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Abstract 

A new family of chiral bifunctional phase-transfer catalysts were developed to promote an 

enantioselective SN2 reaction for the construction of malleable oxindoles with all-carbon 

quaternary stereocenters in high yield and excellent enantioselectivity (up to 97% ee). The 

utility of this methodology was demonstrated through the concise and highly 

enantioselective synthesis of (-)-debromoflustramine B and (-)-flustramine B. 

The newly developed family of chiral bifunctional phase-transfer catalysts, in conjunction 

with catalytic amounts of fluoride, were also utilised in a hitherto, unprecedented method 

of enantiocontrolled desymmetrisation. A selection of meso-anhydrides were converted to 

their corresponding hemiesters with reasonable levels of enantiocontrol. Reaction scope 

was demonstrated with the promotion of a nucleophilic catalysis-mediated rearrangement 

of O-acylated enolates as well as a nucleophilic catalysis-mediated Curtius rearrangement 

to form synthetically useful products. 
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1. Introduction  

1.1 Catalysis: Historical perspective 

The first era of catalysis is inextricably linked to the inception of civilisation and the 

production of alcohol by means of fermentation. Observations made during this time were 

very sporadic in nature and little effort was made to explain these unusual phenomena. A 

more systematic approach was adopted by Jns Jacob Berzelius who was able to fathom 

the principal governing these natural phenomena and introduced the term ñcatalysisò in 

1835.1 

During this period it quickly became apparent that catalysis was of major importance in 

most industrial processes; the reduction of reaction times and improvement of product 

yields meant significant financial gains. The influence of catalysis was summed up nicely 

by Wilhelm Ostawld when he stated ñthere is probably no chemical reaction which cannot 

be influenced catalyticallyò.2 

So what is a catalyst? And what role does it play in a catalytic transformation? A catalyst 

can be defined as a substance (usually in substochiometric amounts) that alters the rate of 

a chemical reaction without being consumed in the reaction itself.3 It usually enhances the 

rate of product formation by lowering the reaction initiation barrier. The formed product 

dissociates from the catalyst, in turn leaving the catalyst free to promote another reaction, 

thereby creating a catalytic cycle.(Figure 1.1) 3 

 

Figure 1.1 General catalytic cycle. 
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To comprehend how a catalyst actually enhances the rate of a chemical reaction we need 

to look more closely at the potential energy diagram. Figure 1.2  clearly demonstrates that  

 

Figure 1.2 Potential energy diagram comparing the catalysed and uncatalysed 

pathways 

the catalytic pathway has a lower activation energy than the uncatalysed pathway.4 The 

transition state energy barrier is lower for a catalysed reaction than that of an uncatalysed 

one. According to the Arrhenius equation (Equation 1.1) the rate constant (k) is inversely 

proportional to the activation energy (Ea).
4,5 Consequently, the catalysed reaction 

possessing an activation energy lower than the uncatalysed one will have a faster reaction 

rate. 

Ὧ ὃὩ  

Equation 1.1 Arrhenius equation 

Catalysts are extremely variable in structure and can be loosely branded as either 

heterogenous or homogenous. Heterogenous catalysts operate in separate phases to the 

reactants and their advantages are mainly associated with the ease of catalyst separation 

from the product enabling continuous chemical processes.4  Homogenous catalysis refers 

to reactions where the reactants and catalyst are in the same phase. Advantages associated 

with homogenous catalysis are greater contact between reactants and catalyst which 

normally means faster reaction rates. The disadvantages lie with the somewhat difficult 

separation of product from catalyst.4 
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1.2 Chirality: General remarks 

Originally, the word chiral derives from the Greek cheir, which means óhandednessô. The 

IUPAC formal definition refers to chirality as follows: ñthe geometric property of a rigid 

object (or special arrangement of points or atoms) as being non-superimposable on its 

mirror image; such an object has no symmetry elements of the second kind (a mirror plane, 

a centre of inversion, a rotation-reflection axis). If the object is superposable on its mirror 

image the object is described as being achiral.6  

Molecules can likewise have chirality; each non-superimposable mirror image of a specific 

molecule is called an enantiomer. Enantiomers have indistinguishable chemical and 

physical properties in an achiral environment the main distinction is their capacity to rotate 

in plane-polarised light.7 The majority of chiral molecules in nature occur exclusively as 

single enantiomers, a characteristic of paramount importance with regards to molecular 

recognition and replication processes. Yet, racemic mixtures are produced in the absence 

of a chiral directing template.7 The ability to selectively synthesise enantiopure molecules 

is a much sought after methodology due to the salient medicinal and economic benefits.8 

Ethambutol (1), highlighted in Figure 1.3 is an example that illustrates the importance of 

effectively synthesising enantiopure compounds. It can exists as a mixture of both the R 

and S enantiomer.  

 

Figure 1.3 Different enantiomers of the racemic drug ethambutol (rac)-1 

Both of these enantiomers have vastly different pharmacological profiles. The S enantiomer 

is used as an effective treatment for tuberculosis 9 while the R enantiomer can cause 

blindness.9 

1.3 Asymmetric synthesis: A diverse field 

The need for enantiopure compounds has undergone an exponential surge in demand over 

the past few decades.10 With this demand naturally came a period of intense research 
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innovation which resulted in the fine-tuning of three different approaches for the synthesis 

and separation of enantiopure molecules.10  

The three approaches can be categorised as follows: (1) the resolution or separation of two 

enantiomers from a racemic mixture using chemical, physical or enzymatic methods; (2) 

the use of chiral starting materials readily available in nature (i.e. ñchiral poolò) as starting 

materials or chiral auxiliaries to induce chirality into the products; (3) asymmetric catalysis 

to convert achiral starting materials into enantiopure products  via reactions catalysed by 

enzymes or chiral catalysts. 

1.3.1 Kinetic resolution 

Kinetic resolution (KR) involves the separation of a single enantiomer from a racemic 

mixture via an interaction with a chiral reagent or catalyst to generate two diastereomeric 

transition states.7 The major drawback associated with KR is the maximum theoretical yield 

of 50% for either enantiomer. In some cases the unwanted enantiomer is deemed surplus to 

requirements and will be discarded or racemised by means of chemical or enzymatic 

reactions. Efforts to address this drawback have been made and now more efficient methods 

of KR have been developed such as dynamic kinetic resolution (DKR) which in theory 

allows the isolation of a highly enriched nonracemic product in 100% yield,11 if the starting 

material can be racemised at an appropriate rate under the reaction conditions. 

1.3.2 Chiral pool-based methodologies 

Nature itself provides some enantiopure building blocks that belong to the ñchiral poolô: 

common examples include monosaccharides and amino acids.12 This strategy is particularly 

attractive if the product closely resembles the enantiopure starting material, otherwise, 

laborious protecting and deprotecting chemistry as well as functional group 

interconversions may be required to synthesise the desired product, where full 

diastereocontrol is not guaranteed.9,13 Another deficiency attributed to the chiral pool is 

linked to accessibility. Natural products are normally found in one particular configuration 

consequently, the synthesis of compounds with configuration opposite to the natural one 

presents an onerous task.  
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1.3.3 Asymmetric catalysis 

Asymmetric catalysis occurs when a catalyst imparts chiral information to a substrate. 

These catalysts are extremely important in the field of asymmetric synthesis as there are 

virtually no constraints in terms of their molecular design or the multitude of reactions they 

can promote effectively.14 A typically well designed process utilises 0.1-20 mol% of 

catalyst and allows both enantiomers of the product to be accessible through catalyst 

modification. Perhaps the earliest example of asymmetric catalysis was the use of cinchona 

alkaloids as catalysts for cyanohydrin formation in 1912.15 Since then, the field of 

asymmetric catalysis has demonstrated enormous potential 16ï19 and now encompasses an 

array of subdivisions such as enzyme based catalysis, metal based catalysis, and 

organocatalysis. 

1.3.3.1 Enzyme-based catalysis 

Enzyme based catalysis is an exploitation of natureôs synthetic machinery. Advantages 

associated with it often include very high product enantioselectivity, mild reaction 

procedures and low environmental impact.20 The chemical industries are the main 

proponents of this form of asymmetric catalysis 21,22 for the aforementioned reasons 

although there are some drawbacks such as substrate scope. This requires the screening of 

a large number of enzymes before an effective system is established. An example of the 

power of enzyme-based catalysis is illustrated in (Scheme 1.1)  

 

Scheme 1.1 Enzymatic desymmetrisation of triol 2 promoted by lipase AK Amano. 

The enantioselective synthesis of the core system of the neocarzinostatin chromophore was 

successfully completed via enzymatic desymmetrisation. Lipase AK (Amano) successfully 

promoted the transesterification of meso 5-tert-butyldimethylsilyl-oxy-2-cyclopentene-

1,4-diol (2), furnishing monoester 3 in high yield and with virtual enantiopurity.23 
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1.3.3.2 Metal-based catalysis 

Metal-based catalysis holds a lofty position in the field of asymmetric catalysis. In 2010, 

Akira Suzuki, Richard F. Heck and Ei-ichi Negishi were co-awarded the Nobel Prize in 

Chemistry for their work on the development of new cross-coupling reactions promoted by 

palladium catalysts.24 Their discoveries paved the way for the synthesis of complex 

molecules required in medicine, electronic and agricultural industries. 

 

Scheme 1.2 Asymmetric arylation of 2,3-dihydrofuran (4) with aryl triflates 5.25 

The first example of an asymmetric intermolecular Heck reaction was documented by 

Hayashi in 1991.25 The asymmetric arylation of 2,3-dihydrofuran 4 with aryl triflates 5 

using a Pd/(R)-BINAP catalytic system 6 was achieved in good to excellent yield and 

enantioselectivity (Scheme 1.2). 

The major issues with metal-based catalytic methodologies are related to sensitivity and 

toxicity. The need for strict anhydrous conditions on some ocassions can limit their use in 

large scale pharmaceutical processes as well as considering the metal threshold values in 

the products. An alternative approach which can circumvent these problems is the use of 

organocatalysts. 

1.3.3.3 Organocatalysis 

The premise of utilising small organic molecules as catalysts for asymmetric syntheses has 

historical precedent,15,26,27 however in the past twenty years organocatalysis has become an 

exceedingly popular field highlighted by the increased volume of publications during that 

time period (over 4143 publications, 1998-2017).28ï34 This explosion of interest can be 
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explained by the versatility and utility of organocatalysis as a field and its applications in a 

vast number of asymmetric reactions.  

The fundamental advantages of organocatalysis are associated with saving cost, and energy 

as well as simpler experimental procedures. Rather than separating the fields of 

organometallic and organocatalytic asymmetric synthesis, they should be viewed as 

complementary. Where some (but certainly not all) organometallic systems suffer from 

moisture and sensitivity issues, organocatalysis can be used as a viable alternative. Some 

typical organocatalysts quinine (9), thioureas 10 and their associated advantages are 

illustrated in Figure 1.4. 

 

Figure 1.4 Typical organocatalysts (quinine and thioureas) and their associated 

advantages.28 

The first noteworthy work in organocatalysis was documented in the early 1970s by Eder, 

Sauer and Wiechert,35 and Hajos and Parrish36 who independently disclosed that a catalytic 

amount of (S)-proline (12) promoted the intramolecular aldol desymmetrative cyclisation 

of triketone 11 to furnish 13 in high yields and with excellent enantioselectivity (Scheme 

1.3). 
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Scheme 1.3 The Hajos-Parrish-Eder-Sauer-Wiechert reaction and the subsequent 

transformation of product 13 to cortisone. 

Organocatalysis is a method for performing a plethora of reactions such as as Michael 

additions,37 cycloadditions,38 nucleophilic substitutions,39 and aldol reactions,40 to name 

but a few. Each one of these reactions can potentially require different modes of activation 

of the starting materials from various organocatalytic strategies, for instance enamine,41 

iminium42 and phase-transfer catalysis43 which will be analysed in detail in the following 

sections. 

1.4 Phase-transfer catalysis (PTC): A brief history 

The term óphase-transfer catalysisô (PTC) was first introduced in 1971 by Starks to describe 

the function of tetraalkylammonium or phosphonium salts (Q+X-) in reactions containing 

substances positioned in two immiscible phases.44 He observed only decomposition of the 

starting materials during a SN2 reaction involving 1-chlorooctane (16) with aqueous sodium 

cyanide (17) after two weeks. The addition of hexadecyltributylphosphonium bromide (19) 

as a phase-transfer catalyst greatly enhanced the rate of this reaction (Scheme 1.4), which 

was postulated to be due to the generation of quaternary phosphonium cyanide species 

which enabled the cyanide anion to enter the organic solvent; subsequently enhancing its 

nucleophilicity. 
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Scheme 1.4 Starks postulated mechanism for enhanced cyanide reactivity. 

Although, the term PTC was introduced in 1971, it was not the first example of the catalytic 

activity of quaternary onium salts;45,46 Makosza, Starks and Brändström, in the 1970s, 

independently developed the underpinnings of PTC.47ï49 Nowadays, PTC is seen as an 

attractive synthetic methodology utilised in numerous fields of organic chemistry as well 

as having applications in industry.50  

1.4.1 Mode of action: Starks extraction mechanism 

Despite its utility in organic synthesis the exact mechanism of PTC is still a subject of 

debate.43 The first mechanism postulated was the Starks extraction mechanism represented 

in Scheme 1.5. The phase-transfer catalyst (Q+X-) traverses the organic and aqueous phases. 

An ion metathesis reaction between the onium salt B and the inorganic base A occurs in 

the aqueous phase. This is followed by an extraction of the hydroxide into the organic 

phase. The onium hydroxide C then abstracts a proton from the acidic organic compound 

E to furnish the reactive intermediate D. The reactive intermediate D is now capable of 

reacting with an organic soluble electrophile to furnish the requisite product with 

concominant regeneration of the phase-transfer catalyst Q+X-. 

 

Scheme 1.5 Starks extraction mechanism. 
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This mechanism proved useful in explaining reactions with non-lipophilic catalysts, 

however highly lipophilic catalysts would experience difficulty entering the aqueous phase. 

The exceptional results obtained from the cyanide displacement reaction with a highly 

lipophilic catalyst stimulated the search for an alternative hypothesis which involved a 

halide-cyanide exchange at the interface between two immiscible phases (Scheme 1.6).51,52 

 

Scheme 1.6 Modification of Starks extraction mechanism with halide-cyanide exchange 

occurring at the interface.51 

Although both of these mechanisms provided a satisfactory explanation to the enhanced 

rate of the displacement reaction highlighted in Scheme 1.4, the extraction of the cyanide 

salt from the aqueous phase to the organic phase still seemed an unlikely scenario. Makoza 

postulated an entirely different, more complicated mechanism to address this problem.53 

1.4.1.1 Mode of action: Makoza interfacial mechanism 

Makosza proposed deprotonation of a pro-nucleophile at the biphasic interface by the 

inorganic base. The resulting anionic nucleophile, in the absence of a phase-transfer 

catalyst is rendered immobile, unable to migrate  into either the organic or aqueous phase 

(Scheme 1.7, A). 
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Scheme 1.7 Generation of the anionic nucleophilic species at the interfacial region which 

is unable to migrate into either phase without the aid of a  of a phase-transfer 

catalyst; proposed by Makosza (A); interfacial ion exchange between the 

phase-transfer catalyst and the nucleophilic salt species (B) 

The newly formed nucleophile, after interfacial exchange with the alkyl onium salt (Q+ X-

), is now capable of migration into the organic phase when a phase-transfer agent is 

introduced into the reaction. The resulting formed tight ion pair can now react with another 

reagent (Scheme 1.7, B).  

The phase-transfer catalyst, as opposed to the nucleophile could alternatively undergo ion 

exchange in the interfacial region. The resulting formation of the alkyl onium hydroxide 

species via interaction with the metal hydroxide would have insufficient lipophilicity to 

enter the organic phase (Scheme 1.8, A). The interfacial region now accommodates both 

the alkyl onium hydroxide species and the pro-nucleophile. Interaction of these two species 

results in deprotonation of the pro-nucleophile and subsequent formation of an anionic 

nucleophile-alkyl onium tight ion pair species (Q+R-) that is now capable of  traversing into 

the organic phase and reacting with an electrophile (Scheme 1.8, B). 
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Scheme 1.8 Alkyl onium hydroxide species formed by interfacial ion exchange between 

the phase-transfer catalyst and the metal hydroxide has insufficient 

lipophilicity to migrate into the organic phase (A); alkyl onium hydroxide 

(Q+-OH) can generate an anionic nucleophile-alkyl onium pair species (Q+R-

) which traverses into the organic phase (B) 

In conclusion, the extraction mechanism is a plausible mode of action for reactions using 

water soluble anionic nucleophiles (e.g. -CN, -OCl). The nucleophile can be physically 

extracted into the organic phase were reactions with hydrophobic reagents are now 

possible. In contrast, the generation of the anionic nucleophilic species in situ (e.g. enolate 

formation), likely proceeds according to the Makosza mechanism, contingent upon the 

affinity of both the anionic nucleophile and the catalyst species for the organic phase.43 A 

very recent publication by Hamkalo and Makoza et al. in Feburary 2018 presented the first 

unambigious evidence of the interfacial mechanism by direct observation of the formation 

of carbanions in the interfacial region utilising a surface-sensitive spectroscopic method; 

second-harmonic generation (SHG).54 

1.4.2 PTC reaction rate matrix: influencing factors on reaction kinetics 

As previously stated, the primary function of a phase-transfer catalyst is to enable reactions 

between two or more reagents that would normally not be able to interact due to their 

positioning in separate phases that may be solid or liquid in nature. The interaction of the 

nucleophile-alkyl onium ion pair with the electrophile governs the phase-transfer process 

as a whole and the rate of the process depends on this specific interaction as well as many 

reversible ion-exchanges and migrations.55 
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Two main processes can be discussed in an effort to simplify the reaction kinetics; 1) the 

transfer of the nucleophile to the organic phase and 2) the intrinsic reaction. Starks believed 

these two processes were co-dependant and devised a óreaction rate matrixô to plot the 

intrinsic reaction rate versus the transfer rate (Figure 1.5).50 

 

Figure 1.5 Starks reaction rate matrix. 

The selection of appropriate reaction conditions is dependant upon the understanding of 

how the two aforementioned processes are intrinsically linked. The reaction rate matrix, 

composed of four quadrants can be utilised to help select these reaction conditions. The fast 

quadrant (top right, Figure 1.5) encompasses reactions where both the transfer rate and 

intrinsic rate of reaction are high. Most phase-transfer catalysts will operate effectively 

here. Conversely, the slow quadrant (bottom left, Figure 1.5) highlights reaction where both 

steps suffer retardation. A common measure taken to address this issue is the use of two or 

more phase-transfer catalysts. The remaining two quadrants incorporate an intrinsic rate-

limiting step (bottom right, Figure 1.5) and a transfer rate-limiting step (top left, Figure 

1.5), if reactions fall into either of these quadrants then physical changes to the reaction 

such as rate of agitation, appropriate choice of solvent, catalyst modification and 

temperature can greatly influence the reaction kinetics. 
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1.4.3 Practical and environmental advantages of PTC 

Phase-transfer catalysis technology has a very important role to play in the chemical 

industry sector and is deployed in the manufacture of chemicals worth over ú10 billion per 

year in industries depicted in Figure 1.6.50 

 

Figure 1.6 Commercial chemical production benefiting from phase-transfer catalysis. 

The chemical industry views PTC as an attractive synthetic methodology due to its 

operational simplicity, mild reaction conditions, inexpensive and environmentally benign 

reagents and solvents and the possibility to perform large-scale preparations in process 

chemistry.50  

The reaction presented in Scheme 1.9 was reported by GE plastics in 1994.56 The use of 

excess phosgene (19) was initially required in the synthesis polycarbonate due to 

deleterious hydrolysis when triethylamine was deployed as a catalyst. In an attempt to 

circumvent this problem, the phase-transfer catalyst (tetrabutyl ammonium hydroxide) was 

shown to significantly reduce the amount of excess phosgene required, which drastically 

improved the reaction from an environmental standpoint.  
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Scheme 1.9 Reduction of excess phosgene required for synthesis of polycarbonate. 

A multitude of asymmetric transformations are also possible using chiral phase-transfer 

catalysts, with the added benefit of not requiring strictly anhydrous conditions.43,57 

1.4.4 Asymmetric phase-transfer catalysis (APTC) 

Two systems have been proposed to explain the mechanistic aspects of APTC. One system 

involves the functionalisation of active methylene or methine groups, normally under basic 

conditions via the Makoza interfacial mechanism .58 

 

Scheme 1.10 Representative mechanism for the asymmetric alkylation of active 

methylene compounds, with a glycine Schiff base used as an example 

(Makoza interfacial mechanism). 

As represented in Scheme 1.10, the initial step in the alkylation is the interfacial 

deprotonation of the h-proton of 22 with base (MOH) to furnish the corresponding metal 

enolate 23, which remains at the interface. Successive ion-exchange of the anion with the 

catalyst (Q*+X-) furnishes a lipophilic chiral onium enolate 24. This step results in the 
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enolate travelling into the organic phase enabling subsequent reaction with the alkyl halide 

to afford the monoalkylated product 25, with concomitant regeneration of the catalyst. The 

success of this reaction is dependent upon the propensity of the chiral onium species to 

undergo ion- exchange, thereby generating the chiral onium enolate 24, and its ability to 

shield one of the two enantiotopic faces of the enolate anion. 

Another under-examined mechanism of APTC involves the nucleophilic addition of either 

an organic or inorganic anion lacking a prochiral centre to prochiral electrophiles. The 

Starks extraction mechanism is operative in this process. (Scheme 1.11).44  

 

Scheme 1.11 Asymmetric epoxidation of Ŭ,ɓ-unsaturated ketones promoted by chiral 

PTC (Starks extraction mechanism).59  

The anion in this reaction can either be an aqueous solution or derived from an inorganic 

salt and can readily traverse into the organic layer after ion-exchange with the phase-

transfer catalyst. The newly formed chiral ion pair can react with the prochiral electrophile 

26 with subsequent formation of an epoxide 27, bearing a new stereogenic centre.59 

1.4.5 Seminal APTC studies 

In 1976, Wynberg et al. carried out an epoxidation of chalcones utilising a chiral, non-

racemic, quinine-based, quaternary ammonium salt. The levels of enantiocontrol obtained 

were relatively low (25% ee), nonetheless, this represented the first example of asymmetric 

phase-transfer catalysis in the literature.60 In 1984 Dolling et al. reported the alkylation of 

active methylene compounds in excellent yields of 95% and product enantioselectivities of 

up to 92% ee.61 This was the first example of cinchona-derived ammonium salts facilitating 

a highly enantioselective reaction (Scheme 1.12). 
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The presence of an electron-withdrawing moiety on the para position of the N-benzyl unit 

attached to the cinchona-derived ammonium catalyst was postulated to be of great 

importance with regards to the enantioselective outcome of the reaction. This hypothesis 

was strengthened when catalyst 31, lacking the aforementioned electron-withdrawing 

functionality, was deployed in the same reaction. Product enantioselectivities dropped to 

as low as 25% ee (Scheme 1.12).61 

 

Scheme 1.12 Asymmetric phase-transfer catalysed alkylation of indanone derivative 28.43 

In this detailed publication a rationale for the enolate and catalyst interaction was also 

proposed. The enolate formed from 28 associates with the catalyst via ionic interactions 

between the positively charged nitrogen atom and the negatively charged enolate ion, -́

stacking interactions between the aromatic systems are involved and a hydrogen bond 

interaction between the OH group on catalyst 30 and the oxygen atom of the enolate is also 

postulated to be contributory (Figure 1.7). These interactions all combine to give a pre-

transition state assembly where the Si-face of the enolate is blocked by the catalyst, 

ultimately resulting in the reaction with MeCl occurring exclusively at the Re-face. 

 

Figure 1.7 Pre-transition state for APTC alkylation proposed by Dolling et. al.61 
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In 1989 OôDonnell and co-workers reported the first asymmetric synthesis of Ŭ-amino acids 

using PTC following alkylation of the tert-butyl ester glycine Schiff base 20, using N-

benzyl chinchonium chloride (31) as a phase-transfer catalyst (Scheme 1.13).62 

 

Scheme 1.13 Asymmetric synthesis of protected Ŭ-amino acids by alkylation of the tert-

butyl ester glycine Schiff base 22.62,63 

This reaction is often referred as the benchmark transformation for the evaluation of 

catalytic activity of phase-transfer catalysts, as either enantiomer of the protected amino 

acid is readily accessible simply by switching the cinchonidine-derived catalyst 33 with its 

pseudo-enantiomer 34. A single recrystallisation can also yield virtually enantiopure 

alkylated product 32.62 

1.4.6 Early catalyst developments for the alkylation of the tert-butyl ester glycine 

Schiff base 

The unprecedented research carried out by Dolling and OôDonnell paved the way for the 

development of a myriad of new catalyst structures capable of promoting the benzylation 

of the tert-butyl ester glycine Schiff base 22. OôDonnell et al. developed the hydroxyl-

protected analogue of the cinchonidinium salt (catalyst 33, Scheme 1.14) which enhanced 

product enantioselectivity to 81% ee. Further studies attempting to explain the 

stereochemical outcome of the reaction were also carried out and will be discussed in 

greater detail in the proceeding Sections.  
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Scheme 1.14 Catalyst development by OôDonnell, Lygo and Corey for the alkylation of 

the tert-butyl ester glycine Schiff base 22.59,62,64 

The next significant breakthrough with regards to catalyst development came in 1997 when 

Lygo et al.59 and Corey et al. 64 independently developed a new class of cinchona alkaloid 

derived catalysts bearing an N-anthracenylmethyl group (catalysts 35-38, Scheme 1.14). 

The synthesis of Ŭ-amino acids could now be achieved with much higher enantioselectivity, 

with catalyst 36 and 37 promoting the reaction with 89% ee and 91% ee respectively. 

Coreyôs O-allyl-N-anthracenylmethyl chinconidinium salt 38 also facilitated high 

asymmetric induction of 94% ee (Scheme 1.14). 

In 1999 Maroukaôs aim was to develop a new family of catalysts to address the lack of 

structural diversity that at that time existed with all of the aforementioned elaborated chiral 

phase-transfer catalysts. The structural motif was limited to cinchona alkaloid-derived 

catalysts, which presented difficulties in rationally designing and fine-tuning catalysts. 

Maruoka therefore developed a new class of structurally rigid, chiral spiroammonium salts 

(e.g. catalyst 37, Scheme 1.15), synthesised from readily available (S)- or (R)-1,1'-bi-2-

naphthol (BINOL).65 These new phase-transfer catalysts proved very effective and efficient 

in the benzylation of 20 with enantioselectivities as high as 99% achieved with as little as 

1 mol% of catalyst.65  
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Scheme 1.15 Catalyst development by Marouka for the alkylation of the tert-butyl ester 

glycine Schiff base 22.  

A catalyst screen was carried out and the enantiofacial discrimination was attributed to the 

effect of an aromatic substituent at the 3,3ô-position of one of the binaphthyl subunits of 

the catalyst. The conformation of the E-enolate of tert-butyl glycinate-benzophenone Schiff 

base 22 is conducive to binding in the molecular pocket of the chiral catalyst 41, which 

renders the si-face of the enolate inaccessible due to shielding by the binaphthyl and the ɓ-

naphthyl moieties. Ergo, alkyl halides could only position themselves at the re-face of the 

enolate, producing the R isomer 25.65 An added advantage of this family of catalysts is the 

availability of both enantiomers of 39, which enables the synthesis of a wide range of 

natural and unnatural Ŭ-amino acids.  

In 2002, Jew and Park et al. carried out a systematic study to investigate the role of the 

electronics in cinchona alkaloid-type phase-transfer catalysts.66 Previous studies 

determined the importance of the ion pair of the quaternary ammonium cation and the 

anionic substrate for securing high enantioselectivity.59,61ï65,67 It was therefore reasoned 

that the electronic characteristics of the N(1)- substituents may also have an influential role 

with the level of chiral induction. 
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Scheme 1.16 Evaluation of various fluorine substituted catalysts of type 44 for the 

alkylation of the tert-butyl ester glycine Schiff base 22.66 

Evaluation of the effect of electron-withdrawing groups on the benzylic unit of catalyst 44 

(Scheme 1.16) quickly indicated that an ortho-fluoro substituent was imperative for high 

enantioselectivity. Further investigation of the electronic parameters resulted in the 

development of catalyst 44e, consisting of 2ô,3ô,4ô-trifluorobenzyl group, which promoted 

the reaction with an impressive ee of 96% (Scheme 1.16).43,66 

Further investigations regarding electronic factors were carried out by the same group in 

2005.68 In this seminal publication cinchona alkaloid derived quaternary ammonium salts 

bearing 2ô-N-oxypyridine 46 and cyanobenzene 47 moieties were synthesised and 

evaluated as phase-transfer catalysts in the same benchmark reaction (Scheme 1.17). It was 

postulated that hydrogen-bonding effects of the electronic functional groups may have a 

role to play in determining enantioselectivity.69 

The N-1-oxypyridin-2ylmethyl- cinchonidinium catalyst 45b, N-cyanobenzyl-

cinchonidinium catalyst 45d, and the reference catalysts 45a and 45c were synthesised and 

tested. The results supported the postulate that hydrogen bond-accepting ability of the 

electronic functional groups may have a role to play in determining enantioselectivity, with 

catalysts 45b (90% ee) and 45d (92% ee) capable of promoting the reaction with 

comparable enantiocontrol to that of the ortho fluoro substituted catalyst 44b. The reference 

catalysts 45a and 45c lacking the hydrogen bond-accepting functionality imparted 

diminished enantiocontrol (61% ee, 75% ee respectively), to further strengthen this 

hypothesis (Scheme 1.17).68  
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Scheme 1.17 Further catalyst development by Park and Jew et al. exploring hydrogen 

bond-accepting effects of electronic functional groups on enantioselectivity 

for the alkylation of the tert-butyl ester glycine Schiff base 22.43 

The results support the hypothesis that 2ô-F, 2ô-N-oxy, and 2ô-CN groups might play an 

important role by enhancing the rigidity of the catalyst conformation via coordination with 

H2O through hydrogen bonding (Figure 1.8), subsequently leading to higher 

enantioselectivity. The O-allyl derivatives, 46 and 47, were also found to be highly 

efficacious electronically-modified cinchona alkaloid derived phase-transfer catalysts. 

 

Figure 1.8 Coordination of H2O via hydrogen bonding to give more rigid conformation. 
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1.4.6.1 Stereochemical considerations regarding enantiofacial discrimination in the 

alkylation of tert-butyl ester glycine Schiff base 

The alkylation of the benzophenone imine 22 is the benchmark reaction with regards to 

catalyst design in the field of asymmetric phase-transfer catalysis. Accordingly, in the last 

two decades, several research groups have tried to develop a model accounting for the 

origin of the observed enantiofacial discrimination promoted by N-anthracenylmethyl 

substituted catalysts.57,70,71 It is generally accepted that the quaternary ammonium ion of 

these catalysts can be envisioned at the centre of an imaginary tetrahedron composed of the 

four carbon atoms adjacent to the bridgehead nitrogen atom. 

 

Figure 1.9 Quaternary ammonium ion envisioned at the centre of an imaginary 

tetrahedron; faces F1 to F3 are not accessible to the enolate of reagent 22 due 

to steric hindrance while F4 allows for ionic interactions between the enolate 

and the ammonium cation.  

Corey et al.64 postulated that a stereoselective reaction could be achieved when the 

cinchonidinium phase-transfer catalyst effectively shields three faces (F1-F3) of the 

imaginary tetrahedron, thereby leaving only one face, (F4) sufficiently open to enable 

interaction between the enolate anion and the ammonium cation of the catalyst. The re-face 

of the E-enolate is effectively shielded by the quinoline ring of the catalyst, therefore 
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electrophile approach towards the si-face is the only feasible outcome, furnishing the S-

form of 25.71  

The higher enantioselectivities observed for the benchmark alkylation reaction promoted 

by N-anthracenylmethyl catalysts compared with the N-benzyl counterparts was also 

attributed to the highly organised transition state generated by the fixed orientation of the 

anthracenylmethyl group, and the specific ion-pairing, enabling the close contact of the 

enolate oxygen with the sterically least encumbered face of the phase-transfer catalyst.64 

Studies conducted by Reetz documented the affinity of Ŭ-methylene hydrogen atoms of the 

tetraalkylammonium ion to form hydrogen bonds with the basic oxygen atoms of 

enolates.72,73 MO calculations of (CH3)4N
+ also proffered evidence proving that the positive 

charge of tetraalkyl ammonium cations is delocalised onto the adjacent Ŭ-carbon atoms (A, 

Figure 10) whereas representation B (Figure 10) while easy to draw, is in fact misleading. 

This charge distribution is consistent with stabilising hydrogen bonds, between the 

hydrogen atoms bound to the Ŭ-carbon atoms and enolate derivatives, which are observed 

in several X-ray structures of quaternary ammonium-enolate ion pairs.72  

 

Figure 10 Positive charge of tetraalkylammonium ion is delocalised onto the carbon 

and hydrogen atoms A. Misleading representation often portrayed in the 

literature due to ease of drawing B. 

1.4.6.2 Further catalyst development: moving away from cinchona alkaloids 

In 2002 the only non-cinchona alkaloid derived family of catalysts available for the phase-

transfer catalysed benzylation of tert-butyl ester glycine Schiff base 22 were Maruokaôs 

(BINOL) derivatives (catalysts 39-43, Scheme 1.15). Maruoka realised the limitations of 

his catalyst design due to the necessity of two different chiral binaphthyl moieties. He 

therefore elected to synthesis a novel class of C2-symmetric chiral quaternary ammonium 

bromides (i.e. 48, Figure 1.11) with an achiral, conformationally flexible biphenyl 

subunit.74 
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Figure 1.11 Selection of structurally diverse phase-transfer catalysts evaluated in the 

benzylation of tert-butyl ester glycine Schiff base 22.43,57  

The benzylation of 22 was achieved in 95% yield and 92% ee utilising catalyst 48. This 

high level of enantiocontrol was accredited to the substantial disparity in the catalytic 

activity between the rapidly equilibrated, diastereomeric homo- and heterochiral 

catalysts.74 

Maruoka et al. also developed catalyst 49 (Figure 1.11) with a symmetrical N-spiro unit in 

an effort to circumvent the laborious synthesis of two disparate binaphthyl-modified 

subunits. Evaluation of 49 rendered (R)-32 in 87% yield and 97% ee.75 

The rigidity of the binaphthyl moiety was still a cause of concern for Maruoka et al. which 

inspired them to design catalysts 50 and 51 (Figure 1.11) endowed with flexible straight-

chain alkyl groups. These catalysts proved highly active and were able to promote the 

reaction with as little as 0.01 mol% of catalyst whilst not diminishing the enantioselectivity. 

Enantioselectivities of 97% and 96% were obtained respectively.76,77 
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In 2002 Nagasawa et al. reported the design of a new family of PTCs based on the guanidine 

group.78 Guanidineôs inherent ability to function as a strong neutral base,79 that can form 

stabilised complex salts with anionic compounds through hydrogen bonding rendered it a 

suitable structure for phase-transfer catalysis. Catalyst 52 (Figure 1.11) was developed and 

efficiently promoted the benzylation of 22 with a yield of 90% and 81% ee.  

Takabe, Mase et al. synthesised the C3-symmetric amine-based chiral PTC 53 (Figure 1.11) 

and tested its efficiency in the asymmetric benzylation of 22. Moderate yields and 

enantioselectivities were obtained (55% yield, 58% ee).80 The levels of asymmetric 

induction were ascribed to the hydrogen bonding interaction between the hydroxyl groups 

of the catalyst and the nitrogen atom of the Z-enolate in the conjectured nine-membered 

cyclic ionic intermediate. (Figure 1.12) 

 

Figure 1.12 Proposed nine-membered cyclic ion pair in C3-symmetric amine-based 

PTC.80 

Howard-Jones et al. also synthesised several tetracyclic C2-symmetric guanidinium salts, 

of which 54 (Figure 1.11), incorporating a -BF4 counterion, proved to be the most efficient 

in promoting the asymmetric benzylation of the glycinate Schiff base 22, yielding the 

desired product (R)-32 in nearly quantitative yield and 86% ee.81 

Itoh et al. developed a novel class of Ŭ,Ŭô-disubstituted chiral pyrrolidinium salts with 

stereogenic centres adjacent to the quaternary ammonium nitrogen atom (55, Figure 

1.11).82 His main goal was to develop a PTC with a relatively simple structure and still 

retain the efficacy and efficiency of previous catalyst families. Unfortunately, catalyst 55 

could only promote the benzylation of 22 with an unimpressive yield of 25% with poor 

level of asymmetric induction (24% ee). 

Denmark and co-workers made a significant contribution to the field of phase-transfer 

catalysis with the synthesis of novel quaternary ammonium salts of type 56 (Figure 1.11). 

His synthetic strategy incorporated the use of parallel synthesis and yielded more than 160 
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new catalyst structures due to the variability of four different groups (R1, R2, R3 and R4, 56, 

Figure 1.11).83,84 These catalysts exhibited a wide-range of activity but suffered from 

impaired enantioselectivities. Catalyst 57 (Figure 1.11) promoted the benzylation of 22 

with a moderate enantioselectivity of 62% ee. Although the levels of asymmetric induction 

were not synthetically useful, the substantial new catalyst library served as design criteria 

for subsequent development of catalytic, enantioselective systems lacking APTC variants. 

Lygo et al. constructed a family of quaternary ammonium salts (i.e. 58, Figure 1.11) 

utilising the commercial availability of chiral secondary amines and an catalogue of 

conformationally flexible biphenyl units.85 After evaluating the performance of the newly 

synthesised catalysts, 58 was determined to be the superior promoter in the asymmetric 

benzylation of 22 (89% yield, 97% ee).86  

1.4.7 Cinchona alkaloids: A privileged scaffold in asymmetric synthesis 

Cinchona alkaloids are a family of approximately thirty alkaloids, extracted from the bark 

of a tree known as Cinchona officinalis. The major constituents present in the extract 

obtained from the bark of the cinchona tree are quinine (QN-57), cinchonidine (CD-58), 

quinidine (QD-59) and cinchonine (CN-60) (Figure 1.13), which are small but relatively 

complex molecules.  

 

Figure 1.13 Parent alkaloids 

They contain 5 stereogenic centres (N-1, C-3, C-4, C-8 and C-9) with three (N-1, C-3 and 

C-4) having identical absolute configuration in all cinchona alkaloids. C-8 and C-9 have 

opposite absolute configurations in QN and QD. It is postulated that the C-8 and C-9 

stereocentres are responsible for asymmetric induction, therefore QN and QD, but also CD 

and CN, are described as pairs of pseudo-enantiomers.87 This pseudo-enantiomerism 




























































































































































































































































































































































































































































