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CHAPTER 1 

 
General Introduction: Asymmetric Organocatalysis, N ew Strategies to 

Chiral Non–Racemic Compounds 

 

 

 

 

 

 

 

 

 

Abstract: The synthesis of enantiomerically enriched compounds can be catalyzed by 
different classes of catalysts. A relative new class are small organic molecules and this 
type of catalysis is referred to as asymmetric organocatalysis. This class of catalysts is 
divided according to the two modes of activation: covalent and non–covalent catalysis. 
Cinchona alkaloids play an important role in the field of asymmetric organocatalysis, due 
to proper functional groups and the availability of two pseudoenantiomeric forms. 
Therefore, many organic reactions have been catalyzed by these alkaloids with high 
levels of enantioselectivity. However, the mechanisms of these reactions are far from 
understood and only a limited number of reports have appeared in which the 
enantiomerically enriched products have been further applied.  
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1.1 Asymmetric catalysis with small organic molecul es 

1.1.1 Asymmetric catalysis in nature 

Nature performs stereocontrolled synthesis of chiral compounds from achiral starting 
materials with the use of enzymes. Most enzymes are proteins and responsible for 
thousands of metabolic processes.1 Due to inter– and intra–electrostatic interactions, 
enzymes adopt specific three–dimensional structures. Each enzyme has an ‘active site’ 
where the stereocontrolled synthesis takes place; substrates bind in a controlled way in 
the chiral pocket and undergo asymmetric transformations. In the last 30 years an 
increase in the use of enzymes to produce fine chemicals has been seen. The 
advantages of enzymes are that they are chemo–, regio– and stereoselective and 
function under conditions that are mild and environmentally friendly. Based on this 
researchers have been trying to imitate the active site of enzymes in order to apply the 
mimics in asymmetric catalysis. Extensive attention has been given to mimic the active 
site of enzymes with an active metal center. The field of asymmetric (transition) metal 
catalysis started in 1968 when Knowles and coworkers incorporated chiral phosphine 
ligands in a rhodium–based catalyst and used this complex for the asymmetric 
hydrogenation of alkenes.2 In the first experiment the ee did not exceed 15%. 
Nevertheless, this result inspired many research groups to enter this field and in the 
following decades the field of asymmetric (transition) metal catalysis exploded. 
Nowadays many processes are known in which chiral metal complexes are used in order 
to prepare enantioenriched compounds.  

The mimicking of enzymes without metals at the active site gained much more attention 
from the late 1990s and is now referred to as asymmetric organocatalysis.3 However, 
before that time some noteworthy results were published. In 1904 the first example of 
asymmetric catalysis was published by Mackwald.4 He used brucine, an alkaloid isolated 
from the Strychnos nux–vomica tree, for the decarboxylation of a malonate derivative in 
10% ee. In addition, the use of Cinchona alkaloids5 (section 1.3.3) and N–heterocyclic 
carbenes (NHC’s)6 as chiral catalysts was investigated successfully prior to the late 
1990s. Amino acids were introduced successfully as organocatalysts in 1971 by two 
groups reporting the use of proline as a chiral catalyst for the intramolecular aldol 
condensation of meso triketones (scheme 1).7  

 

Scheme 1. Intramolecular aldol condensation reported by Wiechert and Hajos.7 

The group of Wiechert was able to obtain the product with 71% ee.7a This result was 
improved by the group of Hajos by performing the reaction at lower temperature and 
subsequently dehydrate the cyclic product; this resulted in a quantitative yield and an ee 
of 93%.7b The activation of substrates by reaction with proline is now referred to as 
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covalent organocatalysis and is one of the most popular strategies in asymmetric 
organocatalysis.  

This introductory chapter will further focus on Cinchona alkaloids and how they are 
applied in chemistry. Especially the use of Cinchona alkaloids as non–covalent 
bifunctional organocatalysts will be described. The main subject of this thesis is the use 
of novel Cinchona derived organocatalysts in asymmetric reactions activating the 
substrate through non–covalent interactions. First, in the next two paragraphs a short 
overview is given of key accomplishments in the field of organocatalysis since the late 
1990s. The overview is separated according to the two distinct modes of activating the 
substrates: covalent and non–covalent activation.  

 

1.1.2 Covalent activation 

The pioneering work by Wiechert and Hajos was reinvestigated by List and coworkers 
in 2000.8 Proline catalyzed the intermolecular aldol reaction of acetone to aromatic and 
branched aldehydes giving ee‘s up to 96% (scheme 2).  

 

Scheme 2. Intermolecular aldol reaction by List.8 

Their protocol was insensitive to water and did not require initial formation of enolates 
as most metal catalyzed enantioselective aldol reactions. They proposed a mechanism 
in which proline acts as an “micro–aldolase”; that is, the secondary amine activates the 
nucleophile via enamine activation and the carboxylate facilitates the formation of the 
enamine and is responsible for the activation and orientation of the aldehyde.  

In the same year the group of MacMillan and coworkers reported covalent activation of 
carbonyl compounds involving the formation of unsaturated iminium ions (scheme 3).9  

 

Scheme 3. Diels–Alder reaction via iminium ion formation. 

This strategy was applied successfully in the asymmetric Diels–Alder reaction. An 
imidazolidinone based catalyst derived from phenylalanine was introduced, now known 
as the MacMillan catalyst. The two reports8,9 led together with other results to an 
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explosion of the field of covalent organocatalysis.10 Presently, many catalyst systems 
are known and have been applied successfully in conjugate additions and carbonyl or 
iminium addition reactions.11  

Intensive research was performed in order to understand the mechanisms of these 
organocatalytic  reactions. For example, the Michael addition of aldehydes to 
nitroalkenes catalyzed by diaryl prolinol ethers was studied by several groups (scheme 
4).12 Experiments and calculations provided insight into the catalytic cycle by providing 
information about  possible intermediates and the rate–determining step. A collaboration 
between Pápai and Pikho resulted in a detailed mechanism of the reaction between 
aldehydes and nitroalkenes. According to the results the protonation of the 
dihydrooxazine oxide III intermediate was the rate–determining step. This study shows 
that the mechanism of such reactions can be more complex than initially anticipated.  

 

Scheme 4.  Proposed mechanism by Pápai and Pihko.12 

N–Heterocyclic carbenes (NHC’s) have witnessed a tremendous development in the 
past two decades not only as versatile ligands for transition metals, but also as (chiral) 
organocatalysts.13 The main difference with the mentioned activation mechanisms is that 
NHC’s can invert the reactivity of species (umpolung).13a In 1966 the first asymmetric 
reaction performed by an NHC was reported.6a It took until 2002 before ee’s above 90% 
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were obtained. The group of Enders used a bicyclic chiral triazolium salt as precatalyst 
for the asymmetric benzoin condensation (scheme 5).14  

 

Scheme 5. Benzoin condensation reported by Enders.14 

The Morita–Baylis–Hillman reaction is based on inverting the reactivity of an α,β–
unsaturated system. The first asymmetric Morita–Baylis–Hillman reactions were 
developed in 1990’s.15 The group of Leahy used chiral auxiliaries based on 
camphorsulfonic acid and DABCO as a achiral catalyst for the synthesis of chiral 1,3–
dioxan–4–ones.15a The group of Hatakeyama reported that the rigid modified Cinchona 
alkaloid, β–isocupreidine, efficiently catalyzes an enantioselective Morita–Baylis–
Hillman reaction (scheme 6).15b  

 

Scheme 6. Example of an asymmetric Morita–Baylis–Hillman reaction and the proposed 
mechanism.15b 

Both the quinuclidine and the quinoline phenol (C6’–OH) were postulated to be involved 
in the stabilization of the transition state. Nucleophilic attack of the tertiary amine of the 
catalyst on the β–carbon results in the formation of an enolate, that subsequently attacks 
an aldehyde species, which was activated by the quinoline phenol (C6’–OH). After β–
elimination of the catalyst the product is obtained. The desired adducts were obtained in 
high enantioselectivity but in moderate yield because of formation of a dioxanone 
byproduct. This principle has now been applied in several catalytic systems. Mostly 
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tertiary amines or phosphines are used for the formation of a covalent bond between the 
catalyst and substrate, while hydrogen bond donors or Lewis acids are used to activate 
the electrophile.16 

 

1.1.3 Non–covalent activation  

Asymmetric organocatalysis involving activation of substrates via hydrogen bonding or 
electrostatic interactions is far from understood. A few reports have provided 
experimental insight in the mechanism of non–covalent activation. Jacobsen and 
coworkers reported in 1998 the use of a chiral thiourea catalyst for the asymmetric 
Strecker reaction giving the products in ee‘s up to 99% (scheme 7).17a In 2002 a more 
detailed study on the mechanism was reported by the same group.17b They showed with 
NMR in combination with calculations that the imine is activated by the thiourea via a 
dual H–bond interaction. 

 

Scheme 7. Strecker reaction with dual H–bond activation by the thiourea.17  

Subsequently, Takemoto and coworkers developed a so–called bifunctional non–
covalent catalyst with the same chiral 1,2–diaminocyclohexane scaffold, in which one 
amine was modified with a thiourea function and the other amine was di–alkylated 
(scheme 8).18 This report gave an impulse to the field of asymmetric non–covalent 
bifunctional organocatalysis and since then many chiral scaffolds have been modified in 
a similar way.19 The catalyst developed by Takemoto catalyzed the addition of 
malonates to nitroalkenes. This reaction has been a benchmark in the field of non–
covalent bifunctional catalysis. 

 

Scheme 8.  Malonate addition to nitrostyrene catalyzed by a bifunctional thiourea catalyst.18 
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In 2005, Takemoto and coworkers proposed that the malonate is deprotonated by the 
tertiary amine and the nitroalkenes is coordinated via a two hydrogen bonds to the 
thiourea (scheme 9).  

 

Scheme 9. Proposed and calculated transition states. 

They proposed that this transition state is responsible for the observed selectivity.18b 
One year later Pápai et al. proposed a different transition state based on DFT 
calculations.18c In their mechanism, the deprotonated nucleophile coordinates to the 
thiourea and the nitroalkene is activated by the protonated tertiary amine via a single 
hydrogen bond. In the calculations both transition states give the same direction of 
stereocontrol. Only the transition state proposed by Pápai is slightly more favored 
according to the calculations.  

In 2004 the groups of Akiyama20a and Terada20b introduced chiral phosphoric acids 
based on BINOL as catalysts for the Mannich reaction (figure 1). Later other scaffolds 
like VAPOL and SPINOL have also been used as chiral backbones for phosphoric 
acids.21  

 

Figure 1. Other types of non–covalent organocatalysts.  

For example, the SPINOL derived phosphoric acid was applied successfully by Wang in 
the Friedel–Crafts reaction of indoles with imines.21c Another non–covalent pathway to 
activate substrates is through phase–transfer catalysis. At the end of the last century the 
groups of Lygo22a and Corey22b used quaternary ammonium salts obtained from 
Cinchona alkaloids for the asymmetric synthesis of a wide variety of unnatural amino 
acids, considerably improving the results reported by O’Donnel22c. Later, Maruoka used 
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quaternary ammonium salts derived from BINOL for the asymmetric epoxidation of α,β–
unsaturated systems.23  

 

1.2 Cinchona alkaloids 

1.2.1 Isolation and characterization 

Cinchona alkaloids are found in the Cinchona and Remijia trees and the bark of these 
trees has been used as powerful medicine against malaria since the 16th century.24 In 
the beginning of 19th century the active compounds of these trees were isolated. At that 
time more than thirty compounds were isolated, where four compounds were found to 
be the major ones: quinine, quinidine, cinchonidine and cinchonine. The correct 
molecular formula (C20H24N2O2) of quinine was established by Strecker in 1854.25 After 
the elucidation of the molecular formula of quinine it took more than fifty years to 
elucidate its structure. Many prominent European chemist performed intense research 
on this topic over a period of twenty years. The methods to elucidate the atom 
connectivity were relative simple. For example, conventional acetylation followed by mild 
hydrolysis suggested the presence of a hydroxy group, which was confirmed by its 
conversion into the corresponding chloride with PCl5.26 Based on these types of 
experiments it was concluded that quinine has two tertiary nitrogen atoms, a hydroxyl 
group, a 6’–methoxyquinoline, a vinyl group and a bicyclic structure with a bridged 
nitrogen. These findings helped Rabe to suggest the correct connectivity of quinine in 
1907.27 All stereochemical issues were correctly solved 37 years later by Prelog.28 The 
four major alkaloids found in the Cinchona bark are depicted in figure 2. All these 
alkaloids have five stereocenters with four stereocenters being carbon atoms (C3, C4, 
C8 and C9) atoms and one the nitrogen atom (N1) of the bicyclic system. The numbering 
is the one reported initially by Rabe. 

 

Figure 2. Structure and atom numbering of the four major alkaloids found in the Cinchona bark. 

In all these alkaloids the N1 atom and the C3 and C4 carbons have the same absolute 
stereochemistry. The other two stereocenters have opposite absolute configuration in 
quinine and quinidine (and the same relies to cinchonidine and cinchonine). Because 
these alkaloids have two stereocenters have the opposite configuration, these alkaloids 
are being considered pseudoenantiomers. The most basic nitrogen atom is the one (N1) 
in the bicyclic system. Several values of the pKAH are known ranging from 8 to 9.29 The 
amine (N1’) of the quinoline is less basic having a pKAH around 5. Because of the 



General Introduction 

21 

relatively high complexity, the functional groups and the wide abundance of these 
relatively small molecules are frequently used in asymmetric catalysis (see section 1.3).  
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Figure 3. The four low–energy conformers of quinine. 

In order to gain more insight in the behavior of these molecules in solution, 
conformational studies were performed with NMR and computational techniques.30 A 
collaboration between the groups of Wynberg and Sharpless in 1989 revealed that there 
are four low–energy conformers of the Cinchona alkaloids (figure 3). The calculations 
showed that quinine and quinidine preferentially adopt a syn–closed conformation in the 
gas phase and the anti–open conformation in apolar solvents.30 The rotations of the C8–
C9 and C9–C4’ bonds determine the conformations of the alkaloids. Different solvents 
have an influence on the conformation. In chloroform–d1 the open conformations are 
preferred while in dichloromethane–d2 the closed conformations are preferred. More 
detailed studies on solvent effects by Baiker showed that polar solvents stabilize the two 
closed conformations.31 Modifying the alkaloids with esters or benzyl ethers at the C9, 
by protonation of the quinuclidine ring or complexation with OsO4 influences the 
conformation.30 Ester derivatives always have an anti–closed conformation, ether 
derivatives exhibit intermediate behavior between anti–closed and anti–open depending 
on the solvent. Upon protonation or complexation with OsO4 the anti–open conformation 
is preferred, irrespective the starting conformation and the solvent.   

 

1.2.2 Total synthesis 

The synthesis of quinine has intrigued chemist for more than 150 years. In the 1850s 
the first efforts towards the total synthesis of quinine were made.32 It took until 1918 
before Rabe and Kindler reported the first partial synthesis of quinine and quinidine 
starting from a quinotoxine.33 Quinotoxine was discovered by Pasteur in 1853, by 
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reacting the natural alkaloid with weak or dilute acids at elevated temperatures.34 Three 
steps were needed to convert quinotoxine into quinine and quinidine (scheme 10).33 First 
quinotoxine was oxidized by sodium hypobromite yielding N–bromoquinotoxine. In the 
present of sodium ethoxide the quinuclidine ring system was formed. Finally reduction 
of the carbonyl yielded, according to Rabe, quinine.  

 

Scheme 10.  The Woodward–Doering/Rabe–Kindler total synthesis of quinine. 

During World War II the supply of quinine for the allied forces came to a hold. For this 
reason the US made it a vital goal to develop a synthetic route to quinine. A young 
chemist at Harvard University, R. B. Woodward, together with W. E. Doering took on the 
challenge. In 1944 they reported a synthetic route to quinotoxine,35 assuming the validity 
of Rabe’s claim that quinotoxine was converted to a stereoisomeric mixture of Cinchona 
alkaloids. Their synthesis required 17 steps in order to arrive at racemic quinotoxine. 
With the three additional steps, used by Rabe, twenty chemical steps were needed to 
synthesize the racemic Cinchona skeleton. The Woodward–Doering/Rabe–Kindler total 
synthesis of quinine has been a hot topic for discussion for more than 60 years. In 2001 
Stork and co–workers referred to the total synthesis reported by Woodward–Doering as 
a “widely believed myth”,36 because Woodward and Doering relied on the results which 
were published by Rabe and Kindler. In 2007 Seeman concluded, after a comprehensive 
study, that the Woodward–Doering/Rabe–Kindler synthesis of quinine was a valid 
achievement.37 This was later confirmed by Smith and Williams in 2008, when they 
reproduced the procedure reported by Rabe and Kindler and were able to obtain the 
Cinchona alkaloids.38 

 

Scheme 11. Uskokovic key synthon for the synthesis of quinine and quinidine. 

In the 1970s Uskokovic and coworkers at Hoffmann–La Roche started investigations on 
the stereocontrolled total synthesis of quinine (scheme 11).39 They reported several 
papers concerning approaches to control the configuration at the C3 and C4 
stereocenters. With their key synthon depicted in scheme 11 the group could prepare 
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the framework of the Cinchona alkaloids, but they were not able to control the 
stereochemistry at the C8–position. Thus, they always obtained mixtures of quinine and 
quinidine. It took two decades more before the first stereocontrolled synthesis of quinine 
was accomplished by the group of Stork in 2001 (scheme 12).40 Instead of making the 
quinuclidine framework via the N1–C8, they prepared the bicycle by forming the N1–C6 
bond.  

 

Scheme 12. First stereoselective total synthesis of quinine by Stork.40 

After this milestone the total synthesis of Cinchona alkaloids remained a popular target 
for chemists. In 2004 and 2005 Jacobsen and Kobayashi reported the stereoselective 
synthesis of quinine and quinidine.41,42 Their synthesis relied again on the N1–C8 
disconnection first reported by Rabe. The last steps in both syntheses were comparable 
and involved chiral epoxide formation via the asymmetric dihydroxylation/epoxide 
formation procedure developed by Sharpless, followed by a one pot 
deprotection/cyclization procedure (scheme 13). Both quinine and quinidine could be 
obtained depending on the nature of the stereocontrol during the asymmetric 
dihydroxylation. 

 

Scheme 13. Key steps in the formation of the quinuclidine ring of quinidine by Jacobsen and 
Kobayashi.41,42 

 

1.3 Applications of Cinchona alkaloids in synthesis 

1.3.1 Chiral bases for enantiomer separation 

Resolution of racemic mixtures using chiral resolving agents is based on the formation 
of two diastereomeric entities, usually salts which differ in solubility leading to 
preferential crystallization of one of them.43 Due to the highly basic nature of Cinchona 
alkaloids they can be used to resolve racemic acids and other chiral acidic compounds. 
Pasteur used derivatives of the Cinchona alkaloids (quinotoxine like structures) for the 
resolution of tartaric acid.34b,44 In the 1990s about 25% of all resolutions of racemic 
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mixtures were carried out with the four major members of the Cinchona alkaloid family.45 
Examples of industrial resolution processes with Cinchona are depicted in table 1. 

Table 1. Examples of resolutions by Cinchona alkaloids. 

entry compound function resolving agent ee (%) 
1 

MeO

CO2H

Me

 

nonsteroidal anti–inflammatory 
agents/analgesics 

cinchonidine 99 

2 

 

nonsteroidal anti–inflammatory 
agents/analgesics 

cinchonidine 99 

3 
 

precursor of PGI2 antiplatelet 
drug 

quinine 99 

4 

 

precursor of (R)–
aminoglutethimide 

cinchonidine >90 

5 

 

GABA–antagonist precursor cinchonidine 46 

 

The alkaloids have also been used for the resolution of various phosphoric and 
carboxylic acids, including axially chiral compounds, such as biaryl derivatives and 
allenic acids.46 Derivatives of Cinchona alkaloids have been only rarely used as 
resolving agents. For example, N–benzylcinchonidinium chloride can be used for 
efficient resolution of 1,1’–binaphthalene–2,2’–diol (BINOL) (scheme 14).47 Not only 
BINOL has been successfully resolved with N–benzylcinchonidinium chloride, also 
enantiomers of other weak acids have been successfully separated in this way.48 

 

Scheme 14. Resolution of BINOL. 

 

1.3.2 Chiral ligands in metal–promoted reactions 

The first report on the use of Cinchona alkaloids as chiral ligands in asymmetric metal–
promoted reactions was published by Cervinka in 1965.49 He described the reduction of 
aryl alkyl ketones by stoichiometric amounts of LiAlH4 complexed with Cinchona 
alkaloids giving ee’s up to 48%. The most significant breakthrough in this field was by 
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Orito et al.50 Heterogeneous platinum catalysts modified with Cinchona alkaloids proved 
to be excellent systems for the reduction of α–keto esters giving ee’s up to 82%. This 
process was applied successfully on ton scale by Ciba–Geigy (now Novartis) for the 
development of benazepril (scheme 15).51 The first homogeneous catalytic transfer 
hydrogenation using modified Cinchona alkaloids was reported in 2006.52 With Rh or Ir 
complexes of epi–9–amino–cinchonidine for the asymmetric reduction of aryl alkyl 
ketones ee’s up to 97% were obtained.  

 

Scheme 15. Pt–Cinchona catalyzed hydrogenation of an α–keto ester for the synthesis of 
benazepril. 

In addition to the reduction of carbonyl compounds, (modified) Cinchona alkaloids have 
also been applied successfully as chiral ligands in the asymmetric nucleophilic addition 
to carbonyl or imine compounds,53 especially with alkylzinc reagents53a–d and in Pd–
catalyzed asymmetric allylic substitutions54 and Claisen rearrangements55. The most 
well–known reaction, however, in which Cinchona alkaloids are used as chiral ligands is 
the asymmetric oxidation of double bonds and in particular the Os–catalyzed asymmetric 
dihydroxylation developed by Sharpless.56 In 1980 the first attempts were made to 
perform this reaction asymmetrically by using acetate protected quinine or quinidine as 
chiral ligands.57 With this catalytic system ee’s up to 83% were obtained, but the 
reactivity of this system proved to be substrate dependent. Optimization studies by 
Sharpless resulted in the development of dimeric Cinchona alkaloid based ligands 
(figure 4).  

 

Figure 4. Dimeric ligands used for the asymmetric dihydroxylation. 

In 1992 Sharpless introduced the AD–mix α and β. These mixture were able to form 
chiral diols with high levels of enantioselectivity for a wide variety of substrates.58 Both 
these mixtures contain of K2OsO2(OH)4, K3Fe(CN)6 and K2CO3. In AD–mix α 
(DHQ)2PHAL is used as the chiral ligand while in AD–mix β (DHQD)2PHAL is used. 
These mixture can now be purchased from different suppliers.59 
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1.3.3 Chiral organocatalysts 

The first example of the use of Cinchona alkaloids as organocatalysts dates back to 
1912.60 In that year Bredig and Fiske reported the addition of HCN to benzaldehyde 
giving optically active cyanohydrins. Although poor ee (< 10%) was obtained this 
represents one of the first examples of asymmetric catalysis. About 50 years later 
Pracejus reported the first reaction catalyzed by Cinchona alkaloids with significant 
levels of enantioselectivity (scheme 16).61 O–Acetylquinine was used as a chiral Lewis 
base for the addition of methanol to phenylmethylketene affording optically active α–
phenyl methylpropionate.  

 

Scheme 16. Chiral base catalyzed addition of methanol to ketenes. 

This inspired Wynberg to further investigate the use of Cinchona alkaloids as chiral 
Lewis bases/nucleophilic catalysts. In the 1970’s and 1980’s the group of Wynberg 
developed several highly enantioselective reactions catalyzed by Cinchona alkaloids.5 
For example, the addition of various nucleophiles to methyl vinyl ketone catalyzed by 
quinine.62 Later, they reported the Cinchona alkaloid catalyzed addition of aromatic thiols 
to cyclic enones (scheme 17).63  

 

Scheme 17. Addition of an aromatic thiol to cylic enone and proposal of bifunctional activation. 

In 1981 a detailed study on the mechanism was reported.63b Cinchonidine catalyzed the 
addition with ee’s up to 75%. Hiemstra and Wynberg showed that both the C9 hydroxy 
group and the basic quinuclidine were responsible for the ee. Acetylating, removing or 
substituting the C9 hydroxy group resulted in a drastic decrease of the ee. Also by 
inverting the stereochemistry at the C9–position resulted in poor enantioselectivity. This 
was attributed to an intramolecular hydrogen bond between the C9 alcohol and the 
quinuclidine nitrogen in the epi–bases. This intramolecular hydrogen bond cannot be 
formed in the natural alkaloid, because the hydroxyl group cannot come within close 
proximity of the tertiary amine of the quinuclidine ring. Hiemstra and Wynberg proposed 
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a mechanism in which the catalyst adopts an anti–open conformation with both 
substrates being activated by the catalyst.  

Wynberg et al. also investigated other types of activation by Cinchona alkaloids; 
quinidine and quinine catalyzed the addition of ketene to chlorinated ketones and 
aldehydes yielding substituted oxetan–2–ones with high levels of enantioselectivity (ee 
up to 98%) (scheme 18).64 In this reaction the catalyst acts as a Lewis base activating 
the ketene. Comparing the results obtained with quinidine and quinine showed that 
quinidine was the better catalyst. Since quinine and quinidine are pseudoenantiomers, 
the outcome in terms of enantioselectivity is different. In this reaction the position of the 
vinyl group of the catalyst is crucial for obtaining ee’s above 90%.  

 

Scheme 18. Ketene addition to 2,2,2–trichloroacetaldehyde. 

Organocatalysis with Cinchona alkaloids received extensive interest at the end of the 
last century. One of the first examples was the asymmetric Morita–Baylis–Hillman 
reaction reported by Hatakeyama15b mentioned in section 1.1.2. In 2004 the group of 
Deng reported an example of non–covalent bifunctional catalysis with cupreine and 
cupreidine (these alkaloids are also found in the Cinchona tree bark but to a much lower 
extent than the four major alkaloids) in the conjugate addition of malonates to 
nitroalkenes (scheme 19).65 Deng and coworkers proposed that the phenolic OH could 
serve as hydrogen bond donor activating the electrophile. This was in fact observed and 
higher enantioselectivities and rates were obtained than with quinine and quinidine. 

 

Scheme 19.  Malonate addition to nitrostyrene catalyzed by cupreine and cupreidine. 

In 2005 a great impulse was given to this field by four research groups. They reported 
independently the use of a modified Cinchona alkaloid containing a thiourea function at 
the C9–position (figure 5).66  
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Figure 5.  Types of hydrogen bond donors and the year they were introduced. 

The presence of a thiourea at C9 appeared vital in order to obtain high conversion and 
enantioselectivity in a number of conjugate additions. The success of this catalyst was 
attributed to the strong hydrogen donor capability of the thiourea moiety at C9. Since 
then many groups have performed research with Cinchona alkaloids as non–covalent 
bifunctional organocatalysts.67 In particular the C9–position has been modified with 
different functional groups, like urea68, sulfonamide69, squaramide70, and guanidine71.  

Also the introduction of an amine group at the C9–position proved to be a success in the 
field of organocatalysis with Cinchona alkaloids. In 2007 different groups applied these 
types of catalysts for the functionalization of branched carbonyl compounds. Connon 
and coworkers demonstrated that the C9–epi–amine catalysts could be used 
successfully for the conjugate addition of aldehydes and (cyclic) ketones to nitroalkenes 
via enamine catalysis.72 Iminium catalysis was successfully demonstrated by Deng, 
Chen and Melchiorre.73  

 

1.3.4 Mechanism of non–covalent bifunctional cataly sis  

Strong hydrogen bond donors were also introduced at other sites than the C9–position. 
In 2006, Hiemstra and coworkers reported the use of a Cinchona derived catalyst 
bearing a thiourea moiety at the C6’–position; this proved to be an effective catalyst in 
the Henry–reaction (scheme 20).74 A collaboration between the groups of Hiemstra and 
Himo resulted in more insight in the mechanism of this reaction based on DFT–
calculations.74b The calculations indicated that two possible transition states are 
important. After deprotonation of the nitromethane by the basic quinuclidine, the 
benzaldehyde can be activated by the thiourea or by the protonated quinuclidine. Both 
transition states give the same direction of stereocontrol. In this reaction the activation 
of the benzaldehyde by the thiourea was slightly more favored. This is the opposite of 
what Papai et al. concluded on the basis of their calculations of the mechanism of the 
addition of 1,3–dicarbonyl compounds to nitroalkenes (section 1.1.3, scheme 9).18 
Despite the good results obtained with C6’ thiourea catalysts only a few other reports 
have appeared in which C6’–modified catalyst have been successfully applied as 
organocatalysts.75 Possible reasons are the slightly more lengthy synthesis of these 
catalysts and the fact that these catalysts are not commercially available.  
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Scheme 20. Henry reaction and the two proposed transition states. 

Although calculations support the outcome of non–covalent bifunctional organocatalysis 
only a few publications describe experimental results that support the proposed 
mechanisms. A strategy to gain more mechanistic insight is to prepare analogues of 
organocatalysts and then compare the results. Such a strategy was reported by the 
group of Merschaert. 76  

Table 2. Intramolecular oxa–Michael addition of phenol to α,β–unsaturated esters. 

 

entry R = conversion (%) ee (%) entry R =  conversion (%) ee (%) 
1 vinyl 45 64 6 

 

20 80 

2 Et 75 72 7 

 

35 80 

3 H 35 30 8 CH2OH 42 74 
4a 

 

34 78 9 CN <2 nd 

5 

 

23 76 10 CHO <2 nd 

a) Used as a 1:2 mixture of E:Z–isomers 

They investigated the influence of the vinyl group of cinchonine in the intramolecular 
oxa–Michael addition of phenol to α,β–unsaturated esters leading to 2–substituted chiral 
chromanes (table 2). They prepared several analogues with an increased or a 
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decreased steric demand of the vinyl group. In addition, they replaced the vinyl group 
for more electron withdrawing groups. First cinchonine was examined which gave after 
24 h of reaction gave 45% conversion leading to an ee of 64% (entry 1). If the double 
bond was reduced the conversion increased to 75% and the ee increased to 74% (entry 
2). If the vinyl group was removed this lowered the conversion and also the 
enantioselectivity (entry 3). By replacing the terminal alkene protons with more bulky 
groups the ee was increased up to 80% (entries 4–6). There was a slight difference in 
ee on changing the configuration of the double bond (entries 5 and 6). Reduction of the 
double bond increased the conversion without influencing the ee (entry 7). The 
introduction of a polar hydroxyl function was tolerated (entry 8) contrary to strong 
electron withdrawing groups, which gave significantly poorer results (entries 9 and 10).  

The increase of the conversion (entry 2) was attributed to increase of the basicity of the 
nitrogen of the quinuclidine ring. The group of Merschaert calculated the basicity of 
cinchonine and dihydrocinchonine. It was found that dihydrocinchonine was more basic 
than cinchonine (pKAH for dihydrocinchonine 9.99, for cinchonine 9.18). Also if strongly 
electron withdrawing substituents were present almost no conversion was observed, 
indicating that the basicity influences the conversion. The difference in pKAH was 
explained by the inductive effect of the appropriate groups.  

Calculations showed that the reaction could involve two types of mechanisms (figure 6): 
in the first mechanism the phenol is deprotonated by the quinuclidine and the α,β–
unsaturated ester is activated by the benzylic OH of the catalyst. In the second pathway 
quinuclidine and the hydroxyl group of the catalyst both participate in a concerted 
mechanism. The group of Merschaert suggested that the second pathway is more likely 
because it does not involve formation of a charged enolate after cyclization which is less 
favored energetically in apolar solvents. 

 

Figure 6. Intermediates proposed by Merschaert. 

The group of Hintermann investigated this reaction further and studied the mechanism 
in more detail.77 They considered a 5–exo–trig cyclization of 4–(2’–hydroxy–phenyl)–
crotonates to benzodihydro–2–furanyl acetates as the model for optimization of the 
reaction conditions (scheme 21). They found that the best results were obtained with 
cinchonine as the catalyst and chloroform as the solvent. With the optimized conditions 
the role of the ester was investigated. First different types of unsaturated reactants were 
used, revealing that a change in the ester group did not have a drastic effect on the 
enantioselectivity. A large influence of steric bulk on the ester group on the 
enantioselectivity might have been expected as a hydrogen bond activation mode 
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requires close proximity of the carbonyl group of the substrate and catalyst. Also the 
nitrile substrate cyclized with comparable selectivity as the esters, even though a nitrile 
is a less efficient hydrogen bond acceptor than an ester.  

 

Scheme 21. 5–exo–trig cyclization of various α,β–unsaturated systems. 

Finally they examined the cyclization of substrates without a heteroatomic hydrogen 
bond acceptor (scheme 22). With quinine as the catalyst the cyclization proceeded with 
notable selectivity. The presence of the hydroxyl group in the catalyst is crucial for the 
cyclization, as O–acetyl–quinine proved to be an inefficient catalyst. These experiments 
showed that the catalyst still has bifunctional character, but a heteroatomic hydrogen 
bond acceptor motif in the substrate is not a necessity. This suggests that a concerted 
mechanism is more likely than a stepwise process. This was further supported by 
deuterium labeling studies. It must be noted that a concerted mechanism is not a general 
mechanism for Cinchona alkaloid catalyzed reaction. In a personal communication 
Hintermann highlighted that the thiol addition to cyclic enones reported by Hiemstra and 
Wynberg is likely to proceed to the proposed stepwise process (scheme 17).63 

 

Scheme 22. Cyclization of fluorenylene substrate. 

 

1.3.5 Applications of Cinchona alkaloid catalyzed reactions 

With (non)–modified Cinchona alkaloids many reactions are catalyzed giving the 
products in high enantiopurity.65 Many authors claim that their organocatalytic reactions 
are useful for applications in the drug or the food industry, irrespective of the fact that 
only a limited number of applications are known.78 Most of these applications concern 
the synthesis of natural products and only a few examples are reported of 
enantioselective reactions catalyzed by (modified) Cinchona alkaloids leading to 
products important to the pharmaceutical industry. An example is the Cinchona based 
phase–transfer catalyst used by Merck for the synthesis of (+)–indacrinone (scheme 
23).85  
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Scheme 23. Synthesis of (+)–indacrinone. 

Cinchona based phase–transfer catalysts have also been used successfully for the 
asymmetric synthesis of unnatural amino acids.80 A large scale application with a 
thiourea containing Cinchona alkaloid was reported by Roche Palo Alto and concerned 
the synthesis of a series of P2X7 antagonists (scheme 24).81 The key step involved the 
desymmetrizaion of the cyclic anhydride with methanol. The thiourea catalyst was used 
in a pilot–plant synthesis involving the desymmetrization of 15 kg of cyclic anhydride 
with 850 g of catalyst. The product was obtained after recrystallization in 97% ee.  

 

Scheme 24. Large scale application with thiourea containing Cinchona alkaloid. 

 

1.4 Outline of this thesis  

Since the end of the last century many organic reactions have been catalyzed by 
Cinchona alkaloids and derivatives, especially through non–covalent activation modes. 
However, only a limited number of applications are known in which the enantiomerically 
enriched products are used in further applications. Also, in almost all reactions catalyzed 
by Cinchona alkaloids and derivatives no hard experimental proof exist that the 
proposed transition states are responsible for the observed selectivity. 

The research described in this thesis focuses on the use of Cinchona alkaloids as non–
covalent bifunctional organocatalysts. Two subject will be addressed: the development 
of new asymmetric conjugate additions yielding products that can be used in peptide 
chemistry and the second part is focused on the synthesis of novel analogues of 
Cinchona alkaloids. The second part is directed towards obtaining more insight in the 
mechanism of Cinchona alkaloids catalyzed reactions. 
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In chapter 2  the development of a new method for the functionalization of amino acids 
with thiols on the β–carbon atom is described. Suitable substrates were synthesized and 
successfully used as Michael acceptors. C6’–Functionalized Cinchona alkaloids proved 
to be good catalysts in the addition of several thiols to dehydroaminoacid derivatives. 

In chapter 3  optimizations studies were performed with the purpose of improving the 
addition of thiols to α,β–unsaturated N–acetylated oxazolidinone systems. Cinchona 
alkaloids bearing sulfonamides at the C6’–positions were found to be excellent catalysts 
for the conjugate additions. Also the application of β–thiol functionalized amino acids in 
native chemical ligation is described.  

Chapter 4  describes synthetic studies performed in order to gain more insight in to the 
role of the quinuclidine ring system of Cinchona alkaloids in asymmetric organocatalytic 
reactions. Several analogues were prepared with modifications in the quinuclidine ring 
system. These analogues were applied as catalysts in several conjugate additions with 
the purpose of examining the influence of the modifications in the quinuclidine ring on 
the enantioselectivity.  

In chapter 5  a new approach towards 2–methylenequinuclidines is described based on 
a silver catalyzed intramolecular hydroamination reaction. This study was performed in 
order to develop new routes for the synthesis of Cinchona alkaloids analogues and for 
further mechanistic studies of Cinchona alkaloid catalyzed reactions. 
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