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1. List of abbreviations 

   

a.u.  atomic unit 

Ac  acetyl 

AIBN  azobisisobutyronitrile 

aq  aqueous 

BPO  benzoyl peroxide 

cat.  catalyst 

DBU  1,8-diazabicyclo[5.4.0]undec-7-ene 

DCM  dichloromethane 

DIAD  diisopropyl azodicarboxylate 

DMF  dimethylformamide 

DMSO  dimethyl sulfoxide 

DPPA  diphenylphosphoryl azide 

dr  diastereomeric ratio 

ee  enantiomeric excess 

EGDMA  ethylene glycol dimethacrylate 

eq.  equivalent 

GMA  glycidyl methacrylate 

MMA  methyl methacrylate 

MTBE  methyl tert-butyl ether 

NBS  N-bromosuccinimide 

OSN  organic solvent nanofiltration 

PEG  polyethylene glycol 

PGMA  poly(glycidyl methacrylate) 

pKa  negative log of the acid dissociation constant 

PMMA  poly(methyl methacrylate) 

PS  polystyrene 

PVP  polyvinylpyrrolidone 

rt  room temperature 

SOMO  singly occupied molecular orbital 

TBAI  tetrabutylammonium iodide 

TBS  tert-butyldimethylsilyl 

TEA  triethylamine 

TES  triethylsilyl 

TFA  trifluoroacetic acid 

THF  tetrahydrofuran 

Ts / tosyl  4-toluenesulfonyl 
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2. Introduction and objectives 

Today, in the twenty-first century, the protection of our environment must play an essential 

role in our lives. We can do our best to protect this environment by using our car less, collecting 

waste selectively, shopping consciously, etc. Environmental protection, as in our everyday life, 

has permeated the industries, helping to protect our world from harmful material emission. This 

has happened to the chemical industry as well, and in order to protect the environment, 12 

principles of green chemistry have been created, which, if we try to follow, we do the minimal 

damage to our environment. 

From the 12 principles of green chemistry, I would like to highlight the catalysis that I deal 

with in my work. Catalysis helps in the reactions to produce less waste and to achieve a more 

excellent atom economy, which fulfills other two points of green chemistry also. However, 

catalysts can be expensive, their application is still worth this cost as their use increases the 

productivity dramatically. Considering the fuels, catalyst expenses are approximately 0.1% of 

their cost and 0.22% of the price of petrochemical products. From these numbers it can be 

estimated that the value of all goods produced by catalytic process is almost three orders of 

magnitude larger; at least 85% of chemicals are produced using catalytic technologies.1 Often 

the catalyst is not reused after the reaction, which may necessitate its re-production. To avoid 

this, recovering of catalysts in some way can often lead to a reduction in energy and cost.  

Many important molecules in living organisms are chiral, so are our (mostly 

enantiomerselective) catalysts, the enzymes, therefore the enantiomers of the substances that 

interact with them have different effects. This is also true in the case of drugs and pesticides. 

That is why enantiomerically pure products have become increasingly important in the last 

half-century. Thus, catalysts have also played a significant role in the preparation of 

enantiomerically pure drugs. The method of separating the enantiomers is resolution using an 

additive, which is not recoverable in many cases. This process has to be repeated several times, 

its solvent requirement is high, and the “bad” enantiomer is often useless. This is both 

environmentally and economically disadvantageous. For this reason, researches and 

developments make effort to synthesize molecules enantioselectively. 

One of the severe requirements for the purity of active pharmaceutical ingredients is that they 

must not contain heavy metals. Therefore, the use of asymmetric organocatalysts has come to 

the fore instead of the traditional homogeneous catalysts. 
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The name organocatalysis is derived from David MacMillan and refers to increasing the rate 

of chemical reactions with small organic molecules that do not contain metal atom in the moiety 

responsible for the activity. The main advantages of organocatalysts over conventional 

catalysts are their low environmental load, low toxicity, as well as their low sensitivity to 

moisture and water, and their good activity in a wide range of solvents and pH range. 

Organocatalysts can be categorized according to their mode of activation, of which I would 

like to highlight the multifunctional hydrogen-bond activation. Thiourea, or more recently 

(thio)squaramide are often used as the catalytic unit of hydrogen-bond donor multifunctional 

organocatalysts. Coupling these stable moieties to readily available quinine derivatives with 

multiple chiral centers and basic groups provide efficient multicatalytic cinchona squaramide 

catalysts. 

My research objective was to develop new, cinchona-based organocatalysts that are effective 

in asymmetric reactions widely used in pharmaceutical industries. These reactions are Michael 

addition, conjugate addition, aza-Markovnikov, or (aza-)Diels–Alder reactions, which are used 

to produce active pharmaceutical ingredients. I set a goal to improve the synthesis of new, and 

better bifunctional hydrogen-bond unit than squaramide, called thiosquaramide. Considering 

recyclability, I examined homogeneous and heterogeneous recovering methods of cinchona-

based organocatalysts. For homogeneous recovery, I used organic solvent nanofiltration (OSN) 

technique, in which the molecules with different sizes can be separated. In heterogeneous one, 

I immobilized organocatalysts on an insoluble polymer called poly(glycidyl methacrylate) 

(PGMA), and recovered them using centrifugation. 

My dissertation follows the traditional structure, it consists of nine main chapters: “1 List of 

abbreviations”; “2 Introduction and objectives”, introducing the subject and outlines, and the 

set goals; “3 Literature review”, which summarizes the background of my research; “4 Results 

and discussion”, that shows my work in five sub-chapters related to different projects. Each 

starts with a small introduction and finishes with a short summary, conclusion; “5 Summary 

and future” that concludes the whole work; “6 Publications”; “7 Thesis points”; “8 

References”; “9 Appendix” containing large tables, figures, and schemes, which could distract 

the attention from the essential information in the results and discussion, but those data could 

still be crucial. 
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In the text of the dissertation, I did not name the prepared compounds according to the IUPAC 

nomenclature, but used simplified names to facilitate readability. Also, for “numbering” the 

compounds, any molecule used as a catalyst has a specific code, which helps to separate them 

easily from other, less significant compounds. 

As the exact circumstances of the experiments and preparation of the molecules can be found 

in my publications attached, I did not prepare experimental part in this dissertation. 

The full documents of “Publications resulting from the work carried out in this thesis” are 

attached to the thesis. These “self-published” references are marked as an S plus a number (S1, 

S2, etc.) when cited. 
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3. Literature review 

3.1. Organocatalysis 

3.1.1. Historical overlook 

During organocatalysis, in a broader sense, a relatively small, metal-free organic molecule 

catalyzes one or more reactions. The first organocatalytic reaction was carried out by Justus 

von Liebig in 1860 when he prepared oxalamide by reacting cyanogen and water in the presence 

of acetaldehyde as an organocatalyst (Scheme 1).2 

 

Scheme 1. The first organocatalytic reaction: synthesis of oxalamide in the presence of acetaldehyde. 

The concept of organocatalysis can be related in a narrower sense to enantioselective syntheses: 

it means the stereoselective synthesis of asymmetric molecules, in which the catalysts are also 

small, metal-free organic molecules. 

In the field of asymmetric syntheses, the importance of using organocatalysts has increased 

dramatically in the last decades. The development of organocatalysis into a separate discipline 

can also be linked to the importance of asymmetric catalysis in the pharmaceutical industry. In 

1912, Bredig and Fiske described the first enantioselective reaction in which naturally 

occurring alkaloids, quinine and quinidine, were used as catalysts in the production of 

cyanohydrins in the addition reaction of benzaldehyde and hydrogen cyanide (Scheme 2).3 

 

Scheme 2. The first organocatalytic reaction using cinchona alkaloids (quinin and quinidine). 
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In the early 1970s, the research group of Hajós and Parrish, as well as Wiechert, successfully 

produced one of the key intermediates of sterane-based compounds, the Wieland–Miescher 

ketone, in addition to the substoichiometric presence of L-proline (Scheme 3).4, 5 

 

Scheme 3. Enantioselective synthesis of Wieland–Miescher ketone using L-proline as a catalyst. 

In 1981, Wynberg and Hiemstra examined the mechanism of the addition of aromatic thiols to 

conjugated cycloalkenones catalyzed by cinchona and ephedra alkaloids (Scheme 4). Their 

study highlighted that erythro cinchona and ephedra alkaloids could be regarded as bifunctional 

catalysts. They adumbrated that, further modification is needed to gain better results using these 

alkaloids as chiral motifs.6 

 

Scheme 4. Enantioselective sulfa-Michael addition using cinchonidine as a catalyst. 

Despite the latter reaction having good yield and enantiomeric excess value, another 

breakthrough in the history of organocatalysis occurred only in the early 2000s. The research 

groups of List, Barbas, and MacMillan successfully catalyzed various reactions (for aldol see 

Scheme 5, for Diels–Alder reactions see Scheme 6), using secondary amines (for example 

proline or imidazolidinone derivatives).7-9 
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Scheme 5. L-proline-catalyzed enantioselective aldol reaction developed by List, Lerner, and Barbas. 

 

Scheme 6. Diels–Alder reaction catalyzed by an imidazolidinone derivative (MacMillan catalyst). 

The rapid spread of organocatalysts (Figure 1) can be explained by their advantageous 

properties. Organocatalysts do not contain any metal atom, often have less toxicity than their 

homogeneous organometallic counterparts, and are insensitive to the catalyst poisons of metal 

catalysts (e.g., sulfur compounds). Also, organocatalysts are often feasible, robust, less 

sensitive to solvent moisture and oxygen, and easy to use. 

 

Figure 1. The number of publications in the field of organocatalysis between 2000 and 2019 (Web of Science). 
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3.1.2. Behavior of organocatalysts 

The modes of activation of organocatalysts can be classified according to the molecular 

interactions in the transition state10 (Figure 2):  

• Non-covalent: hydrogen-bonding, Brønsted base and acid, and phase transfercatalysis. 

• Covalent: amine and Lewis base catalysis. 

 

 

Figure 2. Classification of organocatalysts according to the molecular interactions in the transition state. 

In non-covalent catalysis, Coulomb interactions and hydrogen-bonds are the main 

determinants. There are four types in this group (Figure 2), of which I deal in detail with 

hydrogen-bond and Brønsted base (cinchona-based organocatalysts) catalysis in my 

dissertation. 

In the case of covalent catalysis, a distinction is made in the literature between amine and Lewis 

base type catalysis. In these two cases, the substrate is covalently attached to the catalyst during 

the reaction. 

3.1.3. Hydrogen-bond donor organocatalysts 

Enantioselective syntheses require a transition state in which a rigid catalyst–substrate complex 

can be formed, allowing a high enantioselectivity. From the mechanistic point of view, 

organocatalytic reactions can form covalently bonded intermediates (e.g. the previously 
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mentioned Hajós–Parrish–Eder–Sauer–Wiechert reaction), or secondary interactions can 

dominate in the transition state of the reaction. Among secondary interaction activated 

organocatalysts the most common are hydrogen-bond catalysts.11 

In hydrogen-bond donor organocatalysis relatively small molecules containing hydrogen-bond 

donor units and additional functional skeletons catalyze several carbon–carbon and carbon–

heteroatom bond-forming reactions with high enantioselectivity.12-14 It was recognized early 

that the hydrogen-bond formed between a small chiral organic catalyst molecule and an 

electrophile during asymmetric catalysis is a similar mechanism to the operating of numerous 

enzymes. Thus it plays an essential role in both electrophilic activation and forming rigid 

structure in transition state.15 

Specific hydrogen-bond donor catalysts are capable of forming two hydrogen-bonds with the 

substrate simultaneously. Researchers in the field of molecular recognition have proved that 

double hydrogen-bond donors can orient substrates with almost the strength of a covalent 

bond.16, 17 The hydrogen-bond donor catalysts have a wide variety of functional scaffolds and 

skeletons, and the hydrogen-bond donor elements have many forms, with a difference up to 20 

pKa in their acidity (Figure 3). 

 

Figure 3. Examples of single and double hydrogen-bond donor organocatalysts with their pKa values in the 

appropriate solvent in parentheses. 

Although the mechanism of these catalysts can vary widely, they are similar in the way that 

usually in addition to a single or double hydrogen-bond donor group, they contain another 

functional element that is capable of forming other secondary interaction with the substrate as 
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well, such as aromatic, weakly basic or acidic, possibly strongly basic group. Due to their 

diversity, chiral small hydrogen-bond donor molecules are already a significant and widely 

applicable subset of enantioselective catalysts.17 

3.1.3.1. Multiple hydrogen-bond donor organocatalysts 

There are two major types of hydrogen-bonding catalysts: those that can form a single 

hydrogen-bond and those that can form a multiple hydrogen-bond. During catalysis, by the 

formation of multiple hydrogen-bonds, these bonds not only determine the transition state of 

the reaction, but often provide the possibility of chiral induction by establishing the appropriate 

orientation around the newly formed stereocenter. Like these organocatalysts, many enzymes 

fix the substrate by hydrogen-bonds stabilizing the transition state of the reactions 

(Scheme 7).18 

 

Scheme 7. Stabilizing interactions formed by the chorismate enzyme and the substrate in a pericyclic reaction. 

As the enzymes, bifunctional organocatalysts with different hydrogen-bond activation modes 

are excellent for asymmetric syntheses. Double hydrogen-bond donor groups (e.g. (thio)ureas 

or (thio)squaramides) are also preferred as building blocks for bi- or multifunctional 

organocatalysts. Bifunctional organocatalysts are those which are capable of activating 

nucleophiles and electrophiles at the same time. 



~ 15 ~ 
 

An essential part of asymmetric organocatalysts is the chiral moiety connecting the Lewis 

acidic and basic units, which may be responsible for the asymmetric induction in the active 

center of the catalyst. Another critical feature of bifunctional catalysts is the pKa value of 

hydrogen-bond donor groups. This can be easily influenced by the electron-withdrawing 

property of the substituents attached to the Lewis acid unit. 

Thioureas and (thio)squaramides 

Thioureas and (thio)squaramides are among the most commonly used bifunctional 

organocatalyst moieties (Table 1). 

Table 1. Structure and a few properties of thioureas, squaramides and thiosquaramides. 

 Thioureas (Thio)Squaramides 

Structure, H-bond donor 

and acceptor units 

 
 

 

Delocalization  

 

 

The orientation and 

distance of the NH 

groups 

 

 

Acidity (pKa)19-26 
8.5–21.1 (DMSO) X = O: 8.4–16.3 (DMSO) 

X = S: 2.5–7.4 (MeCN, predicted) 

The bifunctional catalyst containing thiourea group as Lewis acidic structural element was first 

prepared in 1998 by pioneers in the field, Sigman and Jacobsen.27 Their paper describes the 

preparation of a cyclohexanediamine-based catalyst that has been successfully used in the 

enantioselective Strecker reaction. In 2003, Takemoto et al. also developed thiourea catalyst 

containing cyclohexanediamine group. This catalyst was successfully applied in Michael 

addition reaction of nitroolefins and malonesters (Scheme 8).28 
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Scheme 8. Asymmetric Michael addition reaction catalyzed by thiourea organocatalyst. 

Since 2003, both Jacobsen, Takemoto and many other researchers have published their results 

based not only on the catalyst development but also on their applications and extensions.29-34 

Squaramides have a rigid four-membered ring characterized by electron delocalization. 

Therefore, they are highly effective hydrogen-bond donors.35 Besides ureas and thioureas, 

squaramides are also important members of the molecules widely used in molecular 

recognition.36 Compared to ureas and thioureas, squaramides differ from them in some crucial 

properties, such as acidity, stiffness, and the distances and angles of hydrogen-bonds. For this 

reason, chiral squaramides are promising organocatalysts, as well.  

First, Rawal et al. used a bifunctional organocatalyst containing a squaramide unit in the 

Michael addition of pentane-2,4-dione to trans-β-nitrostyrene with excellent yield and 

enantiomeric excess (Scheme 9).37 The use of (thio)squaramide moieties as a hydrogen-bond 

donor unit compared to (thio)ureas, is more favorable in a few cases due to the lower pKa and 

favorable orientation of the NH groups (Table 1, page 15). 

 

Scheme 9. The first squaramide catalyzed organocatalytic reaction (Michael addition reaction). 

Since then, squaramide derivatives have been successfully used as organocatalysts in numerous 

enantioselective reactions. Squaramides have several advantageous properties that can promote 

their catalytic activity. An example is the rigid, planar, aromatic structure, which has 
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outstanding stability. Another beneficial property is that, also comparing to thioureas, the 

further carbonyl group provides an extra hydrogen-bonding site in the molecule. Because the 

squaramides can act as a hydrogen-bond donor or acceptor, they have excellent anion and 

cation recognition properties.23, 25 Due to their rigid structure, squaramides have up to fifty 

times higher affinity for halides than their corresponding thiourea analogs (Figure 4).38 

 

Figure 4. Squaramide complexes with halide (A), ammonium (B), halide, and ammonium (C) or with 

carboxylate (D). 

The well-known inhibited rotation of amides along the C–N bond was also observed for 

(thio)squaramides, so that anti/syn conformers may be present in the various (thio)squaramide 

derivatives. X-ray diffraction measurements proved that the anti/anti conformation of the 

various conformers is the most favorable both for the formation of hydrogen-bonds and for the 

thermodynamically more stable structure (Figure 5).38 

 

Figure 5. The three possible conformers of squaramides (X=O) and thiosquaramides (X=S). 

Rawal et al. applied thiosquaramides first as asymmetric organocatalysts. They compared oxo- 

to thiosquaramides and proved that thiosquaramides are more acidic and more soluble in non-

polar solvents. They also defined thiosquaramides as excellent catalysts for the enantioselective 

Michael or conjugate addition (Scheme 10) reactions, and they gained the product with higher 

yields and enantiomeric excess values using thiosquaramides than using their corresponding 

oxo-analogs.39, 40 
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Scheme 10. Application of squaramides and thiosquaramides in conjugate addition reaction. 

Moreover, they tested their catalysts in aza-Diels–Alder reaction (Scheme 11), and while 

thiosquaramide proved to be an excellent catalyst, the corresponding thiourea and squaramides 

with their weaker acidity were not suitable to catalyze this reaction. The higher acidity of aryl 

thiosquaramides enabled the possibility of their application as Brønsted acid41, 42 as well as 

bifunctional organocatalyst. 

 

Scheme 11. Application of thiourea, squaramide and thiosquaramides catalysts in aza-Diels–Alder reaction. 
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3.1.3.2. Cinchona-based asymmetric organocatalysts 

Discovery, structure and modifications of cinchona alkaloids 

The chiral backbone of organocatalysts is often provided by natural compounds (chiral pool) 

due to their availability in larger quantities at relatively low cost. Cinchona alkaloids belong to 

this group of asymmetric natural compounds. The anti-malarial quinine, belonging to the 

cinchona alkaloid family, was firstly isolated from the bark of the cinchona tree (found in the 

South American Andes) by Pelletier and Caventou in 1820.43 Its use in the food and 

pharmaceutical industries is still significant. The latter is well-illustrated by the fact that 

quinine is still on the World Health Organization's (WHO) list of essential drugs in 2019.44 

In 1848, Pasteur performed the first resolution which uses a quinine derivative.45 Bredig and 

Fiske have already used quinine as a chiral catalyst in the enantioselective addition of hydrogen 

cyanide to benzaldehyde in 1912.3 Cinchona alkaloids are still widely used in the organic 

chemistry as the base of chiral organocatalysts, chromatographic additives, chiral surface 

modifiers or phase transfer catalysts.46, 47 

Due to their easy availability and reasonable price, cinchona alkaloids became popular in 

organic chemistry: they have high stability, and they carry a high degree of chiral information 

by the four asymmetric carbon atoms (Figure 6). 

 

Figure 6. The structure, the main structural elements and numbering of atoms of quinine. 

The structure of cinchona alkaloids can be easily modified, which alterations can have an 

effective influence on catalytic activity.16, 46  
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There are several possibilities to change the structure: 

•  Through the 9-hydroxyl group, the molecule can be alkylated or acylated to give ether 

or ester compounds. In inversion reactions, the hydroxyl group may be replaced with 

another functional group, such as an amino group, which may be further modified. 

•  The tertiary nitrogen of the quinuclidine group can be easily quaternized to obtain phase 

transfer catalysts. 

• The 6'-methoxy group of the quinoline moiety can be demethylated to a phenolic 

hydroxyl group, which can be further modified. 

•  The molecule can be attached to a support via its vinyl group.48 Saturation or 

“unsaturation” of the double bond can modify the basicity of the amino group at the 

quinuclidine, as well as the hydrophobic–hydrophilic character of the molecule.49 

Compounds belonging to the family of cinchona alkaloids are often in a pseudo-enantiomeric 

relationship with each other (Figure 7).46 Pseudo-enantiomers are diastereomers in which the 

configuration is opposite only at the moiety, which is responsible for the catalytic activity. One 

of the major advantages of cinchona alkaloids over enzymes is that in a reaction catalyzed by 

pseudo-enantiomers, a product with the opposite absolute configuration is formed. 

 

Figure 7. The most commonly used cinchona alkaloids and their pseudo-enantiomers. 
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Applications of cinchona derivatives as organocatalyst 

Bartoli et al. used quinine and quinidine as catalysts in the Michael addition of 1,3-dicarbonyl 

compounds to maleimides in 2006 (Scheme 12).50 

 

Scheme 12. Michael addition reaction of a 1,3-dicarbonyl compound to N-benzylmaleimide. 

The products were obtained in excellent yields and with up to 98% enantiomeric excess values. 

The products contained two adjacent asymmetric centers, one of them was quaternary. The 

formation of quaternary asymmetric centers is especially challenging due to steric hindrance, 

however, such centers are essential motifs in many drugs. Unmodified cinchonas were 

observed to be more effective than their derivatives in these reactions. The presence of the free 

hydroxyl group at position 9 was crucial for high activity and selectivity. Thus, it is not 

advantageous in every case to convert the cinchona alkaloid to another derivative. However, in 

the enantioselective Michael addition of pentane-2,4-dione to trans-β-nitrostyrene, the 

quinidine catalyst in 10 mol% gave the product with only 52% yield and 17% enantiomeric 

excess.51 

In 2005, Chen, Soós, Dixon, Connon and their groups simultaneously investigated the 

performance of cinchona urea and thiourea organocatalysts.52-55 Connon et al. applied this 

catalyst in the addition of dimethyl malonate to nitroolefins. The group found that 9-epi 

cinchona derivatives are the most effective in this conjugated addition reaction (Scheme 13).53 
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Scheme 13. Cinchona thiourea catalyzed asymmetric Michael addition reaction. 

Application of cinchona thiourea, with a molar ratio of 10 mol%, already resulted in a much 

better enantiomeric excess (96%) in the enantioselective Michael addition of pentane-2,4-dione 

to trans-β-nitrostyrene, however with only a 47% yield.51 Hence, this type of reaction requires 

another H-bond catalyst. 

That was the reason, why in 2008, Rawal et al. used first a cinchona squaramide organocatalyst 

in the Michael addition of 1,3-dicarbonyl compounds to trans-β-nitroolefins, in which 

excellent yields (up to 99%) and enantiomeric excess values (up to 94%) were achieved in the 

presence of only 0.5 mol% cinchona squaramide (Scheme 9, page 16).37 

Mechanism of bifunctional H-bond donor catalysts 

When bifunctional H-bond organocatalysts, such as cinchona thioureas or squaramides were 

applied in Michael additions of 1,3-dioxo compounds to nitroalkenes, it was found30, 56-59 that 

the reaction can proceed by two mechanisms. In one of them, the acidic NH groups (of thiourea 

or squaramide moieties) activate the enolate, while the protonated quinuclidine fixes the 

electrophile (Figure 8A). According to the other mechanism, the activation of substrates occurs 

on the opposite sites of the catalysts (Figure 8B). Nevertheless, both mechanisms start with the 

deprotonation of the nucleophile by the basic nitrogen atom of the quinuclidine ring. 
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Figure 8. Two possible mechanisms for Michael addition reaction in the presence of bifunctional H-bond donor 

organocatalysts. 

3.2. Recovery of organocatalysts 

The application of a catalyst itself is one of the 12 principles of green chemistry (Figure 9),60-

62 because catalysts can help in reactions producing less waste or have a greater atom economy, 

which fulfills the first two principles. If we want to go further, and turn our reactions greener, 

we do not waste this catalyst. For the synthesis of a catalyst, energy, solvents, reagents, etc. are 

needed, and less of these “ingredients” are invested if we recycle the applied catalyst, and after 

that we reuse it in further catalytic cycles. 

There are two main strategies for recycling a catalyst: homogeneous or heterogeneous. These 

categories are not exactly the methods of the recovery, but are referring to the application of 

the catalyst, depending on if the catalyst(s) and reactant(s) are in the same phase or not. There 

are several methods for recycling a catalyst, and the appropriate method is chosen depending 

on the application of the catalyst. 

During my work, I applied a homogeneous recycling technique called OSN (organic solvent 

nanofiltration), and a heterogeneous one called immobilization on a solid support. Therefore, I 

will focus more on these methods in the next chapters. 
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Figure 9. The first 12 principles of green chemistry highlighting the ninth, the application of catalysts. 

3.2.1. Homogeneous recovery 

One of the main advantages of the catalyst application in homogeneous phase is that there is 

no diffusion barrier in the reaction, therefore it is usually faster. Another is that they can be 

tuned, which means choosing the catalyst well (or modifying) can increase the selectivity. The 

most critical drawbacks: solvent is almost always necessary for their use, and there can be 

difficulties for their recycling; these recycling methods are usually specific.63, 64 Despite the 

specificity of recycling methods, many of these techniques have been explored.  

Extraction of the catalyst or product: this method is widespread for the separation of 

compounds based on the solubility differences of molecules. A liquid–liquid phase extraction 

is one of the basic laboratory techniques, however, there can be difficulties, because a decent 

system must be found for carrying out this recovery. In cases in which the compounds are not 

sensitive to water or to switching the pH, the catalyst can be modified with basic or acidic 

functional groups, and their salt form can be extracted by water after the catalytic reaction.65 

Heterogenization of the catalyst can be performed by the addition of solvent, in which only the 

catalyst is soluble,66, 67 or insoluble,68, 69 changing the temperature, switching the pH, or 



~ 25 ~ 
 

addition of an adsorbent. After these changes, the catalyst can be recovered by filtration or 

centrifugation. The disadvantage of these methods is the heterogenization of a catalyst or 

substrate/product can affect other compounds and contamination occurs, but usually structural 

change of the catalyst is not crucial, and the catalyst remains active. Nevertheless, for tuning 

these methods minor derivatization is needed. 

There are some more catalyst specific methods, for example the separation of polyfluorinated 

compounds.70-72 Fluorous liquid–liquid extraction is widely used for their separation, in which 

a polyfluorinated moiety is built in the catalyst, therefore this catalyst is extremely soluble in 

fluorinated solvents.73 

OSN technique is also a specific method, in which the separation of the molecules is based on 

the difference of their molecular size, which is usually proportional to their molecular weight, 

and its efficiency depends on this difference. This membrane technique can separate molecules 

with a molecular weight of 50–2000 Da under pressure.74-78 

3.2.1.1. Organic solvent nanofiltration (OSN) 

Organic solvent nanofiltration is an environmentally friendly process that can be performed 

under mild conditions and has low energy consumption. In addition to separation, the technique 

can also be used to recycle the solvent,74 thus reducing the amount of waste. The method can 

also be used to separate thermally unstable molecules, no additives are required, and the 

advantage of industrial application is that the system can be easily scaled up.75 

Due to its large number of benefits, OSN has gained wide application in both laboratory and 

industrial fields, independently and as part of complex processes.75, 79 The technique is used in 

water treatment,80-82 in the food industry, petroleum industry, and pharmaceutical industry. 

The permeability of the membranes is different for each material. Retention is influenced by 

several parameters, such as the ability to form a hydrogen-bond, charge, etc. However, it 

depends to the greatest extent on the size of the particles. 

An essential requirement for the membranes is the chemical, mechanical and thermal stability. 

The ideal membranes retain their separation characteristics and morphology during application, 

and they can be used in a wide range of solvents. Polymers (e.g., polyimide, 

polybenzimidazole, etc.) or various inorganic materials (e.g., silicon carbide, oxides, etc.) are 
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used to prepare OSN membranes. Ceramic membranes are easy to clean and have excellent 

stability, but polymer membranes are generally more affordable, less brittle and easier to scale 

up.75 

Catalyst recycling by OSN 

Given the high cost and complex production procedure of organocatalysts, an essential goal for 

researchers is to achieve catalyst recycling. Separation from the reaction mixture can be 

accomplished, for example, by the addition of a suitable additive, precipitation, selective 

extraction, and organic solvent nanofiltration. 

In the application of the OSN technique, a noteworthy alternative solution is the 

heterogenization of the catalyst by attaching to a membrane (Figure 10).78 This solution is 

industrially advantageous, as it allows the catalyst to be easily separated from the reaction 

mixture after its use and it allows application of this system in continuous flow. However, the 

disadvantage is the complicated preparative implementation and the frequent decrease in 

enantioselectivity.83 

 

Figure 10. Catalyst attached to an organic solvent nanofiltration membrane applying a linker. 

Another way to recycle organocatalysts by organic solvent nanofiltration is to increase the 

molecular weight of the catalysts. As mentioned in the previous section, the retention of larger 

molecules is higher, if the molecular weights of the catalysts significantly exceed those of the 

reagents, and products, the individual components can be easily separated by OSN (Figure 11). 
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Figure 11. Change of the retention depending on the molecular weight of the reaction components. 

Size-enlarging techniques are forming dendrimers,84-86 attaching the catalyst to a soluble 

polymer87, 88 or to a large central unit.89-91 During my work, the size-enlargement of the catalyst 

was unnecessary thanks to the small molecular size of the substrates, and product of the 

Michael addition. 

3.2.2. Heterogeneous recovery 

While catalysis plays a key role today in the increasing sustainability of organic syntheses, the 

focus has shifted to solid support instead of homogeneous catalysts due to the need for 

recycling and recovery.92 On the other hand, separating catalysts from a reaction mixture is 

sometimes a challenging task. Attachment to support is an effective way to overcome this 

problem, as almost perfect separation can be achieved, and the recovered catalyst can be 

recycled. 

In covalent attachment, the support and catalyst must be properly designed to be able to react 

with each other through additional functional groups, thus allowing attachment, without 

interfering with the catalytic effect. If these conditions are met, the apparent benefits of 

catalytic synthesis are further enhanced by the possibility of recycling.93 

Attachment of the organocatalysts to a solid support can be simpler and even more 

advantageous than the attachment of metal complexes and enzymes. In the case of enzyme 

immobilization94, it can have a greater effect on the complex structure of the enzyme, including 

its properties, than in the case of an organocatalyst that has a simpler structure than an enzyme. 
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Furthermore, when an organocatalyst is attached to a polymer support, the number of active 

catalyst molecules per unit weight of the polymer is obviously higher than in the case of an 

enzyme as it has a much larger size. As far as metal-containing catalysts are concerned, it has 

been repeatedly demonstrated that their attachment to a support often involves metal 

contamination in the product and that the metal may need to be replaced before the catalyst can 

be recycled.95 

The boom in the field of organocatalysts has been rapidly followed by the appearance of solid-

supported organocatalysts, as the benefits of immobilization became clear to researchers from 

the outset.92 Thus, the field of supported organocatalysts also began to develop in the early 

2000s.96 

I will show examples of different immobilization techniques and solid supports focusing on 

the immobilization of cinchona-based organocatalysts. 

3.2.2.1. Immobilization of cinchona organocatalysts to a solid support 

Asymmetric organocatalysts derived from cinchona alkaloids can be attached to a polymeric 

support at various sites: the two most common attachment sites are the vinyl group attached to 

the quinuclidine ring and the hydroxyl group at the 9-position carbon atom, the former of which 

is preferred.96 Besides these, other possibilities exist, for example the Lewis acidic unit also 

can be suitable for the immobilization. 

Cinchona–acrylonitrile copolymer 

One of the earliest published immobilizations of cinchona alkaloid was carried out in 1978 by 

Kobayashi and Iwai.97 They produced copolymers containing acrylonitrile and cinchona 

alkaloids in different ratios (Figure 12). These polymer-grafted catalysts were prepared from 

quinine and quinidine. These were soluble in polar aprotic solvents such as DMF or DMSO 

and were insoluble in less polar solvents, thus they were recoverable by a simple precipitation. 

 

Figure 12. Cinchona–acrylonitrile copolymers prepared from quinine and quinidine. 
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Cinchona-modified poly(ethylene glycol) 

In 2002, Benaglia et al. immobilized cinchona derivatives on modified poly(ethylene glycol) 

(PEG), which were used in an enantioselective C-benzylation reaction (up to 64% enantiomeric 

excess, Scheme 10) and addition of thiophenol to cyclohexenone (22% enantiomeric excess, 

Scheme 11).98 Cinchona derivatives were attached to the polymer through their various sites. 

In these experiments, it was found that the obtained stereoselectivities were lower than those 

of the unfixed catalysts. The reason for this is that PEG can sterically influence the reaction. In 

the benzylation reaction, it increases the polarity of the organic phase, thus partially preventing 

the formation of a close ion pair between the deprotonated substrate and the chiral ammonium 

salt. On the other hand, it increases the solubility of the inorganic cation in the organic phase, 

leading to a non-stereoselective alkylation. 

 

Scheme 10. Enantioselective C-benzylation reactions catalyzed by cinchona derivative attached to modified PEG. 

 

Scheme 11. Addition of thiophenol to cyclohexenone catalyzed by cinchona derivative attached to modified 

polyethylene glycol. 
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Cinchona thiourea-modified silica gel 

In 2008, He et al. attached a cinchona thiourea organocatalyst to mesoporous silica gel, which 

was used in enantioselective Friedel–Crafts reactions (Scheme 12).99 The catalyst was recycled 

five times in the reaction (Scheme 12). During this reaction, it was observed that the 

enantiomeric excess became smaller (less than 85% at the fourth recycle), but the catalyst was 

washed with several solvents before the fifth recycle, in which it resulted the same enantiomeric 

excess (99%)* as it was after the first application. 

 

Scheme 12. The use of a cinchona thiourea catalyst attached to silica gel in enantioselective Friedel–Crafts 

reaction. 

Cinchona (thio)urea-modified magnetic nanoparticles 

In 2011, Connon et al. immobilized cinchona urea and thiourea organocatalysts on magnetic 

nanoparticles, which were used in the Michael addition of dimethyl malonate to trans-β-

nitrostyrene (Scheme 13). The urea-type catalyst was recycled to the reaction three more times 

after the first application, but was no longer sufficiently effective in the last cycle (46% 

conversion).100 

 

Scheme 13. Michael addition reaction catalyzed by cinchona thiourea attached to magnetic nanoparticles. 

 
* The absolute configuration of the product was not determined. 
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It was observed that the magnetic nanoparticles also catalyze the reaction (Scheme 14). In this 

case a racemic product was formed with small yield, which may explain the relatively low 

enantiomeric excess achieved with the immobilized catalyst. 

 

Scheme 14. Michael addition reaction catalyzed by cinchona thiourea in the presence of magnetic nanoparticles. 

Cinchona amine-modified polystyrene 

In 2015, Pericàs et al. prepared cinchona-modified polystyrene, which was used in 

enantioselective Michael addition reactions in batch or flow mode. The best results were 

obtained in the reactions shown in Scheme 15 and Scheme 16. These experiments have been 

performed with a variety of reagents and substrates, many of which have provided excellent 

conversion and enantiomeric excess.101 

 

Scheme 15. Michael addition reaction performed in batch mode catalyzed by cinchona amine immobilized on 

polystyrene. 
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Scheme 16. Michael addition reaction in a flow reactor catalyzed by cinchona amine immobilized on polystyrene. 

3.2.2.2. Poly(glycidyl methacrylate) (PGMA) as a solid support 

Dispersion polymerization 

During my work, I wanted to use a support with a different character from the catalyst supports 

presented in the previous chapter. The preparation of the first cinchona copolymers presented 

could be interesting, however, I did not want to polymerize the valuable catalyst because it 

behaves differently as a polymer during the reactions. Silica gel and polystyrene have pores, 

the diameter and volume of which can also affect the catalyzed reaction. Polyethylene glycol 

and magnetic nanoparticles can catalyze the reaction to form a racemic product, as described 

in the previous section. My goal was to develop an inert, non-porous catalyst support on which 

an adequate enantiomeric excess and conversion can be achieved by immobilizing the catalyst 

and the recycle can be easily performed. Such a support may be a particle with a narrow size 

distribution in size range of 1 to 10 µm produced by radical dispersion polymerization, which 

can be recycled by centrifugation or filtration, or it can be used in a continuous flow system 

packed in a column. 

Radical polymerization consists of three basic elementary steps: initiation, chain growth, and 

chain closure. During initiation, a radical is formed from the monomer by a physical or 

chemical initiator. The active radical reacts with the monomer to form the growing active 

center, thereby initiating a chain growth. Chain closure can occur in a variety of ways: by the 

interaction of two oligomers, by the reaction of a macroradical and an initiator radical but it 

can also occur by contamination. 
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During dispersion polymerization, the solvent dissolves the monomer and the steric stabilizer 

but not the polymer. Stages of the formation of particles with narrow size distribution are the 

following: first, a short stage of particle formation, and their growing. The radicals formed 

during the initiation of the polymerization are growing until they reach a critical chain length 

in size, resulting in precipitation, however, these precipitated cores are unstable. The stabilizer 

is adsorbed on their surface forming aggregates with each other until the aggregates become 

stable due to the appropriate amount of stabilizer (these stable particles consist of several 

oligomeric chains, therefore their size also depends on the number and length of the chains). 

When a sufficient number of stable particles are formed that can trap all the radicals and nuclei, 

particle formation stops. During the particle growth phase, no new particle is formed, and no 

coalescence of existing particles occurs. Adsorption of the stabilizer results in the formation of 

spherical particles.102-104 

Dispersion polymerization is very sensitive to small changes in reaction parameters such as the 

initial solubility parameter of the system, the composition of the monomer mixture, the quality 

and concentration of the stabilizer, the temperature. 

Preparation of PGMA 

Horák et al. published a method in 2000 to prepare poly(glycidyl methacrylate) (PGMA) by 

radical dispersion polymerization in a simple one-step process. They produced microspherical 

polymer with 1–2 μm diameter and a narrow size distribution (Scheme 17).105 

 

Scheme 17. Preparation of poly(glycidyl methacrylate) by radical dispersion polymerization. 

Poly(glycidyl methacrylate) may be suitable catalyst support because its reactive epoxide 

groups enable covalent attachment of the appropriate catalysts. 

Spherical PGMA particles are generally prepared by radical suspension polymerization in an 

aqueous medium, which has the disadvantage of producing PGMA with wide size distribution 

and the partial or complete hydrolysis of the reactive epoxy groups.106 Dispersion 

polymerization (which is an appropriate method for producing monodisperse spherical 

particles in the micron size range) may be convenient to avoid these issues.107 
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Horák and his research group found that epoxy groups are partially hydrolyzed in 

dimethylformamide medium but almost completely retained in alcoholic medium. The 

stabilizer concentration affects the aggregation of the polymer cores: the particle size decreases 

with increasing concentration. Large particles were obtained with a polyvinylpyrrolidone 

stabilizer. By the method using this stabilizer, the particle size was greatly reduced by 

increasing the amount of azobisisobutyronitrile (AIBN) initiator to 1 wt% during the 

polymerization in ethanol. No further reduction of the size was observed by increasing the 

concentration of the AIBN.105 

Due to the advantages, reactivity, and ability to obtain particles with narrow size distribution 

as described above, PGMA was chosen as the support for the organocatalyst to be prepared. 

Cinchona alkaloids have not been attached previously to this polymer, according to the 

literature. 

Size controlled poly(methyl methacrylate) particles 

In 1993, El-Aasser et al. controlled the particle size by changing various parameters during the 

dispersion polymerization of methyl methacrylate to produce particles in a size range between 

2 and 10 μm.107 

These parameters were:  

• temperature (Figure 13A),  

• concentration of initiator (Figure 13B),  

• concentration of stabilizer (Figure 13C),  

• molar weight of stabilizer (Figure 13D),  

• concentration of the monomer (Figure 13E),  

• ratio of solvents (Figure 13F). 

PGMA is a similar polymer to the well-studied poly(methyl methacrylate) (PMMA), hence I 

demonstrate the effects of parameters on the properties of polymer particles here. The 

concentration (wt%) given in Figure 13 is compared to the mass of reaction mixture. 
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Figure 13. The effect of six different parameters on the size of poly(methyl methacrylate) microspheres. 

The polymerization was carried out at 50, 55 and 60 °C, respectively. By increasing the 

temperature, the particle size increased as well. This may be caused by the greater solubility at 

higher temperatures (longer critical chain length), faster decomposition of the initiator and the 

faster growth of the oligomer chains. Also, the concentration of the precipitated oligomer 

chains is higher (which can aggregate with each other). By increasing the solubility of the 

stabilizer, the rate of its adsorption decreases (the growing aggregates are stabilized more 

slowly). Finally, the lower viscosity increases the degree of the aggregation. Thanks to these 

processes, a larger particle size can be achieved at a higher temperature (Figure 13A). 

Initiator concentrations of 0.1, 0.15, 0.2, or 0.4%, were used in the experiments. As the initiator 

concentration increased, the particle size also increased: at higher initiator concentrations, the 

concentration of radicals and precipitated oligomer chains was higher. Therefore, the rate of 

aggregation increased. However, it should be noted that the longer particle formation phase 
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resulted in a wider size distribution. A sufficiently narrow size distribution requires a balance 

between nucleation and stabilization, because even with a low initiator concentration and a 

high stabilizer concentration, only a wide size distribution can be achieved. 

The stabilizer concentration was varied between 1 and 10% for using PVP with 40 kDa 

molecular weight. Application of stabilizers with different molecular weights (10, 40, and 360 

kDa) were also examined. As the concentration of the stabilizer increases, the particle size 

decreases. The rate of adsorption became larger and this led to an increase in viscosity. Hence 

the aggregation was suppressed. Due to the shorter particle formation phase, the size 

distribution was also narrower at higher stabilizer concentrations. Higher molecular weight of 

PVP resulted in smaller particles, as this also enhanced the viscosity (Figure 13C and D). 

The monomer concentration was varied between 5 and 20% (the PVP stabilizer concentration 

in these experiments was 5% using PVP with 40 kDa). It was found that the particle size had a 

minimum at 10% monomer concentration. According to the authors, this may be caused by the 

competition of two opposing factors. On the one hand, at higher monomer concentrations, the 

polymerization rate was increased, and the solvation of the polymer was also higher, this 

resulted in a larger particle size. On the other hand, due to the longer polymer segments, the 

rate of adsorption of the stabilizer was larger, which favored the smaller particle size 

(Figure 13E). 

The effect of the water content of the solvent on the particle size was also investigated: it was 

varied from 0 to 40%. As the water content increased, the particle size decreased because water 

is a worse solvent for PMMA than methanol. Thus, the critical chain length could be smaller 

at higher water content, and the adsorption rate could be higher. As a result, the particle 

formation phase could be longer, which confirms that a wide size distribution was obtained 

above 40% water content. 

Subsequent cross-linking 

Subsequent cross-linking works similarly to the formation of the parent particle: it is also a 

radical polymerization in the presence of these suspended particles, but with lower monomer 

concentration. Cross-linking requires a monomer that forms a double radical during initiation. 

Ethylene glycol dimethacrylate (EGDMA) is suitable for this purpose (Figure 14).  
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During cross-linking, the EGDMA monomer may react with another EGDMA monomer or 

possibly with the epoxy group of PGMA, i.e., the epoxy number is expected to be lower,108 

therefore it is crucial to determine the number of epoxy groups after cross-linking.109 

Accordingly, no exact reaction equation can be given for cross-linking. 

 

Figure 14. The structure of ethylene glycol dimethacrylate monomer. 

During cross-linking, secondary particles may appear, which means that the cross-linking 

monomer forms new particles. If the cross-linking monomer in the reaction mixture exceeds a 

certain saturation concentration, the chains formed in the polymerization are not adsorbed on 

the surface of the existing particles but form new (secondary) particles. In this case, the reaction 

product consists of several primary and secondary particles.110 This is disadvantageous in terms 

of size distribution, so the formation of secondary particles must be eliminated by choosing the 

appropriate cross-linking concentration. 

4. Results and discussion 

4.1. Synthesis of three new multifunctional glucose thiourea organocatalysts 

and their application in asymmetric Michael addition reaction 

In this chapter, I present the synthesis of three new multifunctional glucose thiourea catalysts 

from commercially available starting materials. After their preparation, they were applied in 

Michael addition of pentane-2,4-dione to trans-β-nitrostyrene.S5 Glucose cinchona thiourea 

catalysts can fix the substrates with up to three hydrogen bonds (Figure 15A),111 furthermore, 

cinchona organocatalyst with hydroxyl group can form another hydrogen bond with substrates 

(Figure 15B).112 These transition states could facilitate the enantioselectivity in asymmetric 

reactions: Miao et al. successfully applied cinchona glucose thiourea organocatalysts for the 

synthesis of tertiary -hydroxy phosphonates with high yields (up to 98%) and ee (up to 

99%).113 
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Figure 15. Fixing substrates by glucose cinchona thiourea (A) and by demethylated cinchona organocatalysts (B). 

4.1.1. Synthesis of multifunctional glucose thiourea organocatalysts 

As thiourea derivatives play significant roles in catalyst design and modification,33, 34, 111 and 

carbohydrates are easily accessible chiral moieties,114 one of my goals was to prepare 

multifunctional glucose thiourea organocatalysts. While thiourea groups gave the H-bond 

donating ability of the catalysts, their basic character is given by cinchona or pyridine moieties 

(Figure 16). 

 

Figure 16. The structures of the prepared glucose thiourea organocatalysts. 

The main precursor of these new organocatalysts is the tetraacetyl glucose isothiocyanate 4 

(Scheme 18), which was synthesized from commercially available D-glucose (1) by O-

acetylation with acetic anhydride in the presence of sodium acetate at 100 °C. The reaction 

gave pentaacetyl glucose (2) as a main product with high yield.115 The acetobromoglucose (3) 

was prepared in the reaction of glucose pentaacetate 2 with acetic acid solution of hydrogen 

bromide (Method A) or with phosphorous tribromide in chloroform with catalytic amount of 

water (Method B). We gained the bromo derivative 3 with higher yield in the latter method 

(69% instead of 30%).116 Then the glucose isothiocyanate 4 was prepared using a reported 

procedure.117 Bromosugar derivative 3 was allowed to react with potassium thiocyanate in the 
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presence of tetrabutylammonium iodide (TBAI) as phase transfer catalyst at 50 °C using 3 Å 

molecular sieve. This reaction gave the sugar precursor 4 with a moderate yield (63%).  

 

Scheme 18. Synthesis of glucose isothiocyanate derivative 4 from commercially available D-glucose (1). 

The cinchona skeleton was built up starting from the commercially available hydroquinine 

(HQ) (Scheme 19). First, the hydroxyl group at C9 position of the cinchona was converted into 

an amino group in a one-pot reaction using a reported procedure.118 In a Mitsunobu reaction 

applying diisopropyl azodicarboxylate (DIAD) and diphenylphosphoryl azide (DPPA), the 

corresponding azide intermediate was formed,118 which was reduced to amine HQ-N by a 

Staudinger reaction using triphenylphosphine in tetrahydrofuran (THF). The demethylation of 

methoxy derivative HQ-N was performed using DCM solution of boron tribromide119 

affording cinchona precursor 5 with a high yield (85%). This demethylation led to the 

formation of a hydroxyl group, which could form an extra hydrogen bond between the catalyst 

and the substrates facilitating the selectivity of the asymmetric reaction.112 

 

Scheme 19. Synthesis of demethylated cinchona amine (5) from hydroquinine (HQ). 



~ 40 ~ 
 

To prepare multifunctional organocatalysts, we needed to react the glucose isothiocyanate 

precursor 4 with amines bearing a basic skeleton (like quinuclidine or pyridine) forming 

hydrogen-bond donor thiourea derivatives. Three new enantioselective organocatalysts 

GTU1–3 were synthesized in the reaction of the sugar isothiocyanate 4 and three amines 

containing quinuclidine (5), or pyridine (6 or 7) moieties in acetonitrile at 50 °C (Scheme 20). 

 

Scheme 20. Synthesis of new glucose-based multifunctional organocatalysts GTU1–3. 

4.1.2. Application of the new multifunctional glucose thiourea organocatalysts in 

asymmetric Michael addition reaction 

In recent studies111, 120 carbohydrate thiourea derivatives showed good enantioselectivity in 

Michael reactions in several solvents, such as in MeCN, DCM, or methyl tert-butyl ether 

(MTBE). Thus, new glucose thiourea catalysts GTU–3 were used in Michael addition of 

pentane-2,4-dione (8) to trans-β-nitrostyrene (9, see Table 2) in the abovementioned three 

solvents. In case of cinchona catalyst GTU1 the highest enantiomeric excess value with a 

moderate yield was achieved in MTBE (Table 2). In dichloromethane and acetonitrile only 

lower yields and enantiomeric excess values were obtained. In case of pyridine-based catalysts 

GTU2 and GTU3 only racemic products were isolated. Based on these results, we might say 

that the successful asymmetric induction needs the cinchona unit. 
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Table 2. Application of catalysts GTU1–3 in Michael reaction using pentane-2,4-dione (8) and trans--

nitrostyrene (9)[a]. 

 

Catalyt Solvent Yield (%)[b] ee (%)[c] 

GTU1 DCM 42 59 

GTU 1 MTBE 40 64 

GTU 1 MeCN 28 37 

GTU 2 DCM 31 racemate 

GTU 2 MTBE 32 racemate 

GTU 2 MeCN 26 racemate 

GTU 3 DCM 33 racemate 

GTU 3 MTBE 37 racemate 

GTU 3 MeCN 30 racemate 

[a] Reaction conditions: pentane-2,4-dione (8, 0.407 mmol) was added to the solution of trans-β-nitrostyrene (9, 0.157 mmol) 

in the presence of 1 mol% catalyst in 0.5 mL of solvent, then the resulting mixture was stirred at room temperature for 24 

hours. [b] Isolated yields. [c] Determined by chiral HPLC (the configuration of the major enantiomer is S). 

However, Poletti et al.121 used 10 mol% GTU4 (Figure 17) in Michael addition of pentane-

2,4-dione (8) to trans-β-nitrostyrene (9) and reached 89% enantioselectivity and 25% yield in 

DCM. 

 

Figure 17. Structure of GTU4 used by Poletti et al. in asymmetric Michael addition reaction. 

4.1.3. Conclusions and perspectives 

Based on these results, I set a goal which was to develop cinchona-based organocatalysts, 

which are more efficient in asymmetric reactions such as Michael addition and give the product 

with higher yields and enantiomeric excess values. This objective was not far from reality, and 

my results are presented in the next chapters. 



~ 42 ~ 
 

4.2. Comparison of cinchona catalysts containing ethyl, vinyl or ethynyl 

group on their quinuclidine ring 

In this part of my work, I present the synthesis and 

application of four widely used cinchona-based 

organocatalyst classes (hydroxyl, amino, squaramide, and 

thiourea) bearing quinuclidine substituents with different 

saturation (ethyl, vinyl, ethynyl, see Figure 18) started from 

quinine, the most feasible cinchona derivative. I show the 

effect of different factors on the organocatalysis, such as 

their acid–base properties, or spatial structure (theoretical 

calculation).S2 

4.2.1. Synthesis of the cinchona-based organocatalysts 

The cinchona catalysts were synthesized starting from the commercially available quinine (Q), 

that was transformed to hydroquinine (HQ) in a catalytic hydrogenation step. 

Didehydroquinine (DQ) was prepared in a two-step reaction from quinine: a bromine addition 

was followed by HBr elimination (Scheme 21).122 

 

Scheme 21. The synthesis of cinchona-based organocatalysts from quinine (Q). 

Figure 18. Bifunctionality of cinchona-

based organocatalysts. 



~ 43 ~ 
 

Cinchona amino derivatives (HQ-N, Q-N, DQ-N) were prepared starting from these hydroxy 

derivatives (HQ, Q, DQ) based on previously reported procedures. 123 In the next step, thiourea 

derivatives (HQ-TU, Q-TU, DQ-TU) were obtained by the addition of the appropriate amines 

to bis(trifluoromethyl)phenyl isothiocyanate (12).118, 124 Finally, addition of the 

abovementioned amines to half squaramide methyl ester (11) resulted in the corresponding 

squaramides (HQ-SQ, Q-SQ, DQ-SQ). 124, 125 During the synthetic procedures, all compounds 

were characterized by well-established methods including MS, IR, 1H and 13C NMR 

spectroscopy. 

4.2.2. The pKa values of conjugate acid forms of quinuclidine 

Since the strength of hydrogen-bonding interactions plays a crucial role in H-bond 

organocatalysis15, 18, 59, determination of pKa values could make understanding mechanisms 

and catalytic activity easier. Hence, it can help in the design of more efficient catalytic systems. 

In cases when deprotonation and/or hydrogen-bonding promote reactions or could facilitate 

enantioselectivity, knowing the pKa values of the corresponding groups is essential. 

To gain further insight into the H-bond organocatalytic behavior of the aforementioned twelve 

catalysts, we measured the pKa values of all four compound classes in six different solvents by 

UV–spectrophotometric titrations (Table 3, Table A1–Table A4, page 91) in collaboration with 

Dr. György Tibor Balogh and Gergő Dargó (Chemical Works of Gedeon Richter Plc., 

Budapest University of Technology and Economics). The UV/pH titrations were performed 

using D-PAS technique (Dip-Probe Absorbance Spectrophotometry) attached to a SiriusT3 

instrument. The pKa values were calculated by SiriusT3Refine™ software. All measurements 

were performed in solutions of 0.15M KCl under nitrogen atmosphere, at t = 25.0 ± 0.1 °C. 

The cosolvent dissociation constants (psKa values) of the compounds were also determined in 

various MeOH–water mixtures between 15 and 70 wt% and MeCN–water, dioxane–water, 

THF–water, DMSO–water mixtures between 15 and 50 wt%. Each sample was measured at 

least in minimum six different cosolvent–water ratios. To obtain the 98.0% and 99.9% 

cosolvent psKa values from psKa data, linear and Yasuda–Shedlovsky extrapolation methods 

have been used. The Yasuda–Shedlovsky method establishes a correlation with the dielectric 

constant and uses the following equation: psKa + log[H2O] = a ε + b, where log[H2O] is the 

molar water concentration of the given solvent mixture. This method is the most widely used 

procedure in cosolvent techniques. For better clarity, only those pKa values can be seen in 
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Table 3 that were measured in water, dioxane and THF for conjugate acid forms of 

quinuclidine. 

Table 3. The pKa values of the conjugate acid forms of quinuclidine nitrogen atom in cinchona catalysts measured 

in water, dioxane and THF. 

Catalyst 
pKa in: 

Catalyst 

water dioxane THF 

HQ 9.10 8.81 6.52 

Q 8.52 8.35 6.13 

DQ 7.40 7.37 5.60 

HQ-N 9.71 9.07 7.26 

Q-N 9.10 8.76 7.29 

DQ-N 8.10 8.70 6.40 

HQ-SQ 7.86 7.97 5.72 
Q-SQ 6.95 7.63 5.20 

DQ-SQ 6.13 7.46 3.89 

HQ-TU 8.61 5.90 7.66 
Q-TU 8.06 5.20 7.12 

DQ-TU 7.02 3.40 5.76 

The effect of the substituent on quinuclidine basicity 

Within the four different compound classes (cinchona hydroxyl, amino, thiourea, and 

squaramide derivatives) the effect of the quinuclidine substituent on the basicity was examined. 

As expected, the saturation of the substituent leads to increased basicity due to electronic 

reasons. The difference between the pKa values of nitrogen in quinuclidine is in a range of  

1.6–1.7 in each compound class, depending on the substituents. 

The effect of the C9 group of cinchona on quinuclidine basicity 

Not only the substituent of quinuclidine affects this basicity, but the groups found in C9 

position of the cinchona as well, since these groups and the alkyl substituents are practically 

equidistant from the quinuclidine nitrogen. The decreasing order in basicity is the following: 

amino, hydroxyl, thiourea, and squaramide. This may be caused mainly by electronic effects. 

Thiourea derivatives have higher basicity than those of the corresponding squaramides. This 

may be explained by the squaramide moiety bearing aromatic feature, therefore the electron-

withdrawing effect of the bis(trifluoromethyl)phenyl group can have a stronger effect than in 

the case of a thiourea. 
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Connection between pKa values and H-bonding abilities 

Based on our published results 78, 91, S3 and the relevant literature 37, 54 – in asymmetric Michael 

additions of 1,3-dioxo compounds to β-nitroalkenes – cinchona squaramides or thioureas are 

recommended to be used as enantioselective organocatalysts. Owing to their H-bonding ability 

(quantified by their pKa values) 22, 24, 26, 126-128 and chiral skeleton, they gave not only high 

yields, but also excellent enantioselectivities. Even though the nitrogen atom of the 

quinuclidine ring in thioureas is more basic, the observed enantiomeric excess values are 

similar to those given by squaramides. This observation can be explained by the different 

strengths of H-bonds formed by thioureas and squaramides. 

According to the mechanisms, 30, 56, 57 cinchona thiourea or squaramide can fix substrates by 

three H-bonds, while hydroxyl or amino derivatives are able to interact in different ways, for 

instance with less H-bonds. This causes the notable differences between the 

enantioselectivities. The strong H-bonds can be explained by the relatively high acidity of these 

groups. The pKa values of thiourea and squaramide units measured in water, dioxane and THF 

can be seen in Table 4 (in other solvents see Table A3 and A4, page 93). 

Table 4. The pKa values of double H-bond donor units (thiourea and squaramide) measured in water, dioxane 

and THF. 

Catalyst 
pKa in: 

 

water dioxane THF 

HQ-SQ 9.57 11.40 11.40 

Q-SQ 9.29 11.40 11.40 

DQ-SQ 9.20 11.30 11.40 

HQ-TU 10.87 12.90 13.10 

Q-TU 10.84 13.00 13.00 

DQ-TU 10.78 12.30 13.40 

Based on these pKa values, squaramides are more acidic than thioureas, hence stronger H-bonds 

can be formed between this moiety and the corresponding substrate. Taking into account the 

bifunctionality of cinchona thioureas and squaramides, they possess similar catalytic activity: 

while the cinchona thioureas have more basic nitrogen in quinuclidine, squaramides can form 

stronger H-bonds with the substrate. 

By reflecting on further importance of the acidity of the H-bond donor units, an analog of 

squaramides, the so-called thiosquaramides have more acidic NH groups.23, 26, 39, 40, 129, S3 

Thiosquaramides gave better yield and ee in asymmetric Michael reactions than the 
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corresponding squaramides, also they could act as Brønsted acids.41, 42 Therefore, 

thiosquaramides can catalyze aza-Diels–Alder reaction,40, S3 in which neither thioureas nor 

squaramides serve the desired product. 

4.2.3. Application of the catalysts in asymmetric Michael addition 

We used hydroxy, amine, thiourea, and squaramide type catalysts in Michael addition of 

pentane-2,4-dione (8) to trans-β-nitrostyrene (9). Conventional and green solvents were 

screened (Table 5 and Table A5, page 95) under the same conditions. Prat et al. classified 

solvents using data of their impact on health, environment and the safety of their use.130 

According to this solvent selection guide EtOAc marked as green solvent, and methanol is still 

recommended with some issues. Toluene and MeCN are problematic, while MTBE, DCM and 

THF are marked as problematic and hazardous solvents. 

In methanol that is a protic solvent, we got only lower yields (up to 82% vs. up to 100%) and 

enantioselectivities (up to 51% ee vs. up to 93% ee). This observation is in line with the results 

got applying similar cinchona-based organocatalysts.131 In methanol hydrogen-bonds could be 

formed between the solvent and the catalysts and/or reactants, which destabilize the hydrogen-

bonds between the catalyst and substrates. Accordingly, applying a hydrogen-bond donor 

organocatalyst in protic polar solvents could result in low yields and enantiomeric excess 

values. 
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Table 5. Application of the squaramide and thiourea catalysts in the Michael reaction using pentane-2,4-dione (8) 

and trans--nitrostyrene (9)[a]. 

 

Catalyst Solvent Yield 

[%][b] 

ee 

[%][c] 

HQ-SQ DCM 99 85 

HQ-SQ MTBE 100 75 

HQ-SQ toluene 100 82 

HQ-SQ MeCN 97 84 

HQ-SQ EtOAc 99 81 

HQ-SQ MeOH 77 45 

HQ-SQ THF 99 85 

Q-SQ DCM 98 87 

Q-SQ MTBE 99 90 

Q-SQ toluene 99 89 

Q-SQ MeCN 99 86 

Q-SQ EtOAc 100 89 

Q-SQ MeOH 76 51 

Q-SQ THF 99 81 

DQ-SQ DCM 99 89 

DQ-SQ MTBE 76 82 

DQ-SQ toluene 87 90 

DQ-SQ MeCN 88 80 

DQ-SQ EtOAc 89 83 

DQ-SQ MeOH 76 38 

DQ-SQ THF 95 70 

Catalyst Solvent Yield 

[%][b] 

ee 

[%][c] 

HQ-TU DCM 93 87 

HQ-TU MTBE 99 91 

HQ- TU toluene 95 90 

HQ- TU MeCN 94 84 

HQ- TU EtOAc 99 86 

HQ- TU MeOH 76 25 

HQ- TU THF 97 78 

Q- TU DCM 100 85 

Q- TU MTBE 99 89 

Q- TU toluene 100 91 

Q- TU MeCN 99 78 

Q- TU EtOAc 100 85 

Q- TU MeOH 82 25 

Q- TU THF 99 82 

DQ- TU DCM 98 91 

DQ- TU MTBE 97 66 

DQ- TU toluene 99 93 

DQ- TU MeCN 85 73 

DQ- TU EtOAc 80 86 

DQ- TU MeOH 76 17 

DQ- TU THF 98 90 

[a] Reaction conditions: pentane-2,4-dione (8, 0.41 mmol) was added to the solution of trans-β-nitrostyrene (9, 0.16 mmol) 

and 5 mol% of catalysts in 1 mL of solvent, then the resulting mixture was stirred at room temperature for 24 hours. [b] Isolated 

yield. [c] Determined by chiral HPLC (S enantiomer). 

Michael adducts were obtained with high yields (up to 99%) when hydroxyl or amino 

derivatives of cinchona were applied, but these reactions gave only a maximum 34% ee (see 

Table A5, page 95). Concerning selectivity, no significant difference was found between the 

cinchonas containing differently saturated substituents on the quinuclidine, however among 

hydroxyl derivatives in most of the solvents HQ gave higher enantiomeric excess values. It 

can be explained by its higher basicity, but this tendency cannot be observed in cases of other 

derivatives. 
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The utilization of squaramides or thioureas served both high yields (up to 100%, see Table 5) 

and enantioselectivity (up to 93% ee, see Table 5 and Figure 19). The different pKa values of 

these derivatives did not lead to significant changes in yield or enantiomeric excess. 

Squaramides and thioureas gave good results in asymmetric Michael addition, without showing 

any considerable difference in the catalytic activity. 

 

Figure 19. Enantiomeric excess values in different solvents when squaramides (left) or thioureas (right) were 

applied in Michael addition. 

4.2.4. Theoretical calculations 

The computational modeling was done in collaboration with Dr. Tibor Höltzl and Júlia 

Barabás at the Budapest University of Technology and Economics (BME-SzAKT). 

Due to the importance of hydrogen-bonds and acidity in the catalytic mechanisms of cinchona 

thiourea compounds,132, 133 one of the main questions is how the ethyl, ethynyl, and vinyl 

substituents can affect their acid–base properties. Therefore, we systematically investigated the 

different tautomers of the synthesized HQ-TU, Q-TU, and DQ-TU catalysts and their 

protonated and deprotonated forms using quantum chemical calculations. 

Protonation and deprotonation Gibbs free energies of the corresponding neutral tautomer are 

indicated in parentheses (ωB97X-D/6-311++G**+SM12// ωB97X-D/6-31G*+SM8 method; 

see Figure 20 for notation). 

0

20

40

60

80

100

ee
 (

%
)

E N A N T I O M E R I C  E X C E S S  V A L U E S  

I N  D I F F E R E N T  S O L V E N T S

HQ-SQ Q-SQ DQ-SQ

0

20

40

60

80

100

ee
 (

%
)

E N A N T I O M E R I C  E X C E S S  V A L U E S

I N  D I F F E R E N T  S O L V E N T S

HQ-TU Q-TU DQ-TU



~ 49 ~ 
 

 

Figure 20. Geometric structures of the neutral, deprotonated and protonated forms of tautomer i and their relative 

Gibbs free energies in THF. Protonation and deprotonation Gibbs free energies of the corresponding neutral 

tautomer are indicated in parentheses. (ωB97X−D/6−311++G**+SM12(THF)//ωB97X−D/6−31G*+SM8(THF) 

method). 

In agreement with their similar reactivities observed in the experiments, the geometric 

structures of the neutral cinchona and thiourea frameworks (Figure A1–A4, page 96) and also 

the energetics of the different tautomers, as well as the protonation and deprotonation Gibbs 

free energies (Figure 20 and Figure A1–A4, page 96, and Table 6) depend only slightly on the 

ethyl, ethynyl, or vinyl substituents. In all cases, the most stable tautomer is the thione form, 

containing two NH groups (tautomer i on Figure 20), while the quinuclidine nitrogen is 

protonated in the higher-lying tautomers ii and iii. Interestingly, in the higher-lying isomers the 

proton detaches from the bis(trifluoromethyl)phenyl side of the thiourea. We expect that this 

is due to the interaction with the nitrogen lone pair with the π system, leading to an increased 

acidity at this site. 

Table 6. Relative Gibbs free energies (kJ·mol−1) of the energetically lowest-lying tautomers of thioureas (HQ-

TU, Q-TU, DQ-TU) and their deprotonated anion and protonated cation forms in THF. 

Compound Neutral  Deprotonated (anion) Protonated (cation) 

 i ii iii iv  v vi vii viii 

HQ-TU 0 32 59 64  0 (150) 9 (159) 0 (−44) 62 (−14) 

Q-TU 0 32 63 65  0 (148) 10 (157) 0 (−46) 69 (−9) 

DQ-TU 0 40 66 70  0 (144) 12 (157) 0 (−40) 64 (−9) 

Protonation and deprotonation Gibbs free energies of the corresponding neutral tautomer are indicated in 

parentheses. (ωB97X-D/6-311++G**+SM12// ωB97X-D/6-31G*+SM8 method; see Figure 21 for notation). 
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The thiol form iv is lying even higher in free energy. Thus, overall the calculations show that 

among the possible tautomers the catalytically most active132, 133 i is the most stable form and 

present in considerably higher amount than the others.  

Electrostatic potential provides essential insights into the intermolecular interactions of similar 

compounds.134, 135 The electrostatic potentials (Figure 21) clearly show that both the sulfur and 

the nitrogen atoms are possible protonation sites. The calculations showed that in line with the 

above discussion, the quinuclidine nitrogen is the preferred site in all cases, with proton affinity 

of ~−44 kJ·mol−1 (vii tautomer, Figure 20). The protonated thiol form of the cinchona thiourea 

lies about 62 kJ·mol−1 higher in free energy, while the proton affinity decreases to −14 

kJ·mol−1. Thus, the computations show that the quinuclidine is the main protonation site in 

acidic conditions. 

 

Figure 21. Electrostatic potentials (ESP) mapped onto the 0.01 a.u. electron density isosurface of HQ-TU, Q-TU, 

and DQ-TU. Colors: ESP<−0.05 a.u. – red, ESP=−0.02 a.u. – yellow, ESP=0.0a.u. – green, ESP=0.02 a.u. – light 

blue, ESP>0.05 a.u. blue. 

Interestingly, contrary to the neutral tautomers, there is only 9–12 kJ·mol−1 difference between 

the two possible deprotonated forms, indicating that both of the possible tautomers are present 

in basic conditions. 

4.2.5. Conclusions and perspectives 

In conclusion, we can approach bifunctional H-bond organocatalysts in two ways: focusing on 

their H-bond acceptor or donor abilities. 

As H-bond acceptors: within each compound class (hydroxyl, amino, squaramide, thiourea), 

the bifunctional cinchona organocatalysts with differently saturated substituents on basic 

quinuclidine nitrogen have 1.6–1.7 difference in their pKa values. The strongest bases are the 

compounds substituted with ethyl, followed by vinyl and then ethynyl groups. No significant 
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difference was found in yields and enantioselectivities in any compound classes applying them 

in Michael addition. 

As H-bond donors: the catalysts, which can form dual H-bonds, gave the highest enantiomeric 

excess values (thioureas and squaramides). The squaramides have by 1.3–1.6 lower pKa values 

than the corresponding thioureas, resulting in stronger H-bonds with the substrate. Thioureas 

are better acceptors, but as donors, squaramides showed stronger interactions. As 

organocatalysts in Michael addition, there is no considerable difference among them, and the 

saturation had no effect on yield and ee either. Accordingly, saturation of the substituent at the 

quinuclidine unit has no significant effect on the catalysis. Thus, the most easily available 

quinine derivatives (vinyl substituent at quinuclidine) are worth to apply as cinchona-based 

organocatalysts as themselves or as starting materials of their C9 derivatives.  

Considering immobilization, vinyl is a suitable group for further modifications, for instance in 

polymerization,136-138 or forming a reactive group in the molecule for this purpose.139 

4.3. Synthesis and application of new binaphthyl-cinchona 

(thio)squaramides 

In this part, not only thiosquaramides – a relatively new bifunctional H-bond catalyst group – 

will be shown, but the catalytic cooperation of two different chiral moieties within each catalyst 

will be presented as well (Figure 22). These chiral moieties are the enantiopure binaphthyl 

groups (R or S), and the cinchona skeleton.S3 

 

Figure 22. The structures of the prepared binaphthyl-cinchona squaramides and thiosquaramides. 

4.3.1. Theoretical calculations 

According to the literature,39, 40, 140, 141 thiosquaramides give better yield and ee in several 

asymmetric reactions. Also, they are functioning as Brønsted acids 41, 42 and could catalyze 

reactions, in which product formation could not be detected applying the appropriate 
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squaramides.40 As the distance between the two NH groups of the thiourea or squaramide unit 

and the H-bond angle has a significant effect on the enantioselectivity of the reaction,35, 37 we 

wanted to ascertain if there is any structural difference between squaramides and 

thiosquaramides, which affects their activity in asymmetric reactions. Therefore, we analyzed 

the differences in the 3D geometric structure of the binaphthyl-cinchona squaramide (BS1) and 

thiosquaramide (BTS1) catalysts (Figure 23) using quantum chemical calculations. 

 

Figure 23. Optimized geometries and schematic structures of binaphthyl-cinchona squaramide BS1 (a, b) and 

binaphthyl-cinchona thiosquaramide BTS1 (c, d) catalysts with the calculated distances and angles. The 

hydrogen-bond between the NH group and the quinuclidine part is shown by red dashed arrows. 

The calculated distances between the NH groups (4.14 Å and 4.12 Å) and also the N-N-H 

angles (71.4° and 70.3°) are very similar in both the thiosquaramide and in squaramide catalysts 

(Figure 23). Furthermore, a hydrogen-bond is formed between the quinuclidine and the 

squaramide part. Also, only minor differences are observed in the geometry of the four-

membered rings. Thus, the molecular geometries of thiosquaramide and squaramide do not 

imply a significant difference in their enantioselectivities, but we wanted to examine this 

experimentally as well. 

4.3.2. Synthesis of binaphthyl-cinchona (thio)squaramide type organocatalysts 

Planning the synthesis of catalysts has begun with a retrosynthetic analysis (Scheme 22). Based 

on this, a convergent synthetic route starting from commercially available 2,2’-dimethyl-1,1’-
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binaphthalenes [(R)-14 or (S)-14], squaric acid esters (15a or 15b) and quinine (Q) was 

designed for the preparation of catalysts BS1, BS2, BTS1 and BTS2. During the syntheses, 

binaphthalene derivatives only with the (R) configuration are shown in the figures for 

simplicity, because in all cases, the yield was the same using the (S) enantiomer. 

 

Scheme 22. Retrosynthetic analysis of BS1, BS2, BTS1 and BTS2 (only the R configuration of binaphthyl group 

is indicated). 

Aminomethyl binaphthalene fragments (R)-13 and (S)-13 were prepared through 

bromination of dimethyl binaphthalenes (R)-14 and (S)-14 followed by substitution 

(Scheme 23). The monobromo derivatives (R)-17 and (S)-17 were synthesized using N-

bromosuccinimide (NBS) as brominating agent and benzoyl peroxide (BPO) as 

initiator.142 This product was converted into amine (R)-13 or (S)-13 in two different 

ways (Scheme 23): reacting with sodium azide, and reducing the corresponding azide 

(R)-18 and (S)-18 by catalytic hydrogenation (Method A), or applying large excess of 

aqueous ammonia (Method B). The latter was the preferred procedure, because it is a 

one-step, easily implemented method providing the amines (R)-13 and (S)-13 with the 

same yield. Also, compared to Pd/C and H2; aqueous ammonia solution is an easy to 

handle reagent. 
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Scheme 23. Synthesis of the axially chiral aminomethyl binaphthyl precursors (R)-13 and (S)-13 (only the R 

configuration of binaphthalene group is indicated). 

The next step of the synthesis was the preparation of cinchona half squaramides (15a or 

15b, see Scheme 24) starting from squaric esters (16a or 16b) and cinchona amine was 

prepared from quinine (see Scheme 21 on page 42 in chapter 4.2.1.). The binaphthyl-

cinchona squaramides BS1 and BS2 were gained by reacting half squaramides 15a or 

15b with the aminomethyl binaphthalenes (R)-13 or (S)-13 (Scheme 24). The 

application of methyl half squaramide 15a as reagent is advantageous due to the higher 

yield (91% vs. 66%), and the easier separation of 15a from the product, than 15b half 

squaramide during purification by column chromatography (15b and BS1 or BS2 has 

the same Rf value in several solvents and solvent mixtures). 

 

Scheme 24 Synthesis of binaphthyl-cinchona squaramides BS1 and BS2 (only the R configuration of 

binaphthalene group is indicated). 

The synthesis of binaphthyl-cinchona thiosquaramides BTS1 or BTS2 was attempted 

in many ways (Scheme 25). First, we tried to prepare the methyl or butyl dithiosquarates 

(16c and 16d) by the thionation of the corresponding oxoesters using Lawesson’s 

reagent or P4S10·pyridine complex. During these reactions only the decomposition of 
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the starting materials was observed and the product could not be detected. We have 

found the same observations, during the thionation reactions of the half squaramides 

15a and 15b. The synthesis of the dithionated products BTS1 or BTS2 was successful 

only by thionation of their dioxo forms BS1 or BS2 using P4S10·pyridine complex 

(Scheme 25).23,143 In this synthetic route, the purification of the intermediates is more 

straightforward than in those applying thionated starting materials or intermediates, due 

to decomposition of thiosquaramide-derivatives on silica gel. 

 

Scheme 25. Synthesis of binaphthyl-cinchona thiosquaramides BTS1 and BTS2 (only the R configuration of 

binaphthyl group is indicated). 
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4.3.3. Applications of the catalysts in asymmetric Michael addition reaction using trans-

β-nitrostyrene and pentane-2,4-dione 

First, a solvent screening was performed by testing the catalytic activity of catalysts 

containing (R)-binaphthalene moiety (BS1 and BTS1) in Michael addition reaction 

using trans-β-nitrostyrene (9) and pentane-2,4-dione (8, see Table 7). 

Table 7. Application of catalysts BS1 and BTS1 in the Michael reaction using pentane-2,4-dione (8) and  

trans--nitrostyrene (9) [a]. 

 

Catalyst Solvent Yield 

[%][b] 

ee 

[%][c] 

BS1 DCM 56 95 

BS1 toluene 80 96 

BS1 EtOAc 83 98 

BS1 MTBE 70 97 

BS1 MeOH 52 61 

BS1 H2O 42 93 

BS1 neat[d] 59 98 

Catalyst Solvent Yield 

[%][b] 

ee 

[%][c] 

BTS1 DCM 44 80 

BTS1 toluene 85 96 

BTS1 EtOAc 76 98 

BTS1 MTBE 63 98 

BTS1 MeOH 51 67 

BTS1 H2O 71 98 

BTS1 neat[d] 52 100 

[a] Reaction conditions: pentane-2,4-dione (8, 0.41 mmol) was added to the solution of trans-β-nitrostyrene (9, 0.16 mmol) 

and 5 mol% of catalysts in 1 mL of solvent, then the resulting mixture was stirred at room temperature for 48 hours. [b] Isolated 

yield. [c] Determined by chiral HPLC (S enantiomer). [d] As solvent, 1 mL of pentane-2,4-dione (8) was used. 

The highest yields and enantiomeric excess values were reached in ethyl acetate and 

toluene. However, the selectivities were high using water or pentane-2,4-dione (8, neat) 

as solvent, the conversion was low, unreacted trans-β-nitrostyrene (9) remained in the 

reaction. During solvent screening, we observed that the solubility of thiosquaramides 

is better than their corresponding dioxo form. Although, none of the catalysts could be 

dissolved in water. 

Following the solvent selection guidelines130, 144, 145 – based on properties of solvents 

such as boiling point, health hazard, moisture and air impact – ethyl acetate was chosen 

to optimize the amount of catalysts (BS1, BS2, BTS1 and BTS2) and to decrease the 

reaction time of this Michael addition reaction from 48 hours to 24 hours. The results 

are shown in Table 8. 
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Table 8. Application of the four binaphthyl-cinchona (thio)squaramide catalysts in the Michael reaction using 

pentane-2,4-dione (8) and trans--nitrostyrene (9) [a]. 

Catalyst Amount of 

catalyst [mol%] 

Yield 

[%][b] 

ee [%][c] 

BS1 5[d] 85 98  

BS1 1 93 98 

BS1 0.5 93 96 

BS1 0.2[d] 90 93 

BS1 0.1 88 88 

BTS1 5[d] 81 98 

BTS1 1 92 97 

BTS1 0.5 90 97 

BTS1 0.2[d] 91 98 

BTS1 0.1 88 77 

Catalyst Amount of 

catalyst [mol%] 

Yield 

[%][b] 

ee [%][c] 

BS2 5[d] 96 96 

BS2 1 93 94 

BS2 0.5 83 95 

BS2 0.2[d] 62 90 

BS2 0.1 56 81 

BTS2 5[d] 93 98 

BTS2 1 96 97 

BTS2 0.5 91 97 

BTS2 0.2[d] 86 91 

BTS2 0.1 83 84 

[a] Reaction conditions: pentane-2,4-dione (8, 0.41 mmol) was added to the solution of trans-β-nitrostyrene  

(9, 0.16 mmol) and catalyst in 1 mL of EtOAc, then the resulting mixture was stirred at room temperature for 24 

hours. [b] Isolated yield. [c] Determined by chiral HPLC (S enantiomer). [d] The results of these reactions were given 

by three parallel reactions. 

According to the test reactions, the yields and enantiomeric excess values have not 

changed significantly by decreasing the reaction time from 48 hours to 24 hours in the presence 

of 5 mol% of catalysts BS1 or BTS1. 

Also, the yields were up to 27% higher when thiosquaramide BTS2 was used than 

employing BS2, but the selectivity of these catalysts is comparable. 

Furthermore, comparing oxo-catalysts BS1 and BS2, the yields were significantly lower 

(up to 32% difference) when BS2 was used, in cases of 0.5 mol% or lower catalyst loadings, 

but the enantiomeric excess values have not changed considerably.  

Moreover, a notable difference in the efficiency and selectivity between thio-analogs BTS1 

and BTS2 was not noticed. Finally, comparing squaramides (BS1 and BS2) to thiosquaramides 

(BTS1 and BTS2), the differences between the yields and enantiomeric excess values were 

only relevant, when less than 0.5 mol% of catalysts were applied. However, in the presence of 

0.1 mol% catalyst, in each case, a decrease was noticed in these values, mainly in enantiomeric 

excess values. For thiosquaramide BTS1 0.2 mol% was the minimum catalyst loading, which 

gave the Michael adduct with high yield and enantiomeric excess, however, the ee was only 
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5% lower when its dioxo analog (BS1) was used. BS2 and BTS2 gave the same enantiomer of 

10 in excess as was given by using BS1 and BS2.  

Conjugate addition reaction of lawsone to ,-unsaturated -keto ester 

The first, preliminary studies of bifunctional aryl thiosquaramides have been reported 

by Rawal et al.40 They applied and compared oxo- and the corresponding 

thiosquaramides in the conjugate addition reaction of lawsone (19) to ,-unsaturated 

-keto ester (20), and they achieved 9–22% higher enantiomeric excess values when 

thiosquaramides were used, demonstrating the superior performance of this new type of 

bifunctional catalysts. Also, the higher acidity of aryl thiosquaramides allowed their 

application as Brønsted acids in aza-Diels–Alder reaction. The corresponding thiourea 

and oxosquaramides couldn’t catalyze this reaction. 

Thus, we applied the binaphthyl-cinchona (thio)squaramide organocatalysts in the 

aforementioned two asymmetric reactions (Table 9 and Table 10). 

In the conjugate addition (Table 9), high yields were achieved by applying oxo-, and 

thiosquaramides, even with 5% catalyst loadings. The presence of only 1 mol% of BTS2 gave 

the product quantitatively with 90% ee. In all cases, thiosquaramides (BTS1 or BTS2) gave 

the product with 5–10% higher enantioselectivity than their dioxo analogs (BS1 or BS2). These 

results also proved the noted high catalytic activity of thiosquaramides.22 
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Table 9. Application of catalysts BS1, BS2, BTS1 and BTS2 in the conjugate addition of lawsone (19) to  

,-unsaturated -keto ester 20.[a] 

Catalyst 
Amount of 

catalyst [mol%] 

Yield 

[%][b] 

ee 

[%][c] 

BS1 10 93 79 

BS1 5 98 83 

BS1 1 74 83 

BTS1 10 89 91 

BTS1 5 93 92 

BTS1 1 46 88 

Catalyst 
Amount of 

catalyst [mol%] 

Yield 

[%][b] 

ee 

[%][c] 

BS2 10 100 83 

BS2 5 100 84 

BS2 1 73 79 

BTS2 10 100 88 

BTS2 5 100 89 

BTS2 1 100 90 

[a] Reaction conditions: ,-unsaturated -keto ester (20, 0.11 mmol) was added to the solution of lawsone (19, 0.10 mmol) 

and catalysts BS1, BS2, BTS1, BTS2 in 0.5 mL of DCM, then stirred at room temperature for 1 hour. For racemic sample, 

DBU was used as catalyst. [b] Isolated yields. [c] Determined by chiral HPLC (R enantiomer). 

Aza-Diels–Alder reaction of 2-siloxydiene and N-benzylideneaniline 

Following the preliminary studies of Rawal et al.,40 each organocatalyst (BS1, BS2, 

BTS1 and BTS2) were applied in aza-Diels–Alder reaction (Table 10) also. Similarly 

to their observation, only thiosquaramide BTS1 was able to act as Brønsted acid, 

therefore adduct 25 was only afforded in the reaction when it was catalyzed by BTS1. 

Adduct 25 was obtained with 80% yield in a diastereomeric ratio of 5.4 to 1 (major 

diastereomer shown in Table 10). Using catalysts BS1, BS2 only the unreacted starting 

materials were detected. The reaction occurred when thiosquaramide BTS2 was used, 

but it gave a different product than adduct 25. Hence, further optimization of reaction 

conditions and structural identification of that product is required. 

Table 10. The application of binaphthyl-cinchona (thio)squaramides in aza-Diels–Alder reaction of  

2-siloxydiene 22 and N-benzylideneaniline (23).[a] 

 

Catalyst Yield [%][b] dr [%][c] 

BS1 0 - 

BS2 0 - 

BTS1 80 5.4:1 

BTS2 0 - 

[a] Reaction conditions: 2-siloxydiene 22 (0.20 mmol) was added to the solution of N-benzylideneaniline  

(23, 0.24 mmol) and 20 mol% of catalyst BS1, BS2, BTS1 or BTS2 in 1 mL of toluene, stirred at room temperature 

for 12 hours. [b] Isolated yields. [c] Determined by 1H NMR. 
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4.3.4. Conclusions and perspectives 

I demonstrated the synthesis of a new class of chiral cinchona (thio)squaramide organocatalysts 

containing axially chiral binaphthyl moiety. I have addressed a fundamental problem of chiral 

induction in asymmetric catalysis when two chiral catalytic units act together in a reaction. 

Binaphthyl cinchona thiosquaramides were first applied as enantioselective organocatalyst in 

asymmetric Michael addition, conjugate addition, and aza-Diels–Alder reaction. In Michael 

addition, binaphthyl-cinchona squaramides (BS1 and BS2) and their dithio analogs (BTS1 and 

BTS2) gave the adduct with similar yield and selectivity in several solvents. In the conjugate 

addition reaction of lawsone (19) to ,-unsaturated -keto ester 20, the adduct 21 was gained 

with high yields (up to 100%), even when 1% catalyst loadings were applied using 

thiosquaramide BTS2. In this conjugate addition, the application of BTS1 and BTS2 thio 

derivatives resulted in up to 12% higher enantioselectivities (up to 92%) than by using the 

corresponding oxosquaramides BS1 or BS2. Furthermore, our results demonstrated clearly that 

there is no considerable effect of the match–mismatch pair of (R) and (S) binaphthyl-cinchona 

(thio)squaramide diastereomers (BS1 vs. BS2 and BTS1 vs. BTS2) on the selectivity. Finally, 

the Brønsted acid activity of the squaramides and their thio analogs were tested in aza-Diels–

Alder addition of 2-siloxydiene 22 to N-benzylideneaniline (23). In this reaction the adducts 

(24 and 25) was only obtained when thiosquaramide BTS1 was used, with dr of 5.4 (trans):1 

(cis). 

4.4. Cinchona derivatives as sustainable and recyclable homogeneous 

organocatalysts for aza-Markovnikov addition 

In the latest chapters, the applied organocatalysts were not recovered or reused in other catalytic 

cycles. Applying catalysts is one of the 12 principles of green chemistry, recycling and reusing 

the catalyst protect our environment from pollutants produced during the repeated preparation 

of the catalyst. Therefore, I tried to catalyze aza-Markovnikov reactions using cinchona-based 

organocatalysts that could be recycled using organic solvent nanofiltration (OSN).S4 

4.4.1. Optimization of aza-Markovnikov reaction 

To turn the aza-Markovnikov reaction more eco-friendly, two model reactions were chosen 

(Table 11) using N-heterocycles (26 and 29) as substrates and vinyl acetate (27) as a reagent 

and K3PO4 as catalyst, resulting in two aza-Markovnikov adducts (28 and 30). 
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At first, it was observed that decreasing the reaction temperature (from 50 °C to 25 °C) had no 

significant effect on the yield of the reaction, and aza-Markovnikov addition could proceed at 

room temperature. Then, the influence of the solvent, the molar ratio of vinyl acetate, and 

catalyst (K3PO4) to N-heterocycle was investigated. DMF was replaced by a greener alternative 

solvent,130, 144, 145 acetonitrile (Table 11), providing a less cumbersome work-up process due to 

its lower boiling point. According to the recent critical review by Byrne et al.146 about solvent 

selection, substitution of DMF is required, and acetonitrile is a suitable replacement. The 

amounts of catalyst and reagent were also decreased (Table 11). 

Table 11. Effect of solvent and reaction conditions on the aza-Markovnikov addition reaction of N-heterocycles 

26 or 29 and vinyl acetate 27 with catalyst K3PO4.[a] 

 

Substrate Solvent Temperature 

[°C] 

Equivalent of  

catalyst[b] 

Equivalent of  

vinyl ester 27[c] 

Yield 

[%][d] 

26 DMF 50 0.3 8 65 

26 DMF 25 0.3 8 63 

26 DMF 25 0.05 8 62 

26 DMF 25 0.05 1.2 52 

26 MeCN 25 0.3 8 63 

26 MeCN 25 0.05 8 58 

26 MeCN 25 0.05 1.2 48 

29 DMF 50 0.3 8 61 

29 DMF 25 0.3 8 57 

29 DMF 25 0.05 8 55 

29 DMF 25 0.05 1.2 50 

29 MeCN 25 0.3 8 60 

29 MeCN 25 0.05 8 55 

29 MeCN 25 0.05 1.2 44 

[a] Reaction conditions: vinyl ester 27 was added to the solution of the catalyst K3PO4, and N-heterocycle (0.6 mmol) in solvent 

(1.2 mL) and the reaction mixture was stirred for 48 h. [b], [c] Regarding to the substrate [d] Isolated yields. 

The optimized process was compared to previous references through Sheldon's E-factor. The 

optimization was carried out considering the load of all input materials. The results are 

summarized in Table 12, the E-factor for each process is expressed as the mass ratio of waste 

to desired aza-Markovnikov adduct. 
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Table 12. Effect of different methods on the Sheldon’s E-factor of aza-Markovnikov addition reaction of  

N-heterocycle 26 or 29 and vinyl acetate 27. 

Substrate E-factor[a] Reference 

26 2.51 147 

26 3.05 148 

26 1.46 this work 

29 2.26 147 

29 2.52 148 

29 1.58 this work 

[a] To achieve meaningful comparisons of the different processes, the solvent is generally excluded from the E-factor 

calculation. It was not possible to include the materials used for chromatographic purification in this comparison, since 

amounts of those materials are never reported in journal articles. 

As a summary of the optimization, the yields were slightly lower (in case of imidazole: from 

65% to 48%, and in case of benzimidazole: from 61% to 44%). As a positive result, the 

decreases of E-factor calculated over the aza-Markovnikov addition to imidazole and 

benzimidazole are 42% and 30%, respectively. Therefore our results suggest, that this method 

is greener than the ones previously reported.147, 148 

4.4.2. Application of cinchona-based organocatalysts in aza-Markovnikov reaction 

I applied three cinchona catalysts (HQ, HQ-N, and HQ-SQ, see Figure 24) also as 

homogeneous catalysts in aza-Markovnikov additions of N-heterocycles to vinyl esters. For the 

synthesis of the catalysts, see Scheme 21 (page 42). 

 

Figure 24. The structures of the applied cinchona organocatalysts in aza-Markovnikov addition. 

At the beginning of our study, we tried to prepare aza-Markovnikov adducts enantioselectively. 

According to our latest experiments, the enantiomeric excess is higher when reactions are 

performed at lower temperatures. Therefore, the cinchona-based organocatalysts were tested 

and compared to the potassium phosphate first at 0 °C under the previously optimized 

circumstances in the aza-Markovnikov addition of four different N-heterocycles (26 or 29 or 

31 or 33) to vinyl acetate (27) or vinyl 4-tert-butylbenzoate (35). The yields were mostly lower 
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using cinchona catalysts instead of potassium phosphate, and the reactions gave racemic (ee 

lower than 5%) products (Table 13). 

The results suggest that the acyl part of the reagent does not influence the reactivity: there was 

no significant difference between the aliphatic and aromatic reagents. Using cinchona catalysts, 

we achieved better yields only in case of reactions with imidazole (26) and benzimidazole (29). 

Hence, we continued the optimization using N-heterocycles 26 and 29 and vinyl acetate (27) 

at elevated temperature to produce aza-Markovnikov adducts 28 and 30 with higher yields. 

Table 13. Catalytic aza-Markovnikov addition reaction of various N-heterocycles (26 or 29 or 31 or 33) and  

vinyl esters (27 or 35) under optimized conditions.[a], [b], [c], [d] 

 

[a] The aza-Markovnikov addition reaction of various N-heterocycles 26 or 29 or 31 or 33 (0.6 mmol) and vinyl esters 27 or 

35 (0.72 mmol, 1.2 eq.), with catalysts K3PO4 or HQ or HQ-N or HQ-SQ, in 1.2 mL of acetonitrile at 0 °C. [b] Isolated yield 

of purified material. [c] After unsuccessful results were observed in case of products 28 and 30, catalyst HQ-SQ was not 

applied in the other reactions. [d] Starting from vinyl acetate (27) or vinyl 4-tert-butylbenzoate (35), and 1,2,3-triazole (33) 

two products (34a and 34b) or (39a and 39b) formed. 

Finally, cinchona-based organocatalysts (HQ, HQ-N, and HQ-SQ) were applied at 25 °C and 

50 °C, and the results were compared to those obtained using potassium phosphate. As the 

results show in Table 14, applying cinchona amine (HQ-N) we obtained the aza-Markovnikov 

adducts with two times higher yields, than in the case of using potassium phosphate. 

Consequently, based on our experimental results, aza-Markovnikov reaction can be the most 
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environmentally friendly performed at 25 °C, using acetonitrile as a solvent, and 5 mol% of 

cinchona amine (HQ-N). 

Table 14. Catalytic aza-Markovnikov addition reaction of N-heterocycles (26 or 29) and vinyl acetate (27) at 

different temperatures.[a] 

Substrate Catalyst Temperature 

[°C] 

Yield 

[%][b] 

26 K3PO4 0 35 

26 K3PO4 25 48 

26 K3PO4 50 91 

26 HQ 0 32 

26 HQ 25 35 

26 HQ 50 57 

26 HQ-N 0 48 

26 HQ-N 25 95 

26 HQ-N 50 98 

26 HQ-SQ 0 0 

26 HQ-SQ 25 0 

26 HQ-SQ 50 77 

Substrate Catalyst Temperature 

[°C] 

Yield 

[%][b] 

29 K3PO4 0 31 

29 K3PO4 25 44 

29 K3PO4 50 89 

29 HQ 0 29 

29 HQ 25 39 

29 HQ 50 60 

29 HQ-N 0 41 

29 HQ-N 25 92 

29 HQ-N 50 96 

29 HQ-SQ 0 4 

29 HQ-SQ 25 4 

29 HQ-SQ 50 74 

[a] Reaction conditions: vinyl ester 27 (0.72 mmol, 1.2 eq.) was added to the solution of catalyst (0.03 mmol, 5 mol%) K3PO4 

or HQ or HQ-N or HQ-SQ and N-heterocycle (0.6 mmol) in MeCN (1.2 mL) and the reaction mixture was stirred for 48 h. 

[b] Isolated yields. 

The high yield obtained by using cinchona amine (HQ-N), can be attributed to mechanistic 

reasons. The above experimental results, following the literature,149 suggest a mechanism for 

the aza-Markovnikov addition reaction catalyzed by cinchona amine HQ-N as depicted in 

Scheme 26. In a similar manner as aminocatalysis,150 first the quinuclidine nitrogen of the 

cinchona amine HQ-N deprotonates the imidazole (26), then the primary amino group of 

cinchona amine HQ-N forms an enamine-type intermediate with vinyl acetate (27). After that, 

the nonbonding electron pair of the deprotonated imidazole attacks the electron-deficient 

carbon atom of vinyl acetate (27). Finally, with the elimination of the product (28), the starting 

cinchona amine HQ-N is recovered. 



~ 65 ~ 
 

 

Scheme 26. Proposed mechanism for aza-Markovnikov reaction using cinchona amine (HQ-N) as a catalyst. 

4.4.3. Recycling of the catalysts using OSN technique 

Organic solvent nanofiltration (OSN) for recycling the cinchona catalysts (HQ, HQ-N, and 

HQ-SQ) was explored in collaboration with Dr. Gyorgy Szekely and his research group at The 

University of Manchester. For this recycling, we used cross-flow membrane filtration 

(Figure 25). 

 

Figure 25. Schematic of the experimental set-up for cross-flow membrane filtration. 

Commercial GMT-oNF and in-house fabricated PBI (poly[2,2’-(m-phenylene)-5,5’-

bisbenzimidazole]) membranes were screened in acetonitrile at 10–30 bar pressure to 
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determine their separation potential (Figure 26). Efficient catalyst recovery requires as high 

catalyst rejection as possible, ideally 100%. GMT-oNF-3 and PBI membranes at 30 bar showed 

the highest catalyst rejection of 98.3% and 99.1%, respectively. The latter membrane was 

selected for the purification process because of the lower product rejection (with 17% less) 

compared to GMT-oNF-3. The rejection of the vinyl acetate (27), resulting from the 0.2 molar 

excess, was found to be as low as 13%, which allows rapid purge from the system. 

 

Figure 26. Separation performance of the nanofiltration membranes in acetonitrile at 10–30 bar pressure. 

The single-stage diafiltration allowed 99% product removal in 8.7 diavolumes at the cost of 

8% catalyst lost (Figure 27). The simplified membrane cascade developed by Kim et al. offers 

a sustainable approach to improving the catalyst recovery.151 Application of their process 

configuration resulted in a two-stage diafiltration cascade that requires about 10 diavolumes to 

obtain 99% product removal, and at the same time, the catalyst loss can be kept as low as 1% 

(Figure 27). The purity of recycled cinchona catalyst HQ-N was confirmed by NMR, which 

verified that these catalysts do not degrade under the mild conditions applied during these 

reactions. The sustainability of the diafiltration can be further improved by in situ solvent 

recovery as recently demonstrated by Szekely et al.77, 152 
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Figure 27. Purification performance for single-stage and two-stage diafiltration processes using the PBI membrane 

in acetonitrile. Solid and dashed lines represent the simulated performance based on rejections, while symbols 

signify experimental points to validate the model used for the simulation. Dotted lines indicate 99% product 

removal from the system, which requires about 8.7 and 10 diavolumes for single-stage and two-stage diafiltration, 

respectively. 

4.4.4. Conclusions and perspectives 

Our study provided an environmentally friendly solution for aza-Markovnikov reactions 

at room temperature, replacing the undesirable dimethylformamide by acetonitrile, and 

decreasing the amount of the catalyst (from 30% to 5%) and the vinyl ester (from 8 to 

1.2 equivalent). The reductions of Sheldon’s E-factor calculated for the aza-

Markovnikov addition to imidazole and benzimidazole were 42% and 30%, respectively. 

Among the successfully applied cinchona-based organocatalysts in aza-Markovnikov 

addition, using cinchona amine, we obtained more than twice as high yield (92–95%) 

as using potassium phosphate. In the former case, a reaction mechanism was suggested. 

The homogeneous catalytic implementation of the aza-Markovnikov addition made this 

reaction more environmentally friendly by using OSN as its workup process. Employing 

the OSN technique, the applied catalysts were quasi completely recycled from the 

reaction mixture. The feasibility of membrane-based separation for catalyst recovery 

was demonstrated with the potential to keep the catalyst loss below 1% using a two-stage 

cascade configuration. 
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4.5. Immobilization of cinchona squaramide organocatalysts on 

poly(glycidyl methacrylate) (PGMA), their application and recovery 

In this chapter, I show three modification methods of cinchona squaramides at different 

positions. Squaramides were allowed to react with linkers containing primary amino groups. 

Due to that primary amino groups readily react with epoxides, the obtained molecules 

(precatalysts) were easily immobilized on PGMA microspheres (Figure 28). After their 

immobilization, they were successfully applied in asymmetric Michael addition reaction, and 

after five cycles of their recovery, their catalytic activity did not decrease significantly.S1 

 

Figure 28. Cinchona squaramides immobilized on PGMA microspheres via different linkers. 

4.5.1. Preparation of the polymer microspheres 

PGMA polymer support was prepared by dispersion polymerization in methanol (Scheme 27). 

Our goal was to gain microspheres with narrow size distribution and high reactivity to allow 

easy chemical modification. We studied the effects of different factors on the polymerization 

and product quality (size, size distribution, morphology), including temperature, the molar 

weight of the spherical stabilizer polyvinylpyrrolidone (PVP40, 40 kDA; or PVP10, 10 kDa), 

and the molar ratio of the components. As an initiator, azobisisobutyronitrile (AIBN) was used. 
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Scheme 27. Preparation of PGMA by dispersion radical polymerization of PVP in the presence of AIBN initiator. 

Effect of temperature and composition on the polymerization 

The effect of the temperature was examined at 50 °C, 60 °C and at 65 °C using two different 

component ratios (Composition I. and II., see Table 15). 

Table 15. The applied compositions during the preparation of ’basic’ microspheres, and the corresponding yields. 

Compounds Composition I. (wt%)105  Composition II. (wt%) 

GMA 17.65 10.00 

AIBN 0.35 0.10 

PVP 2.65 4.00 

MeOH 79.35 85.90 

∑ 100.00 100.00 

Yield at 50 °C (%) 

Yield at 60 °C (%) 

Yield at 65 °C (%) 

72[a] 

70[a] 

90 

68[a] 

89 

92 

[a] The polymerizations applying Composition I. or II. at 50 °C. Applying Composition I. at 60 °C gave aggregates. As an 

example, see Figure 29. 

At lower temperatures (50 °C and 60 °C), the microspheres formed agglomerates (Figure 29). 

We only observed isolated spheres when the reaction was carried out at higher temperatures 

(Table 15). More aggregates were found in reactions where Composition I. was applied, 

however, the average diameter of the isolable microspheres was larger in this case.110, 153 

 

Figure 29. SEM image of microsphere aggregates prepared at 50 °C applying Composition II. 
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Effect of the concentration of the spherical stabilizer 

As the higher temperature has a beneficial influence on the polymerization, the effect of the 

molar ratio of PVP40 to the monomer (GMA) was investigated at 65 °C. We changed the 

amount of PVP40 between 1 and 4 wt% (compared to the reaction mixture, see Table 16), and 

the average diameter of the microspheres increased when the amount of applied PVP40 was 

decreased (Figure 30).154 When larger microspheres were prepared, the size distribution 

widened. Consequently, the application of 4 wt% of PVP40 seemed ideal to gain monodisperse 

product. The size distribution was determined by SEM images using Image-Pro Plus software. 

Table 16. Effect of PVP wt% on the polymerization at 65 °C with different compositions. 

 

Compound 

Composition (wt%)  

III. IV. V. VI. II. I. 

GMA 10.0 10.0 10.0 10.0 10.0 17.65 

AIBN 0.1 0.1 0.1 0.1 0.1 0.35 

PVP 1.0 1.4 2.0 2.5 4.0 2.65 

MeOH 88.9 88.5 87.9 87.4 85.9 79.35 

∑ 100.0 100.0 100.0 100.0 100.0 100 

Yield (%) 85 92 93 88 92 92 

 

Figure 30. Size distribution of PGMA microspheres prepared with different PVP40 concentrations. 
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Effect of molecular weight of spherical stabilizer 

Horák and Shapoval compared the effect of PVPs with different molecular weights, and they 

observed that using PVP with smaller MW resulted in larger microspheres of PGMA.105 The 

separation of larger particles using centrifugation or filtration is more straightforward, hence 

we also compared the effect of the PVPs having different molecular weights. However, the 

application of PVP10 resulted in larger and non-spherical particles (Figure 31), but with wide 

size distribution, thus the use of PVP40 is reasonable. 

Figure 31. SEM image of microspheres with wide size distribution prepared at 65 °C applying Composition II. 

Using PVP10, 1000× magnification (A), 2000× magnification (B). 

Preparation and characterization of non-cross-linked PGMA microspheres 

Following the study of polymerization parameters, non-cross-linked PGMA microspheres were 

prepared at 65 °C using Composition II. with PVP40. This method led to non-porous 

monodisperse microspheres (Figure 32) with a narrow size distribution. In case of a non-porous 

catalyst carrier, the diffusion control is minimized during the catalytic reactions. However, the 

specific surface area of non-porous materials is generally smaller. 

Figure 32. Size distribution (A) and SEM image of microspheres (B) prepared under the optimized conditions. 

A 
B 

A B 
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Subsequent cross-linking 

Catalyst supports are expected to be robust, inert, and insoluble during the application. Cross-

linked PGMA was found to be suitable since it is inert and insoluble in the frequently used 

solvents in asymmetric syntheses. Therefore, we used cross-linking with ethylene glycol 

dimethacrylate (EGDMA) to further enhance the robustness of these support particles. 

EGDMA was applied between 15 and 35 wt% compared to the mass of the PGMA core. The 

subsequent cross-linking was carried out at 60 °C in MeOH with AIBN as an initiator and 

PVP40 as a spherical stabilizer. This cross-linking did not affect the size distribution of the 

microspheres, furthermore, the formation of secondary spheres or aggregates was not 

observed.110, 153 

Testing the solubility at 25 °C, only the non-cross-linked PGMA was soluble in solvents such 

as toluene or DMF, moreover, swelling was also observed in other solvents. In comparison, the 

cross-linked microspheres were not soluble in any solvent, and they showed swelling only in 

DMF. Consequently, this polymer is applicable for asymmetric Michael reactions in the 

preferred solvents such as EtOAc, DCM or THF. 

Functional group analysis of the cross-linked microspheres was performed using the back 

titration method. Pyridinium chloride was added in excess, and then the remaining reagent was 

titrated with aqueous sodium hydroxide solution.109 By increasing the amount of EGDMA, the 

epoxy number decreased (Table 17). As it is a radical reaction, an excessive amount of 

EGDMA might reduce the number of accessible epoxy groups.155 As only 15 wt% of EGDMA 

has already provided insoluble polymer, it was unnecessary to apply more cross-linker. Thus, 

the number of accessible epoxy groups did not decrease considerably. 

Table 17. The number of accessible epoxy groups compared to the amount of EGDMA applied during the  

cross-linking of PGMA microspheres. 

EGDMA 

(wt%) 
Epoxy groups 

(mmol epoxide / g polymer) 

0 6.38 

15 5.87 

20 5.23 

25 5.13 

30 4.69 

35 4.25 
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4.5.2. Synthesis of the catalysts 

We chose cinchona squaramides to immobilize on PGMA solid support, since they already 

have numerous successful applications in asymmetric transformations providing high yields 

and enantiomeric excess values.52, 53, 55, 57, 59, 78, 156, S2 As epoxides readily react with primary 

amines,157 we synthesized three cinchona squaramides (40–42, see Figure 33) having primary 

amino groups at different positions of the cinchona skeleton. The longer linker of 42 would 

provide a bigger distance between the catalyst and the surface of the support. 

 

Figure 33. The structures of the cinchona squaramides modified with primary amino group. 

Cinchona squaramide modified with a rigid aromatic linker at the quinuclidine ring (40) was 

prepared in an azide–alkyne cycloaddition reaction of 1-aminomethyl-4-azidomethylbenzene 

(43) 154 and cinchona squaramide derivative containing an ethynyl group on the quinuclidine 

moiety (DQ-SQ, see Scheme 28).S2 

 

Scheme 28. Synthesis of precatalyst 40 containing a rigid aromatic linker. 

In case of precatalyst 41, a more flexible and shorter linker, namely a 2-aminoethyl group, was 

incorporated into the cinchona skeleton at the quinoline unit. Demethylated cinchona 

squaramide (44)78 was reacted with O-toluenesulfonyl-N-Boc-ethanolamine (45). After the 

acidic removal of the protecting group of the intermediate, followed by neutralization, the 

corresponding primary amine 41 was obtained (Scheme 29). 
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Scheme 29. Synthesis of precatalyst 41 containing a short, flexible 2-aminoethyl group as a linker. 

Finally, precatalyst 42 was synthesized to modify the squaramide unit with a long, highly 

flexible C6 linker. In the reaction of commercially available N-Boc-1,6-diaminohexane (46) 

and dimethyl squarate (16a), half squaramide 47 was prepared. Next, this was reacted with 

cinchona amineS2 HQ-N (Scheme 30). After deprotection of the intermediate 48, we obtained 

the free amine containing a hexyl linker (42) with high yield. 

 

Scheme 30. Synthesis of precatalyst 42 containing a long, flexible hexyl linker. 

As the last step of the synthesis, the immobilization of the primary amino group-containing 

cinchona derivatives 40, 41, and 42 on cross-linked PGMA (Scheme 31) was carried out in 

MeOH to gain three new solid-supported organocatalysts (C1, C2, and C3). The amount of the 

immobilized precatalysts on the solid support was determined by elemental analysis of the 

catalysts (C1-C3) using energy dispersive X-ray analysis (EDX). 

 

Scheme 31. Immobilization of the precatalysts (C1–C3) on cross-linked poly(glycidyl methacrylate). 
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4.5.3. Application of solid-supported organocatalysts in asymmetric Michael reaction, 

and their recycling by centrifugation 

First, catalyst C1 was applied in a reaction between pentane-2,4-dione (8) and trans--

nitrostyrene (9) in two solvents (DCM and EtOAc). The solvents were chosen based on how 

the non-immobilized cinchona catalysts gave high enantiomeric excess and yield reported in 

our previous work.S2 Following the organocatalytic reaction (Table 18), the catalysts were 

recycled by centrifugation, and washed with the appropriate solvent. After the catalyst was 

recovered, it was reused four times in the aforementioned reaction using the same procedure. 

Table 18. Application of catalyst C1 in Michael addition reaction using trans--nitrostyrene (9) and  

pentane-2,4-dione (8)[a]. 

 

Rounds Solvent[a] Yield [%][b] ee [%][c] 

1 EtOAc 97 6 

2 EtOAc 98 6 

3 EtOAc 98 5 

4 EtOAc 98 4 

5 EtOAc 98 4 

1 DCM 87 29 

2 DCM 89 31 

3 DCM 90 21 

4 DCM 90 21 

5 DCM 90 17 

[a] Reaction conditions: pentane-2,4-dione (8, 0.407 mmol) was added to the solution of trans-β-nitrostyrene (9, 0.157 mmol) 

in the presence of 5 mol% catalyst C1 in 0.5 mL of solvent, then the resulting mixture was stirred at room temperature for 24 

hours. [b] Isolated yields. [c] Determined by chiral HPLC (the configuration of the major enantiomer is S). 

Although catalyst C1 provided Michael adducts with high yields, only small enantiomeric 

excess values were observed. Also, while the yields remained unchanged, a small decrease in 

the ee for EtOAc and DCM can be seen after the fifth round with the recycled catalyst. To 

confirm that the low enantiomeric excess values are not caused by the PGMA support acting 

as a competitive catalyst, Michael reaction was carried out using non-modified PGMA 

(Table 19). In this reaction, product formation was not observed, therefore, the solid support in 

itself does not catalyze this reaction. As the ee was significantly higher using DCM, catalysts 

C2 and C3 were tested only in this solvent. Following the first round, they were also recycled 

four times by centrifugation (Table 19). After five cycles, degradation or deformation of any 
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cinchona modified PGMA catalyst was not observed based on the SEM images (Figure 34). 

When catalyst C2 or C3 was applied, the enantiomeric excess values were higher (up to 79%) 

than in case of C1. The best results were obtained with catalyst C2. 

Table 19. Application of catalyst C2 and C3 in Michael addition reaction using trans--nitrostyrene (9) and 

pentane-2,4-dione (8)[a]. 

 

Rounds Catalyst[a] Yield [%][b] ee [%][c] 

- 
Non-modfied 

PGMA[d] 

Not 

observed 
- 

1 C2 89 78 

2 C2 87 79 

3 C2 82 75 

4 C2 80 73 

5 C2 78 74 

1 C3 87 59 

2 C3 87 58 

3 C3 82 56 

4 C3 83 56 

5 C3 79 53 

[a] Reaction conditions: pentane-2,4-dione (8, 0.407 mmol) was added to the solution of trans-β-nitrostyrene (9, 0.157 mmol) 

in the presence of 5 mol% catalyst C2 or C3 in 0.5 mL of DCM, then the resulting mixture was stirred at room temperature 

for 24 hours. [b] Isolated yields. [c] Determined by chiral HPLC (the configuration of the major enantiomer is S). [d] 50 mg of 

non-modified, cross-linked PGMA was used instead of catalysts under the same reaction conditions. 

 

Figure 34. SEM image of microspheres after the modification with C2 (A), C2-modified PGMA after five runs 

in EtOAc (B), and in DCM (C). 

The better results can be explained by mechanistic reasons.58 This Michael addition reaction 

begins with deprotonation of the dioxo compound (forming nucleophile), and in the case of 

these catalysts, the deprotonation depends on the basicity of the tertiary amine. In the case of 

C1, the substituent at the quinuclidine motif is a 1,2,3-triazole-4-yl unit, in contrast to C2 and 
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C3, where an ethyl group is connected to the ring in this position. Therefore, the difference in 

the yields might be caused by the electronic effects of these substituents. 

Regarding the ee, C3 contains a linker having a longer chain, but the squaramide NH groups 

are more acidic when they are bound to an electron-withdrawing group. Consequently, stronger 

hydrogen-bonds could form between the corresponding substrate and the C2 catalyst 

containing a bis(trifluoromethyl)phenyl modified squaramide moiety. This can result in 

stronger interaction between the catalyst and substrates, allowing a more definite stereocontrol 

of the reaction.30, 56-59 

As the best results were obtained by the application of catalyst C2 at room temperature (and 

the enantioselectivity may increase by decreasing the temperature), we also performed the 

Michael reaction at 0 °C using catalyst C2 (Table 20). 

Table 20. Application of catalyst C2 in Michael addition reaction using trans--nitrostyrene (9) and  

pentane-2,4-dione (8)[a] at a lower temperature. 

 

Rounds Yield [%][b] ee [%][c] 

1 84 96 

2 80 96 

3 80 96 

4 75 96 

5 76 96 

[a] Reaction conditions: pentane-2,4-dione (8, 0.407 mmol) was added to the solution of trans-β-nitrostyrene (9, 0.157 mmol) 

in the presence of 5 mol% catalyst C2 in 0.5 mL of DCM, then the resulting mixture was stirred at 0 °C for 24 hours.  

[b] Isolated yields. [c] Determined by chiral HPLC (the configuration of the major enantiomer is S). 

As our results in Table 20 show, comparing them to that obtained at room temperature, the 

enantioselectivity is higher when the reaction runs at 0 °C. After five runs, the 

enantioselectivity did not change, but a slight decrease in yields was observed. 

4.5.4. Conclusions and perspectives 

In conclusion, I examined the effect of different factors on the polymerization of glycidyl 

methacrylate (GMA), and I proposed the circumstances which resulted in well-defined polymer 

microspheres with narrow size distribution. 
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I have prepared three new precatalysts (40–42) by modifying cinchona squaramide 

organocatalysts, at three different positions of these bifunctional catalysts: one linker was 

connected to the catalyst at the quinuclidine ring (40), another at the quinoline moiety (41), and 

the last one at the squaramide unit (42). The linkers contained a primary amino group; 

therefore, these catalysts were easily immobilized on PGMA microspherical polymer 

containing epoxy groups. 

The immobilized organocatalysts (C1–C3) were used in a Michael addition reaction using 

pentane-2,4-dione (8) and trans-β-nitrostyrene (9) with high preparative yields (up to 98%) and 

enantiomeric excess values (up to 96% ee). 

Finally, these polymer-grafted catalysts were recovered by centrifugation and applied in five 

consecutive runs with only a slight decrease in yields and enantioselectivities. Our results show 

that immobilization of cinchona squaramide organocatalyst on cross-linked PGMA solid 

support is a feasible method to resolve the inconvenient recycling of the corresponding 

homogeneous organocatalyst. Finally, the modification of PGMA microspheres with amino-

functionalized organocatalyst is a generally applicable approach that could be utilized for a 

wide variety of organocatalysts. 

To the best of our knowledge, this was the first utilization of PGMA as solid support for 

organocatalysts. My future plan is to apply these catalysts in a continuous-flow system. 
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5. Summary and outlook 

During my work, I dealt with the preparation of double hydrogen-bond donor organocatalysts, 

and its importance is shown in the efficiency and applicability of the catalysts. These catalysts 

can be utilized in asymmetric reactions widely applied in the pharmaceutical industry, in which 

a carbon–carbon or carbon–heteroatom bond is formed. Such reactions include Michael 

addition, aza-Markovnikov, aza-Diels–Alder, and conjugate addition reactions. The 

asymmetric syntheses of these reactions’ products are crucial, as it is a more environmentally 

friendly and cost-effective method than resolution. However, regulations that state the active 

ingredients must not contain a heavy metal, may favor organocatalysts against transition metal 

catalysts. Another essential feature is the lower price, moreover, they are usually not sensitive 

to conditions such as moisture, air, and a wide pH range to work with. 

My goal was to prepare organocatalysts containing cinchona skeleton that can asymmetrically 

catalyze the above-mentioned reactions, and to facilitate their activity, I built in dual hydrogen-

bond donor units in the catalysts such as thiourea, squaramide, and thiosquaramide. 

At first, glucose-cinchona thiourea was prepared for this purpose, however, the resulting 

compound showed low enantioselectivity in the Michael addition reaction. The cinchona 

skeleton was shown to be necessary for the reactions, as no enantioselectivity was observed 

when the glucose derivative was connected to other bases. 

After that, I wanted to investigate the effects of the most commonly used cinchona-based 

organocatalyst derivatives on their catalytic activity. Starting from quinine, I prepared several 

such derivatives, during which I changed the saturation of the substituent of the quinuclidine 

group and the effect of the substituent at the C9 position. I began an in-depth study of the 12 

catalysts. Since hydrogen-bonding plays an important role in the behavior of these 

organocatalysts, their pKa values were measured in several solvents. Thus, we obtained a 

comprehensive view of both the acidity (of the group responsible for hydrogen-bonding), and 

the basic nature (of the nitrogen atom responsible for their basicity) of these catalysts. I have 

found that although researchers can produce „new catalysts” with minor changes, their effect 

will not necessarily be different from the previous ones. Thus, if the only goal is to build in the 

cinchona skeleton, it is advisable to start with the most feasible material, in our case it was 

quinine, which, also, has the advantage of allowing other important transformations through 
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the double bond on the quinuclidine, such as polymerization or the modification with a 

functional group for immobilization. 

Although cinchona thioureas and squaramides have already proved their ability in several 

asymmetric reactions, there are some for which they are not sufficiently active. An example of 

such a reaction is the aza-Diels–Alder reaction, in which neither thiourea nor squaramide gave 

product. To increase the acidity of the hydrogen-bond donor unit, just as urea was replaced by 

thiourea, we tried to produce thiosquaramides. Their preparation was not free of obstacles, as 

the thionation of the starting materials and intermediates of squaramides could not be realized. 

Rawal et al. developed a sterically crowded squaric acid ester, and after its dithionation, 

thiosquaramides were prepared by the traditional substitution method as squaramides are 

synthesized. The disadvantage of this method is that both the starting material and the 

intermediates are sensitive to acidic conditions and decompose on silica gel. To avoid this, we 

found an easier way to prepare the corresponding dithio compound by thionating the already 

prepared and purified squaramides, sparing ourselves from the cumbersome purification of 

intermediates. 

Unfortunately, in the methods I have listed so far, the catalysts used have not been recycled. 

We also wanted to accomplish projects in which we recycle the catalysts after they have been 

applied. We had two main techniques for this: homogeneous and heterogeneous recycling. I 

wanted to realize both. 

The homogeneous recycling of catalysts is still challenging today. As a method, I used the OSN 

technique, which has already been implemented on an industrial scale: molecules with different 

sizes can be separated, applying pressure with the help of a properly selected membrane. This 

method is also used for cleaning solvents and materials. I tried to choose a reaction in which 

the resulted products’ molecular size differs significantly from the size of the catalysts I used, 

so I chose the aza-Markovnikov reaction. Because I wanted to follow the principles of green 

chemistry, I first optimized the reaction conditions, reducing both the large excess of reagent 

and the amount of base used as a catalyst. Thus, I had a system that can be said to be greener 

based on Sheldon’s E factor. The most commonly used solvent was DMF, which I replaced 

with a more environmentally friendly one, acetonitrile. After this optimization, I used 

cinchona-based organocatalysts in aza-Markovnikov reaction. Out of these catalysts, the most 

basic cinchona compound having an amino group at the C9 position showed the best results, 

although unfortunately, enantioselectivity was not achieved with any of these catalysts. 
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However, the yields proved to be better than those gained with other, non-recyclable bases. 

Measuring the retention of molecules in several different membranes in OSN, we have found 

a system in which the retention of the catalysts is close to 100%, which means that allows the 

catalysts to be recycled even in combination with their multiple applications. 

I solved the heterogeneous recycling of cinchona squaramides by attaching them to PGMA. 

Although several polymer supports are available at an affordable price, my later goal was to 

use the catalysts in a continuous flow system loading them into a column; and prepare polymer 

support in a well-defined form and feasible way. The polymer support was decent, because 

there are several solid supports, such as silica gel, which can themselves catalyze the reaction, 

decreasing enantioselectivity, which is problematic. Not to mention that, in general, polymer 

supports have a wide particle size distribution, which may even be responsible for column 

clogging. PGMA is inert to the reaction, and its insolubility can be increased by subsequent 

cross-linking. Thanks to its reactive epoxy groups, it readily reacts with compounds containing 

a primary amino group. Modification was performed on three cinchona squaramides, to which 

I bonded a primary amino group at different positions using different linkers. The resulted 

precatalysts were reacted with the support to give heterogeneous catalysts, which I successfully 

used in asymmetric Michael addition. My future goal is to use the best catalyst in other test 

reactions, all in a continuous flow system, as these systems are more favorable than 

centrifugation. 

Based on my research, I can say that the development of organocatalysts is worthwhile. They 

should be tested in several chemical reactions necessary for the pharmaceutical industry, as the 

need for the production of enantiomerically pure active pharmaceutical ingredients does not 

seem to be exhausted. 
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(IF: 3.069, 60%) 

S4. Nagy, S.; Fehér, Z.; Kisszékelyi, P.; Huszthy, P.; Kupai, J., Cinchona derivatives as 

sustainable and recyclable homogeneous organocatalysts for aza-Markovnikov 

addition, New J. Chem., 2018, 42, 8596. DOI: 10.1039/C8NJ01277F (IF 3.069, 70%) 

S5. Nagy, S.; Kozma, P.; Kisszékelyi, P.; Bezzegh D.; Huszthy P.; Kupai J., Synthesis of 

three new bifunctional glucose thiourea organocatalysts and their application in 

asymmetric Michael addition, Studia UBB Chemia, 2017, 62, 183., 

DOI:10.24193/subbchem.2017.1.16 (IF 0.305, 55%) 
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S6. Nagy, S.; Kisszékelyi, P.; Dargó, Gy.; Huszthy, P.; Kupai, J., Synthesis and 

Homogeneous Applications of Asymmetric Cinchona-Based Organocatalysts, 

Chemistry, 2020, under revision (IF 0, 90%) 
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Recovery of Homogeneous Organocatalysts: a Review, Chemistry, 2020, 2, 742.,  

DOI: 10.3390/chemistry2030048 (IF 0, 5%) 

S8. Nagy, S.; Kisszékelyi, P., Kupai, J., Synthesis and Application of Thiosquaramides and 

Their Derivatives: A Review, Period. Polytech. Chem. Eng., 2018, 62, 467., 

DOI:10.3311/PPch.12851 (IF 1.382 in 2018, 55%) 
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based Camphorsulfonamide Organocatalysts Used for Michael Addition Reaction, 

Period. Polytech. Chem. Eng. 2018, 62, 489., DOI:10.3311/PPch.12851  

(IF 1.382, 10%) 

S10. Kupai, J.; Kisszékelyi, P.; Nagy, S.; Kozma, P.; Huszthy, P. Piridin egységet tartalmazó 

királis koronaéterek néhány alkalmazása, Magy. Kém. Foly., 2018, 124, 38., 
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7. Thesis points 

1. I prepared three new glucose thiourea derivatives, which were successfully used in the 

asymmetric Michael addition of pentane-2,4-dione to trans--nitrostyrene with low and 

medium yield, furthermore, in the case of cinchona derivative, 37–64% 

enantioselectivity was achieved. [S5] 

2. I prepared eleven cinchona-based organocatalysts starting from the commercially 

available and relatively cheap quinine. I applied these catalysts in Michael addition 

reaction, and I determined their pKa values in eight different solvents. Based on the 

described mechanisms, I determined the correlation between their acid–base properties 

and the results obtained in the asymmetric Michael addition catalyzed by these twelve 

catalysts. [S2]. 

3. I accomplished the synthesis of asymmetric thiosquaramides more simply and 

efficiently than described so far in the literature. Using my method, avoiding the 

cumbersome purification of decomposable intermediates, I prepared chiral 

thiosquaramides by the thionation of the easily prepared squaramide. [S3] 

4. I prepared two new cinchona squaramide and two new cinchona thiosquaramide 

organocatalysts containing axial and central chirality, as well. They were successfully 

applied in asymmetric Michael addition reaction (98% yield, 99% ee), in asymmetric 

conjugate addition (98% yield, 92% ee), and in aza-Diels‒Alder reaction (80% yield, 

5.4: 1 dr). The latter could only be catalyzed by thiosquaramide. From the results 

obtained with thiosquaramides, I concluded that it is worthwhile to deal with this family 

of organocatalysts, since higher enantioselectivity can generally be achieved by 

applying them in asymmetric reactions than with their oxo analogs. I proved by 

quantum chemical calculations that there is no significant structural difference between 

squaramides and thiosquaramides. Hence, thiosquaramides are able to catalyze the aza-

Diels‒Alder reaction (providing the product with good yield) due to their more acidic 

character. [S3] 
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5. I carried out the aza-Markovnikov addition in a more environmentally friendly way than 

performed in the literature, by reducing the temperature and the amount of catalyst and 

the reagent, and by using a more environmentally friendly solvent. Also, I replaced the 

inorganic heterogeneous catalyst (K3PO4) with the homogeneous organocatalyst 

cinchona amine, at which point the yield was almost doubled. I have found that this 

catalyst showed almost 100% retention employing the appropriate membrane in the 

organic solvent nanofiltration technique. [S4] 

6. I prepared three new cinchona squaramides, and successfully immobilized them on 

poly(glycidyl methacrylate) support. With one of the immobilized catalysts, I achieved 

excellent yield and enantioselectivity value in the Michael addition of pentane-2,4-

dione to trans--nitrostyrene. This catalyst was recycled by centrifugation and was 

reused in four further cycles without loss of the excellent enantioselectivity (96% ee). 

[S1] 
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9. Appendix 

9.1. Tables 

Table A1. The measured pKa values of OH derivatives of cinchona in six different solvents. 

  HQ Q  DQ 

Water pKa1  pKa2   pKa1  pKa2   pKa1 pKa2   

4.36  9.10   4.34  8.52   4.34 7.40   

0% MeOH pKa1  pKa2   pKa1  pKa2   pKa1 pKa2   

Yasuda−Shedlovsky 4.27  9.20   4.24  8.66   4.23 7.53   

Linear 4.43  9.32   4.40  8.76   4.41 7.61   

98.0% MeOH pKa1  pKa2   pKa1  pKa2   pKa1 pKa2   

Yasuda−Shedlovsky 2.45  8.01   2.40  7.74   2.20 6.93   

Linear 2.77  8.12   2.73  7.74   2.60 6.81   

99.99% MeOH pKa1  pKa2   pKa1  pKa2   pKa1 pKa2   

Yasuda−Shedlovsky 4.55  10.15   4.5  9.89   4.29 9.10   

Linear 2.74  8.09   2.69  7.72   2.56 6.90   

0% MeCN pKa1  pKa2   pKa1  pKa2   pKa1 pKa2   

Yasuda−Shedlovsky 3.99  9.17   3.97  8.6   3.94 7.5   

Linear 4.1  9.22   4.09  8.64   4.06 7.54   

98.0% MeCN pKa1  pKa2   pKa1  pKa2   pKa1 pKa2   

Yasuda−Shedlovsky 4.28  10.15   4.2  9.76   4.24 8.62   

Linear 3.17  9.04   3.1  8.64   3.13 7.51   

99.99% MeCN pKa1  pKa2   pKa1  pKa2   pKa1 pKa2   

Yasuda−Shedlovsky 6.6  12.46   6.53  12.1   6.56 10.9   

Linear 3.15  9.03   3.08  8.64   3.11 7.51   

0% Dioxane pKa1 pKa2 pKa3 pKa4 pKa1 pKa2 pKa3 pKa4 pKa1 pKa2 pKa3 

Yasuda−Shedlovsky 3.86 6.92 9.14 11.1 3.78 6.82 8.62 11.3 3.79 7.14 11.3 

Linear 4.17 6.91 9.27 10.9 4.1 6.75 8.76 11.1 4.13 7.17 11.2 

98.0% Dioxane pKa1 pKa2 pKa3 pKa4 pKa1 pKa2 pKa3 pKa4 pKa1 pKa2 pKa3 

Yasuda−Shedlovsky −12.35 6.20 1.45 20.8 −11.14 8.01 1.67 15.7 −12.6 4.81 14.9 

Linear 2.68 7.32 8.82 12.5 2.70 7.42 8.36 12.2 2.58 7.36 12.1 

99.99% Dioxane pKa1 pKa2 pKa3 pKa4 pKa1 pKa2 pKa3 pKa4 pKa1 pKa2 pKa3 

Yasuda−Shedlovsky −16.4 7.64 0.4 26.0 −14.8 10.4 0.9 18.9 −16.8 5.68 17.9 

Linear 2.65 7.33 8.81 12.6 2.67 7.43 8.35 12.2 2.55 7.37 12.1 

0% THF pKa1  pKa2 pKa3 pKa1  pKa2 pKa3 pKa1 pKa2 pKa3 

Yasuda−Shedlovsky 4.02  3.23 11.8 3.98  8.74 11.8 3.95 7.57 11.7 

Linear 4.55  9.75 11.9 4.51  9.23 11.9 4.49 7.96 11.8 

98.0% THF pKa1  pKa2 pKa3 pKa1  pKa2 pKa3 pKa1 pKa2 pKa3 

Yasuda−Shedlovsky −4.77  0.68 10.6 −5.21  0.30 10.8 −5.02 1.24 11.0 

Linear 1.30  6.59 11.5 1.17  6.19 11.6 1.17 5.65 11.6 

99.99% THF pKa1  pKa2 pKa3 pKa1  pKa2 pKa3 pKa1 pKa2 pKa3 

Yasuda−Shedlovsky −3.09  2.38 12.7 −3.55  2.01 13.0 −3.35 3.07 13.2 

Linear 1.23  6.52 11.5 1.10  6.13 11.6 1.10 5.60 11.6 

0% DMSO pKa1  pKa2   pKa1  pKa2   pKa1 pKa2   

Yasuda−Shedlovsky 3.99  9.07   3.95  8.52   3.91 7.29   

Linear 4.37  9.29   4.36  8.72   4.35 7.47   

98.0% DMSO pKa1  pKa2   pKa1  pKa2   pKa1 pKa2   

Yasuda−Shedlovsky −3.04  5.24   −3.33  5.14   −3.70 4.67   

Linear 2.30  8.22   2.17  7.77   2.02 6.74   

99.99% DMSO pKa1  pKa2   pKa1  pKa2   pKa1 pKa2   

Yasuda−Shedlovsky −1.55  7.03   −1.86  6.97   −2.26 6.58   

Linear 2.26  8.2   2.13  7.76   1.97 6.72   
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Table A2. The measured pKa values of cinchona amine derivatives in six different solvents. 

  HQ−N Q−N DQ−N 

Water 
pKa1 pKa2  pKa3  pKa1 pKa2  pKa3  pKa1 pKa2  pKa3  

2.07 4.47  9.71   2.02 4.42  9.10  1.93 4.34  8.10  

0% MeOH pKa1 pKa2  pKa3  pKa1 pKa2  pKa3  pKa1 pKa2  pKa3  

Yasuda−Shedlovsky 1.98 4.28  9.65  1.94 4.25  9.07  1.87 4.16  8.00  

Linear 2.11 4.47  9.84  2.07 4.45  9.24  2.01 4.38  8.13  

98.0% MeOH                         

Yasuda−Shedlovsky 1.05 2.74  8.02  1.05 2.61  7.65  0.87 2.19  7.17  

Linear 1.02 2.92  8.24  1.00 2.82  2.79  0.87 2.53  7.09  

99.99% MeOH                         

Yasuda−Shedlovsky 3.20 4.86  10.13  3.20 4.72  9.78  3.02 4.29  9.32  

Linear 1.00 2.89  8.21  0.98 2.79  7.76  0.84 2.49  7.07  

0% MeCN pKa1 pKa2  pKa3  pKa1 pKa2  pKa3  pKa1 pKa2  pKa3  

Yasuda−Shedlovsky 1.92 4.02  9.49  1.92 4.00  8.93   1.83 3.89  7.83  

Linear 2.07 4.15  9.55   2.08 4.14  9.00   1.98 4.02  7.86   

98.0% MeCN                            

Yasuda−Shedlovsky 1.74 4.15  10.33   1.62 4.04  9.73   1.53 3.97  9.00   

Linear 0.67 3.05  9.22   0.55 2.94  8.62   0.47 2.86  7.88   

99.99% MeCN                            

Yasuda−Shedlovsky 4.07 6.47  12.7   3.95 6.37  12.05   3.86 6.29  11.3   

Linear 0.64 3.02  9.21   0.52 2.91  8.61   0.43 2.84  7.88   

0% Dioxane pKa1 pKa2 pKa3 pKa4 pKa5 pKa1 pKa2 pKa3 pKa4 pKa5 pKa1 pKa2 pKa3 pKa4 pKa5 

Yasuda−Shedlovsky 1.8 3.76 6.76 9.55 11.3 1.7 3.69 6.3 8.94 11.4 1.67 3.63 6.47 7.81 11.2 

Linear 2.01 3.93 6.62 9.77 11.2 1.84 3.86 5.75 9.1 11.3 1.78 3.86 6.14 7.69 11.1 

98.0% Dioxane                               

Yasuda−Shedlovsky −5.04 −1.91 10.3 1.23 14.2 −2.66 −1.37 19.5 3.33 12.8 −2.38 −3.62 15.5 11.6 16.4 

Linear 1.47 3.56 7.65 9.09 12.1 1.64 3.54 8.37 8.77 12.01 1.68 3.25 8.00 8.68 12.2 

99.99% Dioxane                               

Yasuda−Shedlovsky −5.78 −2.23 13.3 −0.04 17.0 −2.51 −1.47 25.9 3.03 14.8 −2.13 −4.51 20.5 14.7 19.9 

Linear 1.46 3.55 7.67 9.07 12.1 1.63 3.53 8.42 8.76 12.0 1.67 3.24 8.03 8.70 12.2 

0% THF pKa1 pKa2  pKa3 pKa4 pKa1 pKa2  pKa3 pKa4 pKa1 pKa2  pKa3 pKa4 

Yasuda−Shedlovsky 2.09 4.19  9.85 11.9 2.15 4.1  9.2 11.9 2.13 4.04  8.31 11.8 

Linear 2.32 4.62  10.3 12 2.4 4.49  9.57 12.0 2.47 4.49  8.69 11.9 

98.0% THF                            

Yasuda−Shedlovsky −1.15 −2.74  1.65 10.3 −1.32 −2.33  3.04 10.4 −3.48 −3.47  2.2 10.8 

Linear 1.16 2.06  7.33 11.5 1.12 2.13  7.33 11.5 0.45 1.73  6.44 11.6 

99.99% THF                            

Yasuda−Shedlovsky 0.86 −0.95  3.37 12.4 0.68 −0.5  4.88 12.5 −1.61 −1.71  4.05 12.9 

Linear 1.13 2.01  7.26 11.5 1.09 2.08  7.29 11.5 0.41 1.67  6.4 11.6 

0% DMSO pKa1 pKa2  pKa3  pKa1 pKa2  pKa3  pKa1 pKa2  pKa3  

Yasuda−Shedlovsky 2.01 4.08  9.33   1.97 4.04  8.84   1.92 3.99  7.89   

Linear 2.21 4.34  9.47   2.17 4.33  9.01   2.12 4.35  8.04   

98.0% DMSO    
 

                    

Yasuda−Shedlovsky −1.44 −0.55  6.84   −1.42 −0.93  6.08   −1.38 −2.45  5.41   

Linear 1.25 2.99  8.84   1.23 2.87  8.27   1.21 2.44  7.39   

99.99% DMSO                            

Yasuda−Shedlovsky 0.39 1.16  8.75   0.41 0.75  7.97   0.46 −0.91  7.33   

Linear 1.23 2.97  8.82   1.21 2.84  8.25   1.19 2.41  7.38   
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Table A3. The measured pKa values of cinchona squaramides in six different solvents. 

  HQ−SQ Q−SQ DQ−SQ 

Water pKa1 pKa2 pKa3 pKa4 pKa5 pKa1 pKa2 pKa3 pKa4 pKa1 pKa2 pKa3 pKa4 

3.50 6.68 7.86 9.57 11.73 3.23 6.95 9.29  3.21 6.13 9.20   

0% MeOH pKa1 pKa2 pKa3 pKa4 pKa5 pKa1 pKa2 pKa3  pKa1 pKa2 pKa3   

Yasuda−Shedlovsky 3.28 6.62 7.82 9.52 11.9 3.23 6.95 9.29  3.21 6.13 9.20   

Linear 3.50 6.68 7.86 9.57 11.7 3.45 7.12 9.29  3.43 6.30 9.19   

98.0% MeOH                          

Yasuda−Shedlovsky 1.57 6.71 8.34 9.94 14.1 1.69 6.00 10.2  1.54 5.11 10.2   

Linear 1.82 6.30 7.77 9.40 12.9 1.83 5.95 9.49  1.74 5.08 9.48   

99.99% MeOH                          

Yasuda−Shedlovsky 3.68 8.92 10.6 12.2 16.4 3.80 8.15 12.4  3.64 7.25 12.5   

Linear 1.79 6.30 7.77 9.40 13.0 1.79 5.93 9.49  1.71 5.06 9.49   

0% MeCN pKa1  pKa2 pKa3  pKa1 pKa2 pKa3  pKa1 pKa2 pKa3   

Yasuda−Shedlovsky 3.06  7.61 9.38  2.95 7.17 9.18  2.91 6.17 9.08   

Linear 3.19  7.63 9.29  3.07 7.21 9.06  3.04 6.25 8.95   

98.0% MeCN                        

Yasuda−Shedlovsky 3.14  8.85 12.0  3.17 8.27 12.2  3.04 6.90 12.2   

Linear 2.04  7.74 10.9  2.07 7.16 11.0  1.94 5.79 11.1   

99.99% MeCN                        

Yasuda−Shedlovsky 5.47  11.2  14.3  5.50 10.6 14.4  5.36 9.21 14.5   

Linear 2.01  7.74 10.9  2.05 7.16 11.0  1.91 5.78 11.1   

0% Dioxane pKa1  pKa2 pKa3  pKa1 pKa2 pKa3  pKa1 pKa2 pKa3   

Yasuda−Shedlovsky 2.91  7.28 9.22  2.80 6.88 9.16  2.64 5.49 9.10   

Linear 3.36  7.18 8.74  3.21 6.77 8.65  2.96 5.03 8.59   

98.0% Dioxane                        

Yasuda−Shedlovsky −13.3  8.89 24.7  −10.7 9.23 24.5  −7.93 18.4 24.3   

Linear 1.60  7.96 11.4  1.74 7.61 11.4  1.90 7.41 11.27   

99.99% Dioxane                        

Yasuda−Shedlovsky −17.4  11.2 31.9  −13.8 11.8 31.7  −10.0 24.6 31.5   

Linear 1.57  7.97 11.4  1.71 7.63 11.4  1.88 7.46 11.3   

0% THF pKa1  pKa2 pKa3 pKa4 pKa1 pKa2 pKa3 pKa4 pKa1 pKa2 pKa3 pKa4 

Yasuda−Shedlovsky 3.02  7.55 9.07 11.9 2.98 7.12 8.83 11.9 2.90 6.06 8.73 11.9 

Linear 3.49  7.89 9.08 12.0 3.48 7.49 8.75 12.0 3.41 6.49 8.60 12.0 

98.0% THF                          

Yasuda−Shedlovsky −5.71  1.39 10.5 9.93 −5.61 0.85 12.1 10.1 −5.68 −0.90 12.6 10.1 

Linear 0.39  5.76 9.58 11.4 0.36 5.24 9.91 11.4 0.27 3.94 10.0 11.4 

99.99% THF                          

Yasuda−Shedlovsky −4.02  3.23 12.8 12.0 −3.91 2.69 14.4 12.2 −3.98 0.89 15.1 12.2 

Linear 0.33  5.72 9.59 11.4 0.30 5.20 9.93 11.4 0.20 3.89 10.1 11.4 

0% DMSO pKa1  pKa2 pKa3   pKa1 pKa2 pKa3   pKa1 pKa2 pKa3   

Yasuda−Shedlovsky 3.10  7.46 9.35   3.11 7.10 9.02   3.07 6.14 8.89   

Linear 3.55  7.79 9.61   3.52 7.42 9.12   3.47 6.39 8.94   

98.0% DMSO                          

Yasuda−Shedlovsky −4.09  2.20 5.75   −4.25 2.10 7.97   −4.34 1.52 8.46   

Linear 1.28  6.17 8.49   1.32 5.87 8.86   1.28 5.08 8.92   

99.99% DMSO                          

Yasuda−Shedlovsky −2.61  3.86 7.57   −2.78 3.78 10.0   −2.88 3.23 10.6   

Linear 1.23  6.13 8.47   1.27 5.84 8.85   1.23 5.06 8.92   
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Table A4. The measured pKa values of cinchona thioureas in six different solvents. 

  HQ−TU Q−TU DQ−TU 

Water pKa1 pKa2 pKa3 pKa1 pKa2 pKa3 pKa1 pKa2 pKa3 

3.38 8.61 10.9 3.42 8.06 10.8 3.44 7.02 10.8 

0% MeOH                   

Yasuda−Shedlovsky 3.38 8.61 10.9 3.42 8.06 10.8 3.44 7.02 10.8 

Linear 3.62 8.84 10.8 3.64 8.25 10.8 3.66 7.20 10.71 

98.0% MeOH                   

Yasuda−Shedlovsky 2.28 7.57 12.6 2.10 7.06 12.5 1.86 5.85 12.53 

Linear 2.23 7.50 11.6 2.16 7.00 11.5 2.04 5.89 11.53 

99.99% MeOH                   

Yasuda−Shedlovsky 4.42 9.71 14.9 4.29 9.21 14.8 3.98 7.99 14.8 

Linear 2.20 7.47 11.6 2.13 6.98 11.6 2.00 5.86 11.6 

0% MeCN                   

Yasuda−Shedlovsky 3.22 8.58 10.8 3.24 8.00 10.8 3.21 6.91 10.7 

Linear 3.36 8.70 10.6 3.38 8.10 10.6 3.35 7.03 10.5 

98.0% MeCN                   

Yasuda−Shedlovsky 3.31 8.87 14.4 3.25 8.33 14.4 3.18 7.15 14.5 

Linear 2.18 7.75 13.3 2.15 7.23 13.3 2.08 6.05 13.3 

99.99% MeCN                   

Yasuda−Shedlovsky 5.63 11.2 16.7 5.57 10.7 16.7 5.51 9.47 16.8 

Linear 2.15 7.73 13.4 2.12 7.21 13.3 2.05 6.03 13.4 

0% Dioxane                   

Yasuda−Shedlovsky 3.15 7.69 11.0 3.11 7.74 11.0 3.20 7.79 11.2 

Linear 3.73 7.65 10.6 3.65 8.10 10.4 3.74 8.57 11.0 

98.0% Dioxane                   

Yasuda−Shedlovsky −11.96 8.04 22.6 −10.8 −1.90 24.1 −14.1 −19.5 18.3 

Linear 1.79 8.19 12.9 1.89 7.04 13.0 1.71 5.26 12.3 

99.99% Dioxane                   

Yasuda−Shedlovsky −15.65 9.87 28.4 −14.1 −3.64 30.5 −18.6 −27.5 22.6 

Linear 1.75 8.20 12.9 1.85 7.02 13.0 1.67 5.20 12.3 

0% THF                   

Yasuda−Shedlovsky 2.96 7.95 11.1 2.87 7.47 11.0 2.64 6.79 10.9 

Linear 3.50 8.44 10.7 3.37 8.02 10.7 3.50 7.56 10.4 

98.0% THF                   

Yasuda−Shedlovsky −3.53 1.86 16.5 −3.03 0.80 16.3 −1.46 −3.14 17.7 

Linear 0.81 5.95 13.0 0.91 5.26 12.9 1.22 3.48 13.3 

99.99% THF                   

Yasuda−Shedlovsky −1.70 3.71 19.0 −1.17 2.61 18.8 0.31 −1.52 20.3 

Linear 0.75 5.90 13.1 0.86 5.20 13.0 1.18 3.40 13.4 

0% DMSO                   

Yasuda−Shedlovsky 3.22 8.30 10.5 3.30 7.77 10.7 3.32 6.82 10.5 

Linear 3.78 8.55 10.4 3.72 7.98 10.7 3.74 7.07 10.5 

98.0% DMSO                   

Yasuda−Shedlovsky −2.98 5.87 13.2 −3.82 5.01 11.3 −4.65 2.29 12.1 

Linear 1.45 7.67 11.4 1.52 7.14 11.0 1.37 5.78 11.1 

99.99% DMSO                   

Yasuda−Shedlovsky −1.41 7.79 15.6 −2.34 6.90 13.5 −3.24 4.01 14.4 

Linear 1.41 7.66 11.5 1.47 7.12 11.0 1.33 5.76 11.1 
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Table A5. Application of hydroxyl and amino analogs of cinchona organocatalyst in Michael addition reaction 

using trans--nitrostyrene (9) and pentane-2,4-dione (8).[a] 

 

Catalyst Solvent Yield 

[%][b] 

ee 

[%][c] 

HQ DCM 98 −16 

HQ MTBE 99 −8 

HQ toluene 98 −21 

HQ MeCN 97 4 

HQ EtOAc 99 −8 

HQ MeOH 91 −3 

HQ THF 96 −18 

Q DCM 98 −15 

Q MTBE 99 −6 

Q toluene 99 −14 

Q MeCN 97 1 

Q EtOAc 97 2 

Q MeOH 91 −2 

Q THF 93 −8 

DQ DCM 99 −13 

DQ MTBE 98 7 

DQ toluene 87 −15 

DQ MeCN 99 1 

DQ EtOAc 100 9 

DQ MeOH 82 0 

DQ THF 97 −7 

Catalyst Solvent Yield 

[%][b] 

ee 

[%][c] 

HQ-N DCM 99 6 

HQ-N MTBE 98 5 

HQ-N toluene 99 11 

HQ-N MeCN 99 4 

HQ-N EtOAc 99 6 

HQ-N MeOH 95 5 

HQ-N THF 97 15 

Q-N DCM 86 12 

Q-N MTBE 92 7 

Q-N toluene 71 11 

Q-N MeCN 91 7 

Q-N EtOAc 88 10 

Q-N MeOH 87 4 

Q-N THF 94 9 

DQ-N DCM 85 5 

DQ-N MTBE 83 7 

DQ-N toluene 89 34 

DQ-N MeCN 97 3 

DQ-N EtOAc 74 6 

DQ-N MeOH 87 3 

DQ-N THF 90 3 

[a] Reaction conditions: pentane-2,4-dione (8 ,0.41 mmol) was added to the solution of trans-β-nitrostyrene (9, 0.16 mmol) 

and 5 mol% of catalysts in 1 mL of solvent, then the resulting mixture was stirred at room temperature for 24 hours. [b] Isolated 

yield. [c] Determined by chiral HPLC (S enantiomer). 
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9.2. Figures 

 

Figure A1. Geometric structures of the studied tautomers of HQ-TU and their relative Gibbs free energies in THF, 

computed using the ωB97X−D/6−311++G**+SM12(THF)//ωB97X−D/6−31G*+SM8(THF) method. 
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Figure A2. Geometric structures of the studied tautomers of Q-TU and their relative Gibbs free energies in THF, 

computed using the ωB97X−D/6−311++G**+SM12(THF)//ωB97X−D/6−31G*+SM8(THF) method. 
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Figure A3. Geometric structures of the studied tautomers of DQ-TU and their relative Gibbs free energies in THF, 

computed using the ωB97X−D/6−311++G**+SM12(THF)//ωB97X−D/6−31G*+SM8(THF) method. 

 

Figure A4. Geometric structures of the neutral, deprotonated and protonated form of tautomer i and their relative 

Gibbs free energies in THF. Protonation and deprotonation Gibbs free energies of the corresponding neutral 

tautomer are indicated in parentheses. (ωB97X−D/6−311++G**+SM12(THF)//ωB97X−D/6−31G*+SM8(THF) 

method).  
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