemented.  
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Table 2. Review of advantages and disadvantages of organocatalysis. 

ORGANOCATALYSIS 

  

Claim Comment Claim Comment 

low cost 
if cheap starting materials and 

cost-effective synthesis 
high catalyst 

loading 

examples with ≤ 5 mol%, 

catalyst recycling 

less toxic 
further study in case of 

derivatives 
longer reaction 

time 

higher catalyst loading with 

catalyst recycling 

easy handling 
in rare cases incompatibility e.g. 

with silica gel    
low catalytic 

activity 
new activation methods 

ease of access -   

diversity -   

 

Looking at the chemical industry, the 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 (Table 2), it is easy to understand how they could bring added value to the 

manufacturing of high-value products.[45] To facilitate the adaptation of organocatalysis 

in industrial settings, academic research should offer more comprehensive studies to 

tackle the drawbacks of this field, especially in the areas of catalyst activity and recovery.  

 
 

4.5 Modes of activation used in organocatalysis 

 
From a mechanistic perspective, activation modes in organocatalysis can be classified 

either by (i) the covalent or non-covalent type of interactions between the catalyst and the 

substrate(s), or (ii) by the acid-base character of the catalyst.[46] However, multiple 

organocatalysts utilize different activation methods at the same time (e.g. bifunctional 

organocatalysts), therefore, precise classification of the individual organocatalysts is not 

always constructive. 
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Among covalent activation methods, the most frequently exploited type is 

aminocatalysis (Scheme 1), in which primary and secondary amines catalyze organic 

transformations.[47–51] The standard catalytic cycle begins with the acid promoted 

condensation of a carbonyl group with the (chiral) organocatalyst containing an amine. 

Then the electrophilic substrate attacks either an enamine intermediate formed by the 

removal of an α-proton (enamine catalysis), or an unsaturated iminium ion that is more 

electrophilic than the starting unsaturated carbonyl (iminium catalysis).  

 

Scheme 1. Examples for aminocatalysis: (a) proline‐catalyzed intermolecular aldol reaction 

between acetone and aldehydes; (b) imidazolidinone-catalyzed asymmetric Diels–Alder 

reaction.[47] 

 

Organo-SOMO catalysis represents a special type of aminocatalysis, in which an 

enamine intermediate is formed following the condensation of a secondary amine catalyst 

with a carbonyl compound (Scheme 2a).[52–54] In the presence of a mild oxidant, this 

enamine is converted into an iminium cation radical by single electron transfer (SET), 

which then reacts with a radicophile. This concept was principally used for the chiral 

imidazolidinone-catalyzed α-functionalization of carbonyl compounds. Additional 

techniques like photoredox organocatalysis,[55,56] and oxidative enamine catalysis[57–59] 

have also been developed (Scheme 2b). Both methods are accomplished through the 

merging of classical aminocatalysis with an oxidative step, achieved by light absorption 

or with a stoichiometric oxidant, respectively.  
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Scheme 2. Examples for organo-SOMO and oxidative enamine catalysis: (a) merging photoredox 

catalysis with organocatalysis: direct α-alkylation of aldehydes; (b) oxidative cross‐coupling of 

aldehyde and nitromethane catalyzed by diphenylprolinol silyl ether.[56,59] 

 

In covalent organocatalysis, the application of Lewis bases has been extensively 

studied, including compounds like amines, N-oxides, phosphines, P-oxides, and sulfides 

(Scheme 3).[60,61] Several different types of catalytic transformations are promoted by 

Lewis base catalysts, but they can be divided into two categories in general: the catalytic 

process is initiated either by a nonbonding electron pair of the catalyst with π* orbital, or 

with a σ* orbital of the substrate.  

 

 

Scheme 3. Quinine derived Lewis base-catalyzed [2+2] cycloadditions with in situ generated 

ketene for the synthesis of β-lactam.[60] 

Finally, chiral N-heterocyclic carbenes (NHCs) are an emerging type of Lewis basic 



18 | Literature review 

 

catalysts in the field of covalent catalysis (Scheme 4).[62–66] Fundamentally, they have 

been utilized to catalyze the ipso-functionalization of saturated or aromatic aldehydes and 

the α-functionalization of α,β-unsaturated aldehydes, but since then several organic 

transformations were facilitated by NHCs. 

 

  

Scheme 4. Selective cross-acyloin condensation of various aldehydes and formaldehyde catalyzed 

by the NHC organocatalyst thiazolium salt.[62]  

 

Non-covalent organocatalysis is dominated by catalysts containing acidic hydrogens 

capable of interacting with the substrates. In general, two groups are distinguished based 

on the degree of proton transfer in the transition state: (a) hydrogen-bonding catalysts 

where the hydrogens are still connected to the catalyst by covalent bonds, and (b) 

Brønsted acid catalysts where the hydrogens are completely transferred to the substrate, 

though not every case can be classified according to these two concepts. 

Hydrogen-bonding catalysis has become a powerful activation method (Scheme 5),[39] 

and it is still a rapidly developing area promoting more than 30 asymmetric 

transformations. The LUMO-lowering effect of these catalysts is achieved by the sharing 

of one or more hydrogen atom(s) between the substrate (hydrogen bond acceptor) and the 

catalyst (hydrogen bond donor). The most well-known hydrogen-bonding catalysts 

belong to amides, sulfonamides, phosphoramides, (thio)ureas, (thio)squaramides, 

amidinium ions, guanidinium ions, diols like TADDOL, and binaphthol 

derivatives.[39,67],[KIP-9] 
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Scheme 5. Hydrogen-bond donor organocatalyst cinchonidine catalyzed thiol conjugate 

addition.[39] 

 

In the field of Brønsted acid catalysis, the primary catalysts are the chiral BINOL-

derived phosphoric acids (Scheme 6).[68] Due to their high acidity, the applicability of the 

non-bound electron pair of the oxygen atom in the P=O bond, and the sterically hindered 

environment created by the binaphthyl units, they are highly efficient catalysts promoting 

several organic transformations. Derivatization of these into N-triflyl-phosphoramides 

further increases their acidity and, at the same time, their catalytic activity.[69] Other 

compounds belonging to this family are binaphthyl-derived disulfonic acids, 

sulfonimides, and SPINOL-derived phosphoric acids.[46] 

 

 

Scheme 6. BINOL phosphoric acid diester-catalyzed indole hydroxyalkylation with methyl 

trifluoropyruvate.[68]  

 

Following the simple hydrogen-bonding catalytic approach, further exploration of 

these compounds facilitated the development of counterion catalysis. On the one hand, 

(thio)ureas are capable of selectively binding halides, carboxylates, sulfonates, and 

phosphates. These chiral anionic complexes then interact with the heterocarbenium ion, 
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forming a close ion-pair that influences the stereoselectivity of the organocatalyzed 

reaction (Scheme 7a).[70–72] On the other hand, chiral anions can bind to achiral cations 

creating a similarly sterically hindered environment. This activation method is called 

asymmetric counteranion‐directed catalysis (ACDC), where the reaction proceeds 

through cationic intermediates. For example, salts of achiral amines and chiral phosphoric 

acids can induce asymmetry in the transfer hydrogenation reactions (Scheme 7b).[73–75] 

 

 

Scheme 7. (a) One-pot Pictet−Spengler reaction catalyzed by thiourea organocatalyst and benzoic 

acid; (b) asymmetric counterion‐mediated organocatalytic transfer hydrogenation of α,β‐

unsaturated aldehydes.[70,73] 

 

The basic concept of ACDC activation, however, originates from the classical 

asymmetric phase-transfer reactions and cinchona derivatives were already used as chiral 

phase-transfer catalysts (PTCs) in 1984.[76] In these reactions, that proceeds via an anionic 

intermediate, the anion is necessarily accompanied by a cation. If this cation is chiral, 

steric control of the phase-transfer reaction is possible. Over the years, several 

ammonium, phosphonium, and sulfonium salts have been utilized as chiral organic 

cations in organocatalyzed two-phase reactions (Scheme 8).[77–83] 
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Scheme 8. Enantioselective alkylation of glycine ester derivative with benzyl bromide catalyzed 

by cinchona PTC.[78] 

In the field of organocatalysis, one of the most flourishing activation concepts is the 

application of bifunctional catalysts. Containing two different functional groups, these 

catalysts are capable of synergistically activating nucleophiles and electrophiles in close 

proximity to each other. Furthermore, the chiral backbone enables the stereochemical 

control of the reaction in the transition state. Among bifunctional organocatalysts, the 

combination of hydrogen-bonding moieties with amino-groups is especially well-studied 

(Scheme 9).[84–92] While the hydrogen-bond donor unit (amide, urea, thiourea, 

squaramide, etc.) fixes and activates the electrophile, the amino group can either act as a 

Brønsted base (3° amine), or can form an iminium/enamine (1° and 2° amines) to activate 

and orientate the nucleophile. Catalysts bearing chelating functionality to facilitate the 

attack of the electrophile by metallic nucleophiles have also been described.[93] 

Furthermore, in order to enhance the coordination of substrates for higher selectivity and 

achieve a faster reaction rate, trifunctional organocatalyst were also exploited with 

considerable success.[94–97] 

 

Scheme 9. Bifunctional cinchona organocatalyst-catalyzed enantioselective conjugate addition of 

nitromethane to chalcone.[85] 
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Recently, the internal or external combination of organocatalysis with other types of 

catalysts is a rapidly growing research area. These multicatalysis-systems can provide a 

solution for the drawbacks of the individual activation modes, because the two different 

catalysts can synergistically activate the reactants, simultaneously combining the 

advantages of both families. Particularly, a combination of aminocatalysis or hydrogen-

bonding catalysts with Lewis or Brønsted acids show promising results (Scheme 10a).[98–

101] Also, organoselenium catalysts received considerable attention lately, per se and in 

combination with other organocatalytic moieties (Scheme 10b).[102–104] 

 

 

Scheme 10. (a) Cooperative metal- and organocatalysis in asymmetric aldol reaction of 

cyclohexanone with o-nitrobenzaldehyde;[99] (b) selenourea-thiourea catalyzed asymmetric 

conjugate addition of piperidine to α,β-unsaturated ester.[104] 

 

4.6 Recovery of organocatalysts 

 
Organocatalysts have classically been used as homogeneous catalysts and their 

recovery by chromatography is unambiguous. Obviously, under standard conditions, this 

method is applicable only on laboratory scale and does not comply with the expectations 

of sustainable manufacturing. As the catalyst holds particular value and might also cause 

toxicity problems, catalyst recovery has become a key question of modern chemistry. 

Nowadays, most industrial catalytic processes are performed in biphasic systems, 

where the catalyst is heterogeneous.[105] Although their activity and selectivity are 
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frequently lower than those of the corresponding homogeneous catalysts, heterogeneous 

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

reaction mixture enabling excellent recycling efficiency. Even though homogeneous 

catalysts are commonly more effective by means of activity and selectivity, catalyst 

recycling and product separation both pose a challenge to develop industrially feasible 

processes.[106] 

 

4.6.1.1 Heterogeneous organocatalyst recovery 
 

Heterogenization of organocatalysts is a common method for their recovery from the 

reaction mixture, either by precipitating the homogeneous catalyst, or by using a 

heterogeneous catalyst.[107] The latter method has the advantage that no additive is needed 

for the catalyst recovery which is usually performed by microfiltration, centrifugation, or 

by magnetic force (Fig. 3). Implementation in continuous processes is also favored, as the 

necessary reactors (e.g. packed reactors, membrane units, etc.) are readily available.[108–

114]  

Heterogeneous organocatalysts are usually fabricated by covalent anchoring to a solid 

carrier, but non-covalent immobilization techniques have also been described.[115,116] As 

solid support, for example, silica gels,[117–119] organic polymers,[108,120–123] magnetic 

nanoparticles,[124–126] graphene oxide,[127,128] chitosan,[129] dendrimers,[130] fullerene,[131] 

and carbon nanotubes[132] were utilized.  

Covalent immobilization of organocatalysts on solid backbone seems more feasible 

in comparison to enzyme or metal-based catalyst anchoring. Incorporation of enzymes in 

a solid matrix can deeply affect their complex structure, thus, significantly altering the 

properties of the enzyme. Therefore, translation of the catalytic activity from the 

unanchored enzyme to the immobilized is not clear-cut. Metal catalysts bound to solid 

support often suffer from intensive metal leaching, causing rapid loss of catalytic activity 

and the potential of metal contamination in the product. However, regeneration is usually 

possible by reloading with metal.[107]  

Immobilization of organocatalysts is usually straightforward, though the method of 

anchoring has a significant impact on the activity: both the ratio of the catalytic unit to 

the extent of backbone, and the linker between them needs to be considered. Furthermore, 
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the size and stability (geometry, pressure, and solvent resistance) of the particles are also 

crucial. Loss of catalytic activity or decrease in selectivity are commonly experienced 

drawbacks of solid-supported organocatalysts,[133–135] but as a result of the research 

community’s tireless work several successful designs have been demonstrated  

(Scheme 11).[112,136–138] 

 

 

Figure 3. Schematic representation of homogeneous organocatalysts anchoring to solid-support, 

and then the recovery of the heterogeneous catalyst following the organocatalytic reaction. 

 

 

Scheme 11. Michael addition of pentane-2,4-dione to trans-2-(2-nitrovinyl)furan catalyzed by PS‐

supported chiral squaramide organocatalyst.[133] 
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4.6.1.2 Homogeneous organocatalyst recovery 

To simplify the rather cumbersome separation and recovery of homogeneous 

organocatalyst, several recycling methods have been investigated throughout the decades 

(Fig. 4). In some cases, these procedures do not require the synthetic modification of the 

native organocatalyst. Hence, the catalytic activity and physical properties remain 

unchanged. However, in order to facilitate their recovery, structural changes are 

sometimes necessary. In comparison to heterogenization on solid supports, these 

modifications are well-defined, therefore the change in catalytic activity might be 

avoided, for example, with the incorporation of linkers. Unfortunately, the prime cost of 

the modified catalyst is usually higher, and a disadvantageous change in physical 

properties (like solubility in specific solvents) can occur. Still, the generally higher 

catalytic activity and faster reaction kinetics of modified and unmodified homogeneous 

organocatalysts are such desirable properties that improvement of their recovery would 

be highly profitable, thus, it is a popularly investigated field of research. 

 

Figure 4. Schematic representation of the application and recovery of homogeneous modified or 

unmodified organocatalysts by nanofiltration (NF), liquid-liquid and solid-liquid phase extraction, 

and precipitation. 
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Besides immobilizing on solid supports, the other method for heterogenization of 

organocatalysts is precipitation of the homogeneous catalyst. This is usually done by the 

addition of a solvent in which the catalyst is insoluble (Scheme 12),[139–143] however, other 

methods like temperature adjustment,[144,145] pH change,[146] or adsorption onto fluorous 

powder[147] are also available. Furthermore, the reverse solution is also possible where the 

product is precipitated, and the catalyst is recovered as the filtrate.[148–150] Unfortunately, 

co-precipitation of impurities, need of additives (solvent, acid/base), and incomplete 

catalyst separation are commonly experienced drawbacks. 

 

 

Scheme 12. Michael addition catalyzed by C2-symmetrical chiral squaramide organocatalyst 

recyclable by precipitation. Following the reaction, the solvent was evaporated and the product was 

extracted from the residue with Et2O. Sedimentation of the suspended catalyst was achieved by 

means of ultracentrifuge.[140] 

 

Other than the solid-liquid phase separations (Scheme 13), homogeneous 

organocatalyst recycling methods with alternative approaches are also available. Liquid-

liquid phase separation is a commonly used convenient method where after the 

consumption of the starting materials either the catalyst or the product is extracted with 

an immiscible solvent.[151–153] Besides conventional solvents, the application of deep-

eutectic-solvents,[154] ionic liquids,[155,156] micellar media,[157] and switchable‐

hydrophilicity solvents[158] were also investigated. 
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Scheme 13. Aza-Henry reaction catalyzed by a hydrophobic anchor‐tagged asymmetric amino 

thiourea catalyst recyclable by solvent change. Removal of DCM followed by addition of MeCN 

led to the precipitation of the catalyst.[143] 

 

From the point of catalyst recycling, organocatalysts containing a fluorous tag form a 

special group.[106,159,160] For the separation of fluorous and non-fluorous molecules, simple 

protocols like fluorous solid-phase extraction (FSPE) or fluorous liquid–liquid extraction 

(FLLE) can be used. Utilizing fluorous silica (FluoroFlash®) as the stationary phase, 

FSPE is capable to quickly separate all fluorine-containing molecules from all non-

fluorous components (Scheme 14). In case of FLLE, a fluorous liquid phase is used to 

extract fluorine-tagged molecules. 

 

 
Scheme 14. One‐pot asymmetric synthesis of dihydrofuranone spirooxindoles catalyzed by a 

fluorous bifunctional organocatalyst recyclable by FSPE using fluorous silica gel cartridge. The 

cartridge was eluted with 80:20 MeOH/H2O for product and other non‐fluorous components, and 

then eluted with pure MeOH for the catalyst.[160] 
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4.6.1.3 Homogeneous organocatalyst recovery by organic solvent 

nanofiltration (OSN) 

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

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

role in the fine chemical, pharmaceutical, petrochemical, food, agricultural and related 

industries.[161,162] In comparison 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 in 

most cases they do not require a phase change and operate at relatively mild conditions, 

therefore, membrane separation of sensitive compounds is feasible.[163] Owing to the 

several attractive features of this field, membrane separations are both well-developed 

and widely used in industrial procedures.[164] 

Membrane processes are classified based on the pore size of the membrane  

(see Table 3). Nanofiltration was introduced in the 1980s, and it is located between 

ultrafiltration (used for the separation of colloidal material, proteins, etc.) and reversed 

osmosis (typically used in water purification). At first, nanofiltration was mostly applied 

in water treatment by using water-resistant nanofiltration membranes, particularly for the 

removal of natural and synthetic organic matter,[165,166] salts,[167] and dyes[168]. Following 

the appearance of solvent-resistant membranes around the turn of the millennium, 

nanofiltration became feasible for organic solutions.[169,170] 

Organic solvent nanofiltration (OSN), also called as solvent-resistant nanofiltration 

(SRNF), is capable of distinguishing molecules in the range of 50–2000 Da by only 

applying a pressure gradient. OSN operations can be classified as one of the three 

conceptually simple operating modes: concentration, solvent exchange, and purification. 

These can be used in several different processes and arranged in different ways or 

combined with classical separation techniques to develop a wide range of applications.[171] 

OSN requires durable solvent-resistant membranes that preserve their separation 

characteristics in multiple solvents without a change in their morphology. Therefore, 

considerable research has been done to improve their performance, providing low  
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Table 3. Classification of membrane process types, and illustration of the representative solutes 

retained by the given filtration type.[172] 

Process type Membrane pore size (nm) Application examplesc 

microfiltration 50–500 
yeast, fungus, bacteria, oil 

emulsion 
 

ultrafiltration 2–50 
colloidal solid, virus, protein, 

polysaccharide 
 

nanofiltration ≤2 
catalysts, dyes, antibiotics, API 

impurities 

 

reverse osmosis 0.3–0.6 water, inorganic ions 

 

 

molecular-weight cut-offd values and high permeancee, facilitating the widespread 

industrial utilization of OSN.[171,173–175] 

For the fabrication of membranes polymeric and inorganic materials can be used. The 

two main types of polymeric membranes are integrally skinned asymmetric membranes 

and thin film composite membranes. While the former type has a skin layer on top of a 

more porous sublayer with the same composition, the latter consist of an ultrathin 

separating layer prepared on top of a chemically different porous support. In the group of 

inorganic representatives, ceramic membranes generally have a thin membrane layer with 

one or more intermediate layers supported by a porous ceramic base. Finally, mixed-

matrix membranes (organic–inorganic membranes) are supposed to combine the best 

properties of both material types. Recently, other than the common polymers[176] and 

ceramics[177], the application of two-dimensional nanoporous materials (graphene, 

 
c Picture sources and credits: (i) Escherichia Coli bacteria: https://en.wikipedia.org/wiki/ 

File:EscherichiaColi_NIAID.jpg, Rocky Mountain Laboratories, NIAID, NIH; (ii) COVID-19 virus: 
https://phil.cdc.gov/Details.aspx?pid=23312, Alissa Eckert, MS, Dan Higgins, MAMS. 
d Molecular-weight cut-off (MWCO) defines the molecular weight at which 90% of the solute is rejected by 

the membrane. 
e Flux is the flow rate of a filtrate passing through the membrane per unit area of membrane. The pressure 

normalized flux is the permeance. 
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graphene-oxide, transition metal dichalcogenides, boron nitride, etc.),[178] metal- and 

covalent-organic-frameworks,[179] and also carbon quantum dots[180] have been suggested. 

The sustainability assessment of OSN processes has been thoroughly performed, and 

from greener membrane fabrication through more efficient process development to scale-

up, significant progress towards environmentally friendly solvent-resistant separations 

has already been made.[181–183] Its scale-up and implementation in continuous and hybrid 

processes are rather straightforward, therefore feasible for industrial utilizations.[108,184] 

Consequently, OSN is a sustainable recycling technique for homogeneous 

catalysts.[185,186] However, leaching of the catalyst into the permeate and subsequent 

decrease in conversion or selectivity are significant drawbacks. Therefore, for viable 

industrial processes, practically 99.99% retentionf of the catalyst is needed.[4] In Fig. 5, a 

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

of the catalyst is morefold higher than that of the product. 

 

Figure 5. 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. 

 

During the filtration process, the catalyst accumulates in the retentate, while the 

product can be easily pushed through the membrane and retrieved from the permeate. The 

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

 
f Rejection, also called retention, is the ratio of the concentration of a solute in the permeate and in the retentate. 
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et al.,[187] followed by rapid progress in the field.[185] As the efficiency of separation is 

largely 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)g of small catalysts is usually required.[4,186,188],[KIP-5] 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. 6a).[187,189–197] These synthetic approaches 

were demonstrated in various process configurations (Fig. 6b). 

 

Figure 6. Membrane assisted recovery of homogeneous organocatalysts: catalyst MWE approaches 

(a), and the employed reactor types in the hybrid processes (b). References: soluble polymer[187,189–

193]; dendrimer[194,197]; multifunctional core[195]; benzoyl subunit[196], continuous membrane 

reactor[187,189–193]; photooxidation reactor + nanofiltration (NF)[194]; stirred tank reactor + 

NF[195,196,198]; UF: ultrafiltration, NF: nanofiltration 

 
g In the dissertation „size-enlargement” is used as a synonym of MWE.  
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Similarly to enzyme membrane reactors applied on a scale of 100 ton per year for the 

synthesis of fine chemicals, soluble polymer bound organocatalysts – sometimes called 

as chemzymes – can be efficiently retained in membrane reactors. The retention depends 

significantly on the MW and the three-dimensional structure of the polymer. Low MW 

and linear polymers pass faster through the membrane than high MW and branched 

polymers. However, the synthesis of linear polymers is less cumbersome, and increasing 

the MW can raise the viscosity of the polymer solution causing low permeance.[187,189–193] 

Having repetitively branched tree-like structure with a spherical shape, dendrimers 

are particularly suitable for nanofiltration. In comparison to the less well‐defined 

polymeric systems, catalyst loading of dendrimers can be determined exactly. Therefore, 

a direct comparison with the unsupported organocatalyst is possible, providing valuable 

information for catalyst development.[194,197] 

Polyalkylation using multifunctional cores is a method for MWE where the number 

of catalytic units in each enlarged catalyst molecule is increased, and the extent of non-

functional “spacers” in the enlarged molecule is reduced in comparison to polymer or 

dendrimer supports. Additionally, the flexibility of the resulting enlarged molecule can 

be varied by the type and the length of the linker connecting the core and the catalytic 

units. For example, a short rigid bond between the catalytic subunit and a benzene 

backbone can decrease the flexibility, thus, maintaining the increased size in all directions 

and leading to higher rejections.[195] C3-Symmetrical structures gained a special interest 

in asymmetric catalysis, because they are presumably capable of reducing the number of 

possible diastereomeric transition states during the catalytic cycle and create a sterically 

more hindered space, which might lessen disadvantages like rotation or flexibility.[199] 

Finally, enlargement of molecule size by attachment of a benzoyl subunit was also 

proved to be effective at facilitating the organocatalyst recycling by membrane filtration. 

This method offers a straightforward and cheap solution in comparison to other methods; 

however, the application of more bulky subunits might lead to better rejection values.[196] 

Recently, Großeheilmann et al. also reported a case where the initial size of the 

bifunctional phosphonium catalyst, used in the atom-economic conversion of butylene 

oxide and CO2 into cyclic carbonate, was already sufficient for its recycling by OSN.[200] 

In summary, we can conclude that the recovery of organocatalysts is a rapidly 

developing field, and further explorations of the recycling techniques mentioned above 
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will surely resolve the reusability and related issues of this highly promising area of 

catalysis, while enabling the possibility of a bright future for organocatalysis even in 

industrial processes. 

 

4.6.2 Organocatalyzed Michael addition reaction and hydroxyalkylation 

of indole: verification of catalytic activity 

 
As discussed in the previous chapter, synthetic modification of catalysts is a 

commonly utilized method to tackle the drawbacks of organocatalysis, primarily to 

facilitate their recovery. While these changes, including covalent and non-covalent 

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

the structure can negatively affect their catalytic activity. For example, during co-

polymerization, the organocatalyst might be closed within the inner part of the polymer 

bead making it inaccessible for reactants, or either the repeating unit of the polymer or 

even the linker could act as a competitive active site promoting the formation of racemic 

product, resulting in lower stereoselectivity. In case of MWE of homogeneous 

organocatalysts, attachment of bulky groups in the close vicinity of the catalytical site 

might create a sterically overly hindered environment causing slower reaction rate, or 

even complete interception of the reaction. 

Accordingly, verification of the catalytic activity is necessary following the structural 

modification. In order to prove the unchanged productivity and/or selectivity of the 

modified catalyst, application in organic reactions in which the native catalyst performed 

well is advantageous. Utilization in an organocatalytically new organic transformation 

could result in misinterpretation of the data as the origin of these results is ambiguous. In 

case of low performance, either the modification or the native catalytic unit could be the 

source of the problem. 

During my PhD work, I am mainly interested in the development of novel bifunctional 

hydrogen-bonding organocatalysts. As discussed earlier (Chapter 4.2.3), commonly used 

H-bond donor units are amides, sulfonamides, phosphoramides, (thio)ureas, and 

(thio)squaramides (see Fig. 7).[39,67] The lower pKa values of the thio derivatives proved 

to be beneficial in organocatalytic transformations.[KIP-9] 



34 | Literature review 

 

 

Figure 7. Examples for mono and dual H-bond donor units applied as hydrogen-bonding 

organocatalysts.[39,67],[KIP-9] 

 

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

forming organic transformations, like aldol reaction, (hetero-)Diels–Alder cycloaddition, 

Baylis−Hillman reaction, Henry reaction, Friedel–Crafts reaction, Michael addition, etc. 

(Scheme 15); providing solutions to challenging transformations of great importance to 

asymmetric synthesis. Both, the various H-bond donor motifs and the diverse catalyst 

frameworks to incorporate those have contributed to the considerable interest toward 

hydrogen-bonding organocatalysts. 

 

Scheme 15. Examples for organocatalyst containing mono H-donor units: (a) Modified proline-

amide derivative applied in Aldol addition reactions; (b) Hetero-Diels–Alder reaction catalyzed by 

oxazoline-camphorsulfonamide derivative to yield dihydropyrones.[39,201] 
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These types of catalysts are commonly applied in bifunctional organocatalysis, 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, to the several modification possibilities, to the highly basic quinuclidine N-

atom,[KIP-7] and to the hydroxyl group capable of acting as a hydrogen-donor. 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 (Scheme 16). 

 

Scheme 16. Application of cinchona-thiourea organocatalyst in the enantioselective 1,4-addition 

of malononitrile to chalcone. The red color shows the cinchona skeleton, while the green and blue 

depicts the H-bond donor and acceptor site, respectively.[39] 

 

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

performed using bifunctional hydrogen-bonding organocatalysts. Up to now, a wide 

variety of Michael donors (nucleophilic carbanions) and Michael acceptors (α,β-

unsaturated carbonyl or other electron-withdrawing group-containing compounds) have 

been described. A classic example is the cinchona-squaramide catalyzed addition of 

pentane-2,4-dione to trans-β-nitrostyrene (Fig. 8a).[108] 
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Figure 8. (a) Michael addition of pentane-2,4-dione and trans-β-nitrostyrene catalyzed by a 

bifunctional cinchona-squaramide organocatalyst;[108] (b) Plausible transition states during the 

Michael addition of pentane-2,4-dione to trans-β-nitrostyrene; (c) Michael addition is a feasible C–

C bond formation technique applicable for the synthesis of several APIs.[202] 

 

Mechanistic investigations of the bifunctional H-bond donor catalyzed Michael 

additions of 1,3-dioxo compounds to nitroalkenes revealed several possible reaction 

pathways.[203–209] Following the deprotonation of the CH-acidic dioxo compound by the 

basic quinuclidine N-atom, the reaction proceeds through the nucleophilic attack of the 

electron-poor olefin by the formed enolate. In case of thioureas and squaramides, a 

plausible transitional state is where the dual hydrogen-bond donor fixes the Michael 
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acceptor nitrostyrene. At the same time, the previously formed quinuclidine ammonium 

cation interacts with the Michael donor enolate (Concept A, Fig. 8b). According to 

another concept, the activation of the individual reactants occurs on the opposite site of 

the catalysts: the dual hydrogen-bond donor motif interacts with the enolate, while the 

quaternary ammonium cation fixes the Michael acceptor through its nitro group  

(Concept B, Fig. 8b).  

As only mild reaction conditions are needed, the asymmetric Michael addition is a 

feasible C–C bond-forming reaction for the synthesis of active pharmaceutical ingredients 

(APIs), like Oseltamivir, Baclofen, Prostaglandin E1, and other biologically active 

compounds (Fig. 8c).[202] 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 formed rapidly with high yield and 

good selectivity, it requires no special reaction conditions, a wide variety of solvents are 

suitable for Michael reactions, and a broad range of Michael donors and acceptors are 

commercially available. 

Besides Michael addition, the importance of H-bond donor motifs in the cinchona 

catalyzed hydroxyalkylation of indoles has been experimentally also proven. Török et al. 

demonstrated the commercially available cinchona alkaloids promoted, clean and fast 

addition of ethyl 3,3,3‐trifluoropyruvate to several indole derivatives.[210] Exploiting the 

pseudoenantiomers of the cinchona family, both enantiomers of the adduct have been 

prepared with comparable selectivities (Scheme 17). O-Acetyl derivatives of the 

cinchonidine and cinchonine showed significantly lower selectivities, which 

demonstrates the vital role of the H-bond donor unit in the catalytic cycle. For a detailed 

review on the name, structure, and stereochemistry of cinchona alkaloids refer to the work 

of K. M. Kacprzak.[211] 

To conclude, the Michael addition and the hydroxyalkylation of indole are both 

feasible test reactions for the quick, straightforward, and reliable verification of the 

organocatalytic activity after the modification of cinchona based and other hydrogen-

bonding bifunctional organocatalysts. 
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Scheme 17. Enantioselective hydroxyalkylation of indole with ethyl 3,3,3-trifluoropyruvate 

catalyzed by different cinchona alkaloids. Both enantiomers of the adduct is available with the 

appropriate pseudoenantiomer of the catalyst. O-Acylation of the H-bond donor motif results in 

significant deterioration of the selectivity.[210] 

4.7  Electrocatalysis 

4.8 The untapped potential of organic electrosynthesis 

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. For over a century, chemists have appreciated the power of 

electrochemistry, and most of the effort in this field has been devoted to renewable 

energy, sensors, batteries, and commodities. Though the foundational exploration of 

electroorganic chemistry began in the 1830s with Faraday’s pioneering work, for decades, 

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

unrewarding.[212] 

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

expanding availability of commercial electrodes, the field of organic electrosynthesis 

experiences a renaissance. As the easy-to-use electrolysis devices are arriving at the 

laboratories of conventional chemists,h application of electrochemistry in all fields of 

organic chemistry is escalating.[213] 

 
h Like the IKA ElectraSyn 2.0, https://www.ika.com 
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Among others, electrochemical platforms have the potential to provide an 

environmentally friendly solution for the oxidation of sensitive compounds. Because of 

the multitude of adjustable reaction parameters — such as electrode material, 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.[214] Furthermore, by 

using renewable energy sources and recyclable catalyst/electrolyte systems, 

electroorganic methodologies could offer sustainable synthetic processes.[215,216] 

The recent resurgence of embracing electrochemistry in organic synthesis suggests 

that electrosynthesis is a promising strategy. Indeed, several new interesting applications 

in the synthesis and functionalization of organic compounds by direct and redox‐mediated 

electrochemical processes have been described.[217–219] Furthermore, the combination of 

electrochemistry with transition metal catalysis,[220] or biocatalysis[221] truly shows the 

untapped potential this field still carries. 

4.9 Electrochemical oxidation of biomass-based HMF to DFF 

 
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 wastes, 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.[222–226] 

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

block within the furan family that attracted a lot of interest lately (Fig. 9).[227–229] 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.i 

 

 
i 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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Figure 9. Annual number of publications related to HMF and DFF (Search engine: Web of Science; 

keywords: 5-hydroxymethylfurfural and 2,5-diformylfuran; 16.10.2019). 

 

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

derivatives.[230–237] The dialdehyde derivative 2,5-diformylfuran (DFF) is a particularly 

useful derivative of HMF (see Table 4) with potential applications as intermediate for 

pharmaceuticals[238], functional polymers[239–241], fungicides[242], macrocyclic 

ligands[243,244], organic conductors[245], and crosslinking agent of poly(vinyl alcohol) for 

battery separations[246]. 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 

key role in the efficiency of the production. Therefore, several homogeneous and 

heterogeneous metal-promoted (vanadium, manganese, and precious metals) oxidation 

procedures have been suggested for the synthesis of DFF.[247–259]  
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Table 4. Comparison of selective electrocatalytic oxidations of HMF to DFF. 

 

Ref. 
Anode/ 

Cathode 
Catalyst Solvent 

DFF  

selectivity (%) 
Yield (%) 

[260] Pt/Pt - 
DCM/ 

aq. electrolyte 
>99 68a 

[261] PtRu/Pt - H2SO4 (aq) 89 40b 

[262,263] Pt/Pt 
4-AcNH-

TEMPO, KI 
DCM/ 

aq. electrolyte 
69 58a 

a isolated yield, b calculated yield 

 

The scientific literature on the electrocatalytic oxidation of HMF to DFF is scarce 

(refer to Table 4). Skowroński et al. performed a selective electrooxidation with a Pt 

anode in a biphasic system, using acetic acid or inorganic salts as supporting 

electrolytes;[260] Cao et al. utilized a PtRu alloy to exploit the simultaneous generation of 

electricity on the cathode in a membrane-electrode reactor.[261] 

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

indirect oxidation of primary and secondary alcohols.[219] Particularly, 2,2,6,6-

tetramethylpiperidinyl-N-oxyl (TEMPO) and its derivatives are common oxidants with 

industrial and laboratory-scale applications.[264–267] The application of inorganic 

salts/TEMPO systems is a well-established method.[268–272] Under electrochemical 

conditions, the formation of the active reactant from persistent organic radicals can be 

accomplished in the absence of chemical oxidants.[262,263] The catalyst promoted 

electrooxidative synthesis of DFF in a biphasic system, using 4-acetamido-TEMPO and 

a recyclable NaHCO3 (aq)/KI electrolyte, was demonstrated.[262,263] 
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4.3.3 Recovery of TEMPO catalyst 

 

As it was already discussed in earlier chapters, catalyst recovery plays a pivotal factor 

for meeting ecological and economic demands in the pursuit of sustainable chemical 

transformations. Although electrocatalytic oxidation cannot be considered as a classical 

organocatalyzed reaction, TEMPO as an oxidative mediator between the substrate and 

the metal electrodes, in itself, fully complies with the requirements of an organocatalyst. 

Therefore, the various recycling methods discussed in Chapter 4.2.4, theoretically can 

also be utilized for the recovery of TEMPO catalysts.  

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 

(Scheme 18).[273–276] However, to the best of our knowledge size-enlargement of TEMPO 

catalyst have not been used up until now to facilitate its recovery with membrane 

filtration. 

 

 

 

Scheme 18. Montanari type oxidation using the heterogeneous multi-walled carbon nanotube 

grafted TEMPO pre-catalyst with 1,3-dichloro-5,5-dimethylhydantoin as the terminal oxidant.[273] 
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5. Results and discussion 

5.1  Pyridine-, and piperidine-based crown ethers, 

camphorsulfonamides 

 

5.1.1 Introduction and objectives 

 
The Supramolecular Chemistry Research Group has a long history of preparing and 

studying crown ethers. These macromolecules have several attractive properties,[277] but 

their cumbersome synthesis and purification hinder their practical application.[278–285] At 

the beginning of my PhD work, we intended to overcome these difficulties by using OSN 

to increase the yield due to the more effective separation of the starting materials and the 

crown ether products. 

At the same time, we have also begun our work to develop new hydrogen bond donor 

organocatalysts. Having in-depth experience of crown ethers containing heterocycles, we 

explored the application of pyridine- and piperidine-type derivatives [(S,S)-1 and 

(R,S,S,S)-3] as organocatalysts (Fig. 10). The two amide groups could act as hydrogen 

bond donors, while the remaining nitrogen atom bears the needed basicity. Accompanied 

with the chiral framework of the optically pure crown ether, they are potential candidates 

to catalyze conjugate additions, such as the Michael reaction.[286] Also, to gain further 

insight into the applicability of pyridine- and piperidine-based compounds, we also 

studied versatile camphorsulfonamides[287] having similar building units [(S)-5, (S,S)-6, 

and (S)-7; see Fig. 10]. Following the catalytic reactions, preliminary studies were carried 

out to evaluate the feasibility of OSN for recovery of these organocatalysts.  

Unfortunately, both the crown ethers and the camphorsulfonamides proved to be poor 

catalysts for the Michael reaction of 1,3-dioxo compounds and trans-β-nitrostyrene. 

Thus, we discontinued the  further study of their catalytic behavior, and other families 

were explored. Nevertheless, the knowledge we gained from the nanofiltration studies of 

these compounds proved to be greatly beneficial during the shaping of our following 

projects. Therefore, I will discuss only the membrane rejection studies of these 

compounds in the dissertation, highlighting the results that became the basis for my 

following works. 
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The membrane filtrations were performed in collaboration with Dr. Gyorgy Szekely 

and his research group at The University of Manchester. The catalytic hydrogenation 

reactions were performed by Dr. László Hegedűs at the Budapest University of 

Technology and Economics (BME-SzKT). 

 

Figure 10. Studied pyridino- and piperidino-type crown ethers and camphorsulfonamides. 

 

5.1.2 Synthesis of pyridine-, and piperidine-based crown ethers, 

camphorsulfonamides 

 
We synthesized the pyridino-crown ethers by macrocyclization reaction using high 

dilution technique (Scheme 19).[288–290] We in situ prepared a solution of pyridino-2,6-

dicarbonyl dichloride (9) from the corresponding dicarboxylic acid (8), and a solution of 

chiral diamine [(S,S)-10 or (S,S)-11] were added dropwise simultaneously at a slow speed 

into the reaction vessel containing pure solvent, resulting in the new amide-type pyridino-

crown ethers [(S,S)-1 and (S,S)-2]. We obtained the piperidino derivatives by catalytic 

hydrogenation of (S,S)-1 and (S,S)-2. Considering the mechanism of the palladium-

catalyzed hydrogenation reaction, and based on literature analog[291], it can be assumed 

that the piperidine rings of (R,S,S,S)-3 and (R,S,S,S)-4 also have cis configuration.j 

 
j In these two macrocycles, the cis-isomers R,S,S,S and S,S,S,R are equal, because of their C2 

symmetry.  
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Scheme 19. Preparation of pyridino- and piperidino-type 18-crown-6 ethers. 

 

For the preparation of pyridino- and piperidino-type camphorsulfonamides, we 

selected the commercially available 2-amino-6-methylpyridine (12) and 2,6-

diaminopyridine (13). These amines were transformed into their mono- [(S)-5] and 

bissulfonamide [(S,S)-6] derivatives (Scheme 20), respectively, by treating with one or 

two equivalents of (S)-camphorsulfonyl chloride in the presence of triethylamine (TEA). 

Following the procedure used for the crown ethers, we gained the piperidine derivative 

(S)-7 by catalytic hydrogenation of (S)-5. 

 

Scheme 20. Synthesis of pyridino- and piperidino-type camphorsulfonamide derivatives. 
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5.1.3 Membrane filtration of pyridine-, and piperidine-based crown 

ethers, camphorsulfonamides 

 

Following the synthesis of the pyridine- and piperidine-based compounds, we studied 

their recovery by diafiltration. Nanofiltration processes are usually operated in 

diafiltration mode, which means that fresh solvent is continuously added to the feed in 

order to push the small compounds through the membrane and keep the concentration of 

the products constant. Membranes were fabricated based on previous methods[292,293]: 

polybenzimidazole membrane (18 or 22 wt% denoted as 18PBI and 22PBI, respectively) 

crosslinked with 1,4-bis(bromomethyl)benzene was used for the rejection experiments. 

Solutes were dissolved in toluene, 2-propanol (IPA), or THF (0.1 g L−1) and loaded onto 

a membrane disc having a surface area of 58 cm2. The nanofiltration was carried out in 

cross-flow configuration with recirculation (100 L h−1) at 20 or 30 bar. The schematic 

representation of the used membrane filtration set-up can be seen in Fig. 11. The flux, 

and the permeate, retentate concentrations were measured at steady state after continuous 

operation. As the MW and size of the pyridine- and piperidine-based compounds are 

highly similar, we can assume that their rejection values will be practically the same. 

Therefore, the nanofiltration experiments were only performed with the pyridine 

derivatives.  

 

 
 

Figure 11. Schematic diagram of the nanofiltration process comprising of a stirred feed tank, high 

pressure pump, crossflow membrane cell, pressure gauge and back pressure regulator. 
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The experimental rejections obtained for the crown ethers and their precursors are 

given as function of MW in Fig. 12a.  

 

 

Figure 12. (a) Rejection of crown ethers [(S,S)-1 and (S,S)-2] and their precursors [8, 9, (S,S)-10, 

and (S,S)-11] using 22PBI membrane in toluene at 20 bar; and (b) Simulated concentration profile 

of the compounds where the numbers on the plot indicate the rejection values (crown ethers:  

(S,S)-2 dark blue and (S,S)-1 orange; green: diisobutyl substituted diamine [(S,S)-11]; rest: other 

precursors). 
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The flux obtained was 62 L m-2 h-1. Rejections of crown ethers (S,S)-1 and (S,S)-2 are 

between 97% and 100%. The rejections of the precursors were between 16% and 33% 

with the exception of the diisobutyl substituted diamine (S,S)-11, which showed 80% 

rejection. Based on the experimentally obtained rejection values, Fig. 12b shows the 

simulated concentration profile of the compounds during diafiltration.  

Regarding the crown ethers, we can say that for efficient recycling practically 100% 

retention is needed, because with retentions such as 97.7% about 20% of the crown ether 

is already lost in 10 diavolumesk. Thus, the insufficient rejection of crown ethers leads to 

significant product loss as the nanofiltration proceeds. Nevertheless, these results also 

confirm that nanofiltration can be used for the separation of most of the precursors from 

the crown ethers, except diisobutyl substituted diamine (S,S)-11 as the MW gap between 

this compound and the crown ethers is too narrow for adequate purification.   

Next, we carried out the recovery of camphorsulfonamides. The experimental 

rejections obtained for (S)-5 and (S,S)-6 in THF, IPA, and toluene using 18PBI or 22 PBI 

membranes are demonstrated in Fig. 13a. The corresponding solvent fluxes are shown in 

Fig. 13b. As expected, the tighter membrane (22 PBI) shows higher camphorsulfonamide 

rejections but lower flux values. Having larger MW, (S,S)-6 has higher rejection 

compared to (S)-5 varying between 48% and 99%. The achieved rejection values also 

reveal that, regardless of the solvent, the rejection difference between the sulfonamides 

is smaller for the tighter membranes. Both IPA and THF can be used for efficient 

nanofiltration with 22PBI featuring a modest 20 L·m-2·h-1 and an excellent 82 L·m-2·h-1 

fluxes, respectively.  

 

 
k Membrane filtration systems are typically characterized by the volume of solvent permeated per system 

volume (number of diavolumes) which is used as a time-like parameter 



Results and discussion  | 49 

 

 

 

Figure 13. Organic solvent nanofiltration results: (a) rejection of camphorsulfonamides on PBI 

membranes at 30 bar; and (b) the corresponding solvent flux values in IPA, THF, and toluene. 

 

 

Similarly to the crown ethers, Fig. 14 shows the simulated concentration profiles of 

the camphorsulfonamide compounds during diafiltration based on the experimentally 

obtained rejection values. In line with our observations on the crown ethers, these results 

further substantiate that OSN can only be efficiently used for recovery when rejections 

are higher than 98%, as the insufficient rejection leads to significant catalyst loss during 

the nanofiltration process. For example, a rejection level of 93% means that in 10 

diavolumes processing time, we lose about 50% of camphorsulfonamide (S)-5. 
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Figure 14. Simulated camphorsulfonamide concentration profiles. The solute rejection values are 

given as percentages on the plot, from top to bottom: (S,S)-6 on 22PBI in THF (99%), (S)-5 on 

22PBI in IPA (98%), (S)-5 on 22PBI in THF (93%), and (S,S)-6 on 18PBI in IPA (80%). 

 

5.1.4 Conclusion 

 
At the beginning of my work, we studied the catalytic activity and the OSN recovery 

of pyridine- and piperidine-based crown ethers and camphorsulfonamides.[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. 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 

addressed. From the side of the OSN field, several process advancements have been 

suggested recently for the difficulties mentioned above: employing multi cascade 

configuration, solvent treatment of membranes, combination with adsorption 

processes.[292–296] 

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 catalysts was proposed 

as a solution. Therefore, several attempts to reach this goal are discussed in the following 

chapters.  
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5.2  Cinchona-decorated cyclodextrin 

5.2.1 Introduction and objectives 

 
In this chapter, the first catalyst size-enlargement method of the dissertation is 

presented, in which a cinchona derivative as the organocatalytic unit is covalently 

anchored through a linker to a monofunctionalized permethyl-β-cyclodextrin (Fig. 15a). 

The conical shape of the β-cyclodextrin can be seen in Fig. 15b. The so obtained 

cyclodextrin (CD) derivatives possess such dimensions that their recovery by 

nanofiltration is straightforward and can be performed without the loss of the catalyst. 

Clearly, an additional goal of this project was to perform the cinchona anchoring without 

the loss of its well-known high selectivity and productivity.  

Following the synthesis of CD-anchored organocatalysts, their application in batch is 

presented first. Next, an integrated synthesis–separation platform is devised, allowing the 

continuous recovery and reuse of the catalyst in the organocatalytic reaction. Such 

systems present an attractive solution for the problems homogeneous catalyst recycling 

suffers from, while also bearing the possibility to be incorporated into continuous 

operations. 

As a linker between the cinchona unit and the CD, dual hydrogen bond donor moieties, 

namely thiourea (CD-1) and squaramide (CD-2), were exploited (Fig. 15c). Thus, two 

CD-anchored cinchona organocatalysts were synthesized that differ only in the linker. 

The monofunctionalization of the CD was followed by permethylation to gain solubility 

in organic solvents. Anchoring the cinchona moiety to the CD by a covalent bond should 

provide stability needed for a robust catalytic system. Moreover, the linker also serves as 

a hydrogen bond donor to promote beneficial catalytic activity by orienting the reagents 

and the catalyst in a favorable direction. To understand the driving interactions between 

the size-enlarged catalyst and the other reaction components, the catalytic systems were 

explored by quantum chemical calculations. 

The continuous flow organocatalytic reactions and the nanofiltration process of  

CD-2 were performed in collaboration with Dr. Gyorgy Szekely and his research group 

at The University of Manchester. The computational modeling was done in collaboration 

with Dr. Tibor Höltzl and Júlia Barabás at the Budapest University of Technology and 

Economics (BME-SzAKT). 
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Figure 15. 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). 

 

 

5.2.2 Synthesis of cinchona-decorated cyclodextrin organocatalysts 

 
Various strategies are available to covalently anchor catalysts to CDs (for some 

possible variations see Scheme 21). In particular, the primary OH group at position 6 is 

the most often used anchoring point. An essential criterion for the linker is, that it must 

be stable during the catalysis. Linkers containing units such as ether, amide, triazole, 

(thio)urea, or (thio)squaramide are suitable for Michael additions. However, ester bonds 

are not generally adequate due to their limited stability in basic aqueous systems. 
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Scheme 21. Some possible linker types applicable for catalyst anchoring to CD (green: relatively 

stable, red: relatively unstable). 

 

Following the tosylation of the primary OH group, an ether bond can be obtained 

through Williamson-type reaction.[297] An alternative approach for linking the catalyst to 

the CD consists of converting the tosylate into an azide, allowing the catalyst to be 

anchored via azide–alkyne cycloaddition reaction.[298] Moreover, the reduction of the 

azide to amine results in a versatile building block, and the catalyst can be anchored via 

amide[297,299] or urea[300] bond formation.  

In our work, we demonstrated to the best of our knowledge for the first time the 

anchoring of cinchona catalyst via reacting isothiocyanate and half-squaramide cinchona 

derivatives with CD amine to obtain size-enlarged alternatives for the widely used 

cinchona-thiourea and cinchona-squaramide organocatalysts. The key intermediate 

mono-6-deoxy-6-amino-permethyl-β-cyclodextrin[301] (CD-3) and the cinchona 

derivatized amine[302] 17 were prepared based on previously reported procedures. 

Cinchona amine 17 can be synthesized using two different reaction pathways  

(Scheme 22). In Method A, a Bose–Mitsunobu reaction is followed by a Staudinger 

reaction using a one-pot reaction set-up. Method B consists of multiple steps: 

hydroquinine (14) is first converted into mesylate 15, then the so obtained leaving group 

is substituted with an azide moiety by reacting with NaN3 (16), followed by catalytic 

hydrogenation to gain amine 17. We prepared the isothiocyanate cinchona derivative (18) 

by reacting amine 17 with CS2 in the presence of DCC (Scheme 22).  
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Scheme 22. Preparation of cinchona building blocks containing amine (17) or isothiocyanate (18) 

functional groups. 

The preparation of the key intermediate mono-6-deoxy-6-amino-permethyl-β-

cyclodextrin (CD-3) can be seen in Scheme 23. Starting from commercially available  

β-cyclodextrin (CD-6), we first converted it into monotosylate β-cyclodextrin (CD-7), 

that was reacted with NaN3 to give the corresponding azide (CD-8). After permethylation 

(CD-9) using NaH and methyl iodide, the azide group was reduced either with catalytic 

hydrogenation (Method A) or with triphenylphosphine (Method B) to gain amine CD-3 

(Scheme 23). 

 
 

Scheme 23. Synthesis of the key cyclodextrin intermediate permethyl-amino CD (CD-3). 
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The thiourea type organocatalyst CD-1 was synthesized by the addition of cinchona 

amine 17 to the corresponding isothiocyanate CD-4. The latter compound was derived 

from the reaction of amine CD-3 with CS2 and DCC (Scheme 24, A1). Furthermore, we 

also prepared the isothiocyanate CD-4 from CD-9 in one step using PPh3 and CS2 

(Scheme 24, A2), but this route provided CD-4 in a lower 50% yield in comparison to the 

two-step reaction route (71% for the two steps).  

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

reaction of cinchona isothiocyanate derivative 18 and the key intermediate amine (CD-3) 

was explored (Scheme 24, B), which provided CD-1 with a higher overall yield than the 

previous one (50% vs 33%). 

  

 
Scheme 24. Synthesis of the size-enlarged thiourea (CD-1) and squaramide (CD-2) 

organocatalysts. 

Next, the squaramide type organocatalyst CD-2 was synthesized (see Scheme 24, C). 

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

from the key cyclodextrin intermediate CD-3. Addition of amine 17 to the half 

squaramide CD-5 resulted in the size-enlarged squaramide organocatalyst CD-2.  



56 | Results and discussion 

 

Among squaramide type compounds, because of the amide-like restricted rotation of 

the C-N bond, both anti and syn conformers could exist (see Fig. 16).[303] Tomás et al. 

showed that these can be investigated in solution by NMR, and the duplicated signals of 

the N-H hydrogens can be observed.[304] During the 1H NMR characterization of half-

squaramide CD-5, we observed the duplicated signals of the N-H hydrogens at 25 °C, 

confirming the presence of a mixture of syn/anti conformers with a ratio of 1–1.3, 

respectively. By increasing the temperature during the NMR experiment we observed, 

first, the broadened signals (30 °C), then overlapping (40–50 °C) and finally only one 

signal (60 °C). We estimate that the coalescence temperature is in the region of 54–56 

°C.  

 

Figure 16. Representation of the anti/syn conformers of compound CD-7 and temperature-

dependent 1H NMR of compound CD-7 (expanded for the region of the N-H protons). 

During the synthetic procedures, all compounds were characterized by well-

established methods including low- and high-resolution MS, IR, 1D and 2D NMR. Also, 

thermal analysis of the organocatalysts CD-1 and CD-2 were carried out by TGA, and 

DSC measurements, and both compounds showed good thermal stability with the start of 

heat-induced degradation around 235 °C and 250 °C, respectively.l 

 
l For further details of the TGA and DSC measurements see the supporting information of publication  
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5.2.3 Batchwise application in Michael addition reaction 

 
Before the application in the continuous-flow system, we examined the cinchona-

decorated cyclodextrin organocatalysts (CD-1 and CD-2) in batch mode. First, the most 

suitable solvent, substrate, and catalyst were chosen. Next, we investigated the ratio of 

the substrates, the amount of catalyst, and reaction time. The parameters selected in this 

chapter were the starting point for the continuous-flow reactions. 

 

5.2.3.1  Solvent and catalyst selection 
 

To evaluate the catalytic activity and selectivity of organocatalysts CD-1 and CD-2, 

Michael addition reactions of pentane-2,4-dione (19) and 1,3-diphenylpropane-1,3-dione 

(20) to trans-β-nitrostyrene (21) were selected as model reactions. In total, 22 

conventional and green solvents were screened. Enantiomeric excesses were determined 

by chiral HPLC for each reaction system (see Table 5).  

Yields were only determined for five solvents with the highest ee results (see Table 

6). As the cyclodextrin anchored catalysts are mainly meant to be applied in a flow 

system, the yields gained from the batch reactions act only as an aid to find the most 

suitable solvent providing the highest selectivity and reasonable productivity for the 

following experiments.  We achieved the best results, up to 99% enantiomeric excess and 

95% yield in 2-MeTHF, DMC, anisole, THF, and toluene solvents. 

  

 
[KIP-2], chapters 6.1 (Thermogravimetric analysis) and 6.2 (Differential scanning calorimetry).   
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Table 5. Enantiomeric excesses of the Michael addition reactions in batch mode.m 

 

 

 

 

 

Entry Solvent 

Substrate 19 Substrate 20 

CD-1 

ee (%) 

CD-2 

ee (%) 

CD-1 

ee (%) 

CD-2 

ee (%) 

1 MTBE 71 75 65 62 

2 DCM 65 87 64 65 

3 toluene 81 88 73 78 

4 MeCN 64 70 63 63 

5 THF 91 89 85 91 

6 water (2% DMSO) 16 22 13 14 

7 n-BuOH 31 37 33 40 

8 amyl acetate 55 62 54 52 

9 cyrene 64 69 65 81 

10 DMC 94 96 95 95 

11 CPME 69 74 64 68 

12 anisole 83 77 84 80 

13 DMSO 81 73 92 89 

14 2-MeTHF 97 98 97 99 

15 (S)-ethyl lactate 52 64 55 50 

16 1,2-dimethoxyethane n. d. n. d. 93 83 

17 chlorobenzene n. d. n. d. 87 94 

18 diethyl ether n. d. n. d. 90 92 

19 CHCl3 n. d. n. d. 94 86 

20 (R,S)-2-butanol n. d. n. d. 37 43 

21 MeOH n. d. n. d. 24 31 

22 2,2,2-trifluoroethanol n. d. n. d. 6 3 

 

 
m Reaction conditions: 1,3-diketone (2.5 eq), nitrostyrene (1 eq), organocatalyst (0.05 eq), solvent (1.0 mL),  

24 h, and room temperature. The enantiomeric excesses were determined by HPLC analysis (Chiralpak® IC 
column). 
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Table 6. Yields for the solvents providing the highest enantioselectivities in the Michael addition 

reactions in batch mode.n 

 

 

 

 

 

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 

 

Concerning selectivity, we found no significant difference between the thiourea  

(CD-1) and the squaramide (CD-2) type catalysts. The correlation between the 

enantiomeric excess and the solvent was examined through the pKa values and the 

Kamlet–Taft parameters[305]: hydrogen bond donor strength (α), hydrogen bond acceptor 

strength (β), polarizability (π*). The predicted pKa values and the β, π* parameters 

showed no correlation with the ee.o In contrast, as the α factor of the solvent increased, a 

decrease in the ee value was observed (Fig. 17). Thus, 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 reported in the 

literature.[198]  

 

 
n Reaction conditions: 1,3-diketone (2.5 eq), nitrostyrene (1 eq), organocatalyst (0.05 eq), solvent (1.0 mL),  

24 h, and room temperature. The enantiomeric excesses were determined by HPLC analysis (Chiralpak® IC 

column). 
o For the detailed results, see the supporting information of publication [KIP-2], chapter 4 (pp S140-S143). 
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Figure 17. Correlation of α parameter (H-bond donor strength) of solvents with enantioselectivity. 

Only solvents with low α parameter showed higher enantioselectivities. 

5.2.3.2 Optimization of the Michael reaction for flow and OSN conditions 

For the development of the continuous catalysis–separation platform, we chose the 

biomass-derived 2-MeTHF as solvent[306], diketone 20 as a reactant, and the squaramide-

based CD-2 catalyst. Following, the effects of the ratio of the reactants, amount of 

catalyst, and the reaction time on the conversion were investigated. With decreasing 

excess of diketone 20, we found no significant change after 24 h in conversion and yield 

with 5 mol% catalyst (Table 7, entries 1–5). With equivalent ratios of nitrostyrene 21 and 

diketone 20, using a smaller amount of catalyst resulted in lower conversions (Table 7, 

entries 5–8). In favor of easy separation of the catalyst from the reaction mixture, full 

consumption of diketone 20 would be preferred: the wider the MW gap between the 

separable compounds, more efficient the recovery of the size-enlarged catalyst is. Thus, 

we also studied the effect of using an excess amount of nitrostyrene 21. For equivalent 

ratios, it was found that under 24 h almost complete conversion was achieved with  

5 mol% catalyst (Table 7, entry 5). Keeping the amount of CD-2 as used before, roughly 

comparable yields were achieved (Table 7, entries 9–11) with shorter reaction time  

(12 h), while the ee was still high (98–99%). Running the reaction for 24 h showed no 

significant improvement in the yield (Table 7, entry 12). Subsequently, 5 mol% of 

organocatalyst CD-2 and 1.5 eq of trans-β-nitrostyrene (21) were used to facilitate the 

membrane separation via complete consumption of diketone 20. 
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Table 7. Optimization of batch reaction catalyzed by organocatalyst CD-2p 

 

 

 

Entry 
Diketone 

20 (eq) 

Nitrostyrene 

21 (eq) 

CD-2 

(mol%) 

Reaction 

time (h) 

Conversion 

(%) 

Preparative 

yield (%) 
ee (%) 

1 2.5 1.0 5 24 98 79 99 

2 1.5 1.0 5 24 97 60 98 

3 1.2 1.0 5 24 98 79 99 

4 1.1 1.0 5 24 99 61 98 

5 1.0 1.0 5 24 98 69 99 

6 1.0 1.0 1 24 53 n. d. 98 

7 1.0 1.0 0.5 24 47 n. d. 99 

8 1.0 1.0 0.1 24 2 n. d. n. d. 

9 1.0 1.0 5 12 n. d. 70 98 

10 1.0 1.5 5 12 n. d. 92 99 

11 1.0 2.5 5 12 n. d. 87 99 

12 1.0 2.5 5 24 n. d. 93 98 

 

5.2.4 Continuous application in a catalysis–separation platform 

 

5.2.4.1 Application of CD-2 in flow reactor: parameter optimization 

 
The results gained from the batch optimization (Table 7, entry 10) were used as the 

starting point for the reaction design in the continuous-flow reactor. The schematic 

process configuration of the continuous-flow synthesis is shown in Fig. 18. A solution of 

1,3-diphenylpropan-1,3-dione (20, 55.2 mM, 12.4 g L-1, 1 eq), trans-β-nitrostyrene (21, 

82.8 mM, 12.3 g L-1, 1.5 eq) and organocatalyst CD-2 (0.55–2.76 mM, 1–5 g L-1, 0.01–

0.05 eq) in 2-MeTHF was pumped through a coiled tube plug flow reactor at a flow rate 

of 1–20 mL min-1. The reactor was placed in a jacketed reactor housing connected to a 

thermostat, which ensured a constant temperature of 200.1 °C. The outlet stream of the 

reactor was collected in a vessel at room temperature. 

 
p Reaction conditions: 2-MeTHF (1.0 mL), room temperature. Conversion was determined by HPLC-MS. After 

reaction, the solvent was evaporated, and the crude product was purified by preparative TLC. The 
enantiomeric excess values were determined by HPLC analysis (Chiralpak® IC column). 
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Figure 18. Schematic process scheme for the continuous-flow synthesis using the size-enlarged 

organocatalyst CD-2. 

The results of the optimization are shown in Fig. 19. The conversion is depicted in 

Fig. 19a as a function of flow rate, temperature, and catalyst loading, while Fig. 19b 

shows 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, which allowed expanding the reaction temperature range up to 100 °C. 

Coupling the membrane unit downstream with the flow reactor enabled the reaction to be 

performed above the atmospheric boiling point of the solvent due to the pressurized 

system. Increasing the temperature from 20 to 100 °C enables a higher production rate 

through the increase in the maximum flow rate, which still provides 100% conversion. 

For example, increasing the temperature from 20 to 100 °C, the maximum flow rate 

increased from 4 to 16 mL min-1. Furthermore, at 100 °C, the catalyst loading can be 

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

an additional decrease in the catalyst loading compromises the maximum flow rate. 

However, the enantiomeric excess decreases significantly with increasing temperature 

(Fig. 19b). Thus, we selected 20 °C as the flow reactor temperature for the integrated 

synthesis–separation process. 
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Figure 19. Optimization of the flow reactor: the effect of flow rate, temperature and catalyst loading 

on the conversion of 20 (a), and the impact of temperature on the enantiomeric excess of 23 (b). 

The values in the diamond brackets refer to the maximum flow rate (mL min-1) that achieves 100% 

conversion. 
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5.2.4.2 Membrane screening 

 
Following the assessment of the organocatalytic reaction in continuous flow, we 

tested multiple commercial membranes for the separation of CD-2 catalyst from the 

reaction mixture. The schematic process configuration for the determination of solute 

rejections is shown in Fig. 20. The membrane area for each cell was 52.8 cm2. The feed 

solution contained trans-β-nitrostyrene (21), dioxo compound 20, Michael adduct 23, and 

organocatalyst CD-2. The flow rate for the retentate recirculation was set at 1200 mL h-1 

to ensure homogeneous solute concentration in the retentate loop. By varying the 

pressure, different retentate recirculation values were achieved. After reaching steady-

state operation (within 24 hours), both retentate and permeate samples were taken. The 

volumes of the samples were used to determine the permeance, while the sample 

concentrations were used to calculate the solute rejections. The obtained solute rejection 

and permeance values are compared in Fig. 21. To achieve efficient catalyst recovery, the 

rejection of CD-2 should be 100%, while the product and remaining reagents should have 

rejections as low as possible to enable their effective purge from the system. DM900, the 

most open membrane, demonstrated 100% rejection of the catalyst and less than 5% 

rejection of the other species. Showing noticeably higher rejections and lower 

permeances, we ruled out the other membranes.  

 

 

Figure 20. Schematic process configuration for the determination of solute rejection 
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Figure 21. 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 

for the different membrane types 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. 

 

 

5.2.4.3 Integrated synthesis–separation platform 
 

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. 22). 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% (Fig. 23). 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. 
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Figure 22. 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. The length and volume of the reactor were 21 m and 9.6 mL, respectively. 

 

 

Figure 23. Concentration profiles for the membrane separation. Underlying curves are not fitted to 

the data but were modeled based on screening data and system parameters. The final product that 

crystallized in the collection vessel reached 98% purity (99% ee). 
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5.2.4.4 Sensitivity analysis 
 

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

productivity, purity, and concentrations (Fig. 24). The recirculation was defined as the 

ratio of the retentate flow rate and permeate flow rate. The continuous process in Fig. 22 

and Fig. 23 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.  

 

 

Figure 24. Sensitivity analysis revealing the effect of the recirculation on the productivity, product 

purity, equilibrium time and the concentration of the purified product. The asterisk indicates the 

operating point for the continuous process. 

 

To demonstrate the long-term stability and reusability of CD-2, the minimum number 

of catalysis-in-flow experiments (i.e. reported in the manuscript[KIP-2]) and their duration 

were assessed.” In total, 61 experiments were reported. The duration of these experiments 

was approximately 18 days. During this time, the organocatalyst was subjected to various 

demanding conditions covering 20–100 C. The catalyst was found to be stable, and the 
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catalytic performance during the final experiments confirmed the expected enantiomeric 

excess of 99%. After application in the synthesis–separation integrated flow reactor, 

catalyst CD-2 was reanalyzed by 1H, 13C NMR, and HPLC. CD-2 showed no significant 

change after application (Fig. 25). 

 

Figure 25. 1H NMR spectrum of the catalyst CD-2 before and after application in the integrated 

synthesis–separation process.q 

5.2.5 Computational study of catalyst–reagent interactions 

 
CDs are computationally well-studied systems[307–313], however, to the best of our 

knowledge CD-anchored catalysts have not yet been explored. Therefore, we studied the 

effects of catalyst anchoring to CDs using in silico calculation methods, how it affects the 

catalyst conformation and its interaction with the reaction components. To answer these 

questions, two models have been created. One consisting of the CD-2 catalyst and the 

reagents (20 and 21), and another representing a non-CD-anchored alternative to the  

CD-2 catalyst where the CD ring has been virtually substituted with a monosaccharide, 

imitating one unit of the CD derivative (Fig. 26).  

 
q The detailed assignation of the CD-2 catalyst’s 1H NMR can be found in the Supplementary Material of the 

publication [KIP-2], page S74. 
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Figure 26. Non-covalent attractive interactions (NCI plots, isovalue: 0.5) between the reagents and 

squaramide catalysts: CD anchored catalyst CD-2 (a) and its schematic representation (b), and the 

non-bound model catalyst (c) and its schematic representation (d). 

Following the determination of the lowest energy conformers using the MMFF94 

force field, the geometries of each system were optimized using the verified  

ωB97X-D/6-31G* method. Interaction energies between the different fragments were 

computed using the Symmetry Adapted Perturbation Theory (SAPT)[314]. Non-covalent 

interaction (NCI) plots were used to analyze the secondary interactions between the 

reagents and the catalyst, as well as the effect of the CD anchoring (Fig. 26a and 26c).r 

 
r For the detailed ab initio methods, verification process, obtained coordinates, and references refer to the 

Supplementary Material of the publication [KIP-2] (Section 7, Theoretical calculations, page S168). 
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The geometry optimization showed that the catalyst anchoring does not significantly 

alter the structure of the CD ring, and although the interactions are different, the reagents 

interact with the same part of the catalyst regardless of the CD anchoring (Fig. 26b and 

26d). The NCIs are insignificant between the active site of the catalyst and the CD as only 

one squaramide NH group forms hydrogen and dihydrogen bonds with the OCH3 and CH 

moieties of the CD (Fig. 26b).  

In contrast, anchoring to the CD has major effects on the interactions between the 

reagents and the catalyst. Irrespective of the presence of the CD, the positively charged 

quinuclidine amino group interacts via hydrogen bonding with both reagents 20 and 21 

(Fig. 26b and 26d). Hydrogen bond is also present between the oxo group of reagent 20 

and the squaramide amino group, in both cases. However, dioxo compound 20 

participates in only one hydrogen-bonding with the squaramide unit of the CD-anchored 

catalyst (Fig. 26b), while the relative position of compound 20 and the squaramide moiety 

enables the formation of two hydrogen-bonds with the non-bound catalyst (Fig. 26d).  The 

absence of the second hydrogen bond decreases 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 agreement with the observed effect of the α factor on the ee values (Fig. 17). 

Based on the computational results, the relative position of the reagents became more 

favorable for Michael addition due to the covalent anchoring of the catalyst to the CD, 

which is indicated by both the decreased distances (6.3 Å vs. 4.1 Å) and angles  

(43° vs. 19°) between the reagents. In line with these observations, the SAPT calculations 

showed that the CD anchoring increased the intermolecular interaction energy between 

reagents 20 and 21 from -13 kJ mol-1 to -40 kJ mol-1. Consequently, the quantum chemical 

modeling revealed that the presence of the CD anchor results in more favorable 

interactions between the catalytic site and the reagents, which could improve the catalytic 

activity. 
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5.2.6 Conclusion 

 
In this chapter a cyclodextrin-enhanced synthetic platform using cinchona-based 

organocatalyst for asymmetric synthesis in flow was successfully established.[KIP-2] We 

prepared the size-enlarged CD-cinchona catalysts 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 attached, forming well-defined and characterized bifunctional hydrogen 

bond type organocatalysts. 

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

nitrostyrene resulted in the formation of adducts with good yields (up to 95%) and 

excellent enantiomeric excess (up to 99%). Moreover, we observed a connection between 

the enantioselectivity and the hydrogen bond donor Kamlet–Taft solvent parameter (α). 

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-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. We achieved the 

integrated synthesis–separation process 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. Additional development of 

this scalable catalysis-separation system will broaden the possibilities and facilitate the 

sustainable production of enantiopure chemicals. 

 

 

 

 

 



72 | Results and discussion 

 

5.3   C3-symmetrical HubX-cinchona organocatalysts 

5.3.1 Introduction and objectives 

 
Following the successful size-enlargement of cinchona-based organocatalyst using 

cyclodextrin subunit, in the present chapter the method of anchoring to multifunctional 

cores, called as the “hub approach”, is under examination. Siew et al. showed, that the 

immobilization of quinine on a trifunctional core is an effective method to facilitate its 

retention by nanofiltration membrane while maintaining the catalytic efficiency of the  

C3-symmetrical organocatalyst in Michael addition reaction.[195]  

Min and his coworkers,[199] and similarly Lv and others,[315] have demonstrated the 

synthesis and application of C3-symmetrical cinchona squaramide organocatalysts 

immobilized on trifunctional cores through the hydrogen bond donor units. As both 

groups experienced good to excellent selectivity in Michael addition reactions, we felt 

encouraged to further explore the organocatalytic possibilities of size-enlarged  

C3-symmetrical cinchona organocatalyst. 

Therefore, we devised four structures in which different trifunctional cores are used 

(see Fig. 27). In case of the first two compounds (Hub1,2-cinchonas), the hydrogen bond 

donor 9-OH is conserved, while in the other two molecules (Hub3,4-cinchona) this 

functional group was used for anchoring the cinchona to the core. Furthermore, the core 

unit of Hub3-cinchona is supposed to be less flexible, and Hub4-cinchona contains an 

additional basic center. Consequently, the structural differences of the proposed catalysts 

are expected to show correlation with the yield and selectivity in the organocatalytic 

transformations.  

Other than Michael addition, we intended to use these catalysts mainly in the 

hydroxyalkylation reaction of indole as cinchonas have also been successfully applied for 

these transformations. As we have seen in Chapter 4.2.5, the hydrogen bond donor motif 

has a major role in providing the selectivity in these reactions. However, the more 

complex structure of the proposed C3-symmetrical catalysts might present alternative 

activation modes. 

Following the organocatalytic reaction, the catalysts are likely to be easily recovered 

by OSN, as their sizes are in line with the needed MW difference between the catalysts 

and other components. 
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Figure 27. Outline of the project C3-symmetrical HubX-cinchona organocatalysts: (a) Explored 

structure modifications of the cinchona skeleton using copper catalyzed azide–alkyne cycloaddition 

(CuAAC) and Williamson etherification; (b) Proposed size-enlarged C3-symmetrical cinchona 

organocatalysts. The colors indicate the different cores exploited as building units. 

The nanofiltration experiments with the size-enlarged HubX-cinchonas were 

performed in collaboration with Dr. Gyorgy Szekely and his research group at King 

Abdullah University of Science and Technology (KAUST). The work presented in this 

chapter has not yet been published.  
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5.3.2 Synthesis of size-enlarged C3-symmetrical Hub-cinchona 

organocatalysts 

 

 
First, hydroquinine (14) was demethylated using BBr3 to gain compound 24, bearing 

a free phenolic hydroxyl group. With the addition of Cs2CO3, the phenolate of 

hydroquinine was formed, which could react with 1,3,5-tris(bromomethyl)benzene to 

gain the size-enlarged organocatalyst Hub1-cinchona in good yield (Scheme 25). 

Consequently, we connected the cinchona motif to the core through a stable ether bond, 

and the H-bond donor hydroxyl group remained intact. 

 

 
 
Scheme 25. Synthesis of the size-enlarged C3-symmetrical Hub1-cinchona organocatalyst by 

Williamson etherification. 
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Next, we prepared organocatalyst Hub2-cinchona in a convergent synthesis  

(Scheme 26). We converted the commercially available quinine (26) into 

didehydroquinine (27) by a Br2 addition–elimination reaction. In the meantime, we 

reacted 1,3,5-tris(bromomethyl)benzene (25) with NaN3 in a mixture of water:acetone 

1/100 to give the triazido-derivative (28). As a precaution, this reaction was only 

performed on milligram scale and all the safety rules of working with organic azide were 

followed. Finally, the alkyne (27) and the triazide (28) were bound together by a copper(I) 

catalyzed azide–alkyne cycloaddition (CuAAC) reaction which gave organocatalyst 

Hub2-cinchona with moderate yield. 

 

Scheme 26. Convergent synthesis of the size-enlarged C3-symmetrical Hub2-cinchona 

organocatalyst by CuAAC using a triazide core unit. 
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Finally, we prepared organocatalysts Hub3,4-cinchonas through a common cinchona 

azide intermediate (16). Exploiting the multi-step synthesis of amine 17, which was 

already discussed in Scheme 22 (Section 5.2.2, page 56), azide 16 can be gained in two 

steps: mesylation of hydroquinine, followed by substitution using NaN3. Then, the 

cinchona azide 16 is reacted with either 1,3,5-triethynylbenzene (29), or 

tripropargylamine (30) in a CuAAC reaction to give Hub3- or Hub4-cinchona, 

respectively, with moderate yields. 

 

 
 

 
Scheme 27. Synthesis of the size-enlarged C3-symmetrical Hub3- and Hub4-cinchona 

organocatalysts by CuAAC using a common cinchona azide intermediate and trifunctional alkynes 

with different chemical and structural properties. 
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5.3.3 Hydroquinine catalyzed hydroxyalkylation of indole 

 
Before the organocatalytic application of the new HubX-cinchonas, we tested the 

basic catalytic unit hydroquinine (14) in the hydroxyalkylation of indole. Using 5 mol% 

catalyst 14, we examined the effect of solvent on the conversion and enantioselectivity 

(Table 8). After 24 h, the best conversion was achieved in EtOH (98%), but no selectivity 

(2% ee) was observed. Examining the connection between the Kamlet–Taft solvent 

parameters and the selectivity, no clear correlation was found. However, we can conclude 

that etheric solvents are more feasible for this reaction, while application of alcohols may 

lead to the deterioration of selectivity. The highest enantiomeric excess was achieved in 

CPME (73% ee), while the conversion was still high in this solvent (82%). Consequently, 

we chose CPME for further experiments. 

Table 8. Effect of solvent on the conversion and enantioselectivity in the hydroxyalkylation 

reaction catalyzed by hydroquinine. 

 

Entry Solvent Conversion (%) ee (%) 

1 EtOH 98 2 

2 MeCN 82 36 

3 DCM 99 48 

4 DMC 92 52 

5 PolarCleans 67 52 

6 EtOAc 70 59 

7 toluene 98 61 

8 DME 81 64 

9 MTBE 88 67 

10 2-MeTHF 70 69 

11 CPME 82 73 

 
s PolarClean: methyl 5-(dimethylamino)-2-methyl-5-oxopentanoate[321] 
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Next, the reaction time was under consideration. Based on the results in CPME solvent 

at 0 °C (Table 9), we can conclude that the reaction quickly reaches equilibrium, and after 

1 h no significant change was seen neither in selectivity nor in conversion.  

 
Table 9. Effect of reaction time on the conversion and enantioselectivity in the hydroxyalkylation 

reaction catalyzed by hydroquinine. 

 

Entry Reaction time (h) Conversion (%) ee (%) 

1 1 87 72 

2 2 85 72 

3 4 87 73 

4 24 82 73 

 

5.3.4 Application of Hubx-cinchona organocatalysts in 

hydroxyalkylation of indoles 

 
Following the short parameter study of the hydroxyalkylation reaction, we tested the 

size-enlarged HubX-cinchona catalysts under the best reaction conditions (Table 10). 

Regarding the conversion, Hub1,2-cinchonas showed approximately 10% lower 

efficiency, but in the case of Hub3,4-cinchonas practically no change was observed in 

comparison to hydroquinine (14).  

On the contrary, the enantioselectivity with the size-enlarged catalyst proved to be 

significantly lower (2–29% ee) than for hydroquinine (73% ee). The lowest selectivity 

was gained using Hub4-cinchona, which contains an additional basic nitrogen, and the 

most flexible core. This could act as a competitive achiral reaction center causing the 

complete loss of selectivity. To decide whether the 9-OH H-bond donor unit plays a 

significant role in the selectivity, a more comprehensive study is needed. 
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Table 10. Effect of reaction time on the conversion and enantioselectivity in the hydroxyalkylation 

reaction catalyzed by hydroquinine. 

 

Entry Catalyst Conversion (%) ee (%) 

1 Hub1-cinchona 69 18 

2 Hub2-cinchona 72 29 

3 Hub3-cinchona 78 26 

4 Hub4-cinchona 77 2 

 

The severe change in selectivity is most likely to be caused by the altered NCIs 

between the catalysts and the reactants: while hydroquinine (14) can effectively 

coordinate the reaction partners, the immobilized organocatalysts might be unable to 

successfully interact with them. As the catalytic units anchored to the core are in close 

proximity to each other, they can interact with each other instead of orienting the 

reactants. This theory is supported by the fact, that Hub1-cinchona showed a slightly 

lower selectivity in comparison to Hub2,3-cinchonas which might originate from the 

more rigid cores of the latter two, providing longer linkers between the core and the 

catalytic units. 

As the formation of intramolecular NCIs are likely to be affected by the solvent, and 

because of this the enantiomeric excess could be different, the solvent screening using 

Hub1-cinchona as catalyst was also performed (Table 11). Samples were taken both after 

1 and 24 h to see the effect of reaction time on the selectivity. Unfortunately, we found 

no appropriate solvent that could provide better enantiomeric excess. Interestingly, in 

some solvents, the formation of the mirror enantiomer was preferred. After 24 h, the 

selectivities slightly changed in about half of the solvents. This indicates that the 

equilibrium is reached slower in these solvents using the HubX-cinchonas than with 

hydroquinine (14). 
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Table 11. Effect of solvent on the conversion and enantioselectivity in the hydroxyalkylation 

reaction catalyzed by hydroquinine. 

 

Entry Solvent ee (%) after 1 h ee (%) after 24 h 

1 EtOH 1 0 

2 MeCN -4 -13 

3 DCM -10 -11 

4 DMC 5 4 

5 PolarClean 14 10 

6 EtOAc 3 2 

7 toluene -11 -4 

8 DME 10 13 

9 MTBE 7 12 

10 2-MeTHF 7 12 

11 CPME 12 16 

 

5.3.5 Application of Hubx-cinchona organocatalyst in Michael addition 

After our lack of success with the hydroxyalkylation of indole derivatives using the 

HubX-cinchonas, we felt obligated to explore whether they would give similarly weak 

selectivity in the Michael addition reaction.  

Thus, the reaction of 1,3-diphenylpropane-1,3-dione (20) and trans-β-nitrostyrene 

(21) was catalyzed by Hub1-cinchona in five different solvents. The reaction parameters 

and the explored solvents were chosen based on our previous work.[316] The gained 

enantiomeric excess values are collected in Table 12. Unexpectedly, the results were 

considerably better than what we have seen in the hydroxyalkylation reactions. The best 

selectivity was measured for the reaction performed in MTBE (93% ee).  

Because 1,3-diphenylpropane-1,3-dione (20) is not considered as a good Michael 

donor, this specific Michael addition is generally catalyzed by compounds either 

containing primary amino group, or H-bond donor motifs like thiourea or squaramide. 

Tan et al. showed that simple quinine and cinchonidine are not suitable catalysts for this 

addition reaction, as both molecules gave poor selectivity (2% and 21% ee, 

respectively).[317] 
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Table 12. Effect of solvent on the enantioselectivity in the hydroxyalkylation reaction catalyzed by 

hydroquinine. 

 

 

Entry Solvent ee (%) 

1 toluene 80 

2 DCM 53 

3 MTBE 93 

4 EtOAc 64 

5 MeCN 71 

 

5.3.6 Feasibility of Hubx-cinchona recovery with OSN 

 
Regardless of the achieved results in the hydroxyalkylation reactions and the Michael 

addition, the recycling experiments of the HubX-cinchonas are still substantial, as the 

main goal of the immobilization on multifunctional cores was to facilitate their recovery 

by OSN. The membrane separation was performed in PolarClean solvent at 10 bar using 

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

and 20PBI.X). The rejections and flux values were measured after 24 h recirculation. 

While the size-enlarged catalysts were retained entirely on all the tested membranes 

(Fig. 28a), the rejection 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. 28b), 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 utilized for their size-enlargement to facilitate their recovery with membrane 

filtration is a viable method. 
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Figure 28. Rejection (a) and flux (b) values for the three screened solvent-resistant membranes in 

PolarClean solvent at 10 bar in crossflow 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.  

 

5.3.7 Conclusion 

 
In this chapter, we utilized the hub approach for the size-enlargement of 

organocatalysts. As a summary, we have prepared four C3-symmetrical cinchona 

derivatives utilizing different types of cores and linkers. These organocatalysts were used 

to catalyze the hydroxyalkylation reaction of indole with ethyl trifluoropyruvate. 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). 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 NCIs with each other 

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. As a continuation of the project, synthesis of catalysts with 

longer linkers (see Scheme 28) might help to achieve higher enantiomeric ratios. 

However, the hub approach utilized for the size-enlargement of cinchona organocatalysts 

to facilitate their membrane-supported recovery is proved to be a viable method. 
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Scheme 28. Proposed synthesis of Hub5-cinchona size-enlarged organocatalyst with longer linkers 

incorporated between the core and the catalytic units.  

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

trans-β-nitrostyrene was catalyzed by Hub1-cinchona, and enantiomeric excesses up to 

93% were observed. In comparison to the results found in the literature using 

cinchonidine and 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 create 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. 
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5.4   C3-symmetrical Hubx-TEMPO catalyst 

 

5.4.1 Introduction and objectives 

 
Instead of the thus far discussed classical organocatalysis, we studied another catalytic 

field in the last topic of my work. Electrocatalytic oxidation is a rapidly developing area 

with the potential to replace the traditional chemical oxidants. As advantages we can 

mention easy recyclability of the electrodes, mild reaction conditions, and the possibility 

to fine-tune the selectivity by optimizing reaction parameters. Implementing catalyst 

recovery could further increase the attractiveness of electrooxidation. Consequently, we 

explored commercial and custom-made size-enlarged TEMPO catalyst recovery 

employing magnetism, microfiltration, and nanofiltration (Scheme 29). 

Recently, our collaborators have shown that the MCM-41 supported metal catalyst 

can promote the conversion of carbohydrates into HMF.[318,319] Currently, a TEMPO-

mediated electrocatalytic oxidation method for the selective transformation of HMF into 

DFF is demonstrated (Scheme 29). The commercially available compact electrolysis cell 

(IKA ElectraSyn 2.0) as a reactor, green solvents (MeCN, γ-valerolactone, Rhodiasolv® 

PolarClean), and non-precious-metal-based electrodes (graphite, stainless steel) were 

selected. To the best of our knowledge, this is the first report on using a non-precious 

metal-based electrode for the selective oxidation of HMF into DFF.  With rational catalyst 

design supported by quantum chemical studies, we synthesized a new homogeneous size-

enlarged C3-symmetrical tris-TEMPO derivative (Hub1-TEMPO) to facilitate the 

recovery of the catalyst by nanofiltration. A comparison of the recovery and catalytic 

performance of commercially available recyclable TEMPO derivatives (SiliaCAT® 

TEMPO, TurboBeads™ TEMPO) with the OSN compatible Hub1-TEMPO was 

performed. 

Nanofiltration was performed in collaboration with Dr. Gyorgy Szekely and his 

research group at King Abdullah University of Science and Technology (KAUST). The 

computational modeling was done in collaboration with Hakkim Vovusha and Udo 

Schwingenschlogl (KAUST). The conversion of fructose into HMF was accomplished by 

Binglin Chen and Xianhai Zeng at Xiamen University. 
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Scheme 29. a) Schematic representation of recyclable TEMPO-mediated electrochemical oxidation 

of biomass-based HMF; catalyst recovered by (i) microfiltration, (ii) nanofiltration, (iii) magnetic 

separation; b) Catalytic cycle of the TEMPO catalyst mediated electrooxidation of HMF to DFF. 
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5.4.2 Direct and indirect electrocatalytic oxidation of HMF to DFF, 

exploration of reaction parameters 

Electrocatalytic oxidation can be performed directly, in a way that the electron transfer 

(ET) between the substrate and the anode takes place at the electrode surface in a 

heterogeneous manner. By implementing a catalyst (e.g. TEMPO), the ET involving the 

substrate becomes a homogeneous process. While the former direct process provides easy 

product isolation, the latter indirect method can mitigate over-oxidized side-product 

formation and electrode passivation, which are both essential for developing a sustainable 

and efficient process.[219] 

First, we investigated the direct oxidation of HMF using a galvanostatict set-up 

(current: 1 mA) with LiClO4 electrolyte. We chose graphite (anode) and stainless steel 

(cathode) electrodes to achieve cost-effective operation.u As the commonly used platinum 

electrodes were replaced by cheaper alternatives, this arrangement improved 

sustainability (see Table 4 in Chapter 4.3.2). During the direct oxidation, no product 

formation was detected, while the addition of 10 mol% TEMPO catalyst enabled a 

reaction with a moderate yield of 28% (Fig. 29a). The addition of 2,6-lutidine as base 

resulted in virtually complete consumption (more than 99%) of the starting material 

(HMF) without the formation of undesired by-products. To analyze experimentally 

whether the base alone or the combined effect of the catalyst–base pair is responsible for 

the improved yield, we also performed the electrochemical oxidation without TEMPO in 

the presence of only the base. While the yield decreased to 76%, it was still found to be 

higher than that of the TEMPO catalyzed method (28%). Consequently, the synergistic 

influence of lutidine and TEMPO was further investigated using computational methods 

(Fig. 29b). 

 
t Galvanostatic: constant current is maintained during the experiment.  
u Electrode prices: a) graphite SK-50, set of 12: EUR 148.00; b) stainless steel, set of 12: EUR 67.50; c) platinum 

plated, set of 2: EUR 99.00; source: https://www.ika.com; 07.01.2020 
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Figure 29. Synergistic effects of the TEMPO catalyst and 2,6-lutidine base during the 

electrooxidation of HMF using (a) experimental and (b) computation methods using M062X/6-

31G* with polarizable continuum model in MeCN. R: reactant, TS: transition state, P: product. 
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The schematic pathways of hydride ion transfer for the conversion of HMF into DFF, 

both in the presence and absence of the base, are shown in the energy diagram (Fig. 29b). 

The presence of lutidine lowers the activation energy by 58% as the base polarizes the 

O–H bond of HMF through hydrogen bonding. In the transition state, the hydride ion 

moves from the HMF to the TEMPO, which is followed by the product formation as a 

result of the completion of the hydride ion transfer. The calculated activation energy for 

the formation of DFF is 61.57 kJ mol-1.  

After selecting the applicable catalyst/base system (TEMPO and lutidine together), 

we explored the parameters influencing the formation of DFF. First, we tested eleven 

conventional and alternative solvents in the oxidation process (Fig. 30a). The 

categorization of the solvents was done based on green solvent selection guides.[35,37] 

Among these, solvents with dielectric constants higher than 40, such as ethylene 

carbonate (EC), propylene carbonate (PC), water, and dimethyl sulfoxide (DMSO) 

provided lower yields and produced a considerable amount of unidentified side-products. 

In contrast, the use of solvents with dielectric constants lower than 40 resulted in excellent 

yields. This observation suggests that solvents with higher dielectric constant might have 

unfavorable effects on the solvation or stability of the ionic species. This could result in 

higher cell resistance, and consequently, side-product formation such as over-oxidation 

or reaction with the solvent during the ET. The solvent effect on electrochemical 

processes is a complex matter, and further investigations are needed in this field.  

Within green solvents, the best results were achieved with γ-valerolactone (GVL), 

PolarClean, and acetonitrile (MeCN), as complete conversions were obtained without 

side-reactions. Both GVL and PolarClean are emerging green solvents with the potential 

to pave the way toward sustainable electrolysis.[320,321] To the best of our knowledge, this 

is the first application of PolarClean in electrocatalytic reactions. 
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Figure 30. Effects of reaction parameters on the yield of electrocatalytic oxidation of HMF to DFF: 

(a) solvent, and (b) current strength. The reaction mixture was electrolyzed in 10 mL of solvent for 

20 h at room temperature with a stirring speed of 600 rpm using a graphite anode and a stainless 

steel cathode. 

 

Next, we examined the effect of current strength on the oxidation (Fig. 30b). 

Increasing the electric current to 2 and 3 mA resulted in no significant change in the 

outcome of the reaction. However, after 8 h of constant current electrolysis at 5 mA, dark-

brown precipitation and almost no product could be detected in the reaction mixture due 

to accelerated side-product formation. After 16 h, the potential reached 10 V while 

deformation of the electrodes was observed (Fig. 31). The experiment was discontinued 

at this point. 

 

 

Figure 31. Electrode deformation experienced at 5 mA constant current electrolysis. 
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Because of the heterogeneous nature of the electrochemical process, we also 

investigated the effects of both stirring rate (Fig. 32a) and reaction temperature (Fig. 32b) 

on the yield and selectivity. While higher stirring speed resulted in slightly faster product 

formation, we observed no significant change in the yield by increasing the temperature 

from room temperature to 40 °C. At a more elevated temperature (60 °C), we detected a 

small decrease in the yield after 8 h, possibly due to the over-oxidation of the desired 

DFF. 

 

Figure 32. Effects of reaction parameters on the yield of electrocatalytic oxidation of HMF to DFF: 

(a) stirring rate, and (b) temperature. The reaction mixture was electrolyzed in 10 mL of solvent for 

20 h at room temperature using a graphite anode and a stainless steel cathode at 1 mA current 

strength. 

Finally, we studied the amount of catalyst and electrode type. The increase in the 

concentration of TEMPO from 10 to 20 and 30 mol% resulted in virtually no change in 

the reaction. Then, instead of graphite, we also tested a reticulated vitreous carbon (RVC) 

electrode as the anode, but despite its larger surface area, we observed no significant 

change in the rate of the reaction, and after 16 h both electrode types provided full 

conversion. Also, the delicate structure of the RVC electrode presented additional 

difficulties in comparison to the standard graphite electrode. Considering their price,v and 

the more robust structure of the graphite electrode, the application of RVC electrode was 

deemed to be disadvantageous.  

 
v graphite SK-50, set of 12: EUR 185 vs RVC, set of 12: EUR 313, source: https://www.ika.com; 16.05.2020 
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5.4.3 Application of commercial and custom-made TEMPOs: catalyst 

design and recovery 
 

Following the exploration of reaction parameters using native TEMPO, two 

commercially available solid-supported TEMPO catalysts (TurboBeads: 50 nm diameter 

and 15 m2 g-1, SiliaCAT: 1.2 µm diameter and approx. 500 m2 g-1) were applied in the 

electrocatalytic oxidation of HMF under the optimized reaction conditions. Both 

compounds are heterogeneous catalysts with the TEMPO units immobilized on iron oxide 

core or silica gel, respectively (Fig. 33a). These inert and resistant solid supports enable 

the simple separation of the catalyst from the reaction mixture by using an external 

magnetic field or microfiltration, respectively. 

 

Figure 33. Schematic representation of the applied heterogeneous (a) and homogeneous (b) 

TEMPOs in the oxidation of HMF to DFF.w 

 

5.4.3.1 Oxidation of HMF using heterogeneous catalysts, and kinetic 

studies 

 
Samples were taken from the reaction mixtures and analyzed by HPLC to determine 

the order of the reaction rate for the different TEMPO catalyzed oxidations. Since the 

concentration of the TEMPOs remains constant and the substrate (HMF) is the limiting 

 
w For ease of comparison, the homogeneous catalysts are also shown in Fig. 33, however, their detailed 

discussion will be only later to follow a logical train of thought. 
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species, we can assume that the reaction follows pseudo‐first-order kinetics.[322] 

Consequently, the concentration of the mediator can be included in the rate constant (𝑘′). 

The total reaction rate is described in Eq. 1, and the application of 𝑡 = 0 and 

 𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 =  𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
0   boundary conditions gives Eq. 2. 

Equation 1.  𝑟 =  −𝑟𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = −
𝑑𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑑𝑡
= 𝑘′𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 

Equation 2.  𝑙𝑛𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = −𝑘′𝑡 + 𝑙𝑛𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
0  

where r is the total reaction rate, k′ is the pseudo‐first‐order reaction rate coefficient 

(in h−1), and C is the concentration of substrate (in mol L−1). With the transformation of 

Eq. 2, we can analyze the linear correlation between 

𝑙𝑛 (
𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
0 ) and 𝑡 (Eq. 4). 

Equation 3.  𝑙𝑛𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 − 𝑙𝑛𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
0 = −𝑘′𝑡 

Equation 4.  𝑙𝑛 (
𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
0 ) = −𝑘′𝑡 

The reaction for both heterogeneous catalysts show excellent correlation with the 

pseudo-first-order kinetic model that validates the assumed linear relationship 

between 𝑙𝑛 (
𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
0 ) and 𝑡 (kTurboBeads = 0.1868 s-1, kSiliaCAT = 0.1335 s-1, see Table 13). 

For the heterogeneous catalysts, we observed moderately slower reaction rates in 

comparison to the homogeneous native TEMPO system (Fig. 34). The TurboBeads 

provided full conversion after 16 h, while SiliaCAT provided a good yield (93%) in 20 h.  

Table 13. Calculated rate coefficients (k’) and coefficients of determination (R2) of the 

homogeneous and heterogeneous TEMPOs. 

Catalyst k’ (s-1) R2 

TurboBeads 0.1868 0.9994 

SiliaCAT 0.1335 0.9906 

TEMPO 0.3116 0.9618 

Hub1-TEMPO 0.3654 0.9782 
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Figure 34. 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). 

 

5.4.3.2 Design, synthesis and characterization of Hub1-TEMPO 
 

To overcome the difficulties in recovering the native TEMPO and the slower reaction 

rate of the heterogeneous TEMPO derivatives, we designed a size-enlarged homogeneous 

TEMPO catalyst for membrane recovery in silico. Owing to the small MW gap between 

the native TEMPO and the other reaction components in the electrocatalytic oxidation, 

size-enlargement of the catalyst was required to facilitate its recovery by OSN. 

Accordingly, we considered eight size-enlarged TEMPO derivatives (Hubx-TEMPO) for 

the oxidation of HMF (Fig. 35 and 36a) using the M062X/6-31G* level of the density 

functional theory (DFT) as implemented in the Gaussian software. Three hubs, namely 

benzene, 1,3,5-triazine, and 1,3,5-triphenylbenzene, and five covalent bonds, namely 

ether, amine, ester, amide, and 1,2,3-triazole, were studied. 
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Figure 35. Size-enlarged catalyst design: structures of the computationally investigated TEMPO 

derivatives. The colors indicate the different cores suggested for the size-enlargement: benzene 

(yellow), 1,3,5-triazine (green), and 1,3,5-triphenylbenzene (dark cyan) 
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Figure 36. Size-enlarged catalyst design using M062x/6-31G* with polarizable continuum model: 

(a) Geometric structures of substituted TEMPO catalysts after optimization in acetonitrile medium 

(the radii of the molecules appear in parentheses), and (b) relative energy profiles for the conversion 

of HMF to DFF.  

The comparison of the different proposed HubX-TEMPOs is shown in Fig. 36 and 

Table 14. The molecule radius and the energy profile were determined by the QM 

calculations (Fig. 36a). The larger the molecule radius is, the better retention on the 

membrane during the nanofiltration process can be expected. The triazine type  
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Hub3-TEMPO has the smallest radius (8.3 Å), while the Hub8-TEMPO with the 

triphenylbenzene unit has the largest (13.5 Å). The size-enlargement resulted in the latter 

case in an increase in the catalyst radius by as much as 286%.  

With lower calculated formation energy, faster reaction rates can be predicted. The 

corresponding energy diagrams for the formation of DFF using the different TEMPO 

derivatives are shown in Fig. 36b. The activation energy for the formation of DFF is lower 

for Hub1–3- and Hub7-TEMPOs than for the native TEMPO. Therefore, we conclude 

that the formation of DFF from HMF is kinetically more favorable using these derivatives 

rather than the others, including the native TEMPO. In particular, Hub2-TEMPO, closely 

followed by Hub1-TEMPO, showed the lowest activation and product energies of 27.73 

and -92.80 kJ mol-1, respectively. 

To ensure the stability of the mediator, labile anchor-types (like ester) are unfavored. 

Regarding the synthesis, the reaction route should be straightforward (fewer reaction 

steps, no need for protecting groups) and cost-effective. Based on molecule radius, energy 

profile of DFF formation, the stability of the formed covalent bond, the number of 

synthetic steps and costs of starting materials, we selected Hub1-TEMPO for further 

experiments (Table 14). 

Table 14. Comparison of the different C3-symmetrical TEMPO derivatives based on size, activity, 

stability, difficulty of synthesis and price (green: favored; yellow: neutral; red: unfavored). 

HubX-

TEMPO 

Molecule 

radius (Å) 

TS relative 

energy  

(kJ mol-1) 

Type of 

compound 

(stability) 

Difficulty of 

synthesis 

Number 

of steps 

Cost 

(USD 

mmol-1)x 

1 9.2 36.13 ether  1 20 

2 9.4 27.73 amine  1 101 

3 8.3 56.30 phenol  1 14 

4 8.4 75.48 
aromatic 

amine 
 1 55 

5 9.2 64.08 ester  1 15 

6 9.3 63.59 amide  1 56 

7 10.8 45.63 triazole  3 47 

8 13.5 63.66 amide  1 172 

 
x Source: https://www.sigmaaldrich.com/united-states.html; 24.12.2019 
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Synthesis of Hub1-TEMPO was found to be the most straightforward through the  

O-alkylation of 4-hydroxy-2,2,6,6-tetramethylpiperidinyl-N-oxyl (4-OH-TEMPO, 35) 

with 1,3,5-tris(bromomethyl)benzene (25), which produced the catalyst with excellent 

yield (93%, Scheme 30a). The electron paramagnetic resonance (EPR) spectroscopy 

showed a downshift in the g-value of the solvated native TEMPO (from 2.00641 to 

2.00516) as a result of the size-enlargement (Scheme 30b). This phenomenon means that 

the free radical electrons are more loosely bound to the nitrosyl oxide, which could 

enhance the catalytic activity. These findings are in line with the predictions of the DFT. 

Hub1-TEMPO was also characterized by IR spectrometry, HRMS, cyclic voltammetry, 

and UV/VIS spectrometry.  

 

Scheme 30. (a) Synthesis and (b) electron paramagnetic resonance spectra of the sized-enlarged 

catalyst Hub1-TEMPO. The difference in the g-value suggests that the free radical electrons are 

more loosely bound to the nitrosyl oxide in the Hub1-TEMPO catalyst. 
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As NMR spectra of free organic radicals are reluctant to provide easily interpretable 

information,[323] we attempted to reduce the Hub1-TEMPO to the N-OH form with  

L-ascorbic acid (Scheme 31), and then we characterized the product (36) by HRMS, NMR 

and IR spectroscopy. After the reaction, the NMR spectra of 36 proved to be well-

interpretable in comparison to the spectra of Hub1-TEMPO (Fig. 37). Based on these 

results, for the structure of 36, a monoradical form shown in Scheme 31 can be proposed. 

We can assume, that by reducing the Hub1-TEMPO, no significant changes in the bond-

matrix (and as a result in NMR chemical shifts) will occur. Therefore, the structure 

determined for 36 corresponds to the structure of Hub1-TEMPO as well.   

  

Scheme 31. Reduction of Hub1-TEMPO into 36 for structure elucidation. 
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Figure 37. 1H NMR spectra of Hub1-TEMPO and its reduced derivative 36 with the assignation 

of the spectrum. 

5.4.3.3 Oxidation of HMF using Hub1-TEMPO, and catalyst recovery by OSN 

 
Following its synthesis and characterization, we studied the activity of the size-

enlarged C3-symmetrical TEMPO derivative. 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. 34, Section 5.4.3, page 94). Even when the catalyst was 

used such that an equivalent amount of TEMPO units was present in the reaction mixture 
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(one third the mole percentage in comparison that of the native TEMPO), we observed 

practically no change in the catalytic performance. Therefore, we conclude that the size-

enlargement did not adversely affect the catalytic performance. 

The calculated rate coefficients (k′) and the corresponding coefficients of 

determination (R2) for the homogeneous catalysts are collected in Table 13 (Section 

5.4.3.1, page 93). In contrast to the solid-supported TEMPOs, the native TEMPO and the 

Hub1-TEMPO catalyzed reactions gave loose-fitting accordance with the assumed linear 

correlation. 

Finally, the recovery of TEMPO and Hub1-TEMPO was performed. The  

GMT-oNF-1, NF030306, and DM300 membranes were screened to identify the most 

suitable membrane for the catalyst recovery via diafiltration (Fig. 38a). 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 effectively purge all other solutes, 

showing rejection as low as 10–20%. DM300 also demonstrated a high flux of 22 ± 0.4 

L m-2 h-1, which was 3.3 and 2.3 times higher than that of the GMT-oNF-1 and NF030306 

membranes, respectively.  
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Figure 38. (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 area in green represents the catalyst purity when the other solutes 

show rejections between 10% and 30%. 
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Consequently, we chose DM300 for the catalyst recovery using diafiltration  

(Fig. 38b). 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 results of the mathematical modeling 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. We analyzed the recovered  

Hub1-TEMPO by HRMS and HPLC to ensure its stability during the catalyst recycling, 

and we experienced no significant change in them. 

Therefore, we found the proposed nanofiltration-based catalyst recovery to be a robust 

method, and we can conclude that size-enlargement of the native TEMPO was necessary 

to achieve appropriate retention on the membrane. 

 

5.4.4 Conclusion 

 
Exploiting the compact ElectraSyn reactor in an environmentally friendly organic 

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

setup with 78% isolated yield and virtually 100% selectivity.[KIP-1] To achieve cost-effective 

operation, graphite (anode) and stainless steel (cathode) were chosen as the electrode 

material in comparison to the previous literature that employed platinum. Among the green 

solvents tested, PolarClean was successfully used in electrocatalysis for the first time. We 

explored the effects of current strength, stirring rate, temperature, catalyst molar ratio, 

electrode surface area, and the roles of TEMPO and the lutidine base on the 

electrooxidation both experimentally and through DFT modeling. The size-enlarged 

catalyst design and structure optimization was aided by computer modeling. We studied 

the reaction pathways of the electrocatalytic conversion, and we compared the relative 

energy profiles of the commercial and designed catalysts. We observed synergetic effects 

of TEMPO and lutidine, ensuring high yield and selectivity simultaneously. The 

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

recovered using organic solvent nanofiltration. 
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6. Summary and outlook 

Among the wide variety of available catalyst-types, organocatalysts are commonly 

favored for their affordable price, eco-friendliness, availability, malleability, and non-

sensitive nature. However, high catalyst loading and long reaction time are commonly 

occurring drawbacks in organocatalytic transformations. Doubtless, catalyst recovery 

holds a vital role in the pursuit of sustainable and economical organocatalyzed chemical 

processes. 

Heterogenization of the catalyst either by immobilization on solid-support or by 

precipitation is a successful, effective, and quite straightforward method for the recovery 

of organocatalysts, but the general utilization is still prevented by the occasionally 

experienced loss of productivity/selectivity, or the cumbersome work-up procedure with 

insufficient catalyst recycling and the need for additives (solvent, acid/base). On the 

contrary, the recovery of organocatalysts without a change in phase has the advantage of 

having undisturbed catalytic activity. Although these techniques are well-applicable on 

laboratory scale, their industrial utilization can be challenging. 

Membrane-based separations are proved to be sustainable methods with low energy 

need, and their scale-up and application in continuous and hybrid processing are 

reasonably straightforward, therefore feasible for industrial operations. Furthermore, 

membrane filtration is a rapidly developing field with accentuated focus on more 

sustainable membrane fabrication techniques, renewable membrane materials, solvent 

recycling, and improved selectivity. 

Considering the recent progresses made both towards greener organocatalytic 

methods and more environmentally friendly membrane processes, the application and 

nanofiltration enabled recovery of new organocatalysts have been studied in this work. 

First, we investigated the applicability of pyridine- and piperidine-based crown ethers, 

camphorsulfonamides.[KIP-3,4] Although their catalytic activity in Michael addition 

reaction proved to be insignificant, we gained valuable experience of the membrane 

recovery process. Our experiments showed that for the efficient recovery of the catalyst, 

wider molecular weight gap is needed between the organocatalyst and the other 

molecules, and that organocatalyst must be retained entirely by the membrane. Otherwise, 

the rapid loss of the catalyst would cause a quick decrease in productivity/selectivity and 
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generate additional costs. Also, the catalyst could appear as a contamination in the final 

product, which could cause serious complications in case of pharmaceutical application. 

To facilitate the membrane recovery of organocatalysts, size enlargement of the catalyst 

is generally needed. 

In the second project, a new generally applicable organocatalyst molecular-weight-

enlargement method is proposed.[KIP-2] Cyclodextrins are inherently large, stable 

compounds suitable for carrying catalytic units. Thus, we covalently anchored cinchona-

thiourea and cinchona-squaramide motifs to a monofunctionalized permethyl-β-

cyclodextrin. These size-enlarged bifunctional hydrogen bond donor organocatalysts 

were utterly rejected by the membrane, while still being highly selective in Michael 

reaction. We studied the effect of the solvent on the selectivity on a broad range of 

solvents. 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. We also explored the application of the cinchona-decorated 

cyclodextrins in an integrated synthesis–separation process, where the organocatalyst was 

completely retained and immediately reused in the flow process. With the continuous 

recirculation of the catalyst, we achieved complete catalyst recycling, high product purity 

(98%, 99% ee), and good productivity (80 g L-1 h-1). Therefore, our results clearly 

demonstrated the successful utilization of this new organocatalyst size-enlargement 

method. 

Later, we explored the method of catalyst size-enlargement using trifunctional cores, 

the so-called hub approach. Theoretically, these C3-symmetrical catalysts can reduce the 

number of possible diastereomers during the catalytic cycle by creating a sterically 

hindered space. We devised that the incorporation of a linker between the catalyst and the 

core could significantly affect the catalytic activity through the complex 3D structure of 

the size-enlarged compound. Consequently, we prepared four C3-symmetrical cinchona 

derivatives, with different cores and linkers, and compared their catalytic activity with 

hydroquinine in the hydroxyalkylation reaction of indole. Our results showed that the 

cinchona anchoring considerably deteriorates the selectivity. The more rigid core-linker 

combination was found to be advantageous in comparison to the more flexible types, 

while the incorporation of an additional basic unit is unfavorable. We propose that the 

loss of selectivity originates from the formation of intramolecular non-covalent 
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interactions between the catalytic units, thus, by applying a longer linker the higher 

selectivity experienced with the native hydroquinine might be achieved.  

Regarding the recycling of the Hub-cinchona derivatives, their experimental 

rejections showed that they are easily retained, while the hydroquinine could not be 

separated from the hydroxyalkylation product. Furthermore, Michael addition of 1,3-

diphenylpropane-1,3-dione to trans-β-nitrostyrene was also catalyzed by a hub-cinchona 

catalyst with good yields and selectivities. In comparison to results found in the literature 

with cinchona organocatalysts, an improvement in selectivity has been found in this 

reaction using the C3-symmetrical catalyst, but further study of this observation with a 

broader substrate scope is needed.  

Finally, we extended the previously used hub-approach for the size-enlargement of 

another catalyst. During my last project, we intended to suggest a new, efficient, and more 

sustainable electrocatalytic system for the oxidation of HMF using a recoverable TEMPO 

catalyst with cheap stainless steel and graphite electrodes.[KIP-1] During the galvanostatic 

electrooxidation, we studied the synergetic effect of TEMPO catalyst and lutidine base 

both experimentally and by quantum chemical aided computation. Then, we performed a 

thorough parameter optimization, where the significant effect of the solvent, including 

conventional and green alternatives, and current strength was described. Next, we utilized 

commercially available solid-supported TEMPOs (TurboBeads, SiliaCAT) in the 

electrocatalytic oxidation. As an alternative recycling solution, we designed a 

nanofiltration compatible TEMPO derivative based on size, transition state energy, price, 

stability, and difficulty of synthesis. This C3-symmetrical Hub-TEMPO proved to be 

equally efficient as the native TEMPO, and kinetically more favorable than the solid-

supported TEMPOs. The membrane retention experiments showed that while the 

recovery of TEMPO would be unsatisfactory, the size-enlarged Hub-TEMPO can be 

easily recovered. 

Considering the results discussed in the dissertation, we can conclude that size-

enlargement of organocatalyst is a feasible method to facilitate their recovery by organic 

solvent nanofiltration. Although the preparation of these compounds can sometimes be 

cumbersome, their effortless recovery gives considerable advantages. The total recovery 

of the catalyst provides significant advantage, because this way we can minimize the 

additional costs of new catalyst batches. Also, contamination by catalyst leaching in the 
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product, which could cause a serious health issue, can be avoided while the need of further 

purification is eliminated. With proper catalyst design, we can find the most suitable size-

enlargement method to achieve high catalytic activity and excellent selectivity by 

exploiting the available structure modification techniques.  

In our experiments, we observed that catalyst anchoring could significantly affect the 

non-covalent interactions between the catalyst and the reactants, and between catalytic 

units. With the help of QM modeling, these interactions might be thoroughly studied and 

used for the design of more effective catalysts. Therefore, we propose that with the 

development of these computational catalyst-substrate design methods, a more direct 

approach will be available to choose the appropriate catalyst size-enlargement method, 

even for structurally more complex cases, minimalizing the need of experimental work. 

We also showed that the nanofiltration-enabled recovery of organocatalysts is suitable 

for integrated synthesis–separation systems. By eliminating the reaction work-up and the 

catalyst separation, the energy needs of these steps can be saved while we also decrease 

the production time and costs. The application of green and alternative solvents, not only 

in the organocatalytic transformations but also during the membrane processes, 

contributes also to the lower environmental impact and lower carbon-footprint of this 

method. This methodology could encourage future industrial applications as continuous 

flow systems are becoming the preferred production form, and the demand for new 

catalytic approaches is greatly expanding. Because membrane processes are believed to 

be a sustainable alternative to classical separation methods (distillation, chromatography, 

etc.), and they are already widely used in several industrial processes, further exploitation 

of these techniques in the pharmaceutical and related industries is expected. At the same 

time, organocatalysis is a suitable method for the construction of optically pure 

compounds, which is especially crucial for the synthesis of bioactive compounds. 

Accordingly, the combination of the two fields suggest a resultful future for industrial 

organocatalytic processes. 
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7. 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] 

 

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]  
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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] 
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9. List of abbreviations 

Ac acetyl 

ACDC asymmetric counteranion‐directed catalysis 

API active pharmaceutical ingredient 

ATP adenosine triphosphate 

BINOL 2,2’-dihydroxy-1,1'-binaphthyl 

bpy 2,2’-bipyridine 

C concentration 

CD cyclodextrin 

CPME cyclopentyl-methyl-ether 

CuAAC copper(I) catalyzed azide-alkyne cycloaddition 

DCC N,N′-dicyclohexylcarbodiimide 

DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 

DFF 2,5-diformylfuran 

DFT density functional theory 

(DHQ)2PHAL hydroquinine 1,4-phthalazinediyl diether 

DMC dimethyl carbonate 

DSC differential scanning calorimetry 

EC ethylene carbonate 

ee enantiomeric excess 

EPR electron paramagnetic resonance 

ET electron transfer 

FLPE fluorous liquid–liquid extraction 

FSPE fluorous solid-phase extraction 

GVL γ-valerolactone 

H-donor hydrogen donor 

HMF 5-hydroxymethylfurfural 

IPA 2-propanol 

k' pseudo‐first‐order reaction rate coefficient 

LUMO lowest unoccupied molecular orbital 

MCM-41 mobil composition of matter No. 41 

2-MeTHF 2-methyltetrahydrofuran 

MTBE tert-butyl methyl ether 

MW molecular weight 

MWE molecular weight enlargement 

NCI non-covalent interaction 

n. d. not determined 
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NF nanofiltration 

NHC N-heterocyclic carbene 

OSN organic solvent nanofiltration 

P product 

PBI polybenzimidazole 

PC propylene carbonate 

pKa negative log of the acid dissociation constant 

PS polystyrene 

PTC phase-transfer catalyst 

R reactant 

r reaction rate 

R2 coefficients of determination 

RVC reticulated vitreous carbon 

SAPT symmetry adapted perturbation theory 

SET single electron transfer 

SOMO singly occupied molecular orbital 

SPINOL 1,1′-spirobiindane-7,7′-diol 

SRNF solvent-resistant nanofiltration 

t time 

TADDOL 
α,α,α',α'-tetraaryl-2,2-disubstituted  

1,3-dioxolane-4,5-dimethanol 

TEA triethylamine 

TEMPO 2,2,6,6-tetramethylpiperidinyl-N-oxyl 

TGA thermal gravimetric analysis 

TRIP 
3,3′-bis(2,4,6-triisopropylphenyl)-1,1′-binaphthyl-2,2′-diyl 

hydrogenphosphate 

TS transition state 

wt% weight percentage 

WWI World War I 

WWII World War II 
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