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Abstract 

Chapter I describes the concept of chirality and enantioselective synthesis. 

Organocatalysis is then introduced, with a focus on bifunctional organocatalysis and 

superbases in asymmetric methodology. Finally, bifunctional iminophosphorane catalysis is 

introduced and discussed. 

 

Chapter II describes the development of the first organocatalytic conjugate addition to 

unactivated Ŭ,ɓ-unsaturated amides, exemplified by a highly enantioselective sulfa-Michael 

addition, and along with that the development of 3rd generation BIMP catalysts. 
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Chapter III describes the development of the direct catalytic enantioselective conjugate 

addition of nitroalkanes to unactivated Ŭ,ɓ-unsaturated esters, and the enantioselective 

synthesis of a range of APIs. 

 

Chapter IV discusses the NMR-aided pKBH+ measurements used to determine the basicity 

of iminophosphoranes. Furthermore, it describes a newly developed, analogous, but more 

rapid method for the determination of pKBH+ values, as well as the synthesis of a highly basic 

iminophosphorane. 

Chapter V contains the references for previous chapters. Chapter VI and Chapter VII 

contain the experimental details and analytical data of procedures and products described 

in Chapter II and Chapter III, and the Appendix contains synthetic information related to 

Chapter IV. 
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I  Introduction 

I.1 Chirality 

I.1.1 Defining Chirality 

The ancient Greek word óɢŮɑɟô (hand) was conserved in the modern English language in the 

word óchiralityô, which was first used by Lord Kelvin in the context of mathematics and 

geometry.1 Hands are of course chiral, as this property describes a certain aspect of the 

symmetry relationship between an entity and its mirror image. An object is chiral, if it is 

distinguishable from its mirror image, or more precisely, if it cannot be superposed by 

translation and rotation on its mirror image. The two chiral counterparts on either side of the 

plane of symmetry are called enantiomorphs (from Greek ɜŬɜŰɑɞɠ ɛɞɟűɐ, meaning 

opposite form), furthermore, objects with superposable mirror images are achiral (Figure 

1). 

 

Figure 1 Examples of achiral and chiral objects. Mirror images are shown. a: Achiral mirror images 

of a cube. b: Enantiomorphs of hands. 
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I.1.2 In Chemical Sciences 

Chemical chirality was first described by Louis Pasteur in 1848 during his studies on 

tartrates.2 It was noted that biological samples of tartaric acid rotated the plane of polarised 

light in solution, however synthetic samples of the same chemical did not exhibit this 

behaviour. Pasteur had found that crystals of de novo synthesised tartrates could be visually 

distinguished and separated into two categories based on their shape. Crystals separated 

this way, and dissolved separately, rotated the plane of polarised light in solution, and, 

interestingly, one type displayed the same behaviour as samples of biological origin, while 

the other one rotated the plane of polarised light to the same extent, but in the opposite 

direction. The phenomenon was attributed to molecular chirality, which arises from the 

spatial arrangement of atoms (or lone electron pairs) with respect to each other within a 

molecule (Figure 2). 

 

Figure 2 The two enantiomers of tartaric acid and achiral, meso tartaric acid. 

Molecular chirality is categorised as a form of stereoisomerism (stereoisomers have the 

same connectivity, but different spatial arrangement of atoms) and is also commonly 

referred to as optical isomerism. Enantiomers or optical isomers are molecules that are non- 

superposable mirror images of each other. The most common form of molecular chirality 

arises from the presence of a stereogenic centre, which is an atom (most commonly 

carbon), that has four different substituents attached, giving rise to centrally chiral molecules 

(L-phenylalanine, Figure 3). Molecules with two or more stereogenic centres may have a 

meso isomer, which is achiral, and has an internal plane of symmetry, such as meso tartaric 

acid (Figure 2). Furthermore, compounds with more than one stereogenic element without 
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an inherent plain of symmetry are diastereomers of each other, if the configuration of at 

least one stereogenic element is the same in both compounds, while others are not. In other 

words, two compounds are diastereomers, if they are stereoisomers, but not enantiomers. 

In certain cases, a stereogenic axis can also serve as the source of chirality. Axially chiral 

molecules contain an axis of chirality along a chemical bond or bonds with constrained 

rotation and non-planar overall geometry. Allenes are relatively common examples of this 

family, and contain cumulative double bonds, which constrain rotation around the axis of 

chirality (labellenic acid), while atropisomers exhibit axial chirality due to hindered rotation 

around a single bond ((R)-BINOL). Less common categories include planar chirality, which 

arises as a result of the relative, out of plane position of substituents with respect to a plane 

of chirality (trans-cyclooctane), and helical chirality, which can be observed in molecules 

that coil up and form left- and right-handed helices.3,4 

 

Figure 3 Examples of chiral compounds with various categories of optical isomerism. 

It is important to note that in practice compounds are only chiral if the barrier of isomerisation 

between the two enantiomers is sufficiently high, and the two species can be isolated from 

each other. In theory, amine 1 should exhibit central chirality due to the presence of three 

different substituents and a lone pair of electrons, however due to rapid pyramidal inversion, 

the two enantiomers most often donôt exist as separate stable species at ambient 

temperatures. Phosphines, on the other hand, have a significantly higher barrier of 

pyramidal inversion, and often can be isolated as single enantiomers chiral at P, such as 

phosphine 2.5 In certain cases, nitrogen can serve as a centre of chirality, often when the 

inversion is restricted by conformational strain, exemplified by the quinuclidine core of 

quinine and Trºgerôs base (Figure 4).6 
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Figure 4 Pyramidal inversion, examples of chiral and achiral amines at N, and example of a 

phosphine chiral at P. 

Enantiomers are highly elusive species, as their physical and chemical properties in an 

achiral environment are identical, however in solution they rotate the plane of polarised light 

in the opposite direction, which allowed Pasteur to identify enantiomers as disparate 

isomers. As mentioned earlier, samples of tartaric acid of biological origins rotate the plane 

of polarised light in one (and always the same) direction, while synthetic samples do not. 

This phenomenon is due to the presence of both enantiomers in an equimolar ratio in 

synthetic samples, effectively cancelling the effect. A homogeneous equimolar mixture of 

opposite enantiomers is called a racemic mixture or racemate, while a mixture containing 

an excess of one isomer is enantioenriched, and finally, samples containing a single 

enantiomer are referred to as enantiopure. In conclusion, tartaric acid extracted from 

biological samples was enantiopure (or enantioenriched), while tartaric acid synthesised in 

the laboratory was racemic. This observation is quite general; chiral organic molecules 

produced in chemical synthesis without special attention are obtained as racemic mixtures, 

however chiral molecules found in nature are overwhelmingly present as single 

enantiomers. The origins of biological homochirality are a subject of debate, nevertheless 

chirality is of profound importance in nature.7,8 Amino acids and sugars are chiral small 

organic molecules and appear as single enantiomers in nature. They are a cornerstone of 

life on Earth, as they are present in every living organism, and serve as building blocks for 

the synthesis of a myriad of functional biomolecules, including proteins, peptides, nucleic 

acids, polysaccharides (such as starches and cellulose), and small natural products. 
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Figure 5 Illustration of opposite enantiomers of a chiral substrate binding to an enzyme. 

As mentioned earlier, opposite enantiomers have the same physical and chemical 

properties in an achiral environment, however they often exhibit different behaviour in a 

homochiral biological setting, such as a living organism. This is due to the different spatial 

arrangement of the binding sites of the two isomers, which can result in a change in binding 

affinity, both quantitatively and qualitatively (Figure 5). Consequently, opposite enantiomers 

of chiral bioactive substances often have different pharmacological effects. 

Levopropoxyphene for example is an antitussive medication, while its enantiomer, 

dextropropoxyphene is an analgesic drug, and (R)-penicillamine is an antiarthritic 

compound, while (S)-penicillamine is mutagenic (Figure 6).9 

Due to the often widely different biochemical effects of enantiomers, in medicinal chemistry 

research both enantiomers of a chiral drug must be synthesised, described, and their ADME 

properties must be determined prior to marketing.10 

 

Figure 6 Examples of different pharmacological effects of enantiomer pairs. 
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I.1.3 Enantioselective Synthesis 

Opposite enantiomers show different behaviour when placed in a chiral environment, 

therefore the enantioselective synthesis (and physical separation) of chiral compounds can 

be achieved via their interaction with an external homochiral environment. The most direct 

way of achieving enantioenrichment is via chiral chromatography. When a racemic mixture 

is subjected to chromatography with an appropriate chiral stationary phase, due to the 

different affinities of enantiomers to the solid phase, different travel rates and the physical 

separation of enantiomers can be realised, however this method is expensive, and its 

applicability is limited by low productivity and availability.11 Chiral resolution was the first 

chemical approach reported for the enhancement of optical purity of a racemic mixture. In 

this method the racemate is reacted with an enantiopure resolving agent (typically in an 

acid ï base reaction), which results in the formation of diastereomeric salts, one of which is 

less soluble than the other, allowing the physical separation of the two species.12 Kinetic 

resolution exploits the difference in rates of reactivity between a set of enantiomers and an 

appropriate enantiopure reagent. One enantiomer reacts rapidly, while the other remains 

intact due to the difference in energies between the diastereomeric transition state 

structures.13 Resolution and kinetic resolution are historically important processes, and are 

often utilised today, however the maximum theoretical yield of the desired enantiomer is 

50%, rendering these methods wasteful. Using a chiral auxiliary group to achieve the 

synthesis of enantioenriched products increases the maximum theoretical yield to 100%. 

This approach relies on the installation of an appropriate chiral fragment, rendering the 

prochiral substrate chiral and enantiopure. At this stage, a diastereoselective reaction can 

be performed to install the desired functional group on the original scaffold, and finally, after 

the removal of the chiral auxiliary, the enantioenriched target material can be obtained. This 

is a highly versatile method, which has found many uses in total synthesis and in medicinal 

chemistry, and still is one of the most prevalent strategies for the synthesis of 

enantioenriched scaffolds.14 Despite these advantages, the installation and removal of a 
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chiral auxiliary group significantly increases the step count, and in turn, decreases the yield 

of the target material. Additionally, a stoichiometric amount of the chiral auxiliary is required 

for these processes, rendering them wasteful and often expensive. A more desirable entry 

to enantioenriched compounds is their direct synthesis from prochiral starting materials 

employing enantioselective catalysis. Chiral catalysts serve as the homochiral environment 

of a chemical transformation and effectively transfer chiral information. This is enabled by 

their capacity to exert control over the energy levels of diastereomeric transition-state 

structures in the enantio-determining step, rendering the formation of one enantiomer 

preferential over the other.15 Dynamic kinetic resolution (DKR) is a process similar to kinetic 

resolution, however a dynamic equilibrium between the two enantiomers of the racemic 

starting material allows the complete consumption of the substrate. This process (similarly 

to kinetic resolution) is often rendered catalytic, whereby a chiral catalyst discriminates 

between the two enantiomers of a starting material, increasing the rate of reactivity of one 

over the other (Scheme 1).16 Enantioselective catalysis is a major field in organic chemistry, 

and much effort has been devoted to the development of small molecular catalysts capable 

of chirality transfer. The fundamentals of this field were established between the late 1960ôs, 

and mid 1970ôs when Noyori Knowles and Sharpless developed asymmetric metal-based 

catalysts for enantioselective hydrogenation, cyclopropanation and oxyamination 

reactions.17ï19 Overall, it was shown that transition metals equipped with chiral ligands can 

exert enantiocontrol over otherwise racemic catalytic reactions. This discovery had initiated 

an ever-lasting pursuit of asymmetric metal-catalysed transformations and was found to be 

general. In the past nearly 60 years virtually every stable metal of the periodic table was 

used as an asymmetric catalyst with the aid of tailored chiral ligand systems. In 2001 the 

Nobel Prize in Chemistry was awarded to William S. Knowles, Ryoji Noyori and K. Barry 

Sharpless for their work on enantioselective metal catalysed hydrogenation and oxidation 

reactions. 
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Scheme 1 The most prevalent approaches of enantioenrichment and enantioselective synthesis. 

In 2021 Benjamin List and David W. C. MacMillan received the Nobel Prize in Chemistry for 

the development of asymmetric organocatalysis, a field that is in many ways complementary 

to enantioselective organometallic catalysis. 
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I.2 Organocatalysis 

Organocatalysis was arguably an overlooked field, as sporadic reports of organocatalytic 

transformations are known from 1968, however its systematic investigation only 

commenced in the late 90ôs. A field that saw only a handful of publications for 30 years 

quickly turned into one of the most rapidly growing ones in organic chemistry. Its 

complementary nature to organometallic catalysis, relatively predictable reactivity patterns, 

and readily available and cheap catalysts made the field attractive to researchers both in 

industry and academia. In contrast with ligated metal systems, organocatalysts are entirely 

metal-free, eliminating the need to use often toxic, expensive, and scarce transition-metals, 

furthermore they are generally insensitive to air and moisture, simplifying chemical 

synthesis. 

The first recorded enantioselective organocatalytic transformation is from 1904. When 

malonic acid 3 was heated in the presence of brucine (an alkaloid natural product), the 

corresponding monoacid was obtained in a low enantiomeric ratio (e.r.), however the exact 

e.r. oh the product could not be determined at the time of the experiment (Scheme 2).20 

Interestingly, this discovery went largely unnoticed, and the paper was cited only 27 times 

in the first 100 years after its publication. 

 

Scheme 2 The first reported enantioselective organocatalytic reaction by Marckwald (1904). 
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Scheme 3 The Haj·sïParrishïEderïSauerïWiechert reaction. 

The first major milestone in the field is from 1971, when the Haj·sïParrishïEderïSauerï

Wiechert reaction was published by two research groups independently.21ï23 The reaction 

utilises triketone 5, which in the presence of L-proline cyclises to give rise to an aldol 

intermediate, which after dehydration furnishes the Haj·sïParrish ketone 6 (an important 

chiral building block in total synthesis), in 96.5:3.5 e.r. and quantitative yield (Scheme 3).24ï

26 Importantly, it was shown in these early publications that the nature of the catalyst is 

crucial to high enantioselectivities: when pyrrolidine was used as a catalyst in combination 

with a chiral acid, 6 was obtained in a significantly lower yield and e.r. Furthermore, in the 

presence of L-proline-methyl ester instead of the free acid, similarly low selectivity was 

reported, hinting the bifunctional nature of the catalyst. Despite these important findings, 

this paper was largely overlooked by the synthetic community, until a set of revolutionary 

findings were published between 1996 and 2000. 

In 1996 Shi and Yang published independently the first organocatalytic asymmetric 

epoxidation of unactivated alkenes in the presence of Oxone, under similar conditions.27,28 

The key to these findings was the realisation of efficient chiral transfer between unactivated 

alkenes (stilbene, 7) and chiral oxiranes (formed in-situ from the appropriate chiral ketone 

catalyst and Oxone). The structural versatility of available chiral scaffolds allowed the design 

of tailored ketones, resistant to racemisation under strongly oxidising conditions: Shiôs 

catalyst (9) featured a rigid D-fructose-derived backbone, while Yang, to this end, 

incorporated an axially chiral, rigid, C2-symmetric 1,1ô-binaphthyl motif (10, Scheme 4).  
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Scheme 4 Enantioselective organocatalytic epoxidation by Shi and Yang (1996). 

The developed catalysts provided stilbene oxide 8 in 73% yield and 97.5:2.5 e.r., and 99% 

yield and 73.5:26.5 e.r., respectively, furthermore, both methodologies could be extended 

to a larger scope of unactivated alkenes. Based on previous findings29 and the observed 

stereochemical outcome of the reaction, Shi proposed óspiroô and óplanarô transition states 

(TS), which account for the formation of the observed R,R product. The spiro TS is favoured 

over the planar one due to the lack of steric repulsion between the phenyl substituent and 

ketal protecting group. An early example of an enzyme-mimicking catalyst was reported by 

Miller in 1998.30 The kinetic resolution of racemic 1,2-aminoalohols was achieved by the 

careful design of a tripeptide bifunctional organocatalyst (13). The terminal imidazole moiety 

acts as a nucleophilic acyl shuttle, while the specific H-bonding system of the amino acid 

residues can preferentially bind to one enantiomer of 11 over the other, achieving 

stereoselective acyl transfer and furnishing 12 in 90% yield and 92:8 e.r. Catalyst activity 

was shown to be highly sensitive to structural changes. Upon replacing the imidazole moiety 

with phenyl in 13, its catalytic activity significantly decreased, furthermore the relative 

configuration of the Ŭ-methylbenzamide substituent was crucial to selectivity due to its 

influence on the catalystôs conformation. This system was found to be highly specific to 

substrate 11, as selectivity significantly dropped when 1,2-aminocycloheptanol or the 

monoprotected diol were used as substrates (Scheme 5).  
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Scheme 5 Organocatalytic kinetic resolution by Miller (1998). 

The enantioselective Strecker reaction is a highly desirable transformation, as the obtained 

Ŭ-aminonitriles provide direct access to natural and unnatural Ŭ-amino acids.31 The 

organocatalytic enantioselective addition of HCN to aldimines was reported by Jacobsen in 

1998 and shortly thereafter by Corey (Scheme 6).32,33 Jacobsen utilised solid state peptide 

synthesis to generate parallel screening libraries of ligands analogous to 16. After the 

systematic screening of hundreds of candidates, 16 emerged as the optimal catalyst, which 

furnished product 15 in 78% yield and 95.5:4.5 e.r. The catalyst design features an amide, 

a thiourea, and a phenol H-bond donor, as well as an aldimine base, giving rise to a 

bifunctional catalyst, equipped with both Brßnsted acidic and Lewis basic functionalities. 

The optimised system was found to tolerate a range of aldimines, including alkyl substituted 

examples, however electron rich electrophiles underwent the reaction in lower e.r. To 

address the same problem, Corey reported a guanidine 19 catalysed Strecker reaction, 

between benzhydryl protected aldimines (17) and HCN. Bicycle 19 contains a guanidine 

base, equipped with a H-bond donor, and exhibits C2 symmetry in solution based on 1H 

NMR measurements. According to the proposed mechanism, after the deprotonation of 

HCN, an aldimine substrate interacts with the guanidinium ion through H-bonding, while -́

ˊ stacking provides a secondary anchor for binding between the catalystôs phenyl group 

and the benzhydryl protecting group, preventing nucleophilic attack from the si face. Product 

18 was furnished in 96% yield and 93:7 e.r. under the optimised conditions, furthermore the 

methodology was found to tolerate a library of substituted benzaldimines with similar levels 

of selectivity and reactivity. 
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Scheme 6 Enantioselective Strecker reaction by Jacobsen (1998) and Corey (1999). TFAA: 

trifluoroacetic anhydride. 

Based on the previously discussed Haj·sïParrishïEderïSauerïWiechert reaction, and 

their work on aldolase antibodies, List and Barbas realised the first intermolecular 

enantioselective aldol reaction.34 The transformation was achieved using 30 mol% L-proline 

(20) as an organocatalyst, which was proposed to form a nucleophilic enamine intermediate 

after condensation with acetone (which was used in a large access to promote the formation 

of the kinetically less-favoured ketimine over the competing aldimine). This species then 

can interact with the carbonyl oxygen of the aldehyde electrophile via H bonding and 

facilitate the enantioselective 1,2 addition through a Zimmerman-Traxler-type TS (Scheme 

7, right). This reaction provides product 23 in 68% yield and 88:12 e.r., and was extended 

to a range of aromatic aldehydes, which underwent the transformation in similar yield and 

selectivity, and importantly, aliphatic isovaleraldehyde provided the corresponding aldol in 

97% yield and remarkable, 98:2 e.r. This methodology was quickly extended to the 

enantioselective Mannich reaction, which occurs readily under similar conditions in the 

presence of 1.1 eq. of p-anisidine and provides direct access to enantioenriched N-

containing building blocks.35  
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Scheme 7 Enantioselective aldol and Mannich reactions and proposed TSôs by List (2000). PMP = 

4-methoxyphenyl. 

The corresponding Mannich-bases (21) were formed in moderate to high yield and high 

enantioselectivity, furthermore, this procedure could be extended to alkyl aldehydes. The 

opposite facial selectivity compared with the reported aldol addition was attributed to a 

chair-like or boat-like TS (chair-like TS shown in Scheme 7), both of which feature a (Z)-

imine. These findings represent an important milestone in organocatalysis, as it was shown 

that prolineôs ability to form transient nucleophilic enamines can be exploited to induce 

enantioselectivity in fundamental intermolecular reactions. Furthermore, simple 

stereochemical models were shown to be effective to rationalise the enantiofacial selectivity 

of the reactions, providing a springboard and foundation for further research and 

applications.36 In parallel with this, MacMillan published the first organocatalytic 

enantioselective Diels-Alder reaction, exemplified by the cycloaddition between 

cyclopentadiene 24 and Ŭ,ɓ-unsaturated aldehydes (25), which relies on a similar covalent 

mechanism, however the activation of starting materials in this case occurs through the 

decrease in energy of the lowest unoccupied molecular orbital (LUMO) of the electrophile 

(dienophile).37 To achieve this transformation, a novel secondary amine-type catalyst (28) 

was developed, which provided bicycles 26 and 27 in quantitative yield and 97:3 e.r. as a 

1:1.3 mixture of isomers, furthermore the methodology could be easily extended to a range 

of Ŭ,ɓ-unsaturated aldehydes and substituted and cyclic dienes without significant losses in 

selectivity.  
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Scheme 8 Enantioselective Diels-Alder reaction by MacMillan (2000). 

Computational studies revealed the most important stereocontrol elements to be the 

selective formation of the (E)-isomer of the iminium ion, and the shielding of the re-face of 

this intermediate by the benzyl substituents of 28. These studies were supported by the 

experimentally observed stereochemical outcome of the reaction (Scheme 8). It is 

important to note that while this paper describes the first general enantioselective 

organocatalytic cycloaddition, earlier reports of similar activation modes were known at the 

time. Notably, Wynberg, as early as 1982 published the highly enantioselective quinidine-

catalysed formal [2+2] cycloaddition between ketene and chloral, yielding industrially 

relevant (S)-or (R)-malic acid, however this transformation remained limited to these 

particular substrates.38 The establishment and description of these early organocatalytic 

systems has launched the pursuit of other metal-free chiral catalysts.39,40 In the past few 

decades numerous novel organocatalysts have been discovered, suitable for the 

enantioselective synthesis of a myriad of chiral building blocks (Figure 7).41,42 Some of 

these include chiral phosphoric acids (CPA), which have been shown to be highly efficient 

and general for the promotion of cationic addition reactions, and have been developed into 

highly acidic and bulky imidodiphosphorimidate (IDPi) superacids, capable of the 

protonation and enantioselective transformation of even simple hydrocarbons.43ï45 Chiral 

quaternary ammonium and phosphonium salts can be used for phase transfer catalysis, 

typically for the functionalisation of acidic C-H bonds, via enantioselective oxidation or 

alkylation reactions.46,47 Nucleophilic isothiourea catalysts were initially introduced as 
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enantioselective acyl transfer agents acting as covalent organocatalysts, however their 

range of reactivity has been significantly extended to include kinetic resolutions, dipolar 

cycloadditions, and many more.48 Another approach to achieve covalent catalysis was 

realised through the incorporation of an aldehyde functionality in chiral scaffolds. These 

species can be used for the activation of amines as aldimines, which can in turn be 

deprotonated in the Ŭ-position to achieve polar reactivity and furnish valuable chiral 

amines.49 Chiral oxazaborolidines were first shown by Hirao in 1981 to be highly efficient 

catalysts for the asymmetric reduction of ketones in the presence of boranes, albeit the 

reported catalysts provided the corresponding secondary alcohols in moderate 

enantioselectivity.50 Based on this concept, Corey Bakshi and Shibata in the late 1980ôs 

reported the famous CBS catalyst, as well as detailed mechanistic studies, and significantly 

extended substrate scope of ketones.51,52 The CBS catalyst is mostly used for the 

enantioselective reduction of ketones; however, many further applications have been 

reported exploiting its moderate but highly tuneable Lewis acidity.53,54  

 

Figure 7 Further examples of chiral organocatalysts. 
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Significant achievements have also been made in the field of chiral bifunctional 

organocatalysts, which feature two different functionalities that act in concert to control the 

reactivity and facial selectivity of starting materials typically through secondary interactions. 

These often include a H-bond donor moiety, such as thiourea, and an additional reactive 

site. Polyaromatic sidechains have been shown to stabilise transient species through 

dispersive and -́stacking interactions, which allowed for the enantioselective aza-Sakurai 

reactions.55 Enantioselective photochemical reactions can also be realised by employing 

bifunctional catalysis. Secondary amides featuring a rigid chiral backbone and an organic 

photosensitiser are suitable for catalysing [2+2] cycloaddition reactions by substrate 

coordination and consequent energy transfer.56 Finally, bifunctional catalysts incorporating 

a H-bond donor and a Brßnsted base are highly versatile species that can be used to exert 

stereocontrol over a wide range of polar reactions by the simultaneous activation of the 

electrophile through H-bonding and deprotonation of the pronucleophile (Figure 7).57 These 

will be discussed in detail in the following chapters. 
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I.3 Reactivity Considerations in Polar Base-Catalysed Reactions 

The foundations of our understanding regarding the course and rate of chemical reactions 

were established in the 1920ôs with the introduction of the BrßnstedïLowry acidïbase 

theory, and the Lewis theory of acidïbase reactions.58,59 In the 1930ôs Ingold coined the 

terms nucleophile (N, electron rich species) and electrophile (E, electron deficient species). 

In the past nearly 100 years many attempts have been made to quantify the relative 

reactivities of various nucleophiles and electrophiles, and in 1953 Swain and Scott reported 

the first effort towards the systematic characterization of nucleophilicities in SN2 type 

reactions.60 In this method, sensitivity had to be determined, which is a term, specific to 

each electrophile, and describes the dependence of rate constants on the nature of 

nucleophiles. This implies the common notion that óselectivity depends on reactivityô (if 

selectivity is defined as the relative reactivity of two different nucleophiles with various 

electrophiles or vice versa). In 1972 Ritchie published the first example of a constant 

selectivity relationship, observed in reactions between carbocations and diazonium ion 

electrophiles and various classes of nucleophiles.61 A constant selectivity relationship 

describes a phenomenon whereby the relative rate of reactivity of two nucleophiles (or 

electrophiles) does not depend on the reactivity of the reaction partner. This discovery 

ignited a pursuit of similar systems, and indeed many such examples have been uncovered, 

providing reference platforms for the development of a general reactivity scale.62ï64 In 1994 

the Mayr-Patz equation was reported, which describes the dependence of the rate constant 

(k) of a polar reaction on the nucleophile-specific slope parameter (s), nucleophilicity 

parameter (N), and electrophilicity parameter (E) (Equation 1).65 

ÌÏÇὯ ίὔ Ὁ 

Equation 1 The Mayr-Patz equation. k = rate constant; s = nucleophile-specific slope-parameter; N 

= nucleophilicity parameter; E = electrophilicity parameter. 
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This study was largely based on the investigation of reactions between diarylcarbenium 

ions and -́nucleophiles, which exhibit constant selectivity relationship over a wide range of 

reaction rates. With the appropriate reference scale established, the parametrization of 

reactants can be achieved by the measurement of rate constant of reactions involving an 

electrophile with an unknown E value and nucleophiles with known s and N values, or vice 

versa, and by using Equation 1. The determined relative reactivity values provide a useful 

resource to predict the outcome of polar chemical reactions and categorise existing 

transformations, by simply comparing the corresponding E and N values (as a rule of thumb, 

if E + N > -5, then the reaction can be expected to occur at room temperature). It is important 

to note that the Mayr Scale is not without its limitations and should be used carefully in 

certain scenarios. N, E, and s are kinetic parameters, and therefore thermodynamically 

unfavourable reactions and reactions in which the E and N recombination is not the rate-

determining step, may be out of the scope of this reactivity scale, furthermore, reactions 

that approach diffusion control cannot be reliably analysed. The studied reactivity profiles 

are mainly dependent on nucleophilicity, electrophilicity, temperature, and the solvent used, 

and while the authors state that these four factors cannot be strictly separated from each 

other, for the purpose of this thesis, the Mayr Scale can be used as a tool for estimating 

reactivity, and rationalising the outcome of parallel reactions (for example reactions run 

under the same conditions in the presence of different catalysts). In Scheme 9 at the top 

common polar organic chemical reactions are shown categorised based on the Mayr Scale, 

and the electrophilicity values of relevant Michael acceptors, which reveal important trends 

in reactivity based on the electron-withdrawing group (EWG), for example, methyl acrylate 

is about 25 times more reactive than tert-butyl acrylate as a Michael acceptor. In the reaction 

scheme below a base-catalysed racemic Michael addition of nitromethane (N) to enone 30 

(E), furnishing 31 is shown.66 The E value of 30 is -23.0, and the N value of the nitronate 

anion of nitromethane is 20.7, based on which the reaction can be expected to occur at 

room temperature, however using catalysts 32 and 33 no conversion was observed. 
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Scheme 9 Mayrôs Reactivity Scale (top) and illustration thereof (bottom). Acidity and basicity values 

are shown in MeCN. Elelctrophilicity (E) and nucleophilicity (N) values are shown in DMSO. apKBH+ 

value of 4-dimethylaminopyridine; bpKBH+ value of N-methylpiperidine. PS: polystyrene. 

When catalyst 34 was employed 36% yield was detected, and catalyst 35 furnished the 

product in quantitative yield. Thereôs a clear correlation between the pKBH+ of the catalyst 

and the observed conversion, due to the relatively high pKa of nitromethane, which must be 

deprotonated to reveal the high nucleophilicity value of the corresponding nitronate anion. 

By increasing the basicity of the catalyst, sufficient anion concentration and high 

conversions can be achieved. 

Mayrôs Database of Reactivity is an online-available resource, which contains the E 

parameter of 347 electrophiles and the N and s parameters of 1284 nucleophiles at the time 

of writing of this thesis.67  
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I.4 Enantioselective Bifunctional Tertiary Amine Catalysis 

I.4.1 Early Approaches 

In 2002 it was reported by Schreiner that electron poor thiourea H-bond donors exhibit 

similar behaviour to Lewis acid catalysts when combined with carbonyl containing 

electrophiles.68 Increased reaction rates and altered stereochemical outcomes were 

observed when these H-bond donors were applied as catalysts in otherwise Lewis acid 

catalysed Diels-Alder reactions. This behaviour was attributed to the ability of acidic 

thiourea protons to engage in significant H-bonding interactions with electron-rich carbonyl 

motifs (Scheme 10, binding mode A). Based on these findings, Takemoto reported the first 

tertiary amine ï thiourea bifunctional catalyst system (Scheme 10).57 Takemotoôs catalyst 

(39) contains Schreinerôs electron poor thiourea motif, as well as a tertiary amine base, 

bridged by a chiral backbone. It was shown that 39 and related bifunctional systems are 

highly active catalysts in the conjugate addition between trans-ɓ-nitrostyrene 36 and diethyl 

malonate (37) and can exert high levels of enantiocontrol in this Michael-addition. While 37 

provided product 38 in 86% yield, and 96.5:3.5 e.r., catalyst 40, containing a less acidic 

thiourea motif, furnished the same product in only 58% yield and 90:10 e.r., suggesting that 

the nature of the H-bond donor is crucial to reactivity and stereocontrol. Furthermore, when 

the reaction was run in the presence of 10 mol% thiourea lacking a tertiary amine motif, and 

10 mol% triethylamine (catalyst system 41), a significant decrease in reactivity was 

observed (57% yield). Based on these findings, a highly organised binding mode was 

proposed, in which the thiourea motif binds to the electrophile, while the protonated tertiary 

amine engages through H-bonding interactions with the deprotonated pronucleophile 

(binding mode B). The multi-pronged H-bonding interactions prevent free rotation of 

reactants in the TS with respect to the catalyst, allowing the chiral backbone to exert control 

over the face of the nucleophilic attack, thus furnishing product 38 in high enantioselectivity.  
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Scheme 10 Takemotoôs bifunctional thiourea catalyst and proposed binding modes. 

The existence of such TSôs was confirmed later by So·s and P§pai in a detailed 

computational study.69 In this publication the authors showed via DFT that substrate binding 

may happen exclusively between a substrate molecule and the thiourea H-bond donor, 

however rigid stabilisation only occurs after the protonation of the tertiary amine motif by 

the pronucleophile. This process yields an additional H-bond donor, as well as the 

nucleophile anion, which serves as a dual H-bond acceptor. With respect to Takemotoôs 

reaction, a new binding mode was postulated, which is lower in energy than the originally 

proposed one (binding mode C). In this model the deprotonated pronucleophile is bound to 

the thiourea motif, while the electrophile engages in H-bonding with the ammonium salt. 

While in this particular case binding mode C is likely to be prevalent, binding mode B cannot 

be ruled out, due to the high flexibility of bifunctional thiourea catalysts in the solvent phase, 

furthermore both binding modes account for the observed stereochemical outcome of the 

transformation.  
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I.4.2 Overview 

Based on the seminal report by Takemoto, numerous bifunctional tertiary amine-based 

catalysts and corresponding enantioselective transformations have been reported. In 2004 

Deng reported that Cinchona alkaloid derivatives can act as potent bifunctional catalysts in 

the Michael addition reported by Takemoto.70 Cinchona alkaloids are an attractive class of 

natural products for bifunctional catalyst design, as they feature a rigid chiral backbone, a 

quinuclidine base, and an easily modifiable secondary alcohol motif, furthermore, they are 

readily available as pseudoenantiomers. Dengôs catalyst design relied on the demethylation 

of native quinidine, revealing a phenol motif, which can act as a strong H-bond donor, 

providing organization in the TS, and high facial selectivity (Scheme 11, 42). In 2005, the 

incorporation of Schreinerôs thiourea motif to the Cinchona alkaloid backbone was reported 

independently by Chen, Connon, So·s, (catalyst 43) and our laboratory (catalyst 44), 

yielding novel bifunctional catalysts, highly efficient at catalyzing conjugate addition 

reactions.71ï74 This structural modification was attained by the convenient transformation of 

the secondary alcohol to an amine functional group, providing a synthetic handle for the 

installation of a thiourea motif. Hiemstra, in 2006 reported that the replacement of the 

phenolic OH in Dengôs catalyst to a thiourea HBD yields novel catalyst 45, highly efficient 

at the promotion of the 1,2-addition of nitromethane to aldehydes.75 In the seminal report by 

Takemoto it was shown that the nature of the HBD affects the outcome of the catalytic 

transformation, and that the Brßnsted acidity of the HBD can be tuned by varying the 

thioureaôs substituent. In turn, Rawal in 2008 revealed that squaramides can be 

incorporated in bifunctional organocatalyst design as an alternative HBD group instead of 

thioureas, ureas or amides.76 This structural modification was an important realization, as it 

allows for the additional fine tuning of the geometry, as well as the acidity of the HBD moiety. 

Squaramide 46 was shown to efficiently catalyze the conjugate addition of 1,3-dicarbonyls 

to nitroolefins (Scheme 11). 
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Scheme 11 Representative examples of Cinchona alkaloid-derived bifunctional organocatalysts and 

reported reactions. Ar = 3,5-bis-CF3-Ph. 

I.4.3 Limitations 

Due to the privileged structure of Cinchona alkaloids, and the ease of synthesis and 

tuneability of related catalysts, the field saw an enormous extension in the past 20 years,77ï

79 however, as it was demonstrated in Chapter I.3, the rate of base-catalysed polar 

reactions depends on the strength of the base used. Since Cinchona alkaloid derivatives 

are equipped with a relatively weak quinuclidine base, which cannot easily be modified, the 

range of available substrate combinations is inherently limited. To extend the available 

reactants, substrates can be activated, for example electrophilicity may be boosted by the 

introduction of stronger electron withdrawing groups on the electrophile.  



 

I-25 
 

 

Scheme 12 Limitation of Cinchona alkaloid-derived bifunctional organocatalysts due to low 

electrophilicity. Ar = 3,5-bis-CF3-Ph. 

Methyl cinnamate (47), for example, shows no reactivity towards nitromethane in the 

presence of catalyst 43, even after 5 days of reaction time, however the analogous 

alkylidenemalonate (49), equipped with an additional EWG, provides product 50 under 

similar reaction conditions in 67% yield and moderate enantioselectivity (Scheme 12).80,81 

The experimentally observed discrepancy in reactivity between electrophile 47 and 48 is 

also supported by their corresponding E values (-20.6 vs -24.5). While such substrate 

engineering can be highly useful, as the synthesis of the corresponding óunactivatedô 

product is often feasible (as is in this case), the introduction of activating groups, and 

removal thereof, significantly increases the step count of syntheses, and reduces atom 

economy. Furthermore, more activated substrates tend to be less available and more 

expensive by virtue of their reactivity, decreasing the range of available starting materials. 

Due to the above considerations, it is more desirable to modify the catalyst structure (and 

specifically increase its basicity), rather than to engineer the substrate, to expand the range 

of possible enantioselective transformations. 
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I.5 Enantioselective Bifunctional Organosuperbase Catalysis 

I.5.1 Superbasicity in Organic Chemistry 

Organic superbases are generally uncharged, metal-free compounds with high proton 

affinity, however there is no consensus about their general definition. For example, the 

IUPAC definition of a superbase, óa compound having a very high basicity, such as lithium 

diisopropylamideô is rather ambiguous. To better categorise organic bases, their relative 

pKBH+ values in MeCN can be considered. The most widely accepted threshold based on 

this system would classify an organic base as a superbase, if its pKBH+ value in MeCN is 

greater than that of proton spongeôs (DMAN, pKBH+ = 18.6) or 1,8-

bis(tetramethylguanidino)naphthaleneôs (TMGN, pKBH+ = 25.0) (Figure 8).82,83  

Regardless of the definition used, the incorporation of strong organic bases in bifunctional 

catalyst design opened new avenues and revealed new reactivities in enantioselective 

organocatalysis. Corey reported the first chiral bifunctional organosuperbase catalyst (19) 

in 1999, as discussed in Chapter II.33 Although the term superbase was not applied in this 

report, the C2 symmetric guanidine catalyst design served as an inspiration for the 

development of numerous related, highly basic systems. 

 

Figure 8 Examples of organic bases and their pKBH+ values (in MeCN). 
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I.5.2 Catalytic Enantioselective Transformations 

Arguably the most common superbasic motif incorporated in bifunctional organocatalysts is 

guanidine, due to the relative ease of their synthesis and 4-6 orders of magnitude higher 

basicity than that of tertiary amines.84 In 2001 Ishikawa reported the first highly 

enantioselective Michael addition reaction between protected glycine imines (51) and 

acrylate esters (52). Chiral guanidine 54, equipped with a primary alcohol HBD, developed 

and utilised, as the studied reaction does not occur under tertiary amine catalysis.85 Even 

in the presence of 54, long reaction times were necessary to drive the reaction to 

completion, due to the low acidity of 51, however the catalyst could be recovered and 

reused, and the corresponding protected unnatural Ŭ-amino acid 53 was obtained in 90% 

yield and 98:2 e.r. The methodology was extended to a range of different acrylate 

electrophiles (Scheme 13). 

 

Scheme 13 Bifunctional guanidine-catalysed enantioselective addition of glycine imines to acrylate 

esters, Ishikawa, 2001. 

In 2006 Terada reported a new, axially chiral cyclic guanidine catalyst 56, which was shown 

to efficiently catalyse the conjugate addition between nitrostyrene 36 and malonate esters. 

Interestingly, the same reaction was reported by Takemoto, catalysed by a bifunctional 

tertiary base, as discussed earlier.57 When substituted malonate 54 was employed as a 

nucleophile, 10 mol% catalyst 39 furnished product 55 in 82% yield and 96.5:3.5 e.r. over 

36 hours at r.t., while only 2 mol% guanidine 56 provided product 55 in 82% yield, 99:1 e.r. 

after 12 hours at -40 ÁC.  
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Scheme 14 Enantioselective conjugate addition of dimethyl-2-methylmalonate to trans-ɓ-

nitrostyrene: comparison of tertiary amine and guanidine catalysts, Terada, 2006. Ar = 3,5-(3,5-bis-

tBu-Ph)-C6H3. 

The development of a more basic catalyst allowed the reduction of catalyst loading, 

temperature, and reaction time, rendering the overall process more efficient and 

economical, while furnishing product 55 in higher e.r. than the previously reported method. 

Based on these early reports of bifunctional guanidine catalysts, many related catalyst 

systems have been developed, that cover a great range of enantioselective polar 

reactions.86,87 In 2005 Nagasawa reported the first acyclic chiral guanidine catalysts, 57 and 

58, which were proven to be efficient in promoting biphasic Henry reactions.87,88  

 

Figure 9 Further examples of guanidine-based bifunctional organocatalysts. Ar1 = 3,5-bis-CF3-Ph. 

Ar2 = 4-(3,5-di-tert-butyl-C6H3)C6H4. 
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This catalyst design featured the combination of a thiourea HBD as well as a superbasic 

acyclic guanidine moiety, similarly to Takemotoôs catalyst, additionally these species were 

equipped with a lipophilic n-octadecyl sidechain to ensure high solubility in the organic 

phase in biphasic reaction mixtures (Figure 9). Terada, shortly after the report of catalyst 

56, demonstrated that analogous axially chiral exocyclic guanidine 59 was an efficient 

catalyst for the electrophilic Ŭ-amination of 1,3-dicarbonyl compounds.89 Tan, inspired by 

Coreyôs catalyst design,33 prepared a series of C2 symmetric bicyclic guanidines, which 

found utility as highly selective catalysts for hetero-Michael addition reactions, and notably 

tert-leucine-derived catalyst 60 was found to be particularly general.90,91 The broad range 

and versatility of guanidine-based catalysts is well highlighted in a recent report by Miller, 

where a small guanidine-based peptide 61 was shown to exhibit great control and reactivity 

in intramolecular atropselective transacylation reactions (Figure 9).92 While bifunctional 

guanidines are highly versatile organocatalysts, their pKBH+ value is inherently limited, 

therefore many pronucleophile / electrophile combinations fall out of the reactivity range of 

these species. In an attempt to widen the range of available transformations, Ooi developed 

chiral spirocyclic tetraamino phosphonium salt 65.93,94 Upon deprotonation with a strong 

external base, highly basic P-1 phosphazene 66 (pKBH+MeCN å 28) is generated, which can 

readily catalyse a range of polar addition reactions. Dimethyl phosphonate 63 can be readily 

activated via base-catalysed tautomerism as the nucleophilic phosphite, which undergoes 

enantioselective 1,2-addition with 62 to yield 2-hydroxyphiosphonate 64 (Scheme 15).95 

 

Scheme 15 Enantioselective hydrophosphonylation of aldehydes catalysed by a spirocyclic P-1 

phosphazene, Ooi, 2009. 
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To further increase the pKBH+ range of available bifunctional superbases, Terada developed 

pseudo C2 symmetric bis(guanidino)iminophosphorane catalysts, which resemble Ooiôs 

spirocyclic catalyst design, however they exhibit increased basicity due to resonance 

extension across the phosphazene and guanidine subunits.96 Once again, similarly to 

precatalyst 65, these species are stored as hydrochloride or hydrobromide salts, and can 

be liberated in situ by an excess of a strong inorganic base. In the seminal report, 

precatalyst 70 was employed in the reaction between azodicarboxylates (67) and weakly 

acidic 2-alkyltetralones (68). Hydrazine 69 was obtained in 99% yield and 97.5:2.5 e.r., 

however the scope of this method was found to be limited, as selectivity was highly 

dependent on the structure of the pronucleophile (Scheme 16). 

 

Scheme 16 Enantioselective electrophilic amination of substituted ketones, catalysed by a 

spirocyclic phosphazene, Terada, 2013. 

A different approach to increase the basicity of organocatalysts can be envisaged by the 

incorporation of multiple basic substituents in the same catalyst scaffold, that can act 

cooperatively to increase the observed pKBH+ value beyond the expected pKBH+ value of the 

isolated bases. Precatalyst 74 merges a highly basic P-2 phosphazene unit, and a 

bifunctional guanidine unit, which simultaneously acts as a HBD and a cooperative base to 

aid the deprotonation of low-acidity Ŭ-thioesters.97 This catalyst was proposed to facilitate 

the activation of pronucleophiles via proton chelation, similarly to DMAN, which was 

sufficient to activate substrate 71 and furnish product 73 in 99% yield, 97.5:2.5 e.r. and 

88:12 d.r. The method was shown to tolerate a range of protected benzaldimines, however 

employing alkyl substituted electrophiles resulted in a significant decrease in selectivity 

(Scheme 17). 
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Scheme 17 Enantioselective Mannich-type reaction of Ŭ-phenylthioacetate, catalysed by a 

cooperative binary-base catalyst. Terada 2020. Ar = 2-naphthyl. 

In 2012 Lambert reported a new superbasic functional group, suitable for bifunctional 

catalyst design.98 Cyclopropenimines exhibit strong basicity (pKBH+ å 27) due to the 

stabilisation of cyclopropenium ions through three nitrogen lone pairs, and aromaticity. 

Catalyst 76, equipped with a cyclopropenimine superbase and a primary alcohol HBD, was 

sufficient to catalyse the enantioselective conjugate addition of protected glycine imines and 

acrylate esters, and product 53 was isolated in quantitative yield and 99:1 e.r. after only 1 

hour of reaction time at r.t. Interestingly the same model reaction was reported by Ishikawa, 

employing chiral bifunctional guanidine catalyst 54 and while product 53 was furnished in 

90% yield and 98:2 e.r., the reaction time had to be increased to 6 days to achieve full 

conversion, while quinine (75) was catalytically inactive in this transformation.85 The 

observed discrepancy in reactivities, once again, can be explained by the difference in 

basicity of the catalysts (Scheme 18). 

 

Scheme 18 Enantioselective addition of glycine imines to acrylate esters catalysed by various 

bifunctional organobases. 
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Most recently, Lee reported the extension of bifunctional cyclopropenimine catalysis, by 

incorporating a thiourea HBD in Lambertôs catalyst design.99 This structural modification 

provides increased stability by eliminating the primary alcohol driven decomposition 

pathway observed in catalyst 76,98 furthermore allows the more precise fine-tuning of the 

HBD moiety, which was unmodifiable in the original design. Indeed, the model reaction 

between weakly acidic Ŭ-iminonitriles (77) and chalcones (78) was optimised by simply 

varying the HBD of catalyst 80. Under the optimal conditions, product 79 was furnished in 

97% yield, 98.5:1.5 e.r. and >20:1 d.r. (Scheme 19). 

 

Scheme 19 Enantioselective conjugate addition between Ŭ-iminonitriles and chalcones catalysed by 

a novel catalyst consisting of a thiourea HBD and cyclopropenimine superbase. 
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I.5.3 Limitations 

Compared with tertiary amine bifunctional catalysts, superbases exhibit increased reactivity, 

and thus allow the enantioselective manipulation of a significantly wider range of substrates, 

extending the available chemical space. Despite this clear advantage, bifunctional 

superbase catalysis remains markedly less common than bifunctional tertiary amine 

catalysis, both in academia and industry. This is most probably due to the difficulties 

associated with the handling and synthesis of superbases. Many of the bifunctional 

superbases discussed in this chapter suffer from low stability in their free-base form, 

therefore must be stored as salts and liberated in situ using external strong bases under 

inert conditions, which further complicates reaction optimisation efforts. Additionally, their 

synthesis often requires multiple synthetic steps, and the purification of the final products is 

complicated by the presence of a superbasic functional group, which renders normal phase 

chromatography challenging, and often impractical. Finally, the discussed catalyst families 

are often difficult to structurally diversify, resulting in specialized systems for certain 

transformations, rather than generally applicable common catalyst structures (such as 

Cinchona alkaloid derivatives). 
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I.6 Bifunctional Iminophosphorane Superbase Catalysis 

To address some of the above limitations, and provide a new powerful tool for 

organosuperbase catalysis, our group reported the bifunctional iminophosphorane (BIMP) 

catalyst family in 2013.100 BIMP catalysts are formed in a Staudinger reaction between a 

chiral organoazide equipped with a HBD, and a trivalent phosphine. Azide 83 can be formed 

from amino azide 82 and isothiocyanate 81 in a quantitative reaction, and amino azide 82 

can be synthesized from L-tert-leucine in a series of functional group interconversions. 

Organoazide 83 reacts smoothly with tris(4-methoxyphenyl)phosphine, to furnish stable 

iminophosphorane catalyst 84 (Scheme 20, top). 

 

Scheme 20 Synthesis, general properties, and SCXRD image of catalyst 84. Ar = 3,5-bis-CF3-Ph. 

PMP = 4-methoxyphenyl. Application of catalyst 84 and 85 in the enantioselective ketimine nitro-

Mannich reaction. 
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While the Staudinger reaction is generally a net reduction of an organoazide to the 

corresponding primary amine, BIMP 84 is highly resistant to hydrolysis due to the 

stabilisation of the iminophosphorane moiety via H-bonding by the proximal HBD, both 

intramolecularly, and by dimerization, even in solution.101 As a result, crystals suitable for 

single crystal X-ray diffraction (SCXRD) analysis can be easily obtained, and stored as a 

bench-stable solid. Iminophosphorane catalysts exhibit high basicity, comparable to that of 

guanidine bases, and therefore can be employed as bifunctional superbase catalysts. By 

varying the phosphine used in the Staudinger reaction, the basicity of the iminophosphorane 

catalyst can be tuned, and as expected, triphenylphosphine-derived BIMP 85 exhibits a 

significantly lower basicity (pKBH+MeCN 85 = 22.7) than BIMP 84 (pKBH+MeCN 86 = 25.0). Despite 

its lower pKBH+ value, catalyst 85 emerged as the optimal species for the enantioselective 

ketimine nitro-Mannich reaction.100 Product 87 was delivered in 86% yield and 97.5:2.45 e.r. 

in the presence of 10 mol% BIMP catalyst 85, after 96 hours under neat conditions at -15 

ÁC. As a testament of synthetic applicability and versatility of BIMP catalysts, a decagram 

scale synthesis of product 87 was achieved using catalyst 84. By switching to a significantly 

more active, but slightly less selective catalyst, its loading could be reduced to only 1 mol%, 

which furnished product 87 in 98% conversion, and 93:7 e.r. Optically pure material was 

then obtained in 63% yield after recrystallization, which was converted to the corresponding 

quaternary Ŭ-amino acid 88 in 53% yield and no loss of optical purity via a Nef reaction and 

subsequent removal of the diphenylphosphinoyl protecting group (Scheme 20). In contrast 

with other superbases, BIMPs can be formed in situ and used without further purification 

after the Staudinger reaction, which has notably found many applications in bio-orthogonal  

 

Scheme 21 Illustration of the combinatorial nature of BIMPs. Ar = 3,5-bis-CF3-Ph. 



 

I-36 
 

click chemistry due to its exceptionally high specificity.102 As a result, when developing BIMP 

catalysed transformations, parallel reactions can be run easily and efficiently without the 

need to isolate or even handle the superbasic catalysts. Consequently, BIMPs can be 

evaluated in a combinatorial manner, whereby every individual organic azide can be reacted 

with any available trivalent phosphine* to form unique catalysts, as the phosphine employed 

greatly affects the basicity, steric properties, and overall catalytic activity of the formed 

species (Scheme 21). Due to the robust nature of the Staudinger reaction, virtually any 

organic azide can be turned into an iminophosphorane catalyst, which in turn grants 

unparalleled structural diversity to BIMPs. This versatility is highlighted by the diverse range 

of previously unavailable enantioselective transformations that had been unlocked using 

BIMP catalysis. Since their seminal report, more than 30 papers have been published on 

new BIMP catalysed reactions, both by our group, and other research groups, which we 

have reviewed in 2020.103 Interestingly, 1st generation BIMP 84, first published in 2013 was 

very recently shown by Smith to also catalyse the enantioselective [1,2]-Wittig 

rearrangement.104 The high basicity of 84 allows the deprotonation of the allylic ether-

substituted 2-oxindole, which in turn results in a [2,3]-sigmatropic rearrangement in an 

enantioselective fashion, most probably as a result of the proximity of catalyst 84. The 

resulting Ŭ-quaternary tertiary allylic alcohol undergoes a base-mediated enantioretentive 

rearrangement to yield the corresponding [1,2]-Wittig product (Scheme 22-I). Another 1st 

generation catalyst. secondary amide 90, featuring a more electron-rich carboxamide HBD, 

and a benzhydryl-substituted stereogenic centre, was developed for the enantioselective 

aldol addition between acetophenones and Ŭ-fluorinated ketones. This highly 

enantioselective transformation furnishes the corresponding aldols featuring a medicinally 

relevant fluoroalkylated quaternary stereogenic centre. Interestingly, the same reaction was 

shown to occur under bifunctional tertiary amine catalysis, albeit at a significantly lower 

reaction rate, due to the increased basicity of catalyst 90 (krel [BIMP] / krel [amine] = 1414; Scheme 

 
* With some exceptions: sterically hindered phosphines, such as tBu3P and o-substituted triarylphosphines are 

incompatible due to low reactivity in the Staudinger reaction. 
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22-II).105,106 We recently reported that a similar, but electron poor secondary amide-based 

catalyst 95 can promote the enolization and subsequent highly enantioselective 

intramolecular conjugate addition of simple carboxamides to tethered 

cyclohexadienones.107 To overcome low Ŭ-CïH acidity of amides, and enhance reactivity 

and selectivity, a more electron rich iminophosphorane superbase was utilised, bearing 

3,4,5-tri-OMe-Ph substituents. This transformation represents the first entirely 

organocatalytic enolization and enantioselective nucleophilic addition of carboxamides, 

however this method remains restricted to sufficiently acidic 2-arylacetamides (Scheme 22-

III).  

 
Scheme 22 Selected examples of 1st generation BIMP catalysed enantioselective transformations. 

PMP = 4-OMe-Ph. Ar1 = 3,4,5-tri-OMe-Ph. 
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Novel 1st generation BIMP 96, equipped with a proline-derived backbone, and a single 

thiourea HBD, was recently published by Kobayashi as a highly active catalyst for the 

intramolecular acyl transfer reaction of acyloxy-ɓ-ketosulfides, to afford enantioenriched Ŭ-

acyloxythio ester.108 The transformation was shown to tolerate a range of differently 

substituted alkyl ketones, however benzylic examples provided the corresponding products 

in decreased enantioselectivity, while acetophenone derivatives underwent the 

transformation in high yield, but low enantioselectivity. Varying the S-substituent of the 

substrateôs thioacetal motif proved to be detrimental to selectivity in most cases (Scheme 

22-IV). Shortly after the seminal publication on BIMP catalysis, in 2015, the first 2nd 

generation BIMP superbase was disclosed (89).109 Inspired by Jacobsenôs catalyst design,32 

catalyst 89 is equipped with an additional stereogenic centre and HBD, and was shown to 

efficiently catalyse the sulfa-Michael addition involving enantioselective reprotonation 

between Ŭ-substituted acrylate esters and alkyl thiol pronucleophiles (Scheme 23-I). This 

catalyst design was adopted in other projects by our group, to catalyse further important 

enantioselective hetero-Michael additions.110ï112 Catalyst 91 features similar design 

elements, and crucially, a 1-napthtyl substituted stereogenic centre. This BIMP catalyst was 

developed for the highly enantioselective prototropic shift of ɓ,ɔ-unsaturated cyclic ketones. 

Computational studies revealed that -́́ stacking between the 1-naphthyl motif and 

aromatic iminophosphorane substituents help further stabilise the transition-state structure, 

thus increasing selectivity (Scheme 23-II). Johnson utilised 2nd generation BIMP 93 to 

promote enantioselective CïC bond forming conjugate addition reactions, and subsequent 

stereoconvergent crystallisation to achieve the highly diastereoselective synthesis of 

otherwise difficult to control stereogenic centres.113,114 The formed kinetically labile, acidic 

stereogenic centres were shown to remain intact under conditions which promote the 

immediate crystallisation of the products (Scheme 23-IV).  
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Scheme 23 Selected examples of 2nd and 3rd generation, and ureidopeptide-based BIMP catalysed 

enantioselective transformations. PMP = 4-OMe-Ph. Ar1 = 3,5-di-tBu-Ph. Ar2 = 2-naphthyl. Ar3 = 4-

tolyl. 

Inspired by Palomoôs catalyst design,115 ureidopeptide-based BIMPs (94) have been 

developed for the enantioselective synthesis of P(V) compounds via 1,2-addition elimination 

type reactions to give access to pharmaceutically relevant enantioenriched compounds 

bearing a stereogenic phosphorous atom (Scheme 23-V).116,117 

Squaramide-based 3rd generation BIMP 92 was developed and disclosed as a part of this 

project and will be discussed in detail in the next chapter (Scheme 23-III).118,119  
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I.7 Aims of this DPhil 

The exceptional structural versatility of BIMP catalysts is a unique feature amongst chiral 

superbases, which allows for high tuneability, customizability and often rapid synthesis of 

large number of catalysts. Exploiting this key feature may allow the development of novel 

catalysts that can facilitate further research in the field, as well as expand the toolbox of 

available enantioselective transformations. 

The aim of this work was to extend the range of base-catalysed enantioselective reactions 

by identifying currently óout of reachô yet useful transformations and developing BIMP 

catalyst systems to tackle these challenges. 

Accordingly, Chapter II describes the development of the first enantioselective 

organocatalytic conjugate addition to unactivated Ŭ,ɓ-unsaturated carboxamides. This 

fundamental reaction was overlooked and unavailable, most probably due to the 

exceptionally low reactivity of Ŭ,ɓ-unsaturated amides as Michael-acceptors. This project 

necessitated the development of 3rd generation BIMP catalysts, which have been 

successfully employed in other challenging and high-value enantioselective conjugate 

addition reactions since their discovery.119 

Chapter III discusses the development of the enantioselective conjugate addition of 

nitroalkanes to Ŭ,ɓ-unsaturated alkyl esters to furnish medicinally relevant enantioenriched 

ɔ-nitroesters from simple, and often commercially available starting materials. This 

fundamental enantioselective reaction was developed by careful catalyst and condition fine-

tuning and was found to be generally applicable to a range of alkyl, aryl, and heteroaryl ɓ-

substituted Ŭ,ɓ-unsaturated esters. Using the newly developed method, a range of API 

formal syntheses, as well as the synthesis of (S)-rolipram were achieved.120 

Chapter IV describes the development of a new and rapid pKBH+ determination method and 

the synthesis of a highly basic iminophosphorane.  
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II  Enantioselective Sulfa-Michael Addition to Unactivated 

Ŭ,ɓ-Unsaturated Amides and the Development of 3rd 

Generation BIMPs 

II.1 Introduction 

Conjugate additions are amongst the most prevalent transformations in organic chemistry 

due to their ability to quickly generate complexity from simple starting materials with perfect 

atom economy.121 Despite the maturity of the field, examples of enantioselective conjugate 

additions to Ŭ,ɓ-unsaturated amides remain scarce. Contrary to other carboxylic acid 

derivatives, the electron withdrawing property of the carboxamide functionality is greatly 

diminished due to the resonance stabilisation between the lone electron pair of the nitrogen 

atom and the carbonyl functionality.122ï126 Over the past two decades, multiple strategies 

relying on structural modification of Ŭ,ɓ-unsaturated amides have been disclosed, enabling 

enantioselective conjugate additions. These, however, are reliant on tailored activating 

groups, such as imides, N-acyl pyrroles, and thioamides amongst others, curtailing the 

synthetic efficiency of these procedures.127,128 Activating groups increase the electrophilicity 

of both simple amides and Ŭ,ɓ-unsaturated amides, rendering them more prone to 

undergoing both 1,2 and 1,4 addition reactions. This can be achieved by the disruption of 

conjugation within the peptide bond electronically, by introducing an EWG on the amide 

nitrogen (for example morpholine amides, Weinreb-amides, and N-acyl amides), or 

sterically, by introducing bulky substituents on the amide nitrogen, twisting the planar CïN 

bond and preventing delocalisation (for example diphenylamine-derivatives). To date, only 

a handful of catalytic enantioselective methods have been described featuring 1,4-additions 

to electronically and sterically unbiased, non-activated Ŭ,ɓ-unsaturated amides. Pioneering 

studies by Kobayashi employed chiral crown ethers in the presence of KHMDS to gain 

reactivity and enantiofacial control in the conjugate addition between Ŭ,ɓ-unsaturated 
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amides and carbon centred pronucleophiles,129,130 while Harutyunyan,131 employed chiral 

bisphosphine ligated copper(I) catalysis for the conjugate addition of alkyl Grignard 

reagents to Ŭ,ɓ-unsaturated amides. More recently the enantioselective copper(I) catalysed 

hydrophosphination and rhodium(I) catalysed hydroboration of Ŭ,ɓ-unsaturated amides in 

the presence of chiral bisphosphine ligands were reported by Yin and Li re-spectively.132ï134 

Whilst elegant, these methods required the use of bespoke and sensitive ligated metal 

systems some-times combined with super stoichiometric activators. However, the 

enantioselective addition of (pro)nucleophiles to unactivated Ŭ,ɓ-unsaturated amides under 

metal free catalysis remains an unsolved problem. Recognizing the limitations in 

enantioselective conjugate additions to Ŭ,ɓ-unsaturated amides and seeking the 

opportunity to test the capabilities of new BIMP catalyst systems on conjugate acceptors at 

the bottom end of Mayrôs electrophilicity scale, we sought to realize the first non-metal 

catalysed enantioselective conjugate addition reaction to Ŭ,ɓ-unsaturated amides. We 

chose to exemplify this with the sulfa-Michael addition (SMA). Enantioselective carbon ï 

sulfur bond forming reactions are prevalent transformations in organic chemistry due to the 

abundance of sulfur atoms in biomolecules and pharmaceutical compounds.135,136 The first 

enantioselective organocatalytic SMA was reported as early as 1977 by Wynberg and 

Hanemann independently (Scheme 24).137,138 These reports demonstrated that Ŭ,ɓ-

unsaturated cyclic ketones and nitroolefins react readily with thiophenol pronucleophiles in 

the presence of spectacularly low 0.8 mol% quinine as a catalyst, providing the 

corresponding SMA adducts in moderate enantioselectivity and excellent isolated yield.  

 

Scheme 24 Alkaloid catalysed enantioselective SMA by Wynberg (1977) and proposed TS (1981). 

N, E and pKa values are given in DMSO. 
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In a detailed mechanistic study in 1981, Wynberg and Hiemstra proposed a TS stabilised 

by multiple H-bonding interactions between the cinchona catalyst, thiophenolate anion and 

cyclohexenone electrophile (Scheme 24).139 Due to the relatively high pKa of the employed 

thiophenols (pKa thiophenol = 10.28, DMSO), their deprotonation can be facilitated by the weak 

quinuclidine base, providing a highly nucleophilic thiophenolate anion (N = 23.4) bound to 

the protonated tertiary amine via H-bonding. The cyclohexenone electrophile (E = -22.1) is 

bound to the secondary alcohol HBD, and due to the proximity of reactants, matching 

reactivity (as predicted by the Mayr parameters) and highly organised TS, the reaction 

proceeds with moderate to high enantioselectivity. Sulfur containing compounds are of still 

high importance to this day in pharmaceutical sciences, natural product synthesis, and 

agrochemistry. Recently developed ɓ-thioamide Tyclopyrazflor, for example, is a powerful 

pesticide.140 If successful, our new methodology could be applied to the rapid assembly of 

libraries of novel, otherwise difficult-to-obtain enantiomerically enriched ɓ-thioamides. Our 

hope was to identify a suitable BIMP superbase catalyst capable of significant activation of 

the Ŭ,ɓ-unsaturated amide electrophile and simultaneous deprotonation of high pKa alkyl 

thiol pronucleophile. BIMPs have been shown to be highly efficient catalysts in SMA 

reactions, involving alkyl thiol nucleophiles, and low electrophilicity Michael acceptors 

(Scheme 25). In 2015 our group reported the SMA reaction and enantioselective 

reprotonation of Ŭ-substituted acrylate esters.109 2nd Generation thiourea catalyst 89, 

bearing two anti-configured tert-butyl substituted stereogenic centres, as well as thiourea 

and secondary benzhydryl amide HBDs, was shown to deliver a wide range of highly 

enantioenriched thioethers. Based on this work, a related SMA reaction to crotonate esters 

(94) was published in 2017, however in this case the enantio-determining step is the CïS 

bond formation, rather than the enolate reprotonation.110 In this project BIMP 90 was 

selected as the optimal catalyst, which delivered ɓ-thioester 93 in 94% yield and 97:3 e.r., 

furthermore, a range of other substituted crotonate esters underwent the transformation 

with similar levels of selectivity. Interestingly, catalyst 90 is closely related to previously 

reported BIMP 89, however this catalyst featured syn-configured stereogenic centre. A 
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similar catalyst, BIMP 91 (the diastereoisomer of catalyst 89), was shown to exert high 

levels of stereocontrol in the SMA reaction between alkyl thiols and alkenyl benzimidazoles 

(96) to furnish medicinally relevant enantioenriched aza-heterocycles.111 Finally, in 2018 

Johnson reported the BIMP catalysed SMA reaction between alkyl thiols and highly 

electrophilic enone diesters (98). In this case, 1st generation BIMP 85 was proven to be the 

optimal catalyst, which delivered the corresponding product 99 in 96% yield and 92:8 e.r. 

While crotonate esters and alkenyl benzimidazoles are isoelectronic species, the widely 

different, and more activated electrophiles employed by Johnson required the use of a 

different catalyst system to achieve high levels of enantiocontrol. Notably, the basicity of 

BIMP 85 was ótamedô by employing triphenylphosphine in the Staudinger reaction, as 

opposed to P(PMP)3, resulting in a significantly less basic catalyst (pKBH+ = 22.7). Based on 

these findings, and the isoelectronic nature of Ŭ,ɓ-unsaturated esters, alkenyl 

benzimidazoles, and Ŭ,ɓ-unsaturated amides, we commenced the reaction optimisation by 

employing the previously reported BIMP catalysts in SMA reactions. 

 

Scheme 25 BIMP catalysed enantioselective SMA reactions. PMP = 4-OMe-Ph. 
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II.2 Results and Discussion 

II.2.1 Model Reaction Optimisation 

Readily available (E)-N,N-dibenzyl crotonamide 100a, being sterically and electronically 

unbiased, was selected as the model substrate for the enantioselective SMA.126 A 

preliminary performance investigation of catalysts (at 10 mol%) was carried out in THF at 

room temperature in the presence of 3.0 equivalents of 1-propanethiol 101a (Table 1). Initial 

experiments revealed that cinchona derived bifunctional catalysts were essentially inactive 

in the transformation, resulting in less than 3% product 102a formation after more than one 

week reaction time. First generation thiourea-based BIMP catalyst 84 bearing a single 

stereocenter, provided 102a in high yield, albeit only in 68.5:31.5 e.r. (entry 1). Second 

generation catalysts 89ï91 were shown to catalyse related SMA reactions in high yield and 

e.r., therefore their performance in this SMA reaction was assessed. Syn-configured 

catalysts 90 and 91 provided 102a in about 80% isolated yield, however in disappointingly 

low, 59:41 and 62.5:37.5 e.r., respectively (entries 2, 3). Catalyst 91, equipped with tert-

butyl substituents on the stereogenic centres proved to be slightly more selective, therefore 

diastereomeric, anti-configured catalyst 89 was tested, which provided product 102a in 81% 

yield and 75.5:24.5 e.r., demonstrating that enantiocontrol was arising from both 

stereogenic centres (entry 4). Further architectural fine-tuning of catalyst 89 did not allow 

for significantly higher enantiocontrol; thus, we turned our attention to the nature of the 

hydrogen bond donor moiety of the catalyst. Due to the inherently high Lewis basicity of 

carboxamides, we speculated that a hydrogen bond donor with an increased Brßnsted 

acidity could offer enhanced binding and thus better stabilisation of the transition structure. 

Based on this reasoning, and inspired by the pioneering work of Rawal, and Jacobsen, a 

squaramide-containing catalyst appeared to be a rational choice, due to its enhanced 

hydrogen bonding properties.76,141ï143 To our delight, switching to squaramide-based 

catalyst 103 and the solvent to toluene, afforded 102a in 90% yield and 83:17 e.r. (entry 5).  
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Table 1 Selected catalyst and condition optimisation. Optimised conditions are shown in the scheme, 

deviations from those are shown in the table below. R1=3,5-bis-CF3-Ph; R2=benzhydryl; R3= 4-OMe-

3,5-dimethyl-Ph. a: Isolated yield. The absolute configuration of 102a was determined by chemical 

correlation. 

 

Further efforts to develop an optimal 1st generation squaramide-based catalyst for the amide 

SMA reaction were unsuccessful. In a bid to boost enantiocontrol, we introduced an 

additional stereocenter on the distil side of the squaramide motif, to give 3rd generation 

BIMP catalyst, 104. Along with this, a phosphine screen revealed that electron-rich aromatic 

phosphines are superior to others when used in combination with 3rd generation BIMPs. We 

were pleased to find that these structural modifications provided 102a in 87:13 e.r. and 85% 

yield (entry 6). Changing the catalyst to one bearing two anti-configured tert-butyl groups 

(105) and the solvent to EtOAc further boosted the e.r. to 92.5:7.5 (entry 7). The convenient 
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late-stage formation of the iminophosphorane moiety then allowed for facile fine tuning of 

the BIMP catalyst by simply varying the phosphine component of the Staudinger reaction. 

This systematic structural variation revealed the importance of peripherally bulky and 

electron-donating groups, leading to catalyst 92, which provided 102a in 97.5:2.5 e.r. and 

88% isolated yield. Additional test reactions revealed that the inclusion of air in the reaction 

vessel does not change the outcome of the optimised transformation. To further investigate 

the newly developed catalyst system, the thiourea analogue of azide A1 was synthesised 

(A2), via a rather unique azide and isothiocyanate containing L-tert-leucine derived building 

block.144 Using azides A1 and A2, 8 individual BIMP catalysts were easily generated in 

parallel experiments, employing 4 selected phosphines (P1-4). These catalysts were then 

tested under the optimised reaction conditions using dimethylamine-derived model 

substrate 100c and propanethiol (Scheme 26). Interestingly, 3rd generation BIMP catalysts 

vastly outperformed their 2nd generation counterparts, irrespective of the phosphine used. 

Additionally, tris(3,5-di-tert-butylphenyl)phosphine (P3) provided the highest e.r. of 102c in 

both BIMP series tested, however the enantioselectivity was boosted disproportionately  

 

Scheme 26 Direct comparison of second and third generation BIMP catalysts in the SMA reaction. 

The obtained e.r. values of 102c are shown, generated by the corresponding BIMP catalyst. The 

absolute configuration of 102c was determined by chemical correlation. 
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when P3 was used in combination with azide A1 (79% ee vs 34% ee with analogous 2nd 

generation catalyst), suggesting a synergistic effect between substituents in the 

corresponding catalyst. 

II.2.2 Scope and Limitations 

Having established the optimised reaction conditions, the scope and limitations of the 

protocol were then explored. Initially the effects of substituents on the amide nitrogen were 

evaluated (100a-100p). Pleasingly, switching one benzyl group on 100a to a methyl group 

was well tolerated, and the corresponding ɓ-thioamide 102b was formed in 83% yield and 

96:4 e.r. Decreasing the size of the amide substituents resulted in a slight drop in selectivity, 

and dimethylamine derivative 102c was isolated in 85% yield and 93.5:6.5 e.r. Dibutylamine 

and diallylamine derived ɓ-thioamides 102d and 102e were obtained in 84% and 83% yield 

respectively and 97:3 e.r. Secondary amide 100f was also a competent substrate in this 

reaction, despite its significantly different H-bonding properties compared to tertiary amides. 

In this case a solvent switch to toluene was required to better solubilize the starting material 

and furnish product 102f in 80% yield and 85:15 e.r. Even electronically biased, twisted126 

N-methylaniline-derived Ŭ,ɓ-unsaturated amide 100g was well tolerated, furnishing 102g in 

88% yield and slightly diminished, 90.5:9.5 e.r. Unprotected indole derivative 102h was 

formed smoothly under the optimised conditions in 69% yield and uncompromised, 97.5:2.5 

e.r., despite the proximity of an electron rich heterocycle and hydrogen bond donor. To 

further probe the tolerance of heterocyclic moieties, we explored the enantioselective SMA 

to Ŭ,ɓ-unsaturated amide 100i, containing a Lewis-basic pyridine substituent and an 

electron-rich pyrazole motif. The reaction proceeded smoothly under the optimised 

conditions, furnishing 102i, a chiral analogue of Tyclopyrazoflor140 in 90% isolated yield and 

95:5 e.r. Substrates bearing cyclic N-substituents proved to be less reactive, however 

increasing the ratio of propanethiol to 4.0 equivalents afforded products 102j-102l in 

excellent enantioselectivities and 45-83% yield. 
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Scheme 27 Scope of N-Substituents. Deviations from optimised reaction conditions: a4.0 eq. thiol; 

btoluene instead of EtOAc as solvent; c3.0 eq. thiol; d-20 ÁC instead of r.t. 

Morpholine amide 100m is an activated Michael acceptor due to the high electronegativity 

of the oxygen atom in the 4-position,145 furthermore tetrahydroquinoline-derivative 100n 

exhibits increased electrophilicity, most probably due to its twisted geometry along the 

amide bond. These substrates were found to be exceptionally reactive, and consequently 

cooling to ï20 ÁC was required to enhance enantioselectivity and control, and products 

102m and 102n were isolated in 91.5:8.5 e.r. and 87:13 e.r., respectively. Pharmaceutically 

relevant146,147 isoquinoline derivative 100o and isothienopyridine derivative 100p were both 

compatible with our method providing nearly quantitative yield and 94:6 e.r. in both cases 
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(Scheme 27). We then turned our attention to the ɓ-substituents on the enoyl backbone 

(Scheme 28). Cinnamamide derivative 100q reacted sluggishly under the optimised 

reaction conditions (most probably owing to its extended conjugation), and even in the 

presence of 10 eq. propanethiol 102q was obtained in excellent, 97.5:2.5 e.r. but only 37% 

yield. Product 102r, on the contrary, was easily obtained, in 91% yield and 95:5 e.r., likely 

due to the phenyl groups present on the amide moiety, twisting the N atom out of 

conjugation.126 Product 102s was obtained in moderate yield and e.r., using 4-methoxy 

benzylthiol as the nucleophile, and was used to determine the absolute stereochemical 

configuration of products by chemical correlation.144 Cinnamamides 100t and 100u bearing 

electron withdrawing substituents in the 4-position were smoothly converted to the 

corresponding ɓ-thioamides with high levels of selectivity and reactivity. Motivated by the 

high degree of tolerance of heterocycles, and excellent reactivity and stereoselectivity 

observed with substrates bearing electron-poor ɓ-substituents, ɓ-pyridyl acrylamide 100v 

was tested under the optimised conditions, and gratifyingly, 102v was furnished in near 

quantitative yield and 92.5:7.5 e.r. The introduction of a longer alkyl chain in substrate 100w 

was also tolerated, albeit a slight decrease in reactivity was observed, therefore 4.0 eq. 

propanethiol was employed, which furnished product 102w in 62% yield and excellent, 

97.5:2.5 e.r. Substrate 100x bearing an additional methyl group compared to 100w 

exhibited decreased reactivity (most probably due to additional steric encumbrance) and 

therefore more forcing conditions had to be applied and in turn, product 102x was furnished 

in only 58% yield and 87:13 e.r. Next, we turned our attention to structurally distinct Ŭ,ɓ-

unsaturated amide substrates to test the generality of the developed catalyst system. When 

6-membered Ŭ,ɓ-unsaturated lactam 100y was subjected to the optimised reaction 

conditions, the corresponding thiopiperidinone 102y was furnished in excellent 93% yield 

and largely uncompromised 93.5:6.5 e.r., despite the cis-configured double bond in 100y. 

7-Membered Ŭ,ɓ-unsaturated lactam 100z on the other hand afforded product 102z in only 

40% isolated yield and diminished 88:12 e.r., possibly due to the substrateôs higher degree 

of flexibility.  
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Scheme 28 Scope of ɓ-Substituents, and further examples. Deviations from optimised reactions 

conditions: a10.0 eq. thiol; b3.0 eq. thiol; c4.0 eq. thiol; dPhMe instead of EtOAc as solvent; e0.5 M 

reaction concentration. 

Ŭ-Substituted activated acrylamide 100aa was also tested under the optimised conditions, 

and product 102aa, bearing an Ŭ-stereogenic centre, was furnished in unexpectedly high, 

90:10 e.r., despite a different enantiodetermining step, and most likely significantly different 

substrate-catalyst binding interactions (Scheme 28). Finally, a thorough assessment of the 

nucleophile scope was performed using primary and secondary alkyl, and benzyl 

substituted thiols (101b-101m, Scheme 29). When n-pentylthiol 101b was used as a 

pronucleophile, product 102ab was furnished in quantitative yield and 97:3 e.r., similarly to 

the model system. 2-Methylpropanethiol 102ac underwent the transformation with the same 

e.r., however at a modest expense in reactivity, most likely due to less favourable steric 

effects.  
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Scheme 29 Scope of S-Substituents. Deviations from optimised reactions conditions: a4.0 eq. thiol. 

Products 102ab-102ae and 102aj-102al were synthesized by Dr M. Formica and are included for 

completeness. 

When TMS-substituted and homobenzylic-thiols were employed, products 102ad and 

102ae were furnished in nearly quantitative isolated yield, and without a change in e.r. 

compared to the model system. Notably, thiol 101af bearing a Lewis basic ester functionality 

(which can also serve as a synthetic handle) afforded product 102af in 66% yield and 95:5 

e.r., without significant changes in the reaction outcome. A decrease in e.r. was observed in 

the case of thiol 101ag, which contained a proximal CF3 group. Presumably this structural 

change has a significant effect on the electronic properties of the thiolate anion, which 

results in a drop in selectivity. Secondary alkyl thiols provided products 102ah and 102ai in 

high enantioselectivities albeit with slightly diminished reactivity, therefore an excess of 4 

eq. of thiol was employed in these reactions. Benzylic thiols furnished the corresponding 
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products in nearly quantitative yields, however electron-poor, and more acidic thiols resulted 

in a drop of enantioselectivity, similarly to trifluoromethylated propanethiol (102aj-102am). 

Certain Ŭ,ɓ-unsaturated amides were proven to be unreactive when subjected to the 

optimised enantioselective SMA reaction (Scheme 30, A-D). Indole derivative A remained 

intact in the presence of BIMP 92 and propanethiol, most probably due to its highly electron-

rich olefin moiety. 1-Methylquinolin-2-one (B) and piperine (C, a doubly unsaturated amide 

alkaloid, commonly found in black pepper) were proven to be similarly unreactive, due to 

their extended conjugated -́electron system and most probably decreased electrophilicity. 

Tiglic acid derivative D, featuring an additional Ŭ-methyl substituent provided no product 

formation, due to its more substituted and therefore more stabilised conjugated double 

bond. ɓ-Trifluoromethyl acrylamide E underwent the transformation smoothly under the 

optimised conditions, as expected, however a disappointingly low e.r. of 76.5:23.5 was 

observed, because of its significantly different electronic properties and increased 

electrophilicity, resulting in altered catalyst-substrate binding interactions and Tsôs. 

Interestingly, both thiophenol (F) and tert-butyl thiol (G) furnished no ɓ-thioamide products 

under the optimised reaction conditions. In the former case, low reactivity was observed 

presumably due to the reduced nucleophilicity of the thiophenolate ion, whereas in the latter, 

 

Scheme 30 Unsuccessful examples. 
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the reaction was kinetically disfavoured, most likely due to increased and unfavourable 

steric interactions. Additionally, methyl-2-mercaptoacetate H showed no product formation, 

which we speculate is due to the corresponding anionôs decreased nucleophilicity (as a 

result of the proximal esterôs electron withdrawing properties). Finally, doubly protected L-

cysteine I remained intact under the optimised reaction conditions, which may be explained 

by the proximal additional Boc-protected amide H-bond donor perturbing catalyst-substrate 

interactions, or a mismatch between the L-enantiomer of the pronucleophile and catalyst 92 

(Scheme 30). 

II.2.3 Scale-up and Derivatisations 

After establishing the scope and limitations of this new methodology, we intended to 

demonstrate its scalability using model substrate 100a and 1-propanethiol 101a. Doubling 

the reaction concentration and reducing the catalyst loading to 2.0 mol% (from 10 mol% 

under the optimised conditions) allowed a 400-fold (40 mmol) scale-up of the model 

reaction. Under these slightly modified reaction conditions, 102a was pleasingly obtained in 

96% isolated yield (13.2 g product) and 96.5:3.5 e.r. (Scheme 31). Next, a series of 

transformations were performed using 102a to showcase the synthetic utility of this product. 

When treated with lithium aluminium hydride in THF at reflux temperature, the 

corresponding aminosulfide (106a, not shown) was obtained in 79% isolated yield. This 

product was subsequently de-benzylated in the presence of CbzCl in PhMe at 60 ÁC to 

afford protected secondary amine 106b in 40% yield and 96:4 e.r. over two steps. A 

cyclopropane motif could be installed via the Kulinkovich-de Meijere reaction using 

ethylmagnesium bromide and titanium(IV) isopropoxide.148 Aminocyclopropane 106c was 

obtained in 43% yield and 96:4 e.r. Oxidation in the presence of Oxone provided sulfone 

106d in 87% yield with no loss of optical purity. Oxidation with mCPBA furnished sulfoxides 

106e and 106eô in 91% yield and 1.2:1.0 d.r., furthermore, the two diastereoisomers could 

be separated by silica gel column chromatography, providing single diastereoisomers with 

practically no erosion in e.r. 
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Scheme 31 Decagram scale enantioselective SMA (photos: I: azide precursor of BIMP 92 on the 

left, phosphine P3 on the right; II: crude catalyst 92 after removal of THF; III: substrate 100a; IV: 

product 102a) and product derivatisation. 

II.2.4 Computational and Mechanistic Studies* 

Unintentionally, substrate binding / activation of the new catalyst system was effectively 

revealed using N,N-dibenzyl 4-nitrocinnamide 100u and thiol 101a. Substrate 100u can 

undergo nucleophilic addition reactions to the conjugated alkene at either the Ŭ or ɓ position 

with respect to the amide functionality and thus regioselectivity of the addition to this dual 

Michael acceptor can be used to probe catalyst function (Table 2). Performing the reaction 

under the optimised conditions using BEMP, an achiral organic superbase bearing no 

hydrogen bond donor revealed that the inherent reactivity of 100u is governed by the 4-

nitrostyrene moiety. A 1:9 mixture of 102u:102uô was obtained, implying that this 

functionality is indeed more electron withdrawing than the competing carboxamide (entry 

1).  

 
* Computational studies were performed by Dr Ken Yamazaki and Dr Trevor A. Hamlin and are 
included for completeness. 
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Table 2 Mechanistic investigation employing a dual Michael acceptor. Yields were determined by 

quantitative 1H NMR (0.1 mmol scale).

 

However, running the reaction using catalyst 92 under the same conditions reversed the 

regioselectivity, furnishing products 102u and 102uô in a 4:1 ratio, implying the selective 

activation of the amide moiety by the BIMP catalyst (entry 2). Subjecting the 1:1 mixture of 

azide 107 (precursor of BIMP 92) and BEMP to the optimal reaction conditions afforded a 

1.0:1.6 ratio of 102u:102uô, and a significantly lower e.r. of 102u compared to BIMP 92 

catalysed reaction, accentuating the importance of the chiral tether between the 

iminophosphorane superbase and hydrogen bond donor in 92, similarly to Takemotoôs 

experiment discussed in Chapter I (entry 3).57 To gain more insight into the mechanism of 

the squaramide BIMP catalysed SMA to unsaturated amides, DFT studies were performed, 

however prior to those, kinetic isotope effect (KIE) competition experiments were executed 

using deuterated propanethiol 101a-D1144 in the model reaction (Scheme 32). These 

experiments revealed no KIE, as the deuterated and non-deuterated propanethiol, reacted 

at the same rate under the optimised reaction conditions, suggesting that the transfer of 

protons (and specifically the reprotonation of the amide enolate) is not rate-limiting in the 

reaction mechanism, furthermore, only negligible change in e.r. was detected between the 

two experiments (98:2 vs 99:1 e.r., respectively), suggesting that the proton transfer is not 

enantiodetermining either. Notably, product 102a-D1 was obtained in 91% yield after 24 

hours, as a single diastereoisomer, and no deuterium scrambling was detected. 
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Scheme 32 Kinetic isotope effect experiments. 0.1 mmol scale. Reactions were followed by 1H NMR 

with 1,3,5-trimethoxybenzene (TMB) as an internal standard (*isolated yield after 24 h reaction time). 

A DFT study using ADF program149,150 was performed to elucidate the origins of 

stereocontrol in the BIMP catalysed SMA to Ŭ,ɓ-unsaturated amides.151,152,161,162,153ï160 The 

reaction proceeds via the sequential complexation between the catalyst and substrates, 

leading to a transition state structure (TS), a subsequent conjugate addition, and finally an 

irreversible protonation of the amide enolate. In this study the stereoselectivity-determining 

conjugate addition step was examined, as no kinetic isotope effect (KIE = 1.0) or a change 

in e.r. was observed when performing the reaction with deuterated propanethiol. Initially, the 

iminophosphorane moiety of the model BIMP catalyst (aromatic tert-butyl groups were 

omitted to facilitate DFT calculations) deprotonates the thiol and forms zwitterionic 

intermediate RC1, stabilized by the two H-bond donors of the squaramide, and the 

protonated iminophosphorane. Prior to the conjugate addition step, the amide electrophile 

coordinates to RC1 and generates intermediate RC2. Due to the conformational freedom 

and the existence of two potential activation modes of the BIMP catalyst, all the possible 
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TSs during the enantio-determining conjugate addition step were computed and compared, 

involving amide 100c and methyl thiol as the model nucleophile. Both side chains of the 

BIMP squaramide catalyst can freely rotate and the two most stable conformations for its 

ñleft armò (LA) and ñright armò (RA) were explored. As originally hypothesized by P§pai, 

there are two modes (Mode A and B) in which the catalyst may bind to the substrate in the 

transition structures.69 In case of Mode A, the electrophile is activated by the hydrogen bond 

donor moiety, while the nucleophile is bound to the protonated iminophosphorane, while in 

case of Mode B, the nucleophile is coordinated to the hydrogen bond donor and the 

electrophile is activated by the protonated iminophosphorane. The computational analysis 

utilizes the terminology discussed in Figure 10. 

 

Figure 10 Possible binding modes and terminology used in computational studies. 

The lowest-energy conjugate addition TS was TS1 that forms the (S)-product, which is in 

agreement with the experimentally confirmed absolute stereochemical outcome of the 

reaction. The relatively low energy barrier of 20.5 kcal molï1 is furthermore consistent with 

the mild reaction conditions required to perform the transformation (Figure 11). The lowest 

energy transition structure, responsible for the formation of the minor (R)-product, is TS1ô, 

which proceeds through a higher energy barrier than TS1 (ȹȹGÿ = 4.1 kcal molï1). The 

stereoselectivity for this transformation originates from the TS geometry that benefits from 

multiple inter- and intramolecular stabilizing interactions, including hydrogen bonding, CHï

,́ and ḯ́ interactions. These stabilizing features are enhanced in TS1 compared to TS1ô. 
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Figure 11 Computed potential energy surface (ȹG [kcal molï1]) of the BIMP squaramide-catalysed 

SMA computed at COSMO(EtOAc)-ZORA-M06-2X/TZ2P//COSMO(EtOAc)-ZORA-BLYP-

D3(BJ)/DZP. Energies (kcal molï1) and forming bond lengths (¡) of the TS geometries are provided 

in the insert. 

The intramolecular hydrogen bonding between the O(squaramide)ïH(amide) fixes the 

conformational freedom of the ñleft armò of the BIMP catalyst, creating a three-dimensionally 

defined pocket within which the Ŭ,ɓ-unsaturated amide can fit without considerable steric 

repulsion during the CïS bond forming event. The thiolate anion furthermore interacts with 

the aromatic ring of the iminophosphorane moiety for additional stabilisation. Analysis of 

non-covalent interaction (NCI) plots allows one to qualitatively visualize weak interactions 

between the catalyst and substrates.163,164 The observed NCIs were quantified using energy 

decomposition analysis (EDA) for the comparison of the stabilization effects (Figure 

11).165,166 In addition, to understand why both the reactivity and enantioselectivity were 

improved by the exchange of a thiourea with a squaramide in the catalyst structure, a 
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computational comparison between these motifs was performed. Our findings indicate that 

the squaramide BIMP catalyst can facilitate the reaction with a lower energy barrier and a 

larger ȹȹGÿ for the conjugate addition step. These findings were supported by experimental 

studies, comparing analogous squaramide and thiourea-based BIMPs.  
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II.3 Conclusion 

Exemplified by the alkyl thiol SMA, the first metal-free catalytic enantioselective 

intermolecular conjugate addition to unactivated Ŭ,ɓ-unsaturated amides has been 

developed. A thorough investigation of substrate types revealed a general methodology that 

furnishes a wide range of SMA products, including heterocyclic derivatives, in high yields 

and e.r. Computational and mechanistic studies revealed the origins of selectivity and the 

important substrate / catalyst binding modes. The development of this transformation 

required the realisation of novel, powerful BIMP catalysts, equipped with a squaramide 

HBD. 

These new catalysts are complimentary to previously reported BIMP superbases, and since 

their discovery, they have found application in two other recently published methodologies. 

BIMP 111 was found to catalyse the intramolecular aza-Michael reaction between tethered 

urea pronucleophiles and Ŭ,ɓ-unsaturated esters (substrate 109) to furnish medicinally 

relevant hydroquinazolines 110 in high yield and e.r. (Scheme 33).167 Notably, this reaction 

proceeded with significantly lower enantioselectivities in the presence of catalysts bearing 

different HBD groups. 

 

Scheme 33 3rd Generation BIMP catalysed intramolecular aza-Michael addition for the synthesis of 

enantioenriched hydroquinazolines. 
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In another recent publication, the BIMP catalysed intramolecular oxa-Michael reaction was 

studied.112 While 2nd generation thiourea, and 1st generation amideïbased BIMPs were 

found to catalyse the intramolecular oxa-Michael addition of alkyl and benzyl alcohol 

pronucleophiles, respectively, with excellent selectivity and yield, phenol-type nucleophiles 

underwent the reaction sluggishly and with low levels of enantiocontrol, employing these 

catalysts. By screening the available BIMP library, 3rd generation catalyst 114 was quickly 

identified as a powerful alternative, which provided product 113 in 91% yield and 99.5:0.5 

e.r. (Scheme 34). 

 

Scheme 34 3rd Generation BIMP catalysed intramolecular oxa-Michael addition to Ŭ,ɓ-unsaturated 

esters and amides. 

In conclusion, the first enantioselective organocatalytic conjugate addition to unactivated 

Ŭ,ɓ-unsaturated amides has been developed, however despite the similarities between 

previously employed Michael-acceptors, such as Ŭ,ɓ-unsaturated esters, amides exhibited 

significantly different reactivity. Consequently, a new class of superbasic catalysts had to be 

developed, containing a squaramide HBD, as well as an additional secondary amide HBD. 

3rd Generation BIMPs are now routinely synthesized and used in various BIMP catalysed 

transformations, as they often exhibit complementary reactivity and selectivity to previously 

reported catalyst systems. 
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II.4 Statement of Authorship 
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III  Enantioselective Michael Addition of Nitroalkanes to 

Unactivated Ŭ,ɓ-Unsaturated Alkyl Esters 

III.1 Introduction 

Catalytic enantioselective carbonïcarbon bond forming reactions are a cornerstone of 

contemporary organic synthesis.15 Amongst them, the venerable Michael addition reaction 

allows the direct formation of desirable carbon-linked stereocentres with perfect atom 

economy, in a single step, often using inexpensive and abundant starting materials. As 

such, the discovery of catalytic and enantioselective Michael additions, both metal catalysed 

and metal-free, have been at the forefront of organic methodology development for 

decades.168 The enantioselective addition of nitroalkanes, and specifically nitromethane, to 

electron poor olefins has received great attention, as the products obtained may be 

converted to ɔ-nitroesters, which provide direct entry to a plethora of medicinally and 

industrially relevant compounds, specifically 2-pyrrolidinones, 2-piperidones, and ɔ-amino 

acids.169 ɔ-Aminobutyric acid (GABA), the simplest 4-aminobutyric acid, is a primary 

regulator of the mammalian central nervous system.170ï172 Synthetic analogues of GABA, 

substituted in the ɓ-position, such as pregabalin, baclofen and phenibut, exhibit significant 

bioactivity, including analgesic, tranquilizing, antiallodynic, anticonvulsant and anxiolytic 

effects (Scheme 35, bottom).173ï176 

The enantioselective Michael addition involving unactivated Ŭ,ɓ-unsaturated esters is a 

highly desirable transformation due to the abundance of these feedstock chemicals, 

however examples of such reactions remain scarce, due to the diminished reactivity of the 

conjugated alkene functionality as an electrophile.124 To our knowledge, the only known 

intermolecular organocatalytic enantioselective CïC bond forming reaction employing 

unactivated Ŭ,ɓ-unsaturated esters is a Diels-Alder reaction developed by List, under IDPi 

catalysis.177,178 Enantioselective transition-metal catalysed reactions employing unactivated 
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Ŭ,ɓ-unsaturated esters are more abundant and include the enantioselective addition of 

organocuprates, pioneered by Feringa179ï184 and Rh-diene catalysed addition of arylboronic 

acids developed by Hayashi and Miyaura.185,186 There are, in contrast, numerous reports of 

the enantioselective addition of nitromethane to activated Ŭ,ɓ-unsaturated carboxylic acid 

derivatives, including N-acylpyrazoles by Kanemasa and Feng,187,188 imides by 

Takemoto,189 N-acylpyrroles by So·s,80 and thioamides by Shibasaki.190 Jßrgensen, 

building upon the seminal work of Hayashi,191 utilised Ŭ,ɓ-unsaturated aldehydes and 

diphenyl prolinol silyl ether catalysis to perform an enantioselective 1,4-nitromethane 

addition, followed by oxidation using NBS to furnish ɔ-nitroesters in a one-pot fashion 

(Scheme 35).192 An alternative strategy for the enantioselective synthesis of ɔ-nitroesters 

can be envisaged by the conjugate addition of malonate esters to nitroolefins, followed by 

decarboxylation. Bifunctional tertiary amine bases can efficiently promote this addition, as 

demonstrated by Takemoto,57 Deng,193 Connon,194 and our own laboratory.73 

 

Scheme 35 Selected enantioselective conjugate nitromethane addition reactions involving activated 

electrophiles, and CNS-active APIs directly available from ɔ-nitroesters. 
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The above and related syntheses have been widely studied, and even performed in a flow 

setting in multiple accounts by Kobayashi and Kappe, and in a domino fashion by Corma, 

underpinning the importance of GABA analogues.195ï199 While elegant and often efficient, 

the above methods necessitate the installation of bespoke activating groups which require 

the downstream manipulation of the obtained enantioenriched material to achieve the 

synthesis of ɔ-nitroesters. Synthetic efficiency has thus been sacrificed to compensate for 

the low reactivity of existing catalysts. A more straightforward entry to enantioenriched ɔ-

nitroesters would entail the direct, intermolecular enantioselective addition of nitromethane 

to unactivated Ŭ,ɓ-unsaturated esters. In 2012, in a publication by Jßrgensen the authors 

remarked on this gap in the literature:192 

ñSeveral methods have been developed for the conjugate addition of nitroalkanes to 

enones and enals; however, notably, no direct asymmetric addition to conjugate esters 

has been reported to date, which is surprising given the broad applicability of these 

compounds in the fields of organic, pharmaceutical, and material chemistry.ò 

As discussed before, the enantioselective conjugate addition of malonate esters to 

nitrostyrenes can be efficiently catalysed by tertiary amine-based bifunctional organobases. 

A significantly more challenging reaction, the direct addition of nitromethane to chalcones 

was reported by So·s.80 This reaction went to completion in the presence of 10 mol% 

catalyst 43 over 4 days of reaction time (93% yield and 98:2 e.r.), in contrast with the 

previously described malonate addition, which occurs in only 24 hours in the presence of 2 

mol% catalyst 43. This striking difference in reactivity is also indicated by the corresponding 

electrophilicity values (E36 = -13.9, E117 = -19.4), which predict a difference in reaction rates 

of about 5 orders of magnitude.124,200ï202 Considering that the E value of cinnamate esters 

is around 5 units below than that of chalcones, it is not surprising that the direct addition of 

nitromethane 118 to unactivated Ŭ,ɓ-unsaturated ester 120 is unattainable using tertiary 

amine bases, as it was confirmed by So·s experimentally (Scheme 36).80 
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Scheme 36 Bifunctional cinchona alkaloid-derived catalyst performance in selected Michael 

additions. aE value of ethyl cinnamate. pKa values are shown in DMSO, pKBH+ values are shown in 

MeCN. 

Interestingly, the intramolecular enantioselective addition of certain tethered nitroalkanes to 

unactivated Ŭ,ɓ-unsaturated esters has been reported, using bifunctional cinchona derived 

catalysts.203 However, even in these kinetically favoured 6-membered ring-forming systems, 

applicability is plagued by long reaction times (~7 days) necessary to achieve moderate to 

high yields. 

Seeking to overcome the limitations present in contemporary methods, and to unlock the 

synthetic potential of two abundant, yet underutilized classes of feedstock chemicals, we 

aimed to develop the first enantioselective intermolecular addition of nitroalkanes to 

unactivated Ŭ,ɓ-unsaturated esters. If successful, our methodology would provide the most 

straightforward, single-step, entry to valuable enantioenriched ɔ-nitroesters. To achieve this, 

we hoped to identify a BIMP catalyst capable of the simultaneous activation of the 

electrophile and the pronucleophile and furnish the desired products with high levels of 

enantiocontrol. 
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III.2 Results and Discussion 

III.2.1 Model Reaction Optimisation 

To establish BIMP catalyst-enabled reactivity in the enantioselective addition of 

nitromethane to Ŭ,ɓ-unsaturated esters, we selected commercially available (E)-methyl-

crotonate 122a, and nitromethane 118 as the model system. Reactions were run on 0.1 

mmol scale with 10 mol% catalyst loading using 10 equivalents of 118 and were quenched 

after 24 or 96 hours by passing the reaction mixture through a short silica plug. An initial 

catalyst screen revealed that first generation BIMP catalysts bearing a thiourea hydrogen 

bond donor (HBD) and a single stereocenter were significantly superior to others in our 

library.144 Catalyst 84 provided the desired ɔ-nitroester 123a in 69% yield and 80:20 

enantiomeric ratio (e.r.), albeit over 4 days of reaction time, even under neat conditions 

(Table 3, entry 1). With the HBD moiety established, the substituent effects of the chiral 

backbone were investigated, and found to be substantial. L-Serine derived catalyst 124, 

bearing a benzhydryl sidechain provided 123a in 84.5:15.5 e.r., while other substituents in 

the same position proved to be detrimental to selectivity (entry 2). In a bid to increase 

selectivity and reactivity, the late stage tunability of the BIMP catalysts was exploited, and 

a thorough investigation of the iminophosphorane substituent was performed by varying the 

trivalent phosphine deployed in the Staudinger reaction. It was found that replacing the 

para-methoxyphenyl (PMP) substituents with peripherally bulky and electron-rich 3,5-di-

tert-butylphenyl substituents gave a slight increase in selectivity (catalyst 125, 86.5:13.5 

e.r.), however conversion remained at only 47% over a 24-hour period (entry 3). Finally, the 

fine tuning of the HBD revealed that a tetra-trifluoromethylated terphenyl substituent in B4 

gave a notable uplift in selectivity (90.5:9.5 e.r.), and crucially in reactivity, providing 3a in 

73% yield in only 24 hours (entry 4). Further structural modifications to catalyst B4 led to no 

improvements in the outcome of the reaction.  
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Table 3 Catalyst development and solvent screen, condition optimisation (unchanged conditions are 

identical to those in entry 7). 0.1 mmol scale. aDetermined by 1H NMR by comparing starting material 

and product peaks. bAverage result of two experiments. cOptimised reaction conditions: 15 mol% 

126, 3.0 M, 3.0 eq. MeNO2, 0.3 mmol scale, under air. dIsolated yield. *The opposite enantiomer, (S)-

123a, was obtained. E.r. determined by HPLC on a chiral stationary phase. PMP: para-

methoxyphenyl. Ar1: 3,5-bis-(CF)3-Ph. Ar2: 3,5-di-tert-buyl-Ph. Catalyst 124 was first synthesized and 

tested by Dr A. J. M. Farley. See SI for further information. 
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At this stage, a thorough solvent screen was performed at high concentrations (3.3 M, 30 

ɛL solvent), to circumvent potential decrease in reactivity due to over-dilution. It was found 

that most solvents provided only a slight increase in selectivity, and low variation in reactivity 

(entries 5, 6). Switching the reaction medium to cyclohexane, however, afforded a surprising 

and sharp increase in both reactivity and selectivity, providing 123a in 88% yield and 95:5 

e.r. in 24 hours (entry 7). Notably, this reaction mixture was biphasic due to the immiscibility 

of cyclohexane and nitromethane, however crucially all components were soluble in one of 

the two phases, including catalyst 126. As no further increase in stereoselectivity or 

conversion could be attained by condition and catalyst fine-tuning, the optimised reactionôs 

condition-dependence was examined systematically.144 These experiments revealed the 

systemôs sensitivity to changes in temperature, whereby cooling the reaction mixture to -20 

ÁC resulted in the drop of conversion to 33%, and along with an uplift in stereoselectivity to 

98:2 e.r., and additionally, increasing the temperature to 40 ÁC afforded 123a in quantitative 

yield and 92.5:7.5 e.r. Interestingly, diluting the reaction mixture with cyclohexane resulted 

in no significant changes in the outcome between 3.0 ï 1.0 M concentration range with 

respect to 122a, however increasing the concentration resulted in a drop in both 

stereoselectivity and reactivity (10 M concentration: 93.5:6.5 e.r. and 80% conversion), and 

diluting the reaction mixture to 0.2 M had a detrimental effect on conversion and provided 

no increase in enantioselectivity (Table 3, bottom). It is worth noting that varying the amount 

of nitromethane used between 2.0 ï 10 eq. had no effect on the outcome of the reaction. 

While decreasing the catalyst loading to 5 mol% resulted in a significant drop in conversion 

(52%), practically no change in enantioselectivity was detected, and similarly, increasing 

the catalyst loading had no effect on the e.r. but provided a boost in conversion.144 

Therefore, to increase the isolated yield of product 123a, the catalyst loading was adjusted 

to 15 mol%, providing 123a in 99% isolated yield and 95:5 e.r. on a 0.3 mmol scale (entry 

8). Interestingly, when the catalyst loading was increased to 15 mol % from 10 mol %, the 

reaction mixture became homogeneous. Importantly, the transformation could be conducted 



 

III-71 
 

under air with no detrimental effects to yield or enantioselectivity, as a testament to the 

robustness of our catalyst system. 

III.2.2 Scope and Limitations 

After establishing the optimal conditions for the model reaction, the generality of the 

methodology was explored. Reactions were conducted on a synthetically useful 0.3 mmol 

scale (Scheme 37). First, the effects of the alkoxy-substituents of the ester were 

investigated, using substrates 122a-d. Switching the model substrate to ethyl substituted 

analogue 122b had no considerable effect on the outcome of the transformation, which 

importantly allows use of commercially widely available ethyl esters. A bulkier benzyl group 

in 122c reduced the isolated yield to 87% and the e.r. to 88.5:11.5, while tert-butyl crotonate 

122d was incompatible with the system, providing product 123d in only 8% yield, likely due 

to the substrateôs decreased electrophilicity.124 When 2-nitropropane (118b) was employed 

as a pronucleophile, no product 123dô formation was observed, most probably owing to the 

pronucleophileôs increased steric hinderance.1-Nitropropane, however, was a suitable 

substrate, and product 123e was obtained as a 55:45 mixture of diastereomers (with 

91.5:8.5 e.r. and 89:11 e.r., respectively) in 63% yield. Next, various alkyl substituents in the 

ɓ-position were investigated (123f-j). Product 123f was obtained in excellent 79% yield and 

95:5 e.r., while product 123g was furnished in slightly diminished 54% yield and excellent 

95:5 e.r. A direct precursor of (R)-pregabalin, 3h was synthesized from commercially 

available substrates in 64% yield and slightly diminished 89.5:10.5 e.r., probably due to 

increased steric hinderance. It is interesting to note that the analogous ɓ-isobutyl-

substituted Ŭ,ɓ-unsaturated amide 100x underwent the previously discussed sulfa-Michael 

addition reaction in a similar, unexpectedly low enantioselectivity (Scheme 28). ɓ-

Cyclohexyl acrylate ester 122i underwent the transformation smoothly, furnishing 123i in 

45% yield and 92.5:7.5 e.r. Product 123j, bearing a medicinally relevant trifluoromethylated 

stereocenter, was obtained in an excellent 72% yield and 94:6 e.r. from commercially 

available ethyl ester 122j.204,205  
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Scheme 37 Substrate scope (ɓ-alkyl substituents, alkyl esters). Isolated yields. E.r. determined by 

HPLC on a chiral stationary phase. aE.r. determined by supercritical fluid chromatography (SFC) on 

a chiral stationary phase. Products 123c, g and h were synthesized by Iain McLauchlan and are 

included for completeness. Absolute configuration was determined by chemical correlation. 

Doubly unsaturated ethyl sorbate 122h underwent the transformation in a moderate yield 

and excellent enantioselectivity and provided unconjugated product 123k after a selective 

1,6 addition as a single regioisomer. Next, a series of substituted cinnamate esters were 

evaluated (122l-x, Scheme 38). Pleasingly, an impressive range of aryl substituents were 

tolerated with very little variation in selectivity. Electronically neutral methyl cinnamate and 

2-naphthyl acrylate (122l, 122m) provided 123l (the precursor of (S)-phenibut; previously 

unavailable under bifunctional cinchona-derived catalysis, as discussed before),80 and 

123m in excellent yield and selectivity. Next, para-substituted aromatic substrates were 

investigated (122n-s), and to our delight both electron donating and electron withdrawing 

substituents were tolerated exceptionally well with consistently high selectivity, however 
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electronically rich substrates provided the corresponding products in slightly diminished 

yields due to lower electrophilicity. Crucially, further highly enantioenriched drug precursors 

were obtained from simple starting materials in a single step. The precursor of (S)-tolibut 

(123n) was obtained in moderate, 59% yield, and 96:4 e.r. Commercially available methyl 

4-chlorocinnamate 122o underwent the transformation smoothly, providing (S)-baclofen 

precursor 123o in 83% yield and 95.5:4.5 e.r. Finally, a precursor to (3R,4S)-paroxetine, 

123p was obtained in sightly diminished 50% yield, and 95.5:4.5 e.r.  

 

Scheme 38 Substrate scope (ɓ-aryl substituents). *Absolute stereochemical configuration was 

determined by chemical correlation. Isolated yields. E.r. determined by HPLC on a chiral stationary 

phase. Products 123m, u and v were synthesized by I. McLauchlan and are included for 

completeness. 
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Despite the weakly electron withdrawing property of the 4-fluoro substituent, only moderate 

yield was realised, possibly due to the diminished electrophilicity of ethyl esters compared 

to methyl esters (see: Scheme 9). 4-Nitroethyl cinnamate (122r) gave a surprisingly low, 

38% isolated yield, which we speculated was due to its low solubility in cyclohexane. 

Exploiting the catalyst systemôs ability to tolerate n-alkyl chains on the esterôs O substituent, 

a lipophilic n-octyl analogue of 122r was prepared, which was fully soluble in the reaction 

mixture, and underwent the transformation smoothly, furnishing 123s in 63% yield and 

93.5:6.5 e.r. Substrate 122t bearing a nitrile group in the meta-position yielded 123t in 70% 

yield and 94.5:5.5 e.r., and even ortho-bromo substituted product 123u was obtained in 

73% yield and 91.5:8.5 e.r. Disubstituted cinnamates 123v and 123w underwent the 

transformation in 74% yield and 95:5 e.r. and 94.5:4.5 e.r., respectively. Importantly 123x, 

a precursor of (S)-rolipram, was obtained in 49% yield and 96:4 e.r. Next, a set of 

heteroaromatic Ŭ,ɓ-unsaturated esters was investigated (Scheme 39).  

 

Scheme 39 Substrate scope (ɓ-heteroaryl substituents). Isolated yields. E.r. determined by HPLC 

on a chiral stationary phase. a48 h reaction time. Products 123z, aa and ab were synthesized by I. 

McLauchlan and are included for completeness. 
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Encouraged by the excellent results obtained using electron poor aromatic substrates, all 

regioisomer of methyl-ɓ-pyridine acrylate (122y-aa) were subjected to the optimised 

reaction conditions. 2-Substituted pyridine 123y was obtained in 87% yield and 95:5 e.r., 

while 3-pyridine 123z and 4-pyridine 123aa were isolated in 90% yield and 94.5:5.5 e.r. and 

99% yield and 93.5:6.5 e.r., respectively. Overall, all three isomers of pharmaceutically 

relevant products bearing a pyridine substituted stereocenter were obtained in excellent 

enantioselectivities and yields, without the Lewis basic nitrogen compromising the catalytic 

process. Quinoline 122ab was well tolerated, and product 123ab was obtained in slightly 

diminished, 47% yield, likely due the substrateôs poor solubility in cyclohexane, however in 

excellent, 94.5:4.5 e.r. Even pyrimidine 122ac, bearing an electron donating 4-thioether 

moiety, was smoothly converted to the corresponding ɔ-nitroester, providing 123ac in 

moderate 56% yield and 93.5:6.5 e.r. 5-Membered heteroaromatics 122ad-af were similarly 

well tolerated: furan-containing substrate 122ad provided enantioenriched ɔ-nitroester 

123ad in 63% yield and 96:4 e.r. Oxadiazole 3ae was obtained in a slightly decreased 91:9 

e.r., and moderate 35% yield, even after increased reaction time, and 3-substituted 

thiophene 123af was furnished in 69% yield and 95.5:4.5 e.r. 

As discussed earlier, the intramolecular enantioselective addition of nitroalkanes tethered 

to Ŭ,ɓ-unsaturated alkyl esters is known under bifunctional tertiary amine catalysis (Scheme 

40).203 This reaction provides valuable 1,2-disubstituted chiral cyclohexanes, which can be 

used as building blocks in asymmetric synthesis, however under tertiary amine catalysis, 

one week long reaction times are necessary to achieve high conversions. In order to test 

the capabilities of our newly developed system in a known related transformation, and 

potentially improve on it, tethered substrate 122ag was synthesized and subjected to our 

optimised reaction conditions. Curiously, the corresponding 1,2-disubstituted cyclohexane 

123ag was isolated in 76% yield as a 91:9 mixture of diastereomers with nearly perfect 

enantioselectivity (98:2 e.r. of the major diastereomer), after 24 hours, without any further 

optimisation for the intramolecular transformation. 
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Scheme 40 Comparison of the reactivity of iminophosphorane and tertiary amine-based catalysts in 

enantioselective intramolecular nitroalkane additions. Ar = 3,5-bis-CF3-Ph. Experiments involving 

122ag were performed by B. D. A. Shennan and are included for completeness. 

These results demonstrate a considerable improvement compared with the earlier reported 

synthesis of the same product in the presence of cinchona alkaloid-derivative 127, which 

furnished 123ag in 87% yield, >19:1 d.r. and 98:2 e.r. after 7 days of reaction time. 
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III.2.3 Scale-up and Derivatisation 

After demonstrating the scope and limitations of our methodology, its synthetic applicability 

was established by scaling up both the model reaction and that employing 

trifluoromethylated substrate 122j to a 10 mmol scale (Scheme 41). Both reactions were 

performed under identical reaction conditions. For these transformations, the catalyst 

loading was reduced to 4 mol% (from 15 mol% previously), and reaction times were 

increased to 48 h. Product 123a was isolated in 66% yield and 95:5 e.r., and product 123j 

was obtained in quantitative yield and 93.5:6.5 e.r. After the isolation of both products by 

flash column chromatography, the eluent polarity was increased to elute catalyst 126 in both 

cases. The obtained catalyst was then dissolved in n-hexane and purified by means of an 

aqueous wash with 3 M NaOH. This series of purification steps was allowed by the 

surprisingly low polarity and high lipophilicity of BIMP 126, which properties stem from its 

highly apolar and ógreasyô substituents surrounding the catalystôs polar core. The recovered 

catalyst was then resubjected to the model reaction under the optimised reaction conditions, 

delivering the desired product 123a in quantitative yield and with the same level of 

enantiopurity as previously established (95:5 e.r.), demonstrating the spectacular hydrolytic 

stability of BIMP catalyst 126. 

Subsequently, product 123a was reacted with ammonium acetate and paraformaldehyde to 

furnish trans-2-piperidinone 128a in 84% yield, 95.5:4.5 e.r. with perfect diastereoselectivity, 

and the same product was reductively cyclized using in situ generated nickel boride to 

obtain 2-pyrrolidinone 129a in a 54% yield and 98:2 e.r. Trifluoromethylated ɔ-nitroester 

123j was subjected to similar reaction conditions in the presence of benzylamine, and N-

benzyl protected trans-2- piperidinone 128b was obtained in quantitative yield, 93:7 e.r. and 

95:5 d.r., while trifluoromethylated pyrrolidinone 129 was isolated in 80% yield and 92.5:7.5 

e.r., yielding high-value enantioenriched trifluoromethylated heterocycles in only two steps 

from commercially available starting materials.206 
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Scheme 41 10 mmol-scale model reactions, product derivatisations, and catalyst recovery. 

Next, the enantioselective synthesis of (S)-rolipram was achieved. First, isovanillin 130a 

was O-alkylated with cyclopentyl bromide in the presence of K2CO3 to yield aromatic 

aldehyde 130b. This product was then subjected to a HWE reaction using 

trimethylphosphonoacetate (TMPA) and LiHMDS to furnish Ŭ,ɓ-unsaturated ester 122x in 

92% yield over two steps. The obtained product was then submitted to our methodology to 

furnish ɔ-nitroester 123x in 49% yield and 96:4 e.r., which was reductively converted to (S)-

rolipram (129c) in a single step in 80% yield and 98:2 e.r. (Scheme 42). 

 

Scheme 42 Enantioselective synthesis of (S)-rolipram. 
















































































































































































































































































































































































































































































































































































































































































































































































































