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Abstract

An investigation into the mode of action of aldehyde dehydrogenase enzymes was 

undertaken through the synthesis of a series of compounds that were hypothesised as 

potential biomimetics. This study revealed the possible role of a basic moiety in the mode 

of action of the enzyme, however it also demonstrated the incompatibility of thiol and 

pyridinium ion-based moieties incorporated in the same structure. The ineffectiveness of 

the biomimetics was a testament to the evolutionary design of the enzymes themselves.

A new organocatalytic methodology was developed for the transthioesterification of a 

selection of thioesters. The process was of broad scope and was applied to the development 

of a kinetic resolution protocol, albeit the yields and enantiomeric excess were low 

(-10%).

A series of known and novel organocatalysts were prepared, starting form quinine, for the 

purposes of developing a potential chemical ligation protocol developed on the dynamic 

kinetic resolution (DKR) of azlactones by either alcoholysis or thiolysis. Although the 

novel organocatalysts failed to improve on the known organocatalysts, they proved to be 

excellent catalysts for alternate reactions, such as the reaction between enolisable 

anhydrides and aldehydes.

The development of a chemical ligation protocol was carried out with a known 

organocatalyst, which necessitated the design and synthesis of a novel protecting group 

compatible with the DKR of azlactones. This new protecting group was utilised for the 

organocatalytic DKR of azlactones using protected serine-based nucleophiles with 

excellent yields and diastereocontrol. As a further demonstration of the utility of the new 

protecting group, the organocatalytic DKR of an azlactone was performed using alcohols, 

furnishing orthogonally protected amino acids in excellent yield and enantiomeric excess.
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1.0

1.1
Introduction
Enzymes

The ability of enzymes to catalyse reactions has been a curiosity for chemists since the 
start of the 19^'’ century. Louis Pasteur, along with his contemporaries, investigated the 

fermentation of sugars to alcohol by the action of yeast. ’ This catalytic activity provoked 

substantial interest from the chemistry community and culminated in the elucidation that 

enzymes are proteins. Eduard Buchner received the Nobel Prize in chemistry in 1907, “for 

his biochemical researches and his discovery of cell-free fermentation”? In 1946, the 

Nobel Prize in chemistry was divided between James B. Sumner “for his discovery that 

enzymes can be crystallized”, and the other half to John H. Northrop and Wendell M. 

Stanley “for their w’ork in the preparation of enzymes and virus proteins in pure form ”? 

Continuing discoveries in enzyme structure and reactivity have shaped our understanding 

of their catalytic mechanism, from a lock and key mechanism initially,"^ to an induced fit 

model.^ Current studies are looking at increasingly discrete interactions within enzyme 

models, e.g. hydrogen bonding and substrate binding in hydrophobic pockets.^

In brief, enzymes are biological catalysts which confer incredible rate enhancement and 

selectivity. They are primarily composed of proteins, although some RNAs have exhibited 

catalytic functionality.^ A functional enzyme may be composed of more than one protein 

and in some cases require the presence of cofactors to be active. Cofactors can be inorganic 

or complex organic molecules, usually called coenzymes, which are required for catalysis 

to take place. Coenzymes are principally vitamins or are derived from vitamins, e.g. 

coenzyme A (pantothenic acid), FAD/FMN (vitamin B2) etc. A functional enzyme can be 
10^ Daltons in size, yet the catalysis is often carried out by the direct influence of only a 

few residues held close in space. This is known as the active site. The majority of enzymes 

function to create a controlled 3-dimensional cavity which enables enzymes to be highly 

substrate-specific, while maintaining exceptional activity.

1.1.1 Nicotinamide adenine dinucleotide (NAD(P)'^) electron carriers

NAD(P)'^ is a coenzyme for the purpose of transporting electrons and for use as oxidative-
D

reductive reagents. They are composed of a nicotinamide ring, two ribose sugars linked by 

two phosphate groups and an adenine unit, (Figure 1.1). NADP^ has an additional 

phosphate group attached to the ribose unit next to adenine, (Figure 1.1). Despite their

1



similar structures they have different roles; NADH is used primarily for ATP (adenosine 

triphosphate) generation, while NADPH is used in biosynthesis/ In both systems the 

nicotinamide ring is the reactive site and accepts electrons which are stored in the form of 

the dihydropyridine.

1: R = H, MAO'"
2: R = POa^- NADP-^

Figure 1.1 Structures of nicotiamide adenine dinucleotides electron carriers

1,1.2 Aldehyde dehydrogenase (ALDH) enzymes

The ALDH superfamily of enzymes effectively oxidise aldehydes as part of a biological 
process or to eliminate potentially toxic aldehydes.^ The enzymes have similar structures, 

mode of action (Scheme 1.1) and are all NAD(P)^ dependent. They are found in nearly all 
tissues in plants and animals.'®’" The first purified ALDH was published by Racker in 

1949'^ however it was not until 1984 that the primary structure (protein sequence) was 

determined." It is accepted that the key residue required for catalytic activity is cysteine,
I ^though its sequencing can vary depending on the species in which the enzyme is found. 

Due to the slight differences between enzymes from different species (and tissues) only the 

active sites of select examples will be discussed in detail.

MAO'" NADH
O

S'"
enzyme

O
kA.

Ienzyme
4

Nu-
OXR''''^Nu

Scheme 1.1 Proposed mode of action of ALDH enzymes
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A: Proposed mode of action within the active site of L-Aspartate-y9-semialdehyde dehydrogenase 

{Haemophilus influenza)''^ B: Proposed mode of action within the active site of E268A-glyceraldehyde-3- 

phosphate dehydrogenase {Streptococcus mutans)^^''^ C: Proposed mode of action within active site of 

Glyceraldehyde-3-phosphate dehydrogenase {Escherichia

Figure 1.2 Representations of the proposed active sites and mechanisms of action for 

selected examples of dehydrogenase enzymes.



1.1.2.1 L-Aspartate-y^-semialdehyde dehydrogenase (ASADH)

ASADH catalyses the reductive dephosphorylation of L-4-aspartylphosphate to L- 

aspartate-4-semialdehyde (ASA).'"' It is not found in humans; however, it is crucial for the 

synthesis of amino acids in plants and microorganisms. The partial mechanism, (Figure 1.2 

A), is depicted in reverse for ease of comparison to the other models. The model is 

representative of the crystal structures obtained by Viola et al}‘^ for the apoenzyme, the 

enzyme bound with ASA, and the enzyme with ASA plus phosphate. In the study it is 

postulated that His-277 assists in the deprotonation of Cys-136, facilitating the formation 

of the thiohemiaeetal intermediate with ASA. The tetrahedral intermediate is stabilised by 

hydrogen bonding to the bound phosphate and backbone amide group of Asn-135. 

Reportedly the His-277 residue is not involved in either stabilisation of the intermediate or 

proton transfer to the thiohemiaeetal conjugate base, based on the crystal structure data. 

The stabilised intermediate is poised for hydride transfer to NADP bound in the active site. 

Upon hydride transfer it is proposed that the planar thioester is orientated correctly for 

attack by the phosphate oxygen. The release of the products is presumed to be caused by 

the formation of NADPH. This model shows the importance of the His residue in the 

formation of the thiohemiaeetal intermediate and the role of hydrogen bonding in the 
stabilisation/activation of the thiohemiaeetal.

1.1.2.2 E268A-glyceraldehyde-3-phosphate dehydrogenase (GAPN)

Non-phosphorylating glyceraldehydes-3-phosphate dehydrogenase (GAPN) catalyses the 

oxidation of D-glyceraldehyde-3-phosphate (D-G3P) to 3-phosphoglycerate (Figure 1.2 B). 

In this case, the activation of the Cys-302 is caused by a conformational change induced by 

NADP binding and the reorientation of Glu-268.'^’'^ The Cys-302 thiolate is stabilised by 

the backbone amides of residues 302 and 303 along with the positive charge of the 

nicotinamidium ring of NADP.The thiolate of the Cys-302 attacks the D-G3P to form the 

thiohemiaeetal conjugate base intermediate, (Figure 1.2 B), which is stabilised by the 

amide of Cys-302 and Asn-169. The NADP accepts the hydride to form the bound 

thioester, Asn-169 stabilisation of the thiohemiaeetal intermediate enables hydride transfer 

without the need for an external base. The thioester is cleaved by a water molecule that is 

activated by Glu-268. It is noteworthy that for this enzyme a base is not required within the 

active site for the formation of the thiohemiaeetal intermediate, the conformational changes 

in the peptide are proposed to lower the of the Cys-302 thiol.



1.1.2.3 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

GAPDH catalyses the oxidative phosphorylation of D-G3P to 1,3-diphosophoglycerate. 

The key catalytically competent residues in this enzyme are Cys-149 and His-176. As 

before, His-176 activates the thiolate of Cys-149 by deprotonation, however it is postulated 

that the protonated His-176 also hydrogen bonds to D-G3P promoting the formation of the 

thiohemiacetal intermediate, (Figure 1.2 The hydrogen bonding of the His-176

residue is presumed to remain until the release of 1,3-diphosphoglycerate, facilitating both 

the hydride transfer to NAD and the attack of the phosphate. The crucial role of the two 

residues was confirmed by site directed mutagenesis of His-176 and Cys-149.'’’^' It is clear 

that for the three examples discussed the activation of the cysteine thiol is crucial for the 

formation of the thiohemiacetal intermediate. It is also obvious that some form of 

deprotonation is needed to assist in the hydride transfer and release of the product by 

nucleophilic attack. Despite the variations in the structure of the enzymes within the 

ALDH superfamily, the occurrence of cysteine is consistent, and presumably, the mode of 

action.

1.1.2.4 Enzymatic effects of cysteine/serine site-directed mutagenesis

The conservation of the cysteine residue within the active site of ALDH enzyme stimulated 

the investigation of its importance regarding the mode of aetion of the enzyme. Viola et al. 

investigated the substitution of Cys-135 from ASADH {Escherichia coli). In this study it 

was shown that substitution with alanine made the enzyme inactive; however, if the active 

cysteine residue is changed to a serine, the mutant enzyme retains 0.3% of the native 

enzyme’s activity. The difference between the p/fa of a thiol versus a similar alcohol could 

account for the dramatic reduction in enzyme activity. It is suggested that the pi^Ta 

difference is not the only determining factor for the loss of activity and that minute 

changes in the conformation of the active site also contribute to the reduced effectiveness 

of the mutant enzyme. The structural differences between Cys and Ser are minimal, hence 

the conformational alterations must be very discrete. The effect of the serine hydroxyl on 

the rates of the various steps of the reaction was not investigated in this study so it is 

unclear how the hemiacetal formation, hydride transfer and the acyl cleavage/transfer steps 

are influenced.



Weiner et al. investigated a rate liver mitochondrial aldehyde dehydrogenase using a 

similar method and obtained comparable results.In this instance the active Cys-302 was 

mutated to Ser-302. The ability of the mutant enzyme to catalyze the reaction was severely 

hindered, 7 x 10^ times lower than the native enzyme; however it still displayed some 

activity. The mode of action was scrutinised in more detail leading to the discovery that the 

formation of the hemiacetal appeared to be the determining step in the mutant enzymes. 

The decreased nucleophilicity of the serine hydroxyl versus the cysteine thiol can be 

designated as a crucial factor for the reduced formation of the hemiacetal in the mutant 

enzyme. The Ser-302 mutation also reduced the ability of the enzyme to bind NAD^ 

compounding the futility of the mutant enzyme.

It is evident that the cysteine is central to the mode of action of the ALDH superfamily of 

enzymes. Serine is a poor catalytic residue for ALDHs however serine is the active residue 

in many proteases: such as chymotrypsin.^ The serine hydroxyl of chymotrypsin is 

nucleophilic enough to attack and cleave amide bonds. Thompson and Bauer used the 

hemiacetal-like intermediate formed between aldehydes and serine proteases as a method 

to investigate the mode of action of protease enzymes and in particular the stabilisation of 

the tetrahedral intermediate.^''’^^ In the case of this more activated serine residue, the 

formation of the hemiacetal occurs in sufficient amounts to allow further analysis of an 

enzymatic intermediate. Considering the ease of formation of hemiacetal intermediates in 

the case of serine proteases, the poor activity of the serine mutants of ALDH enzymes 

cannot be contributed solely to lower nucleophilicity of serine versus eysteine. The 

enzymes’ intricate design for the activation of cysteine residue and stabilisation of the 

subsequent intermediates can be severely impacted by simply changing one residue. It is 

plausible that a serine ALDH could be effective; however, given the retention of a cysteine 

residue in nature it would presumably be less efficient.

1.2 Biomimetic chemistry and artificial enzymes

1.2.1 General

Biomimetic chemistry is a novel chemistry that is inspired by that of living systems.^^’^^ 

Artificial enzymes are designed based on principles borrowed from their enzymatic 

equivalents, with the hope of replicating the extraordinary eatalytic ability of enzymes to 

some degree. It may at first seem finitless to mimic an enzyme which has evolved over



billions of years. Enzymes are extremely selective, this often limits broad applicability.^^’^^ 

In addition the use of some enz3mies in common organic solvents can be problematic.

The design of artificial enzymes is an expanding field with a variety of different enzymes 

mimicked and an array of structural motifs used to imitate the enzyme’s complex 

structure. ’ ’ ’ ’ The term "'Artificial enzyme ” was coined by Breslow and Overman in 

1970 with their work on the catalysed hydrolysis of /?-nitrophenyl acetate using a modified 

ot-cyclodextrin (cyclohexaamylose).^'* The a-cyclodextrin 6 was selected as a mimic for an 

enzyme’s hydrophobic binding site and a metal binding group was attached as the catalytic 

moiety. The overall structure (Figure 1.3) was a very simplistic imitation of a 

metalloenzyme with moderate catalytic activity. Despite this being the first example to 

bear the name of artificial enzyme other attempts existed previously in literature. Cramer et 

al. designed a model 7 for the action of chymotrypsin in 1966 with a striking resemblance
-j c

to Breslow’s structure (Figure 1.3). In this instance, the hydrophobic binding site was 

composed of yff-cyclodextrin (cycloheptaamylose) to which various imidazole analogues 

were attached. The catalytic activity was monitored for the hydrolysis of jo-nitrophenyl 

acetate.

Breslow 1970
6

HN
X: O, NH 
N:1,2

n(H2C).

Figure 1.3 Artificial enzymes designed by Cramer and Breslow.

The simple mimics developed by Breslow and Cramer laid the foundations for the 

development of more intricate examples and varying designs based on the same principles 

of binding and catalytic activity. The designs vary from simplistic to complex molecules, 

(Figure 1.4).^^’^^’^* The complex structure 8 synthesised by Cram et al. was accomplished

7



in 30 steps in a 0.9% yield and yet it was not the final target compound. The proposed 

mimic of a-chymotr3^sin should also contain a carboxylate, however this compound has 

not been synthesised to date. The intriguing structure contains a complexing site composed 

of three ureas interlaced with three phenyl units, a quaterphenyl backbone connects the 

hydroxyl and imidazole components. Jiang et al. used a simpler crown ether analogue 9 to 

mimic an aspartic protease while Moran et al. constructed a series of hydrogen bond 

donor/acceptors in their xanthone derivative 10. The aim was to bind a,p-unsaturated 

carbonyl compounds, in a manner analogous to an enzymes active site, and catalyse the 

michael addition of pyrrolidine or thiols.

HOOC^

Jiang et al. 

9 NH

Moran et al.

10

Figure 1.4 Artificial enzymes: selected examples

1.2.2 NADH/NAD inspired systems

1.2.2.1 Oxidative models incorporating the NAD sub-structure

NAD"^ models are of interest in order to ascertain a better understanding of the role these 

electron acceptors play in enzymatic function. There are few examples of NAD^ oxidative 

models in literature to date; however, the selected examples discussed below illustrate the 

progress so far. In 1977, Ohnishi et al. employed a NAD^ mimic in their study of formate

dependent biological processes, (Scheme 1.2). 39
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CH2Ph
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acetonitrile CO2 NH2
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I
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NH2
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I
CH2Ph 
14 20%

Scheme 1.2 A model of the enzymatic oxidation of formic acid by NAD^

The formate anion (i.e. 11) was formed from either a mixture of fonnic acid with 

triethylamine, or potassium formate and 18-crown-6 ether. Reaction with 12 at room 

temperature for various amounts of time furnished 13 in 80% yield and 14 in 20% yield. 

The selectivity for the 1,4-dihydropyridine isomer is predominant and is consistent to the 

enzymatic production of NADH (a 1,4 adduct).

Cl
'N 

I
CH2Ph

15

glyceraldehyde (1.0 equiv.) 
NH2 Na2B407 (10.0 equiv.)

HjO/MeOH (1:1)

O

NH2
N

I
CHjPh

13 20%

Scheme 1.3 Reduction of 15 using glyceraldehydes by Ohno et al.

A similar report was disclosed by Ohno et al. in 1982 while investigating the oxidation of 

glyceraldehydes by NAD^ using the same pyridinium species 15 inter The model

system is loosely based on the mode of action of GAPDH focusing on the role of the 

coenzyme NAD^ (Scheme 1.3). The reaction of 15 with glyceraldehyde yields 13 in a 

maximum of 20%. The starting material is completely consumed and it is postulated that 

an adduct between 15 and glyceraldehyde is formed as a side product, however no 

evidence exists to confirm this hypothesis. Despite the fact that the reaction failed to 

provide 13 in substantial yield, it still exhibits a similar mode of action to GAPDH.

15

[L-Zn"-OH-]3.(TfO)3.TfOH

2-PrOH, 
reflux, 24 h

13 17% 14 2.3%

Scheme 1.4 Mimicry of alcohol dehydrogenase mode of action by Kimura et al.



Kimura et al. used a NAD"^ mimic in their development of an artificial enzyme based on 

alcohol dehydrogenase, an enz3Tne that catalyses the oxidation of alcohols to either 

aldehydes or ketones.'*' A Zn" species was used to promote the hydride transfer from 2- 

propanol to the NAD"^ mimic 15, (Scheme 1.4). Utilising this Zn" species under neat 

conditions, 13 and 14 were obtained in 17% and 2.3% yields respectively. It was found that 

the reverse reaction with 13 and a y9-ketoester was not catalysed by the same Zn" species, 

precluding the possibility of an equilibrium process causing the poor yields. According to 

the authors, the apparently poor yield is due to an unfavourable repulsive interaction 

between 15 and 16, an issue most likely overcome in the natural enzyme by its ability to 

bind the substrates close in space.

The model is a good analogy to the Zn" species of the native enzyme (Figure 1.5), albeit 

the coordination sphere around the Zn" ion is simpler in the artificial system. It is proposed 

that the pK^ of the water molecule coordinated to the Zn" ion for the enzyme is 7.6 while 

that bound in the model is 7.3, sufficiently close for comparable activity.

NAD*

HN-^

His-81.8lX
N---H

RV.,„pH

O—

Ser-48,V <f 4 \ nh
NH

Cys-46 /

Cys-174
His-67

Figure 1.5 Proposed active site of horse liver alcohol dehydrogenase

In 1998 Kanomata et al. demonstrated the use of an enzyme-bound intermediate analogue, 

17, as a method to evaluate the mode of action of GAPDH.'*^ The enzyme-bound 

intermediate 18 was mimicked using the diolate 17 formed by the addition of two 

equivalents of ethylmagnesium bromide to formic acid.'*^ This reagent was first used by 

Babler et al. as a selective reducing agent for aldehydes in the presence of ketones. The 

NAD"^ mimic 19 used by Kanomata et al. incorporated a tertiary amide as this improved 

the selectivity for the 1,4-dihydro product versus the 1,6-dihydropyridinium. A deuterated 

version of 17 was used to prove the formation of primarily 21, although some of the 1,6- 

dihydropyridine product forms after time postulated to be from transfer hydrogenation 

catalysed by 21.
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Scheme 1.5 Kanomata et al. GAPDH mimic coupled with a LDH model

To illustrate the utility of the process Kanomata et al. coupled two biomimetic systems 

together (Scheme 1.5). A GAPDH-like oxidative process is demonstrated by the 

conversion of 17 to 20 with the concomitant formation of 21. After isolation, 21 was used 

in the reduction of 22 to 23, obtained in a 47% yield based on 21. The process bears a 

noteworthy resemblance to the use of NAD"^ as an electron carrier in enzymes.

1.2.2.2 Hydrogen transfer models incorporating the NADH sub-structure

NADH inspired biomimetic reductive molecules have been known for over a century, the 

Hantzsch ester being an early example."''' The reactivity of Hantzsch esters was extensively 

studied in the 20* century;"'^’"'^ however, little in relation to NADH biomimetics was 

investigated until the 1980s. Kojima et al. attached a 1,4-dihydronicotinamide to a P- 

cyclodextrin 24 (Figure 1.6) and demonstrated the reduction of ninhydrin in aqueous 

media."'^’"'^ A flurry of examples then appeared in this period, incorporating different 

support structures, some of which are chiral (Figure 1.6).

11



NH,

24

O Ph

NHp

Figure 1.6 NADH mimics with varying support structures

Ohno et al. demonstrated the reduction of unsaturated compounds with 98% ee and 

quantitative yields using 26 in the presence of magnesium perchlorate. The high 

enantioselectivity was attributed to the use of magnesium perchlorate and the 

stereochemistry at C-4 of the dihydropyridine not that of the side chain. The compounds 

developed by Inouye (25) and Kellogg (27) also proved to be excellent chiral reducing 

agents, with product levels of enantiomeric excess of 98% and 86% ee, respectively. All 

the above models suffer from the same flaw: they are all stoichiometric reagents.

To overcome the use of stoichiometric reagents new approaches were developed that 

combine dihydropyrindine analogues and small organic molecules as the source of 

chirality. It was envisaged that a sacrificial Hantzsch ester could be used alongside a 

minimal amount of a catalytic substance. Almost simultaneously the groups of MacMillan 

and List published reductions of a,y5-unsaturated aldehydes using a secondary amine 

catalyst and a Hantzsch ester as the hydride source (Scheme 1.6)."^^’^°’^' Comparable yield 

and ee are obtained in both instances and they also feature outstanding tolerance for other 

reducible functional groups {e.g. aldehydes, halogens, esters, ketones, benzyloxy, nitrile 

and nitro). Since these initial publications a stream of catalytic entities has been 

documented, incorporating a diverse array of structural edifices.

12



cat. (28 or 30), 
Hantzsch ester (29 or 31)

Scheme 1.6 The catalytic reduction of a,;5-unsaturated aldehydes using a Hantzsch ester 

as the hydride source

The subsequent advancement was to regenerate the hydride donor in situ which has been 

achieved using a range of chemical methods. Fish et al. detailed the use of 

[Cp*Rh(b3q))(H20)](0Tf)2 (36) in the reduction of NAD^ models to the corresponding 1,4- 
dihydropyridines.^^ The hydride source used was HC02Na, producing CO2 as the 

byproduct. Furthermore they demonstrated that NADH models can be recognised by horse 

liver alcohol dehydrogenase without significant loss in enzyme activity. It was proposed 

that the two cycles could be coupled to perform enzymatic catalyses without the 

production of a large amount of organic waste.

The use of dithionite as a co-reductant was introduced by Xu et al. despite the familiarity 

of this reagent as a reductant in the synthesis of NADH models.In their system 

(Scheme 1.7), a NAD"^ model 37 could be used at 5 mol% loading to achieve the reduction 

of 38 under mild anaerobic conditions. 37 generated a NADH model in situ, promoted by a 

continuous dithionite reduction which proved to be sufficiently faster than the reduction of 

38. A substantial rate enhancement was observed by irradiation with a 540 W high- 

pressure mercury lamp, tolerating minimal loading (1 mol%) of 37 with only a minor 

effect on the yield. The method was incapable of integrating Hantzsch esters into the cycle, 

the non-alkylated pyridine from the first cycle could not be reduced back under the current
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conditions. The method provides a significant diminution in the organic waste generally 

produced by NADH models increasing the applicability for S3mthesis and industry.

o

Ph
Ph

38

37 or 13 (5 mol%) 
AcOEt/HjO (1:1) OH

N32C03, N32S204, Af, ft Ph Ph

39 93%

Scheme 1.7 Xu et al. catalytic reduction mediated by a NADH model

Assimilating the regeneration of NADH models developed by Xu et al. into a bifiinctional 

catalyst, Connon et al. were able to reduce 1,2-diketones in excellent yields (Scheme 

1.8).^’ This system features a thiourea component which is proposed to bind the diketone 

and a dihydropyridine (formed in situ by dithionite reduction) element as a hydride transfer 

component. The racemic method proceeds smoothly, however preliminary attempts to 

develop an asymmetric version proved troublesome. The benzoin product 42 was 

incompatible with the reaction media which rapidly racemised 42, diminishing the 

enantiomeric excess.

o

Ph Ph
40

41 (20 mol%) 
Et20/H20 (3:1)

N32S2O4 (1.1 equiv.) 
N32CO3 (1.4 equiv.) 

rt, 48 h

Scheme 1.8 Reduction of 1,2-diketones using an in situ regenerated NADH model

Recently, Xu et al. reported the use of a magnetic nano-Fe304-supported 1-benzyl-1,4- 

dihydronicotinamide 44 in the reduction of a,y5-epoxy ketones.^* The reaction requires only 

a 5 mol% loading of the catalyst and was carried out under mild conditions at room 

temperature for 6 h (Scheme 1.9). This current methodology is an expansion on their 

previous work (Scheme 1.7), allowing the catalyst to be recovered easily by the attachment 

of a magnetic nanoparticle. The recyclability of the catalyst 44 was measured over six
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consecutive experiments using 43. The yield of 45 diminished slightly from 98%, on the 

first run, to 90% on the sixth run. This procedure not only offers the use of a catalytic 

amount of a NADH model, it also allows the recycling of the catalytic species. Overall this 

leads to a significant decrease in organic byproducts, making it more applicable to research 

and industry.

44 (5 mol%)

N32S204, N32C03 
Ac0Et/H20(1:1)

45 98%

Scheme 1.9 Magnetic nanoparticle supported NADH mimic developed by Xu et al.

1.2.2.3 NADH/NAD^ models used as transfer reagents

NAD^ is described as an electron carrier/shuttle in biological systems, however would it be 

possible to transport other species? This question inspired Kellog et al. to investigate the 

prospect of NAD^ models as thiolate-transferring agents.In their preliminary 

investigation they prepared thio substituted 1,4-dihydropyridines by the addition of 

thiolates to NAD”^ models (Scheme 1.10). In the case of 46, the addition of thiolate 47 

proceeded regioselectively to form 48. The NAD"^ models containing ester functionalities 

at the C-3 and C-5 positions on the pyridinium ring result in a mixture of the 1,2- and 1,4- 

adducts depending on the thiolate nucleophile.

EtHNOC CONHEt

cio;
46

N3SCH2Ph
47

MeOH, rt

CHjPh 
I
S H

EtHNOC CONHEt

N
I

48

Scheme 1.10 Addition of thiolate to NAD^ model to provide a masked thiolate
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The ensuing reaction with acid chloride 49 occurs under neutral conditions at room 

temperature in very high yield to furnish the thioester 51 (Scheme 1.11). The reaction is 

postulated to proceed via intermediate 50. As a demonstration on the possible utility of this 

reaction, the benzyl thioester of A-benzyloxycarbonyl-Z,-valine was obtained without 

detectable racemisation in 80% yield. The neutral conditions benefit the stability of the 

thioester products which are known to be easily hydrolysed and can undergo enolisation in 

basic media. It was also shown that enolate-adducts can be formed and can be reacted with 

aldehydes to form aldol products in 1983.^^

EtHNOC

CHzPh
I
S H

N
I

48

CONHEt AcCI 49

CH2CI2, 
rt, 15 mins

Cl

CONHEt PhH2C^^J^

51 95%

Scheme 1.11 Postulated mechanism for the thiolate transfer reaction to activated acids

The idea of NAD^ models as transfer reagents did not resurface until 2004 when Levacher 

et al. began to look into tbeir use for the synthesis of amides.^' The initial investigation 

was undertaken using a substituted quinolinium salt 52, chosen to eliminate the formation 

of the unwanted 1,2-adduct that occurs in the case of unsubstituted pyridinium salts 

(Scheme 1.12).

o

Scheme 1.12 Levacher’s ‘amide transferring-agent’

The addition of amine 53 furnishes the adduct 54 in 95% yield, while the release step 

involving the acetylisation using 49 to yield 55 is reported to occur in nearly quantitative
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yields, though no data is given. It was also possible to recover 52 which could be reused 

without (noticeable) loss in activity. A chiral version of 52 was also synthesised, however 

the maximum ee achieved was 20% at -60 °C. Thus far no improved asymmetric versions 

have been published.

Activation 
MeOTf (57)

'OTf

58

NHR^

NHRI

Capture

X.HjN COOR-^

59

1 /N. ,C00R3
R^HN 61

O R'*

1 Release

O

R^OOC NH S
NHR’

Scheme 1.13 An amine transfer strategy for peptide bond formation

These encouraging results presented Levacher with a new method to form amide bonds, 

which was capitalized on by incorporating peptide bond formation. The outcome was a 

peptide coupling methodology. The reaction proceeds in a stepwise manner (Scheme 

1.13), beginning with the thioester bound peptide residue 56. This quinoline thioester is 

inactive to the coupling conditions, an activation step is required. The activation is 

provided by quatemisation of the nitrogen with 57 to furnish quinolinium salt 58. This, 

activated quinolinium salt is primed for the amine transfer step which is speculated to pass 

through intermediate 60 with the final isolation of the peptide 61. The conversion is 

reported to be above 90% however the yields vary between 50-75%. The overall system 

offers an alternative coupling method for the synthesis of peptides, however all the 

described examples use protected amino acids perhaps limiting the utility to the synthesis 

of small chain peptides.
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1.3 Native chemical ligation (NCL)
1.3.1 Historical perspective

Native chemical ligation (NCL) is a peptide coupling methodology refined hy Kent et al. 

in 1994 that allows the coupling of two unprotected peptides, a C-terminal thioester with 

TV-terminal Cys peptides.Preceding NCL there were several contributions that led to this 

development.

H,N ,Ph

62

H,N
H,N

OH

NH,

64

H,N

Scheme 1.14 An early experiment on thiol-thioester exchange by Wieland et al.

A significant step forward was made by Wieland et al. in their study on the behaviour of 

amino acid thioesters.^'* The authors attempted to make the 2-aminoethanethioester of 

glycine, however only the amide was formed. It was postulated that this was due to an 

intramolecular 5'—>TVacyl transfer reaction. To test this theory they synthesised 62 (Scheme 

1.14), and reacted it with L-cysteine (63). The reaction was believed to pass through a 

thioester exchange, to form intermediate 64, followed by the S-^N acyl shift to yield the 

dipeptide 65. The thioester exchange is reversible, however the S^N acyl shift is generally 

regarded as irreversible under mild conditions.^^

o.A.,
H

70

Reduction

Acyl transfer

Cleavage

O

,A.R N

Scheme 1.15 Peptide bond formation by amine capture principle
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A similar, yet more complex, ligation technique to Wieland’s was envisaged by Kemp et 

al. and developed over a number of years.The initial experiments involved a 

multistep process beginning with a capture step. The first amine capture method involved 

using a substituted benzaldehyde 66 which reacted to form imine 67 and was subsequently 

reduced to yield a secondary benzylamine 68 (Scheme 1.15). This early method was not 

practically suitable for peptide synthesis due to the harsh conditions required for the 

cleavage of the benzylamine component of 69.

Kemp et al. continued to improve the capture method and in 1981 created two models 

based on prior thiol capture.^*’^^ The two structures are related to 71, one bearing a thiol 

and another with a bonded mercury atom. It was proposed that both structures would bind 

the thiol of a Cys and would be capable of an intramolecular acyl transfer from a 

neighbouring phenolic ester. These models achieved only moderate yields with single 

amino acids, 60% and 28% respectively. The structure of the capture species at this point 

still needed to be enhanced to improve the yield of the reaction. These studies began to 

focus attention on the properties of Cys as the residue for chemoselective peptide coupling, 

an important step towards NCL.

o.A, o

H 

Is

o

Capture

H,N

72

73
Rearrangement

O

Release "V
O

H

Y
o

'SH

75

Scheme 1.16 A prior thiol capture strategy developed by Kemp et al.

In 1986 the optimised structure for the prior thiol capture strategy was published alongside 

the method for coupling of protected peptide fragments.™’^' The optimal structure for the 

template was 71 (Scheme 1.16). This material was synthesised by binding of the thiol to a
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resin via a disulfide linkage and using solid phase peptide synthesis to elaborate the desired 

peptide. The disulfide linkage was cleaved and 71 released. The mechanism (Scheme 1.16) 

begins with the capture step involving a disulfide exchange. Compound 73 rapidly 

rearranges to form 74 in DMSO. The free peptide 75 was released by reduction of the 

disulfide bond using triethylphosphine. This method was used by Kemp et al. for the 

synthesis of a 39 and 25-amino acid polypeptide chain.They used the prior thiol capture 

method to link two peptides of reasonable size. The capture step was demonstrated using a 

fiilly protected peptide and an unprotected peptide. Both methods proceeded smoothly in 

high yields (80% and 82% respectively). Surprisingly to Kemp et al, the unprotected 

peptide rearranged quicker than the protected peptide. The drawback of this method is the 

unprotected peptide was synthesised from the protected peptide, perhaps asking the 

question of how an unprotected peptide can be coupled to construct 71.

Kent proposed the idea of using selectively matched chemistries on two peptides to allow a 
chemoselective coupling, (Scheme 1.17).^^ They used this theory to synthesis a backbone- 

engineered HIV-1 protease. The Gly-Gly linkage was replaced with a thioester mimic 78 

instead of the native amide bond. The bromoacetyl group 77 is an isostere for Gly and 

hence could be substituted for any Gly residue. The thioacid such as 76 can be formed for 

any amino acid, which would allow this coupling approach to be used in general at Gly 

linkages. The HIV-1 protease analogue synthesised by this method was tested against the 

native enzyme and displayed identical activity ensuring that the thioester linkage does not 

distort the enzyme to a noticeable extent in this instance.

Y
o

SH
O

76

Br
O

N
i H Y'

'Ph
77

O

78

O

'Ph

Scheme 1.17 Coupling of two modified peptides by Kent et al.

All these aforementioned contributions allowed Kent et al. to formulate the procedure 

known as NCL in 1994 (Scheme 1.18).^^ The original concept was an adaptation of the 

thioester linkage method (Scheme 1.18) in which 79 would attack 80 to form the thioester 

intermediate 81.This reaction however suffered from an instability of 80 which was 

prone to aziridine formation and subsequent side reactions.
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Origin of concept underpinning NCL
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Scheme 1.18 Origin of the mechanism of NCL

An alternate approach was developed to form 81 by a thioester exchange between a C- 

terminal peptide thioester 82 and the thiol of a TV-terminal Cys peptide 83. The exchange is 

reversible, and can be catalysed by an external thiol additive. The intermediate 81 could 

not be isolated or detected due to the rapid rearrangement to form the native peptide 84. 

The intermediate was confirmed by acetylisation of the Cys amine, inhibiting the 

rearrangement. In this case the reversibility of the thioester exchange could also be 

determined. To demonstrate the utility of NCL, it was applied to the synthesis of human 

interleukin 8, a 72-amino acid polypeptide chain. The significance of NCL is the 

combination of unprotected peptides as reagents and a high yielding chemoselective
*7’2 nA

reaction to furnish a fully deprotected peptide. ’ ’

1.3.2 Mechanistic overview of NCL

NCL couples unprotected peptides in an almost neutral pH denaturing aqueous buffer, 

commonly 6 M guanine-HCl. This solvent system permits a high peptide concentration (> 

ImM).^^ The almost neutral pH value is required to prevent hydrolysis of the thioester 82 

and inhibit competing nucleophilic side chains from reacting. The reaction mixture also 

contains a thiol additive which catalyses the transthioesterification and acts as a reductant 

to hinder the formation of disulfides between Cys thiols. The mechanism of NCL proceeds 

in a two step process, the thioester exchange followed by an S-^N shift. The thioester
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exchange (which is believed to be the rate limiting step)^^, has been studied in order to 

increase the rate of the reaction.

Peptide^ S

R
82

R^SH

Peptide

H

R
85

Scheme 1.19 Thioester exchange prior to NCL

Kent et al. investigated rate enhancement by a preceding thioester exchange using an 

added thiol (Scheme 1.19).^^ It was thought that a more reactive thioester (85) could be 

formed using the same exchange process that occurs with Cys. In a preliminary experiment 

they added an excess of thiophenol to Ala-Glu-Ile-Ala-Ala-“COS-benzyl in a 100 mM 

sodium phosphate buffer at pH 6.5 and obtained approximately 50% of Ala-Glu-Ile-Ala- 

Ala-“COS-phenyl after 3 hours. To assess the effects of different thiol additives, a study 

was carried out on the synthesis of Bamase, a 110 amino acid polj^eptide.^^ Two peptide 

sequence were produced using solid phase peptide synthesis, the thioester component 

bamase (l-48)-“COS-benzyl and the A^-terminal cysteine peptide [Cys'^^Jbamase (49-110). 

It was found that after 7 h the NCL using 4% thiophenol (v/v) was complete compared to 

25% conversion using 4% benzyl mercaptan as catalyst.

Kent et al. were not content with this result and continued to study the effect various thiol 

additives had on the outcome of the NCL protoeol. In an attempt to gain a better 

understanding of the factors which control a thiols capability as an additive a series of 

fourteen different thiols were examined.^^ The model system used was composed of the 

peptide thioester Leu-Tyr-Arg-Ala-Leu-COSCH2CH2Leu (1 mM) and A-terminal Cys 

peptide Cys-Leu-Tyr-Leu-Ala-Ala (2 mM). A ten-fold excess of thiol additive was used 

and TCEP was used to prevent disulphide formation. All fourteen thiols screened using the 

same conditions and comparison was made with a control reaction containing no additive.

SH O
NaO,S.

'SH
HO'

SH SH

0,N

SH

86

pKa = 9.67

87

pKa = 9.2

88

pKa = 6.6

89

pKa = 6.6

90

pKa = 4.67

Figure 1.7 A sample of the thiols screened as NCL additives by Kent et al.
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Alkyl thiols, i.e. 86 and 87, are less active catalysts than the thiophenols under these 

conditions. This lower rate was attributed to the reduced reactivity of alkyl thioesters, this 

was determined by the accumulation of the exchange products during the reaction. This 

ruled out alkyl thiols as possible additives. It appeared that thiophenols possess the correct 

balance of nucleophilicty (at neutral pH) and leaving group ability. A trend was found for 

the substituted thiophenols, thiols with higher pi<fa proved to be better catalysts. 

Furthermore, if the was sufficiently low it hindered the rate of the ligation reaction, i.e. 

90 slowed the NCL process compared to the control with no thiol additive. It was 

concluded that the optimal catalyst is 88. The thiol 88 has a sufficiently high pifa to 

improve the thiol-thioester exchange rate, without adversely affecting the leaving group 

ability significantly. A further benefit is the very high water solubility of 88 and having a 

comparably weak odour compared to similar thiols. The use of 88 allows a substantial 

decrease in the reaction times for NCL, in the region of 10-fold.

peptidet
NH,

Amino acids: Gly, Cys, His, > Phe, Met, Tyr, Ala, Trp > Asn, Ser, Asp, Gin, Glu, Lys, Arg, > Leu, Thr, Val, lie. Pro 

< 4h < 9h < 24h >48h

Figure 1.8 Relative reaction times of amino acid thioesters in NCL processes

Apart from the thiol additives, the structure of the peptide fragments being coupled can 

determine the rate. In traditional NCL the A^-terminal peptide contains cysteine which 

cannot be varied, however the C-terminal peptide is composed of a thioester of any amino 

acid. To investigate the effect of various amino acids on the rate of NCL, Hackeng et al.
no

screened 20 amino acids using a peptide model 91 (Figure 1.8). The findings of the study 

found that a general trend existed, the more hindered the alpha position of the amino acid 

the slower the rate of the reaction. The 20 amino acids were divided into four groups, 

depending on the time taken to reach full conversion (Figure 1.8). A few amino acids 

demonstrated higher than expected rates. His and Cys. This increase reaction rate can be 

attributed to participation of the amino acid side chain in the ligation process. Only Val, He 

and Pro failed to go to completion in the course of the experiments, exhibiting very slow 

reaction rates.
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1.3.3 Methods developed to enable ligation at non-cysteine sites

A severe limitation of NCL is the requirement of a Cys residue at the ligation site. This 

problem is compounded by the fact that Cys is a relatively rare amino acid. Numerous 

methods have been developed to enhance the scope of the ligation process.

1.3.3.1 Post-ligation modification of the cysteine residue

In order to increase the scope of NCL, various post-ligation modifications are possible on

the Cys residue to convert it into another amino acid or similar structure, (Scheme

1.20). ’ ’ ’ Mimics of natural amino acids can be made by reaction of the free cysteine

with selected alkylating agents (Scheme 1.20). A possible methionine analogue 93 and 94

as a lysine analogue can be formed by one step synthesis. In some cases it is possible to

convert the Cys into another amino acid directly. The first example of this was reported by

Dawson et al., who were able to combine NCL with Cys desulfurisation to make a native 
82alanine peptide bond.

peptide^ N 
H

MeS02SR, 
NEU.

peptide^ NEto

O.A.peptide’ N 
H

95

'peptide^

'peptide^

'peptide^

Scheme 1.20 Selected post-ligation modifications of Cys

Danishefsky et al. later used a radical desulfurisation (using 96 as the radical initiator) to
o 1

transform the Cys residue into alanine (Scheme 1.20). Alanine is considerable more 

abundant than Cys in protein increasing the application of NCL without the need for 

modifications in the protein structure. A recurring problem with all these methods is the
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selectivity of the Cys modification in the presence of other Cys residues. Kent et al. 

reported the use of a protecting group for Cys that was compatible with the desulfurisation, 

requires protection of the Cys residues before the ligation step.^^

1.3.3.2 Non-cysteine ligation sites

Dawson et al. provided the first example utilising NCL followed by desulfurisation which 

has prompted the design of numerous synthetic amino acids for the same purpose (Figure 
1 9) 84,85,86,87,88,89,90,91 modified amino acids include glutamine 97, phenylalanine 98,

proline 99, valine 100, leucine 101, threonine 102, lysine 103, and selenocysteine 104 

(Figure 1.9). Generally speaking these modified amino acids result in a slower reaction 

than the traditional Cys NCL. An exception to this is found when using 104, which reacts 

very rapidly to form the native peptide. All of these residues can be modified post-ligation 

to form naturally occurring amino acids.

^NH

H,N

100

HSe

H,N

Figure 1.9 Modified amino acids for NCL at non-Cys sites

1.3.3.2 Thiol containing auxiliaries for NCL

An important strategy for the expansion of NCL methodology is the use of auxiliary 

species to mediate the NCL process where there is no access to Cys or the thiol analogues 

(Figure 1.9). ’ The auxiliary component is attached to the A-terminal peptide 106, this 

species will then react in the same manner as a Cys peptide in NCL (Scheme 1.21).
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Scheme 1.21 The mechanism of auxiliary mediated NCL and selected examples

The intermediate 107 resembles the NCL exchange product 81. After the ligation step to 

yield 108, a further deprotection step is required to obtain the native peptide 109. The 

auxiliaries 110, 111 and 112 were used in the synthesis of peptides by the groups of Kent, 

Dawson and Muir respectively.Auxiliaries 110 and 111 are both cleavable by TFA, 

whilst 112 is removed photolytically. The auxiliary ligation has only been carried out on 

select amino acids, mostly for the synthesis of Gly-Gly linkages.

1.3.4 Chemical ligations at serine

Cys and serine (Ser) are structurally similar, differing only in the substitution of a sulfur 

atom for an oxygen. This inherent similarity has aroused interest in possible serine ligation 

strategies. Serine ligations developed to date are usually centred on an O^N acyl shift 

reminiscent of NCL (Scheme 1.22). A Ser ester of type 113 can rearrange via an O^N 

acyl shift to produce a native peptide bond 114.
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Scheme 1.22 O^N acyl shift in Ser ligation

A Ser O^N acyl shift was utilised by Kiso et al. for the synthesis of an otherwise difficult 

sequence-containing peptide (Scheme 1.23). Technically, this is not a ligation strategy 

since 115 was synthesised by solid phase peptide synthesis followed by deprotection. The 

serine peptide ester 115 is substantially more stable than the corresponding Cys version, 

the intermediate is rarely seen in NCL. The half life of 115 is approximately two hours at 

pH 7.4 (Scheme 1.23). The lower reactivity of 115 compared to the NCL analogue can be 

attributed to the difference in reactivity of esters and thioesters. This low reactivity is not 

universal, an a-hydroxy-^-amino acid for example had a half life of one minute. The 

difference was speculated to be due to conformational restrictions which altered the 

reactivity of the two species.

H,N
Val—Val—NH2 O

pH 7.4
Ac—Val—Val'

Ac—Val'

O-N
acyl shift

Val—Val—NHj

'OH
116

115

Scheme 1.23 Ser based O^N acyl shift for difficult peptide synthesis by Kiso et al.

A post-ligation transformation after NCL has been achieved to create a Ser linkage. This 

method involves the conversion Cys to Ser in a multistep process (Scheme 1.24). A Cys 

residue 84 is selectively methylated to produce 118, large alkylating agents proved 

troublesome in the subsequent step. The sulphide 118 is activated using CNBr and 

undergoes a rearrangement to form the 0-linked product 120, which can successfully 

undergo and 0—*N acyl shift to yield a native peptide bond at a Ser residue. In the case of 

bulkier alkylating agents the intermediate of general type 119 will not rearrange and 

instead proceed through a y5-elimination pathway to yield a dihydroalanine product 121.
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Once again this process passes through a serine peptide ester 120, however the initial 

coupling is carried out by an alternate method.

o
Apeptide'' N 

H

H*, CH3CN

CNBr

O
■'■'7 iA.,

peptide N 
H

118

119

O O

peptide’’ N '

NH2

peptide^

120

Apeptide’ N

O
peptide'’

121

Scheme 1.24 Post-ligation modification of Cys to Ser by Kajihara et al.

A salicylaldehyde ester 122 provided the means for Li et al. to create a true serine ligation 

methodology (Scheme 1.25).^^ This process is an improvement upon Kemp’s imine 

approach (Scheme 1.15). The initial ligation of 122 and a free serine TV-terminal peptide 

(123) proceeds through a reversible imine formation, however it rapidly rearranges to form 

the stable TV,0-benzylidene acetal 124. The acetal 124 can be decomposed under acidic 

conditions to yield the native peptide 125. The method was also shown to operate equally 

well for threonine. The selectivity of the A-terminal Ser over side-chain amines is derived 

from the reversibility of the imine formation, only the TV-terminal residue being capable of 

a rearrangement to make a stable product.
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Scheme 1.25 Salicylicaldehyde ester ligation at an A^-terminal Ser residue by Li et al.

An active ester amide ligation that could be used with Ser has recently been reported by 

Pirrung et al, though this preliminary work is only used to synthesise a dipeptide.The 

postulated mechanism proceeds via a transesterification, followed by an O^N acyl shift to 

yield an amide bond (Scheme 1.26).

o

BocN.^

126

HO

H,N
OEt

O

127

CH2CI2, rt
BocHN

OH

129

OEt

O

Scheme 1,26 Active amide ligation by Pirrung et al

The scope of Ser ligation has been greatly expanded from the familiar 5-membered 
transition state, for the O—♦jV acyl shift, to both 8- and 11-membered transition states.*'^’ 

Continuing research into Ser ligation strategies will perhaps increase it viability for 

synthesis of peptides in the future overcoming the reliance on Cys based ligations.
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1.4 Organocatalytic resolution of racemic azlactones

1.4.1 Organocatalysis as a respected synthetic tool

Organocatalysis is described as the use of small organic molecules to catalyse organic 

transformations. The field has recently emerged as a powerful methodology, however 

small organic molecules have been known as catalysts for at least a century.Despite the 

evidence for small organic molecules as catalysts the design and use of organocatalysis did 

not see major development until the 1990s. Since the 1990s publications in the field of 

organocatalysis have grown exponentially. Several modes of activation exist in 

organocatalysis, including the formation of reactive enamine/iminium intermediates and 

activation through counterion/hydrogen-bonding interactions. A large number of 

organocatalysis behave in a similar fashion to enzymes, and some are even inspired by 
enzymes (see section 1.2.1 for examples of biomimetic systems).'®^’’'’'* Asymmetric 

organocatalysis has developed parallel to achiral organocatalysis, and is now a potent tool 

for drug discovery and synthesis.*'’^ Advantages associated with organocatalysis include 

low cost of the catalyst and general insensitivity to air and moisture in comparison to many 

metal-based complexes.

Figure 1.10 Representation of the energy difference in a catalysed and uncatalysed 

reaction

Organocatalysis achieve reactivity/selectivity through either covalent or non-covalent 

interactions, and in some instances both. The reaction pathway for the catalysed system 

can occur via one or more transition states resulting in the lowering of activation energy of 

a difficult transition state (Figure 1.10). This is akin to the mode of action of enzymes.
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1.4.1.1 Hydrogen bonding mediated organocatalysis

Hydrogen bonding has become a crucial mode of activation in organocatalysis. The advent 

of hydrogen bond donors as organocatalysts can be attributed to the discovery of the 

catalytic ability of 1,8-biphenylenediol by Hine et al. in 1984 (Scheme 1.27).''^^’'°^ Hine et 

al. were interested in the acceleration of the ring opening of epoxides 130 by ethanamine 

(131) using phenols in butanone solution. It was proposed that the phenolic hydroxyl 

would be capable of hydrogen bonding to the epoxide enhancing the reactivity of the 

epoxide towards nucleophiles. The results were analysed using a logarithmic plot of the 

catalysis constants versus the ionisation constants of the phenols tested. The initial results 

displayed a proportionate rate enhancement compared to the acidity of the phenol, e.g. 133 

and 134 (Scheme 1.27). The unexpected behaviour of 135 (superior rate enhancement) 

indicated a unique mode of activation by this species; because 135 was substantially adrift 

from the linear trend of reactivity. The enhanced catalytic activity was ascribed to the 

ability of 135 to form hydrogen bonds to the substrate. Based on crystal structures obtained 

for 135 a dual hydrogen bonding theory was confirmed.Surprisingly the catalytic 

activity of o-hydroxyphenol respected the trend based on the pKa of the hydroxyls and did 

not show the enhanced activity of 135, this perhaps indieative of the importance of the 

relative distance between the hydroxyls and their orientation.

o

Ph

ArOH O OH

130

+ EtNH2

131 Ph'
132

Scheme 1.27 Relative rate enhancement exhibited by hydrogen bond donors 133-135

Interest in hydrogen bonding mediated catalysis was slow to establish with only a few 

examples in the next decade. Etter et al. demonstrated the ability of diaryl ureas 136 to 

fonn hydrogen bonds with various hydrogen bond acceptors by co-crystallisation in
1 ns1988. Biaryl ureas did not see use as catalysts until 1994, when Curran and co-workers
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used them for the allylation of cyclic sulfmyl radicals.''’^ In the meantime Kelly et al.

designed modified biphenyldiols 137 which demonstrated increased catalytic activity. 110

Figure 1.11 Development of hydrogen bond donors by Etter, Kelly and Curran

In the twenty-first century, the design of hydrogen bond donors began to focus on the use 

of systems similar to 136 and 138, moving away from Hine’s biphenylene based structure. 

To modulate the reactivity various structural changes were made to Etter’s original urea 
(Figure j j "'’'*2,113,114 combined works have made 139 and 140 the models for

many hydrogen bonding catalysts.

F.C

139 X = O 
140X = S

Figure 1.12 Hydrogen bonding catalysts used by Connon and Schreiner

1.4.1.2 Bifunctional organocatalysis

Bifunctional organocatalysis appears to originate with the use of various natural products 

as additives or chiral bases. In the 1970s examples of proline based catalysis began to 

emerge; however, the mechanism of these catalysts were not inspirational to their choice at 

the time.''^’"^ L-Proline (142) was used to catalyse the cyclisation of enolisable carbonyl 

compounds such as 141 to yield optically active bicycles of type 143 (Scheme 1.28). Two 

mechanisms were speculated by Hajos and Parrish at the time, however it was not until 

2004 that computational studies favoured one model over the other. ’ The use of 

computational calculations by Houk et al. predicted the most likely transition state to pass 

through intermediate enamine 144. The hydrogen bond from the proline-acid is implicated 

to be crucial for the stereoinduction in the final product. The proline amine activates the 

methyl ketone through the formation of an enamine whilst the proton of the acid forms a 

hydrogen bond to the other carbonyl both activating and orientating it for the subsequent
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step {i.e. transition state 144). The dual funetionality of 142 made it a superior catalyst 

compared to other secondary amines screened.

1. L-proline (142) (3 mol%), 
DMF, rt, 20 h

2.TsOH(10mol%), 
benzene, reflux,
15 mins

Scheme 1.28 Proline catalysed cyclisation and proposed intermediate

In order to achieve enantioselectivity in reactions, numerous chiral organic bases were 

being blindly tested with no knowledge of the mode of action, cinchona alkaloids have 

been used for nearly a century.Cinchona alkaloids are natural products obtained from 

the bark of the Cinchona species of plants, their use was preferred due to the availability of 

both ;75ewrfo-enantiomers (Figure 1.13). A detailed analysis into the use of cinchona 

alkaloids as catalysts was not carried out until 1981. The study was based on the Michael 

addition of aromatic thiols to a,^-unsaturated ketones. A detailed kinetic investigation 

was undertaken using cinchona alkaloids and modified variants. It was discovered that the 

base of the quinuclidine operates in conjunction with the hydroxyl group in a bifunctional 

mode of action. The hydroxyl acts as a hydrogen bond donor which stabilises developing 

negative charge on the ketone in the transition state. The discussion also highlights the 

importance of the steric and electronic effects of the quinoline ring. Today, cinchona 

alkaloids have become a first choice structural framework upon which catalysts are

constructed. 122

Figure 1.13 Structures of the cinchona alkaloids quinine and quinidine

The use of peptides (in particular dipeptides) as organocatalysts in a variety of reactions, 

has received some interest. The principle of using peptides was based on the efficiency of
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enzymes and the hope that fragments of enzymes would retain similar catalytic 

proficiency. The Strecker reaction, i.e. the addition of hydrogen cyanide to aldehydes, was 

earned out asymmetrically using the cyclic dipetide 149 by Inoue et al. in 1981 (Scheme 

1.29).'^^’'^“* The exact interactions that control the stereoehemistry have not yet been 

elucidated, however it is feasible that at least one of the amides of 149 would be capable of 

hydrogen bonding the aldehyde 147 sufficiently strongly for the imidazole to promote the 

reaetion via general base catalysis. A similar dipeptide was used by Tipton et al. for the

addition of hydrogen cyanide to imines, obtaining in excess of 99% ee. 125

147

+ HCN

148

Scheme 1.29 The asymmetric addition of hydrogen cyanide to aldehydes by Inoue et al.

A more complex peptide catalyst was designed by Miller et al. in an attempt to mimie the 

catalytic activity of acylase enzymes. The catalyst was designed to mimic a y5-tum 

subunit of an enzyme containing an imidazole base (Figure 1.14). The principle was to 

determine if the catalytic efficiency of the enzyme could be retained while reducing the 

peptide structure to its minimal components. The proposed structure was determined by 

analysis of the chemical shifts of the amide hydrogens with variation of the solvent 

polarity, measured using 'H NMR spectroscopy. The optimum catalyst structure 151 was 

arrived at by systematically altering the amino acid composition while retaining the 

histidine-proline linkage. Peptide 151 proved to be an efficient catalyst for the kinetic 

resolution via acyl transfer.

Figure 1.14 An acylase y9-tum mimic developed by Miller et al.
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A new approach to catalyst design was adopted by Jacobsen et al. in 1998. Combinatorial 

chemistry was used to create a library of possible catalysts.’^’ The discovery of the 

thiourea catalyst 153 was not the initial target, the first screening was carried out using the 

thiourea structures as ligands for metal catalysis. Fortunately, the reaction occurred in the 

highest enantioselectivity in the absence of metal ions. The combinatorial approach was 

then adopted to create a library of catalysts in which, the amino acid, aldehyde and 1,2- 

diamine constituents of the structure were systematically varied. This study resulted in the 

identification of the highly active catalyst 153 (Scheme 1.30). In latter studies Jacobsen et 

al. used a combination of NMR spectroscopic analysis and computational techniques to

further optimise the catalyst design. 128

152

153 (2 mol%) 
toluene, -78 °C

TFAA
HCN

A.N

154 78%, 91% ee

Scheme 1.30 A thiourea-catalysed asymmetric Strecker reaction by Jacobsen et al.

F,C

155
Takemoto 156R = CH=CH2 

157R = CH2CH3 
Chen, Sods, Connon and Dixon

Figure 1.15 The structures of prominent organocatalysts that are used often

Since the late 1990s the use of organocatlaysts has grown enormously. Select examples of
129 130 131 132 133catalysts which have seen widespread use are shown in Figure 1.15. ’ ’ ’ ’ The

Quinine based thiourea catalysts 156 and 157 were first published independently in 2005 

by the groups of Chen, Sods, Connon and Dixon demonstrating excellent yield and
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enatioselectivity (Scheme 1.31). Connon et al. identified the importance of the 

stereochemistry at the C-8 and C-9 positions, significant reductions in enantioseletivity 

were observed for other epimer.

o o

NO,

159

A X
160 (2.0 equiv.)

157 (2 mol%), 
toluene, 20 °C

O O

MeO OMe

NO,

161 98%, 99% ee

Scheme 1.31 The addition of malonate to nitroalkenes promoted by thiourea 

organocatlyst 157 by Connon et al.

Wynberg’s seminal work'^’ outlining how the quinuclidine base moiety can operate 

synergistically with a hydrogen bond donating moiety at C-9 spawned a new sub-domain 

in the field of organocatalysis, with numerous examples of modified quinine-based 

catalysts appearing since.

1.4.2 Dynamic kinetic resolution (DKR), core concepts

Enantiopure compounds can be obtained from a racemic mixture by kinetic resolution.'^’ 

Kinetie resolution (KR) relies on the difference in reactivity of each enantiomer in the 

presence of a chiral catalyst. The maximum yield obtainable is therefore only 50%. The 

process requires a sufficiently high difference between Ur and ks in order to achieve the 

desired selectivity (Scheme 1.32). As a KR reaction proceeds, the concentration of the slow 

reacting enantiomer increases relative to the fast reacting enantiomer and depending on the 

differences in the rate constants at a certain point the rate of reaetion of the slow reacting 

enantiomer becomes competitive. Furthermore Sharpless et al. demonstrated that by 

exceeding 50% conversion it is conceivable to obtain the unreacted substrate in near 

optical purity.DKR overcomes the waste of material often incurred during KR and 

other separation techniques and allows a theoretical yield of 100% of the desired

enantiomer. 140,141 The introduction of the racemisation of the substrates allows a racemic

mixture to be converted into a single enantiomer product, as the fast reacting enantiomer is 

consumed it is also being generated by the racemisation of the slow reacting enantiomer 

(Seheme 1.32). A simplified mathematical analysis of DKR was provided by Noyori et al. 

in 1993: the rate constants for kRi and ksi are assumed to be equal (Scheme 1.32).'"'’
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Therefore, it was shown that a highly selective DKR is obtained when Rri > ksi > kR> ks, 

this will ensure that the substrate will be racemised more quickly than the faster reacting 

substrate is converted to the product (Scheme 1.32). In cases where kRj= ksi < kR, the rate 

determining step becomes the racemisation process which can have a negative effect on the 

resolution process especially if this kR/ = ksi ~ ks.

Kinetic resolution Dynaminc kinetic resolution

fast

slow

S^', Syj = substrate enantiomers 
P5, = product enantiomers
kx = rate constants for 
enantiomer X

^R1

^si

[I]

fast

slow

I = achiral intermediate

Scheme 1.32 Kinetic and dynamic kinetic resolution

The racemisation step can be performed chemically or biocatatlytically. It is vital that the 

racemisation only affects the substrate and does not act on the product. A common method 

is in situ racemisation via protonation/deprotonation. This will generally occur through the 

enolisation of a carbonyl. Azerad et al. screened a series of yeasts and fungi in the 

reduction of 2-carbethoxy cycloheptanone (162), (Scheme 1.33).''*^ The a-proton is easily 

deprotonated to form an enol intermediate in the reaction medium, providing the required 

racemisation for efficient DKR.

OEt Kloekera magna NRRL Y-1611
HO VOEt

162 163 96%, 99% ee

Scheme 1.33 Microbial reduction incorporating DKR by Azerad et al.
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DKR has been performed using entirely chemical means. An important example DKR was 

reported by Deng et al. in 2002.''*'*’’'^^ Previously, Deng reported the kinetic resolution of 

Z- protected a-aminoacid A-carboxyanhydrides by organocatalytic mediated alcoholysis to 

yield enantioenriched protected amino acids.To broaden the reaction scope and fashion 

a DKR approach Deng et al. used a more enolisable substrate 164, that under the reaction 

conditions is capable of racemisation (Scheme 1.34). This tactic allowed the DKR of a-aryl 

A-carboxyanhydrides and the synthesis of optically active «-aryl amino acids in excellent 

yields. Unfortunately, the method could not be extended to unactivated and natural amino 

acids, leaving a void in this area.

164

allyl alcohol, 
165 (20 mol%)

EtzO, 23 °C, 1 h

O

O

NHZ

166 97%, 91% ee

Scheme 1.34 Organocatalytic DKR by Deng et al.

1,4.3 DKR of azlactones

The DKR of a-substituted azlactones by alcoholysis offers a rapid route to the synthesis of 

enantioenriched amino acids, both natural and unnatural. Azlactones can be readily 

obtained by A-acylation of amino acids followed by dehydrative cyclisation.’"'^’'''* The 

labile a-hydrogen, allowing effortless enol formation, makes azlactones ideal candidates 

for DKR (Scheme 1.35).'“*^ Providing the rate of racemisation is sufficiently high faster 

than the alcoholysis of the slow reacting enantiomer and the difference between the fast 

versus slow is considerable, very high enantiopurity is attainable.
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Scheme 1.35 The DKR of a-substituted azlactones

1.4.3.1 Lipases as asymmetric catalysts for DKR of azlactones

To date no enz3^ne for the DKR of azlactones has been identified; however, several 

examples of lipases being capable of catalysing the DKR of azlactones have been 

identified. The first lipase-catalysed alcoholysis of azlatones incorporating DKR was 
carried out by Bevinakatti et al. in 1990.'^° The use of a lipase from muco miehei, provided 

the best enantioselectivity (Scheme 1.36). The initial reaction conditions were designed for 

kinetic resolution, hence the reaction was stopped at 45% conversion and 57% ee. The 

optical activity of the unreacted azlactone was examined, however it appeared to be 

racemic. Based on this evidence it was concluded that the azlactone was racemised during 

the reaction. A further experiment was conducted allowing the reaction to proceed to 100% 

conversion and 34% ee. Disappointingly, the enantioselectivity was reduced; however, it 

confirmed catalysis by DKR and not KR. In a later study Bevinakatti et al. demonstrated 

that the enantiomeric excess could be increased to 69% by optimising the solvent

system. 151

Ph
II

'O

167

BuOH, Lipase 
diisopropyl ether OBu

168 45%conv., 57% ee 
100% conv., 34% ee

Scheme 1.36 Lipase catalysed DKR of azlactones by Bevinakatti et al.
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Shi et al. reported the DKR of azlactones by hydrolysis using lipases.Enantiomeric 

excesses of 99% were attainable; however the results varied greatly between amino acids 

and in some instances reproducability was an issue. An entirely more impressive report 

was presented by Shi et al. in 1993 for the DKR of azlactones by alcoholysis, yields of 

47% to 93% and enantioselectivities between 66% and 95% ee were obtained.'^^ Although 

the inconsistencies had been removed the enzymes poorly tolerated structural changes in 

the amino acid substrates leading to lower selectivity. In an attempt to improve the 

protocol a second enzymatic step was added to selectively hydrolyse the newly formed 

ester of the minor enantiomer. This synergistic approach allowed increased optical purity 

to be achieved.

The use of sterically hindered amino acids such as tert-leucine requires long reaction times 

to achieve satisfactory yields (Scheme 1.37).'^'' The reaction of 169 only reached 67% 

conversion after 13 days, however the enantioselectivity was excellent at 99.5% ee. It is 

noteworthy that 25 mol% of external base was added to the reaction medium, presumably 

to enhance the rate of racemisation.

nBuOH, lipozyme, 
EtjN (25 mol%), 

toluene, 13 d OnBu

Scheme 1.37 DKR of sterically hindered azlactones by lipozyme

An attempt was made by Turner et al. to optimise reaction conditions further {i.e. the 

solvent and nucleophile), however the optimised condition was not applicable to all 

azlactone substrates.In conclusion the lipase DKR alcoholysis of azlactones can be used 

to achieve excellent yields and optical purity, yet it fails to offer extensive scope.

1.4.3.2 Peptide catalysed DKR of azlactones

To overcome the use of enzymes as eatalysts Hua et al. attempted to use peptides to 

catalyse the methanolysis of azlactones.The same catalytic peptide was used by Inoue et 

al. (Scheme 1.29), however other peptides were tested with less than optimum results. The 

initial screening of catalytic peptides without additives yielded poor results, in particular 

cyclic dipeptide 149 proved to be less active than linear counterparts. Based on this
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discovery chiral hydrogen bonding additives were added to interfere with the hydrogen 

between 149 molecules and perhaps assist in hydrogen bond activation of the azlactone. 

The optimised conditions (Scheme 1.38) furnished 172 in low yield and enantiomeric 

excess (30% yield and 39% ee) after a 14 day reaction. This method failed provide the 

desired product in a satisfactory yield or enantioselectivity, however it does present a move 

away from enzymes as the sole catalysts for the DKR of azlactones.

149 (50 mol%)
L-(±)-diisopropyl tartrate (50 mol%)

EtOH (4.0 equiv.) 
toluene, 13 °C, 14 d

172 30%, 39% ee

Scheme 1.38 The DKR of azlactones by cyclo-dipeptide 149

1.4.3.3 Ti-TADDOLate complexes as asymmetric catalysts for DKR of azlactones

In an attempt to offer an alternative to enzymatic catalysis for the DKR of azlactones, 

Seebach et al. investigated the use of Ti-TADDOLate complexes.A series of Ti- 

TADDOLate complexes were evaluated in the alcoholysis of 171 resulting in the optimum 

catalyst 173 (Scheme 1.39). Utilising the best conditions the product could be furnished in 

75% yield and 70% ee after 6 days (Seheme 1.39). The long reaetion times and use of Ti- 

TADDOLates as stoichiometric reagents severely impacts on the utility of this process, 

also the selectivity is inferior compared to enzymatic methods already available.

171

173(1.2 equiv.) 
THF, -28 °C, 6 days

Scheme 1.39 Ti-TADDOLate DKR of azlatones

In order to validate the methodology, Seebach et al. continued research to establish firstly 

the scope of the reaction and secondly the possibility of using sub-stoichiometric amounts
1 CO

Ti-TADDOLate complexes. The scope of the reaction was examined by using a series of 

phenylalanine analogues. Azlactones derived from 171 displayed comparable yields and 

enantiomeric excess as 174. Other amino acid (derived from alanine and valine) resulted in 

decreased enantioselectivity. The scope of this process appeared to be limited to
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phenylalanine and its related analogues. Seebach et al. were able to reduee the loading of 

the Ti-TADDOLate complex by using an achiral alkoxide source to regenerate the active 

species in situ. Despite this, 0.7 equivalents of 173 were still required.

1.4.3.4 Acyl transfer catalysts as asymmetric catalysts for the DKR of azlactones

The use of planar-chiral DMAP derivatives as asymmetric catalysts for the DKR of 

azlactones was demonstrated by Fu et al. in 1998 (Scheme 1.40).'^^ Catalyst 175 was 

capable of promoting the alcoholysis of a variety of azlactones, aliphatic, aromatic and 

hindered, with excellent yields and moderate enantiomeric excess. The presence of benzoic 

acid as an additive was discovered to greatly increase the rate and selectivity, without 

benzoic acid the reaction proceeded slowly and furnished almost racemic products. The 

use of methanol as the nucleophile allowed the reaction to proceed at a convenient rate, 

alcohols with increased steric bulk enhanced the product enantiomeric excess with a 

substantial loss in rate.

N
O

Ph 'O

167

MeOH, 175 (5 mol%)

toluene, rt, 
PhC02H (10 mol%)

Scheme 1.40 The DKR of azlactones catalysed by a chiral DMAP derivative 175

Recently, the group of Birman reported the use of benzotetramisoles {e.g. 176, Scheme 

1.41) as catalysts for the alcoholysis of azlactones.The prelimanry results using 

methanol achieved only moderate enantioselectivity (34% ee), however the use of bulkier 

benzylic alcohols dramatically increased the enantioselectivity. Birman also found that in 

the absence of benzoic acid catalysis was virtually absent. The scope of the reaction was 

shown to be substantial, variation in the amino acid subunit did not affect the enantiomeric 

excess greatly. The use of amino acids containing aromatic side chains increased the 

enantioselectivity slightly. The non-trivial bis-napthyl substituted alcohol was found to be 

required in order to obtain products with high ee. Recently, stereochemical rationale 

invoking ti-ti interactions between the substrate and catalyst has been published.'^'
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177 (10mol%) 
PhCOjH (5 mol%)

(1-Np)2CHOH (1.0 equiv.), 
CDCI3, Na2S04, rt

Scheme 1.41 Benzotetramisole-catalysed DKR of azlactones by Birman et al.

1.4.3.5 (Thio)ureas as asymmetric catalysts for the DKR of azlactones

In 2005, Berkessel et al. reported the first example of the use of bifunctional (thio)urea 

catalysts in the DKR of azlactones.*"*^ The use of (thio)urea catalysts proved to be fruitful, 

initial experiments using 180 resulted in high product yields and enantiomeric excess 

(Scheme 1.42). Prompted by this positive result, a second generation of catalyst was 

designed.This second generation of catalyst in the form of 181 promoted the reaction in 

excellent enantioselectivity with a slight sacrifice in the rate (182 was obtained in 59% 

yield and 92% ee compared to 76% yield and 85% ee when using 180). The reaction was 

also conducted at higher concentrations to improve conversion, however a diminished 

enantiomeric excess was observed (89% yield and 90% ee).

180 or 181 (5 mol%)

allyl alcohol (1.5 equiv.) 
toluene, rt

PhA o

o
182

using 180 76%, 85% ee 
using 181 59%, 92% ee

Scheme 1.42 Bifunctional (thio)urea catalysts for the DKR of azlactones

A detailed discussion of the catalyst optimistaion, (in which a large array of catalysts 

reported), was provided at a later stage. The bifiinctional catalyst is speculated to bind 

the azlactone by hydrogen bonding, which activates it both towards enolisation and 

alcoholysis (Figure 1.16). The amine functionality serves to both catalyse the racemisation

43



of the azlactone and enhance the nucleophilicity of the attacking alcohol. Berkessel et al. 

also exploited the (thio)urea catalysts for the KR of oxazinones.’^'^

Figure 1.16 Proposed activation of azlactone/alcohol by a bifunctional (thio)urea 

catalyst

Subsequently, Connon et al. employed catalyst 183 for the alcoholysis and thiolysis of 

azlactones (Scheme 1.43).'^^ The method was characterised by comparable yields and 

enantiomeric excess to Berkessel’s catalysts. Azlactone DKR by thiolysis in excellent 

yields and moderate enantioselectivity was also demonstrated for the first time. The 

thiolysis is of particular interest due to the thioester products formed which are (generally 

speaking) important substrates for NCL (see Section 1.3). The thioester products are not 

directly suited for NCL, however the principle of the method is significant. A one-pot 

procedure was also presented for the DKR by alcoholysis of A-benzoyl alanine to fiimish 

182 in 94% yield and 88% ee. Dicyclohexyl carbodiimide was used for the generation of 

the azlactone in situ, this offers a considerable advantage for operational purposes.

PW 'O

167

Ph

O

H ;^o
167

allyl alcohol (2.0 equiv.) 
183 (10 mol%)

CH2CI2, -20 °C

cyclohexyl thiol (3.0 equiv.) 
183(10mol%)

CH2CI2, -30 °C

Ph

OA
o

184 98%, 88% ee

H

185 90%, 64% ee

Scheme 1.43 DKR of azlactones promoted by 183.
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Song identified a potential problem associated with the use of traditional (thio)urea 
modified chichona alkaloid-based catalysts; namely self association.'^^ This would hamper 

the performance of the catalyst in a concentration-dependent manner. Accordingly, he 

designed a suite of Ci-symmetric alkaloid-based catalysts which he could demonstrate (by 

NMR spectroscopic and x-ray crystallographic methods) do not appreciably self associate. 

One of these catalysts 186 was capable of promoting the DKR of 167 in excellent yield and 

enantiomeric excess (Scheme 1.44).

allyl alcohol (2.0 equiv.) 
186(10mol%)

O -----------------------------------------^ Ph'
O CH2CI2, -20 °C

167

A
o

184 95%, 89% ee

Scheme 1.44 DKR of azlactones promoted by 186

1.4.3.6 Squaramindes as asymmetric catalysts for the DKR of azlactones

1.4.3.6.1 Squaramides as hydrogen bonding catalysts

The squaramide functionality is a dual hydrogen bond donor, characteristically similar to 

(thio)ureas. The squaramide moiety can donate two hydrogen bonds in an analogous 

manner to thio(ureas), however it also has the capability to accept two hydrogen bonds via 

the adjacent carbonyls (Scheme 1.45).'^^’'^^

H-bond acceptor

I I

N'
H

t t
H-bond donor

187

H-bond acceptor 
/

/O

NH
/

R

188

H-bond donor

Scheme 1.45 Hydrogen bonding duality in the squaramide moiety
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The squaramide structure has a limited axis of rotation, each hydrogen bonding amide has 

two conformations (i.e. structures 187 and 188, Scheme 1.45) allowing for hydrogen 

bonding interaction as seen in dimer 189. It has been hypothesised that the squaramide 

structure gains significant rigidity due to its partial aromaticity, in particular upon 

hydrogen bonding.

o. ,o

'N
H

N-
H

2,72 A
190

A
2.13 A

191

O. ,o

'N
H

N'
H

S

H H

\ / II
H-bond direction

Figure 1.17 Hydrogen bonding distance and orientation for 190 and 191

Crucially, it has been calculated that the relative distances between the hydrogen bonds of 

the squaramide 190 is significantly greater than that of the comparable thiourea 191 

(Figure 1.17).'™ The difference in distance is likely to alter the binding properties of the 

squarmide 190 compared to thiourea 191. The bonding angle of the hydrogen bond donors 

has also been measured for 190 and 191, indicating a slight convergence of the squaramide 

hydrogen bonds (approximately 6°) which is not seen in the case of the thiourea. The slight 

convergent angle may influence the strength of the hydrogen bonding and the positioning 

of the hydrogen bond acceptor, with particular relevance to asymmetric catalysis.'^' The 

strength of hydrogen bonding for nitrate and carboxylate anions with squaramides was 

calculated to be comparable, if not greater, than the corresponding urea.'™

Despite the similarity between squaramides and (thio)ureas, the use of squaramides as 

organocatalysts is only a recent development. The first documented squaramide based 

organocatalysts was reported by Rawal et al. in 2008.'™ The squaramide catalyst 191 was 

evaluated on a model reaction and displayed excellent yields and enantiomeric excess at 

low catalyst loadings (Scheme 1.46). The catalyst loading could be reduced to 0.1 mol% 

with only a slight decrease in enantiomeric excess (96% ee). To further evaluate 193 as a 

catalyst, a range of 1,3-dicarbonyl compounds and y5-nitrostyrenes were screened, the 

products were consistently furnished in excellent yield and enantiomeric excess. The 

synthesis of the squaramide catalyst was shown to be straightforward, without the need for 

rigorously anhydrous conditions and harsh reagents.
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o o

192

Ph'
,NO,

159

193 (0.5 mol%) 

CH2CI2, rt, 8 h

O O

Ph

194 94%, 99% ee

Scheme 1.46 The first reported bifunctional squaramide-based organocatalyst by Rawal 

et al.

1.4.3.6.2 The efficient alcoholysis of azlactones by squaramide catalysts

The current benchmark catalyst for the DKR of azlactones by alcoholysis was developed 

by Song et al. in 2009 (Scheme 1.47).'^^ The use of either catalyst 195 or 196 furnishes the 

product in excellent yield and enantioselectivity. The enantiomeric excess can be increased 

further upon cooling the reaction (182 is obtained in 98% yield and 97% ee when cooled to 

-20 °C). The opposite enantiomer can be obtained by using the quinidine derived version of 

the catalyst, albeit at a higher catalyst loading and slightly reduced enantioselectivity (20 

mol% loading and 91% ee). Catalyst 195 was capable of tolerating a wide range of amino 

acid derived azlactones, both natural and unnatural, while maintaining excellent levels of 

enantiomeric excess. Ethanol and propanol could also be used as the nucleophile with 

minimum loss to the enantioselectivity (94% and 93% ee respectively). The catalyst 

efficiency was proposed to be linked with the avoidance of the formation of a self- 

aggregated of the catalyst in solution (the catalyst was designed to suppress aggregation at 

increased reaction concentration). To test this hypothesis, catalyst 195 was screened over a 

range of concentrations (from 0.1 M to 1.0 M) with only a slight fluctuation in the product 

yield and enantiomeric excess. The non-association of the catalyst is believed to be due to 

the bulk of the two hydroquinine units, which are sufficiently large to inhibit hydrogen 

bonding between the squaramide moieties.
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195 or 196 (10 mol%)

allyl alcohol (2.0 equiv.)
CH2CI2, rt

182
using 195 95%, 94% ee 
using 196 99%, 93% ee

Scheme 1.47 DKR of azlactones promoted by squaramide catalysts 195 and 196

Song et al. exploited the highly selective DKR of azlactones by squaramide catalysts to 

incorporate the synthesis of deuterium labelled amino acids (Scheme The

racemisation step in DKR involves the rapid deprotonation/protonation of the azlatone via 

the enol form. It was envisaged that in the presence of deuterium source (such as EtOD) an 

exchange would occur during the racemisation process. It was discovered that if 50 

equivalents of EtOD were used, the a-deuterium labelled amino acid 197 was formed in 

86% yield and 86% ee (the enantiomeric excess could be subsequently improved by 

recrystalisation). The method was screened on a series of azlactones with comparable 

yields, enantiomeric excess and deuterium incorporation. The free amino acid can be 

obtained by heating under reflux in a solution of hydrogen bromide without loss in either 

deuterium content or enantiopurity

195(10 mol%)

EtOD (50 equiv.) 
CH2CI2, rt

Ph'A o.
o

197 86%, 86% ee 
D:H = 97:3

Scheme 1.48 Deuterium labelled amino acid via DKR of azlactones
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1.4.3.7 Brensted acids as asymmetric catalysts for DKR of azlactones

Br0nsted acids represent the most recently designed class of catalysts for the DKR of 

azlactones. Birman et al. employed catalyst 199 in 2011 for the DKR of aryl azlactones by 

alcoholysis to fiimish protected amino acids in excellent yield and enantiomeric excess {i.e. 

200 was obtained in 90% yield and 91% ee. Scheme 1.49).'^^ A short time later, Gong et 

al. reported a similar catalyst 202 that could promote the DKR of azlactones in an almost 

identieal fashion, comparable yields and enantiomeric excesses were obtained (Scheme 

1.49). Although Bronsted acids represent a new approach to the DKR of azlactones, the 

methodology fails to surpass the existing work of Song et al. in several aspects. Firstly, 

both Birman and Gong required the use of aryl azlactones (such as 198 and 201), severely 

impacting on the scope of the process. Secondly, the alcohol required for the resolution is 

generally more sterically demanding (Scheme 1.49). The final issue is associated with the 

choice of A-protecting group used for the amino acid, this is again more exotic than the 

standard A-benzoyl moiety used in previous methodologies. In summary, the Bronsted 

acids require increased sterics to furnish the desired protected amino acid in excellent yield 

and enantiomeric excess.

Ph

O
199 (5 mol%) 

I-NPCH2OH (1.1 equiv.)

CDCI3, rt

Ph

Scheme 1.49 Bronsted acid catalysed DKR of azlactones
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1.5 Protecting groups in organic chemistry

Protecting group chemistry is not ideal from the point of view of atom-economy; however, 

it is required in some instances for the synthesis of complex molecules that feature reactive 

functional groups. The use of protecting groups is a long-standing and well developed area 

of organic chemistry. ’ The role of a protecting group is to suppress the reactivity of a 

functional group to the reagent/conditions of the subsequent reaction(s) and allow the 

functionality to be retrieved at the desired step in a synthesis. It is important to remember 

that an optimal synthetic route will contain a minimal number of protection/deprotection 

steps, protecting groups should only be used when unavoidable.'^^ The first (extensively 

used) protecting group can be traced back to Bergmann and Zervas, the design of the

benzoyloxycarbonyl protecting group (commonly abbreviated to Z). 180

The prerequisites for a protecting group are;

> Simple, high yielding introduction

> Stability to a wide range of conditions

> Mild, selective removal

The use of protecting groups requires an additional aspect for effective use in synthesis, the 

notion of orthogonality. Orthogonality of protecting groups is required in cases where 

more than one protecting group is needed and the removal needs to be selective for each 

protecting group. This concept was described by Barany in 1977 and is fundamental to

protecting group chemistry 181,182

primary
amine

amino acid side chains can contain 
numerous different reactive groups 
carboxylic acids, amines, alcohols, 
thiols, etc.

%y
R

^ H2N OH

o

carboxylic
acid

Figure 1.18 Reactive moieties of amino acids that may require protecting groups

Amino acids are the perfect example to demonstrate the importance of orthogonal 

protection strategies as they contain a multitude of reactive functionalities that require
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protection during peptide synthesis (Figure 1.18). To couple two amino acids the 

protection of the amine of one amino acid is required, while the protection of the 

carboxylate of the other amino acid is necessary and perhaps the side-chains (depending on 

the amino acid). The selective deprotection of the product peptide may be sought, hence 

the protecting groups needed alternate conditions for removal. To meet this requirement an 

extensive range of protecting groups has been designed with amino acids in mind. In 

Section 1.6, the DKR of azlactones produces A^-benzoyl protected amino acids, the benzoyl 

group is easily attached and is stable under the subsequent reaction conditions. The failure 

of this group as a protecting group is in the deprotection step, strongly acidic conditions are 

required for hydrolysis of the amide bond (unlike the mild, selective conditions which are 

preferable).

1.5.1 A^-protecting groups for amino acids

The most common protecting groups for amines are derived from amides, imides and 

carbamates, although benzyl and sulphonamide functionalities are also frequent. The 

amine protecting groups based on amides, imides and carbamates will be discussed in more 

detail in the following sections. The protecting groups are generally introduced by the 

reaction on an amine with a dicarbonate or activated acid derivative under specialised 

conditions.The conditions for the installation of the protecting group are 

predominantly consistent and usually selective. To differentiate between protecting groups 

they are categorised based on the conditions under which they are removed. The protecting 

groups used most widespread are either removed using acid or base, however fluoride and 

hydrogenation are also commonly observed deprotection methods. The more common and 

acid- and base-labile protecting groups will be discussed briefly in the following sections. 

Other removal techniques are not to be overlooked as they play a crucial role for 

orthogonal protection, however given the vast number of protecting groups available a 

detailed discussion of them all would be impractical.

1.5.1.1 Acid labile A-protecting groups

1Perhaps the best established acid-labile A-protecting group is tert-butoxycarbonyl (Boc). 

The preparation and deprotection has been thoroughly studied for use in conjunction with 

amino acids and peptide synthesis. ’ ’ The Boc group is most often removed by a

solution of trifluoroacetic acid in dichloromethane (25%-50%).
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207 (Cl-Z)

Figure 1.19 Structures of selected acid-labile 7V-protecting groups

In an effort to allow orthogonal deprotection methodologies a variety of acid labile 

protecting groups have been synthesised (Figure 1.19) with varying degrees of acid 

sensitivity in respect to deprotection. The Ddz 205 group can be removed with 5% 

trifluoroacetic acid in dichloromethane, substantially more labile than Boc.'^° The acid 

sensitivity was taken to elevated levels with the design of Bpoc 206, Bpoc can be removed 

with as little as 0.2% trifluoroacetic acid.’^' A more acid tolerant protecting group Cl-Z 

207 was designed for use in conjunction with Boc as a highly acid stable group.The Cl- 

Z group can be removed cleanly with strong acids like hydrogen fluoride. It is obvious that 

a combination of just these selected acid labile protecting groups can be used in an 

orthogonal fashion. The slight variance in their susceptibility to acid is substantial enough 

to allow for their selective deprotection.

1.5.1.2 Base labile A-protecting groups

Base-labile 7V-proteeting groups compliment the aforementioned acid labile groups from 

the standpoint of orthogonality. Protecting groups such as Fmoc (209), tfa (208) and TCP 

(210) are generally acid stabile, allowing for simultaneous use with acid labile groups. 

They also represent alternatives when the desired reaction conditions are not eompatible 

with the acid labile groups.

A.
208 (tfa) 210 (TCP)

Figure 1.20 Structures of selected base labile A-protecting groups

The most common of the base-labile proteeting groups is Fmoc, a common choice for
1 0'3

peptide synthesis. The removal of Fmoc is performed using organic bases, piperidine is
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commonly The Fmoc group is stable to the conditions used for the removal

of Boc and the other acid labile protecting groups. The other protecting groups (Figure 

1.20) are less commonly used. The tfa protecting group is rarely seen in peptide synthesis 

due to the predominance of Fmoc. The tfa group can be removed in the presence of sodium 

hydroxide solution (0.2 N NaOH).'^^ The TCP protecting group has recently entered use as 

a protecting group for amino acids.Prior to the use of TCP as a protecting group 

for amino acids it was already in use for carbohydrate chemistry.The TCP group differs 

from the Fmoc and tfa protections as it protects the amine by the formation of two bonds as 

an imide (Figure 1.20). The imide functionality makes the protecting group particularly 

stabile. The introduction of the chlorine atoms onto the ring permits the TCP group to be 

sufficiently reactive for cleavage under mild conditions.The introduction of the TCP 

group is slightly more difficult than the corresponding carbamate/amide protecting groups. 

The TCP group is usually attached via a Dean-Stark reaction with the corresponding 

anhydride at elevated temperatures, however reeent methods allow for milder protection 

(microwave irradiation). The TCP group can be removed using hydrazine or 1,2- 

diamines in aqueous or organic solvent systems.Base and acid labile 7V-protecting 

groups feature a broad spectrum of motifs and only a bare fraction of these has been 

discussed in order give a flavour for the general classes of functionalities involved in 

amino acid protecting group chemistry. Indeed, many protecting groups are synthesised for 

a speeific set of conditions and are not in widespread use.

1.5.1.3 Protecting groups removed under specialised conditions

Several regularly used protecting groups are removed using alternative eonditions, the 

most important of these is the Z protecting group which is removed by hydrogenlysis. The 

Z group can also be removed under strongly acidic conditions if required.’’^ The amide 

functionality has been incorporated into several protecting groups for its general stability to 

a wide array of reagents. To overcome the stability of the amide for removal, and hence 

use as a protecting group, unique analogues have been developed to allow straightforward 

deprotection. To exemplify these two amide protecting groups will be discussed in detail.

To overcome the difficult cleavage of amides Koul et al. employed the o-nitrobenzoyl 

amide as a masked cleavable amide protecting group. The o-nitrobenzoyl amide 211 can 

be reduced to yield the o-aminobenzoyl amide 212 which is subsequently hydrolysed using 

copper (II) ions in aqueous acid to furnish the free amine (Scheme 1.50). The o-
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nitrobenzoyl amide 211 can be easily accessed from the corresponding acid, acid chloride 

or anhydride. The protecting group offers increased stability, until the more labile o- 

aminobenzoyl is unmasked. The synthesis of a dipeptide 213 using the o-nitrobenzoyl 

protecting group was demonstrated. The biproduct of the deprotection step is reported as 

an insoluble substance that can be removed by filtration, however the excess copper (II) 

requires the use of hydrogen sulfide for removal. The use of copper may also have 

compatibility issues with sulfur containing residues, complexing of the copper could make 

for difficult purification/hydrolysis.

PtOj/Hj

NaHCOa, HjO

Cu(OAc)2 
dilute HCI

H,N

O

O
213

Scheme 1.50 Deprotection of the o-nitrobenzoyl protecting group

A similar deprotection theory was applied to the design of the 2-(acyloxymethyl)benzoyl 

group by masking a reactive species on the benzoyl amide (Scheme 1.51).^'^^’^®'* Cain 

reported on the first example 215 in 1976 as an amine protecting group. Later Boeckel et 

al. made a minute change to the structure in 1990 by modifying the ester moiety, 214, to 

allow for a milder deprotection strategy.

o
214: = CH3
215: R’ = C6H5

NaOMe

MeOH, rt
,NH2 +

217 218

Scheme 1.51 Facile deprotection of the 2-(acyloxymethyl)benzoyl group

The protecting groups 214 and 215 can be attached by reaction with the corresponding 

anhydride or /?-nitrophenyl ester which can be prepared from the inexpensive phthalide
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218. The protecting group is stable to anhydrous acidic conditions and can be removed in 

basic media (NaOMe-MeOH or 0.05 M KiCOa/MeOH). The deprotection is promoted by 

the formation of 218 in a lactonisation reaction. The deprotection method can be modified 

by choice of the ester group, however it was shown that 215 cannot be utilised in reactions 

involving hydrogenation, due to its conversion to a 2-methylbenzoyl moiety which cannot 

be deprotected under mild conditions.

1.5.2 Protecting group modification for enhanced scope

An intriguing method to extend the scope of the phthalimido protecting group was 

developed by Weigel et al. in 1991. ’ The phthalimido group is resistant to strongly

acidic conditions, however it is susceptible to basic media and nucleophiles. The TCP 

group discussed previously was designed to decrease the phthalimido group resistance to 

nucleophiles and hence increase the ease of deprotection. In cases were increased stability 

of the protecting group is required the development by Weigel et al. is an attractive 

methodology.

pyrrolidine

THF, 25 °C

HF, B(0H)3 

THF, HjO
N-R

219 220 219

Scheme 1.52 Extension of phthalimido protecting group by Weigel et al.

The addition of pyrrolidine to 219 forms a stable product 220 that is resistant to 

base/nucleophiles making it complimentary to 219 (Scheme 1.52). The product 220 can be 

converted back into 219 under acidic conditions. The sequence allows the use of the 

phthalimido group in the presence of a greater scope of reagents without the requirement of 

changing the protecting group. The yields for the introduction and removal of the 

pyrrolidine are generally excellent (> 95%), hence the affect on the overall yield will be 

minimal. The value of this methodology could be of importance to a long linear syntheses 

in which a variety of reagents are required, and in such cases where no individual 

protecting group exhibits sufficient durability.
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The design of protecting groups is a continual process, depending on either the 

environment that the group is intended to be protected from or the functional that is to be 

masked. Although a vast amount of protecting groups exist, many disappear into obscurity,
1 in 178being disregarded as general methods. ’ It must also be remembered that the use of 

protecting groups always add extra steps to a synthesis.

1.6 The resolution of racemic thiols

1.6.1 General concepts of Kinetic Resolution (KR)

As mentioned in Section 1.4.2, KR is a methodology to obtain the two enantiomers from a 

racemic mixture using a chiral catalyst. Numerous KRs are acyl transfer reactions in which 

one enantiomer is preferentially acylated. As discussed previously the maximum 

theoretical yield is 50%, and at higher conversion the unreacted enantiomer can be 

obtained in higher enantiomeric excess. In order to calculate the efficiency of the 

resolution process an S value is often used.’"*^ This S value was conceived by Kagan and 

can be determined from the rates (eq. 1.1) or more simply calculated from the conversion 

and enantiomeric excesses obtained at a point in the reaction (eq 1.2).

5 =
^slow

(eq. 1.1)

_ ln[l-c(l+ee')] _ ln[l-C(l-ee)] 
ln[l-C(l-ee')] ln[l-C(l+ee)]

C = conversion (0 < C < 1)
ee = enantiomeric excess of the starting material (0 < ee < 1) 
ee ’ = enantiomeric excess of the product (0 < ee ’ < \)

To be regarded as synthetically useful an S value should be higher than 10, however there 

is often a need (where the process is not inherently selective enough) to drive the reaction 

beyond 50% conversion. At increased conversion the starting material will be obtained 

with improved enatiopurity at the expense of the product. An S value greater than 50 

allows for both starting material and product to be obtained in high enantiomeric excess.

1.6.2 Enzymatic KR of thiols

Limited examples of the KR of thiols using enzymes exist; and these are largely based on 

the hydrolysis of thioesters. However, some acylative KR processes have also been
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reported. The current resolution methodologies suffer from either poor selectivity or a 

narrow substrate scope. A broad spectrum KR for thiols using enzymes has yet to be 

found. The present methodologies are adaptations of known KRs of alcohols, developed 

solely on the theory that alcohols and thiols and interchangeable.

The first example was reported by Cesti et al. in 1990 and was based on the 

thiotransesterification of a thioester with ^-propanol using lipases. It has been 

discovered that thioesters have increased reactivity with many nucleophiles compared to 

oxoesters, generally non-oxygen nucleophiles.Surprisingly, the reactivity of 

oxoesters and thioesters towards hydrolysis by hydroxide was found to almost identical. 

The unique reactivity of thioesters has made them synthetically useful, particularly in NCL 

processes (Section 1.3). Cesti et al. proposed that the similar reactivity of oxoesters and 

thioesters towards hydrolysis would allow the extension of lipase catalysed resolutions of 

oxoesters to thioesters. Surprisingly, the hydrolysis did not proceed as expected using 

water as the nucleophile and instead n-propanol proved to be the optimal nuclephile to 

cleave the thioester. Furthermore, the enzyme catalysed the cleavage of the thioester in 

preference to the oxoester (221 contains both functionalities, however only the thioester is 

cleaved. Scheme 1.53). The enzymes used in the report were lipase P from Pseudomonas 

cepacia and porcine pancreatic lipase (PPL) from Candida cylindracea.

As y o

(rac)-221

PPL
O O

n-propanol 
51% conv.

'S ^ O 

(S)-221 42%, 95% ee

O

HS Y O 

222 39%, 88% ee

O

Yo
o

(rac)-223

lipase P
O

n-propanol 
55% conv.

Y'
o

o

(S)-223 40%, 80% ee

O
/ + HS O

224 28%, 45% ee

Scheme 1.53 Lipase catalysed resolution of thioesters/thiols by Cesti et al.

The initial results obtained by Cesti et al. were promising as both the starting thioester 221 

and the product thiol 222 could be obtained in excellent enantiomeric excess (95% and 

88% ee respectively). Further experiments revealed the limitation of the methodology: a 

slight variation in the structure of the starting material resulted in a sharp decrease in the 

enantiomeric excess (Scheme 1.53). The report highlights the narrow substrate scope of the
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reaction catlaysed by either PPL or Lipase P, in fact it was found that PPL did not catalyse 

the thioester cleavage of 223 with any enantioselectivity.

In 1992, Fuganti et al. detected the acylation of thiols by a succinate unit in the presence of 

fermenting baker’s yeast. The acylated thiol was obtained in trace amounts in 40% 

enantiomeric excess. There are no further reports on this resolution process. A resolution 

methodology similar to the aforementioned thiotransesterification by Cesti et al. was 

adopted by Ohmer et al. for the generation of enantioenriched 1-phenylethanethiol from a 

racemic mixture. The reaction was catalysed by lipase B from Candida antarctica. The 

(7?)-enantiomer could be obtained in excellent enantiomeric excess (95% ee), while the (5)- 

enantiomer was obtained in moderate enantiomeric excess (75% ee). The paper also 

discusses the resolution of secondary alcohol and amines using the same methodology.

Increased interest in enantiopure 2-sulfanyIpropionic acids amongst other thiols as building 

blocks for drugs and other reagents ignited researches to develop resolutions and synthetic 

methods for their preparation. Expanding on the research of Cesti et al.. Jolly et al. used 

an esterase from Pseudomonas fluorescens MTCC BOO 15 to catalyse hydrolysis of 225 to 

furnish both the thioester (7?)-225 and the thiol 226 (Scheme 1.54).^'“’

o
As o

o
(rac)-225

esterase

phosphate buffer (pH 6.8) 
37 °C, 75 mins 

50% conv.

S O
SH O

(R)-225 47%, 100% ee 226 45%, 99% ee

Scheme 1.54 Esterase catalysed resolution of thioesters by Jolly et al.

The procedure yields both enantiomers in excellent yield and enantiomeric excess (Scheme 

1.54), apparently the thioester 225 is recovered enantiomerically pure (100% ee) according 

to the measurement techniques used to detect the enantiomeric excess. Additional studies 

were undertaken to uncover the origin of the reactivity, unfortunately this did not include 

an extension of this methodology to other thioesters. A further example of this hydrolytic 

resolution was presented by Engel et al. in 2003 for the resolution of 3-acetylthiohexenal 

by lipase B from Candida antarctica. The thioester could be obtained in excellent 

enantiomeric excess (90% ee) at 60% conversion with the hydrolysed thiol formed in 

diminished ee (60%).
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In summary, the enzymatic resolution of thiols are of very narrow scope, each study 

presents only one or two examples of thiols/thioesters that can be resolved. In addition, 

numerous enzymes are used (almost a different candidate for each example). These reports 

indicate that thiols can be resolved enzymatically, however the current methods are not 

synthetically useful. A further flaw is the subsequent requirement for the hydrolysis of the 

thioester, racemisation of the thiol is sometimes observed. The summation of these 

problems makes the research into better resolutions of significant importance.

1.6.3 Organocatalytic KR of thiols

The resolution of thiols by enzymes has been study on several occasions as discussed 

previously, however the use of organocatalysts has only been realised very recently by our

research group.216

SH

{rac)-227

O

O
(0.75 equiv) 

228 (10 mol%)

TBME, -30 C

SH

(R)-227

SH

230 97% ee, S = 14.5 

SH

MeO

232 87% ee, S = 15.0

SH

231 90% ee, S = 25.5 

SH

233 98% ee, S = 265

Scheme 1.55 Organocatalytic KR of thiols by Connon et al.

The use of organocatalyst 228 allows for the resolution of benzylic thiols 227 in 

conjunction with the desymmetrisation of anhydrides. Unlike the enzymatic methods 

discussed above a range of benzylic thiols could be resolved with excellent 

enantioselectivities {S values from 9.7 to 265). To demonstrate the scope of the 

methodology, the resolution of a thiol with the structural core of (i?)-Montelukast was
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executed with high levels of enantioselectivity (93% ee, S = 9.5). The performance of the 

organocatl3dic KR is substantially superior to the known enzymatic mediated resolutions of 

thiols and now offers a synthetically useful technique to access enantiopure benzylic thiols. 

Additionally, enantioenriched products from the ring-opened anhydrides are obtained.

In conclusion, the KR of thiols is an under-developed field. The discovery of the 

organocatalytic KR of thiols could perhaps kindle interest in the topic. The superiority of 

the organocatalytic KR of thiols over enzymatic methodologies is a significant step 

towards the development of more efficient KRs of thiols. It is evident that further progress 

is still required to advance the scope beyond that of benzylic thiols.
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2.0 Objectives of this work

The research undertaken was divided between three independent projects, each with its 

own objectives and goals.

The aim of the first project was the design and synthesis of a functional GAPDH mimic 

incorporating a general base component. The study was initially directed towards the 

synthesis of a preliminary non-fiinctional mimic to investigate the importance of the basic 

moiety in the formation of the thiohemiacetal. Subsequently, the synthesis of a mimic 

incorporating a NAD^ functionality was desired to generate a working model.

The second project was a transthioesterification reaction. The aim was develop a 

transthioesterification methodology based on a pyridinium ion catalysed thiol transfer 

reaction and the possible development of an asymmetric KR. It was also hoped that a 

hydrogen bonding species could be used in conjunction with the pyridinium ion to further 

enhance the rate of the reaction.

The third and final project was the evaluation of cysteine and serine based nucleophiles in 

the DKR of azlactones with the possibility of the development of a new ligation 

technology that incorporates the resolution of an amino acid being coupled. The project 

includes the synthesis of new catalysts and the creation of a new protecting group for use 

in conjunction with the DKR of azlactones. It was proposed that the new catalysts would 

be designed on the Quinine structure as it has been demonstrated previously to be an 

excellent framework for the development of organocatalysts. The new protecting group 

was envisaged to overcome the pitfalls with the current DKRs of azlactones which utilise 

benzoyl amides that cannot be easily removed. The use of a serine nucleophile to form a 

dipeptide was believed to be a suitable reaction to demonstrate the benefit of the new 

protecting group.
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3.0 Preamble towards GAPDH mimics via general base catalysis

GAPDH catalyses the oxidative phosphorylation of D-G3P to 1,3-diphosophoglycerate. 

The catalyst design was drawn from the active site models of the ALDH superfamily of 

enzymes (see Section 1.1.2, in particular Figure 1.2). To achieve a plausible enzyme 

mimic, the vital components of the enzyme were identified by analysing the reported 
modes of action for various enz5TTies within the ALDH superfamily.''^’'^’’^’'^’’*’’^’^^ The 

erucial residue involved in the mode of action of the enzymes is Cys. The other key 

element is the NAD(P)'^ co-factor that is bound to the enzyme (for the duration of the 

reaction) and acts as the oxidising agent. Finally two modes of activation for the 

thiohemiacetal formation and hydride transfer step were identified, general base and 

general acid catalysis. In numerous enzymes a histidine residue was present within the 

active site and was proposed to be implicated in general base catalysis. The general acid 

catalysis mode of activation was less conserved within the ALDH superfamily, a multitude 

of hydrogen bonding moieties are sufficiently close in space within the active sites to be 

capable of participation (many of which are peptide backbone amides).

Figure 3.1 Preliminary structure and rationale of the GAPDH mimic

The initial candidate structure for the general base mode of activation was designed to 

incorporate the thiol component form Cys, the amine moiety and a NAD^ model (Figure 

3.1). The result was the general structure 234, composed of a 3,5-pyridinium core 

substituted with a thiol component and an amine moiety. In order to achieve a degree of 

structural rigidity and positioning of the amine moiety, a proline derived linker was 

chosen. The proline linker also benefits from the availability of both enantiomers and its 

structural similarity to pyrrolidine (which was shown by Kanamoto et al. (Section 1.2.2.1)
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to favour the formation of the 1,4-dihydropyridine as seen for the native NADH produced 

in the living organisms).'^^ The proposed enzyme mimic will (it is hoped) provide definitive 

information on the importance of the general base catalysis within the active site of the 

enzyme. Unlike the methodologies undertaken in the biochemical study of the enzyme 

active sites (discussed in Section 1.1.2), the mode of action of defined species 

(minimalistic structures compared to enzymes) will be examined. As enzyme mimic is 

based loosely on the crystallographic data for the specified enzymes, it was hoped that this 

data at the outset would roughly correlate to the active site of the enzymes in solution. In 

order to obtain a thorough understanding of the difference between the general base and 

general acid modes of action of the enzymes, fellow researcher Mr. Claudio Comaggia 

undertook the task of preparing the general acid enzyme mimics.

3.1 Synthesis of the 1®* generation of GAPDH mimics

To accommodate the manipulation of the mimic design (to allow for possible variants to be 

synthesised at a later stage), it was proposed to synthesise 234 in a modular convergent 

synthesis (Scheme 3.1). The amine constituent could be synthesised from a proline 

derivative 236 and the pyridinium core derived from a 3,5-substituted pyridine 235. Post

ligation of the two components, the structure can be manipulated to introduce the thiol and 

pyridinium functionalities to furnish 234. It was postulated that the thiol component should 

be protected (until needed) to inhibit disulfide formation (amongst other possible 

degradative by-products). The convergent synthetic route would allow the possibility for 

modification of either the 3-postion or the 5-position on the pyridinium core of 234.

o

N 

235

r2
\‘n-r3

236

I,2'N

Scheme 3.1 General approach to the synthesis of 234

It was hoped that this approach would also reduce the longest linear sequenee. In theory 

the structure could be systematically varied, achieving an expedient route for the analysis 

of the key functionalities involved in the mode of action of the proposed GAPDH mimic.
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The generation mimic will not incorporate the pyridinium core, allowing the formation 

of the thiohemiacetal intermediate to be studied without interference from the subsequent 

hydride transfer step. The preliminary step is of interest to determine whether general base 

catalysis is involved solely either in the hydride transfer step, thiohemiacetal formation or 

in both.

3.1.1 Synthesis of the pyridine core from 3,5-lutidine

To synthesise the pyridine core, 3,5-lutidine (237) was chosen as an inexpensive starting 

material. It was envisaged that 237 could be desymmetrised employing a mono-oxidation 

to give 238, however this proved problematic due to the formation of by-product 239 

(Scheme 3.2). Optimisation of the reaction protocol allowed for 238 to be obtained as the 

major product (ratio 238:239 was 8:1). The crude reaction mixture could be purified 

further by slow precipitation of the mixture from water at pH 4.

o o o

N

237

KMn04 (2.5 equiv.)

HjO, 45 °C, 24 h
OH HO'

'N 

238 56% 239 7%

'OH

Scheme 3.2 Oxidative desymmetrisation of 3,5-lutidine

To overcome the difficulties with the initial desymmetrisation, alternative routes were 

investigated. The next approach involved the selective reduction of 239 (commercially 

available) using lithium aluminium hydride. This approach produced unsatisfactory results; 

a mixture of compounds (including the over-reduction back to 237) were formed. The 

reduction using the esters derived from 239 also proved unsatisfactory.

o o

HO OH

'N

239

MeOH
H2SO4

reflux, 20 h

O O

MeO OMe

'N

240 95%

Scheme 3.3 Synthesis of 241 via selective hydrolysis

The method that proved most efficient was the selective hydrolysis of diester 240 to 

fiimish 241 in high yield (Scheme 3.3).^'^ Starting from 239, the diester 240 could be 

rapidly synthesised in excellent yield and subsequently 240 could be subjected to a KOH
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solution in methanol to furnish 241. Furthermore, unreacted 240 could be recovered after 

the hydrolysis step and recycled in a subsequent reaction. The protocol allowed for large 

scale preparation of 241 due to simple purification techniques employed in the procedure 

(extraction for the esterification and precipitation for the hydrolysis).

3.1.2 Design and synthesis of the diamine moiety

The synthesis of the mimic incorporates the installation of the pyridinium moiety at a later 

stage in the synthesis, this requires the benzylation of the pyridine moiety. To 

accommodate this feature of the synthetic route, the amine moiety either needs to be 

protected or be compatible with the conditions required to form the pyridinium ion. It 

appeared preferential to use tertiary amines in the enzyme mimic to prevent the possible 

reaction of primary/secondary amines with the aldehyde substrates associated with ALDH 

enzymes. The use of tertiary amines prompted the investigation into amine species that 

would be compatible with the conditions to form the pyridinium ion. To evaluate possible 

amine subunits for the mimic, a selection of tertiary amines were reacted with benzyl 

bromide alongside a pyridine analogue to establish compatibility (or lack thereof) with the 

alkylation process (Scheme 3.4).

OEt + N

N

242 243

benzyl bromide (5.0 equiv.) 

THF, rt, 20 h

Scheme 3.4 Determination of the suitability of different amines for the enzyme mimic

The reaction was designed to test the resistance of various amines to alkylation (of general 

type 243) under the conditions required to benzylate the pyridine analogue 242 in the 

presence of excess benzyl bromide. The reaction was monitored using ’H NMR (CDCI3 

400 MHz) spectroscopy to detect the formation of 244 and 245. It was hoped that amines 

with different piifa’s could be utilised; however, unhindered and more basic amines were 

incompatible with the reaction conditions. Fortunately, two amines, N,N- 

diisopropylethylamine and A,A-diethylaniline were not alkylated under the reaction 

conditions required to benzylate 242. Although both amines are sterically hindered, the
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difference in the pAia and variance in structures, potentially allowed the design of enzyme 

mimics of variable basicity and steric requirement at the nitrogen atom.

A^-Boc protection of L-proline was readily carried out using standard conditions to provide 

247 in high yields, without the need for elaborate purification techniques.^'* A mixed 

anhydride coupling methodology was adopted for the S5mthesis of 248, however the 

highest yield attainable was 54% (Scheme 3.5).

pCMN OH

246

(Boc)20 (1.05 equiv.) 

THF, HjO/NaOH (1 N)

PCM
N OH 
\
Boc

247 98%

C2H5I5OCOCI (1.05 equiv.) 
NEts (1.5 equiv.)

NHR’r2 (2.0 equiv.) 
THF, rt, 48 h

R'

Boc
248a R^

N-R2

^ ;Pr 40% 
2 = I248b Ri = Et, R^ = Ph 54%

Scheme 3.5 Synthesis of the amine moiety: part A

In an attempt to improve the yields of this coupling reaction other procedures were applied 

to the reaction. Coupling reagents {i.e. DCC) proved ineffective for the coupling reaction. 

An alternate approach starting from A-Bocprolinol was attempted. The method involved 

activation of the alcohol by conversion to iodide, with a subsequent displacement using the 

amine. This method also proved to be inadequate due to the poor nucleophilic properties of 

the chosen secondary amines.

R \̂
N-r2

o
Boc

1. BH3.SMe2 (4.0 equiv.) 
THF, reflux, 1 h

2. HCI (10% aq.)

R
\̂

248a R^ = r2 = /Pr 
248b R'' = Et, r2 = Ph

'n-r2 TFA/CH2CI2 (3:1) 

rt, 16 h

Boc

249a R^ = r2 = /Pr 72% 
249b R^ = Et, r2 = Ph 69%

Ri
\N-R2

250a R^ = r2 = /Pr 96% 
250b R^ = Et, r2 = Ph 85%

Scheme 3.6 Synthesis of the amine moiety; part B

Accepting the poor yield of the coupling reaction, the amide 248 was subjected to 

reduction by borane-dimethylsulfide complex to furnish 249 in moderate yield after 

purification by flash chromatography (Scheme 3.6). In this instance, the use of either 

sodium borohydride or lithium aluminium hydride resulted in lower yields, presumably 

caused by the lower selectivity of these reagents for the amide carbonyl over the 

carbamate. The removal of the Boc protecting group was carried out in a solution of TFA.
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The free amine eould be retrieved in excellent yield after an aqueous work-up to remove 

excess TFA.

3.1.3 Coupling of the pyridine core and the diamine moiety with subsequent 
instalment of the protected thiol

Initially, the coupling of the two subunits was performed by a mixed anhydride coupling 

method similar to that used to produce 248. Unfortunately this method proved troublesome 

for the coupling of the pyridine core and the diamine moiety. Unlike 247 the pyridine 

analogue 241 was stable to acidic conditions, permitting the use of thionyl chloride in the 

coupling procedure (Scheme 3.7).^’^

o o

MeO' OH

N
241

250a/b or pyrrolidine (1.0 equiv.)
NEt3 (2.5 equiv.) O

•HCI

O

CH2CI2, rt, 20 h MeO'

N
o

251a R = CH2N(;Pr)2 65% 
251b R = CH2NEtPh 75% 
251c R = H 68%

Scheme 3.7 The coupling of the pyridine core 241 and diamine 250

The coupling proceeded in moderate yield to furnish 251. The incorporation of the thiol 

could be rapidly achieved by selective reduction of the ester to the alcohol 252 using either 

NaBH4 or LiAlH4, however the latter reagent provided better yield (Scheme 3.8). The 

alcohol was easily transformed into a protected thiol species 253 via the Mitsunobu 

protocol using thioacetic acid. The thiol could later be released by deprotection of the 

thioacetate at the required time.
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MeO

LiAIH4 (1.5 equiv.) OH

THF, -78 °C, 2 h

N

251a R = CH2N(/Pr)2 

251b R = CH2NEtPh 
251cR = H

DIAD (2.05 equiv.) 
PPHj (2.05 equiv.) 

thioacetic acid (2.05 equiv.)

THF, rt, 20 h

N

252a R = CH2N(/Pr)2 63% 
252b R = CHjNEtPh 65% 
252c R = H 72%

OA. o

253 85%
254 57%
255 69%

Scheme 3.8 Manipulation of 251 to insert the thiol component

Two variations of the 1®‘ generation mimic, 254 and 255 were synthesised in an identical 

fashion to 253 (Figure 3.2). The structure 254 was derived from jV-ethylaniline while 255 

was synthesised from pyrrolidine. The pyrrolidine unit of 255 was hoped to act as a control 
model to which the basic species 253 and 254 could be compared.

o
A.

o
o

N

o

253 254 255

Figure 3.2 The structures of the 1^‘ generation enz3mie mimics

3.1.4 Preliminary evaluation of the 1** generation of GAPDH mimics

The 1®‘ generation enzyme mimics (Figure 3.2) are designed to investigate the first step in 

the mode of action of GAPDH {i.e. the formation of the thiohemiacetal intermediate). In 

order to monitor this step effectively the 1^‘ generation mimics do not contain the 

pyridinium core (NAD"^ model), hence they are incapable of proceeding to the hydride 

transfer step. Before the evaluation of potentially catalytically competent compounds could 

begin, a model system was required to determine the plausibility of thiohemiacetal 

formation and to identify convenient conditions under which the GAPDH mimics could be 

monitored. In these experiments a commercially available thiol 256 was used in
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conjunction with benzaldehyde (Scheme 3.9). The use of an excess of benzaldehyde 

allowed the formation of the thiohemiacetal to be seen in deuterated DMSO using 'H NMR 

spectroscopic analysis (Figure 3.3). Initial conditions using ten equivalents of 147 allowed 

the detection of thiohemiacetal 257 in 86% yield (measured using an internal standard). 

This result was very encouraging as it proved that thiohemiacetals could be readily formed 

and their concentrations determined in solution by 'H NMR speetroscopy. Further 

experiments were eonducted to find a concentration that would be suitable to allow 

information to be gathered on the effect the mimics have on the formation and stabilisation 

of the thiohemiaeetal intermediate.

147 (10 equiv.) 256 (1 equiv.)

DMSO-dg (dry)

rt 1 h

Scheme 3.9 Thiohemiaeetal formation using 4-tert-butylbenzylmercaptan (256) and 

benzaldehyde (147)

Figure 3.3 FI NMR speetrum of the thiohemiacetal formation in DMSO-r5?6

The thiohemiacetal formation can be elearly seen by ’H NMR spectroscopy (as depicted in 

Figure 3.3). To monitor the formation of thiohemiacetal, the benzylic protons could be 

easily intergrated for both the thiol and thiohemiacetal (Figure 3.3). This model for the

69



thiohemiacetal allows for the clear analysis of the spectroscopic data. The GAPDH mimics 

that have been synthesised have more complex spectra associated with them, hence it was 

necessary to gain information about the thiohemiacetal spectral data prior to analysis of 

mimics.

The 1®* generation mimics were synthesised initially as protected thioacetates, to test the 

thiols it was decided to deprotect the thioesters in situ instead of an additional purification 

step to isolate the free thiols. To achieve a clean deprotection, a method developed by 

Yelm in 1999 was employed (Scheme 3.10).^^'’ Yelm’s deprotection methodology involved 

the use of pyrrolidine as a nucleophilic amine to react with the thioester 258, furnishing the 

free thiol 260 in excellent yield and a pyrrolidine amide 259 as the sole by-product.

o
A,s

258

CH3CN or DMF, 2 h

pyrrolidine (1.0 equiv.) P

------------------------ -

259 260

electrophiles

R'-X
'R'

261 40-93%

Scheme 3.10 The thioacetate deprotection methodology by Yelm

The attractiveness of the pyrrolidine deprotection method is from the reportedly 

quantitative conversion of thioaceates 258 to thiols 260 with concomitant production of 

pyrrolidine amide 259, which should not influence the outcome of the thiohemiacetal 

formation. The method also reports the use of an equivalent amount of pyrrolidine to 

thioacetate, this allows the method to be used in situ as demonstrated by Yelm (the free 

thiol 260 is reacted in situ with various electrophiles to furnish products 261 in moderate to 

excellent yields. Scheme 3.10).

The molecular weights of the GAPDH mimics are relatively large in comparison to 

pyrrolidine, increasing the error when trying to use exact amounts of each component in a 

reaction. To overcome this problem the synthesis of a larger amine with similar 

nucleophilic properties to pyrrolidine was undertaken. A straightforward S5mthesis of a 

bulky amine was achieved starting for 1,8-naphthalic anhydride (262) via a thermal 

reaction with urea to form 1,8-naphthalimide (263) with a subsequent reduction using 

borane to yield amine 264 (Scheme 3.11). Alternative reductions using NaBH4 and LiAlH4 

were attempted; however, no improvement in yield was achieved. Given the wide 

availability of starting materials 262 and urea, poor yields were deemed to be acceptable.
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/O

urea (3.0 equiv.) 

175 °C, 2 h

BH3.SMe2 (4.0 equiv.) 

THF, 65 °C, 24 h

262 263 97%

Scheme 3.11 Synthesis of amine 264 for deprotection of thioacetates

The practicality of amine 264 (as a deprotection reagent) was evaluated using the control 

compound 255. Initial studies highlighted the requirement for the DMSO solvent to be 

vigorously degassed, and an oxygen free environment needed to be maintained for the 

duration of the experiment. In the presence of the amine, the free thiol 265 could be rapidly 

converted into the disulfide by oxidation (the amine catalysed the disulfide formation). 

Furthermore, the deprotection failed to reach 100% conversion (within a reasonable 

timescale) in the presence of 1.0 equivalent of 264. To overcome this problem, excess 

thioester was used. It was presumed that the excess thioester would not be involved in the 

formation of the thiohemiacetal. The optimised procedure encompasses all of these 

considerations (outlined in Scheme 3.12).

o

N 
255

SH

264 (0.5 equiv.)

DMSO, styrene (2.0 equiv.)
'N 

265 50%

Scheme 3.12 Deprotection of the thioacetate in situ using amine 264
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Table 3.1 Evaluation of 1®‘ generation GAPDH pre-■mimics

o
A3

y =’
1.264 (0.5 equiv.) 

DMSO-ds, 24 h

OH

Ar2 s1
A

ilT'O
N

2. aldehyde (0.5 equiv.) 
DMSO-dg, styrene sXO

N
253
254 R’

= CH2N(/Pr)2 
= CH2NEtPh

266

255 R' = H

entry** thioacetate aldehyde yield (%)

30 min 24 h

1 253 15 15

2** 253 13 -

3 254 15 15

4 255 21 21

5 253 .XT” 55 55

6'^ 253 55 -

7 254 .XT” 55 55

8 255 .XT” 66 66

9 253 63 63

10 254 Q—0 15 50

11 255 17 64

“ The deprotections were carried out with thioacetate (0.105 mmol) and 264 (0.052 mmol) in dry degassed 

DMSO-i/^ (25 pL). After 24 h, aldehyde (0.052 mmol) and styrene (0.210 mmol) in dry degassed DMSO-i^^ 

(500 pL) were added via syringe. ’’ PTSA (0.052 mmol) was added prior to the addition of the aldehyde.
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A one-pot procedure to investigate the thiohemiacetal formation involving the GAPDH 

mimics was developed using the in situ deprotection of the thioacetate by 264. The initial 

deprotection step was carried out under a strictly anhydrous and oxygen free environment. 

The DMSO-t/^ was degassed prior to the reactions using the ffeeze-thaw method and dried 

over 4 A molecular sieves to remove water. The presence of small amounts of oxygen 

would result in the formation of disulfides, voiding the experiment. To ensure comparable 

results all the reactions were temperature controlled at 22 °C. The initial experiments using 

2-naphthaldehyde (Table 3.1, entries 1, 2 and 4) demonstrated that the three mimics were 

capable of forming the thiohemiacetal intermediate to varying degrees. The pyrrolidine 

based mimic 255 displayed the highest level of thiohemiacetal formation, presumably due 

to steric effects. At this point it was disappointing that the mimics 253 and 254, containing 

the basic moieties did not display increased stabilisation of the thiohemiacetal, instead 

inhibited the formation of the thiohemiacetal 266. To examine the thiohemiacetal 

formation further, a more activated aldehyde, 4-nitrobenzaldehye, was screened (entries 5, 

7 and 8). The results were consistent with those obtained using 2-naphthaldehyde. In order 

to determine if the amine moiety was altering the behaviour of the system, the addition of 

PTSA was used in conjunction with the mimic 253. It was thought that the PTSA should 

protonate the amine moiety and inhibit its role. Unfortunately no change was detected in 

comparison to the reactions without PTSA (entries 2 and 6). As a final study on the 

behaviour of the mimics, it was decided that an aliphatic aldehyde should be evaluated. 

The enzyme GAPDH uses glyceraldehydes 3-phosphate as a substrate, an aliphatic 

aldehyde might be a closer model than the aromatic aldehydes screened so far. 

Hydrocinnamaldehyde was a convenient aliphatic aldehyde to use, it could be readily 

distilled prior to use and was sufficiently reactive to determine the thiohemiacetal 

formation in acceptable levels. Unlike the aromatic aldehydes hydrocinnamaldehyde did 

not reach equilibrium in 30 minutes, rather it took 24 h to attain the equilibrium position. 

The control model 255 and the aniline mimic 254 displayed similar equilibration times for 

the thiohemiacetal formation (entries 10 and 11). Gratifyingly the diisopropyl mimic 253 

appeared to achieve equilibrium at an increased rate (entry 9). This result was encouraging 

as it demonstrated that the proposed mimics could perhaps alter the thiohemiacetal 

formation.

The first generation of mimics demonstrated that thiohemiacetals could be formed in close 

proximity to the pyridine core. Although these mimics were not designed to undergo the
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hydride transfer step (no NAD"^ model was present), they provided evidence for the 

formation of the thiohemiacetal intermediate and the possible role of an amine moiety to 

catalyse the formation of thiohemiacetal from aliphatic aldehydes. It is also noteworthy 

that the general acid mimics synthesised and tested by Mr. Claudio Comaggia displayed no 

role in the formation of the thiohemiacetal intermediate, behaving similarly to the control 

(albeit with slightly lower levels of thiohemiacetal formation).

3.2 Design and synthesis of the 2"*^ generation of GAPDH mimics

Encouraged by the preliminary results obtained with the 1^' generation of mimics, the 

synthesis of the 2"'^ generation of mimics incorporating the pyridinium species (NAD^ 

model) was the next step. The design of the 1^‘ generation mimics included the requirement 

for the alkylation of the pyridine to form the pyridinium species directly.

It was envisaged that the same protocol used for the in situ deprotection of the 1*‘ 

generation mimics could be utilised for the benzylated versions. To adopt this approach the 
pyridinium analogues were synthesised by the reaction of the first generation mimics with 

excess benzyl bromide in THE to furnish the pyridinium product. The use of the simplest 

mimic 255 was a convenient starting point due to its relative ease of synthesis compared to 

the more complex structures. The functionalised p3Tidine could be reacted with benzyl 

bromide in THE at room temperature to furnish pyridinium 267 in high yield after 

precipitation with diethyl ether from THE and decanting of the solvent mixture. Repetition 

of this process was used to remove impurities. The product 267 could not be filtered due to 

its hydroscopic nature, hence purification by trituration.

o

o

O benzyl bromide (4.0 equiv.)

THF, rt, 5 d

Scheme 3.13 The benzylation of 255 to furnish the pyridinium salt 267
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oA. o

264^ .O^quiv.)

SH

Scheme 3.14 Attempted deprotection of 267 using amine 264

Unfortunately, the deprotection method developed for the U' generation mimics did not 

proceed as expected for the 2"^ generation mimics. The conversion of the reaction based on 

the consumption of 264 was 85%; however, multiple by-products were detected by 'H 

NMR spectroscopic analysis. The analysis of the spectrum did not reveal any noticeable 

dihydropyridine peaks; hence, it was probable that the main by-product was disulfide 

formation. The use of mass spectrometry did not give any insight into the possible by

products. Further experiments (changing the concentration and/or temperature) using 

DMSO as solvent provided the same results, a significant proportion of by-products were 

detected. The reaction was also perfonned in the absence of light; however, this did not 

affect the outcome. Further experiments are summarised in Table 3.2, detailing variations 

in the reaction conditions.
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Table 3.2 Evaluation of the deprotection of 267 using amine 264 

oA. SH O
O

264 (1.0 equiv.) 

solvent

entry solvent^ temperature
CC)

time (h) yield (%)'’ by-product

(%)

1 CDCI3 23 4 86 1

2 CCI4 23 4 30 nd

3 2-methyl THE 23 4 20 nd

4 1,4-dioxane 23 4 14 nd

5 CDCI3 23 22 92 20

6 CDCI3 30 4 92 2

7 CDCI3 40 4 85
- 1 . • . . h . .

5

spectroscopy using styrene as an internal standard and based on the consumption of 264.

To gain an understanding as to the factors resulting in the failure of this deprotection a 

series of experiments were undertaken (Table 3.2). The first parameter to be examined was 

the solvent for the deprotection reaction (entries 1-4). The only solvent that produced 

favourable results was chloroform (entry 1), exhibiting a high conversion with a minimal 

amount of by-products formed. In an effort to improve this result, the reaction was allowed 

to proceed for 22 h (entry 5); however, the extended reaction time indicated the presence of 

a significant amount of by-products (92% conversion and 20% by-products). The effect of 

temperature on the reaction was also examined (entries 6 and 7), the deprotection proceed 

in high yield with only a small percentage of by-products. Unfortunately, the reaction did 

not achieve complete deprotection 267. The presence of a small amount of amine at the 

end of the reaction appeared to catalyse the decomposition of the thiol 268. It was 

considered that the thiol was deprotonated by the amine once a certain excess of thiol was
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reached. To overcome this problem, methods were developed to increase the rate of 

deprotection of the thioester.

T able 3.3 Deprotetion of 267 using /7-bromophenylhydrazine

o
A. o

Br

NH,

(1.0 equiv.)

solvent

SH

entry solvent** temperature
(“C)

time (h) conversion**

(%)
by-products

(%)

1 DMSO-fiitf 23 4 82 15

2 DMSO-Jfi 23 20 100 65

3 DMSO-^/d 30 4 88 17

4 DMSO-^/rt 50 4 100 50

5 CDCI3 23 20 50 0

6 CDCI3 30 4 42 0

7 CDCI3 30 20 66 2
“ The reactions were carried out using 267 (0.052 mmol) and p-bromophenylhydrazine (0.052 mmol) in 

solvent (26 pL) in a sealed glass vial. ’’ Determined by 'H NMR spectroscopy based on the consumption of 

267.

Alternate nucleophiles {i.e. benzylamine, benzylalcohol and alkoxides) were used to 

deprotect 267, however they were either insufficiently reactive to allow for clean 

deprotection or incompatible with the pyridinium component. The use of hydrazines was 

investigated due to their increased reactivity compared to amines, jp-bromophenylhydrazine 

was found to be an ideal candidate since it was a solid and could be recrystallised before 

use. The results are summarised in Table 2.3. It was found that reaction in DMSO-iie led to 

a large proportion of by-products being formed (entries 1-4). It was found in amine based 

deprotection that chloroform was a better solvent {i.e. Table 3.2), in this instance use of 

chloroform as the solvent was found to reduce the rate of reaction, however allowed for a
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clean deprotection (entry 5). Disappointingly, at elevated temperature the formation of by

products was problematic (entrie 6 and 7). The increased reactivity of the nucleophile did 

not benefit the deprotection reaction. The final alteration attempted was to change the 

thioester; making it more labile, and perhaps allow a more facile deprotection reaction to 

occur.

256

o

R' 'Cl

269

.A.
NEt3 (1.0 equiv.) 

CH2CI2, rt, 20 h

270 R = CH3 89%
271 R = 4-CF3C6H4 79%
272 R = 4-NO2C6H4 76%
273 R = 3,5-N02C6H3 77%

Scheme 3.15 Synthesis of thioesters from d-tert-butylbenzyl mercaptan (256)

In order to establish the influence of thioester electronegativity on the rate of the 

deprotection and yield of the thiol product, we prepared a number of model thioesters 270- 

273 from 256. (Scheme 3.15). The synthesis of the thioesters proceeded in high yield. The 

relative reactivity of the thioesters was determined by their reaction with pyrrolidine in 

dichloromethane (Table 3.4).

Table 3.4 Evaluation of the reactivity based on the acyl constituent of a thioester

pyrrolidine (1.0 equiv.)

>r^ CH2CI2, rt, 12h

270 R = CH3
271 R = 4-CF3C6H4
272 R = 4-N02C6H4
273 R = 3,5-N02C6H3

256

entry thioester conversion (%)“

1 270 78

2 271 55

3 272 74

4 273 100

' Determined by H NMR spectroscopy based on the consumption of thioester.
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The acetate thioester 270 was synthesised on the basis that it can be compared directly to 

the mimic 267 (also an acetate thioester). The synthesised thioesters were derived from 

activated benzoyl chlorides (chosen for their wide availability). The thioesters 271 and 272 

(entries 2 and 3) were less reactive than the acetate thioester 270 (entry 1). The highly 

activated thioester 273 (entry 4) was found to be more reactive than the thioacetate and 

hence the 3,5-dinitrobenzoyl group was chosen for the synthesis of the more activated 

enzyme mimic pre-cursor.

To achieve the incorporation of the more labile thioester into the enzyme mimic, it was 

envisaged that a one-pot deprotection and sequential protection could be carried out on the 

generation mimic 255. The thioacetate 255 was dissolved in dichloromethane and 

pyrrolidine was added, once the deprotection was complete NEt3 was added followed by 

the slow addition of 3,5-dinitrobenzoyl chloride. The product was purified by flash 

chromatography. The reaction sequence furnished the target thioester 273 in poor yield, 

however sufficient mass of the thioester was obtained to allow for the synthesis to continue 

(Scheme 3.16).

A. pyrrolidine (1.0 equiv.) 
3,5-dinitrobenzoyl chloride (1.1 equiv.) 

NEts (1.2 equiv.)

CH2CI2, rt

0,N

N

255

Scheme 3.16 Modification of the thiol protecting group

Concerned by the decreased stability of the 3,5-dinitrobenzoylthioester, 274 was 

immediately benzylated using excess benzyl bromide in THF to furnish 275 in excellent 

yield. The pyridinium salt 275 was obtained as a yellow hydrosopic solid, requiring careful 

storage. Prior to using 275 in a reaction it was necessary to dry the compound extensively 

in vacuo.
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o

0,N benzyl bromide 
(4.0 equiv.)

274

Scheme 3.17 Synthesis of the henzylated thioester 275

The deprotection methods used with the thioacetate mimic 267 were applied to the more 

labile protected mimic 275 (Scheme 3.18). Unfortunately, the use of amine 264 resulted in 

the formation of an insoluble amide, interfering with the ability to quantitatively interpret 

the 'H NMR spectral data. However, the obtained spectral data indicated the complete 

deprotection of the thioester. The presence of by-products could not be accurately 

determined due to the poor 'H NMR data. To overcome this problem, a solution of 

pyrrolidine in DMSO-Je was used for the deprotection in an analogous manner. The 

pyrrolidine amide did not interfere with the experimental results.

OoN SH o

268

Scheme 3.18 Deprotection of thioester 275 using amine 264

The deprotection using pyrrolidine was carried out prior to the addition of the aldehyde in 

a sequential procedure (Scheme 3.19). Deprotection using pyrrolidine was carefully 

monitored to ascertain the minimum time needed for the deprotection. The aldehyde was 

added to the crude reaction mixture in a solution of DMSO-Jg and monitored by 'H NMR 

analysis. At this point both the formation of the thiohemiacetal 276 and the hydride 

transfer step were of interest. The generation species were capable of forming the 

thiohemiacetal intermediate using a similar procedure (Table 3.1). Disappointingly, the 

formation of the thiohemiacetal intermediate could not be confirmed by 'H NMR analysis.
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0,N

NO,

1. pyrrolidine (I.O^uiv.) 
C[^, ry/h

2. benzaldet^yde^.O equiv.) 
styr^fie (1.0 eVijv.) 

ISO, rt, 161

O

276

Scheme 3.19 Deprotection of the thioester 274 and subsequent reaction with 

benzaldehyde

The thiohemiacetal intermediate was not of primary concern, the hydride transfer step was 

of more interest (the thiohemiacetal intennediate may not be detectable if the hydride 

transfer step proceeds quickly). Spectroscopic analysis (NMR and mass spectrometry) of 

the reaction mixture was focused on the formation of dihydropyridine products, however 

the presence of dihydropyridine products could not be detected. The utilisation of an 

internal standard (styrene) in the ’H NMR spectroscopic analysis allowed the 

quantification of the starting materials and products. Regrettably, the analysis confirmed 

that the aldehyde was unreacted. To verify that the by-product furnished during the 

deprotection did not interfere with the thiohemiacetal formation an experiment was 

conducted using 272 (Scheme 3.20).

o
1. pyrrolidine (1.0 equiv.)

CDCI3, rt 4 h

2. benzaldehyde (1.0 equiv.)
DMSO, rt, 16h

OH

Scheme 3.20 The deprotection and in situ thiohemiacetal formation using 272 as a 

substrate

The thioester 273 was deprotected using the same conditions (pyrrolidine in chloroform 

solution) and reacted with benzaldehyde (Scheme 3.20). In this instance the thiohemiacetal 

257 could be clearly detected using 'H NMR spectroscopic techniques. The outcome of 

this experiment confirmed that the deprotection method was compatible with the formation 

and detection of the thiohemiacetal. At this point it was obvious that the 2"‘^ generation
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mimic was incompatible with the formation of the thiohemiacetal and hence would not be 

capable of the hydride transfer.

The experimental evidence pointed towards instability in the structure of the free thiol 268. 

The deprotection step cleanly furnished the amide (by 'H NMR spectroscopic analysis) 

with no indication of the formation of any amine related by-products. It was also shown 

(Scheme 3.20) that the deprotection by-product did not interfere with the formation of the 

thiohemiacetal. To establish a plausible explanation for the decomposition of thiol 268, the 

structure was analysed and two likely degradation pathways were envisaged (Scheme 

3.21). The first degradation pathway involves the formation of a disulfide 277 between two 

thiols, however it was hoped that this pathway would have been limited by the stringent 

measures taken to remove oxygen from the experiment. The second degradation pathway 

is based on the addition of thiols to pyridinium species to form dihydropyridines 278. This 

pathway is based on the thiol transfer methodology by Kellogg et al, in which they 

demonstrated that a pyridinium species could be used to transfer/mask thiolates (Section 
1.2.2.3).^^ The report by Kellogg et al. evaluated the thiolate-pyridinium adduct as a 

transfer reagent, therefore theoretically it could be viewed as a reversible addition, the 
reversible reaction could compete with the thiohemiacetal reaction inhibiting the formation 

of the thiohemiacetal. The design of the 2"^* generation mimics allows for the possibility of 

dimers and linear polymers to be formed between two or more thiols 268 (Scheme 3.21).

SH o o s-s o

n;

Br'
268

Ph
'I

278 ^Ph

Scheme 3.21 Possible decomposition products for thiol 268
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It is evident from the analysis (NMR spectroscopy and mass spectrometry) that numerous 

by-products are formed from the decomposition of the thiol 268. It was unfortunate that the 

desired 2"*^ generation mimic proved to be inherently unstable and hence did not allow for 

a functional mimic to be synthesised. It was concluded that the probable incompatibility of 

the thiol and the pyridinium species would make it futile to design and synthesis further 

mimics incorporating both these structural features.

3.3 Synthesis and evaluation of the 3'^'* generation of GAPDH mimics

Considering the failure of the 2"*^ generation mimic containing the thiol species, alternate 

nucleophilic species were investigated. Given that it is known that mutants of ALDH 

enzymes in which the active site cysteine has been substituted with a serine residue retain 

some catalytic activity (Section 1.1.2.4), it was intriguing to investigate if the thiol 

component of the enzyme mimic designed in this study could be exchanged for the more 

stable alcohol-based nucleophile. The alcohol would also be easier to synthesis than the 

corresponding thiol. An attractive advantage to using the alcohol functionality was the lack 
of the necessity for a protecting group and hence the isolation of the pure mimic instead of 

its generation in situ, as with the previous models in this study. The alcohol-based 

generation mimic could be synthesised in one step from a previous intermediate in the 

synthesis of the thiol based mimics. The pyridine species 252c was heated at 50 °C in the 
presence of excess benzyl bromide overnight to fiimish the 3"^^* generation mimic 279 in 

excellent yield, after purification by trituration using diethyl ether. Unfortunately the 

product 279 proved to be hydroscopic; making the removal of water difficult.

OH o
OH

benzyl bromide (2.0 equiv.) 

THF, 50 °C, 24 h

Br

252c
Ph 

279 91%

Scheme 3.22 Synthesis of the 3'^'^ generation enzyme mimic 279

The alcohol mimic was anticipated to be less capable of forming the hemiacetal 

intermediate required for hydride transfer to occur. To force the equilibrium towards the 

hemiacetal intermediate p-nitrobenzaldehyde was used in excess and the reaction 

monitored by 'H NMR spectroscopy (Scheme 3.23). The use of /7-nitrobenzaldehyde was 

also convenient, as McQuade et al. have reported the 'H NMR spectroscopic data
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associated with the hemiacetal formed between methanol and /?-nitrobenzaldehyde in

DMSO-^/rt.221

OH

Br

p-nitrobenzaldehyde 
(5.0 equiv.)

DMSO-de, rt
OjN

279 280

Scheme 3.23 Evaluation of the generation mimic 279 using /2-nitrobenzaldehyde

The formation of the hemiacetal 280 was monitored at 1 h and 24 h using NMR 

analysis. Disappointingly the intermediate could not be detected and only the starting 

materials were present. The detection of the 280 was based on both the data obtained by 

McQuade et al. and the data associated with the thiohemiacetal acquired in previous 

experiments. The result was not entirely unexpected due to the low levels (< 5%) of 

hemiacetal that McQuade et al. detected in their model study. The increased steric demand 

of the alcohol 280 could also be critical. It was also considered that the reaction could have 

proceeded rapidly through the hemiacetal and formed the dihydropyridine species 281 

(Figure 3.4). However, the use of an internal standard in the reaction confirmed that no 

starting material was consumed.

Figure 3.4 The structure of the proposed dihydropyridine product 281

Undeterred by this initial result, attempts were made to increase the reactivity of the 

alcohol and perhaps assist in the formation of 280. Initially, the reaction was allowed to 

proceed for a longer period (in excess of 7 days), however neither hemiacetal nor hydride 

transfer products were detected. Heating of the reaction merely decomposed the starting 

material 279. At this point it was evident that simply changing the reaction conditions 

would not provide the required reactivity that was needed to form the hemiacetal.
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OH O
p-rK(roi

Xpequiv
N \ MeONbJI^ iquiv.)Ly

Br

279

OjN

280

Scheme 3.24 Evaluation of the 3'^‘* generation enzyme mimic 279 with NaOMe additive

The addition of bases to form the alkoxide in situ was investigated as a means to attain 

increase the nucleophilicity of the alcohol. It was hoped that if sufficient hemiacetal 280 

could be formed, the hydride transfer step would proceed. The formation of the alkoxide of 

279 was first carried out in DMSO; however, the drying of the solvent proved problematic. 

Instead methanol was used for the reaction. Unfortunately, the basic solution decomposed 

the pyridinium salt 279 with no identifiable products formed. Alternate alkoxides and 

solvents were utilised in the reaction, all yielding the same result. Evidence that the 

hemiacetal or dihydropyridine products were formed could not be detected by 

spectroscopic analysis of the reaction mixture. Discouraged by the outcome, it appeared 

futile to continue with this line of research. The alcohol mimic proved to be stable enough 

to isolate, however this resulted in a mimic that did not retain the ability to carry out its 

original purpose.

3.4 Conclusions: chapter 3

Our attempts to develop potential enzyme mimics of GAPDH were unsuccessful. The 

model compounds were incapable of replicating the enzymatic mode of action of the 

GAPDH enzyme. The inability to make a viable mimic is testament to an enzyme structure 

that has evolved over countless generations. We failed because of the instability of the 

designed enzyme mimics. This is due in part to the incompatibility of thiols with 

pyridinium ions when part of the same molecule.

SH o

■^O
N

265

SH O

- 'l^
Ph

268

OH

Br
Ph

279

Figure 3.5 The 3 generations of the GAPDH mimics
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Although the overall aim was not achieved, some information may be extracted. The 1^' 

generation model 265 (and its amine analogues) demonstrated that the amine moiety was 

able to catalyse the formation of the thiohemiacetal intermediate. This is analogous to the 

His residue within the active site of the GAPDH enzyme which has been shown by site- 

specific mutations to be crucial to the enzyme activity (Section 1.1.2.3). It was unfortunate 
that the 2"^* generation model could not be generated to allow the investigation of the 

importance of the amine to the hydride transfer step.

The 2"^ generation models, established the incompatibility of the thiol with the NAD^ 

mimicking pyridinium ion scaffold. This information could be crucial to the development 

of future NAD^ reliant enzyme mimics containing catalytic thiol-based components. 

Perhaps a binding domain for a NAD"^ sub-unit would be a suitable for such models akin to 

the enzyme. It is probable that in the GAPDH enzyme, the binding domain of the NAD"^ is 

appropriately positioned to prevent the addition of the thiol to the pyridinium ion.

The 3'^‘* generation mimic 279 designed incorporating an alcohol unit illustrated the 

requirement of the thiol component in the mode of action of the enzyme. The hemiacetal 

intermediate could not be detected, and attempts to force its formation destroyed the 

mimic. Considering the problematic nature of the synthesis and evaluation of the GAPDH 

mimics, further investigation into these models was abandoned.
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4.0 Results on the urea-catalysed transthioesterification

Transthioesterification is a reversible process involving the reaction of a thioester with a 

thiol. This exchange process is an essential component of fatty acid biosynthesis^ and also 

constitutes the rate-determining step of the powerful NCL peptide coupling methodology 

(Section 1.3.2).^'^ These processes are often slow in the absence of a strong base and/or 

strongly activated thiolate leaving group, which makes the design of catalysts for this 

reaction potentially desirable. Current methodology from a catalyst-design standpoint has 

been confined to the use of a substituted thiophenol-based nucleophilic catalyst, which 

when utilised in large excess, exchanges with a thioester derived from an alkyl thiol and 

participates in relatively fast thioesterification.^^ The aim was to develop a new protocol 

for transthioesterification with the possibility of incorporating a chiral resolution 

methodology. To the best of the author’s knowledge only one kinetic resolution of thiols 
exists and was reported by this group recently.^Therefore, any thiol resolution protocol 

would be of substantial benefit.

4.1 Pyridinium-urea catalysed transthioesterification

Kellogg et al. reported that NAD^ models were capable thiolate-transferring reagents 

(Section 1.2.2.3).^^ Later, Levacher et al. identified that NAD^ models could also operate 

as amide-transferring reagents.^’ It was envisaged that a NAD^ model could be used to 

activate a thiol for transthioesterification, similar to the activation achieved by Kellogg and 

Levacher in their accounts. In addition to this, a hydrogen bond donor, used in conjunction 

with the NAD^ model, would activate the thioester further promoting the exchange 

process. The NAD^ model would provide a handle, to which chiral information could be 

incorporated. In a similar fashion, other nucleophiles (amines or alcohols) could be 

activated towards reaction with thioesters.

To investigate this hypothesis, a simple thioester 282 was synthesised in one step from 

benzyl mercaptan (281) and benzoyl chloride in high yield (Scheme 4.1). Benzyl 

mercaptan was chosen as the thiol since numerous analogues with similar pifa values are 

commercially available, in particular 4-tert-butylbenzylmercaptan (256). The similarity 

between the thiols is required to remove any preferential formation of one thioester over 

the other (due to steric or electronic effects). The thiols also need to be distinguishable 

from each other to allow for the exchange reaction to be monitored (preferably 

recognisable by 'H NMR spectroscopy). The bulky tert-butyl group allows for sufficient
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variance in the two thiols (and thioesters) without dramatically altering either the steric 

bulk (around the sulfur) or the donating/withdrawing effect of the phenyl group.

281

benzoyl chloride (1.1 equiv.) 
NEts (1.2 equiv.)

CH2CI2, rt

282 89%

Scheme 4.1 The synthesis of thioester 282

To catalyse the exchange process a pyridinium salt 18 and a urea 139 that were available in 

the laboratory were chosen for the preliminary investigation (Table 4.1). The initial 

experiments were conducted in the presence of NEts (1.0 equiv.), which was found 

sufficient to promote the reaction in the presence of the catalysts without noticeable 

background reaction. The results are summarised in Table 4.1.

In the absence of both the pyridinium salt 18 and the urea 139 the reaction proceeded to an 

almost undetectable degree in the 18 h period (entry 1), given sufficient time the reaction 

will occur via base catalysis. Disappointingly, the use of 18 as a catalyst by itself or in 

combination with 139 failed to promote the reaction (entries 2-4). The pyridinium ion 18 

did not activate the thiol in the proposed fashion. Gratifyingly, in the presence of catalytic 

139 (20 mol%), the reaction reached 18% conversion in 18 h (entry 6). The combination of 

the organic base and urea was adequate to promote the reaction. Although the conversion 

was marginal it was significant enough to encourage further development of the process.

The outcome of the pyridinium-based catalysis was unfortunate, rather than promote the 

reaction 18 inhibited the catalysis by the urea. The reports by Levacher et al. demonstrated 

that amines could be activated by NAD”^ models. A brief investigation into this was 

undertaken in which benzyl amine and benzyl alcohol were subjected to the same reactions 

conducted in Table 4.1 using thiol 256. Surprisingly, both substrates failed to react 

significantly (> 5%) with the thioester utilising combinations of 18 and 139 in a similar 

marmer to the thiol exchange discussed above. Given the lack of reactivity of the alcohol 

and amine substrates, the focus of the methodology was directed towards the 

transthioesterification reaction.
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Table 4.1 Preliminary evaluation of the pyridinium-urea catalysed 

transthioesterification

entry urea 139
(mol%)

pyridinium 18
(mol%)

time (h) conversion®

(%)

1 . 18 < 1

2 - 100 18 < 1

3 20 100 3 < 1

4 20 100 18 < 1

5 20 - 3 6

6 20
TTTTTrr:—-----------^

- 18 18

281.

4.2 Optimisation of the urea-catalysed transthioesterillcation

The promising result involving the urea catalysed thioester exchange spurred an 

investigation into the factors affecting the reaction. As an initial evaluation, the same 

reaction (as used in Table 4.1) was monitored under various condtions. The outcome of the 

experiments are summarised in Table 4.2.
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Table 4.2 Initial optimisation of the urea-catalysed transthioesterification

139 (20 mol%) 
NEta

CH2CI2, rt

282 256 283 281

entry NEt3 (mol%) concentration time (h) conversion^

(M) (%)

1 100 0.05 18 18

2 100 0.3 1 19

3 100 0.3 3 50

4 20 0.3 1 7

5 20 0.3 20 48

6” 20 0.3 20 2
“Determined by ‘H NMR spectroscopy using (£)-stilbene as an internal standard based on the formation of 

281. '’Conducted in the absence of 139.

The concentration of the reaction was increased to allow for a higher conversion to be 

achieved in a reasonable timescale. An increase from 0.05 M to 0.3 M allowed the same 

conversion to be reached in 1 h rather than 18 h (entries 1 and 2). Allowing the reaction 

proceed for 3 h at 0.3 M results in 50% conversion (entry 3). This is the maximum 

conversion possible if the equilibrium process is not biased. In the preliminary study 1.0 

equivalent of NEta was used, the dependence of rate on the amine loading was therefore 

investigated further. Initially, the loading of NEts was reduced to 20 mol% (the same as the 

urea). The reaction was found to proceed at a slower rate, only reaching 7% conversion 

after 1 h (entry 4), after 20 h the reaction reached 48% conversion (entry 5). Satisfied that 

the equilibration point (within 2%) could be reached in under 24 h the initial optimisation 

was postponed at this point. A control reaction was then conducted at 0.3 M with NEt3 (20 

mol%) in the absence of 139 to ascertain the extent of the background reaction. To our 

delight, the increased reaction concentration did not increase the rate of the background 

reaction, only 2% conversion (entry 6). The control reaction demonstrated that catalysis by
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the urea is essential under these eonditions; however, a considerably slower process 

catalysed by the amine is also evident.

The identification of the urea catalysis allowed us to focus on design, S3mthesis and 

evaluation of alternate urea based structures as possible catalysts for the reaction. A 

straightforward synthesis of multiple ureas was possible by use of commercially available 

isocyanate 284 (Scheme 4.2). The urea and bisurea catalysts vary in structure on only one 

half of the molecule (derived from the amine component). The synthesis involved the 

simple reaction of a selected amine, i.e. aniline, with the isocynanate 284 in 

dichloromethane to yield the unsymmetrical urea 285 in high yield (Scheme 4.2). 

Following the same procedure urea 286 and bisurea 287 were synthesised to be evaluated 

as potential catalysts (Scheme 4.2).

F,C

F.C

RNH2(1.0 equiv.) 

CH2CI2, rt, 16h

BINAM (0.5 equiv.) 

CH2CI2, rt, 16 h
F,C

285 R = CgHs 89%
286 R = CH-(CH2)5- 88%

CF,

Scheme 4.2 The synthesis of ureas and bis ureas

Bisurea 288, thiourea 140 and urea 289 were available in the laboratory (Figure 4.1) and 

were used without further purification.

0
H2N^^NH2

289

Figure 4.1 Structures hydrogen bonding catalysts available in the laboratory
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In the interim, Ms Alana Lawlor evaluated numerous amine catalysts in the reaction and 

further optimised the loading of the urea catalyst. The optimum amine base was 

determined to be diisopropylethylamine (DIPEA) and the urea could be most conveniently 

used at a loading of 5 mol%. The optimised conditions were then used to assess the 

performance of the (thio)urea catalysts (Table 4.3).

Table 4.3 Evaluation of (thio)urea catalysts for the transthioesterification reaction

282 (1.0 equiv.) 256
(1.0 equiv.)

281

entry urea yield (%)“

1 139 44

2 285 7

3 286 2

4 287 < 1

5 288 < 1

6 289 < 1

7 140 11
“Determined by ‘H NMR spectroscopy using (£)-stilbene as an internal standard based on the formation of

281.

To begin, urea 139 was used under the optimised conditions and the conversion measured 

by 'H NMR spectroscopy at 20 h (entry 1). The ureas incorporating the less electron 

withdrawing components (i.e. 285 (derived from aniline) and 286 (derived from 

cyclohexylamine)) were poorer catalysts than 139 (entries 2 and 3). The lack of an 

electron-withdrwing group (on one half of the molecule) of these ureas reduces the 

strength of the hydrogen bonds formed between the ureas and the thioester. The increased 

steric bulk of the cyclohexyl group on 286 could also contribute to its poorer catalytic 

activity. Unsurprisingly, the bisureas 287 (derived from BINAM) and 288 (derived from
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1,2-cyclohexylamine) were equally poor catalysts (entries 4 and 5). The hydrogen bonding 

ability of 287 and 288 should be similar to 286 and 285 respectively based on their similar 

structures. Initially it was hoped that these chiral bisureas would hold promise as promoters 

of transthioesterification involving chiral racemic substrates with simultaneous kinetic 

resolution, the amines from which the ureas were synthesised are available in their 

enantiopure forms. As a curiosity, and due to its wide availability the non-functionalised 

urea 289 was also utilised, it was a predictably poor (entry 6). The superiority of urea 139 

over the other catalysts evaluated quickly halted the search for other candidates; however, 

it seemed imperative to evaluate the thiourea analogue 140. Usually the thioureas prove to 
be superior catalysts compared to their urea counterparts.^^^ In this case, 140 was found to 

be an inferior catalyst, achieving only 11% conversion compared to the 44% reached using 

139 (entry 7).

4.3 The evaluation of thioesters in the exchange reaction

To further optimise the method, the effect of the thioester acyl group on the reaction was 

examined by Ms Alana Lawlor. The aim was to find a suitably reactive acyl group that 

would allow for minimal background reaction and reasonable rate. The optimum acyl 

group was found to be the S-acetyl group.

OH

Ar

290

DIAD (2.0 equiv.) 
PPh3 (2.0 equiv.)

O

A
CH3COSH (2.0 equiv.) 

THF,rt,48h

Ar

291 Ar = Ph, R = Me 67%
292 Ar = p-OMePh, R = Me 82%
293 Ar = 2-Np, R = Me 68% 
294Ar=1-Np, R = Me 52%
295 Ar = Ph, R = Et51%
295Ar = Ph, R =/Pr 53%

Scheme 4.3 Synthesis of thioacetates using the Mitsunobu protocol

With a view towards the eventual application of this process as a platform upon which to 

develop kinetic resolution methodologies, it was necessary to establish if the urea- 

catalysed transthioesterification involving chiral substrates is possible. To this end, a set of 

racemic chiral thioacetates were synthesised. The use of the 5’-acetyl group proved to be 

fortunate in this instance, as it allowed for the rapid synthesis of the thioacetates from 

alcohols using the Mitsunobu protocol. For example, 1-phenylethanol can be transformed 

into thioacetate 291 in a single step using DIAD, PPha and thioacetic acid in moderate
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yield (Scheme 4.3). The benefit of the 5-acetyl moiety is that it removes the need for 

further synthesis steps to obtain the required thioesters. The same protocol was used to 

synthesise a set of thioesters which were evaluated in the transthioesterification reaction as 

a precursor to the development of a resolution process for thiols.

Table 3.4 Urea-catalysed transthioesterification of secondary thioester substrates

oA.
Ar^ R 

thioacetate

256 (1.0 equiv.) 
139 (5 mol%) 

DIPEA (20 mol%)

CH2CI2, rt

SH
Ar^^R

thiol 269

entry thioacetate thiol yield (%)“

t = 20 h t = 44 h

35

40

21

41

50

52

32

54

33

24

40

37

Determined by H NMR spectroscopy using (£)-stilbene as an internal standard

The thioesters 291-296 were reacted with achiral thiol 256 in the presence of urea 139. 

Gratifyingly, the catalysed exchange reaction proceeded in all cases to form thiols 230-232
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and 297-299 (Table 4.4). The relatively unhindered chiral thioesters 291, 292, and 293 

underwent smooth exchange (entries 1-3). Substrate 294 (characterised hy a bulkier 

aromatic substituent) also participated in thioester exchange to furnish thiol 298 in good 

yield (entry 4). Augmenting the size of the aliphatic substituent at the chiral centre {i.e. 

substrates 295 and 296, entries 5-6) unsurprisingly retards the rate of echange; however, 

the hindered thiols 299 and 231 are formed in appreciable amounts.

4.3.1 Synthesis of a bifunctional catalyst with a view towards a kinetic 

resolution protocol

Pleased with the results obtained using the secondary thioesters in Table 4.4, the 

development of chiral resolution process appeared to be appropriate. The initial task was to 

develop a bifunctional catalyst incorporating a urea moiety and an amine base. Promoted 

by the success of quinine based organocatalysts within the group, the synthesis of a 
catalyst based on the incorporation of a cinchona alkaloid based core.’^°’’^^ Starting from 

quinine (145) the alcohol could be converted into the azide 300 by utilisation of the 

Mitsunobu reaction using diphenylphosphoryl azide (DPPA) as the nucleophile. An in situ 

reduction (Staudinger) using PPh3 and water afforded the amine, which upon extraction 

with HCl and evaporation furnished the hydrochloride salt 301 in 84% yield. Utilising 

excess NEt3, the free amine could be released in situ and subsequently reacted with 

isocyanate 284 to furnish 302 in good yield after purification by flash chromatography 

(Scheme 4.4).

302 74% F,C

Scheme 4.4 The synthesis of the known bifunctional organocatalyst 302
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4.3.2 Establishment of a chiral resolution protocol for the exchange reaction

An initial experiment using catalyst 302 at 5 mol% in place of urea and NEts in the 

exchange reaction as described in Table 4.4 resulted in failure to promote the reaction. 

Determined to force the issue, the loading was increased to 20 mol% and allowed to 

proceed for an extended period (Scheme 4.5). Under these conditions, 302 promoted the 

reaction to a limited extent (18% conversion after 44 h).

256 (1.0 equiv.) 
302 (20 mol%)

CH2CI2, rt 
44 h

294 298 18%, 10% ee

Scheme 4.5 Evaluation of the chiral resolution using catalyst 302

To establish the enantiomeric excess the resultant crude mixture was reacted with excess 

acrylonitrile and analysed by chiral HPLC. Disappointingly the analysis detected only a 

marginal excess (10% ee) of one antipode of catalyst over the other. The poor yield and 

enantiomeric excess obtained utilising 302 halted further investigation into the chiral 

resolution protocol. Furthermore the design of alternate catalysts seemed futile given the 

poor reactivity of thioureas, the failure of the BfNAM derived urea 287 to promote the 

reaction and the ineffectiveness of cyclohexylamine derived catalysts 286 and 288.

4.4 Conclusion: chapter 4

In summary, a new methodology has been developed to catalyse a transthioesterification 

reaction. The protocol incorporates the use of a tertiary amine (either NEta or DIPEA) in 

conjunction with the urea catalyst 139 to effect the exchange between a thiol and thioester. 

The method was shown to be applicable to a range of secondary thioesters with varying 

substituents, all displaying appreciable levels of reactivity. Disappointingly the method 

could not be extended to a resolution methodology at this time. The use of bifunctional 

organocatalyst 302 furnished thiol 298 in low yield and with only slight enantioselectivity 

(18% conversion and 10% ee). The current system may facilitate the development of a 

resolution process in the future.
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5.0 Evaluation of organocatalysts towards the development of a chemical
ligation strategy integrating azlactones

Chemical ligation strategies aimed at the formation of peptide bonds have proved to be 

invaluable for the synthesis of peptides, of particular significance is the NCL methodology 

developed by Kent et al. for the coupling of unprotected peptides (see Section 1 The

key to the success of NCL is the facile (and selective) transthioesterification reaction and 

subsequent S —> N acyl-shift to furnish a native peptide (Scheme 1.18, Section 1.3.1). We 

proposed that features of NCL could be married with the DKR of azlactones. To date the 

DKR of azlactones has focused on the synthesis of enantioenriched amino acid derivatives 

(Section 1.4). In the main an alcohol nucleophile is utilised in the DKR of azlactones, 

however thiols have been demonstrated to be compatible with the organocatalytic DKR of 

azlactones to furnish thioesters with moderate enantioselectivity.'^^ The proposed 

methodology would allow the unprecedented formation of a peptide bond with 

concomitant resolution of an azlactone, thereby both allowing us to incorporate an 

enantioenriched amino acid into a peptide and circumventing the necessity for isolation of 

the amino acid substrate.

o hsr2

catalyst

O R'

304

+ PG
catalyst

peptide

305 X = S
306 X = O

peptide

307 X = S
308 X = O

Scheme 5.1 Proposed reactions to combine NCL and the DKR of azlactones

To execute the incorporation of NCL into the DKR of azlactones, two hypotheses were 

envisioned (Scheme 5.1). The first is an improvement on work previously undertaken in 

the laboratory to catalyse the opening of an azlactone {i.e. 303) with a thiol to furnish an 

enantioenriched protected amino acid thioester (such as 304, Scheme 5.1 A).'^^ Thioester 

304 could be utilised as a potential substrate for a subsequent NCL reaction. The
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alternative is the reaction of either a protected A^-terminus cysteine 305 or serine 306 

containing peptide with azlactone 303 to furnish either the thioester 307 or ester 308, 

which bear resemblance to NCL intermediates. The deprotection of the amine on either 

307 or 308 will result in an acyl-shift reminiscent of the corresponding step in NCL, and 

will furnish a peptide bond. To establish the methodology the preliminary focus is on the 

identification of the optimum catalyst for the procedure.

5.1 Synthesis of bifunctional organocatalysts

With a view towards finding the optimum catalyst, the current literature benchmark 

systems for the organocatalytic DKR of azlactones by alcoholysis were synthesised along 

with closely related structures. Song’s C2-symmetric squaramide catalysts are currently the 

benchmark and appeared to be a promising point to start (Section 1.4.3.6.2). Given the 

recent emergence of squaramide catalysts as efficient hydrogen bond donors the synthesis 

of another squaramide catalyst was appeared appropriate.Catalyst 302 synthesised for 

the transthioesterification reaction (Section 4.3.1) has also been reported as a useful 

catalyst for the DKR of azlactones, therefore, we envisaged that it could be used for 

comparative purposes to ascertain the relative utility of squaramide and urea-based systems 

in the process.

o. .o

HO OH

309

trimethylorthoformate (3.0 equiv.) o. ,0
TFA (5 mol%) ^

MeOH, reflux, 48 h
■^O 'O'

310 88%

Scheme 5.2 Synthesis of squaramide catalyst precursors 310 and 312

The synthesis for the squaramide catalysts began with squaric acid (309), which is 

esterified utilising trimethylformate to fiimish the dimethyl ester 310 in high yield (Scheme 

5.2). The ester 310 can then be functionalised by substitution of the methoxy groups with 

amines. To allow for a direct comparison between the urea 302 and squaramide 

functionality the squaramide was functionalised with aniline 311 to furnish the
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monofunctionalised squaramide 312. The reaction of 310 with two equivalents of 9-epi- 

quinine amine 301 results in a double substitution reaction to furnish catalyst 196 in high 

yield (Scheme 5.3 A). The poor solubility of the squaramide functionality allows for 

purification by precipitation of 196 from the crude reaction mixture. In a similar fashion, 

catalyst 313 was synthesised from 312 and 301 in high yield (Scheme 5.3 B).

A

301

1. NEt3 (4.0 equiv.) 
CH2CI2, rt, 1 h

2. 310 (0.45 equiv.) 
MeOH, rt, 48 h

1. NEts (4.0 equiv.) 
CH2CI2, rt, 1 h

2. 312 (1.0 equiv.) 
MeOH, rt, 48 h

CF,

Scheme 5.3 Synthesis of catalysts 196 and 313

The C^-symmetric urea-based catalyst 314 was available in the laboratory (Figure 5.1). It 

was selected for use in the study so that a direct comparison between the urea- and 

squaramide-based moieties in the Q-symmetric catalyst systems could be made. These 

catalysts (synthesised and acquired within the laboratory) were considered sufficient for a 

preliminary analysis of catalyst variants in the DKR of azlactones.

Figure 5.1 The Q-symmetric urea-based catalyst 314

99



5.1.1 Preliminary evaluation of organocatalysts in the DKR of azlactones

To establish the efficacy of the catalysts, a suitable reaction was required to evaluate them. 

Initially the thiolysis of azlactones was of interest, this was to allow for the determination 

of firstly the ability of the catalysts to promote the asymmetric thiolysis reaction and 

secondly to determine if the use of cysteine as a nucleophile was viable. To this end the 

initial reactions were conducted using a primary (to model cysteine) and secondary thiol.

For the initial study, the alanine derived azlactone 167 was utilised (Scheme 5.4). The 

inexpensiveness of the starting materials, alanine and benzoyl chloride, made this an ideal 

substrate. The almost universal use of these benzoyl amide derived azlactones is also an 

important consideration in its choice (see Section 1.4.3 for relevant examples). The 

azlactone is synthesised in a two step process from alanine (315). The first step involves 

the reaction of 315 with benzyol chloride in a biphasic mixture to furnish the //-protected 

amino acid 316 in almost quantitative yield (Scheme 5.4). Substrates such as 316 are stable 

for storage until the azlactone is required.

H,N
OH

315

benzoyl chloride (1.2 equiv.) 

NaOH (2 N, aq.)

OH

316 96%

DCC (1.0 equiv.) 

CH2CI2, rt, 1 h

316

O

Scheme 4.4 The synthesis of azlactone 167 from alanine and benzoyl chloride

The second step in the synthesis involves the dehydrative cyclisation of 316 using DCC to 

furnish the azlactone 167 in high yield (Scheme 5.4). In this instance, DCC was found to 

be adequate to carry out the cyclisation reaction; 167 could be subsequently purified by 

flash chromatography. The azlactone 167 is relatively unstable to air and moisture, 

generally the azlactone was prepared immediately prior to use in a reaction, however it can 

be stored for one week if kept below 0 °C under a protective argon atmosphere.
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Table 5.1 Evaluation of urea- and squaramide-based bifiinctional catalysts in the DKR of 

azlactone 167 with thiols

RSH (3.0 equiv.) 
cat. (10 mol%)

CH2CI2, rt

185R = -CH(CH2)5- 
317R = 4-fBu-C6H4

entry thiol catalyst yield (%)“ (%)*’

RSH 4 h 24 h

1 313 99 9

2 196 99 26

3 302 99 16

4 314 99 10

5 X 313 99 33

6 X 196 99 18

7 X 302 99 41

^Determined by ‘H NMR spectroscopy using styrene as an internal standard based on the formation of 185 or 

317. '^ietermined by chiral HPLC analysis after isolation by flash chromatography.

The evaluation of the catalysts in the DKR of 167 with thiols is displayed in Table 5.1 

above. The opening of 167 using 4-fert-butylbenzylmercaptan proceeded rapidly with high 

conversions and poor enantioselectivities (entries 1-4). The thioester 317 was furnished 

with highest enantioselectivity using catalyst 196 (entry 2, 26% ee) and the lowest using 

313 (entry 1, 9% ee). Both catalysts contain the squaramide functionality as the hydrogen 

bond donor. The use of urea catalysts 302 and 314 led to the formation of 317 in low levels
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of ee (entries 3 and 4, 16% and 10% ee respeetively). The outcome of these experiments 

does not lend any information to whether the squaramide functionality is better than the 

urea moiety as a hydrogen bond donor in this instance. The poor results obtained using the 

primary thiol nucleophile would make it unlikely that the opening of azlactones using 

cysteine would furnish products with in high ee.

The DKR of 167 using cyclohexyl mercaptan proved to be slightly more encouraging. The 

utilisation of the secondary thiol resulted in an overall increase in the ee of the product, 

185 (entries 5-7). The conversions were again, near quantitative in all cases. The use of 

squaramide-based catalysts 196 and 313 led to the formation of products with low levels of 

ee (18 % and 33 % ee, entries 5 and 6). The best result was obtained using 302, it led to the 

formation of 185 with a moderate 41% ee (entry 7). At this point it seemed doubtful that 

the catalysts could be used for the DKR of azlactones with thiols (including cysteine).

5.1.2 Evaluation of organocatalysts in the DKR of azlactones with serine-based 

nucleophiles

Given the poor enantioselectivities obtained in the DKR of azlactones by thiolysis, 
alcoholysis was next investigated. The more widely investigated DKR of azalatones by 

alcoholysis prompted a more thorough investigation and hence the use of a large catalyst 

base for the study.

1. NEtj, CH2CI2

2. 310 (0.45equiv.) 
MeOH, rt, 48 h

Scheme 5.5 Synthesis of the 9-e/7i-quinidine derived C2-squaramide catalyst 320
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Firstly the synthesis of the quinidine analogue of the Q-symmetric squaramide-based 

catalyst 196 was undertaken. Quinidine was converted to amine hydrochloride salt 319 via 

the intermediate 318 by utilisation of the Mitsunobu reaction with subsequent Staudinger 

reduction to furnish 319 in good yield (Scheme 5.5). The free base of the 319 was 

generated and reacted with 310 to yield catalyst 320 in good yield.

It also seemed prudent to synthesise a thiourea catalyst. In keeping with the catalysts 

strucutures already synthesised, an 9-epz-quinine derived thiourea was decided upon. The 

free base of 301 was generated in situ by adding excess NEts to a suspension of 301 in 

CH2CI2 and after a short period thiocyanate 321 was added (Scheme 5.6). The resultant 

thiourea 156 was furnished in good yield.

F,C

CF3
321 (1.2 equiv.)

NEt3 (5.0 equiv.) 
CH2d2. rt

156 73%

Scheme 5.6 Synthesis of the 9-epi-quinine derived thiourea-based catalyst 156

A preliminary study into the DKR of azlactones was carried out using catalyst 196. Song et 

ai already undertook extensive research into the optimisation of the DKR of azlactones 

with 196 using allyl alcohol as the nucleophile.’^^ To establish if serine could be used as a 

successful nucleophile, the DKR of 167 was conducted with both allyl alcohol and ethanol 

(Scheme 5.7). Gratifyingly, both alcohols furnished the products (197 and 184) in excellent 

yields and enantioselectivities (91% and 86% ee respectively).

ROH (2.0 equiv.) 
O 196 (10 mol%)

CH2CI2, rt, 24 h

197 R = CH2CH3 98%, 91% ee 
184 R = CH2CH=CH2 96%, 86% ee

Scheme 5.7 Evaluation of 196 in the alcoholysis of 167
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In similar DKR reactions performed in the laboratory it was found that chloroform was a 

superior solvent, often increasing the enantioselectivity by a small amount. To this end the 

alcoholysis with ethanol was repeated in chloroform, gratifyingly the ee of the furnished 

product was increased to 93% ee (Scheme 5.8).

EtOH (2.0 equiv.) 
196(10mol%)

CHCI3, rt, 24 h

167

Scheme 5.8 Alcoholoysis of 167 in CHCI3 as solvent

Satisfied that 196 was an excellent catalyst for the alcoholytic DPCR of azlactone 167, other 

catalysts were evaluated in the DKR of azlactone 167 with ethanol (Table 5.2). All the 

catalysts were capable of furnishing 197 in good to excellent yields and ee. The quinidine 

derived catalyst 320 was the least active, resulting in the lowest yield of 197 after 24 h and 

320 was also less selective towards the opposing enantiomer (entry 2, 87% (R) ee') than 

196 (its quinine equivalent, entry 1, 93% ee).The thiourea catalyst 156 was less selective 

(entry 3, 70% ee) compared to the other catalysts. The squaramide 313 also proved to be 

slightly poorer catalyst (entry 4, 76% ee). The brief study indicated that 196 was the best 

catalyst under these conditions (entry 1).

Table 5.2 Evaluation of catalysts in the alcoholysis of azlactone 167

EtOH (2.0 equiv.) 
cat. (10 mol%)

CHCI3, rt, 24 h

entry catalyst yield (%)" ee (%)”

1 196 99 93 (5)

2 320 71 %1{R)

3 156 99 70 (5)

4 313 99 76 (5)

analysis after isolation by flash chromatography.
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The preliminary experiments using ethanol and organocatalysts, demonstrated that a 

primary aliphatic alcohol could be used in the DKR of azlactones to furnish esters with 

high levels of enantioselectivity. Next it was decided to synthesise a protected serine for 

use in the reaction. The esterification of L-serine with thionyl chloride and methanol 

followed by reaction with Cbz-Cl furnished 323 in good yield (Scheme 5.9).

H7N

1. SOCI2, MeOH 
reflux, 4 h

322

2. CbzCI (1.1 equiv.) 
K2CO3 (2.2 equiv.) 
THF/H2O, rt, 24 h

Scheme 5.9 The synthesis of a protected L-serine 323

In accordance with the previous experiments, 323 (1.0 equivalents instead of 2.0 

equivalents used when the inexpensive ethanol was used as the nucleophile) was reacted 

with azlactone 167 in the presence of 10 mol% of various catalysts (Table 5.3). The use of 

enantiopure alcohol allowed for the determination of the diastereomeric ratio of the 

product by 'H NMR spectroscopy. Given the increased steric bulk of 323 (and decreased 

loading compared to ethanol), the reactions were allowed to proceed for 48 h.

Table 5.3 Evaluation of serine as a nucleophile in the alcoholysis of 167

o
+ Cbz

167 (1.0 equiv.) 323 (1.0 equiv.)

cat. (10 mol%) 

CHCI3, rt, 48 h

entry catalyst yield (%)“ dr {SS:RS)^

1 196 84 93:7

2 320 85 23:77

3 314 <5 nd

4 302 95 58:42

5 156 94 62:38

6 313
TTTTTrrr—----- .... ——

81 41:59

spectroscopic analysis of the crude reaction mixture.
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Unsurprisingly, squaramide-based catalysts 196 led to the formation of the product in high 

diastereoselective ratio (entry 1, 93:7 dr). Unfortunately, the quinidine derived catalyst 320 

furnished 324 with moderate selectivity (entry 2, 23:77 dr). The urea- and thiourea-based 

catalysts 302 and 156 led to an increased rate of reaetion but very little diastereocontrol 

(entries 4 and 5). Catalyst 313, which is similar in structure to 302 promoted the reaction 

with opposite diastereocontrol (entry 6, 41:59 dr). The poor performance of the catalysts 

(apart from 196) could be attributed to the amide bond on the nucleophile 323, although 

this is a comparatively weaker hydrogen bond donor it is present in a 10 fold excess 

compared to the catalysts. It is plausible that in the substrate catalyst complex, this 

hydrogen bond interferes with binding. A possible ‘mismatched’ pair could also be the 

cause of the poor selectivity.

To evaluate the possibility that 324 could undergo an O ^ N acyl shift upon removal of 

the Cbz protecting group, a hydrogenation of the 324 was performed using catalytic 

palladium on carbon (Scheme 5.10). After the complete removal of the amine protecting 

group from 324 the resultant reaction mixture was filtered and the solvent removed in 

vacuo. Upon concentration the product underwent the O ^ N acyl shift to furnish 325 in 

excellent yield. The enantiopure product 325 has been previously reported and allowed us 

to eonfirm the eonfiguration of the newly formed stereoeenter.

Pd/C, Hj

EtOAc, rt

325 98%

Scheme 5.10 Removal of protecting group and subsequent O ^ N acyl shift to furnish 

protected dipeptide 325

5.2 Design and synthesis of C-2’ substituted quinine catalysts

Spurred on by the success of the O —» N acyl shift and the high diastereocontrol obtained 

in the reaction a brief attempt at catalyst optimisation was undertaken. An almost totally 

stereoselective reaetion would be desirable, as a practitioner interested in peptide synthesis 

would unlikely to be interested in a reaction which generated even a small amount of an 

undesired peptide diastereomer which would have to be removed, presumably by 

chromatography. Recently, Hintermann et al. deseribed the synthesis of C-2’ substituted 

quinines, using the addition of organometallie reagents to the C-2’ position of the
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quinoline, with subsequent reoxidation. Later, List et al. used this methodology to 

synthesise C-2’ substituted 9-e/7/-quinine amines for use as catalysts in the Knoevenagel 

reaction.^^'* It was found that the increased steric bulk at C-2’ improved the 

stereroselectivity obtained in the reaction without having a negative effect on the yield. 

Considering these positive results it was decided to apply the same idea to the synthesis of 

a new set of catalysts. It was hoped that the increased steric bulk at C-2’ would improve 

the performance, from a stereoselective standpoint, of the catalysts (Figure 5.2). The 

distance between the added substituent and the hydrogen bonding moiety is believed to be 

sufficient not to inhibit the formation of hydrogen bonds, whilst still being capable of a 

steric involvement in the catalysis. It is also proposed that the quinoline nitrogen will be 

partially inhibited from participating in catalysis due to the C-2’ substituent.

increased 
steric bulk

hydrogen bonding 
moiety

Figure 5.2 Proposed modification of the 9-e/?/-quinine amine derived catalysts

The first two substituents to be investigated were methyl and phenyl. The procedure 

reported by Hintermann et al. was used to add the organolithium reagent to 145. After the 

complete consumption of the starting material, an in situ oxidation was preformed to 

furnish the C-2’ substituted molecules 327 and 328 in low yields (Scheme 5.11). The low 

yields were primarily due to the purification techniques, it was very difficult to separate the 

products from any remaining starting material. In the case of 327, repetitive 

recrystallisation from toluene afforded the pure product, while 328 was purified by flash 

chromatography. In the usual fashion the quinine alcohols 327 and 328 were transformed 

into the azides using the Mitsunobu protocol and subsequently reduced {via Staudinger 

reduction) to furnish the substituted 9-epi-quinine amines 329 and 330 in good to high 

yields (Scheme 5.11).
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145 327 R = Me 39%
328 R = Ph 37%

1. DIAD(1.2 equiv.) 
PPHg (1.2 equiv.) 
DPPA (1.2 equiv.) 
THF, rt, 24 h

2. PPh3 (1.2 equiv.) 
H2O, rt, 16h

329 R = Me 79%
330 R = Ph 87%

Scheme 5.11 Synthesis of C-2’ modified 9-e/?/-quinine amines

The two amines 329 and 330 could then he reacted with squaric ester 310 in methanol at 

room temperature to furnish the C^-symmetric catalysts 331 and 332 in high yields 

(Scheme 5.12). The catalysts 331 and 332 were synthesised on the hope of improving on 

ability of catalyst 196 to promote the formation of products in high stereoselectivity. It was 

envisaged that the methyl group may prove adequately large to alter the catalyst 

configuration due to the large substituents already functionalising the squaramide. Given 

the failure of the C2-symmetric urea to catalyse the DKR of azlactones using serine, 

corresponding O-symmetric urea derivatives were not synthesised.

329 R = Me
330 R = Ph

310 (0.45 equiv.) 

MeOH, rt, 48 h

331 R = Me81%
332 R = Ph 75%

Scheme 4.12 Synthesis of symmetric C-2’ modified 9-e/?/-quinine squaramides

As an inital investigation into the C-2’ modified quinine catalysts, the synthesis of the non- 

C2-symmetric catalysts was performed using amine 330. The reaction of 330 with an 

equivalent amount of 312 in methanol at room temperature, furnished catalyst 333 in 

excellent yield after 48 h (Scheme 5.13). The catalyst was purified by precipitation and 

was obtained as a stable white solid.
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312(1.0 equiv.) 

MeOH, rt, 48 h

CF,

Scheme 5.13 Synthesis of the C-2’ modified quinine derived squaramide 333

The amine 330 was also used to synthesise urea and thiourea-based catalysts. To a solution 

of 330 in dichloromethane was added a slight excess of either 284 or 321. The resultant 

reaction mixture was stirred for 24 h at room temperature and the product was purified by 

flash chromatography to furnish 334 and 335 in good yields (Scheme 5.14).

330

284 or 321 (1.2 equiv.) 

CH2CI2, rt, 24 h

334 X = O 73%
335 X = S 65%

CF3

Scheme 5.14 Synthesis of C-2’ modified quinine derived (thio)ureas

5.2.1 Assessment of the C-2’ substituted quinine catalysts

The most promising result obtained previously in the alcoholysis of azlactones using the 

protected serine 323; in this regard it was decided to evaluate the new set of catalysts in 

this reaction. Identical conditions were used to allow for a direct comparison with the 

catalysts already evaluated (Table 5.3).
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Table 5.4 Evaluation of the C-2’ modified catalysts in the alcoholysis of 167

o

167 (1.0 equiv.)

+ Cbz
cat. (10 mol%) 

CHCI3, rt, 48 h

323(1.0 equiv.)

entry catalyst yield {Vof dr {SS:RSf

1 331 69 93:7

2 332 <5 nd

3 333 92 20:80

4 334 98 52:48

5 335
Trrx7r77r-~~T‘——~~—r—————

90 42:58
br^..• . . J 1.. Itt

spectroscopy of the crude reaction mixture.

The most promising new catalysts, the modified squaramides 331 and 332, perfomied 

disappointingly in the reaction (Table 5.4, entries 1 and 2). The addition of the phenyl 

substituents in 332 effectively destroyed catalyst efficacy. Even in the case of the addition 

of a methyl group, {i.e. catalyst 331), a significant decrease in the rate of the reaction (a 

loss of 20% conversion) is observed (Table 5.4, entry 1; 69% 93:7 dr). Surprisingly, the 

squaramide 333 catalysed the formation of 324 in excellent yield and moderate 

diastereoselectivity (entry 3; 92% 20:80 (ir).The urea and thiourea catalysts, 334 and 335 

respectively, led to the formation of the product in high yield but with little 

diastereoselectivity (entries 4 and 5). Although both 333 and 196 are derived fi'om quinine 

they promote the formation of different diastereomers of 324. Delightfully, 333 proved to 

be a more selective catalyst than 320 (the quinidine analogue of 196), possibly allowing for 

the generation of both diastereomers of 324, if the catalyst performance could be improved 

upon.

The moderate enantioselectivity observed in the formation of thioesters using 302 in the 

DKR of azlactone 167 prompted the investigation into the use of the newly synthesised 

urea and thiourea-based catalysts in this reaction (see Table 5.1, entry 7; 99% yield 41% 

ee). The results are summarised in Table 5.5. The yields of the reactions were consistently 

high (> 86%); however, the ee of the observed products were poor to moderate (Table 5.5).
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The opening using a primary thiol was poor (25% ee) using either catalyst 334 or 335 

(entries 1 and 2), which was approximately equivalent to the ee obtained using 196 (Table 

5.1, entry 2; 99% conversion 26% ee). Given the poor ee of the using a primary thiol, the 

DKR was performed using cyclohexyl mercaptan as the nucleophile. The best result was 

obtained using catalyst 334 (entry 3), the product was formed in modest enantiomeric 

excess (47% ee). The additional phenyl group on the urea catalyst 334 compared to 302 

faciliated marginally more selective catalysis (47% ee compared to 41% ee). Catalysts 335 

and 333 failed to improve on the previous ee of 185, they furnished 185 with low ee 

(entries 4 and 5 respectively; 40% and 31% ee). At this stage the DKR of azlactones by 

reaction with protected serines appeared to be a more promising reaction which sanctions 

further catalyst development

Table 5.5 Evaluation of modified catalysts in the thiolysis of azlactones

RSH (3.0 equiv.) 
cat. (10 mol%)

CH2CI2, rt, 24 h

185R = -CH(CH2)5- 
317R = 4-‘Bu-C6H4

entry thiol catalyst yield (%)“ ee (%)”

1 334 99 25

2 335 99 25

3 "'XD 334 86 47

4 335 95 40

5

TrrTTrTT———

333 98 31

analysis after isolation by flash chromatography.
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5.3 The synthesis of catalysts with increased steric bulk at C-2’

The disappointing results obtained from the modification of 196 cut short the possibility of 

improving the diastereoselectivity attainable using this t)^e of catalyst. Fortunately, the 

modification of squaramide 313 produced 333, which proved to be a significantly a 

superior catalyst to its predecessor. Encouraged by this result, further modification of this 

catalyst was attempted. Initially, it was thought that increasing the steric bulk again at C-2’ 

would be a logical course of action.

The first choice of modification was to install substituents in the /Tieta-position of the C-2’ 

phenyl unit. It was envisaged that the same addition reaction using the organolithium 

reagent could be performed. The organolithium reagent was generated in situ from 336 

(commercially available) using ^ec-BuLi prior to the addition of 145 (Scheme 5.15). After 

4 h the reaction was quenched with acetic acid, and an in situ oxidation was performed 

using iodine followed by an aqueous workup. Unfortunately, the reaction did not proceed 

as expected and only starting material was recovered. The formation of the organolithium 

reagent was assumed to have proceeded as expected, based on the consumption of the sec- 

BuLi, which would have added to 145 if present. The organolithium reagent was believed 

to be stabilised by the electron-withdrawing moieties; thereby decreasing its reactivity 

enough to inhibit the addition reaction.

Scheme 5.15 Failed synthesis of the C-2’ substituted quinine 337

To better understand the reasons behind the failure of the above reaction (Scheme 5.15) it 

was decided to add the organolithium reagent derived from 338 (Scheme 5.16). The 

generation of the organolithium, addition of 145 and in situ oxidation were conducted in an 

identical manner as before. In this instance the product 339 was formed in moderate yield 

(Scheme 5.16, 49% yield). Given the outcome of this reaction, it was decided that the CF3
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group does not interfere with the addition reaction, however if the organolithium reagent is 

sufficiently stable the reaction will not proceed under these conditions. Satisfied that the 

3,5-bis-(triftuoromethyl)phenyl could not be easily added to 145; alternative organolithium 

reagents were investigated.

1. 338 (3.0 equiv.) 
sec-BuLi (6.0 equiv.) 
MTBE,
-10°Ctort, 4h

2.12 (excess)
AcOH, H2O, rt

145

Scheme 5.16 Synthesis of the C-2’ substituted quinine 339

To increase the steric bulk, two bromobenzenes were synthesised from readily available 

starting materials. Hart et al. and later Anderson et al. reported on the s3mthesis of 

substituted w-terphenyls from 2,4,6-tribromoaniline (340). ’ Sandmeyer chemistry is

used to convert 340 into the iodo compound 341 in high yield, purification is performed by 

recrystallisation allowing the reaction to be conducted on a large scale. In the presence of 

excess phenylmagnesiumbromide, 341 forms a benzyne species which is subsequently 

attacked to furnish 342 in moderate yield (Scheme 5.17). To create another relatively large 

bromobenzene the inexpensive phenol 343 was alkylated using sodium hydride and 

iodomethane to furnish 344 in excellent yield (Scheme 5.17).

1. NaN02 (1.1 equiv.) 
HCI (cone.)

2. K1 (10.0 equiv.) 
H2O Br ^ Br 

341 88%

PhMgBr (3.5 equiv.)

THF, reflux, 2 h

NaH (2.4 equiv.) 
Mel (4.0 equiv.)

DMSO, rt, 4 h

343 344 96%

Scheme 5.17 The synthesis of precursors for the generation of new catalysts
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The two bromobenzenes 342 and 344 were subsequently added to quinine using the same 

protocol used to synthesise 339. The organolithium reagents were generated in situ using 

sec-BwlA and then reacted with 145 followed by a reoxidation to furnish the C-2’ 

substituted quinines 345 and 346 in moderate to good yields (Scheme 5.18). The variability 

of the yield is based primarily on the ease of seperation of the product from the starting 

material.

1. 342 or 344 (3.0 equiv.) 
sec-BuLi (6.0 equiv.) 
MTBE,

-10°Ctort, 4h

2. I2 (excess) 
AcOH, H2O, rt

345 R' = Ph, = H, 76%
346 R^ = fBu, R2 = OMe, 40%

Scheme 5.18 Synthesis of C-2’ modified quinines 345 and 346

Initially, it was decided to syntheses the w-terphenyl derived catalyst and evaluate it in the 

DKR of azlactones with serine. The catalyst was synthesised using the same procedure as 

that used to generate 313. The alcohol 345 was transformed into the azide using the 

Mitsunobu reaction and reduced in situ to furnish 347 in high yield (Scheme 5.19). To a 

solution of 312 in methanol was added 347, and after 48 h at room temperature 348 was 

generated in moderate yield (Scheme 5.19).
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1. DIAD{1.2 equiv.) 
PPH3(1.2 equiv.) 
DPPA (1.2 equiv.) 
THF, rt, 24 h

2. PPh3 (1.2 equiv.) 
H2O, rt, 16 h

CF,

Scheme 5.19 Synthesis of catalyst 348 from the C-2’ modified quinine 345

5.3.1 Evaluation of 348 in the DKR of 167 with a serine nucleophile

The further modified catalyt 348 was evaluated in the opening of azlactone 167 using the 

protected serine. Given the improvement seen associated with the use of 333 compared to 

313 in the promotion of the formation of 324, it was hoped that 348 would offer additional 

control over stereochemical outcome of the reaction. Disappointingly, when 348 was used 

as the catalyst, the formation of 324 was promoted with marginal diastereoselectivity 

(Scheme 5.20; 42:58 dr).

OH

Cbz.
348 (10 mol%) 

CHCI3, rt, 24 h

167 (1.0 equiv.) 323 (1.0 equiv.) 324 68% 42:58 dr

Scheme 5.20 Evaluation of catalyst 348 in the opening of azlactone 167

The result was unexpected: the increased steric bulk led to poor levels of stereocontrol. 

Therefore, it seemed futile to continue with the optimisation of the C-2’ substituted 

catalysts. The high diastereoselectivity associated with the use of catalyst 196 (Table 5.3,
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entry 1; 93:7 dr) appeared to be the best attainable using this library of catalysts under 

these conditions. Hence, as a result it was decided to utilise 196 in the future optimisation 

of the reaction. It is noteworthy that this diastereoselectivity (324; 93:7 dr) was not yet 

satisfactory as far as we were concerned, as further purification of the product would be 

necessary on part of the practitioner interested in using this as a synthetic tool.

5.4 Alternative reactions that demonstrated the utility of the synthesised
catalyst library

The unsatisfactory results obtained with the catalysts synthesised was unfortunate, 

however to exploit the array of catalysts prepared they were used to promote various 

reactions within the group. To our delight 333 was found to be a useful catalyst for the 

reaction between enolisable anhydrides 349 and aldehydes 350 (Scheme 5.21). The 

catalyst was synthesised on a substantial scale (~ 2 g) and utilised by colleagues Mr. 

Claudio Comaggia, Mr. Francesco Manoni and Dr. Esther Torrente De Haro to develop the 

methodology. The process was capable of furnishing products of type 351 in excellent 

enantiomeric excess and diasteriomeric ratio (Scheme 5.21).

349 350

333 (5 mol%), MTBE 
-15°C

CO2H
351

up to 98 %, 99% ee, 97:3 dr

Scheme 5.21 A catalytic asymmetric reaction involving enolisable anhydrides

Developing on the same methodology Mr. Claudio Comaggia, Mr. Francesco Manoni and 

Mr. James Murray demonstrated that the reaction between enolisable succinic anhydrides 

352 and aldehydes 350 could also be catalysed by 333. The lactone 353 was formed with 

in excellent enantiomeric excess and diastereomeric ratio (Scheme 5.22). 2̂28

352

J
350

1. 333 (5 mol%), MTBE
-15 °C, 97 h

2. TMSCHNa, /PrOH Me02C'y
Ar

353
up to 98%, 99% ee, 99:1 dr

Scheme 5.22 Catalytic, enantio- and diastereoselective synthesis of y-butyrolactones 

incorporating quaternary stereocentres

116



5.5 Recent developments in the DKR of azlactones using thiol nucleophiles

The failure of the C-2’ modified catalysts for the DKR of azlactones with thiol 

nucleophiles was met with success using catalyst 355 designed and synthesised by Mr. 

Cormac Quigley and evaluated by Dr. Zaida Rodriguez Docampo (Scheme 5.22). The 

reaction of azlactone 354 with thiol 256 in the presence of 355 furnished 356 in high yield 

and good enantiomeric excess (Scheme 5.23, 86%, 73% ee).

256 (2.0 equiv.) 
355(10mol%)

CH2CI2, 20°C, 3d

-O O

356 86%, 73% ee

Scheme 5.23 The DKR of azlactone 354 with thiol nucleophile catalysed by 355 

5.6 Conclusions: chapter 5

The optimum catalyst for the DKR of azlactones with a serine based nucleophile was 

catalyst 196 (93:7 dr). Attempts made to modify this catalyst resulted in an inhibition of 

the catalytic activity, and reduced stereocontrol. The alteration of other known catalyst 

structures was also met with disappointment in regards to the DKR of azlactones; however, 

preliminary results did appear promising. The DKR of azlactones with thiols proved to be 

too challenging a reaction for the synthesised catalysts, the best catalyst for this reaction 

was 334 which only furnished the product in moderate ee. Given the poor results with the 

thiolysis reaction further investigation was deemed unwise. Although the C-2’ substituted 

catalysts proved ineffective at the DKR of azlactones, they were found by others to be 

efficient catalysts for the addition of enolisable anhydrides to aldehydes (Section 5.4).

Finally, the dipeptide 325, produced from the O ^ N acyl shift of the product from the 

DKR with a protected serine, is not ideal (Figure 5.3). The diastereoselectivity is not 

sufficiently high to allow the convenient use of the product without further purification.
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However, the primary problem is the deproteetion of 325 to furnish the free peptide. At the 

end of the reaction the A-terminus of the peptide is in the form of a benzoyl amide. The 

conditions required to remove the benzoyl amide will also cleave the peptide amide. 

Although the DKR of an azlactone using serine has been demonstrated, it is clear that 

further development is required to allow for the use of this methodology in a practical 

situation.

[ peptide amide )

O

O

OH

325 93:7 dr
unsatisfactory

diastereoselectivity

Figure 5.3 Features of the dipeptide obtained from the DKR using a protected serine
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6.0 Design, synthesis and evaluation of a novel A^-protecting group for use in

the DKR of azlactones

With a view towards creating a useful protocol for the DKR of azlactones with serine 

nucleophiles two issues need to be resolved; firstly the diastereomeric ratio of the product 

needs to be increased, and secondly the design of an easily removable ^protecting group 

that is capable of forming a viable azalctone. To date azlactones used for DKR are 

primarly derived from Wbenzoyl amino acids or closely related amides (Section 1.4). As 

such, literature protocols for the enantioselective DKR of azlactones are suitable only for 

the synthesis of single amino acids that are compatible with the cleavage of the benzoyl 

amide (heating under reflux with aqueous HBr).'^"* These methodologies are therefore not 

compatible with peptide synthesis. The practicality of the DKR of azlactones could be 

greatly improved if a protecting group was available that would allow for the product of 

the DKR to be used directly in peptide synthesis, i.e. orthogonally protected amino acids.

6.1 Design and synthesis of an W-protecting group: search for improved 

reactivity and diastereoselectivity

While the DKR of azlactones using serine (detailed in Section 5.1) is interesting, the 

formation of A-benzoyl protected dipeptides is rather pointless unless the benzoyl group 

can be removed (Section 5.1.2, Scheme 5.10). To improve the practicality of the DKR of 

azlactones with a serine nucleophile an investigation into plausible protecting groups 

(known and unknown) that would be potentially compatible with azlactone formation was 

undertaken.

6.1.1 Modification of the azlactone aryl moiety to incorporate electron 

withdrawing substituents

As a prelude to protecting group design, an investigation was undertaken into the optimum 

azlactone for the reaction. It was hoped that the rate and diastereocontrol of the reaction 

could be improved by altering the structure of the azlactone. To increase their reactivity, 

azlactones containing electron-withdrawing aryl moieties were investigated. In addition to 

increasing the reactivity, the electrophilie moiety should increase the rate of raeemisation 

of the azlactone. Two electron withdrawing benzoyl derived azlactones were synthesised. 

Firstly the synthesis of a protected alanine was undertaken. Alanine was dissolved in
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methanol and addition of thionyl chloride furnished the hydrochloride salt 357 in near 

quantitative yield (Scheme 6.1).

H,N
OH

O
315

SOCI2 (3.0 equiv.)

MeOH
H,N

Cl O
357 99%

Scheme 6.1 The esterification of DL-alanine to furnish 357

The free base of 357 was generated in situ using excess NEts and after momentary stirring 

the appropriate benzoyl chloride was added to furnish the protected alanines 358 and 359 

in high yield (Scheme 6.2). The methyl esters were subsequently hydrolysed using aqueous 

NaOH to furnish 360 and 361 in almost quantitative yield (Scheme 6.2). The synthesis of 

360 and 361 via the methyl ester displayed improved yields compared to the direct reaction 

of alanine with the appropriate acid chloride.

H,N

Cl o
357

Ac,
(1.1 equiv.) 

NEta (2.5 equiv.)

CH2CI2, rt, 16h
,A NaOH (1 N, aq.;

rt, 1 h

358R = 4-CF3-C6H4 81% 
359 R = 2,4,6-Cl3-C6H2 84%

O

,A OH

O
360 R = 4-CF3-C6H4 98%
361 R = 2,4,6-Cl3-C6H2 98%

Scheme 6.2 Synthesis A^-protected amino acids for the synthesis of azlactones

The azlactones were prepared prior to the DKR reaction by cyclisation using a 

substoichiometric amount of DCC to furnish 362 and 363 in low yields (Scheme 6.3). The 

low yield in this reaction was due to the increased reactivity of the azlactones and 

subsequent loss on purification (the azlactones were partially opened by hydrolysis during 

flash chromatography). The use of substoichiometric DCC allowed for a more rapid 

purification process.

.A OH

360 R = 4-CF3-C6H4
361 R = 2,4,6-Cl3-C6H2

DCC (0.95 equiv.) 

CH2CI2, rt, 1 h

362 R = 4-CF3-C6H4 42%
363 R = 2,4,6-Cl3-C6H2 44%

Scheme 6.3 Preparation of azlactones using DCC
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The azlactones were evaluated in a DKR process with 323 (Table 6.1). All the azlactones 

were converted smoothly in the reaction furnishing the products in high yield and 

diastereomeric ratio within 24 h. It was clear that relative to the phenyl substituent 

incorporated in 167 (entry 1) the withdrawing groups of 362 and 363 proved to be 

beneficial in terms of both yield and selectivity (entries 2 and 3). The additional 4-CF3 

moiety on 362 resulted in an improved yield and a minor improvement in the 

diastereoisomer ratio of the product (entry 2). The best result was obtained using 363 as the 

azlactone which formed 365 in excellent yield and diastereoselectivity (entry 3). The 

electron-withdrawing effect of the chlorine atoms in combination with possible steric 

effects (due to the ortho positioning of two chlorines) result in a useful azlactone substrate. 

This excellent result using 363 concluded the investigation into azlactone structures, an 

extended exploration did not appear vital at this early stage.

Table 6.1 Evaluation of azlactones in the DKR with 323

OH

Cbz
'O

167 R = CgHg
362 R = 4-CF3-C6H4
363 R = 2,4,6-Cl3-C6H2

323

196 (10 mol%) 

CHCI3, rt, 24 h

O
,A oj:

o
NH

I
Cbz

324 R = CgHs
364 R = 4-CF3C6H4
365 R = 2,4,6-Cl3-C6H2

entry azlactone product yield (%)“ dr'^

1 167 324 77 93:7

2 362 364 91 94:6

3 363
rrrTTTTtr——----- -

365 99 99:1
^ , • 11 ItT

spectroscopy of the isolated product after flash chromoatography.

6.1.2 The synthesis and evaluation of a proposed 2-bromobenzoic acid derived 

A-protecting group

Integrating the benefit of the ortho-C\ substituents on the aryl moiety of the azlactone a 

proposed ortho-Br deprotection protocol was envisaged. The bromine component would 

provide a functionality which could be manipulated post DKR to remove the benzoyl 

group. It was hoped that a Suzuki coupling between 366 and 367 would furnish the free 

amine 217 and by-product 369 (Scheme 6.4). The reaction was intended to pass through
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intermediate 368, which in the presence of base should rearrange to form 369 and release 

217. The deprotection is similar to the method reported by Cain (Section 1.5.1.3, Scheme 

1.51), in which the unmasking of an alcohol allows for subsequent phthalide formation and

release of the amine.203

366

HO^ ^OH

367

Suzuki
coupling

369

H,N

217

Scheme 6.4 Proposed deprotection using the 2-bromobenzoyl amide protecting group

To evaluate the feasibility of the proposed deprotection, 370 was coupled with 357 in the 

presence of NEts and DCC to furnish 371 in high yield (Scheme 6.5). The methyl ester of 

371 is subsequently hydrolysed using aqueous NaOH to furnish 372 in almost quantitative 

yield. The resultant acid can be cyclised using DCC as described previously to furnish 373 

in moderate yield after purification.

H3N'

cT o 
357

DCC (1.1 equiv.) 
NEta (1.1 equiv.)

CH2CI2, rt, 24 h

370

NaOH (1 N, aq.) 

rt, 1 h

OH

Scheme 6.5 Incorporation of a 2-bromobenzoyl protecting group

The DKR of 373 was evaluated using 323 as the serine nucleophile and 196 as the catalyst 

(Scheme 6.6). The reaction furnished 374 in good yield and excellent diastereoselectivity. 

Unfortunately, the yield (although good) was reduced eompared to using azlactone 363

122



(containing the trichloro substituent on the azlactone); however, the same level of 

diastereoselectivity was maintained, consistent with the previously observed steric 

influence of ort/zo-substituents on phenyl moiety of the azlactone. The lower reactivity of 

373 was deemed to be incompatible with the objectives of our desired methodology; a 

significantly higher yield was desirable. While the product furnished was theoretically 

deprotectable, it was believed that a more suitable ^protecting group could be developed, 

meeting both our criteria of high product yield and near perfect diastereoselectivity. To this 

end, the deprotection of 374 was not evaluated.

196(10mol%) 

CHCI3, rt, 24 h

323 374 68%, 99:1 dr

Scheme 6.6 The DKR of 373 with a protected serine nucleophile

6.1.3 Design of a masked TCP protecting group

To design a potential protecting group it is advantageous to start from cheap and readily 

available starting materials. The discussed 2-bromobenzoie acid derived protecting group 

met these initial requirements, however the deprotection of the amide requires more 

elaborate reagents and may not be compatible to large scale synthesis (Scheme 6.4). In the 

continuing design of a protecting group, focus was shifted to the utilisation and 

modification of existing protecting groups.

6.1.3.1 Attempted synthesis of a tetrachloro-BOMB protecting group

The BOMB (2-benzoyloxymethylbenzoic acid) protecting group reported first by Cain 

and later by Boeckel et al. was an appealing structure that could be adapted to our purposes 

(Section 1.5.1.3).^°^’^°"* It was proposed that the tetrachloro derivative 375 could be 

synthesised and utilised as a protecting group for azlactones (Figure 6.1). The synthesis of 

the non-chlorinated version has already been disclosed along with the conditions under 

which it can be removed.^”^ It appeared that this would be an ideal candidate. The non- 

chlorinated protecting group does not contain the electron-withdrawing groups which were 

shown to be important in conferring high electrophilicity on the azlactone and rendering it 

of suffieient steric bulk to undergo highly diastereoselective DKR in the presence of the 

serine derivative 323 and catalyst (see Table 6.1).
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Cl o

Figure 6.1 Proposed tetrachloro 7V-protecting group

The commercially available 376 could be selectively reduced following the literature

procedure using NaBH4 in THF/MeOH to furnish 377 in good yield (Scheme 6.7).230

NaBH4 (3.0 equiv.) 

THF, MeOH, rt

377 78%

Scheme 6.7 Synthesis of phthalide 377

The phthalide 377 was subjected to the conditions described by Cain for the synthesis of 

the non-chlorinated BOMB protecting group. Firstly, 377 was opened (using aqueous 

KOH under reflux followed by the removal of the solvent and redissolving in DMF) and 

reacted with excess benzoyl chloride at 0 °C (Scheme 6.8). Surprisingly, all that was 

recovered was the starting material and no trace of 378. The reaction was repeated using 

the non-chlorinated analogue as described by Cain, this furnished the reported product. 

Further attempts were made to synthesise 378, however in all cases the product was not 

detected. It is proposed that the chlorine substituents favour the formation of the phthalide 

377, impeding the synthesis of 378.

Cl o

377

Scheme 6.8 Attempted synthesis of tetrachloro A-protecting group
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6.1.3.2 Attempted application of a phthalimide-based catch and release system to 

the DKR of azlactones

The report by Weigel et al, highlighted that the extended use of the phthalimide protecting 

group, (Section 1.5.2). ’ In brief Weigel et al. demonstrated that pyrrolidine could

reversibly open a phthalimide and that the opened product was stable to both basic 

conditions and nucleophiles. It was envisaged that the phthalimide functionality could 

therefore be used as a viable protecting group for use in conjunction with azlactones. The 

phthalimide could be regenerated as reported by Weigel et al. after the DKR reaction to 

furnish an orthogonally protected amino acid or dipeptide. To investigate this proposal, the 

synthesis of the alanine derived azlactone was undertaken. A mixture of 379 and 315 in 

acetic acid was heated together for 6 h to furnish 380 in high yield (Scheme 6.9).

379

HoN
OH AcOH, A, 6 h

315

O

Scheme 6.9 Synthesis of phthalimide protected alanine

The addition of pyrrolidine to 380 resulted in the formation of 381; however, the isolation 

of the product was unsuccessful. The ring opened product 381 was not stable as an isolated 

material, perhaps the internal acid was sufficient to catalyse the phthalimide formation. 

Determined to synthesise the azlactone, we generated the intermediate 381 in situ and the 

excess pyrrolidine removed by extraction with aqueous acetic acid (Scheme 6.10). 

Subsequently, a solution of DCC in dichloromethane was added to fiimish 382 in poor 

yield after isolation by flash chromatography (Scheme 6.10).

o

OH

N 
H

(2.1 equiv.)

THF, rt, 2 h

OH

O

382 14%

Scheme 6.10 Synthesis of the phthalide derived azlactone 382
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The minimal amount of 382 obtained was used to evaluate the behaviour of the azlactone 

in the organocatalysed DKR with 323 (Scheme 6.11). Disappointingly, 382 failed to react 

with 323 to any extent in the presence of 196. It is plausible that the increased bulk of the 

ortAo-amide functionality is inhibiting the reaction. The same protocol was applied to the 

synthesis of the tetrachloro derivative, however the adduct after reaction with pyrrolidine 

could not be detected. Given the failure of the alanine derived azlactone (generally the 

most reactive based on the amino acid component) to react, the methodology was unlikely 

to be compatible with the DKR of azlactones derived from other amino acids incorporating 

larger residues.

+ Cbz

Scheme 6.11 Evaluation of azlactone 382 in the organocatalysed DKR process with 323

6.1.3.3 Development of a novel masked TCP protecting group: high reactivity and 

near perfect diastereocontrol

The final protecting group design postulated, again featured a phthalimide component. In 

this instance it was hoped that, based on the precedent reported by Weigel et an ester 

{i.e. 384) functionality could be utilised instead of the pyrrolidine amide, generating a 

phthalimde post-DKR (Scheme 6.12). Unlike the previous methodology, not only could the 

phthalimide be reformed at the end of the reaction to generate 386, it was hoped that a mild 

reduction could be used to transform the ester into an alcohol {i.e. 387) which would 

deprotect akin to Cain’s BOMB protecting group to afford the free amine 388. The two 

possible deprotection methods optimise the chances of success for this phthalic anhydride 

derived protecting group.
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,2 H"

384

H2N'

O

388

385

base

reduction

= alkyl 
r2 = alkyl 
X = S, O

Scheme 6,12 Proposed protecting group utilising a masked ester phthalimide

To synthesise the protecting group an alternative approach, to that adopted by Weigel et 

al, was taken. Starting from 376, the desymmetrised products were synthesised by 

alcoholysis using NEt3 as a promoter for the reaction furnishing 389-391 in excellent 

yields (Scheme 6.13).

NEts (1.0 equiv.)

ROM, rt

389 R = CH3 98%
390 R = C2H5 99%
391 R = CH(CH3)2 91%

Scheme 6.13 Alcoholysis of 376 to furnish desymmetrised products 389-391

It was hoped that these opened anhydrides could be coupled with amino acids using the 

same method we used to synthesise previous azlactone precursors. The first substrate to be 

evaluated was 389. Given the lack of reactivity of 382, the use of a small methylester in the 

ort/zo-position was attempted to minimise steric bulk of the resulting azlactone substrate. 

The acid chloride was generated from 389 in neat thionyl chloride, and upon removal of 

the excess thionyl chloride, it was reacted with 357 in the presence of NEts (Scheme 6.14). 

The desired product 392 was detected by NMR spectroscopy of the reaction mixture, 

however it rapidly cyclised in situ to furnish the closed imide 393.

127



/o

Scheme 6.14 Problematic coupling of 389 to 357 due to imide formation

The unfortunate outcome of the reaction was not a total loss; it demonstrated that the open 

product 393 could be easily transformed into the known TCP protecting group. A brief 

survey of the literature confirmed the precedents for the imide formation; in particular, 

Herrmann et al. used a similar system to bring about a slow release of alcohols in 

solution.^^' It would also appear that the use of NEts was sufficient to catalyse the reaction. 

It was theorised that a more hindered ester would increase the stability of the intermediate 

{i.e. 392) and allow for its isolation and use as a protecting group. To attach the protecting 

group it was also evident that basic media would have to be avoided {i.e. to avoid the 

formation of the imide).

The synthesis of the azlactone precursor was developed using alanine as the starting 

material. The /ert-butyl ester of 315 was synthesised using tBuOAc and catalytic 

perchloric acid (Scheme 6.15). The ester was subsequently coupled with 390 using DCC in 

the absence of any amine catalyst to furnish 394 in low yield over the two steps (Scheme 

6.15). The tert-butyl ester was then cleaved in a solution of TEA to fiimish 395 in 

quantitative yield (Scheme 6.15).

H,N
OH

o

315

1. IBuOAc, HCIO4

2. 385 (1.0 equiv.) 
DCC (1.1 equiv.) 
CH2d2. rt

TFA/CH2Cl2(1:2)
OH

Scheme 6.15 Synthesis of the alanine derived azlactone precursor 395
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The next step was to determine if the azlactone could be generated from 395 and if it was 

stable enough to be isolated. To a solution of 395 in dichloromethane, TFAA was added 

and after 1 h furnished 396 in moderate yield (Scheme 6.16). The low yield was due to the 

flash chromatography which was performed to remove any excess acid that could interfere 

with the subsequent organocatalytic DKR process. It is important to note that 396 was 

stable enough to be used in the next reaction but could not be stored for more than a few 

hours.

OH
TFAA (1.3 equiv.) 

CH2CI2, rt, 1 h

395

O

Scheme 6.16 Synthesis of azlactone 396 using trifluoroaceticanhydride (TFAA)

To evaluate the behaviour of 396 in the organocatalytic DKR we used ethanol in the 

presence of catalyst 196 (Scheme 6.17). The opening of the azlactone proceeded rapidly, 

however after 16 h the imide 397 was present in significant amounts (30%). The imide 

formation (with concomitant alcohol release) was promoted by 196 to a marginal extent. In 

this instance the ethanol released was not of a concern since In order to drive the formation 

of 397 to obtain a single product, DABCO (20 mol%) was added, and after a further 24 h 

only the imide product was detected. Importantly, 397 was furnished in excellent yield and 

ee (Scheme 6.17), in fact it is a substantial improvement on the product enantiomeric 

excess using the standard 7V-benzoyl derived azlactone 167 (Scheme 5.8, 99% yield and 

93% ee).

1. 196(10mol%) 
EtOH (2.0 equiv.) 
CHCI3, rt, 16h

2. DABCO (10 mol%) 
CHCI3, rt, 24 h

397 97% 98% ee

Scheme 6.17 Evaluation of masked TCP protected azlactone

The formation of the imide product is ideal at the end of the reaction; unfortunately the 

release of ethanol (ester derived) during the imide-forming reaction is not desirable since it
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can compete with other aleohol nucleophiles in the DKR process. To overcome this 

problem the use of the isopropyl ester on the azlactone aryl moiety was proposed. In this 

instance, we postulated that release of a secondary alcohol should not compete if a primary 

alcohol was being used as the nucleophile in the DKR reaction.

6.2 Evaluation of the masked TCP protecting group in the DKR of azlactones

To demonstrate the masked TCP protecting group in the DKR of azlactones it was decided 

to use the protected serine as a nucleophile. This required the synthesis of the azlactones 

derived from several natural and non-natural amino aeids. The evaluation of alternate 

protecting groups on the serine was also desirable, and therefore their synthesis was also 

undertaken

6.2.1 Synthesis of amino acid derived azlactones

The method for attaching the A^-protecting group was already developed for the case of 

alanine and could easily be extended to other available amino acids. The reported DKR of 

azlactones tend to focus on substrates derived from natural amino aeids and do not fully 
demonstrate the true potential of the methodology (Section 1.4). To evaluate this new 

azlactone it was decided to extend our investigation to include non-natural amino acids, 

many of which are available commercially as racemic mixtures.

Azidohomoalanine is an interesting non-natural amino acid with many uses, including in 

‘click’ chemistry and Staudinger reactions. ’ A synthesis reported by Thomas et al. was 

adapted to prepare racemic azidohomoalanine starting from homoserine.^^”^ The first step 

was to protect 398 in a two step process beginning with Boc anhydride in the presence of 

NaOH and a subsequent formation of a benzyl ester using CS2CO3 and benzyl bromide to 

fiimish 399 in low yield (Scheme 6.18).

OH

HoN
OH

1. (Boc)20 (1.1 equiv.) 
HjO/EtOHnrHF (1:1:1) 
NaOH (1 N, aq.)

2. BnBr (1.0 equiv.) 
CS2CO3 (0.5 equiv.) 
DMF, rt

398

OBn

Scheme 6.18 Synthesis of proteeted homoserine 399
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The protected homoserine was then used as described by Thomas et al. to furnish 400 in 

good yield over two steps; formation of a mesylate using mesyl chloride and NEts and 

subsequent reaction with NaNs in DMF to furnish the azide 400 in moderate yield (Scheme 

6.19).

BocHN
OBn

1. mesyl chloride (1.2 equiv.) 
NEtj (2.4 equiv.), GHjClj

2. NaNs (1.5 equiv.)
DMF, 40 °C

BocHN

399

OBn

Scheme 6.19 Synthesis of protected azidoalanine derivative

The deprotection using BBrs, as reported by Thomas et al., did not lend itself to a larger 

scale reaction. Instead, the protecting group interconversions were performed in a 

sequential process without purification of the intermediate steps (Scheme 6.20). The 

benzyl ester was cleaved using a mixture of aqueous NaOH (1 N) and methanol and the 

Boc group removed using a solution of TEA to furnish the crude azidohomoalanine. The 

tert-butyl ester was produced in the usual manner using tBuOAc and HCIO4. The crude 

ester was coupled to 391 using DCC to furnish 401 (Scheme 6.20).

1. NaOH (1 N, aq.) 
MeOH, rt, 1 h

2. TFA/CH2CI2 (1:2)

BocHN

400

OBn 3. fBuOAc, HCIO4
4. 391 (1.0 equiv.) 

DCC (1.1 equiv.) 
CH2CI2, rt

401 12%

Scheme 6.20 Exchange of the protecting groups on azidoalanine

The remaining azlactones were synthesised using commercially available racemic amino 

acids, which were coupled to 391 using the method described for the preparation of 394 

(Scheme 6.15). The tert-butyl ester was formed using tBuOAc and HCIO4 and then 

coupled to 391 using DCC to furnish the protected amino acids 403-410 in low to good 

yields (Scheme 6.21). The low yields were attributed to the formation and isolation of the 

tert-huiyl esters.
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Cl o

HoN
OH

402

1. /BuOAc, HCIO4

2. 391 (1.0 equiv.) 
DCC (1.1 equiv.) 
CH2CI2, rt

403 31%

404 46%

405 48%

406 65%

V

\

R =

407 49%

408 62%

409 47%

410 57%

\

\

\

Scheme 6.21 Synthesis of azlactone precursors from racemic amino acids

A solution of TFA was used to remove the tert-butyl esters to furnish free acids 411-418 in 

quantitative yield (Scheme 6.22). The acids were stable and could be stored until the 

azlactone was required.

Cl o R Cl o R

o

403-410

TFA/CH2Cl2(1:1) 

rt, 16 h

411 99%

412 99%

413 99%

414 99%

V

\

R =

415 99% Y

416 99% Y

417 99%

418 99%

Scheme 6.22 Removal of tert-hutyl esters to furnish acids 411-418 using TFA/CH2CI2
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The synthesis of the azlaetones was aehieved using TFAA (in a slight exeess) at room 

temperature for 1 h to eyelise the acids 411-417 (Scheme 6.23). The azlaetones 419-425 

were furnished in moderate to high yield depending on the amino acid from which they 

were derived. In general the azlaetones derived from the less hindered amino acids were 

more susceptible to decomposition than their bulkier counterparts.

Cl o

411-417

TFAA (1.3 equiv.) 

CH2CI2, rt, 1 h

R =

419 44%

420 68%

421 71%

422 85%

V

\

423 68% Y

424 84% Y

425 45%

O

Scheme 6.23 Synthesis of azlaetones from A-protected amino acids

The synthesis of the phenylglycine derived azlactone did not proceed as expected (Scheme 

6.24). The cyclisation reaction of 418 using TFAA initially proceeded in the same marmer 

as the other azlaetones; however, after a short period of time multiple by-products were 

detected by TLC and NMR spectroscopic analysis of the reaction mixture. It was 

postulated that the increased acidity of the C-4 proton resulted in preferential formation of 

the enol and possible nucleophilic behaviour causing the observed by-products.

133



418

Scheme 6.24 Failed synthesis of a phenyl glycine derived azlactone 426

Due to the observation of some decomposition products obtained during the cleavage of 

the tert-huiyX ester of 401, the acid was not isolated. The deprotection and azlactone- 

forming reactions were eoupled together since both reactions proceeded in similar reaction 

media. To a solution of 401 in dichloromethane was added TFA and after complete 

removal of the tert-hutyX ester the excess solvent was removed in vacuo (Scheme 6.25). 

The resultant crude compound was redissolved in CH2CI2 and TFAA was added. After 1 h 

the reaction mixture was quickly passed through a plug of silica to furnish 427 in moderate 

yield.

1. TFA/CH2CI2 (1:1)

2. TFAA (1.3 equiv.) 
CH2CI2, rt, 1 h

401

Scheme 6.25 Synthesis of azide derived azlactone

To evaluate the effect of serine protecting groups on the DKR of these new azlactones a 

small set of proteeted serines were synthesised. Firstly, 322 was esterified using SOCI2 in 

MeOH and subsequently reaeted with Boe anhydride in the presence of K2CO3 to furnish 

429 in good yield (Seheme 6.26 A). This substrate would allow a comparison with 323 to 

provide information on the effect of the 7V-protecting group on the DKR reaction. To 

evaluate the influenee of the ester fimetionality, 322 was protected with Boc anhydride as 

before and subsequently reacted with alkyl bromides using CS2CO3 to promote the reaction 

furnishing 429 and 430 in moderate yields (Scheme 6.26 B). The /?<3ra-nitro-benzyl ester
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(PNB) in 430 was selected for use in conjunction with the alkyne and azide derived amino 

acids which would not be compatible with hydrogenation which is used for the removal of 

benzyl esters.

OH

B

H,N

322

1. SOCIj, MeOH 
reflux, 4 h

2. {Boc)20 (1.1 equiv.) 
K2CO3 (2.2 equiv.) 
THF/H2O, rt, 24 h

1. (Boc)20 (1.1 equiv.) 
K2CO3 (2.2 equiv.) 
THF/H2O, rt, 24 h

2. RBr (1.1 equiv) 
CS2CO3 (0.5 equiv.) 
DMF,rt24h

428 76%

429 R = Bn 53%
430 R = PNB 48%

Scheme 6.26 Synthesis of a set of protected serines

6.2.2 The DKR of azlactones using a protected serine nucleophile

A one-pot procedure was developed for the DKR of azlactones with the serine 

nucleophiles. The procedure is the same as that used for the evaluation of the masked TCP 

protected azlactone (Scheme 6.17) except an elevated reaction temperature was used. The 

increased temperature ensured that all of the azlactone was consumed in the reaction 

(important for good selectivity since the second step involves the addition of DABCO 

which can catalyse the DKR reaction non-selectively) without adversely effecting the 

diastereoselectivity of the product. The increase in temperature also facilitated a faster rate 

of the imide formation in the second step.
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Table 6.2 Evaluation of protected serines in the DKR of azlactone 419

o 1. 196(10mol%) 
CHCI3, 40 °C, 24 h

2. DABCO (20 mol%) 
CHCI3, 40 °C, 24 h

323 = Cbz = Me
428 R^ = Boc r2 = Me
429 R'' = Boc r2 = Bn
430 R’ = Boc r2 = PNB

431 R^ = Cbz r2 = Me
432 R^ = Boc R^ = Me
433 R^ = Boc r2 = Bn
434 R’ = Boc R2 = PNB

2 = I

entry substrate product yield (%)“ dr'

1 323 431 89 96:4

2 428 432 87 97:3

3 429 433 99 99:1

4
ar . 1 ... j • 1 J

430 434 98 98.5:1.5

In the evaluation of the protected serine nucleophiles, azlactone 419 (derived form alanine) 

was used. The results (Table 6.2), demonstrated that catalyst 196 was capable of 

facilitating the formation of products 431-434 in excellent yield and diastereoselectivity. 

The change of the Cbz to Boc A^-protecting group on the serine resulted in a slight 

improvement in the diastereoselectivity of the reaction (431 and 432, entries 1 and 2). The 

change of the ester protecting group form methyl to benzyl (428 and 429 respectively) 

resulted in yet another increase in the diastereocontrol (433, entry 3). The benzyl ester is 

easily removed by catalytic hydrogenation; however, the azide and alkyne-substituted 

amino acids that are to be used will not be compatible with catalytic hydrogenation. The 

choice of para-nitrobenzyl ester (PNB) was based on the literature procedure which 

reported its mild removal using Na2S.9H20.^^^ Gratifiyingly, the use of serine 430 

furnished 434 in excellent yield and only slightly diminished diastereoselectivity (entry 4).
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Table 6.3 Evaluation of the substrate scope: azlactone component

BocHN
OBn

1. 196(10mol%) 
CHCI3, 40 °C, 24 h

2. DABCO (20 mol%) 
CHCI3, 40 °C, 24 h

419 R = CH3
420 R = C2H5
421 R = (CH2)3CH3
422 R = CHzCgHs
423 R = CH(CH3)2
424 R = CH2(4-F-C6H4)

429 433 R = CH3

435 R = C2H5

436 R = (CH2)3CH3

437 R = CH2C6H5

438 R = CH{CH3)2
439 R = CH2(4-F-C6H4>

entry substrate product yield (%)“

1 419 433 99 99:1

2 420 435 94 98.5:1.5

3 421 436 82 98.5:1.5

4 422 437 98 98:2

5 423 438 7ic 97:3

6 424
TtT"---- ^---ri--- TtTTTTTTtr

439 90 97:3
Isolated yield. Determined by CSP-HPLC analysis of the isolated product after purification by flash 

chromoatography. ‘^The DABCO promoted imide formation was allowed to proceed for 72 h.

The azlactone structures were evaluated in the DKR with 429 as this serine-derivative 

proved to be the optimum nucleophile examined in this study (Table 6.3). Gratifyingly, the 

yields and dr were good to excellent. The alanine derived azlactone 419 furnished product 

433 in excellent yield and dr (entry 1). The increase in the chain length at the C-4 position 

of the azlactone (420 and 421) had a minor effect on the diasteroselectivity of the product 

(entries 2 and 3) and a slight reduction in the obtained yield of the products (435 and 436). 

When the phenylalanine derived azlactone 422 was used in the reaction the product 437 

was furnished in excellent yield and high dr (entry 4). The valine derived azlactone 423 

proved to be the most challenging substrate in the reaction with the product 438 furnished 

in a lower yield compared to the other substrates, the dr was again excellent (entry 5). The 

problem appeared to be in the reaction to form the TCP (tetrachlorophthalimide), the 

increased bulk of the isopropyl group reduced the rate of ring closure (phthalimide

137



formation). Finally a /?ara-fluorophenylalanine derived azlaetone 424 was used and 

furnished 439 in high yield and excellent diastereoselectivity (entry 6).

Table 6.4 Evaluation of azide and alkyne containing azlactones

o

BocHN

425 R = CHsCCH 
427 R = CH2CH2N3

OPNB

430

1. 196(10mol%) 
CHCI3, 40 °C, 24 h

2. DABCO (20 mol%) 
CHCI3, 40 °C, 24 h

NHBoc

440 R = CH2CCH
441 R = CH2CH2N3

entry substrate product yield (%) dr*

1 425 440 62 89:11'’

2 427
. by

441 nd'^ 63:37

‘^Decomposition of product prevented determination of the yield.

The azide and alkyne containing azlactones were evaluated under the same conditions 

using the /»ara-nitrobenzyl protected serine 430 (Table 6.4). Unfortunately due to some 

unidentifiable side reactions the products were furnished in low yield and diastereocontrol. 

The alkyne azlaetone 425 furnished 440 in moderate yield and a reasonable dr, thankfully 

after careful flash chromatography the two diastereoisomers are separable (entry 1). In the 

case of 427 the furnished product 441 was obtained with poor diastereocontrol and due to 

the formation of multiple by-products in the reaction the yield of 441 could not be 

accurately determined (entry 2).

6,2.2.1 The O ^ N acyl transfer to furnish an orthogonally protected dipeptide

The next step was to determine the efficiency of the O ^ N acyl transfer to form the native 

peptide. To demonstrate the acyl transfer, 435 was deprotected to furnish the free serine 

amine using a TFA solution and upon basic workup the acyl shift was promoted by 

catalytic DMAP to furnish 442 in excellent yield (Scheme 6.27). In the absence of DMAP 

or another catalystic base the O ^ N acyl transfer proceeded at a much slower rate. 

Subsequently, the cleavage of the benzyl ester of 442 was achieved using catalytic
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hydrogenation to furnish 443 in quantitative yield (Seheme 6.27). It is noteworthy that the 

dechlorination of the TCP protecting group was not observed. An attempt to demonstrate 

the cleavage of the TCP protecting group was made, however in this case the 

diketopiperizine was obtained instead of the dipeptide.

NHBoc

OBn

I.TFA/CH2CI2

O

2. DMAP{10mol%) 
CH2CI2, rt, 24 h

OH

Scheme 6.27 Deprotection and O ^ N acyl transfer to yield 443

6.3 The attempted DKR of an aziactone using an A-terminal serine containing
tripeptide

Given the general success with the masked TCP protected azlactones and the compatibility 

of a variety of protected serines, it was hoped that a serine-based peptide could be utilised 

as the nucleophile in the DKR reaction.

BocHN

DCC (1.1 equiv.) 
HOBT(1.1 equiv.)

NEts (1.0 equiv.) 
CHCI3, rt, 16 h

BocHN

Scheme 6.28 Synthesis of dipeptide 446 using DCC/HOBT coupling

To this end, a tripeptide incorporating an A-terminal serine was synthesised. To a mixture 

of 444 and 445 was added DCC, HOBT and NEts to furnish 446 in high yield without any 

detectable racemisation (Scheme 6.28). The Boc group of 446 was removed using a 

solution of TEA in dichloromethane and the resulting amine subsequently coupled to N- 

Boc-L-Serine using DCC and HOBT to furnish 447 in low yield (Scheme 6.29).
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BocHN
1.TFA/CH2Cl2(1:2) 

rt, 1 h
BocHN

2. A/-BocLSerine (1.0 equiv.) 
DCC (1.1 equiv.) 
HOBT(1.1 equiv.)
CHCI3, rt, 16 h

Scheme 6.29 Synthesis of a serine containing tripeptide

The organocatalytic DKR of 420 was evaluated with 447 as the nucleophile using the same 

procedure utilised to evaluate other protected serines (Scheme 6.30). Unfortunately, no 

reaction was detected between 420 and 447 (by 'H NMR spectroscopic analysis of the 

reaction mixture). The most probable cause for lack of reactivity is the increased steric 

demand of the serine nucleophile, not only is 447 larger in size, it is also flexible allowing 

for multiple conformations. The hydrogen bond donors and acceptors on 447 may interact 

with each other to adopt a conformation in which the serine alcohol is inaccessible. It is 

also possible that 447 can bind with the catalyst, or with the azlactone, thereby inhibiting 

the organocatalytic reaction. Given the failure of this simple tripeptide it was unlikely that 

more complex peptides would perform better in the reaction.

Cl Cl

Scheme 6.30 Attempted DKR of azlactones using a tripeptide containing an A-terminal 

serine residue

6.3.1 The attempted DKR of an azlactone derived from an A-protected 

dipeptide

To overcome the need to use a suitable protecting group for peptides, the synthesis of an 

azlactone incorporating a peptide backbone was investigated. It was hoped that this would 

allow the methodology to be extended to a peptide chemical ligation with the creation of a 

defined chiral center at the new peptide linkage. To remove the possible interference from 

the chiral components of a peptide, a simple glycine- alanine dipeptide was chosen for a 

preliminary investigation.
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The protected amino acids 357 and 449 were coupled together using DCC and 

triethylamine in a solution in dichloromethane to furnish the dipeptide 450 in high yield 

(Scheme 6.31). The dipeptide was subsequently deprotected of the C-terminus using a 

mixture of methanol and aqueous NaOH to furnish the free acid 451 in good yield after 

workup (Scheme 6.31).

H3N'

cT o 
357

Cbz.

O

DCC (1.0 equiv.) 
OH NEt3 (1.1 equiv.)

CH2CI2, rt

449

Cbz,

O
450 88%

NaOH (1 N):MeOH, 1;2
Cbz.

O
451 78%

OH

Scheme 6.31 Synthesis of a protected dipeptide and deprotection of C-terminus

The jV-protected dipeptide 451 was cyclised using DCC in dichlormethane to form 

azlactone 452 in situ (Scheme 6.32). Attempts to isolate the azlactone resulted in its 

decomposition. It was decided to react 452 in situ with 323 (protected serine) catalysed by 

196 (Scheme 6.32). The resultant reaction did not proceed, only decomposition products 

were detectable by ’H NMR spectroscopic analysis of the reaction mixture. Preliminary 'H 

NMR spectroscopic analysis of the DCC coupling process detected the formation of 

intermediate 452 based on comparison to the ’H NMR spectral data of known azlactones.

Cbz.

451

OH

1. DCC (1,0 equiv.) 
CH2CI2, rt, 1 h

2. 196(10mol%) 
323 (1.0 equiv.) 
CHCI3, rt, 2 d

Cbz.

O

453 0%

O

OMe

HN.
'Cbz

Scheme 6.32 The attempted reaction of azlactone 452 with a protected serine nucleophile
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The inability of 452 to react was attributed to a failure of the catalyst to bind the azlactone 

in a suitable fashion. Perhaps the presence of the carbamate interferes with the hydrogen 

bonding of the catalys,t or the lack of the aromatic substituent (compared to 167) has a 

negative effect on the reactivity of the azlactone. Regardless of the rationale behind the 

failure of the reaction, it appeared clear that the reaction of an azlactone incorporating a 

peptide in this manner was ineffective.

6.4 The first DKR based synthesis of orthogonally protected amino acids with

excellent enantioselectivity

As a final demonstration of the potential synthetic utility of the masked TCP group it was 

decided to apply it to the synthesis of an orthogonally protected amino acids. The simple 

removal of the benzyl ester made benzyl alcohol the ideal choice as the nucleophile in the 

DKR of an azlactone. The DKR was performed with 422 in the presence of 196 (10 mol%) 

and benzyl alcohol (2.0 equivalents) at -30 °C; with subsequent phthalimide formation 

using DABCO (40 mol%) to furnish 456 in excellent yield and ee (Scheme 6.33). When 
the reaction was conducted at room temperature, the initial DKR proceeded at a 

substantially increased rate (reached completion in 3 h compared to 16 h at -30 “C) and 

with only a small reduction to the enantioselectivity (95% ee). The lower temperature 

conditions used in this instance compared to the serine additions is practical from a 

reaction rate perspective due to the presence of excess alcohol, eliminating the need to 

drive the reaction to completion with heat. On the other hand, the decrease in temperature 

requires an increase in the loading of DABCO required to catalyse the formation of the 

phthalimide.

1, 196(10mol%)
benzyl alcohol (2.0 equiv.) 
CHCI3, -30 °C, 16 h

2. DABCO (40 mol%) 
rt, 24 h

454 99%, 98%ee
98%, 95% ee (rt, 3 h)

Scheme 6.33 Synthesis of orthogonally protected phenylalanine by the DKR of 422
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It is clear that the use of the novel masked TCP protecting group allows the practitioner to 

prepare amino aeids in excellent yield and enantiomeric excess. However, one of the key 

objectives of this study was the synthesis of orthogonally protected amino acids of 

potential utility in peptide synthesis. Firstly the deprotection of the benzyl ester of 454 was 

achieved using hydrogenation with eatalytic Pd/C to fiimish 455 in quantitative 3deld 

without alteration of the TCP group (Scheme 6.34). The poor solubility of 454 in EtOAc 

required the use of a CHiCb/EtOAc mixed solvent for the hydrogenation; however, this 

did not affect either the yield or rate of the reaction. TCP protected amino acids {i.e. 455) 

have already been utilised in peptide synthesis by Bardaji et ai, which clearly 
demonstrates the potential of our new catalytic methodology.'^^’’^^’'^^

ethylene diamine 
(2.0 equiv.)

THF, rt, 24 h

Scheme 6.34 Selective deprotection of protected phenylalanine

The deprotection of the TCP-moiety was achieved using ethylene diamine in a solution of 

THF at room temperature for 24 h to furnish 456 in high yield (Scheme 6.34).

6.5 Conclusions: chapter 6

In summary the design, synthesis and evaluation of a novel protecting group for use in 

organocatalytic the DKR of azlactones has been aceomplished. The products are not only 

furnished in excellent selectivity, the orthogonallity of the protecting groups has been 

demonstrated. The presence of the chlorine substituents on the azlactone has been 

demonstrated to be important for both the rate of reaction of the azlactone and the high 

stereocontrol attained in the products. The chlorines also play a crucial role in the ease of 

formation of the phthalimide post the organocatalytic DKR reaction, allowing for the mild 

ring closure.In terms of ring closure the choice of ester moiety on the masked TCP
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protecting group has been demonstrated to be important for both the stability of the 

protecting group and the formation of the imide. In addition the methodology has been 

evaluated in the first example of DKR of azlactones using a serine nucleophile to furnish 

dipeptides after an O —N acyl transfer. A variety of differentially protected serines have 

been evaluated as nucleophiles in the organocatalytic DKR, all proving to be excellent 

substrates with products formed in high dr. In particular the combination of 7V-Boc and O- 

benzyl proved to be optimum (99% yield and 99:1 dr). This is a significant step forward 

for the synthesis of amino acids using DKR and for the possibility of a peptide ligation 

based on azlactones.
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7.0 Conclusions and future work

In summary, an attempted design and synthesis of a GAPDH mimic was carried out with 

the discovery of a fundamental incompatibility in the original design. Despite significant 

investigation into methods to overcome this problem, the project was finally abandoned 

due to lack of progress. Regardless of the failure, the study bestowed some information 

about the ability of a base to catalyse the formation of the thiohemiacetal intermediate and 

the general inability of a pyridinium ion and a thiol to exist on the same molecule. Future 

work towards the development of a GAPDH mimic would involve the complete reworking 

of the proposed mimic structure, a possible design is suggested below (Figure 7.1). A key 

feature to this design is that the NAD"^ species is no longer a component of the mimic; 

instead a binding site for the NAD^ species is incorporated into the mimic structure.

NAD'^ mimic 
binding region

Figure 7.1 Alternative GAPDH enzyme mimic

In the second project undertaken, a novel method to catalyse the transthioesterification 

reaction of benzyl thiols was demonstrated. The transthioesterification reaction itself is a 

vital component in the powerful NCL peptide coupling protocol and could possibly find 

use in this area of research. Alternatively it was demonstrated that the reaction could be 

utilised to promote the asymmetric reaction for the KR of thiols. Although the observed 

enantiomeric excess was marginal it lays the foundations for the creation of a new 

resolution methodology intergrating this process. A suitable catalyst has not yet been 

discovered for this reaction, and perhaps in the future a suitable catalyst will be discovered.

The final project discussed outlines a substantial advancement in the DKR of azlactones. 

Previously, the DKR methodologies resulted in products containing the difficult to remove 

benzoyl amide, however the use of a masked-TCP protecting group has been utilised to
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allow for an easily removable protecting group in conjunction with the highly selective 

DKR of the azlactone. The process has also been demonstrated for the synthesis of a 

dipeptide with concomitant resolution of an amino acid residue to furnish an almost 

diastereomerically pure orthogonally protected dipeptide. Perhaps this new approach to the 

DKR of azlactones will encourage more groups to design catalytic processes to furnish 

usable products that do not require further manipulation to be synthetic utility. In light of 

design further resolutions of amino acids and possible ligation technologies, an alternative 

DKR process is shown in Figure 7.2 incorporating a similar DKR process which could be 

worthy of future investigation. The process is based on the same principles as the 

azlactones approach aforementioned, resulting in the synthesis of an orthogonally 

protected product. The protocol is a modification of the method used by Deng et al. 

(Section 1.4.2) combining a thioanhydride to increase the rate of racemisation of the amino 

acid allowing for a DKR process instead of KR process.

o

PG'
o

catalyst
PG"

O O

O"
-PG

HN.
PG

Figure 7.2 Alternative DKR coupling process

To conclude, the work presented within is a substantial addition to the chemistry 

community and will hopefully open doors to other possibilities in the future.
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8.0 Experimental Section

8.1 General experimental data

Proton Nuclear Magnetic Resonance spectra were recorded on a on either a 400 MHz or 

600 MHz spectrometer in CDCI3 (unless otherwise stated) referenced relative to residual 

CHCI3 (5 = 7.26 ppm). Chemical shifts are reported in ppm and coupling constants in 

Hertz. Carbon NMR spectra were recorded on the same instrument (100 MHz) with total 

proton decoupling. All melting points are uncorrected. Infrared spectra were obtained on 

a Perkin Elmer spectrum 100 FTIR spectrometer. Flash chromatography was carried out 

using silica gel, particle size 0.04-0.063 mm. TLC analysis was performed using precoated 

6OF254 slides, and visualised either by UV irradiation or KMn04 staining. Optical rotation 

measurements were made on a Rudolph Research Analytical Autopol IV instrument, and 

are quoted in units of 10"' deg cm^ g''. THF was distilled from sodium wire. 

Dichloromethane and all amines were distilled from calcium hydride. Chloroform and 

DMSO were dried over 3 A molecular sieves. Unless otherwise stated, all chemicals were 

obtained from commercial sources and used as received. Analytical CSP-HPLC was 

performed on Daicel CHIRALCEL OD-H (4.6 mm x 25 cm), CHIRALPAK AD-H (4.6 

mm X 25 cm) and AS (4.6 mm x 25 cm) columns. All racemates and controls for 

asymmetric reactions were carried out using DABCO in place of the specified 

organocatalysts.

8.2 Experimental data for Section 3

8.2.1 Dimethyl pyridine-3,5-dicarboxylate (240)

A 500 cm^ round bottomed flask containing a magnetic stirrer was charged with 3,5-
-j

pyridinedicarboxylic acid (20.00 g, 119.70 mmol). Methanol (200 cm ) was then added 

and a condenser was fitted. Concentrated H2SO4 (3 cm^) was added via syringe and the 

reaction mixture was stirred at reflux for 48 h. The crude reaction mixture was 

concentrated in vacuo and the crude residue was neutralised using concentrated sodium 

hydrogen carbonate solution until pH 7.5. The resulting mixture was then extracted with 

diethyl ether (3 x 100 cm^). The diethyl ether was dried over anhydrous MgS04 and the
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solvent removed in vacuo and afforded 240 (22.10 g, 95%) as a white solid. M.p. 86-89 °C 

(Lit.,^^^ 85.5-86.3 °C).

5h (400 MHz, CDCI3): 9.36 (2H, d, J2.0, H-2, H-6), 8.87 (IH, t, J 2.0, H-4), 3.99 

(6H, s, H-3’)

8.2.2 5-(methoxycarbonyl)nicotinic acid (241)

o

o OH 5'

A 1000 cm^ RBF containing a magnetic stirrer was charged with 240 (10.00 g 51.30 

mmol). A solution of KOH (3.02 g, 54.0 mmol) in MeOH (550 cm^) was added and the 

resulting solution stirred at room temperature for 20 h. The reaction mixture was divided 

into two portions. To each water (200 cm^) was added and the resultant solution was 

extracted with diethyl ether (1 x 300 cm^) and subsequently diethyl ether (3 x 100 cm^). 

The organic layers were combined and dried over MgS04. Removal of solvent in vacuo 

afforded unreacted starting material 240. The aqueous layer was adjusted to pH 5 and 

concentrated in vacuo resulting in the formation of a white precipitate, which was removed 
by filtration to afford 241 (7.13 g, 83%) as a white solid. M.p. 218-220 °C. (Lit.,^^^ 216- 

218 °C).

5h(400 MHz, DMSO-Jg): 13.81 (IH, br s, H-5’), 9.26 (2H, m, H-2, H-6), 8.64 (IH, s,

H-4), 3.92 (3H, s, H-3’)

8.2.3 A-Boc-L-proline (247)

A ^

CM
%o o

■5

A 1000 cm round bottomed flask containing a magnetic stirrer was charged with L-proline 

(20.00 g, 174.0 mmol). THF (400 cm^) and IN NaOH solution (400 cm^) were added and 

the reaction mixture stirred for 15 minutes at room temperature. The reaction mixture was 

cooled to 0 °C and di-/er/-butyl dicarbonate (38.15 g, 175.0 mmol) was added portionwise.
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The resultant reaction mixture was warmed to room temperature and stirred overnight. 

The THF was removed in vacuo and the remaining aqueous layer extracted with CH2CI2 (3 

X 150 cm^). The residual aqueous layer was adjusted to pH 4.0 with 5% HCl solution and 

extracted with diethyl ether (3 x 150 cm^). The ethereal extracts were combined, dried 

over MgS04, filtered and the solvent removed in vacuo to yield 247 (36.654 g, 98%) as a 
white solid. M.p. 131-132 °C. (Lit.,^^* 135-137°C) = -79.1 (c 1.0 CHCI3). 247 exists

as mixture of rotamers in CDCI3 as detected by ’H NMR, (major(x):minor(y) 1:1).

5h (400 MHz, CDCI3): 7.51 (IH, b, coon), 4.50-4.20 (IH, m, H-2), 3.53-3.36 (2H, 

m, H-5), 2.25-1.87 (4H, m, H-3, H-4), 1.46 (4.5H, s, H-l’x), 

1.40 (4.5H, s, H-l’y)

8.2.4 Procedure A: general procedure for the preparation of amides using a 

mixed anhydride coupling

A 100 cm^ round bottomed flask containing a magnetic stirrer was charged with 247 (2.15 

g, 10.0 mmol). The flask was purged with argon and a septum with a balloon of argon was 

fitted. THF (50 cm^) and NEt3 (1.5 cm^, 10.50 mmol) were added via syringe. The 

reaction was cooled to 0 °C and stirred at this temperature for 15 min. Ethyl chloroformate 
(0.95 cm^, 10.00 mmol) was added via syringe at 0 °C over 10 min, and maintained with 

stirring at 0 °C for 50 min. Amine (30.00 mmol) was added via syringe. A condenser was 

attached and the reaction mixture was stirred at reflux for 72 h. The reaction mixture was 

cooled and EtOAc (50 cm^) was added and stirred for 1 h. The reaction mixture was 

filtered and the solvent removed in vacuo to provide the crude residue. The residue was 

purified using flash chromatography (hexane/EtOAc; 7:3) to yield a white solid.
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8.2.4.1 (5)-?erf-butyl 2-(diisopropylcarbamoyl)pyrrolidine-l-carboxylate (248a)

Prepared according to general procedure A, using 247 (2.15 g, 10.0 mmol) and 

diisopropylamine (4.26 cm^, 30.00 mmol). The product was obtained as a white solid (1.19 

g,40%). M.p. 117.1-119.1 °C. [a]D^® =-20.7 (c 1.0 CHCI3).

5h(400 MHz, CDCI3);

5c (100 MHz, CDCI3):

HRMS {m/z -ES) :

Vmax (film)/cm'':

4.59-4.44 (IH, m, H-2), 3.97 (IH, m, H-5a), 3.47-3.45 (3H, 

m, H-6, H-9, H-5b), 2.18-1.76 (4H, m, H-3, H-4), 1.44-1.20 

(21H, m, H-r, H-7, H-8, H-10, H-11)

170.6 (q), 154.1 (q), 79.1 (q), 58.0, 47.9, 46.6, 45.8, 30.1, 

28.5, 23.1, 20.8, 20.6, 20.5, 20.5.

Found: 321.2169 (M^ + Na C,6H3oN203 Requires: 321.2154) 

2966, 2934, 1694, 1638, 1387, 1175, 1121.

8.2.4,2 (5)-fer/-butyl 2-(ethyl(phenyl)carbamoyl)pyrrolidine-l-carboxylate (248b)

7 6 8 9

// 10

'N O 

-O>=c
o

Prepared according to general procedure A, using 247 (2.15 g, 10.0 mmol) and N-
-3

ethylaniline (3.81 cm , 30.00 mmol). The product was obtained as a white solid (1.71 g, 

54%). M.p. 96.0-99.0 °C. = +72.9 (c 1.0, CHCI3). 248b is rotameric in CDCI3 (6:4,

maj or(x) :minor(y)).

5h(400 MHz, CDCI3): 7.41-7.29 (3.8H, m, H-8, H-9, H-lOy), 7.17 (1.2H, d, J 13.5, 

H-1 Ox) 4.15-4.06 (0.4H, dd, J 7.9, 4.5, H-2y), 4.04 (0.6H,

150



5c (100 MHz, CDCI3):

HRMS {m/z -ES) :

Vmax (film)/cm :

dd, J 7.9, 4.5, H-2x) 3.89-3.32 (4H, m, H-6, H-5), 1.91-1.63 

(4H, m, H-3, H-4), 1.49-1.44 (9H, br s, H-l’), 1.27 (3H, m, 

H-7)

172.0 (q), 153.9 (q), 141.6 (q), 129.7, 128.8, 128.1, 79.5 (q), 

57.4, 47.1, 44.5, 33.9, 31.6, 23.4, 13.1

Found: 341.1836 (M -i- Na Ci8H26N203Na Requires: 

341.1841)

2933, 1684, 1659, 1402, 1375, 1159, 1121, 775, 708.

8.2.5 Procedure B: general procedure for the reduction of amides with borane 

dimethylsulfide complex

A 500 cm^ round bottom flask containing a magnetic stirrer was charged with amide 

(24.00 mmol) and a condenser was attached. The flask was purged with argon and a 

septum with a balloon of argon was fitted. THF (120 cm^) was added via syringe and the 

reaction mixture was cooled to 0 °C. Borane dimethylsulfide complex (6.84 cm^, 72.00 

mmol) was added via syringe at 0 °C over 10 minutes. The reaction mixture was stirred at 

reflux for 1 h. The reaction mixture was allowed to cool to room temperature and was 

quenched by dropwise addition of HCl (10% aq.). The mixture was neutralised with NaOH 

and extracted with diethyl ether (3 x 100 cm^), dried over MgS04 and the solvent was 

removed in vacuo. The residue was purified by flash chromatography (9:1, EtOAc:MeOH) 

to yield an oil.
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8.2.5.1 (5)-ter?-butyl
(249a)

2-((diisopropylanuno)methyl)pyrrolidine-l-carboxylate

Prepared according to general procedure B, using borane dimethylsulfide complex (6.84 

em^, 72.0 mmol) and 248a (7.710 g, 24.0 mmol). The product was obtained as a pale 

yellow oil (4.91 g, 72%). = -78.0 (c 1.0 CHCI3).

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS (m/z -ES):

Vmax (film)/cm'':

3.86-3.72 (IH, m, H-2), 3.38-3.27 (2H, m, H-6), 2.99-2.96 

(2H, m, H-7, H-11), 2.69-2.58 (IH, m, H-5a), 2.15-2.03 (IH, 

m, H-5b), 1.81-1.73 (4H, m, H-3, H-4), 1.46 (9H, s, H-l’), 

1.05 (6H, d, J6.7, H-8, H-9), 0.95 (6H, d, J6.7, H-10, H-l2)

154.7 (q), 78.9 (q), 56.9, 48.3, 48.0, 46.7, 46.3, 28.6, 28.2, 

22.3 (2C), 22.7 (2C), 19.5

Found: 348.2290 (M^ + H. C,9H3oN303 Requires: 348.2287)

2963, 1728, 1627, 1402, 1282, 1206, 1107, 1027, 772, 743, 

704
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8.2.5.2 (5)-fer?-butyl
(249b)

2-((ethyl(phenyl)ainino)inethyl)pyrrolidine-l-carboxylate

8 7a 10 11

Prepared aceording to general proeedure B, using borane dimethylsulfide eomplex (6.84 
cm^, 72.0 mmol) and 248b (7.63g, 24.0 mmol). The product was obtained as a pale yellow 

oil (5.03 g, 69%). = +18.2 (c 1.0 CHCI3).

5h (400 MHz, CDCI3): 7.26 (2H, t, J 8.4, H-11), 6.82 (2H, d, J 8.0, H-10), 6.68 (IH,

t, J7.3, H-12), 4.23-4.20 (IH, m, H-2), 3.73-3.01 (5H,m, H- 

5ab, H-6, H-7ab), 2.04-1.89 (4H, m, H-3, H-4), 1.60-1.55 

(9H, br s, H-l’), 1.14 (3H, m, H-8)

154.2 (q), 147.5 (q), 128.8, 115.5, 111.6, 79.3 (q), 55.3, 51.1, 

46.0, 45.8,28.2, 27.6, 22.1, 10.9

Found: 327.2045 (M"^ + Na. Ci8H28N202Na Requires: 

327.2048)

2971, 2930, 2876, 1687, 1598, 1389, 1364, 1248, 1164, 

1094,744, 693

5c (100 MHz, CDCI3):

HRMS (m/z -ES) :

Vmax (film)/cm'':

8.2.6 Procedure C: general procedure for the removal of an A^-Boc using TFA

A 50 cm^ round bottomed flask containing a magnetic stirrer was charged with N-Boc 

amine (6-17 mmol). CH2CI2 (15 cm^) and trifluoroacetic acid (5 cm^) were added via 

syringe. The reaction mixture was stirred at room temperature overnight. The solvent was 

removed in vacuo and the residue was dissolved water (20 cm ). The aqueous layer was 

washed with EtOAc (2x10 cm^). The organic layer was discarded and the aqueous layer 

adjusted to pH 8 with 2M NaOH. The resultant solution was extracted with CH2CI2 (3 x 

20 cm^). The organic extracts were dried over MgS04 and the solvent removed in vacuo to 

yield the deprotected amine as a viscous oil.
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8.2,6.1 (5)-A^-isopropyl-A^-(pyrrolidm-2-ylmethyl)propan-2-amine (250a)

11

4

5a
5b

/12
10 /8 

6a 6b 9

Prepared according to general procedure C, using 249a (5.00 g, 17.60 mmol). The product

was obtained as a yellow oil (3.112 g, 96%). = -78.0 (c 1.0, CHCI3).

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS {m/z -ES) :

Vmax (film)/cm'':

4.44 (IH, br s, AW), 3.24 (IH, m, H-2), 3.00-2.86 (4H, m, H- 

6ab, H-7, H-10), 2.41-2.37 (IH, m, H-5a), 2.32-2.18 (IH, m, 

H-5b), 1.98-1.71 (3H, m, H-4, H-3a), 1.40-1.32 (IH, m, H- 

3b), 0.95-0.90 (12H, m, H-8, H-9, H-11, H-12)

59.9, 54.4, 47.6, 44.7, 28.7, 28.5, 24.0, 21.1(2C), 19.9(2C)

Found; 185.2024 (M^ + H. C,iH25N2 Requires: 185.2018).

2962, 2871, 1685, 1392, 1362, 1201, 1166, 1119, 884, 798, 

719

8.2.6.2 (5)-A^-ethyl-A^-phenyl-2-pyrrolidinemethanainine (250b)

87 10 11

4
5a

5b N 6a 
H

\\ // >12

Prepared according to general procedure C, using 249b (1.95 g, 6.4 mmol). The product

was obtained as a yellow oil (1.12 g, 85%). = +20.3 (c 1.0 CHCI3). The isolated

product exhibited identical spectroscopic data as reported in the literature.239

5h(400 MHz, CDCI3):

HRMS (m/z -ES) :

7.21 (2H, t, J 8.5, H-11), 6.73 (2H, d, J 8.5 H-10), 6.67 (IH, 

t, J 7.0 H-12), 3.47-3.23 (5H, m, H-7, H-2, H-6a, H-6b), 

3.06-3.00 (IH, m, H-5a), 2.91-2.82 (IH, m, H-5b), 1.94-1.69 

(3H, m, H-4, H-3a), 1.47-1.38 (IH, m, H-3b), 1.13 (3H, m, 

H-8)

Found: 205.1697 (M^ + H. C13H21N2 Requires: 205.1705)
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8.2.7 Procedure D: general procedure for the coupling of an amine to the 

pyridine core

A 50 cm^ round bottomed flask containing a magnetic stirrer was charged with 241 (1.086 

g, 6 mmol) and fitted with a condenser. The apparatus was flushed with argon and fitted 

with a septum and balloon of argon. SOCI2 (30 cm^, 413 mmol) was added via syringe and 

the reaction was heated to reflux and maintained at this temperature for 2 hours. The 

reaction was allowed to cool to room temperature and was stirred overnight. The SOCI2 

was removed by distillation. The residue was dissolved in CH2CI2 (15 cm^). NEts (2.10 

cm , 15 mmol) was added via syringe and subsequently the desired amine (6 mmol) in 

CH2CI2 (5 cm^) was added via syringe. The reaction mixture was stirred at room 

temperature overnight. The reaction mixture was filtered and the solvent removed in 

vacuo. The residue was purified by flash chromatography.

8.2.7.1 (5)-methyl-5-(2-((diisopropyIamino)methyl)pyrrolidine-l-carbonyl) 
nicotinate (251a)

Procedure D was followed using 250a (1.100 g, 6.00 mmol).The residue was purified 

using flash chromatography (EtOAc/MeOH; 8:2) to furnish 251b (1.32 g, 63%) as a clear 

yellow oil. = -324.6 (c 1.3, CHCI3). From NMR spectroscopic analysis, 251b was 

found to exist as a mixture of rotamers (6:4, major(x):minor(y)). Major rotamer assigned 

for NMR.

6h(600 MHz, CDCI3): 9.14 (IH, m, H-2x, H-2y), 8.84 (0.6H, s, H-4x), 8.80 (0.4H, 

s, H-4y), 8.34 (0.6H, s, H-4x), 8.30 (0.4H, s, H-4y), 4.29 

(0.6H, br s, H-7x), 3.87 (3H, s, H-3’x, H-3’y), 3.72 (0.4H, m, 

H-7y), 3.60-3.62 (0.8H, m, H-lOy), 3.43-3.40 (0.6H, m, H- 

llax), 3.29-3.27 (0.6H, m, H-llbx), 2.99 (1.2H, m, H-12x, 

H-14x), 2.89-2.84 (0.8H, m, H-llaby), 2.48 (0.8H, m, H- 

12y, H-14y), 2.20-1.37 (5.2H m, , H-8x, H-8y, H-9x, H-9y,
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Sc (151 MHz, CDCI3):

HRMS (m/z -ES) :

Vmax (film)/cm'':

H-lOx), 0.96-0.87 (7.2H, m, H-13x, H-15x), 0.69-0.55 

(4.8H, m, H-13y, H-15y).

166.3 (q), 165.0 (q), 151.8, 151.4, 135.7, 133.0 (q), 125.5 

(q), 58.0, 52.5, 49.8, 48.3, 47.9, 46.7, 28.2, 24.5, 21.4, 20.1

Found: 348.2290 (M^ + H. C19H30N3O3 Requires: 348.2287)

2963, 1728, 1627, 1407, 1282, 1207, 1107, 1027, 773, 743, 

704.

8.2.7.2 (S)-methyl-5-(2-((ethyl(phenyl)amino)methyI)pyrrolidine-l- 
carbonyl)nicotmate (251b)

7
8

Procedure D was followed using 250b (1.220 g, 6.00 mmol). The residue was purified 

using flash chromatography (EtOAc) to 3aeld 251b (1.641 g, 75%) as a pale yellow oil.

= -71.3 (c 0.98 CHCI3). From 'H NMR spectroscopic analysis 251b was found to 

exist as a mixture of two rotamers (7:3, major(x):minor(y)). Major rotamer assigned for
13CNMR.

5h (600 MHz, CDCI3): 9.21 (0.7H, s, H-2x), 8.93 (0.3H, s, H-2y), 8.81 (0.7H, s, H- 

6x), 8.65 (0.3H, s, H-6x), 8.32 (0.7H, s, H-4x), 8.06 (0.3H, s, 

H-4y), 7.21 (1.4H, m, H-14x), 6.89-6.93 (2H, m, H-15x, H- 

15y), 6.65 (0.7H, s, H-16x), 6.51 (0.3H, s, H-16y), 6.09 

(0.6H, s, H-14y), 4.60, (0.7H, hr s, H-7x), 4.39 (0.3H, hr s, 

H-7y), 3.92 (2.1H, s, H-3’x), 3.89 (0.9H, s, H-3’y), 3.87-3.68 

(1.3H, m, H-lOax, H-lly), 3.55-3.48 (1.4H, m, H-12ax, H- 

llax ), 3.39-3.391 (1.4H, m, H-12bx, H-llbx), 2.91-3.22 

(1.9H, m, H-lly, H-lOy, H-lObx), 2.11-1.81 (4H, m, H-8, H- 

9), 1.12 (2.1H, m, H-13x), 0.92 (0.9H, m, H-13y).
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5c (151 MHz, CDCI3):

HRMS (m/z -ES) : 

Vmax (film)/cm'’:

166.8 (q), 164.9 (q), 151.8, 150.9, 148.0 (q), 135.8, 132.6 

(q), 129.3, 125.6 (q), 116.9, 112.9, 56.6, 52.5, 51.7, 50.1, 

46.4, 28.6, 24.8, 11.7

Found: 368.1972 (M^ + H. C21H26N3O3 Requires: 368.1974)

2972, 2874, 1726, 1626, 1596, 1505, 1405, 1279, 1238, 

1208, 1107, 1027, 773,694.

8.2.7.3 Methyl 5-(pyrrolidine-l-carbonyl)nicotinate (251c)

o o
3' 11 4 7a 7b

10b 9

Procedure D was followed using pyrrolidine (0.6 cm^, 7.20 mmol) and triethylamine (1.0 

cm^, 7.20 mmol). The residue was purified using flash chromatography (100% EtOAc) to 

provide 251c (1.137 g, 68%) as a pale yellow solid. M.p. 95-97 °C

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS (m/z -ES):

Vmax (film)/cm'':

9.25 (IH, s, H-2), 8.95 (IH, s, H-6), 8.46 (IH, m, H-4), 3.97 

(3H, s, H-3’), 3.68 (2H, m, H-7a, H-lOa), 3.46 (2H, m, H-7b, 

H-lOb), 2.04-1.90 (4H, m, H-8, H-9).

165.6 (q), 164.6 (q), 151.3, 151.1, 135.4, 132.3 (q), 125.2 

(q), 52.2, 49.1,46.1,26.0, 23.9.

Found: 235.1077 (M^+ H. C12H15N2O3 Requires: 235.1083).

2954, 2874, 1728, 1618, 1596, 1426, 1415, 1288, 1205, 

1105, 828, 736, 698.

8.2,8 Procedure E: general procedure for the selective reduction of a methyl 

ester using LiAlH4

A 250 cm^ round bottomed flask containing a magnetic stirrer was charged with ester (5 

mmol). The flask was purged with argon and fitted with a septum and balloon of argon.
•3

THF (50 cm ) was added to the flask via syringe and the reaction mixture was cooled to - 

78 °C. The reaction was stirred at -78 °C for 30 minutes at which stage LiAlH4 (285 mg, 

7.5 mmol) was added in a single portion. The reaction was stirred at -78 °C for 1 h. The

157



reaction was quenched with H2O (1.5 cm^) and EtOAc (5 cm^) and stirred at -78 °C for 30 

min. The reaction mixture was filtered and the solvent removed in vacuo to provide the 

crude residue. The residue was purified by flash chromatography to furnish the pure 

product as an oil.

8.2.8.1 (5)-(2-((diisopropylamino)methyl)pyrrolidin-l-yl)(5- 

(hydroxymethyl)pyridm-3-yl)methanone (252a)

lOaV 
'N 10b 9

Prepared according to general procedure E, using 251a (1.74 g, 5 mmol). The residue was 

purified by flash chromatography (EtOAc/MeOH/NEta; 88:10:2) to yield 252a (781 mg, 

49%) as a yellow oil. [a]D^° = -112.3 (c 1.9 CHCI3). From 'H NMR spectrscopic analysis 

252a was found to exist as a mixture of two rotamers (7:3, major(x):minor(y)). Major 

rotamer assigned for '^C NMR.

5h(400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS (m/z -ES):

Vmax (film)/cm'':

8.68-8.63 (2H, m, H-2x, H-2y, H-6x, H-6y), 7.84 (0.7H, s, 

H-4x), 7.79 (0.3H, s, H-4y), 4.74 (2H, s, H-3’x, H-3’y), 4.37 

(0.7H, hr s, H-7x), 3.84 (m, 0.3H, H-7y), 3.68-3.65 (0.6H, m, 

H-lOaby), 3.49-3.48 (0.7H, m, H-llax), 3.47-3.41 (0.7H, m, 

H-llbx), 3.08-3.06 (1.4H, m, H-12x, H-14x), 2.95-2.93 

(0.6H, m, H-llaby), 2.61-2.56 (0.6H, m, H-12y, H-14y), 

2.28-1.63 (5.4H, m, H-8x, H-8y, H-9x, H-9y, H-lOabx), 

0.96-0.87 (8.4H, m, H-13x, H-15x), 0.78 (1.8H, d, J 6.6, H- 

13y), 0.66 (1.8H, d, 76.5, H-15y)

168.5 (q), 149.2, 146.7, 137.1 (q), 132.9, 94.9 (q), 61.8, 57.6, 

50.0, 47.8, 45.8, 36.3, 28.5, 24.5, 20.1, 19.6

Found: 320.2330 (M^ + H. C18H30N3O2 Requires: 320.2338).

3302, 2966, 1622, 1415, 1206, 1026
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8.2.8.2 (5)-(2-((ethyl(phenyl)ammo)methyl)pyrrolidin-l-yl)(5- 

(hydroxymethyl)pyridin-3-yl)methanone (252b)

Prepared according to general procedure E, using 251b (1.83 g, 5.0 mmol). The residue 

was purified by flash chromatography (EtOAc/MeOH; 95:5) to yield 252b (932 mg, 55%) 

as a yellow oil. = -49.4 (c 0.56 CHCI3). From 'H NMR spectroscopic analysis 66

was found to exist as a mixture of two rotamers (7:3, major(x):minor(y)). Major rotamer 

assigned for NMR.

5h (600 MHz, CDCI3):

6c (151 MHz, CDCI3):

HRMS (m/z -ES):

Vmax (film)/cm'‘:

8.61-8.41 (2H, m, H-2x, H-2y, H-6x, H-6y), 7.74 (0.7H, s, 

H-4x), 7.49 (0.3H, s, H-4y), 7.22 (1.4H, m, H-14x), 6.99- 

6.89 (2H, m, H-15x, H-14y), 6.72 (0.7H, m, H-16x), 6.59 

(0.3H, m, H-16y), 6.17 (0.6H, d, J7.7, H-14y), 4.75 (1.4H, s, 

H-3’x), 4.62, (0.7H, br s, H-7x), 4.49 (0.6H, s, H-3’y), 4.29 

(0.3H, br s, H-7y), 3.91-3.72 (1.3H, m, H-lOax, H-lly), 

3.59-3.41 (1.4H, m, H-12ax, H-llax ), 3.39-3.32 (1.4H, m, 

H-12bx, H-llbx), 3.26-2.92 (1.9H, m, H-12y, H-lOy, H- 

lObx), 2.11-1.81 (4H, m, H-8, H-9), 1.17 (2.1 H, m, H-13x), 

0.98 (0.9H, m, H-13y).

167.9 (q), 149.0, 147.9 (q), 146.2, 137.1 (q), 133.3, 132.3 

(q), 129.1, 116.0, 112.4, 61.3, 56.4, 51.5, 49.9, 46.1, 28.5, 

24.6, 11.5

Found: 340.2038 (M^ + H. C20H26N3O2 Requires: 340.2025). 

3365, 3051, 2972, 2875, 1595, 1504, 1408, 1026, 731, 694
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8.2.8.3 (5-(hydroxymethyl)pyridin-3-yl)(pyrrolidm-l-yl)methanone (252c)

10b 9

Prepared according to general procedure E, using 251c (1.17 g, 5.0 mmol). The residue 

was purified by flash chromatography (EtOAc/MeOH; 9:1) to provide 252c (751 mg, 72%) 

as a yellow oil.

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS {m/z -ES) :

Vmax (film)/cm :

8.58 (IH, s, H-6), 8.53 (IH, s, H-2), 7.81 (IH, s, H-4), 4.73 

(2H, s, H-3’), 4.36 (IH, s, OH), 3.62 (2H, m, H-7a, H-lOa), 

3.41 (2H, m, H-7b, H-lOb), 2.04-1.84 (m, 4H, H-8, H-9)

166.8 (q), 148.8, 145.9, 136.6 (q), 133.0, 132.0 (q), 61.7, 

29.1,46.0, 25.9, 23.9

Found: 207.1128 (M^ + H. C11H15N2O2 Requires: 207.1134). 

3366, 2973,2878, 1612, 1418, 1191, 1027, 754,715

8.2.9 Procedure F: general procedure for the synthesis of thioacetates from 

alcohols via the Mitsunobu reaction

A 25 cm round bottomed flask containing a magnetic stirrer was charged with PPh3 (1.850 

g, 7.05 mmol). The flask was purged with argon and a septum with a balloon of argon was 

fitted. THE (15 cm^) was added via syringe. The solution was cooled to 0 °C and DIAD 

(1.4 cm^, 7.05 mmol) was added via syringe and the reaction mixture was stirred at 0 °C
-j

for 40 minutes. A solution of alcohol (3.45 mmol) and thioacetic acid (0.5 cm , 7.05 

mmol) in THE (7.5 cm^) was added via syringe at 0 °C. The reaction mixture was stirred 

from 0 °C to room temperature over 1 hour and stirred at room temperature for 48 hours. 

The solvent was removed in vacuo and the residue was purified by flash chromatography 

to furnish the thioacetate.

160



8.2.9.1 (5)-S-(5-(2-((diisopropylamino)methyl)pyrrolidine-l-carbonyl)pyridin-3- 
yl)methyl ethanethioate (253)

Prepared aecording to general procedure F, using 252a (1.10 g, 3.45 mmol). The residue 

was purified by flash ehromatography (EtOAc/MeOH; 9:1,) to furnish 253 (1.10 g, 85%) 

as a deep yellow oil. = -105.1 (c 1.2 CHCI3). From 'H NMR spectroscopic analysis

253 was found to exist as a mixture of two rotamers (6:4, major(x):minor(y)). Major 

rotamer assigned for '^C NMR.

5h (400 MHz, CDCI3):

6c (100 MHz, CDCI3):

HRMS {m/z -ES):

Vmax (film)/cm'‘:

8.70-8.53 (2H, m, H-2x, H-2y, H-6x, H-6y), 7.79 (0.6H, s, 

H-4x), 7.54 (0.4H, s, H-4y), 4.39 (0.6H, hr s, H-7x), 4.12 

(2H, s, H-3’), 3.84 (0.4H, m, H-7y), 3.78-3.70 (0.8H, m, H- 

lOy), 3.54-3.51 (0.6H, m, H-llax), 3.41-3.39 (0.6H, m, H- 

llbx), 3.12 (1.2H, hr s, H-12x, H-14x), 3.01-2.98 (0.8H, m, 

H-lly), 2.61 (m, 0.8H, H-12y, H-14y), 2.38 (1.8H, s, H- 

3”x), 2.37 (1.2H, s, H-3”y), 2.28-1.79 (5.2H, m, H-8x, H-8y, 

H-9x, H-9y, H-lOx), 1.06 (7.2H, hr s, H-13x, H-15x), 0.81 

(2.4H, d, J6.4, H-13y), 0.67 (2.4H, d,y6.3, H-15y)

194.4 (q), 166.7 (q), 150.8, 146.9, 135.4 (q), 134.8 (q), 

133.6, 77.4, 57.8, 49.9, 47.8, 46.9, 30.2, 28.2, 24.6, 21.8, 

20.0, 19.5

Found: 378.2209 (M^ + H. C20H32N3O2S Requires: 

378.2215).

2965, 2874, 1693, 1623, 1456, 1408, 1133, 1105, 956, 732, 

702
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8.2.9.2 (5)-S-(5-(2-((ethyl(phenyl)amino)methyl)pyrrolidine-l-carbonyl)pyridiii-3- 
yl)methyl ethanethioate (254)

Prepared according to general procedure F, using 252b (1.17 g, 3.45mmol). The residue 

was purified by flash chromatography (EtOAc) to furnish 254 (780 mg, 57%) as a yellow 

oil. [a]D^° = -72.6 (c 0.56 CHCI3). From 'H NMR spectroscopic analysis 254 was found to 

exist as a mixture of two rotamers (7:3, major(x):minor(y)). Major rotamer assigned for
13CNMR.

5h (600 MHz, CDCI3):

5c (151 MHz, CDCI3):

HRMS (m/z -ES):

Vmax (film)/cm :

8.57-8.43 (2H, m, H-2x, H-2y, H-6x, H-6y), 7.67 (0.7H, s, 

H-4x), 7.49 (0.3H, s, H-4y), 7.22 (1.4H, t, J 7.2, H-14x), 

7.01-6.94 (2H, m, H-15x, H-14y), 6.68 (0.7H, m, H-16x), 

6.59 (0.3H, m, H-16y), 6.13 (0.6H, d, J 6.7, H-14y), 4.61, 

(0.7H, m, H-7x), 4.32 (0.3H, m, H-7y), 4.06 (1.4H, s, H-3’x), 

3.92-3.72 (1.9H, m, H-3’y, H-lOax, H-1 ly), 3.46-3.59 (1.4H, 

m, H-12ax, H-1 lax ), 3.38-3.36 (1.4H, m, H-12bx, H-llbx), 

3.25-3.03 (1.9H, m, H-12y, H-lOy, H-lObx), 2.56 (2.1H, s, 

H-3”x), 2.26 (0.9H, s, H-3”y), 2.08-1.79 (4H, m, H-8, H-9), 

1.16 (2.1H, m, H-13x), 0.95 (0.9H, m, H-13y)

192.4 (q), 167.7 (q), 151.9, 150.4, 148.3 (q), 135.5, 133.7 

(q), 132.8 (q), 129.5, 112.9, 111.7, 56.9, 56.2, 51.6, 45.6, 

38.8,30.4, 28.8, 25.1, 11.8

Found: 398.1906 (M"^ + H. C22H2gN302S Requires: 

398.1902)

2971, 2876, 1689, 1622, 1596, 1504, 1404, 1353, 1130, 955, 

724, 745, 694
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8.2.9.3 S-(5-(pyrrolidine-l-carbonyl)pyridin-3-yl)methyl ethanethioate (255)

Prepared according to general procedure F, using 252c (710 mg, 3.45 mmol). The residue 

was purified by flash chromatography (EtOAc) to furnish 255 (628 mg, 69%) as a yellow 

oil.

5h (400 MHz, DMSO-4):

6c (100 MHz, DMSO-^/fi):

HRMS {m/z -ES):

Vmax (film)/cm :

8.60 (2H, m, H-2, H-6), 7.85 (IH, t, 7 2.1, H-4), 4.18 (2H, s, 

H-1”), 3.48 (2H, m, H-2’b, H-5’b), 3.39 (2H, m, H-2’a, H- 

5’a), 2.38 (3H, m, H-2”), 1.93-1.78 (4H, m, H-3’, H-4’)

194.8 (q), 165.7 (q), 150.6, 146.4, 134.9 (q), 133.9 (q), 132.5 

(q), 48.8, 46.1, 30.3, 29.5, 25.9, 23.9

Found: 265.1008 (M^ + H. Ci3H,7N202S Requires: 

265.1011)

2977, 1690, 1619, 1411, 1229, 1132, 1104, 1027

8.2.10 2,3-dihydro-lH-benzo[de]isoquinoline (264)

-j

A 250 cm RBF containing a magnetic stirrer bar was charged with 1,8-napthalimide (2.00 

g, 10.1 mmol) and a condenser was attached. The flask was purged with argon and a 

septum with a balloon of argon was fitted. THF (40 cm^) was added via syringe and the 

reaction mixture was cooled to 0 °C. Borane dimethyl sulphide complex (2.9 cm^, 30.3 

mmol) was added dropwise via syringe. After complete addition the reaction mixture was 

heated at reflux for 24 h. The reaction mixture was cooled to 0 °C and quenched by a 

dropwise addition of HCL (10% aq.) until gas ceased to evolve. The mixture was basified 

using NaOH (2 N, aq.) and extracted with CH2CI2 (3 x 40 cm ). The organic extracts were
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combined and the solvent removed in vacuo to yield a brown residue. The residue was 

purified by flash chromatography (CH2CI2) to furnish a brown solid (529 mg, 31 %). M.p. 

102-103 °C (Lit.,^^° 105-106 °C).

5h (400 MHz, CDCI3); 7.70 (2H, d, J 8.5, H-6, H-7) 7.40 (2H, m, H-8, H-5), 7.18 

(2H, d, J 7.0, H-1, H-4), 4.33 (4H, s, H-9), 1.91 (IH, br s, 

ATI)

8.2.11 General procedure for the evaluation of the 1** generation of GAPDH 

mimics (Table 2.1)

A 2 cm^ oven dried glass vial was eharged with thioacetate (0.105 mmol) and 264 (8.89 

mg, 0.052 mmol). A septum was fitted and the vial was evacuated and filled with argon 

(repeat 3 times), then fitted with a balloon of argon. Dry degassed DMSO-<76 (20 pL) was 

added via syringe and the reaction mixture was maintained at 22 °C. After 24 h a solution 

of aldehyde (0.052 mmol) in DMSO-t/^ (500 pL) was added via syringe. After a further 30 

min, styrene (24 pL, 0.210 mmol) via syringe and the reaction mixture was transferred to a 

5 mm 'H NMR tube under argon. The NMR spectroscopic analysis conducted 

immediately. A further 'H NMR spectroscopic analysis was performed after 24 h.

8.2.12 3-(Acetylthiomethyl)-l-benzyl-5-(pyrrolidine-l-carbonyl)pyridinium 

bromide (267)

o
13

A 50 em^ RBF containing a magnetic stirrer was charged with 255 (1.06 g 4.0 mmol), 

flushed with argon, fitted with a septum and placed under an argon atmosphere (balloon). 

THF (8 em^) and benzyl bromide (1.9 cm^, 16 mmol) were added eonseeutively via 

syringe. The reaction mixture was stirred at room temperature for 5 d. The reaetion mixture 

was coneentrated in vacuo to yield thick syrup. To remove the excess benzyl bromide the
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residue was triturated with Et20 (4 x 30 cm^). The residue was dried in vacuo to yield 

hygroscopic foam (1.48 g, 85%).

Sh (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS im/z -ESI)

Vmax (film)/cm :

9.57 (IH, s, H-5), 9.24 (IH, s, H-1), 8.47 (IH, s, H-3), 7.66 

(2H, m, H-9), 7.45 (3H, m, H-8, H-10), 6.29 (2H, s, H-6), 

4.33 (2H, s, H-11), 3.72-3.62 (4H, m, H-15), 2.37 (3H, s, H- 

13), 2.05-1.94 (4H, m, H-16).

194.3 (q), 161.2 (q), 145.3, 143.5, 141.1, 140.3 (q), 136.4 

(q), 132.1 (q), 129.7, 129.4, 129.2, 63.9, 49.3, 46.6, 29.9, 

29.4, 26.0, 23.7

Found: 355.1476 (M^. C20H23N2O2S Requires: 355.1480) 

2967, 1765, 1620, 1539, 1447, 994, 917, 747, 671

8.2.13 Procedure G: general procedure for the synthesis of 4-tert-butylbenzyl 
mercaptan derived thioesters

A 10 cm RBF containing a stirrer bar was charged with acyl chloride. The flask was 

flushed with nitrogen and fitted with a septum. CH2CI2 (4 cm^) and NEt3 (0.28 cm^, 2 

mmol) were added via syringe. The reaction mixture was cooled to 0 °C and 4-tert- 

butylbenzyl mercaptan (0.37 cm^, 2.0 mmol) was added dropwise via syringe. After 

stirring at room temperature for 16 h the solvent was removed in vacuo and the residue was 

purified by flash chromatography (hexanes/ethyl acetate) to furnish the product.

8.2.13.1 S-4-te/'f-butylbenzyl ethanethioate (270)

Prepared according to general procedure G, using acetyl chloride (142 pL, 2.0 mmol). The 

residue was purified by flash chromatography (EtOAc) to furnish 270 (370 mg, 89%) as a 

colourless oil.

5h(400 MHz, CDCI3): 7.31 (2H, d, J 8.2, H-3), 7.20 (2H, d, J 8.2, H-2), 4.07 (2H, s, 

H-1), 2.34 (3H, 2, H-1’), 1.24 (9H, s, H-4)
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5c (100 MHz, CDCI3): 194.8 (q), 149.5 (q), 134.7 (q), 128.4, 125.3, 34.2 (q), 32.1,

31.1,30.2

HRMS {m/z -ESI) :

Vmax (film)/cm'':

Found: 245.0965 (M^+ Na. C^HisOS Requires: 245.0976)

2961, 1738, 1637, 1364, 1130, 1102, 955

8.2.13.2 S-4-te/'^-butylbenzyl 4-(trifluoromethyl)benzothioate (271)

F3C

Prepared according to general procedure G, using 4-(trifluoromethyl)-benzoyl chloride 

(370 pL, 2.0 mmol). The residue was purified by flash chromatography to furnish 271 (556 

mg, 79%) as a white solid. M.p. 70-72 °C

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS (m/z -ES): 

Vmax (film)/cm'':

8.09 (2H, d, J8.1, H-6), 7.74 (2H, d, J 8.1, H-5), 7.38 (2H, d, 

J 8.3, H-2), 7.34 (2H, d, J 8.3, H-3), 4.35 (2H, s, H-1), 1.33 

(9H, s, H-4)

190.4 (q), 150.4 (q), 139.5 (q), 134.5 133.6 (q),

128.5, 127.5, 125.5 (2C), 123.3 (Jc-f 272.4), 34.4 (q), 33.1, 

31.1

Found: 352.1122 (M^. C19H19OF3S Requires: 352.1109)

2957, 1657, 1515, 1406, 1318, 1206, 1164, 1117, 1064, 

1013,919, 845,775,746, 696

8.2.13.3 S-4-terf-butylbenzyI 4-nitrobenzothioate (272)

0,N

Prepared according to general procedure G, using 4-nitro-benzoyl chloride (371 mg, 2.0 

mmol). The residue was purified by flash chromatography to furnish 272 (501 mg, 76%) as 

yellow solid. M.p. 103-104 °C
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5h (400 MHz, CDCI3):

8c (100 MHz, CDCI3):

HRMS {m/z -ES) :

Vmax (film)/cm'':

8.32 (2H, d, J8.5, H-6), 8.14 (2H, d, J8.5, H-5), 7.39 (2H, d, 

J8.1, H-2), 7.34 (2H, d, J8.1, H-3), 4.37 (2H, s, H-1), 1.33 

(9H, s, H-4)

189.9 (q), 150.7 (q), 150.5 (q), 141.4 (q), 133.4 (q), 128.7, 

128.3, 125.7, 123.9, 34.5 (q), 33.5, 31.3

Found: 329.1097 (M^. Ci8H,9N03S Requires: 329.1086)

2956, 1657, 1603, 1517, 1406, 1319, 1205, 1168, 1107, 

1013,919, 845, 829, 775, 693

8.2.13.4 S-4-/^r?-butylbenzyl 3,5-dinitrobenzothioate (273)

0,N

Prepared according to general procedure G, using 3,5-dinitro-benzoyl chloride (461 mg, 

2.0 mmol). The residue was purified by flash chromatography to furnish 273 (574 mg, 

77%) as yellow solid. M.p. 97-99 °C

5h (400 MHz, CDCI3):

5c (151 MHz, CDCI3):

HRMS (m/z -ES):

Vmax (film)/cm'':

9.25 (IH, t, J2.0, H-1), 9.10 (2H, d,J2.0, H-2), 7.39 (2H, d, 

J 8.3, H-5), 7.36 (2H, d, J 8.3, H-4), 4.44 (2H, s, H-3), 1.34 

(9H, s, H-6)

187.5 (q), 151.1 (q), 148.8 (q), 139.7 (q), 132.7 (q), 128.8, 

126.9, 125.9, 122.3, 34.6 (q), 34.0, 31.3

Found: 373.0877 (M-H. Ci8H,7N205S Requires: 373.0858)

3105, 2965, 1661, 1625, 1536, 1340, 1222, 1107, 1074, 995, 

910, 843,746, 683
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8.2.14 S-(5-(pyrrolidine-l-carbonyl)pyridin-3-yl)methyl 3,5-dinitrobenzothioate 

(274)

0,N

A 50 cm^ RBF containing a magnetic stirrer was charged with 255 (1.15 g, 4.4 mmol), 

flushed with argon, fitted with a septum and placed under an argon atmosphere. CH2CI2 (5 

cm^) followed by pyrrolidine (0.54 cm^, 6.5 mmol) were added via syringe. After stirring 

at room temperature for 1 h NEt3 (1 cm^, 7.1 mmol) was added via syringe. A solution of 

3,5-dinitrobenzoyl chloride (1.61 g, 7.0 mmol) in CH2CI2 (5 cm^) was added via syringe. 

The reaction mixture was stirred at room temperature for 16 h and the crude reaction 

mixture was purified by flash chromatography (EtOAc) to furnish 274 as viscous yellow 

tar (901 mg, 26%).

6h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS (m/z -ES) :

Vraax (film)/cm'^

9.24 (IH, s, H-9), 9.05 (2H, s, H-8), 8.71 (IH, s, H-2), 8.69 

(IH, s, H-6), 7.93 (IH, s, H-4), 4.43 (2H, s, H-6), 3.65 (2H, 

m, H-2’a), 3.46 (2H, m, H-2’b), 2.01-1.91 (4H, m, H-3’).

186.5 (q), 167.9 (q), 150.5, 148.3 (q), 146.8, 138.6 (q), 135.4

132.5 (q), 131.9 (q), 126.6, 122.2, 49.1, 46.1, 30.5, 26.0, 23.9

Found: 417.0862 (M^ + H. C18H17N4O6S Requires; 

417.0869)

3094, 2973, 2878, 2360, 1619, 1539, 1454, 1340, 1222, 

1109, 994, 839, 684
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8.2.15 l-benzyl-3-((3,5-dinitrobenzoylthio)methyl)-5-(pyrrolidine-l- 
carbonyl)pyridinium bromide (275)

0,N

O

A 50 cm^ RBF containing a magnetic stirrer was charged with 274 (700 mg, 1.70 mmol), 

flushed with argon, fitted with a septum and placed under an argon atmosphere (ballon). 

THF (15 cm^) and benzyl bromide (1.2 cm^, 6.80 mmol) were added consecutively via 

S3Tinge. The reaction mixture was stirred at 50 °C for 5 d. The reaction mixture was 

concentrated in vacuo to yield thick syrup. To remove the excess benzyl bromide the 

residue was triturated with Et20 (4 x 30 cm^). The residue was dried in vacuo to yield a 

hygroscopic foam (965 mg, 97%).

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS {m/z -ES) :

Vmax (film)/cm :

9.98 (IH, s, H-1), 9.22 (IH, s, H-12), 9.18 (IH, s, H-3), 8.97 

(2H, s, H-11), 8.66 (IH, s, H-2), 7.68-7.66 (2H, m, H-5), 

7.46-7.42 (3H, m, H-6, H-7), 6.28 (2H, s, H-4), 4.74 (2H, s, 

H-10), 3.70-3.59 (4H, m, H-9), 2.02-1.96 (4H, m, H-8).

187.6 (q), 161.7 (q), 148.5 (q), 146.3, 144.3, 141.9, 139.4 

(q), 138.5 (q), 136.7 (q), 132.5 (q), 130.1, 129.9, 129.6, 

127.2, 122.8, 64.6, 49.7, 47.1, 30.5, 26.4, 24.1

Found: 585.0440 (M-H: calculated for C25H22N406SBr: 

585.0443)

3395, 2975, 1620, 1539, 1447, 1341, 1223, 1185, 1110, 994, 

912,717, 681
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8.2.16 l-benzyl-3-(hydroxymethyl)-5-(pyrrolidine-l-carbonyl)pyridinium 

bromide (279)

A 100 cm^ RBF containing a magnetic stirrer was charged with 252c (1.20 g, 6.0 mmol), a 

condenser was attached, the apparatus was flushed with argon and a septum and balloon of 

argon fitted. THF (60 cm^) and benzyl bromide (1.4 cm^) were added via syringe. The 

reaction mixture was heated at 50 °C. After 24 h the solvent was removed in vacuo and the 

residue purified by trituration with Et20 (3 x 50 cm ) to furnish 279 as a hygroscopic foam 

(2.10 g 91%).

5h (400 MHz, CDCI3):

5c (100 MHz, D2O):

HRMS (m/z -ES) :

Vmax (film)/cm :

9.52 (IH, s, H-2), 9.07 (IH, s, H-3), 8.58 (IH, s, H-1), 7.61 

(2H, d, y 7.0, H-6), 7.40-7.38 (3H, m, H-7, H-8), 6.11 (2H, s, 

H-5), 4.87 (2H, s, H-4), 3.60-3.55 (4H, m, H-9), 1.96-1.89 

(4H, m, H-10)

162.9 (q), 143.1 (q), 142.9, 141.2, 141.1, 135.6 (q), 131.8 

(q), 129.6, 129.1, 128.6, 64.6, 59.2, 49.4, 46.6, 25.2, 23.4

Found: 297.1594 (M^: calculated for C18H21N2O2 :

297.1603)

3236, 2969, 1713, 1622, 1449, 1171, 1068, 913, 820, 716, 

700
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8.3

8.3.1

Experimental data for chapter 4

S-benzyl benzothioate (282)

A 50 cm^ RBF containing a magnetic stirrer was charged with benzyl mercaptan (435 pL, 

3.70 mmol), flushed with argon and fitted with a septum and balloon of argon. CH2CI2 (15 

cm ) followed by NEts (529 pL, 3.8 mmol) were added via syringe and the reaction 

mixture was cooled to 0 °C in an ice bath. Benzoyl chloride (430 pL, 3.70 mmol) was 

added via syringe and the reaction mixture was allowed to warm to room temperature with 

continuous stirring. After 12 h the solvent was removed in vacuo and the crude residue was 

purified by flash chromatography on silica gel to furnish 282 as a colourless solid (750 mg, 
89%). M.p. 42-43 °C (lit.,^^' 38 °C).

5h (400 MHz, CDCI3): 7.97 (2H, d, J 7.7, H-1), 7.57 (IH, t, J lA, H-3), 7.48-7.23 

(7H, m, H-2, H-5, H-6, H-7), 4.33 (2H, s)

8.3.2 l-(3,5-Z>is(trifluoromethyl)phenyl)-3-phenylurea (285)

A 5 cm RBF with a magnetic stirrer was charged with aniline (93 mg, 1.00 mmol), 

flushed with argon, fitted with a septum and maintained under an argon atmosphere 

(ballon). CH2CI2 (1.0 cm^) followed by 3,5 &w(trifluoromethyl)phenyl isocyanate (170 pL, 

1.00 mmol) were added via syringe. The reaction mixture was stirred at room temperature. 

After 16 h hexanes (5.0 cm^) was added and the mixture filtered to yield 285 as a white 

solid (310 mg, 89%). Decomp. 300 °C The isolated product exhibited identical 

spectroscopic data as reported in the literature.^'*^

5h(400 MHz, DMSO-J^): 9.39 (IH, br s, AH), 9.00 (IH, br s, AH), 8.14 (2H, s, H-4), 

7.65 (IH, s, H-5), 7.48 (2H, d, J 7.5, H-1), 7.31 (2H, m, H- 

2), 7.02 (IH, t,T7.3, H-3).
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8.3.3 l-(3,5-6/s(Trifluoromethyl)phenyI)-3-cyclohexylurea (286)

A 10 cm^ RBF with a magnetic stirrer was charged with cyclohexyl amine (198 mg, 2.00 

mmol), flushed with argon, fitted with a septum and maintained under an argon 

atmosphere (ballon). CH2CI2 (2.0 cm^) followed by 3,5 6w(trifluoromethyl)phenyl 

isocyanate (340 pL, 2.00 mmol) were added via syringe. The reaction mixture was stirred 

at room temperature. After 16 h hexanes (10.0 cm^) was added and the mixture filtered to 

yield 286 as a white solid (623 mg, 88%). Decomp. 300 °C The isolated product exhibited 

identical spectroscopic data as reported in the literature.^'^^

5h(400 MHz, MeOD): 7.96 (2H, s, H-5), 7.44 (IH, s, H-6), 3.55 (m, IH, H-1), 1.92-

l. 89 (2H, m, H-2a), 1.75-1.72 (2H, m, H-2b), 1.62-1.20 (6H,

m, H-3, H-4)

8.3.4 1,1'-(1,1'-Binaphthyl-2,2'-diyl)Z>/5(3-(3,5-Z>/5'(trifluoromethyl)phenyl)urea)
(287)

F,C

A 10 cm^ RBF with a magnetic stirrer was charged with Binam (142 mg, 0.50 mmol), 

flushed with argon, fitted with a septum and maintained under an argon atmosphere 

(ballon). CH2CI2 (1.0 cm^) followed by 3,5 Z?/.s(trifluoromethyl)phenyl isocyanate (170 pL, 

1.00 mmol) were added via syringe. The reaction mixture was stirred at room temperature. 

After 16 h hexanes (10.0 cm^) was added and the mixture filtered to yield 287 as a white 

solid (245 mg, 62%). Decomp. 300 °C. (Lit.^'*^ 166-168 °C)

6h(400 MHz, DMSO-J^): 9.63 (2H, s, AH), 8.32 (2H, d, J 8.9 H-8), 8.12 (2H, d, J 8.9

H-5), 8.01 (2H, d, J6.7, H-4), 7.78 (4H, s, H-9), 7.55 (2H, s.
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H-10), 7.41 (4H, m, A«, H-7), 7.24 (2H, m, H-6), 6.83 (2H, 

d, J8.2, H-3)

5f (376 MHz, DMSO-Je): -62.09

8.3.5 Procedure H: general procedure for the synthesis of thioesters using the 

Misunobu protocol

A RBF containing a magnetic stirrer was charged with triphenylphosphine (2.0 equiv.), 

equipped with a septum and placed under an argon atmosphere. Dry THF (32-60 cm ) was 

added via syringe and the resulting solution was cooled to 0 °C. Diisopropyl 

azodicarboxylate (DIAD, 2.0 equiv.) was added dropwise via syringe to the ice-cooled 

solution. After 1 h, a solution of the appropriate alcohol (1.0 equiv.) and thioacetic acid 

(2.0 equiv.) in THF (8-15 cm^) was slowly injected and the mixture was stirred 

continuously while warming to room temperature. After 16 h, the solvent was evaporated 

in vacuo and the resulting yellow slurry was purified by flash chromatography to furnish 

the desired product.

8.3.5.1 S-l-phenylethyl ethanethioate (291)

Prepared according to general procedure H using 1-phenylethanol (915 mg, 7.50 mmol), 

DIAD (2.95 cm^, 15.00 mmol), PPha (3.93 g, 15.0 mmol) and thioacetic acid (1.14 cm^, 

15.00 mmol) in THF (40 cm^). The crude was purified by flash chromatography 

(hexanes/EtOAc; 96:4) to furnish 291 as a colourless oil (1.20 g, 67%). The isolated
9 1 <product exhibited identical spectroscopic data as reported in the literature.

5h(400 MHz, CDCI3):

HRMS (w/z -ES):

7.37-7.27 (5H, m, Ar-H), 4.77 (IH, q, J7.2, H-1), 2.33 (3H, 

s, H-3), 1.69 (3H, d,y7.2, H-2)

Found: 180.0602 (M^. C18H17N2O5S Requires: 180.0609)
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8.3.5.2 S-l-(4-methoxyphenyI)ethyl ethanethioate (292)

Prepared according to general procedure H using l-(4-methoxyphenyl)ethanol (1.06 cm^, 
7.50 mmol), DIAD (2.95 cm^, 15.00 mmol), PPh3 (3.93 g, 15.00 mmol) and thioacetic acid 

(1.14 cm^, 15.0 mmol) in THF (40 cm^). The crude was purified by flash chromatography 

(hexanes/EtOAc; 96:4) to furnish 292 as a colourless oil (1.30 g, 82%). The isolated

product exhibited identical spectroscopic data as reported in the literature.216

5h (400 MHz, CDCI3):

HRMS {m/z -El) :

7.28 2H, (d, J8.6, H-4), 6.86 (2H, d, J 8.6, H-5), 4.73 (IH, q, 

Jl.l, H-1), 3.81 (3H, s, H-6), 2.31 (3H, s, H-3), 1.66 (3H, d, 

J7.2, H-2)

Found: 210.0713 (M^. C11H14O2S Requires: 210.0715)

8.3.5.3 S-l-(naphthaIen-2-yI)ethyl ethanethioate (293)

Prepared according to general procedure H using 1-(napthalen-2-yl)ethanol (860 mg, 5.00 

mmol), DIAD (2.0 cm^, 10.0 mmol), PPh3 (2.62 g, 10.00 mmol) and thioacetic acid (714 

pL, 10.00 mmol) in THF (30 cm ). The crude was purified by flash chromatography 

(hexanes/EtOAc; 7:3) to furnish 293 as a colourless oil (780 mg, 68%). The isolated

product exhibited identical spectroscopic data as reported in the literature.216

6h(400 MHz, CDCI3):

HRMS {m/z -ES):

7.84-7.82 (4H, m, H-l’, H-4’, H-5’, H-8’), 7.50-7.45 (3H, m, 

H-3’, H-6’, H-7’), 4.95 (IH, q, J7.2, H-l), 2.34 (3H, s, H-3), 

1.78 (3H, d, J7.2, H-2)

Found: 230.0765 (M^. CmH^OS Requires: 230.0765)
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8.3.5.4 S-l-(naphthalen-l-yl)ethyl ethanethioate (294)

Prepared according to general procedure H using l-(napthalen-l-yl)ethanol (860 mg, 5.00 

mmol), DIAD (2.0 cm^, 10.00 mmol), PPhs (2.62 g, 10.00 mmol) and thioacetic acid (714 

pL, 10.00 mmol) in THF (30 cm^). The crude was purified by flash chromatography 

(hexanes/CH2Cl2; 9:1) to furnish 294 as a colourless oil (600 mg, 52%). The isolated 

product exhibited identical spectroscopic data as reported in the literature.^'^

5h (400 MHz, CDCI3):

HRMS {m/z -ES) :

8.09 (IH, d, J 7.9, H-8’), 7.90 (IH, d, J 7.9, H-5’), 7.81 (IH, 

d, J 8.2, H-4’), 7.60-7.45 (m, 4H, H-2’, H-3’, H-6’, H-7’), 

5.57 (IH, q, J7.1, H-1), 2.38 (3H s, H-3), 1.88 (3H, d, J7.1, 

H-2).

Found: 230.0765 (M^. C,4Hi40S Requires: 230.0765).

8.3.5.5 S-l-phenylpropyl ethanethioate (295)

o
A-

Prepared according to general procedure H using 1-phenylpropanol (600 mg, 4.35 mmol), 

DIAD (1.71 cm^, 8.7 mmol), PPha (2.28 g, 8.70 mmol) and thioacetic acid (620 pL, 8.70 

mmol) in THF (25 cm^). The crude was purified by flash chromatography 

(hexanes/CH2Cl2; 8:2) to furnish 295 as a colourless oil (401 mg, 51%). The isolated

product exhibited identical spectroscopic data as reported in the literature. 

5h(400 MHz, CDCI3):

216

HRMS {m/z -El):

7.32-7.26 (5H, m, Ar-H), 4.51(1H, app. t, H-1), 2.32 (3H, s, 

H-4), 2.01-1.97 (2H, m, H-2), 0.94 (3H, app. t, H-3)

Found: 194.0765 (M^. ChHhOS Requires: 194.0765)
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8.3.5.6 S-2-methyI-l-phenylpropyl ethanethioate (296)

Prepared according to general procedure H using 2-methyl-1-phenylpropanol (460 mg, 

3.00 mmol), DIAD (1.17 cm^, 6.00 mmol), PPh3 (1.57 g, 6.00 mmol) and thioacetic acid 

(430 pL, 6.00 mmol) in THF (25 cm^). The crude was purified by flash chromatography 

(hexanes/EtOAc; 7:3) to furnish 296 as a colourless oil (331 mg, 53%). The isolated

product exhibited identical spectroscopic data as reported in the literature. 216

5h (400 MHz, CDClj):

HRMS {m/z -El) :

7.33-7.22 (5H, m, Ar-H), 4.44 (IH, d, J8.0, H-1), 2.32 (3H, 

s, H-4), 2.23-2.08 (m, IH, H-2), 1.06 (3H, d, J6.5, H-3), 0.89 

(3H, d, J6.5, H-3)

Found: 231.0819 (M^ + Na. CjiHieONaS Requires: 

231.0820)

8.3.6 General procedure for the (thio)urea mediated transthioesterification

An oven dried 5 mL round bottom flask equipped with a magnetic stirrer was charged with 

the appropriate thioester (0.3 mmol), (£)-stilbene (54 mg, 0.30 mmol), (thio)urea (0.015 

mmol) and the appropriate amine (0.06 mmol) under a atmosphere of nitrogen. CH2CI2 (1 

cm ) and 256 (56 pL, 0.3 mmol) were then added via syringe. The reaction was stirred at 

room temperature and analysed periodically by ’H NMR spectroscopic analysis.

8.3.7 Procedure I: general procedure for the preparation of 9-£’/?i-amine derivatives 

of quinidine, quinine and C-2’ modified quinines

A 250 cm oven-dried RBF containing a magnetic stirrer was charged with PPh3 (1.2 

equiv.) and the appropriate alkaloid (1.0 equiv.), placed under an argon atmosphere and 

fitted with a septum. Dry THF was added via syringe and the resulting solution was cooled 

to 0 °C. DIAD (1.2 equiv.) was added dropwise via syringe followed by 

diphenylphosphoryl azide (DPPA, 1.2 equiv.) and the resulting mixture was allowed to 

warm up to room temperature. After stirring for 14 h, the solution was heated to 50 °C for 

2 h. PPh3 (1.2 equiv.) was then added and heating was maintained for 2 h. After cooling
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the solution to ambient temperature, water (5 cm^) was added and the mixture was stirred 

for 4 h. The reaetion was then concentrated in vacuo and the residue dissolved in CH2CI2 

(30 cm^) and aqueous HCl (2 N, 30 cm^). The aqueous phase was separated and washed 

with CH2CI2 (3 X 20 cm^). The aqueous layer was then concentrated under reduced 

pressure and the crude product was recrystallised from EtOAc and MeOH.

8.3.7.1 (lAS)-(6-Methoxyquinolin-4-yl)((25)-5-vinylquinuclidin-2-yl) methanamine

(3 HCl salt) (301)

Prepared according to general procedure I using quinine (5.00 g 15.40 mmol), DIAD (3.6 
cm^, 18.50 mmol), PPh3 (4.85 g, 18.50 mmol) and DPPA (3.3 cm^, 18.50 mmol) in THF 

(80 cm^). The Staudinger reduction was performed using PPha (4.85 g, 18.50 mmol) and 

water (5 cm^). Removal of the solvent in vacuo afforded 301 as a yellow solid (6.64 g, 

84%). Decomp. 220-222 °C = +14.8 (c 0.75, CH3OH). The isolated product

exhibited identical spectroscopic data as reported in the literature. 

6h(400 MHz, D2O):

245

8.87 (IH, d, J 5.9, H-2’), 8.15 (IH, d, J 9.5, H-8’), 7.96 (IH, 

d, J 5.9, H-3’), 7.78 (IH, dd, J 9.5, 2.2, H-7’), 7.69 (IH, hr s, 

H-5’), 5.84 (IH, ddd, J17.6, 11.0, 6.6, H-10), 5.71 (IH, d, J 

9.5, H-9), 5.21 (IH, m, H-11), 5.19 (IH, m, H-11), 4.37 (IH, 

m, H-8), 4.13 (3H, s, OMe), 3.92-4.02 (IH, m, H-6a), 3.81 

(IH, dd, J 13.2, 11.0, H-2b), 3.42-3.59 (2H, m, H-6b and H- 

2a), 2.82-2.98 (IH, m, H-3), 1.95-2.12 (3H, m, H-4, H-5a and 

H-5b), 1.83 (IH, m, H-7b), 1.10 (IH, dd, J 13.9, 7.3, H-7a).
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8.3.8 l-(3,5-Z>/s'(trifluoromethyl)phenyl)-3-((15)-(6-methoxyquinolin-4-yl) ((25) - 
5-vinylquinuclidin-2-yl)methyl)urea (302)

A 50 cm^ RBF containing a magnetic stirrer was charged with 301 (500 mg, 1.16 mmol), 

flushed with argon, then the flask was fitted with a septum and balloon of argon. CH2CI2 

(20 cm^) was added via syringe and the reaction mixture was cooled in an ice-bath. NEt3 

(800 pL, 5.80 mmol) was added dropwise via syringe and the resultant misture was stirred 

at 0 °C. After 30 min 3,5-Z)/5'-(trifluoromethyl)phenyl isocyanate (220 pL, 1.28 mmol) was 

added via syringe and the reaction was stirred at 0 °C to room temperature. After 16 h, the 

reaction mixture was filtered and the solvent removed in vacuo. The crude residue was 

purified by flash chromatography to yield 302 as a white solid (496 mg, 74%). M.p. 152- 

155 °C. = +24.2 (c 0.75 CHCI3). The isolated product exhibited identical

spectroscopic data as reported in the literature. 

5h (400 MHz, MeOD):

245

8.67 (IH, d, J 4.6, H-2’), 7.95-7.90 (3H, m, H-12, H-8’), 

7.82 (IH, d, y 2.0, H-5’), 7.54 (IH, d, 74.6, H-3’), 7.42 (2H, 

m, H-13, H-7’), 5.87 (IH, ddd, J 17.0, 10.2, 7.2, H-10), 5.59 

(IH, br s, H-9), 5.06-4.98 (2H, m, H-11), 3.99 (3H, s, OMe), 

3.47-3.32 (3H, m, H-8, H-6a, H-2b), 2.82-2.78 (2H, m, H-6b, 

H-2a), 2.37 (IH, m, H-3), 1.65-1.59 (4H, m, H-7b, H-5a, H- 

5b, H-4), 0.89-0.84 (IH, m, H-7a)

8.3.9 Enantioselective transthioesterification

A 5 mL round bottom flask with magnetic stirrer was charged with 294 (138 mg, 0.60 

mmol), (£)-stilbene (108 mg, 0.60 mmol) and, 302 (69.4 mg, 0.12 mmol). The flask was 

evacuated and flushed with nitrogen, a nitrogen atmosphere was maintained using a

178



septum and balloon. CH2CI2 (2 cm^) was added via syringe and the reaction mixture was 

stirred until all reagents were dissolved. The reaction was initiated by the injection of 256 

(112 pL, 0.6 mmol). The reaction was stirred at room temperature and analyzed 

periodically by 'H NMR spectroscopic analysis. After 44 h, the reaction had proceeded to 

18% conversion. Acrylonitrile (394 pL, 6.0 mmol) and triethylamine (417 pL, 3.0 mmol) 

were added via syringe and the reaction mixture was stirred at room temperature. After 3 h 

the solvents were removed in vacuo and the crude residue purified by flash 

chromatography (hexane/EtOAc; 9:1) to yield to mixed fractions containing the a) the 

thioacetates and b) the Michael adducts from the thiols. CSP-HPLC analysis of this 

mixture indicated that (7?)-298 (analysed as its adduct with acrylonitrile was formed in 

10% ee. HPLC conditions: chiralpak OD-H column (4.6 mm x 25 cm), hexane/IPA: 95/5, 
1.0 cm^ min-1, RT, UV detection at 220 nm, retention times: 28.8 min ((5)-enantiomer) 

and 36.9 min ((R)-enantiomer). The unreacted thioester (294) (marginally enriched in the 

(50-enantiomer) was present in 3% ee: HPLC conditions: chiralpak OD-H column (4.6 mm 

X 25 cm), hexane/IPA: 95/5, 1.0 cm^ min-1, RT, UV detection at 220 nm, retention times: 

5.8 min ((5)-enantiomer) and 8.9 min ((R)-enantiomer).

8.4 Experimental data for chapter 5

8.4.1 3,4-dimethoxycyclobut-3-ene- 1,2-dione (310)

o. .0

A 100 cm^ RBF containing a magnetic stirrer was charged with squaric acid (912 mg, 8.00 

mmol). MeOH (8 cm^), trimethylorthoformate (2.6 cm^, 24.00 mmol) and trifluoroacetic 

acid (TFA, 100 pL) were added via syringe. A condenser was attached and the reaction 

was heated at reflux. After 48 h, the solvent was removed in vacuo and the residue was 

purified by flash chromatography (hexanes/EtOAc; 1:2) to yield 310 as a white solid (1.01 

g, 88%). The isolated product exhibited identical spectroscopic data as reported in the

literature.246

5h(400 MHz CDCI3): 4.35 (6H, s, OMe)

6c (100 MHz, CDCI3): 189.2, 184.5,61.09

HRMS {m/z -ES): Found: 142.0264 (M ^ C6H6O4 Requires: 142.0266) 
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8.4.1.1 3-(3,5-Z>/5(Trifluoromethyl)phenyIamino)-4-methoxycyclobut-3-ene-l,2- 

dione (312)

A 50 cm^ RBF containing a magnetic stirrer was charged with 310 (500 mg, 3.50 mmol), 

flushed with nitrogen, then fitted with a septum and maintained under a nitrogen 

athmosphere (balloon). MeOH (10 cm^) followed by 3,5-£>A(trifiuoromethyl)aniline (545 

pL, 3.50 mmol) were added via syringe and the reaction mixture was stirred a room 

temperature. After 4 days the solvent was removed in vacuo and the residue purified by 

flash chromatography (hexanes/EtOAc; 8:2) to furinsh 312 as a white solid. M.p. 202-211 

°C (Lit.^^’ 179-181 °C).

5h(400 MHz CDCI3): 11.21 (IH, s, AH), 8.04 (2H, s, H-1), 7.80 (IH, s, H-2), 4.41 

(3H, s, H-3)

8.4.2 3,4-Z>is'((l*5)-(6-Methoxyquinolin-4-yl)((25)-8-vinylquinuclidin-2- 
yl)methylamino)-cyclobut-3-ene-l,2-dione (196)

11

A 50 cm^ RBF was charged with 301 (3.02 g, 7.00 mmol). CH2CI2 (20 cm^) followed by 

NEt3 (3.9 cm , 28 mmol) were added via syringe and the resultant mixture stirred at room
■5

temperature. After 1 h, water (20 cm ) was added and the organic phase separated, washed 

with NaOH (1 N, aq. 10 cm^) and dried over MgS04. The solvent was removed in vacuo
■5

and the residue was dissolved in MeOH (10 cm ) and transferred to a 50 cm RBF. Solid
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310 (447 mg, 3.15 mmol) was added in one portion and the reaction mixture was stirred 

under a protective argon atmosphere (septum and balloon). After 48 h, the reaction mixture 

was filtered to yield 196 as a white solid (1.8 g, 82%). M.p. 204 °C (decomp.) (Lit.’^^ m.p. 

284 °C) [a]D^“ = -94.5 (c 0.2 CHCI3).

5h(400 MHz, DMSO 80°C): 8.79 (IH, d, J4.5, H-2’), 7.99 (IH, d, J9.2, H-8’), 7.81 (IH,

d, J 2.6, H-5’), 7.69 (IH, hr s. Ml), 7.50 (IH, d, J4.5, H-3’), 

7.45 (IH, dd, J9.2, 2.6, H-7’), 5.93-5.88 (2H, m, H-9, H-10), 

5.02-4.95 (2H, m, H-11), 3.97 (3H, s, OMe), 3.32-3.21 (3H, 

m, H-8, H-6a, H-2b), 2.63-2.52 (2H, m, H-6b, H-2a), 2.23 

(IH, m, H-3), 1.56-1.43 (4H, m, H-4, H-5a, H-5b, H-7b), 

0.63-0.57 (IH, m, H-7a)

HRMS {m/z -ES) : Found: 723.3652 (M - H: calculated for C44H47N6O4 

:723.3659)

8.4.3 3-(3,5-6i5(TrifluoromethyI)phenylamino)-4-((5)-(2-phenyl-6- 
methoxyquinolin-4-yl)((25)-5-vinyIquinuclidin-2- 
yI)methylamino)cyclobut-3-ene-l,2-dione (313)

CF,

A 25 cm^ RBF was charged with 301 (647 mg, 1.50 mmol). CH2CI2 (10 cm^) followed by 

NEt3 (835 pL, 6.00 mmol) were added via syringe an the resultant mixture stirred at room 

temperature. After 1 h, water (10 cm^) was added and the organic phase separated, washed 

with NaOH (1 N, aq. 5 cm^) and dried over MgS04. The solvent was removed in vacuo
■3 3

and the residue was dissolved in MeOH (5 cm ) and transferred to a 50 cm RBF. Solid 

312 (500 mg, 1.5 mmol) was added in one portion and the reaction mixture was stirred 

under a protective argon atmosphere (septum and balloon). After 48 h, the reaction mixture
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was filtered to yield 313 as a yellow solid (750 mg, 79%). M.p. 204 °C (deeomp.) (Lit., 
227-228 °C, decomp.) [a]D^°= -58.5 (c 0.5 CHCI3).

242

5h(400 MHz, DMSO-J^):

HRMS (m/z - ESI+) :

10.21 (IH, br s, A«), 8.82 (IH, d, J4.0, H-2’), 8.33 (IH, br 

s, 7VH), 8.00-7.95 (3H, m, H-8’, H-12), 7.75 (IH, s, H-13), 

7.69-7.66 (2H, m, H-3’, H-7’), 7.45 (IH, d, J 9.4, H-5’), 

6.11-5.92 (2H, m, H-9, H-10), 5.04 (IH, d, J 17.6, H-11), 

4.98 (IH, d, J 10.5, H-11), 3.95 (3H, s, OMe), 3.48-3.17 (3H, 

m, H-2b, H-6a, H-8), 2.72-2.69 (2H, m, H-2a, H-6b), 2.29 

(IH, br s, H-3), 1.60-1.22 (4H, m, H-7b, H-5a, H-5b, H-4), 

0.67 (IH, m, H-7a).

Found: 631.2139 (M"' + H. C32H29N4O3F6 Requires: 

631.2144)

8.4.4 A^-Benzoylalanine (316)

A 50 cm^ RBF containing a magnetic stirrer was charged with alanine (2.23 g, 25.00 

mmol) and dissolved in aqueous NaOH (2 N, 25 cm^). The reaction mixture was cooled in 

an ice-bath and benzoyl chloride (2.9 cm^, 25.00 mmol) was added dropwise via syringe, 

the reaction mixture was allowed to warm to room temperature with continuous stirring. 

After 16 h the reaction mixture was acidified with 2N HCl and the filtered to )deld 316 as a 

white solid (4.63 g, 96%). M.p. 145-146 °C; (lit.,^^^ 150 °C).

8h (400 MHz, DMSO-t/^): 8.68 (d, J7.5, IH, 7VH), 7.88 (2H, d, J 8.0, H-2’), 7.55 (IH, t,

J 8.0, H-4’), 7.48 (2H, m, H-3’), 4.42 (IH, m, H-1), 1.40 

(3H, d, J7.5, H-2).
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8.4.4.1 2-Phenyl-4-methyloxazolone (167)

o

A 100 cm^ RBF containing a magnetic stirrer was charged with 316 (965 mg, 5.00 mmol), 

flushed with argon and maintained under a protective argon atmosphere (septum and 

balloon). CH2CI2 (40 cm^) was added via syringe followed by DCC (1.03 g, 5.00 mmol) in 

one portion and the reaction mixture was stirred a room temperature. After 1 h, the reaction 

mixture was filtered and the solvent removed in vacuo. The crude residue was purified by 

flash chromatography (CH2CI2) to yield a white solid 167 (715 mg, 82%). M.p. 36-37 °C;

(lit.,^^^ 37-38 °C).

5h (400 MHz CDCI3): 8.02 (2H, d, J 7.9, H-2’), 7.61 (IH, t, J 7.4, H-4’), 7.51 (2H, 

m, H-3’), 4.48 (IH, q, 7 7.7, H-4), 1.62 (3H, d, J7.7, H-6)

8.4.5 Procedure J: general procedure for the DKR of azlactones with thiols 

(Table 5.1)

A 2 cm^ glass vial containing a magnetic stirrer was charged with 167 (35 mg, 0.20 mmol) 

and catalyst (0.02 mmol), flushed with argon and fitted with a balloon and septum. CH2CI2 

(1 cm^) followed by thiol (0.60 mmol) were added via syringe and the vial was fitted with 

a lid. The reaction was stirred at room temperature and after the indicated time styrene (23 

pL, 0 .20 mmol) was added via syringe and a sample of the reaction mixture was analysed 

by ’H NMR spectroscopy. The reaction was purified directly by flash chromoatography to 

furnish the product.
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8.4.5.1 5-4-tei'f-Butylbenzyl 2-benzamidopropanethioate (317)

Prepared according to general procedure J using 167 (35 mg, 0.20 mmol) and A-tert- 

butylbenzyl mercaptan (112 pL, 0.60 mmol). The reaction was purified by flash 

chromatography (hexanes/EtOAc; 8:2) to yield a white solid 317. M.p. 110-113 °C

CSP-HPLC conditions; CHIRALCEL OD-H column (4.6 mm x 25 cm), hexane/IPA: 

80/20, 1.0 cm^ min-1, RT, UV detection at 220 nm, retention times: 6.8 min and 13.4 min.

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS (m/z -ES) :

Vmax (film)/cm'‘:

7.83 (2H, d, J lA, H-2’), 7.55 (IH, t, J 7.5, H-4’), 7.47 (2H, 

m, H-3’), 7.34 (2H, d, J 8.0, H-2”), 7.24 (2H, d, J 8.0, H- 

3”), 6.62 (IH, d, J 7.0, AH), 5.03-4.98 (IH, m, H-1), 4.18 

(IH, d, J 13.5, H-1”), 4.13 (IH, d, J 13.5, H-1”), 1.56 (3H, 

d,y7.5, H-2), 1.31 (9H, s, H-4”)

220.1 (q), 166.5 (q), 145.0 (q), 133.3 (q), 133.1 (q), 131.5, 

128.2, 128.1, 125.7, 125.2, 54.8, 34.1 (q), 32.5, 30.9, 18.7

Found: 378.1503 (M^ + Na: calculated for C2iH25N02NaS : 

378.1504)

3309, 2965, 2867, 1693, 1645, 1516, 1487, 1328, 11287, 

1179, 1021,834, 690

8.4.5.2 A-cyclohexyl 2-benzamidopropanethioate (185)

Prepared according to general procedure J using 167 (35 mg, 0.20 mmol) and cyclohexyl 

thiol (73 pL, 0.60 mmol). The reaction was purified by flash chromatography (CH2CI2) to 

yield a white solid 185. M.p. 100-102 °C. (Lit.,’’® 101-103 °C)
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CSP-HPLC conditions: CHIRALCEL OD-H column (4.6 mm x 25 cm), hexane/IPA;

80/20, 1.0 cm^ min-1, RT, UV detection at 220 nm, retention times: 5.5 min and 8.9 min.

6h (400 MHz, CDCI3): 7.85 (2H, d, J lA, H-2’), 7.55 (IH, t, J 7.5, H-4’), 7.47 (2H,

m, H-3’), 6.64 (IH, d, J 7.0, 7VH), 4.97-4.92 (IH, m, H-1), 

3.56 (IH, m, H-1”), 2.01-1.91(2H, m, H-2”eq), 1.76-1.69 

(2H, m, H-3”ax), 1.62-1.60 (IH, m, H-4”eq), 1.56 (3H, d, J 

7.5, H-2), 1.50-1.42 (4H, m, H-3”eq, H-2”ax), 1.32-1.28 (IH, 

m, H-4”ax)

8.4.6 (l/f)-(6-Methoxyquinolin-4-yl)((2i?)-5-vinylquinuclidin-2-yl) methanamine 

(3 HCl salt) (319)

Prepared aeeording to general proeedure 1 using quinidine (1.95 g, 6.00 mmol), DIAD (1.4 

em^ 7.20 mmol), PPha (1.89 g, 7.20 mmol) and DPPA (1.55 em^ 7.20 mmol) in THF 60 

em^). The Staudinger reduction was performed using PPh3 (1.89 g, 7.20 mmol) and water 

(5 cm^). Removal of the solvent in vacuo afforded 319 as a yellow solid (6.64 g, 84%). 

Decomp. 220-222 °C = +38.1 (c 0.75 CH3OH). The isolated product exhibited

identical spectroscopic data as reported in the literature. 

6h (400 MHz, D2O):

245

9.05 (IH, d, J 5.6, H-2’), 8.27 (IH, d, J 8.8, H-8’), 8.21 (IH, 

d, J5.6, H-3’), 7.90 (IH, dd,7 8.8, 1.5, H-7’), 7.75 (IH, app. 

hr s, H-5’), 5.85 (IH, ddd, J 16.9, 10.5, 5.1, H-10), 5.68 (IH, 

d, J 10.0, H-9), 5.29 (IH, app. d, H-11), 5.27 (IH, app. d, H- 

11), 4.35 (IH, m, H-8), 4.09 (3H, s, OMe), 3.80-3.52 (4H, m, 

H-6a, H-6b, H-2a, H-2b), 2.86-2.94 (IH, m, H-3), 2.13-1.92 

(3H, m, H-4, H-5a and H-5b), 1.56-1.48 (IH, m, H-7b), 1.32 

(dd,J 13.9, 8.8, IH, H-7a).
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8.4.6.1 3,4-Z>/5'((lif)-(6-methoxyquinolin-4-yl)((2/f)-8-vinylquinuclidin-2- 

yl)methylamino)-cyclobut-3-ene-l,2-dione (320)

11

A 50 cm^ RBF was charged with 301 (3.02 g, 7.00 mmol). CH2CI2 (20 cm^) followed by 

NEt3 (3.9 cm^, 28.00 mmol) were added via syringe and the resultant mixture stirred at 

room temperature. After 1 h, water (20 cm^) was added and the organic phase separated, 

washed with NaOH (1 N, aq. 10 cm^) and dried over MgS04. The solvent was removed in 

vacuo and the residue was dissolved in MeOH (10 cm^) and transferred to a 50 cm^ RBF. 

Solid 310 (447 mg, 3.15 mmol) was added in one portion and the reaction mixture was 

stirred under a protective argon atmosphere (septum and balloon). After 48 h, the reaction 

mixture was filtered to yield 320 as a white solid (1.80 g, 82%). M.p. 190 °C 

(decomp.)[a]+ 111.2 (c = 0.2, CHCI3). ’H NMR spectroscopic ananlysis performed at 

80 °C.

5h (400 MHz, DMSO-Jd):

6c (100 MHz, DMSO-c(6):

8.80 (IH, d, /3.5, H-2’), 7.99 (IH, d, J9.2, H-8’), 7.,81 (IH, 

m, H-5), 7.56 (IH, d, J 3.5, H-3’), 7.45 (IH, dd, J 9.2, 1.9, 

H-7’), 6.07 (IH, m, H-9), 5.85-5.79 (IH, m, H-10), 5.16 (IH, 

d, J 17.4, H-11), 5.04 (IH, d, J 10.5, H-11), 3.98 (3H, s, 

OMe), 3.31-2.75 (5H, m, H-8, H-6a, H-6b, H-2a, H-2b), 2.22 

(IH, m, H-3), 1.56-1.51 (3H, m, H-5a, H-5b, H-4), 1.03-0.88 

(2H, m, H-7a, H-7b)

182.1 (q), 166.8 (q), 158.4 (q), 148.3 (q), 144.7 (q), 144.0 

(q), 141.3, 130.4, 127.8, 122.7, 120.2, 114.9, 101.5, 59.1, 

56.0, 52.3, 49.3, 45.6, 38.8, 27.5, 26.4, 25.6
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HRMS (w/z-ES)

Vmax (film)/cm'':

8.4.7

Found: 723.3652 (M - H: calculated for C44H47N6O4 

:723.3659)

2934, 1668, 1586, 1509, 1434, 1229, 1025, 850, 827, 691

l-(3,5-6/s(trifluoromethyl)phenyl)-3-((15)-(6-methoxyquinolin-4-yl) ((25) 
5-vinylqumuclidin-2-yl)methyI)thiourea (156)

A 50 cm^ RBF containing a magnetic stirrer was charged with 301 (500 mg, 1.16 mmol), 

flushed with argon, then the flask was fitted with a septum and balloon of argon. CH2CI2 

(20 cm ) was added via syringe and the reaction mixture was cooled in an ice-bath. NEts 

(800 pL, 5.80 mmol) was added dropwise via syringe and the resultant misture was stirred 

at 0 °C. After 30 min 3,5-(7i5-(trifluoromethyl)phenyl isothiocyanate (229 pL, 1.28 mmol) 

was added via syringe and the reaction was stirred at 0 °C to room temperature. After 16 h, 

the reaction mixture was filtered and the solvent removed in vacuo. The crude residue was 

purified by flash chromatography (ethyl acetate/hexane; 85:15) to yield 156 as an off-white 

solid (477 mg, 73%). M.p. 127-129 °C. [a]D^“ = - 80.2 (c 0.5, CHCI3). ) The isolated 

product exhibited identical spectroscopic data as reported in the literature.^'*^

5h (400 MHz, MeOD): 8.71 (IH, d, J 4.8, H-2’), 8.12 (3H, m, H-12, H-5’), 7.97 

(IH, d, J9.3, H-8’), 7.62 (IH, s, H-13), 7.59 (IH, d, 74.8, H- 

3’), 7.48 (IH, dd, J 9.3, 2.8, H-7’), 6.38 (IH, br d, J 10.5, H- 

9), 5.92 (IH, ddd, J 17.4, 10.3, 7.5, H-10), 5.07 (IH, d, J 

17.4, H-11), 5.01 (IH, d, J 10.3, H-11), 4.06 (3H, s, OMe), 

3.64 (m, IH, H-6a), 3.48-3.42 (IH, m, H-8), 3.31-3.28 (IH, 

m, H-2b), 2.91-2.81 (2H, m, H-6b, H-2a), 2.41 (IH, br s, H-
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8.4.8

3), 1.76-1.65 (3H, m, H-5a, H-5b, H-4), 1.56-1.51 (IH, m, 

H-7b), 0.92-0.87 (IH, m, H-7a)

General procedure for the evaluation of catalysts in the DKR of 167 with 

ethanol

8.4.8.1 (5)-Ethyl 2-benzamidopropanoate (197)

A 2 cm^ vial containing a magnetic stirrer was charged with 167 (35 mg, 0.2o mmol) and 

catalyst (0.02 mmol), flushed with argon and maintained under a protective argon 
atmosphere (septum and balloon). CH2CI2 (1 cm^) followed by ethanol (23 pL, 0.40 mmol) 

were added via syringe and the reaetion mixture was stirred at room temperature. After 24 

h the reaction was purified by flash ehromatography to yield 197 as a white solid. M.p. 

100-102 °C (Lit.,^^° 98-98 °C). The isolated product exhibited identical spectroscopic data
•^CA

as reported in the literature.

HPLC conditions: CHIRALCEL OD-H column (4.6 mm x 25 cm), hexane/lPA: 90/10, 1.0 

cm^ min'', RT, UV detection at 220 nm, retention times: 8.4 min (R, minor) and 10.8 min 

(S, major).

5h (400 MHz, CDCI3): 7.83 (2H, d, J 7.5, H-2’), 7.54 (IH, t, J 6.5, H-4’), 7.47 (2H,

m, H-3’), 6.79 (IH, br d, AH), 4.84-4.79 (IH, m, H-1), 4.27 

(2H, q, J 7.0, H-3), 1.55 (3H, d, J 7.0, H-2), 1.34 (3H, t, J 

7.0, H-4)

(5)-A-(Benzyloxycarbonyl)-serine methyl ester (323)

9 /OH

‘ ,A '

8.4.9

A 250 em^ RBF containing a magnetic stirrer was charged with L-serine (6.30 g, 60.00 

mmol) and a reflux condenser was attached. MeOH (100 cm ) was added via syringe 

followed by the dropwise addition of SOCI2 (8.4 cm^, 110 mmol). The reaction mixture
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was heated at reflux for 4 h, after which the solution was cooled to room temperature and 

the solvent removed in vacuo to yield a white solid. The solid was dissolved in a solution 

of K2CO3 (20.7 g, 150.0 mmol) in water (50 cm^) and cooled in an ice-bath. A solution of 

benzyl chloroformate (7.8 cm^, 55.00 mmol) in THF (50 cm^) was added and the resultant 

mixture was stirred at 0 °C to room temperature. After 16 h the organic phase was 
separated and the aqueous layer extracted with EtiO (3 x 30 cm^). The combined organic 

extracts were dried over MgS04 and the solvent removed in vacuo. The residue was 

purified by flash chromatography (hexanes/EtOAc; 1:1) to yield 323 as a white solid. M.p. 

30-32 °C (Lit.,^^' 31-32 °C). The isolated product exhibited identical spectroscopic data as 

reported in the literature.^^'

5h(400 MHz, CDCI3): 7.38 (5H, m, H-5, H-6, H-7), 5.71 (IH, br d, AH), 5.15 (2H, 

s, H-4), 4.95-4.94 (IH, m, H-1), 4.07-3.95 (2H, m, H-2), 

3.81 (3H, s, H-3), 2.17 (IH, br s, OH)

8.4.10 General procedure for the evaluation of serine as a nucleophile in the 

alcoholysis of 167 (Table 5.3)

8.4.10.1 (iS)-Methyl-3-((iS)-2-benzamidopropanoyloxy)-2-benzyloxycarbonylamino) 
propanoate (324)

o

A 2 cm^ glass vial containing a magnetic stirrer was charged with 167 (35 mg, 0.20 mmol) 

and catalyst (0.02 mmol), flushed with argon and maintained under a protective argon 

atmosphere (septum and balloon). CHCI3 (1.0 cm^) was added via syringe followed by the 

addition of 323 (51 mg, 0.20 mmol) in one portion, the reaction mixture was stirred at 

room temperature. After 48 h, styrene (23 pL, 0.20 mmol) was added via syringe and a 

sample of the reaction was analysed by 'H NMR spectroscopy. The reaction was purified 

directly by flash chromatography (hexanes/EtOAc; 1:1) to yield 324 as a white solid. M.p. 

101-102 °C. [a]D^®= +32.1 (c 0.2, CHCI3).
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Sh (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS {m/z -ES) :

Vmax (film)/cm'':

7.81 (2H, d, J12, H-10), 7.52 (IH, t, J1 A, H-12), 7.44 (2H, 

m, H-11), 7.38-7.34 (5H, m, H-9, H-8, H-7), 6.66 (IH, br s, 

A«), 5.74 (IH, d, J 7.9, Adi), 5.15 (2H, m, H-6), 4.78 (IH, 

m, H-1), 4.69 (IH, m, H-4), 4.64-4.50 (2H, m, H-3), 3.74 

(3H, s, H-5), 1.50 (3H, d, J 7.1, H-2)

172.4 (q), 169.6 (q), 167.0 (q), 155.8 (q), 136.0 (q), 133.6 

(q), 131.8, 128.6, 128.5, 128.2, 128.1, 127.1, 67.2, 64.8, 

53.4, 52.9, 48.6, 18.2

Found: 451.1487 (M + Na. C22H24N207Na Requires: 

451.1481)

3328, 2951, 1735, 1690, 1529, 1444, 1269, 1233, 1199, 

1055, 1000, 930, 857, 784, 728, 694

8.4.11 (5)-Methyl 2-((5)-2-benzamidopropanamido)-3-hydroxypropanoate (325)

HO

A 25 em^ RBF containing a magnetic stirrer was charged with 324 (70 mg, 0.16 mmol), 

purged and flushed with argon. Degassed EtOAc (2 cm^) was added followed by Pd/C 

(spatula tip) and the reaction mixture was stirred under an argon atmosphere. After 3 h the 

reaction mixture was filtered through celite and the solvent removed in vacuo to furnish 

325 as an off-white solid (47 mg, 98%). M.p. 135-137 (Lit.,^^^ 135-136 °C) [a]^V + 10.1

(c 0.4 MeOH). The isolated product exhibited identical spectroscopic data as reported in 

the literature.^^^

5h (400 MHz, CDCI3): 7.81 (2H, d, J 7.6, H-6), 7.52 (IH, t, 7 7.1, H-8), 7.43 (2H, 

app. t, H-7), 7.35 (IH, d, 77.6, AH), 7.08 (IH, d, J6.7, NR), 

4.80-4.65 (2H, m, H-4, H-2), 4.11-3.87 (2H, m, H-3), 3.82 

(3H, s, H-1), 2.19 (IH, br s, OR), 1.57 (2H, d, /7.1, H-5)
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8.4.12 Procedure K: general procedure for alkylation of Quinine with RLi 
reagents

-3

A 100 cm RBF containing a magnetic stirrer was charged with quinine (972 mg, 3.00 

mmol) and set up for reflux. The apparatus was flushed with argon and a septum with 

ballon was fitted. MTBE (18 cm^) was added and the reaction mixture was cooled to -10 

°C in an ice/NaCl bath with continuous stirring. A solution of lithiate (9.00 mmol) was 

added in one portion. The reaction mixture was allowed to warm to room temperatue over 

1 h then refluxed for 1 h. The solution was cooled to room temperature, acetic acid (1 cm^)
•3 -3

was added dropwise followed by H2O (20 cm ) and ethyl acetate (20 cm ). Iodine was 

added with vigourous stirring until the solution remained deep brown, then Na2S203 

solution (1 N, aq.) was added to quench excess iodine and aqeuous ammonia is added until 

the solution is basic. The organic layer is seperated and the aqeuous layer extracted with 
CH2CI2 (2x20 cm^). The combined organic extracts were dried over MgS04 and the 

solvent removed in vacuo. The residue was purified by flash chromatography 

(EtOAc/NEts: 95/5) to yield C-2‘ substituted quinines.

8.4.12.1 (/?)-(6-Methoxy-2-methylquinolin-4-yl)((25)-5-vinylquinuclidm-2- 
yl)methanol

11

Prepared according to procedure K using MeLi (9.00 mmol). The crude was purified by 

recrystallisation using toluene to furnish 327 as a white solid (394 mg, 39%). M.p. 190- 

194°C -99.4 (c 0.2 CHCI3)

5h(400 MHz, CDCI3): 7.91 (IH, d, J9.5, H-8’), 7.42 (IH, app. t, H-7’), 7.32 (IH, hr 

s, H-3’), 7.17 (IH, s, H-5’), 5.81-5.73 (IH, m, H-10), 5.53 

(IH, hr s, H-9), 4.97 (2H, app. t, H-11), 4.39 (IH, hr s, OH), 

3.90 (3H, s, OMe), 3.51 (IH, m, H-2b), 3.15 (2H, m, H-8, H- 

6a), 2.69 (5H, m, H-12, H-6b, H-2a), 2.32 (IH, m, H-3),
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5c (100 MHz, CDCI3):

HRMS {m/z -ES): 

^max (film)/cm‘':

1.86-1.76 (3H, m, H-4, H-5b, H-7b), 1.59-1.56 (2H, m, H-7a, 

H-5a)

156.5 (q), 155.4 (q), 147.5 (q), 143.2 (q), 141.5, 129.9, 124.2 

(q), 120.6, 118.8, 113.9, 100.9, 71.4, 59.5, 56.6, 55.1, 42.8, 

39.5, 27.4, 27.2, 24.5,21.3.

Found; 339.2066 (M^ + H. C21H27N2O2 Requires: 339.2073)

3147, 2935, 1622, 1502, 1450, 1389, 1341, 1263, 1231, 

1169, 1127, 1104, 1037, 991, 905, 825, 729, 691, 656

8.4.12.2 (if)-(6-Methoxy-2-phenylquinolin-4-yl)((25)-5-vinylquinuclidin-2- 
yl)methanol (328)

11

Prepared according to procedure K using PhLi (9.00 mmol). The crude was purified by 

recrystallisation using toluene to furnish 328 as a white solid (444 mg, 37%). M.p. 86-90 

°C. [a]^°D -177° (c 1.0 CHCI3). The isolated product exhibited identical spectroscopic data

as reported in the literature. 

5h(400 MHz, CDCI3):

223

8.14-8.01 (3H, m, H-8’, H-12), 7.92 (IH, s, H-3’), 7.49 (2H, 

app. t, H-13) 7.42 (IH, t, J 7.48, H-7), 7.36 (IH, dd, J 9.2, 

2.5, H-7’), 7.21 (IH, d, J2.52, H-5’), 5.71 (IH, ddd, J 17.1, 

10.3, 7.6, H-10), 5.54 (IH, s, H-9), 5.00-4.87 (2H, m, H-11), 

3.89 (3H, s, OMe), 3.47 (IH, m, H-2b), 3.13-3.07 (2H, m, 

H-8, H-6a), 2.75-2.60 (2H, m, H-6b, H-2a), 2.27 (IH, m, H- 

3), 1.87-1.66 (3H, m, H-5b, H-7b, H-4), 1.54-1.27 (2H, m, 

H-5a, H-7a)
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8.4.12.3 (/?)-(6-Methoxy-2-(3-(trifluoromethyl)phenyl)quinolin-4-yl)((25)-5- 
vinylquinuclidin-2-yl)methanol (339)

11

Prepared according to general procedure K, using a lithiate generated from l-bromo-3- 
(trifluoromethyl)benzene (1.25 cm^, 9.00 mmol) and s'ec-BuLi (18.00 mmol). The crude 

was purified by flash chromatography (EtOAc/MeOH/NEt3; 95:5:2) to yield 339 as a white 
solid (690 mg, 49%). M.p. 113-115 °C. [a]^V -11.3 (c 0.4 CHCI3)

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

5f(376 MHz, CDCI3): 

HRMS (m/z -ES) :

Vmax (film)/cm'':

8.38 (IH, s, H-12), 8,24 (IH, d, J 7.7, H-8’), 7.99-7.96 (2H, 

m, H-3’, H-15), 7.58 (IH, d, J 7.7, H-13), 7.29 (IH, m, H- 

14), 7.22 (IH, m, H-7’), 7.05 (IH, s, H-5’), 5.74 (IH, s, H- 

9), 5.66 (IH, m, H-10), 4.97-4.90 (2H, m, H-11), 3.78 (3H, s, 

OMe), 3.73 (IH, m, H-2b), 3.16-3.11 (2H, m, H-8, H-6a), 

2.74 (2H, m, H-2a, H-6b), 2.36 (IH, m, H-3), 1.87 (3H, m, 

H-4, H-5b, H-7b), 1.56-1.45 (m, 2H, H-5a, H-7a)

157.9 (q), 152.6 (q), 148.0 (q), 144.1 (q), 140.8, 140.4 (q), 

131.8, 131.3, 130.6 (q,yc-F 32.1), 129.2, 125.4, 124.2 (q,Jc-F 

272.3), 124.0 (q), 122.9, 122.0, 115.9, 115.0, 100.8, 70.7, 

60.0, 56.5, 55.8, 43.4, 39.3, 27.6, 26.8, 20.7

-62.46

Found: 469.2105 (M + H. C27H28N2O2F3 Requires: 

469.2013)

3300, 2934, 1621, 1505, 1322, 1235, 1120, 1071, 830, 803, 

697
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8.4.12.4 5-Bromo-l,3-di-?^r^-butyl-2-methoxybenzene

A 250 cm^ RBF containing a magnetic stirrer was charged with NaH (960 mg, 24.00 

mmol), flushed with argon and maintained under an argon atmosphere (septum and 

balloon). Dry DMSO (24 cm^) was added via syringe and 4-bromo-2,6-di-tert-butylphenol 

(2.9 g, 10.00 mmol) was added in two portions. The reaction mixture was cooled to 0 °C 

with vigourous stirring. lodomethane (2.5 cm^, 40.0 mmol) was added dropwise via 

syringe and the reaction was allowed to warm to room temperature with stirring. After 3 h, 
Et20 (50 cm^) and water (50 cm^) were added and the organie layer separated, washed with 

water (2 x 20 cm ), dried over MgS04 and the solvent removed in vacuo. The crude 

residue was purified by flash chromatography (hexanes) to yield 344 as a pale yellow solid 

(2.88 g, 98%). M.p. 57-58 °C (Lit.,^^^ 49-50 °C). The isolated product exhibited identical 

spectroscopic data as reported in the literature.^^^

5h (400 MHz, CDCI3): 7.35 (2H, s, H-1), 3.68 (3H, s, OMe), 1.43 (18H, s, H-2)

8.4.12.4.1 (iS’)-(2-(3,5-6/s'-Tert-butyl-4-methoxyphenyI)-6-methoxyquinolin-4-yl)((25)- 

5-vinylquinuclidin-2-yl)methanoI (346)

11

Prepared according to general procedure K, using a lithiate generated from 344 (2.70 g, 

9.00 mmol) and sec-QulA (18.0 mmol). The crude was purified by flash ehromatography
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(EtOAc/MeOH/NEt3; 95:5:1) to yield 346 as a white solid (650 mg, 40%). M.p. 128-129 
°C. [afV-11.2 (c 0.4 CHCI3).

5h (400 MHz, CDCI3):

6c (100 MHz, CDCI3):

HRMS (m/z -ES):

Vmax (film)/cm :

8.06 (IH, d, J9.4, H-8’), 7.96 (2H, s, H-12), 7.95 (IH, s, H- 

3’), 7.32 (IH, d, y 9.4, H-7’), 7.24 (IH, s, H-5’), 5.78-5.72 

(2H, m, H-9, H-10), 5.02-4.95 (2H, m, H-11), 3.92 (3H, s, 

OMe), 3.75 (3H, s, H-14), 3.63 (IH, br s, H-2b), 3.26-3.16 

(2H, m, H-8, H-6a), 2.77 (2H, m, H-2a, H-6b), 2.36 (IH, br 

s, H-3), 1.88-1.78 (3H, m, H-7b, H-5b, H-4), 1.63-1.52 (20H, 

m, H-7a, H-5a, H-13)

160.8 (q), 157.4 (q), 155.3 (q), 148.3 (q), 144.3 (q), 140.0 

(q), 141.7, 134.2(q), 131.8, 125.8, 125.0 (q), 121.3, 116.4, 

114.5, 101.3, 71.1, 64.4, 59.8, 56.8, 55.7, 43.2, 39.8, 35.9 

(q), 32.1,27.9, 27.4, 20.9

Found: 543.3577 (M^ + H C35H47N2O3 Requires: 543.3587)

3300 (bs), 2950.9, 1621.6, 1504.3, 1346.9, 1226.8, 1114.4, 

1006.9, 830.1,780.6

8.4.12.5 l,3,5-Tribromo-2-iodobenzene (341)

A solution of NaNOi (3.28 g, 47.50 mmol) in H2O (15 mL) was added dropwise to a slurry 

of 2,4,6-tribromoaniline (15.0 g, 45.50 mmol) in cone. HCl (23 mL) in a 100 mL RBF at 0 

°C. The mixture was stirred a 0 °C for 30 minutes after addition of NaN02 solution. The 

reaction mixture was added to a solution of KI (75.0 g, 455.0 mmol) in H2O (114 mL) with 

stirring. After Ih at room temperature CH2CI2 (200 mL) and Na2S03 solution (20 mL, 0.5 

M) were added. The organic layer was separated and the aqueous layer was washed with 

CH2CI2 (2 X 100 cm^). The combined organic extracts were washed with NaOH (100 cm^, 

2M), H2O (50 mL) and brine (50 cm ), dried over MgS04 and the solvent removed in 

vacuo. The residue was recrystallised from CH2Cl2/hexanes to yield 341 (17.50 g, 87.5 %)
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of pale yellow needles. M.p. 105-109 °C 101-103 °C). The isolated product

exhibited identical spectroscopic data as reported in the literature.

5h (400 MHz, CDCI3): 7.70 (s, 2H)

8.4.12.5.1 l-Bromo-3,5-diphenylbenzene (342)

A 250 cm^ RBF containing a magnetic stirrer was charged with freshly ground magnesium 

(1.28 g, 52.50 mmol). The flask was set up for reflux and flushed with argon. 

Bromobenzene (5.6 cm^, 52.50 mmol) was added in two equal portions. After the second 

addition the reaction mixture was refluxed for 1 h. The reaction was cooled to room 

temperature and a solution of 341 (6.60 g, 15.00 mmol) in THF (30 cm^) was added down 

the condenser. The reaction mixture was heated at reflux for Ih and stirred at room 
temperature for 16h. HCl (2N, aq. 50 cm^) was added dropwise and the organic layer 

separated. The aqueous layer was extracted with CH2CI2 (2 x 20 cm^). The combined 

organic extracts were dried over MgS04 and the solvent removed in vacuo. The residue 

was purified by flash chromatography (100% hexanes) to yield 342 as a white solid (3.31 

g, 71%). M.p. 113-114 °C (Lit.,^^^ 107-109 °C). The isolated product exhibited identical

spectroscopic data as reported in the literature. 

5h(400 MHz, CDCI3):

226

7.71 (3H, m, H-1, H-2), 7.62 (4H, d, J 7.7, H-3), 7.47 (4H, 

app. t, H-4), 7.39 (2H, t, J7.7, H-5)
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8.4.12.5.1 (i?)-(2-(3,5-Z>/s-Phenyl-phenyl)-6-methoxyquinolin-4-yl)((25)-5- 

vinylquinuclidin-2-yl)methanol (345)

11

Prepared according to general procedure K, using a lithiate generated from 342 (2.80 g, 

9.00 mmol) and ^ec-BuLi (18.0 mmol). The crude was purified by flash chromatography 

(EtOAc/MeOH/NEt3; 95:5:2) to yield 345 as a white solid (1.30 g, 76%). M.p. 127-128 °C.
[a]^°D + 8.7 (c 0.4 CHCI3). 

5h (400 MHz, CDCI3):

6c (100 MHz, CDCI3):

HUMS {m/z -ES): 

Vmax (film)/cm'':

8.26 (2H, d, J 1.5, H-12), 8.08 (IH, d, J9.2, H-8’), 8.01 (IH, 

s, H-3’), 7.79 (IH, t, J 1.5, H-13), 7.71 (4H, d, J 13, H-14), 

lAl (4H, app. t, H-15), 7.41 (2H, t, J 7.2, H-16), 7.33 (IH, 

dd, J9.2, 2.5, H-7’), 7.11 (IH, d, J2.5, H-5’), 5.72 (IH, ddd, 

J 17.2, 10.4, 9.7, H-10), 5.56 (IH, d, J2.9, H-9), 4.96 (IH, d, 

J 17.2, H-11), 4.92 (IH, d, J 10.4, H-11), 3.85 (3H, s, OMe), 

3.56 (IH, m, H-6a), 3.13-3.08 (2H, m, H-8, H-2b), 2.70-2.67 

(2H, m, H-2a, H-6b), 2.29 (IH, m, H-3), 1.89-1.76 (3H, m, 

H-4, H-5b, H-7b), 1.56-1.51 (2H, m, H-5a, H-7a).

157.7 (q), 154.2 (q), 148.4 (q), 144.2 (q), 142.2 (q), 141.7, 

141.1 (q), 140.6 (q), 131.7, 128.8, 127.5, 127.4, 126.8, 125.6 

(q), 125.0, 121.8, 116.3, 114.5, 101.2, 71.9, 60.1, 56.9, 55.7, 

43.3,39.9, 27.9, 27.5,21.4.

Found: 553.2870 (M^ + H. C38H37N2O2 Requires: 553.2855)

2931, 1620, 1593, 1499, 1454, 1362, 1309, 1232, 1172, 

1095, 1030, 911, 877, 827, 757, 659
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8.4.13 (iS)-(6-Methoxy-2-methylquinolin-4-yl)((25)-5-vinylquinuclidm-2- 
yl)methanainine (3 HC1 salt) (329)

11

Prepared according to general procedure I using 327 (1.30 g, 3.80 mmol), DIAD (900 pL, 

4.60 mmol), PPhs (1.20 g, 4.60 mmol) and DPPA (1.0 cm^, 4.60 mmol) in THF (40 cm^). 

The Staudinger reduction was performed using PPhs (1.20 g, 4.60 mmol) and water (2.0 

cm^). Removal of the solvent in vacuo afforded 329 as a yellow solid (1.30 g, 79%).

Decomp. 200 °C [a]o' 

5h(400 MHz, D2O):

20.

5c (100 MHz, D2O):

HRMS (m/z -ESI)

Vmax (film)/cm'':

+14.8 (cO.75 CH3OH).

8.06 (IH, d, 79.26, H-8’), 7.97 (IH, s, H-3’), 7.72-7.67 (2H, 

m, H-5’, H-7’), 5.75-5.68 (2H, m, H-9, H-10), 5.11-5.05 

(2H, m, H-11), 4.36-4.29 (IH, m, H-8), 3.94-3.83 (4H, m, H- 

6a, OMe), 3.69 (IH, app. t, H-2b), 3.39 (2H, m, H-2a, H-6b), 

2.83 (3H, s, H-12), 2.78-2.76 (IH, m, H-3), 1.95-1.82 (3H, 

m, H-5a, H-5b, H-4), 1.74 (IH, m, H-7b), 0.96 (IH, m, H-7a)

160.7 (q), 154.3 (q), 145.5 (q), 136.9, 134.0 (q), 127.4, 

122.8, 122.7, 117.0, 102.9, 59.1, 56.4, 54.0, 48.4, 42.4, 35.4, 

25.2, 23.4, 23.1, 19.8 (one quartemary not visable by '^C 

NMR spectroscopic analyis despite extensive NMR 

spectrosopic studies)

Found: 338.2237 (M^ + H. C21H28N3O Requires: 338.2232)

3357, 2930, 2567, 1643, 1618, 1498, 1377, 1279, 1011, 929, 

840, 687
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8.4.14 (5)-(6-methoxy-2-phenylquinolin-4-yl)((25)-5-vinylquinucIidin-2- 
yl)methanainine (330)

11

Prepared according to general procedure I using 327 (2.80 g, 7.00 mmol), DIAD (1.7 cm^, 

8.40 mmol), PPh3 (2.20 g, 8.40 mmol) and DPPA (1.8 cm^, 8.40 mmol) in THF (50 cm^). 

The Staudinger reduction was performed using PPha (2.20 g, 8.40 mmol) and water (5.0 

cm ). A basic workup and extraction with CH2CI2 (3 x 30 cm ) afforded 330 as a yellow tar 

(1.30 g, 79%) after removal of solvent in vacuo. [a]D^°= - 30.2 (c 0.7 CHCI3). The isolated 

product exhibited identical spectroscopic data as reported in the literature.^^'*

5h (400 MHz, CDCI3):

HRMS (m/z -ES) :

8.18 (2H, d, J 7.4, H-12), 8.14 (IH, d, J 9.26, H-8’), 8.02 

(IH, hr s, H-3’), 7.68 (m, IH, H-5’) 7.55 (2H, app. t, H-13), 

7.47 (IH, t, J l.A, H-14), 7.42 (IH, dd, T 9.26, 2.60, H-7’), 

5.82 (IH, m, H-10), 5.04-4.97 (2H, m, H-11), 4.68 (IH, m, 

H-9), 4.01 (3H, s, OMe), 3.35-3.17 (3H, m, H-8, H-6a, H- 

2b), 2.89-2.83 (2H, m, H-6b, H-2a), 2.32 (IH, m, H-3), 2.04 

(m, 2H, AH2), 1.66-1.59 (m, 3H, H-5a, H-5b, H-4), 1.46 (IH, 

m, H-7b), 0.90-0.84 (IH, m, H-7a)

Found: 400.2382 (M^+ H. C26H31N3O Requires: 400.2389)

199



8.4.15 (iS)-(2-(3,5-to-Phenyl-phenyl)-6-methoxyquinolm-4-yl)((25)-5- 
vinylquinuclidin-2-yl)methanamine (347)

11

Prepared according to general procedure I using 345 (1.50 g, 2.70 mmol), DIAD (640 pL, 

3.25 mmol), PPhs (850 mg, 3.25 mmol) and DPPA (700 pL, 3.25 mmol) in THF (30 cm^). 

The Staudinger reduction was performed using PPha (850 mg, 3.25 mmol) and water (5.0 
cm^). A basic workup and extraction with CH2CI2 (3 x 30 cm^) afforded 347 as a yellow tar 

(1.30 g, 87 %) after removal of solvent in vacuo. M.p. 124-126 °C = + 6.8 (c 0.5 

CHCI3).

5h(400 MHz, CDCI3):

6c (100 MHz. CDCI3):

HRMS {m/z -ES):

8.35 (2H, s, H-12), 8.15 (IH, d, J 9.3, H-8’), 8.08 (IH, hr s, 

H-3’), 7.89 (IH, s, H-13), 7.77 (4H, d, J 7.6, H-14), 7.53- 

7.49 (5H, m, H-15, H-7’), 7.46-7.40 (3H, m, H-5’, H-16), 

5.82-5.75 (IH, m, H-10), 5.02-4.93 (2H, m, H-11), 4.69 (IH, 

m, H-9), 3.98 (3H, s, OMe), 3.32-3.25 (3H, m, H-2b, H-6a, 

H-8), 2.88-2.82 (2H, m, H-2a, H-6b), 2.30 (IH, m, H-3), 

1.65-1.47 (4H, m, H-4, H-5a, H-5b, H-7b), 0.88 (IH, m, H- 

7a)

157.7 (q), 154.6 (q), 147.6 (q), 144.9 (q), 142.4 (q), 141.6, 

141.2 (q), 140.9 (q), 132.2, 128.8 (2C), 127.8 (q), 127.6, 

127.5, 126.8, 125.3, 121.4, 118.1, 114.4, 101.8, 77.3, 56.1, 

55.6,41.0,39.7, 28.1,27.6, 26.0

Found: 552.3009 (M + H. C38H38N3O Requires: 552.3015)
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Vmax (film)/cm'': 2934, 2097, 1620, 1593, 1479, 1230, 1030, 907, 828, 758, 

696

8.4.16 3,4-6is'((15)-(2-Methyl-6-methoxyquinolin-4-yl)((25)-8-vinylquinuclidm-2- 
yl)methylamino)-cyclobut-3-ene-l,2-dione (331)

11

A 50 cm^ RBF was charged with 329 (1.34 g, 3.00 mmol). CH2CI2 (20 cm^) followed by 

NEt3 (1.7 cm^, 12 mmol) were added via syringe and the resultant mixture stirred at room 

temperature. After 1 h, water (20 em^) was added and the organic phase separated, washed 

with NaOH (1 N, aq. 10 cm ) and dried over MgS04. The solvent was removed in vacuo 
and the residue was dissolved in MeOH (10 cm^) and transferred to a 50 cm^ RBF. Solid 

310 (200 mg, 1.4 mmol) was added in one portion and the reaction mixture was stirred 

under a protective argon atmosphere (septum and balloon). After 48 h, the reaction mixture 

was filtered to yield 196 as a white solid (825 mg, 79%). M.p. 218 °C (decomp.) [a]D^°= - 

51.2 (c 0.3 MeOH). The 'H NMR spectroscopic analysis was performed at 80 °C.

5h (400 MHz, DMSO-Js): 7.90 (IH, d, y 9.1, H-8’), 7.76 (IH, br s, H-3’), 7.41 (2H, m, 

H-7’, H-5’), 5.94-5.90 (2H, m, H-10, H-9), 5.02-4.95 (2H, 

m, H-11), 3.94 (3H, s, OMe), 3.35-3.07 (3H, m, H-8, H-6a, 

H-2b), 2.66-2.51 (5H, m, H-12, H-6b, H-2a), 2.24 (IH, m, 

H-3), 1.56-1.47 (4H, H-7b, H-5b, H-5a, H-4), 0.61-0.59 (IH, 

m, H-7a)
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6c(100MHz,DMSO-t/<5): 181.9 (q), 166.6 (q), 157.8 (q), 156.3 (q), 144.3 (q), 144.1,

142.5 (q), 130.8, 126.0 (q), 121.9, 120.2, 114.8, 101.8, 79.6, 

59.0, 56.2, 56.1, 52.9, 35.9, 27.7, 26.5, 25.2, 25.1

HRMS {m/z -ESI) :

Vmax (film)/cm :

Found; 753.4131 (M + H.C46H53N6O4 Requires: 753.4128)

2939, 1794, 1660, 1622, 1593, 1532, 1453, 1230, 1028, 832, 

809,696

8.4.16 3,4-6/s((15)-(2-Phenyl-6-methoxyquinolin-4-yl)((25)-8-vinylquinuclidin-2- 

yl)methylamino)-cyclobut-3-ene-1,2-dione (332)

11

■5

A 50 cm RBF containing a magnetic stirrer was charged with 330 (800 mg 2.0 mmol), 

flushed with argon and maintained under a protective argon atmosphere (septum and 
balloon). A solution of 310 (128 mg, 0.90 mmol) in MeOH (8.0 cm^) was added via 

syringe and the reaction mixture was stirred at room temperature. After 48 h, the reaction 

was filtered and to yield 332 (590 mg, 75%) as an off-white solid. M.p. 240 °C (decomp.). 

[a]D^'’=+81.4 (c 0.5 MeOH).

5h (400 MHz, DMSO-^(6): 8.27 (2H, d, J 7.5, H-12), 8.19 (IH, br s, H-3’), 8.05 (IH, d, 

7 9.1, H-8’), 7.84 (IH, br s, H-5’), 7.57-7.47 (4H, m, H-14, 

H-13, H-7’), 6.12 (IH, m, H-9), 5.88 (IH, m, H-10), 4.95- 

4.85 (2H, m, H-11), 3.97 (3H, s, OMe), 3.62 (IH, m, H-8),

3.27 (IH, m, H-2b), 3.01 (IH, br t, H-6a), 2.54-2.48 (2H, m, 

H-6b, H-2a), 2.15 (IH, m, H-3), 1.47-1.43 (4H, H-7b, H-5a, 

H-5b, H-4), 0.53 (IH, m, H-7a)
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5c (100 MHz, DMSO-^/fi);

HRMS (m/z -ESI) :

Vmax (film)/cm'‘:

182.1 (q), 166.7 (q), 158.4 (q), 154.1 (q), 145.6 (q), 144.6 

(q), 142.6, 139.1 (q), 132.3, 129.8, 129.3, 127.4, 126.9 (q), 

122.9, 116.9, 114.6, 101.8, 58.9, 56.1, 55.8, 53.2, 39.2, 38.9, 

27.4 (2C), 26.5

Found: 877.4402 (M + H.C56H57N6O4 Requires: 877.4441)

2941, 1791, 1592, 1495, 1441, 1348, 1226, 1027, 828, 772, 

693

8.4.17 3-{3,5-bis(T rifluoromethyl)phenylaniino)-4-((5)-(2-phenyl-6-

methoxyquinolin-4-yl)((25)-5-vinylquinuclidin-2- 

yl)methylainino)cyclobut-3-ene-l,2-dione (333)

11

CF,

A 100 cm^ RBF containing a magenetic stirrer was charged with 330 (1.50 g, 3.75 mmol) 

and dissolved in MeOH (20 cm^). Solid 312 (1.3 g, 3.75 mmol) was added in one portion 

and the reaction mixture was stirred under a protective argon atmosphere (septum and 

balloon) at room temperature. After 48 h, the solvent was removed in vacuo and the 

residue dissolved in minimum CH2CI2. Addition of hexanes precipitated 333, which was 

collected by filtration to give a white solid (2.00 g, 94%). M.p. 192 °C (decomp.), = 

+115.8 (c 0.5 MeOH). The ’H NMR spectroscopic analysis was performed at 100 °C.

5h(400 MHz, DMSO-J^): 10.20 (IH, hr s, AH), 8.50 (IH, hr s, AH), 8.24 (2H, d, J lA, 

H-12), 8.14 (IH, s, H-16), 8.06 (IH, d, J 9.2, H-8’), 7.98 

(2H, s, H-15), 7.81 (IH, d, 72.6, H-3’), 7.61-7.45 (5H, m, H- 

5’, H-7’, H-13, H-14), 6.07 (IH, d, J 11.0, H-9), 5.95 (IH, 

ddd, J 17.4, 10.4, 7.1, H-10), 5.05 (IH, d, J 17.4, H-11), 5.00
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5c (100 MHz, DMSO-Jg):

HRMS (m/z -ES)

Vmax (film)/cm :

(IH, d, J 10.4, H-11), 4.03 (3H, s, OMe), 3.65-3.58 (IH, m, 

H-8), 3.43-3.21 (2H, m, H-6a, H-2b), 2.94-2.67 (2H, m, H- 

6b, H-2a), 2.35 (IH, m, H-3), 1.75-1.47 (4H, m, H-7b, H-5a, 

H-5b, H-4), 0.89 (IH, m , H-7a).

185.3 (q), 180.6 (q), 169.1 (q), 163.3 (q), 158.5 (q), 154.2 

(q), 145.2 (q), 144.7 (q), 142.5, 141.4 (q), 139.1 (q), 132.2, 

131.7 (q, Jc-F 32.8), 129.7, 129.2, 127.5, 127.0 (q), 123.7, 

123.6 (q, Jc-F 273.3), 118.8, 117.2, 115.2, 114.6, 101.9, 59.4, 

56.1, 55.9, 53.9, 40.6, 39.9, 31.4, 27.8, 26.2

Found: 707.2450 (M+H: calculated for C38H33N4O3F6; 

707.2457)

3520, 2952, 1790, 1687, 1598, 1546, 1475, 1437, 1377, 

1273, 1234, 1173, 1133, 1030, 997, 928, 879, 835, 695

8.4.18 l-(3,5-6/s'(trifluoromethyl)phenyI)-3-((15)-(2-phenyl-6-methoxyquinolin-4- 
yl) ((25) -5-vinylquinuclidin-2-yl)methyl)urea (334)

■1

A 50 cm RBF containing a magnetic stirrer was charged with 330 (1.00 g, 2.50 mmol), 

flushed with argon, then the flask was fitted with a septum and balloon of argon. CH2CI2
-j

(20 cm ) was added via syringe and the reaction mixture was cooled in an ice-bath. 3,5-bis- 

(trifluoromethyl)phenyl isocyanate (520 pL, 3.00 mmol) was added via syringe and the 

reaction was stirred at 0 °C to room temperature. After 16 h, the solvent was removed in 

vacuo and the crude residue was purified by flash chromatography (CH2Cl2/MeOH; 95:5) 
to yield 334 as a white solid (1.20 g, 73%). M.p. 152-153 °C. [a]D^°= +14.8 (c 0.6 CHCI3).
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5h(400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS (m/z -ESI) :

Vmax (film)/cm :

8.67 (IH, br s, A«), 8.15 (3H, m, H-12, H-8’), 7.90 (IH, s, 

H-16), 7.81 (IH, br s, H-3’), 7.77 (2H, s, H-15), 7.53- 

7.54(4H, m, H-14, H-13, H-7’), 7.34 (IH, br s, H-5’), 6.72 

(IH, br d, H-9), 5.83 (IH, br s, Add), 5.62-5.53 (IH, m, H- 

10), 4.94-4.92 (2H, m, H-11), 4.05 (3H, s, OMe), 3.71-3.59 

(2H, m, H-8, H-6a), 3.12 (IH, br t, H-2b), 2.74-2.71 (IH, m, 

H-2a), 2.59-2.57 (IH, m, H-6b), 2.34 (IH, m, H-3), 1.79- 

1.71 (4H, m, H-7b, H-5a, H-5b, H-4), 1.07-1.05 (IH, m, H- 

7a)

158.5 (q), 154.7 (q), 154.6 (q), 145.0 (q), 144.5 (q), 140.7 

(q), 139.4, 139.3 (q), 132.1, 131.7 (q, Jc-f 33), 129.3, 129.0,

127.3, 127.1 (q) 123.3 (q, CF3 Jc-f 272.9), 122.7, 118.1,
116.3, 115.7, 115.4, 101.8, 60.2, 55.8, 55.3, 50.2, 41.4, 38.2, 

26.9, 26.6, 26.3

Found: 655.2498 (M + H; calculated for C35H33N4O2F6 : 

655.2508)

2934, 1681, 1567, 1472, 1382, 1274, 1228, 1173, 1125, 

1031,878, 829, 756, 682

8.4.19 l-(3,5-6/s(Trifluoromethyl)phenyl)-3-((15)-(2-phenyl-6-methoxyquinolin- 
4-yl) ((25) -5-vmylqumuclidin-2-yl)methyl)thiourea (335)

A 50 cm^ RBF containing a magnetic stirrer was charged with 330 (1.00 g, 2.50 mmol), 

flushed with argon, then the flask was fitted with a septum and balloon of argon. CH2CI2 

(20 cm^) was added via syringe and the reaction mixture was cooled in an ice-bath. 3,5-bis-
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(trifluoromethyl)phenyl isothiocyanate (550 \iL, 3.00 mmol) was added via syringe and the 

reaction was stirred at 0 °C to room temperature. After 16 h, the solvent was removed in 

vacuo and the crude residue was purified by flash chromatography (CH2Cl2/MeOH; 95:5) 
to yield 335 as a white solid (1.10 g, 65%). M.p. 135-138 °C. [a]D^°= -56.3 (c 1.0 CHCI3).

5h (400 MHz, Acetone-^e): 10.00 (IH, hr s, AH), 8.93 (IH, hr s, AH), 8.30-8.24 (4H, m,

H-8’, H-15, H-12), 8.08-8.05 (2H, m, H-5’, H-3’), 7.67 (IH, 

s, H-16), 7.50-7.45 (4H, m, H-7’, H-14, H-13), 6.38 (IH, hr 

s, H-9), 5.84 (IH, m, H-10), 5.06-4.92 (2H, m, H-11), 4.06 

(3H, s, OMe), 3.88 (IH, m, H-8), 3.61 (IH, m, H-6a), 3.45 

(IH, m, H-2b), 2.99 (2H, m, H-6b, H-2a), 2.50 (IH, m, H-3), 

1.93 (IH, m, H-5b), 1.78 (2H, m, H-5a, H-4), 1.58 (IH, m, 

H-7b), 1.23 (lH,m, H-7a)

5c(100MHz, Acetone-^/fi): 180.1 (q), 157.4 (q), 153.5 (q), 145.1 (q), 144.3 (q), 141.3

(q), 140.4, 138.9 (q), 131.3, 130.7 (q, Jc-f 33.0), 128.5, 

128.1, 126.8 (q) 126.4, 122.9 (q, Jc-f 172.1), 121.6, 121.2, 

117.6, 115.9, 113.8, 102.3, 59.9, 54.9, 54.5, 40.9, 38.5, 29.3, 

27.0, 26.3,24.5

HRMS {m/z -ES):

Vmax (film)/cm :

Found: 671.2280 (M + H: calculated for C35H33N4OSF6 : 

671.2279)

2941, 1621, 1497, 1469, 1372, 1273, 1227, 1172, 1128, 

1030, 955,884, 828, 650
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8.4.20 3-(3,5-6/s(Trifluoromethyl)phenylamino)-4-((5)-(2-(3,5-Z>/s-phenyl-phenyl)- 

6-methoxyqumolin-4-yl)((2iS)-5-vinylquinuclidm-2- 

yl)methylamino)cyclobut-3-ene-l,2-dione (348)

11

CF,

A 100 cm RBF containing a magenetic stirrer was charged with 347 (830 mg, 1.5o mmol) 

and dissolved in MeOH (10 cm^). Solid 312 (500 mg, 1.50 mmol) was added in one 

portion and the reaetion mixture was stirred under a protective argon atmosphere (septum 

and balloon) at room temperature. After 48 h, the solvent was removed in vacuo and the 

residue dissolved in minimum CH2CI2. Addition of hexanes precipitated 348, whieh was 

eollected by filtration to give a white solid (700 mg, 54%). M.p. 230 °C (decomp.). [a]D^° = 

-203.1 (c O.2CHCI3).

§H (400 MHz, DMSO-Jfi):

5c (100 MHz, DMSO-c/fi):

8.47 (2H, s, H-12), 8.35 (IH, s, H-18), 8.13 (IH, d, J9.1, H- 

8’), 8.01 (2H, s, H-17), 7.90 (4H, d, 77.0, H-14), 7.88 (IH, s, 

H-3’), 7.59-7.41 (9H, m, H-7’, H-5’, H-16, H-15, H-13), 

6.12 (IH, hr d, H-9), 5.96 (IH, m, H-10), 5.07 (IH, d, 7 17.4, 

H-11), 4.97 (IH, d, 7 10.5, H-11), 4.04 (3H, s, OMe), 3.67 

(IH, m, H-6a), 3.39-3.22 (2H, m, H-2b, H-8), 2.88-2.74 (2H, 

m, H-2a, H-6b), 2.34 (IH, hr s, H-3), 1.68-1.58 (4H, m, H- 

7b, H-5a, H-5b, H-4,), 0.88 (IH, m, H-7a).

185.2 (q), 180.5 (q), 169.1 (q), 163.3 (q), 158.3 (q), 153.9 

(q), 145.1 (q), 144.5 (q), 142.5 (q), 142.0 (q), 141.4 (q), 

140.5 (q), 140.4 (q), 132.5, 131.5 (q, 7c-f 33.2), 129.3, 128.1, 

127.5, 126.9, 126.5, 124.9, 123.5 (q, Jc-f 268.7), 122.7,

207



HRMS (m/z -ES)

Vmax (film)/cm'^

118.6, 117.6, 115.1, 114.6, 101.8, 59.4, 55.9, 55.6, 53.8,

40.6, 40.4,30.7, 27.5,26.1

Found: 859.3091 (M^ + H. C50H41N4O3F6 Requires; 

859.3083)

3177, 2941, 1795, 1654, 1559, 1452, 1375, 1275, 1175, 

1124, 1038, 936, 878, 828, 757, 695

8.5 Experimental data for chapter 6

8.5.1 Alanine methyl ester (‘HCl) (357)

HjN' 1 

•HCI O

A 250 em^ RBF containing a magnetic stirrer was charged with alanine (10.00 g, 112.0 

mmol) and fitted with a condenser. MeOH (100 cm^) was added via syringe and the 

reaction mixture was cooled to 0 °C. SOCI2 (20 cm^, 336.0 mmol) was added dropwise via 

syringe and the resultant solution was heated at reflux with stirring. After 2 h the solvent 

was removed in vacuo to yield 357 as a white solid (15.60 g, 99%). M.p. 101-103 °C 
(Lit.,^^'* 106-108 °C). The isolated product exhibited identical spectroscopic data as 

reported in the literature.^^'*

5h(400 MHz, DMSO-J^): 8.73 (3H, br s, Adda^), 4.04 (IH, m, H-1), 3.72 (3H, s, H-3),

1.42 (3H, d, J7.0, H-2)

8.5.1.1 Methyl 2-(4-(trifluoromethyl)benzamido)propanoate (358)

F:,C

A 50 cm^ RBF containing a magnetic stirrer was charged with 357 (700 mg, 5.00 mmol), 

flushed with argon fitted with a septum and maintained under an argon atmosphere 

(balloon). CH2CI2 (10 cm ) was added via syringe and the reaction was cooled in an ice- 

bath. NEt3 (2.1 cm^, 15.0 mmol) followed by 4-(trifluoromethyl)benzoyl chloride (850 pL, 

5.50 mmol) were added via syringe and the reaction mixture was allowed to warm to room
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temperature with stirring. After 16 h, the solvent was removed in vacuo and the residue 

purified by flash chromatography (hexanes/EtOAc; 8:2) to yield 358 as a white solid (1.10 

g, 81%). M.p. 114-116 °C.

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS (m/z -ES) :

Vmax (film)/cm :

7.94 (2H, d, J8.3, H-4), 7.74 (2H, d, J8.3, H-5), 6.83 (IH, d,

76.1, AH), 4.83 (IH, m, H-1), 3.84 (3H, s, H-3), 1.57 (3H, d,

77.1, H-2)

173.1 (q), 165.2 (q), 136.6(q), 132.9 (q, Jc-f 32), 127.2,

125.1, 123.2 (CF3 7c-f 273), 52.2, 48.2, 17.9

Found: 274.0691 (M - H. C12HUNO3F3 Requires: 274.0691)

3272, 1741, 1640, 1620, 1544, 1457, 1437, 1323, 1309, 

1214, 1165, 1110, 1064, 1016, 981.0, 878, 859, 772, 675

8.5.1.2 Methyl 2-(2,4,6-trichlorobenzamido)propanoate (359)

A 50 cm^ RBF containing a magnetic stirrer was charged with 357 (700 mg, 5.00 mmol), 

flushed with argon fitted with a septum and maintained under an argon atmosphere 

(balloon). CH2CI2 (10 cm^) was added via syringe and the reaction was cooled in an ice- 

bath. NEt3 (2.1 cm^, 15.00 mmol) followed by 2,4,6-trichlorobenzoyl chloride (860 gL, 

5.50 mmol) were added via syringe and the reaction mixture was allowed to warm to room 

temperature with stirring. After 16 h, the solvent was removed in vacuo and the residue 

purified by flash chromatography (hexanes/EtOAc; 7:3) to yield 359 as a white solid (1.30 

g, 84%). M.p. 102-104 °C.

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS {m/z -ES) :

7.38 (2H, s, H-4), 6.47 (IH, d, 76.4, AH), 4.85 (IH, m, H-2), 

3.83 (3H, s, H-1), 1.58 (3H, d,77.2, H-3)

172.3 (q), 162.4 (q), 135.5 (q), 133.5 (q), 132.5 (q), 127.7, 

52.2, 40.1, 17.9

Found: 307.9638 (M - H. C11H9NO3CI3 Requires: 307.9648)
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(film)/cm'’: 3282, 1739, 1648, 1581, 1547, 1454, 1446, 1434, 1377, 

1318, 1229, 1140, 1062, 983, 898, 846, 816, 803, 745, 668

8.5.2 2-(4-(Trifluoromethyl)benzainido)propanic acid (360)

F,C

A 100 cm^ RBF containing a magnetic stirrer was charged with 358 (1.10 g, 4.0 mmol), 

and aqueous NaOH (IN, 50 cm ) was added. The reaction mixture was stirred until 358 

was dissolved at which point aqueous HCl (2N) was added until the solution was at pH 2.0. 

The reaction mixture was extracted with CH2CI2 (3 x 20 cm^), the combined organic 

extracts were dried over MgS04 and the solvent removed in vacuo to furnish 360 as a 

white solid (1.00 g, 98%). M.p. 155-157 °C (no literature melting point was found). The 
isolated product exhibited identical spectroscopic data as reported in the literature.^^^

5h (400 MHz, DMSO-^/fi): 12.76 (IH, hr s, COOW), 8.95 (IH, d, J7.1, AH), 8.09 (2H, 

d, J 8.1, H-3), 7.87 (IH, d, J 8.1, H-4), 4.44 (IH, m, H-1), 
1.41 (3H, d, J7.4, H-2)

8.5.2.1 4-Methyl-2-(4-(trifluoromethyI)phenyl)oxazol-5(4/0”One (362)

•J

A 5 cm RBF containing a magnetic stirrer was charged with 360 (261 mg, 1.00 mmol), 

flushed with argon and maintained under a protective argon atmosphere (septum and 

balloon). CH2CI2 (1.0 cm^) was added via syringe. A solution of DCC (196 mg, 0.95 

mmol) in CH2CI2 (1.0 cm ) was added via syringe and the reaction was stirred at room 

temperature. After 1 h, the reaction mixture was passed through a plug of silica to fiimish 

362 as a white solid (101 mg, 42%). M.p. 65-72 °C

6h (400 MHz, CDCI3): 8.12 (2H, d, y 8.3, H-3), 7.76 (2H, d, J 8.3, H-4), 4.49 (IH, q, 

J1.6, H-1), 1.61 (3H, d, J7.6, H-2)
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6c (100 MHz, CDCI3):

5f (377 MHz, CDCI3): 

HRMS (m/z -ES) :

Vmax (film)/cm'’:

177.9 (q), 160.0 (q), 133.8 (q, Jc-f 32.2), 128.8 (q), 127.8, 

125.4 (q,yc-F3.8), 123.1 (q, Jc-f 272.1), 60.8, 16.3

-63.62

Found: 242.0432 (M^-H. C11H7F3NO2 Requires: 242.0429)

2935, 1829, 1648, 1581, 1543, 1452, 1411, 1372, 1316, 

1258, 1172, 1108, 1063, 994, 876, 851, 806, 752, 687

8.5.3 2-(2,4,6-TrichIorobenzainido)propanoic acid (361)

-j

A 100 cm RBF containing a magnetic stirrer was charged with 359 (1.20 g, 4.0 mmol), 

and aqueous NaOH (IN, 50 cm^) was added. The reaction mixture was stirred until 359 

was dissolved, at which point aqueous HCl (2N) was added until the solution was at pH 
2.0. The reaction mixture was extracted with CH2CI2 (3 x 20 cm^), the combined organic 

extracts were dried over MgS04 and the solvent removed in vacuo to furnish 361 as a 

white solid (1.10 g, 98%). M.p. 188-190 °C.

5h(400 MHz, DMSO-J^): 12.69 (IH, hr s, COOH), 9.07 (IH, d, J6.3, AH), 7.74 (2H, s,

H-3), 4.43 (IH, m, H-1), 1.33 (3H, d, J7.1, H-2)

6c(100MHz, DMSO-Jfi): 173.2 (q), 162.4 (q), 135.2 (q), 134.3 (q), 132.2 (q), 127.9,

47.7, 17.2

HRMS (m/z -ES) : 

Vmax (film)/cm'':

Found: 293.9489 (M - H. C10H7NO3CI3 Requires: 293.9492)

3367, 2898, 1706, 1631, 1584, 1547, 1524, 1455, 1434, 

1370, 1337, 1303, 1255, 1222, 1193, 1120, 1065, 922, 903, 

843,817, 798, 763,741
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8.5.3.1 4-Methyl-2-(2,4,6-trichlorophenyl)oxazol-5(4/0-ooe (363)

A 5 cm^ RBF containing a magnetic stirrer was charged with 361 (294 mg, 1.00 mmol), 

flushed with argon and maintained under a protective argon atmosphere (septum and 
balloon). CH2CI2 (1.0 cm^) was added via syringe. A solution of DCC (196 mg, 0.95

■5

mmol) in CH2CI2 (1.0 cm ) was added via syringe and the reaction was stirred at room 

temperature. After 1 h, the reaction mixture was passed through a plug of silica to furnish 

363 as colourless oil (120 mg, 44%).

5h(400 MHz, CDCI3);

6c (100 MHz, CDCI3):

HRMS (m/z -ESI):

Vmax (film)/cm'';

7.47 (2H, s, H-3), 4.54 (IH, q, /7.5, H-1), 1.66 (IH, d, J7.5, 

H-2)

177.5 (q), 157.1 (q), 137.6 (q), 135.1 (q), 128.0, 125.1 (q), 

60.6, 16.1

Found: 275.9384 (M - H. C10H5NO2CI3 Requires: 275.9386) 

1827, 1674, 1577, 1548, 1295, 1103, 985, 878, 819

8.5.4 Experimental data for the evaluation of azlactones in the DKR with 323 

(Table 5.1)

8.5.4.1 Methyl-2-(benzyloxycarbonylamino)-3-(2-(4-

(trifluoromethyl)benzaniido)propanoyloxy)propanoate (364)

10

11

F,C

■2

A 2 cm glass vial containing a magnetic stirrer was charged with 362 (49 mg, 0.20 mmol) 

and 196 (14.5 mg, 0.02 mmol), flushed with argon and maintained under a protective argon 

atmosphere (septum and balloon). CHCI3 (1.0 cm^) was added via syringe followed by the 

addition of 323 (51 mg, 0.20 mmol) in one portion, the reaction mixture was stirred at
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room temperature. After 48 h, styrene (23 pL, 0.20 mmol) was added via syringe and a 

sample of the reaction was analysed by ’H NMR spectroscopy. The reaction was purified 

directly by flash chromatography (hexanes/EtOAc; 1:1) to yield 364 as a white solid (90 

mg, 91%). M.p. 164-166 °C. [a]D^‘^= +26.1 (c 0.2 CHCI3).

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

5f(376 MHz, CDCI3): 

HRMS (m/z -ES) :

Vmax (film)/cm'’:

7.88 (2H, d, J 8.2, H-1), 7.65 (2H, d, J 8.2, H-2), 7.32 (5H, 

m, H-9, H-10, H-11), 6.76 (IH, d, J 6.7, AH), 5.68 (IH, d, J 

7.6, 7VH), 4.75 (2H, s, H-8), 4.73-4.71 (IH, m, H-3), 4.67- 

4.65 (IH, m, H-6), 4.57 (IH, dd, J 11.4, 3.5, H-5a), 4.46 (IH, 

dd, J 11.4, 4.4, H-5b), 3.72 (3H, s, H-7), 1/47 (3H, d, J 7.1, 

H-4)

172.2 (q), 169.5 (q), 165.7 (q), 155.8 (q), 136.9 (q), 136.0 

(q), 133.5 (q, Jc-f 33.0), 128.5, 128.3, 128.1, 127.6, 125.6 

{Jc-F 3.1), 123.5 (q, Jq-f 272.8), 67.3, 64.9, 53.4, 53.0, 48.7, 

18.1

-63.0

Found: 519.1343 (M + Na. C23H23N207NaF3 Requires: 

519.1355)

3321, 3271, 2945, 1738, 1693, 1647, 1539, 1328, 1274, 

1205, 1194, 1037,857, 727, 693

8.5.4,2 Methyl-2-(benzyloxycarbonylamino)-3-(2-(2,4,6-
trichlorobenzamido)propanoyloxy)propanoate (365)

o
9

10

■5

A 2 cm glass vial containing a magnetic stirrer was charged with 363 (55 mg, 0.20 mmol) 

and 196 (14.5 mg, 0.02 mmol), flushed with argon and maintained under a protective argon 

atmosphere (septum and balloon). CHCI3 (1.0 cm^) was added via syringe followed by the 

addition of 323 (51 mg, 0.20 mmol) in one portion, the reaction mixture was stirred at 

room temperature. After 48 h, styrene (23 pL, 0.20 mmol) was added via syringe and a
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sample of the reaetion was analysed by ’H NMR spectroscopy. The reaction was purified 

directly by flash chromatography (hexanes/EtOAc; 1:1) to yield 365 as a white solid (105 

mg, 99%). M.p. 123-125 °C. [a]D^°= +13.2 (c 0.2 CHCI3).

6h(400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS (w/z -ESI) :

Vmax (film)/cm'‘:

7.32-7.30 (7H, m, H-10, H-9, H-8, H-1), 6.44 (IH, d, J 7.1, 

AH), 5.59 (IH, d, J 7.6, AH), 5.08 (2H, s, H-7), 4.80-4.76 

(IH, m, H-2), 4.65-4.63 (IH, m, H-5), 4.52 (IH, dd, J 11.3, 

3.3, H-4a), 4.47 (IH, dd, J 11.3, 4.4, H-5b), 3.77 (3H, s, H- 

6), 1.47 (3H, d,y7.2, H-3)

171.7 (q), 169.4 (q), 162.9 (q), 155.7 (q), 136.0 (q), 135.9, 

133.9 (q), 132.9 (q), 128.5, 128.3, 128.2, 128.1, 67.3, 64.9, 

53.3,53.1,48.5, 18.2

Found: 529.0341 (M - H. C22H20N2O7CI3 Requires: 

529.0336)

3302, 3073, 2954, 1736, 1686, 1648, 1544, 1274, 1203, 

1037, 820, 802, 695

8.5.5 Methyl 2-(2-bromobenzamido)propanoate (371)

A 50 cm RBF containing a magnetic stirrer was charged with 357 (700 mg, 5.00 mmol) 

and 2-bromobenzoic acid (1.10 g, 5.00 mmol), flushed with argon and maintained under a 

protective argon atmosphere (septum and ballon). CH2CI2 (10 cm^) and NEts (760 pL, 5.50 

mmol) were added via syringe. DCC (1.1 g, 5.5 mmol) was added in one portion and the 

reaction was stirred at room temperature. After 24 h, the solvent was removed in vacuo and 

the residue purified by flash chromatography (hexanes/EtOAc; 7:3) to yield 371 as a white 

solid (1.25 g, 87%). M.p. 91-92 °C.

5h (400 MHz, CDCI3): 7.60 (IH, d, J 8.1, H-4), 7.55 (IH, d, J 7.5, H-7), 7.31 (IH, 

app. t, H-6), 7.29 (IH, app.t, H-5), 6.68 (IH, d, J 5.7, AH), 

4.82 (IH, m, H-1), 3.80 (3H, s, H-3), 1.55 (3H, d, 77.3, H-2)
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5c (100 MHz, CDCI3):

HRMS (m/z -ES) :

Vmax (film)/cm :

172.7 (q), 166.4 (q), 136.7 (q), 133.0, 131.1, 129.2, 127.1, 

118.9 (q), 52.2, 48.2, 18.0

Found: 307.9897 (M + Na. CnHiiNOsNaBr Requires 

307.9898)

3265, 3065, 2987, 1733, 1640, 1589, 1535, 1437, 1328, 

1230, 1115, 1055, 990, 928, 888, 837, 747, 697

8.5.5.1 2-(2-bromobenzamido)propanoic acid (372)

A 100 cm^ RBF containing a magnetic stirrer was charged with 371 (1.20 g, 4.00 mmol), 

and aqueous NaOH (IN, 50 cm^) was added. The reaction mixture was stirred until 371 

was dissolved, at which point aqueous HCl (2N) was added until the solution reached pH 
2.0. The reaction mixture was extracted with CH2CI2 (3 x 20 cm^), the eombined organic 

extracts were dried over MgS04 and the solvent removed in vacuo to furnish 372 as a 

white solid (1.10 g, 98%). M.p. 145-147 °C.

6h(400 MHz, DMSO-fi?^): 12.63 (IH, hr s, COOK), 8.76 (IH, d, J 12, AH), 7.66 (IH,

d, J 8.1, H-3), 7.45-7.35 (3H, m, H-4, H-5, H-6), 4.39 (IH, 

m, H-2), 1.36 (3H, d, J7.2, H-1)

5c(100MHz,DMSO-^/6): 173.8 (q), 166.9 (q), 138.5 (q), 132.8, 131.0, 129.0, 127.5,

119.0 (q), 47.9, 16.9

HRMS {m/z -ESI); 

Vmax (film)/cm'':

Found: 269.9768 (M - H. CioH9N03Br Requires: 269.9766)

3299, 2858, 2490, 1712, 1622, 1592, 1549, 1452, 1345, 

1277, 1216, 1179, 1139, 947, 886, 827, 754, 689.
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8.5.5,2 2-(2-bromophenyl)-4-methyloxazol-5(4i?f)-one (373)

A 5 cm RBF containing a magnetic stirrer was eharged with 372 (272 mg, 1.00 mmol), 

flushed with argon and maintained under a protective argon atmosphere (septum and 
balloon). CH2CI2 (1.0 cm^) was added via syringe. A solution of DCC (196 mg, 0.95 

mmol) in CH2CI2 (1.0 cm^) was added via syringe and the reaction was stirred at room 

temperature. After 1 h, the reaction mixture was passed through a plug of silica to furnish 

373 as a white solid (160 mg, 63%). M.p. 72-74 °C

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS (m/z -ESI) : 

Vmax (film)/cm'’;

7.82 (IH, dd, J7.5, 1.9, H-3), 7.75 (IH, d, J7.8, H-6), 7.47- 

7.39 (2H, m, H-4, H-5), 4.52 (IH, q, 77.5, H-1), 1.65 (3H, d, 

H-2)

178.1 (q), 160.2 (q), 134.2, 132.5, 131.1, 127.0, 126.8 (q), 

121.4 (q), 60.9, 16.4

Found: 251.9652 (M - H. CioH7N02Br Requires: 251.9660)

2930, 1802, 1643, 1589, 1530, 1453, 1430, 1306, 1248, 

1163, 1130, 1108, 1023,987, 909, 876, 771,725,678

8.5.6 4,5,6,7-tetrachlorophthalide (377)

A 250 cm^ RBF containing a magnetic stirrer was charged with 4,5,6,7-tetrachlorophthalic 

anhydride (2.86 g, 10.0 mmol), flushed with argon and maintained under an argon 

atmosphere (septum and balloon). THF (20 em^) was added via syringe and the reaction 

mixture was cooled in an ice-bath. NaBH4 (1.14 g, 30.0 mmol) was added in one portion 

followed by the dropwide addition of MeOH (5.0 em^) via syringe. The reaetion was
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subsequently stirred at room temperature for 30 min at which point aqueous HCl (2 N, 20 

cm^) was added. The organic layer was separated and the aqueous layer extracted with 

CH2CI2 (3 X 10 cm^). The combined organic extracts were dried over MgS04 and the 

solvent removed in vacuo. The crude residue was purified by flash chromatography 

(CH2CI2) to furnish 377 as a white solid (2.10 g, 78%). M.p. 186-189 °C.

5h (400 MHz, DMSO-Jfi): 5.40 (2H, s)

5c(100MHz,DMSO-c?6): 165.7 (q), 146.7 (q), 137.1 (q), 133.0 (q), 129.7 (q), 126.1

(q), 123.2 (q), 67.6

HRMS {m/z -ESI) : 

Vmax (film)/cm'';

Found: 268.8740 (M^ - H. C8HO2CI4 Requires: 268.8731)

1770, 1572, 1442, 1384, 1340, 1267, 1230, 1189, 1071, 

1024, 789, 733,701

8.5.7 7V-Phthalylalanine (380)

A 100 cm^ RBF containing a magnetic stirrer was charged with alanine (2.50 g, 28.0 

mmol) and phthalic anhydride (4.50 g, 30.0 mmol) and fitted with a condenser. The 

mixture was heated at 130 °C for 7 h with stiring and subsequently cooled to room 

temperature. Water (20 cm^) was added and the mixture was heated at 40 °C. After 2 h, the 

reaction was filtered to yield 380 as a white solid (5.50 g, 90%). M.p. 160-162 °C (Lit.,^^^ 

150-151 °C). The isolated product exhibited identical spectroscopic data as reported in the

literature.255

5h(400 MHz, DMSO-rf^): 13.14 (IH, br s, COOK), 7.90-7.87 (4H, m, H-3, H-4), 4.88

(IH, q, /7.4, H-1), 1.55 (3H, d, J7.4, H-2)

5c (100 MHz, CDCI3): 171.1 (q), 167.2 (q), 134.7 (q), 131.3, 123.3, 46.9, 14.8
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8.5.7.1 4-Methyl-2-(2-(pyrrolidine-l-carbonyl)phenyl)oxazol-5(4i/)-one (382)

A 10 cm^ RBF containing a magnetic stirrer was charged with 380 (438 mg, 2.00 mmol), 

flushed with argon and maintained under a protective argon atmosphere (septum and 

balloon). THF (4.0 cm^) and pyrrolidine (340 pL, 4.0 mmol) were added via syringe. The 

reaction was stirred at room temperature. After 2 h, CH2CI2 (20 cm^) was added and the 

reaction mixture washed with AcOH (10%, aq.). The solvent was reduced in vacuo to 

approximately 5.0 cm^. DCC (410 mg, 2.00 mmol) was added and the reaction mixture 

was stirred at room temperature. After 1 h, the residue was purified by flash 

chromatography (EtOAc) to yield 382 as a viscous oil (75 mg, 14%).

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS {m/z -ESI) :

Vmax (filni)/cm’’:

7.94 (IH, d, J 7.7, H-6), 7.61 (IH, app. t, H-4), 7.50 (IH, 

app. t, H-5), 7.38 (IH, d, J 1 A, H-3), 4.45 (IH, q, J 7.2, H- 

1), 3.65 (2H, m, H-7a), 3.14 (2H, m, H-7b), 2.01-1.79 (4H, 

m, H-8), 1.54 (3H, d, J 7.2, H-2)

178.1 (q), 168.2 (q), 159.7 (q), 137.9 (q), 132.3, 128.9, 

128.5, 126.7, 121.6 (q), 60.8, 47.9, 45.3, 25.4, 24.1, 16.4

Found: 271.1093 (M - H. Ci5H,5N203 Requires: 271.1083)

2973, 2878, 2237, 1822, 1738, 1619, 1520, 1428, 1312, 

1254, 1221, 1163, 1110, 995,911,877, 773,726

8.5,8 Procedure L: general procedure for the alcoholysis of 3,4,5,6- 

tetrachlorophthalic anhydride

A 100 cm^ RBF containing a magnetic stirrer was charged with 3,4,5,6-tetrachlorophthalic 

anhydride (2.86 g, 10.0 mmol), flushed with argon and maintained under a protective 

argon atmosphere (septum and balloon). Alcohol (20 cm^) and NEt3 (1.4 cm^, 10.0 mmol) 

were added via syringe and the reaction mixture was stirred at room temperature. After 16
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h, aqueous HCl (2 N, 20 cm^) was added and the reaction mixture was extracted with Et20 

(3 X 20 cm^). The combined organic extracts were dried over MgS04 and the solvent 

removed in vacuo to yield a white solid.

8.5.8.1 2,3»4,5-Tetrachloro-6-(methoxycarbonyl)benzoic acid (289)

Cl OH

Prepared according to general procedure L using MeOH (20 cm^) as solvent. After removal 

of solvent 289 was furinished as a white solid (3.10 g, 98%). M.p. 142-144 °C (Lit.,^^^ 145- 

146 °C). The isolated product exhibited identical spectroscopic data as reported in the

literature.256

6h (400 MHz, DMSO-Jfi): 3.84 (3H, s, OMe)

6c(100MHz,DMSO-J6): 164.5 (q), 163.8 (q), 134.9 (q), 134.2 (q), 133.5 (q), 131.4

(q), 129.3 (q), 129.2 (q), 53.5

8.5.8.2 2,3,4,5-Tetrachloro-6-(ethoxycarbonyl)benzoic acid (290)

Cl o

Cl o

Prepared according to general procedure L using EtOH (20 cm^) as solvent. After removal 

of solvent 290 was furinished as a white solid (3.30 g, 99%). M.p. 98-99 °C.

5h(400 MHz, CDCI3);

5c (100 MHz, CDCI3):

HRMS {m/z -ESI):

11.53 (IH, hr s, COOH), 4.45 (2H, q,J7.1,H-l), 1.41 (3H, 

t,y7.1,H-2)

186.7 (q), 163.3 (q), 136.4 (q), 135.8 (q), 131.9 (q), 130.3 

(q), 130.2 (q), 130.1 (q), 62.9, 13.3

Found: 328.8951 (M^" - H. C10H5O4CI4 Requires: 328.8942)
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Vmax (film)/cm"’: 2967, 2613.3, 2525, 1747, 1697, 1629, 1530, 1437, 1353, 

1260, 1229, 1183, 1105, 1006,912, 859, 828, 737, 668

8.5.8.3 2,3,4,5-Tetrachloro-6-(isopropoxycarbonyl)beiizoic acid (291)

Cl o

Prepared aeeording to general procedure L using iPrOH (20 cm^) as solvent. After removal 

of solvent 291 was furinished as a white solid (3.10 g, 91%). M.p. 143-145 °C.

5h(400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS {m/z -ES) :

Vmax (film)/cm'';

10.34 (IH, s, COOH), 5.31 (IH, sept. J 6.3, H-1), 1.39 (6H, 

d, J6.3,H-2)

168.4 (q), 162.8 (q), 136.2 (q), 135.5 (q), 132.2 (q), 130.1 

(q), 130.1 (q), 130.1 (q), 71.2, 20.9

Found: 342.9091 (M - H. C11H7O4CI4 Requires: 342.9098)

2879, 2607, 1729, 1712, 1637, 1547, 1533, 1435, 1375, 

1258, 1233, 1193, 1095, 937, 893, 812, 741, 665

8.5.9 Ethyl-2-(l-tert-butoxy-l-oxopropan-2-ylcarbamoyl)-3,4,5,6- 

tetrachlorobenzoate (394)

A 50 cm^ RBF containing a magnetic stirrer was charged with alanine (534 mg, 6.00 

mmol), and ?er^-butylacetate (13.5 cm ) was added via syringe. The reaction mixture was 

cooled in an ice-bath, concentrated HCIO4 (70%, aq., 0.75 cm^) was added dropwise via 

syringe and the reaction was allowed to warm to room temperature with stirring. After 16 

h, aqueous HCl (1 N, 15 cm ) was added and the reaction mixture was adjusted to pH 9.0
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using aqueous K2CO3 (10%). The reaction mixture was extracted with CH2CI2 (3 x 20 

cm ), the combined extracts dried over MgS04 and the solvent removed in vacuo. The 

residue was dissolved in CH2CI2 (20 cm^) and transferred to a 50 cm^ RBF containing a 

magnetic stirrer and 390 (1.90 g, 6.0 mmol) was added in one portion, the flask was 

subsequently flushed with argon and maintained under a protective argon atmosphere 

(septum and balloon). A solution of DCC (1.40 g, 6.6 mmol) in CH2CI2 (10 cm^) was 

added and the reaction was stirred at room temperature. After 16 h, the solvent was 

removed in vacuo and the residue purified by flash chromatography (hexanes/EtOAc; 8:2) 

to yield 394 as a white solid (1.10 g, 41%). M.p. 143-145 °C.

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS (m/z -ESI) :

Vmax (film)/cm :

6.60 (IH, d, J7.2, AH), 4.60 (IH, app. qn, H-1), 4.39 (2H, q, 

Jl.\, H-3), 1.51-1.49 (12H, m, H-5, H-2), 1.38 (3H, t, J7.1, 

H-4)

171.3 (q), 164.0 (q), 162.4 (q), 135.4 (q), 135.2 (q), 134.4 

(q), 132.7 (q), 130.3 (q), 130.0 (q), 82.8 (q), 63.1, 49.5, 28.1, 

18.5, 14.0

Found: 479.9905 (M^ + Na. Ci7Hi9N05Cl4Na Requires: 

479.9915)

3207, 2979, 1739, 1632, 1558, 1453, 1342, 1256, 1218, 

1144, 1116, 1017, 959, 931,848, 752

8.5.9.1 A-(2,3,4,5-Tetrachloro-6-(ethoxycarbonyl)benzamido)alanine (395)

-j

A 50 cm RBF containing a magnetic stirrer was charged with 394 (918 mg, 2.00 mmol), 

flushed with argon and maintained under a protective argon atmosphere (septum and 

balloon). CH2CI2 (8 cm^) and TFA (4 cm^) were added via syringe and the reaction mixture 

was stirred at room temperature. After 16 h, the solvent was removed in vacuo to yield 395 

as an off-white solid (800 mg, 99%). M.p. 192-193 °C.
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6h (400 MHz, DMSO-^/fi): 12.79 (IH, br s, COOH), 9.11 (IH, d, J 7.5, AW), 4.40-4.26

(3H, m, H-1, H-3), 1.32 (3H, d, J 1 A, H-2), 1.25 (3H, t, J 

7.1, H-4)

6c (100 MHz, DMSO-t/fi):

HRMS (m/z -ES) :

Vmax (film)/cm'’:

173.0 (q), 162.9 (q), 161.9 (q), 135.5 (q), 133.9 (q), 133.0 

(q), 131.8 (q), 129.8 (q), 128.7 (q), 62.6, 47.9, 17.2, 13.6

Found: 423.9307 (M^ + Na. CuHnNOjNaCU Requires: 

423.9289)

3278, 2986, 1712, 1740, 1645, 1555, 1454, 1421, 1361, 

1325, 1232, 1200, 1148, 1117, 952, 900, 863, 826, 772

8.5.9.2 4-MethyI-2-(2,3,4,5-tetrachloro-6-(ethoxycarbonyl)phenyl)oxazol-5(4/0-
one (396)

o

A 10 em^ RBF containing a magnetic stirrer was charged with 395 (201 mg, 0.50 mmol), 

flushed with argon and maintained under a protective argon atmosphere (septum and 

balloon). CH2CI2 (2.0 cm^) was added via syringe followed by the addition of TFAA (90 

pL, 0.65 mmol) dropwise via syringe. The reaction mixture was stirred at room 

temperature. After 1 h, the solvent was removed in vacuo and the residue purified by 

passage through a plug of silica to yield 396 as colourless oil (78 mg, 41%).

5h(400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS {m/z -ESI):

4.40 (3H, m, H-1, H-3), 1.58 (3H, d, J7.6, H-2), 1.38 (3H, t, 

77.1, H-4)

176.9 (q), 163.1 (q), 157.8 (q), 136.8 (q), 135.4 (q), 134.0 

(q), 131.9 (q), 130.1 (q), 125.2 (q), 62.6, 60.5, 15.7, 13.5

Found: 381.9196 (M - H. C13H8NO4CI4 Requires: 381.9207)
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(film)/cm' : 2934, 1833, 1732, 1664, 1540, 1447, 1357, 1256, 1174, 

1139, 1103, 1001, 892, 857, 808, 729

8.5.10 (5)-Ethyl 2-(4,5,6,7-tetrachloro-l,3-dioxoisoindolin-2-yl)propanoate (397)

A 2 cm^ glass vial containing a magnetic stirrer was charged with 396 (65 mg, 0.17 mmol), 

flushed with argon and maintained under a protective argon atmosphere (septum and 

balloon). CHCI3 (850 pL) was added via syringe followed by 196 (12.5 mg, 0.017 mmol). 

EtOH (18 pL, 0.34 mmol) was added via syringe and the reaction was stirred at room 

temperature. After 16 h, DABCO (2 mg, 0.02 mmol) was added and the reaction was again 

stirred at room temperature. After a further 24 h, the solvent was removed in vacuo and the 

residue purified by flash chromatography (hexanes/EtOAc; 8:2) to yield 397 as a white 

solid (63 mg, 97%, 98% ee). M.p. 135-137 °C.

CSP-HPLC conditions: CHIRALCEL OD-H column (4.6 mm x 25 cm), hexane/IPA: 
90/10, 1.0 cm^ min"', RT, UV detection at 220 nm, retention times: 26.3 min {R- 

enantiomer) and 35.3 min (^-enantiomer).

5h(400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS (m/z -ES) :

Vmax (film)/cm'':

4.99 (IH, q, J7.3, H-1), 4.25 (2H, app. q, H-3), 1.72 (3H, d, 

77.3, H-2), 1.28 (3H, app. t, H-4)

168.4 (q), 162.3 (q), 139.9 (q), 129.5 (q), 126.9 (q), 61.8, 

47.9, 14.6, 13.7

Found: 381.9207 (M - H. C13H8NO4CI4 Requires: 381.9207)

1741, 1721, 1461, 1387, 1370, 1357, 1301, 1233, 1177, 

1157, 1079, 1036, 1014, 972, 858, 806, 699, 754, 735

223



8.5.11 Benzyl 2-(te/*f-butoxycarbonylamino)-4-hydroxybutanoate (399)

A 250 cm^ RBF containing a magnetic stirrer was charged with DL-homoserine (4.20 g, 
35.0 mmol) and NaOH (1 N, aq. 35 cm^), water (35 cm^) and EtOH (70 cm^) were added. 

The reaction mixture was cooled in an ice-bath and a solution of di-tert-butyldiearbonate 

(8.50 g, 39.0 mmol) in THE (70 cm^) was added. The resultant mixture was allowed to 

warm to room temperature with stirring. After 16 h, the reaction mixture was adjusted to 

pH 4 with HCl (1 N, aq.) and extracted with Et20 (3 x 50 cm^). The combined organic 

extracts were dried over MgS04 and the solvent removed in vacuo. The crude residue was 
dissolved in MeOH (75 cm^) and CS2CO3 (6.20 g, 17.5 mmol) was added and upon 

dissolution the solvent was removed in vacuo. The residue was dissolved in DMF (50 cm^) 

and benzyl bromide (4.2 cm^, 35.0 mmol) was added via syringe. The reaction was stirred 

at room temperature. After 16 h, water (100 cm^) was added and the mixture was extracted 

with Et20 (3 X 50 cm^). The combined organic extracts were dried over MgS04 and the 

solvent removed in vacuo. The crude residue was purified by flash chromatography 

(hexanes/EtOAc; 7:3) to yield 399 as a colourless oil (3.30 g, 31%). The product the

spectral characteristics were in agreement with those reported in the literature. 257

6h (400 MHz, CDCI3): 7.36-7.33 (5H, m, H-5, H-6, H-7), 5.36 (IH, hr d, J6.9, AH)

5.17 (2H, m, H-4), 4.51 (IH, m, H-1), 3.64 (2H, m, H-3),

2.17 (IH, m, H-2a), 1.63 (IH, m, H-2b), 1.43 (9H, s, H-8)

HRMS (jn/z -ES) : Found: 332.1473 (M + Na. C,6H23N05Na Requires: 

332.1474)
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8.5.11.1 Benzyl 4-azido-2-(fej'f-butoxycarbonylamino)butanoate (400)

A 100 cm^ RBF containing a magnetic stirrer was charged with 399 (2.40 g, 7.8 mmol), 

flushed with argon and maintained under a protective argon atmosphere (septum and 

balloon). CH2CI2 (40 cm^) and NEt3 (2.5 cm^, 18.7 mmol) were added via syringe and the 

reaction mixture was cooled to 0 °C. Mesyl chloride (730 pL, 9.4 mmol) was added via 

syringe and the reaction mixture was allowed to warm to room temperature with stirring. 

After 1 h, a solution of NaHCOs (sat. aq., 10 cm^) was added the organic layer separated, 

washed with brine (2 x 20 cm^), dried over MgS04 and the solvent removed in vacuo. The 

residue was dissolved in DMF (40 cm^) and transferred to a 100 cm^ RBF containing a 

magnetic stirrer. NaN3 (1.00 g, 15.6 mmol) was added and the reaction mixture was stirred 

at 40 °C. After 16 h, water (40 cm^) was added and the mixture extracted with Et20 (3 x 30 
cm^). The eombined organic extracts were washed with brine (20 cm^), dried over MgS04 

and the solvent removed in vacuo. The crude residue was purified by flash chromatography 

(hexanes/EtOAc; 7:3) to yield 400 as a colourless oil (1.70 g, 65%). The product the

spectral characteristics were in agreement with those reported in the literature.234

6h(400 MHz, CDCI3):

HRMS (m/z -ES):

7.39 (5H, m, H-8, H-7, H-6), 5.22-5.20 (3H, m, H-5, 7VH), 

4.46 (IH, m, H-1), 3.39 (2H, app. t, H-3), 2.17-2.11 (IH, m, 

H-2a), 1.97-1.92 (IH, m, H-2b), 1.46 (9H, s, H-5)

Found: 357.1550 (M + Na. Ci6H22N404Na Requires: 

357.1539)
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8.5.11.2 Isopropyl-2-(4-azido-l-/er?-butoxy-l-oxobutan-2-ylcarbamoyl)-3,4,5,6-
tetrachlorobenzoate (401)

A 50 cm^ RBF containing a magnetic stirrer was charged with 400 (3.30 g, 10.0 mmol), 

and dissolved in MeOH (20 cm^). Aqueous NaOH (2 N, 7 cm^) was added via syringe and 

the reaction mixture was stirred at room temperature. After 3 h, the reaction mixture was 

adjusted to pH 5 with aqueous HCl (2 N). The organic phase was separated and the 

aqueous layer extracted with Et20 (2 x 50 cm^). The combined organic extracts were dried 

over MgS04 and the solvent removed in vacuo. The residue was dissolved in CH2CI2 (10 

cm ), transferred to a 50 cm RBF containing a magnetic stirrer and TFA (5 cm ) was 

added via syringe. After stirring the reaction mixture at room temperature for 16 h, the
-j

solvent was removed in vacuo and the residue dissolved in tBuOAc (14 cm ). The flask 

was flushed with argon and maintained under a protective argon atmosphere (septum and
•j

balloon). HCIO4 (70%, 0.75 cm ) was added via syringe and the reaction mixture stirred at 

room temperature. After 24 h, the reaction mixture was adjusted to pH 9 with concentrated 

K2CO3, and extracted with CH2CI2 (3 x 20 cm^). The combined organic extracts were dried 

over MgS04 and the solvent removed in vacuo, the residue was transferred to a 50 cm^ 

RBF containing a magnetic stirrer. CH2CI2 (20 cm^) was added via syringe, followed by 

391 (3.40 g, 10.0 mmol) and DCC (2.10 g, 10.0 mmol). The flask was flushed with argon 

and maintained under a protective argon atmosphere (septum and balloon) with stirring. 

After 20 h, the solvent was removed in vacuo and the residue purified by flash 

chromatography to yield 401 as a white solid (600 mg, 12%). M.p. 152-154 °C

6h (400 MHz, CDCI3): 6.62 (IH, d, J 7.1, AH), 5.22 (IH, app. septet, H-5), 4.67 

(IH, m, H-1), 3.52-3.41 (2H, m, H-3), 2.20-2.02 (2H, m, H- 

2), 1.49 (9H, s, H-4), 1.34 (3H, d, J6.3, H-6), 1.32 (3H, d, J 

6.3, H-6)
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5c(100MHz,CDCl3): 169.7 (q), 163.4 (q), 162.8 (q), 135.0 (q), 134.9 (q), 134.3

(q), 132.8 (q), 130.1 (q), 129.7 (q), 83.1 (q), 71.2, 51.2, 47.4, 

31.5,27.8,21.4,21.4

HRMS (m/z -ES)

Vmax (film)/cm'':

Found: 525.0256 (M - H. C,9H2iN405Cl4 Requires: 

525.0266)

3215, 2981, 2935, 2098, 1735, 1632, 1545, 1347, 1260, 

1149, 1097, 945 896,819, 747

8.5.11.3 Isopropyl-2-(4-(2-azidoethyl)-5-oxo-4,5-dihydrooxazol-2-yl)-3,4,5,6-

tetrachlorobenzoate (427)

A 50 cm^ RBF containing a magnetic stirrer was charged with 401 (526 mg, 1.00 mmol), 

flushed with argon and maintained under a protective argon atmosphere (septum and 

balloon). CH2CI2 (5.0 cm^) and TFA (5.0 cm^) were added via syringe and the reaction 

mixture was stirred at room temperature. After 16 h, the solvent was removed in vacuo and 

the residue was dissolved in CH2CI2 (5.0 cm^), the flask flushed with argon and maintained 

under a protective argon atmosphere (septum and balloon). TFAA (180 pL, 1.30 mmol) 

was added via syringe and the reaction mixture was stirred at room temperature. After 1 h, 

the solvent was removed in vacuo and the residue purified by flash chromatography 

(hexanes/EtOAc; 8:2) to furnish 427 a colourless oil (190 mg, 43%).

5h(400 MHz, CDCI3): 5.23 (IH, app. septet, H-4), 4.47 (IH, dd, J 7.4, 5.9, H-1), 

3.62-3.52 (2H, m, H-3), 2.31-2.20 (IH, m, H-2a), 2.13-2.03 

(IH, m, H-2b), 1.35 (3H, d, /6.3, H-5), 1.34 (3H, d, J 6.3, 

H-5)
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5c (100 MHz, CDCI3):

HRMS (m/z -ES) :

^max (film)/cm'':

176.1 (q), 163.1 (q), 158.9 (q), 137.3 (q), 135.8 (q), 134.6 

(q), 132.4 (q), 130.5 (q), 125.3 (q), 71.5, 62.3, 47.2, 30.2, 

21.6,21.5

Found: 450.9536 (M - H. C15H11N4O4CI4 Requires: 

450.9534)

2984,2101, 1834, 1727, 1689, 1267, 1176, 1102, 898

8.5.12 Procedure M: general procedure for the installation of the masked TCP 

protectiong group

A 50 cm^ RBF containing a magnetic stirrer was charged with amino acid (6.00 mmol),
-5

and ter?-butylacetate (13.5 cm ) was added via syringe. The reaction mixture was cooled in 

an ice-bath, concentrated HCIO4 (70%, aq., 0.75 cm^) was added dropwise via syringe and 

the reaction was allowed to warm to room temperature with stirring. After 16 h, aqueous 

HCl (1 N, 15 cm^) was added and the reaction mixture was adjusted to pH 9.0 using 

aqueous K2CO3 (10%). The reaction mixture was extracted with CH2CI2 (3 x 20 cm^), the 

combined extracts dried over MgS04 and the solvent removed in vacuo. The residue was 

dissolved in CH2CI2 (20 cm^) and transferred to a 50 cm^ RBF containing a magnetic 

stirrer and 391 (2.10 g, 6.00 mmol) was added in one portion; the flask was subsequently 

flushed with argon and maintained under a protective argon atmosphere (septum and 

balloon). A solution of DCC (1.40 g, 6.60 mmol) in CH2CI2 (10 cm^) was added and the 

reaction was stirred at room temperature. After 16 h, the solvent was removed in vacuo and 

the residue purified by flash chromatography (hexanes/EtOAc) to yield 6/5-protected 

amino acid as a white.
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8.5.12.1 Isopropyl-2-(l-ter/-butoxy-l-oxopropan-2-ylcarbamoyl)-3,4,5,6-
tetrachlorobenzoate (403)

Prepared aceording to general procedure M using DL-alanine (534 mg, 6.00 mmol). The 

residue was purified by flash chromatography (hexanes/EtOAc; 8:2) to furnish 403 as a 

white solid (880 mg, 31%). M.p. 83-84 °C.

5h (400 MHz, CDCI3):

6c (100 MHz, CDCI3):

HRMS (m/z -ES) :

Vmax (film)/cm'’:

6.63 (IH, d, J 6.5, ATI), 5.25 (IH, app. septet, H-4), 4.61 

(IH, app. qn, H-1), 1.50 (9H, s, H-3), 1.49 (3H, d, J7.1, H- 

2), 1.36 (3H, d, J6.3,H-5), 1.35 (3H, d, J6.3,H-5)

170.8 (q), 162.9 (q), 161.8 (q), 134.6 (q), 134.5 (q), 133.8 

(q), 132.3 (q), 129.6 (q), 129.5 (q), 82.2 (q), 70.7, 48.9, 27.5, 

21.0, 20.9, 17.9

Found: 470.0082 (M - H. CigHzoNOjCU Requires: 470.0096)

3210, 2979, 1734, 1635, 1568, 1452, 1366, 1342, 1261, 

1241, 1143, 1122, 1098, 898, 848, 755, 716, 660

8.5.12.2 Isopropyl-2-(l-fef*f-butoxy-l-oxobutan-2-ylcarbamoyl)-3,4,5,6-
tetrachlorobenzoate (404)

Prepared according to general procedure M using 2-aminobutanoic acid (618 mg, 6.00 

mmol). The residue was purified by flash chromatography (hexanes/EtOAc; 9:1) to furnish 

404 as a white solid (1.40 g, 46%). M.p. 164-165 °C.
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5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS (m/z -ES) :

Vmax (film)/cm'‘:

6.54 (IH, br s, 7VH), 5.19 (IH, app. septet, H-5), 4.59 (IH, 

app. q, H-1), 1.97 (IH, m, H-2a), 1.82 (IH, m, H-2b), 1.47 

(9H, s, H-4), 1.33 (3H, d, J6.2, H-6), 1.32 (3H, d, 7 6.2, H- 

6), 0.96 (3H, m, H-3)

170.4 (q), 163.3 (q), 162.4 (q), 135.0 (q), 134.9 (q), 134.4 

(q), 132.9 (q), 130.1 (q), 129.8 (q), 82.5 (q), 71.1, 54.4, 28.0, 

25.6,21.5,21.4,9.0

Found: 508.0224 (M + Na. Ci9H23N05NaCl4 Requires: 

508.0228)

3227, 2976, 2936, 1728, 1634, 1545, 1452, 1355, 1259, 

1160, 1142, 1121, 940, 897, 832, 659

8.5.12.3 Isopropyl-2-(l-ter?-butoxy-l-oxohexan-2-ylcarbamoyl)-3,4,5,6-
tetrachlorobenzoate (405)

Prepared according to general procedure M using DL-norleucine (786 mg, 6.0 mmol). The 

residue was purified by flash chromatography (hexanes/EtOAc; 9:1) to furnish 405 as a 

white solid (1.50 g, 48%). M.p. 140-142 °C.

5h(400 MHz, CDCI3):

5c (100 MHz, CDCI3):

6.43 (IH, d, J 7.5, AH), 5.21 (IH, app. septet, H-7), 4.62- 

4.58 (IH, m, H-1), 1.96-1.83 (IH, m, H-2a), 1.79-1.70 (IH, 

m, H-2b), 1.47 (9H, s, H-6), 1.45-1.26 (lOH, m, H-8, H-3, H- 

4), 0.89 (3H, app. t, H-5)

170.6 (q), 163.3 (q), 162.3 (q), 135.0 (q), 134.9 (q), 134.3 

(q), 132.8 (q), 130.1 (q), 129.8 (q), 82.5 (q), 71.1, 53.4, 32.2, 

27.9, 26.8,22.3,21.5,21.4, 13.8
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HRMS {m/z -ES) :

Vmax (film)/cm'*:

Found: 536.0543 (M + Na. C2iH27N05NaCl4 Requires: 

536.0541)

3213, 2980, 2958, 1733, 1633, 1561, 1367, 1348, 1260, 

1159, 1104, 897,816, 661

8.5.12.4 Isopropyl 2-(l-fert-butoxy-l-oxo-3-phenylpropan-2-ylcarbamoyl)-3,4,5,6- 

tetrachlorobenzoate (406)

Prepared according to general procedure M using DL-phenylalanine (990 mg, 6.00 mmol). 

The residue was purified by flash chromatography (hexanes/EtOAc; 9:1) to furnish 406 as 

a white solid (2.10 g, 65%). M.p. 126-128 °C.

5h(400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS {m/z -ES):

Vmax (film)/cm :

7.31-7.25 (5H, m, H-4, H-5, H-6), 6.56 (IH, d, J 7.4, ATI), 

5.24 (IH, app. septet, H-7), 4.93 (IH, app. q, H-2), 3.26 (IH, 

dd, J 13.9, 5.3, H-3a), 3.14 (IH, dd, J 13.9, 6.8, H-3b), 1.39 

(9H, s, H-1), 1.36 (3H, d, 76.3, H-8), 1.35 (3H, d, 76.3, H-8)

169.6 (q), 163.4 (q), 162.5 (q), 135.6 (q), 135.1 (q), 135.1 

(q), 134.1 (q), 133.0 (q), 130.2 (q), 129.9 (q), 129.7, 128.5, 

127.1, 82.9 (q), 71.2, 54.4, 38.3, 27.9, 21.5(2C)

Found: 546.0403 (M - H. C24H24NO5CI4 Requires: 546.0409)

3226, 1734, 1636, 1562, 1457, 1375, 1366, 1289, 1260, 

1237, 1224, 1199, 1150, 1100, 1091, 940, 898, 819, 740, 

715,698,658
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8.5.12.5 Isopropyl-2-(l-tert-butoxy-3-methyl-l-oxobutan-2-ylcarbamoyl)-3,4,5,6-

tetrachlorobenzoate (407)

o

Prepared according to general procedure M using DL-valine (702 mg, 6.00 mmol). The 

residue was purified by flash chromatography (hexanes/EtOAc; 9:1) to furnish 407 as a 

white solid (1.50 g, 49%). M.p. 145-147 °C.

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS {m/z -ES) :

Vmax (film)/cm'':

6.49 (IH, d, J 8.4, AH), 5.24 (IH, app. septet, H-5), 4.58 

(IH, dd, J8.4, 4.4, H-1), 2.26 (IH, m, H-2), 1.51 (9H, s, H- 

4), 1.35 (3H, d, J 6.2, H-6), 1.34 (3H, d, J 6.2, H-6), 1.04 

(3H, d, J6.9, H-3), 1.00 (3H, d, J6.9, H-3)

169.6 (q), 162.9 (q), 162.3 (q), 134.6 (q), 134.4 (q), 134.0 

(q), 132.4 (q), 129.7 (q), 129.3 (q), 82.1 (q), 70.7, 57.8, 31.4, 

27.6,21.1,20.9, 18.3, 17.4

Found: 498.0426 (M - H. C20H24NO5CI4 Requires: 498.0409)

3232, 2973, 2935, 1735, 1638, 1559, 1466, 1367, 1346, 

1313, 1260, 1212, 1139, 1120, 1102, 1037, 898, 759, 662
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8.5.12.6 Isopropyl-2-(l-to'f-butoxy-3-(4-fluorophenyl)-l-oxopropan-2- 

ylcarbamoyl)-3,4,5,6-tetrachlorobenzoate (408)

Prepared according to general procedure M using DL-4-fluorophenylalanine (1.10 g, 6.0 

mmol). The residue was purified by flash chromatography (hexanes/EtOAc; 9:1) to furnish 

408 as a white solid (2.10 g, 62%). M.p. 118-120 °C.

5h (400 MHz, CDCI3):

6c (100 MHz, CDCI3):

6f(376 MHz, CDCI3); 

HRMS {m/z -ES):

Vmax (filni)/cm'':

7.18 (2H, dd, J 8.6, 5.4, H-4), 6.91 (2H, app. t, H-5, J 8.6), 

6.69 (IH, d, J 7.6, AH), 5.15 (IH, app. septet, H-6’), 4.82 

(IH, m, H-2), 3.15 (IH, dd, J 14.1, 5.1, H-3a), 3.04 (IH, dd, 

J 14.1, 6.8, H-3b), 1.32 (9H, s, H-1), 1.30 (3H, d, J6.2, H-7), 

1.28 (3H, d, J6.2, H-7)

169.5 (q), 163.3 (q), 162.5 (q), 161.9 (q, d, Jc-f, 244.8), 

135.0 (q, 2C), 134.1 (q), 133.0 (q), 131.53 (q, d, Jc-f, 3.3), 

131.1 (d,yc-F7.8), 130.1 (q), 129.8 (q), 115.1 (d, 21.3),

82.9 (q), 71.1, 54.4, 37.4, 27.8, 21.4 (2C)

-115.7

Found: 564.0300 (M 

564.0314)

H. C24H23NO5CI4F Requires:

3228, 2979, 1731, 1637, 1561, 1508, 1261, 1219, 1149, 

1100, 1085, 898,657
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8.5.12.7 Isopropyl-2-(l-fei-^-butoxy-l-oxopent-4-yn-2-ylcarbamoyl)-3,4,5,6- 

tetrachlorobenzoate (409)

Prepared according to general procedure M using DL-proparglyglycine (678 mg, 6.0 

mmol). The residue was purified by flash chromatography (hexanes/EtOAc; 9:1) to furnish 

409 as a white solid (1.40 g, 47%). M.p. 141-143 °C.

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS {m/z -ES) :

Vmax (film)/cm'':

6.80 (IH, d, J 6.9, NR), 5.24 (IH, app. septet, H-5), 4.71 

(IH, m, H-1), 2.82 (2H, m, H-2), 2.02 (IH, t, J 2.6, H-3), 

1.50 (9H, s, H-4), 1.33 (6H, m, H-6)

168.3 (q), 163.2 (q), 162.6 (q), 135.2 (q), 135.1 (q), 134.0 

(q), 132.8 (q), 130.2 (q), 129.9 (q), 83.3 (q), 78.2 (q), 71.8, 

71.4,51.7, 27.9, 22.4,21.5,21.4

Found: 518.0075 (M + Na. C2oH2iN05Cl4Na Requires: 

518.0072)

3283, 2980, 1733, 1650, 1542, 1456, 1353, 1260, 1158, 

1099, 942, 847, 833,750, 697
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8.5.12.8 IsopropyI-2-(2-ferf-butoxy-2-oxo-l-phenylethylcarbamoyl)-3,4,5,6- 
tetrachlorobenzoate (410)

Prepared according to general procedure M using phenylglycine (906 mg, 6.00 mmol). The 

residue was purified by fiash chromatography (hexanes/ethyl acetate; 9:1) to furnish 410 as 

a white solid (1.80 g, 57%). M.p. 169-171 °C.

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS {m/z -ES) :

Vmax (film)/cm'':

7.42-7.39 (5H, m, H-2, H-3, H-4), 7.03 (IH, d, J 7.1, ATI), 

5.61 (IH, d, 7 7.1, H-1), 5.08 (IH, app. septet, H-6), 1.42 

(9H, s, H-5), 1.23 (3H, d, J6.3, H-7), 1.19 (3H, d, J6.3, H-7)

168.6 (q), 162.7 (q), 161.6 (q), 135.9 (2C, q), 134.6 (2C, q), 

133.4 (q), 132.4 (q), 129.6 (q), 128.3, 127.9, 126.8, 82.7 (q), 

70.8, 56.9, 27.3, 20.9, 20.8

Found: 532.0267 (M - H. C23H22NO5CI4 Requires: 532.0252)

3210, 3064, 2979, 1732, 1635, 1563, 1367, 1331, 1260, 

1238, 1204, 1147, 1104, 899, 842, 749, 732, 697, 669

8.5.13 Procedure N: general procedure for the cleavage of tert-b\ity\ esters using 

TFA

A 50 cm^ RBF containing a magnetic stirrer was charged with tert-butyl ester (2.0 mmol), 

flushed with argon and maintained under a protective argon atmosphere (septum and 

balloon). CH2CI2 (5 cm^) and TFA (5 cm^) were added via syringe and the reaction mixture 

was stirred at room temperature. After 16 h, the solvent was removed in vacuo to yield the 

free acid as an off-white solid (99%).
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8.5.13.1 A^-(2,3,4,5-tetrachloro-6-(isopropoxycarbonyl)benzoyl)alanine (411)

Prepared aceording to general proeedure N using 403 (946 mg, 2.00 mmol). The solvent 

was removed in vacuo to yield 411 as an off-white solid (834 mg, 99%). M.p. 189-191 °C.

6h(400 MHz, DMSO-c?^): 12.80 (IH, hr s, COOK), 9.10 (IH, d, 7 7.4, ATf), 5.12 (IH,

app. septet, H-3), 4.38 (IH, app. qn, H-1), 1.33 (3H, d, J7.2, 

H-2), 1.27 (6H, app. d, H-4)

5c(100MHz, DMSO-^/^): 172.9 (q), 162.4 (q), 161.8 (q), 135.4 (q), 133.7 (q), 132.9

(q), 132.0 (q), 129.8 (q), 128.6 (q), 70.7, 47.9, 21.1, 21.0, 

17.2

HRMS (m/z -ES)

Vmax (film)/cm‘‘:

Found; 437.9456 (M + Na. CnHisNOsCUNa Requires: 

437.9446)

3273, 2980, 1735, 1708, 1645, 1557, 1456, 1331, 1263, 

1249, 1235, 1202, 1152, 1101,959, 898,815, 769, 670

8.5.13.2 2-(2,3,4,5-tetrachloro-6-(isopropoxycarbonyl)benzamido)butanoic acid 

(412)

OH

Prepared according to general procedure N using 404 (974 mg, 2.00 mmol). The solvent 

was removed in vacuo to yield 412 as an off-white solid (860 mg, 99%). M.p. 170-173 °C.
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6h(400 MHz, OMSO-J^): 12.65 (IH, br s, COOH), 9.00 (IH, d, J 7.9, NR), 5.08 (IH,

app. septet, H-4), 4.29-4.26 (IH, m, H-1), 1.77-1.66 (2H, m, 

H-2), 1.24 (6H, app. d, H-5), 0.91 (3H, t, J7.5, H-3)

5c(100MHz, DMSO-J^): 177.3 (q), 162.9 (q), 162.6 (q), 136.0 (q), 134.1 (q), 133.3

(q), 132.5 (q), 130.3 (q), 129.0 (q), 71.1, 54.2, 25.1, 21.5, 

21.5, 10.5

HRMS (m/z -ES) :

Vmax (film)/cm'':

Found: 451.9613 (M + Na. CisHisNOsNaCU Requires: 

451.9602)

3303, 2981, 1736, 1717, 1648, 1545, 1264, 1202, 1098, 898, 

666

8.5.13.3 A^-(2,3,4,5-Tetrachloro-6-(isopropoxycarbonyl)benzoyl)norleucine (413)

Prepared according to general procedure N using 405 (1.03 g, 2.00 mmol). The solvent was 

removed in vacuo to yield 413 as an off-white solid (910 mg, 99%). M.p. 143-145 °C.

5h (400 MHz, DMSO-c;?<5): 9.05 (IH, d, J 7.7, ATI), 5.12 (IH, app. septet, H-6), 4.35

(IH, app. q, H-1), 1.77-1.65 (2H, m, H-2), 1.34-1.09 (lOH, 

m, H-7, H-3, H-4), 0.87 (3H, app. t, H-5)

6c(100MHz, DMSO-^/^): 173.1 (q), 162.9 (q), 162.6 (q), 135.9 (q), 134.1 (q), 133.3

(q), 132.5 (q), 130.3 (q), 129.1 (q), 71.2, 52.7, 31.4, 27.7, 

22.2,21.6,21.5, 14.2

HRMS (m/z -ES) : Found: 479.9910 (M^ + Na. CnHigNOjCUNa Requires: 

479.9915)
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Vmax (film)/cm'': 3287, 2929, 2860, 1737, 1709, 1647, 1545, 1447, 1366, 

1260, 1235, 1199, 1146, 1100, 945, 899, 815, 662

8.5.13.4 A^-(2,3,4,5-TetrachIoro-6-(isopropoxycarbonyI)benzoyl)phenylalanine 

(414)

Prepared aecording to general procedure N using 406 (1.10 g, 2.0 mmol). The solvent was 

removed in vacuo to yield 414 as an off-white solid (980 mg, 99%). M.p. 178-182 °C.

5h (400 MHz, DMSO-flfg): 12.91 (IH, hr s, COOU), 9.20 (IH, d, J8.1,M1), 7.33-7.19

(5H, m, H-3, H-4, H-5), 5.01 (IH, app. septet, H-6), 4.64 

(IH, app. q, H-1), 3.09 (IH, dd, J 13.9, 5.4, H-2), 2.93 (IH, 

dd, 713.9, 8.7, H-2), 1.21 (6H, app. t, H-7)

6c(100MHz, DMSO-76): 171.9 (q), 162.3 (q), 162.1 (q), 136.9 (q), 135.3 (q), 133.6

(q), 132.9 (q), 132.0 (q), 129.8 (q), 129.3, 128.6 (q), 128.3, 

126.5,70.7, 53.9,37.1,21.1,21.0

HRMS {m/z -ES)

Vmax (film)/cm'':

Found: 513.9766 (M + Na. C20H17NO5CI4 Requires: 

513.9759)

3286, 2933, 1733, 1707, 1654, 1543, 1527, 1445, 1292, 

1266, 1238, 1167, 1100, 899, 813, 737, 699, 671
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8.5.13.5 A^-(2,3,4,5-Tetrachloro-6-(isopropoxycarbonyl)benzoyl)valine (415)

OH

Prepared according to general procedure N using 407 (1.00 g, 2.0 mmol). The solvent was 

removed in vacuo to yield 415 as an off-white solid (890 mg, 99%). M.p. 188-191 °C.

5h(400 MHz, DMSO-^/g): 12.79 (IH, hr s, COOH), 8.95 (IH, d, J 8.4, Ml), 5.08 (IH,

app. septet, H-4), 4.26 (IH, dd, J8.4, 5.6, H-1), 2.09 (IH, m, 

H-2), 1.25 (3H, d, J6.3, H-5), 1.23 (3H, d, J6.3, H-5), 0.94 

(3H, d, y 6.9, H-3), 0.92 (3H, d, J6.9, H-3)

6c(100MHz, DMSO-y(5): 174.1 (q), 164.7 (q), 164.6 (q), 137.9 (q), 135.8 (q), 134.9

(q), 134.2 (q), 132.1 (q), 130.7 (q), 72.9, 60.1, 32.6, 23.3, 
23.2,21.3,20.2

HRMS (m/z -ES)

Vmax (film)/cm :

Found: 465.9758 (M + Na. Ci6Hi7N05NaCl4 Requires: 
465.9759)

3307, 2961, 1736, 1706, 1654, 1541, 1468, 1257, 1232, 

1194, 1099, 1069, 933, 898, 812, 688, 663

8.5.13.6 M(2,3,4,5-Tetrachloro-6-(isopropoxycarbonyl)benzoyl)4-fluoro- 
phenylalanine (416)

Prepared according to general procedure N using 408 (1.10 g, 2.0 mmol). The solvent was 

removed in vacuo to yield 416 as an off-white solid (990 mg, 99%). M.p. 158-160 °C.
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5h (400 MHz, DMSO-^/e):

6c (100 MHz, DMSO-^i?6):

9.12 (IH, d, y 8.1, A«), 7.26 (2H, dd, J 8.3, 5.5, H-4), 7.07 

(2H, app. t, H-5), 4.97 (IH, app. septet, H-7), 4.59-4.57 (IH, 

m, H-2), 3.04 (IH, dd, J 13.9, 5.3, H-3a), 2.89 (IH, dd, J 

13.9, 8.6, H-3b), 1.17 (3H, d, J 6.2, H-6), 1.16 (3H, d, J 6.2, 

H-6)

172.2 (q), 162.7 (q), 162.5 (q), 161.6 (q, d, Jc-f 241.7), 135.6 

(q), 134.1 (q), 133.5 (q, d, Jc-f 3.1), 133.4 (q), 132.5 (q), 

131.6 (d, Jc-F 8.0), 130.2 (q), 129.0 (q), 115.3 (d, Jc-fIXA), 

71.1,54.4,36.6,21.5,21.4

5F(376MHz,DMSO-y<5): -116.63

HRMS (w/z -ES):

Vmax (film)/cm'’:

Found: 531.9661 (M + Na. C2oH|6N05FNaCl4 Requires: 

531.9664)

3301,2984, 1725, 1650, 1509, 1261, 1221, 1100, 899, 827

8.5.13.7 A'-(2,3,4,5-T etrachloro-6-(isopropoxycarbonyl)benzoyl)proparglyglycine

(417)

Prepared according to general procedure N using 409 (1.00 g, 2.0 mmol). The solvent was 

removed in vacuo to yield 417 as an off-white solid (880 mg, 99%). M.p. 179-181 °C.

5h (400 MHz, DMSO-yg):

5c (100 MHz, HMSO-Je):

13.14 (IH, hr s, COOH), 9.20 (IH, d, J 7.9, ATI), 5.10 (IH, 

app. septet, H-4), 4.49 (IH, app. q, H-1), 2.91 (IH, t, J 2.6, 

H-3), 2.63-2.61 (2H, m, H-2), 1.24 (3H, d, / 6.2, H-5), 1.23 

(3H, d, J6.2, H-5)

171.1 (q), 162.8 (q), 162.7 (q), 135.7 (q), 134.1 (q), 133.4 

(q), 132.4 (q), 130.4 (q), 129.0 (q), 80.2 (q), 74.0, 71.2, 52.0, 

21.6,21.5
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HRMS {m/z -ES) :

Vmax (film)/cm'’:

Found: 461.9456 (M + Na. Ci6Hi3N05Cl4Na Requires: 

461.9446)

3303, 3000, 2935, 1736, 1708, 1650, 1545, 1260, 1173, 

1097, 898,819, 667

8.5.13.8 7V-(2,3,4,5-Tetrachloro-6-(isopropoxycarbonyl)benzoyl)phenylglycine (418)

OH

Prepared according to general procedure N using 410 (1.10 g, 2.0 mmol). The solvent was 

removed in vacuo to yield 418 as an off-white solid (950 mg, 99%). M.p. 202-204 °C.

6h(400 MHz, DMSO):

5c (100 MHz, DMSO):

HRMS {m/z -ES) :

Vmax (film)/cm :

13.15 (IH, hr s, COOW), 9.64 (IH, d, J 7.8, ATI), 7.44-7.40 

(5H, m, H-2, H-3, H-4), 5.50 (IH, d, J 7.8, H-1), 5.02 (IH, 

app. septet, H-5), 1.18 (3H, d, J6.3, H-6), 1.15 (2H, d, J6.3, 

H-6)

170.9 (q), 162.4 (q), 162.0 (q), 136.5 (q), 135.3 (q), 133.7 

(q), 133.0 (q), 131.1 (q), 130.1 (q), 128.6 (q), 128.5, 128.2, 

127.6, 70.7, 56.5,21.0 (2C)

Found: 499.9614 (M + Na. Ci9Hi5N05NaCl4 Requires: 

499.9602)

3265, 2983, 1734, 1718, 1646, 1553, 1427, 1253, 1237, 

1201, 1179, 1095,942, 899, 788, 755, 742, 695,671
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8.5.14 Procedure O: general procedure for the synthesis of azlactones from N- 

protected amino acids using TFAA

A 10 cm^ RBF containing a magnetic stirrer was charged with A-protected amino acid 

(0.50 mmol), flushed with argon and maintained under a protective argon atmosphere 

(septum and balloon). CH2CI2 (2.0 cm^) was added via syringe followed by the addition of 

TFAA (90 pL, 0.65 mmol) dropwise via syringe. The reaction mixture was stirred at room 

temperature. After 1 h, the solvent was removed in vacuo and the residue purified by 

passage through a plug of silica to yield azlactone as colourless oil.

Note: it is important that reaction or product is not heated above 40 °C during the course of 

the purification as decomposition will ocurr.

8.5.14.1 Isopropyl 2,3,4,5-tetrachloro-6-(4-methyl-5-oxo-4,5-dihydrooxazol-2-yl) 

benzoate(419)

Prepared aeeording to general proeedure O using 411 (210 mg, 0.50 mmol). After 

purification 419 was obtained as a colourless oil (88 mg, 44%).

5h(400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS (m/z -ES):

Vmax (film)/cm'’:

5.27 (IH, app. septet, H-3), 4.44 (IH, q, J 7.6, H-1), 1.60 

(3H, d, J 7.6, H-2), 1.39 (3H, d, J 6.2, H-4), 1.38 (3H, d, / 

6.2, H-4)

177.3 (q), 163.0 (q), 158.1 (q), 147.1 (q), 135.6 (q), 134.7 

(q), 132.4 (q), 130.4 (q), 125.5 (q), 71.4, 61.0, 21.6, 21.5, 

16.1

Found: 395.9376 (M - H. C14H10NO4CI4 Requires: 395.9364) 

2984, 1833, 1728, 1669, 1267, 1105, 1001, 894, 788
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8.5.14.2 Isopropyl 2,3,4,5-tetrachloro-6-(4-ethyl-5-oxo-4,5-dihydrooxazol-2-yl) 

benzoate (420)

Prepared according to general procedure O using 412 (216 mg, 0.50 mmol). After 

purification 420 was obtained as a colourless oil (140 mg, 68%).

5h(400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS {m/z -ES) :

Vmax (film)/cm'':

5.27 (IH, septet, J 6.2, H-4), 4.35 (IH, dd, /5.5, 6.9, H-1), 

2.12-2.09 (IH, m, H-2a), 1.98-1.95 (IH, m, H-2b),1.39 (3H, 

d,J6.2, H-5), 1.38 (3H, d,J6.2, H-5), 1.11 (3H, app. t, H-3)

176.6 (q), 163.1 (q), 158.2 (q), 137.1 (q), 135.6 (q), 134.7 

(q), 132.4 (q), 130.4 (q), 125.5 (q), 71.4, 66.4, 24.4, 21.6, 

21.5,9.7

Found: 409.9516 (M - H. Ci5H,2N04Cl4 Requires: 409.9520)

2982, 1833, 1729, 1668, 1537, 1366, 1265, 1175, 1142, 

1102, 1034,895,660
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8.5.14.3 Isopropyl 2,3,4,5-tetrachloro-6-(4-butyl-5-oxo-4,5-dihydrooxazol-2-yl) 
benzoate (421)

o

Prepared aceording to general procedure O using 413 (230 mg, 0.50 mmol). After 

purification 421 was obtained as a colourless oil (160 mg, 71%).

5h(400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS (jn/z -ES): 

Vmax (film)/cm'':

5.22 (IH, app. septet, H-6), 4.33 (IH, dd, J 1 A, 5.4, H-1), 

1.02-1.99 (IH, m, H-2a), 1.85-1.82 (IH, m, H-2b), 1.51-1.46 

(2H, m, H-3), 1.41-1.36 (2H, m, H-4), 1.35 (3H, d, J6.3, H- 

7), 1.33 (3H, d, J6.3, H-7) 0.92 (3H, app. t, H-5)

176.9 (q), 163.0 (q), 158.1 (q), 137.0 (q), 135.6 (q), 134.7 

(q), 132.4 (q), 130.4 (q), 125.5 (q), 71.4, 65.3, 30.7, 27.4, 

21.2,21.6,21.5, 13.7

Found: 437.9842 (M - H. C,7H,6N04Cl4 Requires: 437.9833)

2959, 1834, 1730, 1661, 1266, 1175, 1142, 1102, 897, 860, 

660
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8.5.14.4 Isopropyl-2-(4-benzyl-5-oxo-4,5-dihydrooxazol-2-yl)-3,4,5,6-

tetrachlorobenzoate (422)

Prepared aceording to general proeedure O using 414 (246 mg, 0.50 mmol). After 

purifieation 422 was obtained as a colourless oil (200 mg, 85%).

5h (400 MHz, CDCI3):

6c (100 MHz, CDCI3):

HRMS (m/z -ES) :

Vmax (film)/cm'’:

7.31-7.24 (5H, m, Ar-H), 5.22 (IH, app. septet, H-6), 4.62 

(IH, dd, y 6.7, 5.0, H-1), 3.37 (IH, dd, J 14.1, 5.0, H-2), 3.23 

(IH, dd,J 14.1, 6.7, H-2), 1.31 (6H, app. d, H-7)

176.0 (q), 162.9 (q), 158.4 (q), 137.0 (q), 135.5 (q), 134.8 

(q), 134.6 (q), 132.5 (q), 130.3 (q), 129.7, 128.6, 127.4, 

125.4 (q), 71.4, 66.4, 36.6, 21.6, 21.5

Found; 471.9662 (M - H. C2oH,4N04Cl4 Requires; 471.9677)

2983, 2934, 1831, 1726, 1666, 1536, 1454, 1366, 1263, 

1238, 1172, 1135, 1100, 1079, 1042, 898, 870, 732, 698, 659
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8.5.14.5 Isopropyl 2,3,4,5-tetrachloro-6-(4-isopropyl-5-oxo-4,5-dihydrooxazol-2- 
yl)benzoate (424)

Prepared according to general procedure O using 415 (223 mg, 0.50 mmol). After 

purification 423 was obtained as a colourless oil (145 mg, 68%).

6h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS (m/z -ES) ; 

Vmax (film)/cm"':

5.26 (IH, app. septet, H-4), 4.23 (IH, d, J 4.5, H-1), 2.47- 

2.36 (IH, m, H-2), 1.37 (6H, app. d, H-5), 1.18 (3H, d, 76.9, 

H-3), 1.06 (3H, d, J6.9, H-3)

175.6 (q), 162.6 (q), 157.7 (q), 136.5 (q), 135.1 (q), 134.3 

(q), 132.0 (q), 129.9 (q), 125.1 (q), 70.9, 70,3, 30.6, 21.1, 

21.1, 18.4, 17.3

Found: 423.9666 (M - H. Ci6H,4N04Cl4 Requires: 423.9677)

2971, 2935, 1832, 1728, 1666, 1371, 1262, 1172, 1100, 

1070, 1031, 1005, 900, 863, 832, 814, 755, 657

8.5.14.6 Isopropyl-2,3,4,5-tetrachIoro-6-(4-(4-fluorobenzyl)-5-oxo-4,5-
dihydrooxazol-2-yl)benzoate (424)

Prepared according to general procedure O using 416 (256 mg, 0.5 mmol). After 

purification 424 was obtained as a colourless oil (205 mg, 84%).
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5h (400 MHz, CDCI3):

6c (100 MHz, CDCI3);

6f(376 MHz, CDCI3): 

HRMS (m/z -ES) :

Vmax (film)/cm'':

7.22-7.19 (2H, dd, J 8.5, 5.7 H-3), 6.99-6.95 (2H, app. t, H- 

4), 5.19 (IH, app. septet, H-5), 4.58 (IH, dd, ^6.6, 5.0, H-1), 

3.34 (IH, dd, J 14.3, 5.0, H-2a), 3.19 (IH, dd, J 14.3, 6.6, H- 

2b), 1.31 (6H, app. d, H-6)

175.9 (q), 162.9 (q), 162.2 (q, d, Jc-f 246.4), 158.4 (q), 137.1 

(q), 135.6 (q), 135.6 (q), 132.4 (q), 131.3 (d, Jc-f 8.0), 130.4 

(q, d , Jc-F 3.3), 130.4 (q), 125.3 (q), 115.4 (d, J 21.4), 71.4, 

66.4,35.7,21.6,21.5

-115.2

Found: 489.9571 (M - H. C20H13NO4FCI4 Requires: 

489.9583)

2984, 1832, 1728, 1667, 1510, 1268, 1225, 1100, 900, 830, 

753,661

8.5.14.7 Isopropyl 2,3,4,5-tetrachloro-6-(5-oxo-4-(prop-2-ynyl)-4,5-dihydrooxazol- 
2-yl)benzoate (425)

Prepared according to general procedure O using 417 (220 mg, 0.50 mmol). After 

purification 425 was obtained as a colourless oil (95 mg, 45%).

5h(400 MHz, CDCI3): 5.24 (IH, app. septet, H-4), 4.47 (IH, dd, J 6.4, 5.1, H-1), 

2.94 (IH, ddd, J 17.0, 5.1, 2.6, H-2a), 2.83 (IH, ddd, J 17.0, 

6.4, 2.6, H-2b), 2.10 (IH, t, J2.6, H-3), 1.35 (6H, app. d, H- 

5)

247



5c (100 MHz, CDCI3):

HRMS (m/z -ES) :

Vmax (film)/cm :

174.8 (q), 163.1 (q), 159.4 (q), 137.3 (q), 135.7 (q), 134.9 

(q), 132.5 (q), 130.4 (q), 125.0 (q), 77.0 (q), 72.3, 71.5, 64.0, 

21.6,21.5, 20.9

Found: 419.9348 (M - H. C16H10NO4CI4 Requires: 419.9364)

3302, 2984, 1835, 1726, 1666, 1538, 1264, 1238, 1101, 

1059, 902, 660

8.5.15 A^-Boc-L-serinebenzyl ester (429)

A 500 cm^ RBF containing a magnetic stirrer was charged with L-serine (5.00 g, 48.0 

mmol) and NaHCOa (6.0 g, 72.0 mmol). The mixture was dissolved in water (96 cm^) and 

MeOH (96 cm^) and cooled in an ice-bath. (Boc)20 (15.70 g, 72.0 mmol) was added in one 

portion and the reaction mixture was allowed to warm to room temperature with stirring. 

After 16 h, the pH was adjusted to 4.0 with aqueous HCl (1 N) and the solution extracted 
with ethyl acetate (3 x 50 cm^). The combined organic extracts were dried over MgS04 

and the solvent removed in vacuo to furnish a syrup. The syrup was dissolved in MeOH 

(150 cm^) and CS2CO3 (8.6 g, 26 mmol) was added and upon dissolution the solvent was
■j -3

removed in vacuo, the residue dissolved in DMF (100 cm ) and transferred to a 250 cm 

RBF containing a magnetic stirrer. Benzyl bromide (6.3 cm^, 53 mmol) was added via 

syringe and the reaction mixture was stirred at room temperature under a protective argon
-3

atmosphere (septum and balloon). After 24 h, water (100 cm ) was added and mixture 

extracted with Et20 (4 x 30 cm^), the combined organic extracts were dried over MgS04 

and the solvent reamoved in vacuo. The crude residue was purified by flash 

chromatography (hexanes/EtOAc; 7:3) to furnish 429 as a white solid. M.p. 65-67 °C 

(Lit.,^^^ 70-71 °C) [a]D^° = -13.8 (c 1.0 MeOH). The isolated product exhibited identical 

spectroscopic data as reported in the literature.

5h(400 MHz, CDCI3); 7.38 (5H, m, H-5, H-6, H-7), 5.48 (IH, hr s, AH), 4.45 (IH, 

m, H-2), 4.00-3.95 (2H, m, H-3), 1.47 (9H, s, H-1)
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8.5.15.1 A^-Boc-L-serine-(4-nitro-benzyl) ester (430)

A 500 cm^ RBF containing a magnetic stirrer was charged with L-serine (2.50 g, 24.0
•j

mmol) and NaHC03 (3.00 g, 36.0 mmol). The mixture was dissolved in water (50 cm ) 

and MeOH (50 cm ) and cooled in an ice-bath. (Boc)20 (7.80 g, 36.0 mmol) was added in 

one portion and the reaction mixture was allowed to warm to room temperature with 

stirring. After 16 h, the pH was adjusted to 4.0 with aqueous HCl (1 N) and the solution 
extracted with ethyl acetate (3 x 30 em^). The combined organic extracts were dried over 

MgS04 and the solvent removed in vacuo to furnish a syrup. The syrup was dissolved in 
MeOH (75 cm^) and CS2CO3 (4.20 g, 12.0 mmol) was added and upon dissolution the 

solvent was removed in vacuo, the residue dissolved in DMF (50 cm^) and transferred to a 
250 cm^ RBF containing a magnetic stirrer. 4-Nitro-benzyl bromide (5.60 g, 26.0 mmol) 

was added via springe and the reaction mixture was stirred at room temperature under a 
protective argon atmosphere (septum and balloon). After 24 h, water (100 em^) was added 

and mixture extracted with Et20 (4x15 em^), the eombined organie extracts were dried 

over MgS04 and the solvent reamoved in vacuo. The crude residue was purified by flash 

chromatography (hexanes/EtOAc; 7:3) to fiimish 430 as a white solid (3.90 g, 48%). M.p. 
98-101 °C (Lit.,^^^101-103 °C) [a]D^° =-2.1 (c I.4CHCI3).

5h(400 MHz, CDCI3): 8.21 (2H, d, J 8.7, H-6), 7.51 (2H, d, J 8.7, H-5), 5.42 (IH, 

br d, AH), 5.32 (IH, d, J 13.5, H-4a), 5.27 (IH, d, J 13.5, H- 

4b), 4.45 (IH, m, H-2), 4.05-4.02 (IH, m, H-3a), 3.95-3.92 

(IH, m, H-3b), 2.17 (IH, br s, OH), 1.44 (9H, s, H-1)

8.5.16 Procedure P: general procedure for the DKR of masked TCP containing 

azlactones using a protected serine nucleophile

A 2 cm glass vial containing a magnetic stirrer was charged with azlaetone (0.20 mmol) 

and 196 (14.5 mg, 0.02 mmol), flushed with argon and maintained under a protective argon 

atmosphere (septum and balloon). CHCI3 (500 pL) was added via syringe followed by the 

addition of the serine nucleophile (0.20 mmol) in one portion, the reaction mixture was 

stirred at 40 °C. After 16 h, DABCO (4.5 mg, 0.04 mmol) was added and the reaction was
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stirred at 40 °C. After a further 24 h, styrene (23 )j,L, 0.20 mmol) was added via syringe 

and a sample of the reaction was analysed by 'H NMR spectroscopy. The reaction was 

purified directly by flash chromatography (hexanes/EtOAc) to yield a white solid.

8.5.16.1 A-TCP-L-alanine(A'-Z-L-serine methyl ester) ester (431)

Prepared according to general procedure P using 419 (79 mg, 0.20 mmol) and 323 (51 mg, 

0.20 mmol). After flash chromoatography (hexanes/EtOAc; 6:4) 431 was obtained as a 

white solid (105 mg, 89%). M.p. 167-169 °C. [a]D^°= +50.5(c 0.2 CHCI3).

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS {m/z -ESI) :

Vmax (film)/cm'':

7.32-7.24 (5H, m, H-9, H-8, H-7), 5.64 (IH, d, J 8.0, AH), 

5.03 (2H, s, H-6), 4.96-4.93 (IH, q, J 7.3, H-1), 4.61 (IH, m, 

H-4), 4.55-4.42 (2H, m, H-3), 3.75 (3H, s, H-5), 1.62 (3H, d, 

y7.3,H-2)

169.4 (q), 168.4 (q), 162.5 (q), 155.6 (q), 140.4 (q), 135.9 

(q), 129.9 (q), 128.4, 128.2, 128.1, 127.3 (q), 67.2, 65.7, 53.0 

(2C), 47.9, 14.9

Found: 612.9701 (M + Na. C23Hi8N208NaCl4 Requires: 

612.9715).

3340, 1758, 1726, 1685, 1542, 1389, 1368, 1252, 1224, 741

8.5.16.2 A-TCP-L-alanine(A-Boc-L-serine methyl ester) ester (432)

■iril
“in n \.

Prepared according to general procedure P using 419 (79 mg, 0.20 mmol) and 428 (44 mg, 

0.20 mmol). After flash chromoatography (hexanes/ethyl acetate; 7:3) 432 was obtained as 

a white solid (97 mg, 87%). M.p. 58-60°C. [a]D^‘’ = +49.1 (c 0.1 CHCI3).
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6h (400 MHz, CDCI3):

5c (100 MHz, CDCI3);

HRMS (m/z -ES);

Vmax (film)/cm' :

5.20 (IH, d, J 7.8, Add), 4.96 (IH, q, J 7.3, H-1), 4.54 (IH, 

m, H-4), 4.53 (IH, dd, J 11.1, 3.5, H-3a), 4.40 (IH, dd, J 

11.1, 3.0, H-3b), 3.74 (3H, s, H-5), 1.65 (3H, d, J7.3, H-2), 

1.42 (9H, s, H-6)

169.8 (q), 168.4 (q), 162.6 (q), 154.9 (q), 140.5 (q), 129.9 

(q), 127.3 (q), 80.5 (q), 65.9, 52.9, 52.6, 48.0, 28.2, 14.9

Found: 554.9894 (M - H. C20H19N2O8CI4 Requires: 

554.9896)

3437, 2976, 1746, 1713, 1502, 1400, 1371, 1246, 1158, 

1095,802, 736

8.5.16.3 A^-TCP-L-alanine(A^-Boc-L-serme benzyl ester) ester (434)

Prepared according to general procedure P using 420 (79 mg, 0.20 mmol) and 430 (53 mg, 

0.20 mmol). After flash chromoatography (hexanes/ethyl acetate; 8:2) 434 was obtained as 

a white solid (113 mg, 99%, 99:1 dr). M.p. 142-145°C. [a]D^'’= +29.5 (c 0.2 CHCI3).

CSP-HPLC conditions: CHIRALPAK AD column (4.6 mm x 25 cm), hexane/IPA: 90/10, 

1.0 cm^ min-1, RT, UV detection at 220 nm, retention times: 45.4 min (i'iS'-enantiomer) and 

52.3 min (7?5'-enantiomer).

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

7.34-7.33 (5H, m, Ar-H), 5.24 (IH, d, J 8.1, AH), 5.14 (2H, 

m, H-5), 4.87 (IH, q, J 7.3, H-1), 4.52 (IH, m, H-4), 4.50- 

4.42 (2H, m, H-3), 1.58 (3H, d, J 7.3, H-2), 1.41 (9H, s, H-6)

169.2 (q), 168.3 (q), 162.6 (q), 154.9 (q), 140.4 (q), 134.9 

(q), 129.9 (q), 128.6 {1C), 128.4, 127.4 (q), 80.5 (q), 67.8, 

66.0, 52.8, 48.0, 28.2, 14.9
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HRMS {m/z -ES) :

Vmax (film)/cm'':

Found: 655.0183 (M + Na. C32H27N2O8CI4 Requires: 

655.0184)

3433, 2972, 2926, 1742, 1711, 1504, 1400, 1301, 1158, 

1095,989, 804, 736

8.5.16.4 A^-TCP-L-alanine(7V-Boc-L-serine 4-nitro-benzyl ester) ester (434)

NO,

Prepared according to general procedure P using 419 (79 mg, 0.20 mmol) and 431 (68 mg, 

0.20 mmol). After flash chromoatography (hexanes/EtOAc; 8:2) 434 was obtained as a 

white solid (130 mg, 98%). M.p. 165-168°C. [a]D^° = +28.2 (c 0.17 CHCI3).

6h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS {m/z -ES) :

Vmax (film)/cm'':

8.22 (2H, d, J 8.6, H-7), 7.51 (2H, d, J 8.6, H-6), 5.27-2.24 

(3H, m, AH, H-5), 4.93 (IH, q, J 7.4, H-1), 4.63-4.60 (2H, 

m, H-4, H-3a), 4.39-4.37 (IH, m, H-3b), 1.62 (3H, d, J 7.4, 

H-2), 1.41 (9H, s, H-8)

169.1 (q), 168.4 (q), 162.6 (q), 155.0 (q), 147.9 (q), 142.0 

(q), 129.9 (q), 128.6, 127.3 (q), 123.9, 80.7 (q), 66.2, 65.7, 

52.8,47.9,31.5, 28.2, 14.9

Found: 676.0048 (M - H. C26H22N3O10CI4 Requires: 

676.0059)

3349, 2935, 1719, 1687, 1521, 1392, 1344, 1158, 1039, 843, 

735
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8.5.16.5 A^-TCP-L-homoalanme(A^-Boc-L-serine benzyl ester) ester (435)

Prepared according to general procedure P using 420 (83 mg, 0.20 mmol) and 429 (53 mg, 

0.20 mmol). After flash chromoatography (hexanes/EtOAc; 8:2) 435 was obtained as a 

white solid (121 mg, 98%). M.p. 127-130°C. [a]D^° = +27.6 (c 0.3 CHCI3).

CSP-HPLC conditions: CHIRALCEL OD column (4.6 mm x 25 cm), hexane/IPA: 90/10, 

1.0 cm min-1, RT, UV detection at 220 nm, retention times: 57.6 min (7?5’-enantiomer) 

and 69.7 min (5'5'-enantiomer).

5h(400 MHz, CDCI3):

6c (100 MHz, CDCI3):

HRMS {m/z -ES) :

Vmax (film)/cm'’:

7.34-7.33 (5H, m, Ar-H), 5.25 (IH, hr d, J 7.9, AH), 5.15 

(2H, m, H-7), 4.68 (IH, t, 77.6, H-1), 4.59-4.57 (IH, m, H- 

5), 4.52-4.42 (2H, m, H-4), 2.15-2.09 (2H, m, H-2), 1.41 

(9H, s, H-6), 0.87 (3H, t, J7.4, H-3)

169.3 (q), 167.9 (q), 162.9 (q), 155.0 (q), 140.5 (q), 134.9 

(q), 129.9 (q), 128.6 (2C), 128.4, 127.2 (q), 80.4 (q), 67.7, 

65.9, 54.1, 52.8, 28.2,21.8, 10.7

Found: 645.0366 (M - H. C27H25N2O8CI4 Requires: 

645.0365)

3463,2943, 1738, 1713, 1506, 1397, 1357, 1192, 996, 735
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8.5.16.6 A^-TCP-L-norleucine(iV-Boc-L-serine benzyl ester) ester (436)

12

O

11

Prepared aceording to general procedure P using 421 (88 mg, 0.20 mmol) and 429 (53 mg, 

0.20 mmol). After flash chromoatography (hexanes/EtOAc; 8:2) 436 was obtained as a 

white solid (110 mg, 82%). M.p. 69-71°C. [a]D^°=+26.1 (c 0.3 CHCI3).

CSP-HPLC conditions: CHIRALPAK AD-H column (4.6 mm x 25 cm), hexane/IPA: 95/5, 

1.0 cm^ min-1, RT, UV detection at 220 nm, retention times: 39.1 min (R^-enantiomer) 

and 43.3 min (5'5'-enantiomer).

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS {m/z -ESI) :

Vmax (film)/cm'‘:

7.39-7.38 (5H, m, H-9, H-10, H-11), 5.27 (IH, hr d, J 8.5, 

AH), 5.19 (2H, m, H-8), 4.82-4.78 (IH, m, H-1), 4.62-4.61 

(IH, m, H-7), 4.57-4.54 (IH, m, H-6a), 4.44-4.42 (IH, m, H- 

7b), 2.20-2.14 (2H, m, H-2), 1.46 (9H, s, H-12), 1.35-1.24 

(4H, m, H-3, H-4), 0.89 (3H, app.t, H-5)

169.3 (q), 168.2 (q), 162.9 (q), 154.9 (q), 140.5 (q), 134.9 

(q), 129.9 (q), 128.6, 128.6, 128.4, 127.2 (q), 80.5 (q), 67.7, 

65.9, 52.8, 52.7, 28.3, 28.2, 28.1 21.9, 13.8

Found: 673.0674 (M - H. C29H29N2O8CI4 Requires: 

673.0678)

3384, 2961, 2872, 1748, 1718, 1498, 1389, 1368, 1156, 

1057, 737, 697
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8.5.16.7 A^-TCP-L-phenylalanine(A^-Boc-L-serine benzyl ester) ester (437)

12

Prepared according to general procedure P using 422 (95 mg, 0.20 mmol) and 429 (53 mg, 

0.20 mmol). After flash chromoatography (hexanes/EtOAC; 8:2) 437 was obtained as a 

white solid (140 mg, 98%, 97:3 dr). M.p. 84-85°C. [a]D^°= -49.3 (c 0.3 CHCI3).

CSP-HPLC conditions: CHIRALPAK AD column (4.6 mm x 25 cm), hexane/IPA: 90/10, 
1.0 cm^ min-1, RT, UV detection at 220 nm, retention times: 28.4 min (^i'-enantiomer) and 

33.4 min (i^^-enantiomer).

5h (400 MHz, CDCI3):

6c (100 MHz, CDCI3):

HRMS {m/z -ES) :

Vmax (film)/cm :

7.35 (5H, m, H-10, H-11, H-12), 7.21-7.10 (3H, m, H-4, H- 

5), 7.08 (2H, d, J 7.1, H-3), 5.23 (IH, d, J 8.3, AH), 5.17 

(2H, m, H-9), 5.10 (IH, dd, J 11.1, 5.6, H-1), 4.58-4.55 (2H, 

m, H-6a, H-7), 4.46 (IH, m, H-6b), 3.47 (IH, dd, J 14.6, 5.6, 

H-2a), 3.41 (IH, dd,J14.5, 11.1, H-2b), 1.42 (9H, s, H-8)

169.2 (q), 167.6 (q), 162.6 (q), 155.0 (q), 140.4 (q), 135.9 

(q), 134.9 (q), 129.8 (q), 128.7, 128.7, 128.6, 128.6, 128.4, 

127.2, 127.0 (q), 80.5 (q), 67.8, 66.0, 53.6, 52.8, 34.3, 28.3

Found: 707.0520 (M - H. C32H27N2O8CI4 Requires: 

707.0522)

3405, 2958, 2926, 1728, 1748, 1721, 1497, 1455, 1389, 

1369, 1353, 1197, 1158, 1057, 737, 697
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8.5.16.8 iV-TCP-L-vaIine(A^-Boc-L-serine benzyl ester) ester (438)

Prepared aecording to general procedure P using 423 (85 mg, 0.20 mmol) and 429 (53 mg, 

0.20 mmol). The DABCO promoted imide formation was allowed to proceed for 72 h. 

After flash chromoatography (hexanes/ethyl acetate; 8:2) 438 was obtained as a white solid 

(94 mg, 71%, 98:2 dr). M.p. 75-76°C. [a]D^®= +19.8 (c 0.2 CHCI3).

CSP-HPLC conditions: CHIRALPAK AD-H column (4.6 mm x 25 cm), hexane/IPA: 

90/10, 1.0 cm^ min"', RT, UV detection at 220 nm, retention times: 20.84 min {RS- 

enantiomer) and 22.8 min (^'i'-enantiomer).

6h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS {m/z -ES) :

Vmax (film)/cm :

7.33-7.32 (5H, m, Ar-H), 5.27 (IH, br d, AH), 5.12 (2H, s, 

H-7), 4.57-4.53 (3H, m, H-1, H-4), 4.38 (IH, m, H-5), 2.68- 

2.63 (IH, m, H-2), 1.40 (9H, s, H-6), 1.07 (3H, d, J 7.2, H- 

3), 0.86 (3H, d, J7.2, H-3)

169.3 (q), 167.4 (q), 163.0 (q), 155.0 (q), 140.5 (q), 134.9 

(q), 129.9 (q), 128.6, 128.5, 128.3, 127.1 (q), 80.4 (q), 67.7, 

65.6, 58.0, 52.7, 28.5, 28.2, 20.8, 19.3

Found: 683.0490 (M + Na. C28H28N208NaCl4 Requires: 

683.0497)

3386, 2966, 2929, 1782, 1749, 1720, 1499, 1455, 1388, 

1369, 1350, 1199, 1161, 1083, 1057, 739, 698
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8.5.16.8 A^-TCP-L-4-fluoro-phenylalanine(A^-Boc-L-serine benzyl ester) ester (439)

12

Prepared according to general procedure P using 424 (98 mg, 0.20 mmol) and 429 (53 mg, 

0.20 mmol). After flash chromoatography (hexanes/EtOAc; 8;2) 439 was obtained as a 

white solid (130 mg, 90%, 97:3 dr). M.p. 68-72°C. [a]D^°= -51.5 (c 0.2 CHCI3).

CSP-HPLC conditions; CHIRALPAK AD column (4.6 mm x 25 cm), hexane/IPA: 90/10,
3 11.0 cm min' , RT, UV detection at 220 nm, retention times: 27.0 min (^i'-enantiomer) and 

41.3 min (R5'-enantiomer).

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

5f(376 MHz, CDCI3): 

HRMS {m/z -ES):

Vmax (film)/cm'^

7.33 (5H, m, H-10, H-11, H-12), 7.04 (2H, dd, J 8.5, 5.3, H- 

4), 6.89 (2H, app.t, H-5), 5.23 (IH, d, / 7.3, AH), 5.15 (2H, 

s, H-9), 5.04 (IH, dd, J 10.7, 6.2, H-2), 4.60-4.46 (3H, m, H- 

6, H-7), 3.41-3.38 (2H, m, H-3), 1.41 (9H, s, H-8)

169.2 (q), 167.4 (q), 162.6 (q), 161.8 (d, Jc-f 246.2, q), 155.0 

(q), 140.5 (q), 134.9 (q), 131.5 (d, Jc-f 3.5, q), 130.2 (d, Jc-f 

8.1), 129.9 (q), 128.6 (2C), 128.4, 126.9 (q), 115.6 (d, Jc-f 

21.6), 80.5 (q), 67.8, 66.1, 53.5, 52.8, 33.5, 28.2

-115.16

Found: 749.0418 (M + Na. C32H27N208FNaCl4 Requires: 

749.0403)

3372, 2975, 1748, 1720, 1510, 1389, 1369, 1354, 1158, 

1057, 738, 697
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8.5.16.8 A^-TCP-L-proparglyglycine(A^-Boc-L-serine-4-nitro-benzyl ester) ester 

(440)

NO,

Prepared aceording to general proeedure P using 425 (85 mg, 0.20 mmol) and 430 (68 mg, 

0.20 mmol). After flash chromoatography (hexanes/ethyl acetate; 8:2) 440 was obtained as 

a white solid (87 mg, 62%). M.p. 168-171°C. [a]D^®= +13.5 (c 0.2 CHCI3).

5h (400 MHz, CDCI3):

6c (100 MHz, CDCI3):

HRMS (m/z -ES) :

Vmax (film)/cm'':

8.23 (2H, d, J 8.5, H-9), 7.51 (2H, d, J 8.5, H-8), 5.25 (3H, 

m, H-7, AH), 5.01 (IH, dd, J 10.7, 5.3, H-1), 4.62-4.60 (2H, 

m, H-5), 4.39 (IH, m, H-4), 3.06 (IH, ddd, J 17.2, 10.7, 2.5, 

H-2a), 3.00 (IH, ddd, J 17.2, 5.3, 2.5, H-2b), 1.92 (IH, t, J 

2.5, H-3), 1.41 (9H, s, H-6)

169.0 (q), 166.5 (q), 162.5 (q), 154.9 (q), 148.0 (q), 141.9 

(q), 140.8 (q), 131.1 (q), 128.8, 127.1 (q), 123.9, 80.8 (q), 

78.1 (q), 77.2, 71.6, 66.3, 52.8, 51.0, 28.2, 19.3

Found:700.0050 (M - H. C28H22N3O10CI4 

Requires .’700.0059).

3392, 3271, 1979, 1928, 1772, 1721, 1687, 1517, 1347, 

1182, 1022, 846, 737, 694
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8.5.17 A^-TCP-L-homoalanine-L-serine benzyl ester (442)

To a solution of 435 (324 mg, 0.50 mmol) in CH2CI2 (2 cm^) was added TFA (2 cm^). The 

reaction mixture was stirred at room temperature. After 1 h, the solvent was removed in 

vacuo and the residue dissolved in CH2CI2 (10 cm^), the solution was washed with K2CO3 

sat. sol. (3x5 cm^) and dried over MgS04. The solvent was removed in vacuo and the oil 

dissolved in CH2CI2 (10 cm^). DMAP (12 mg, 0.10 mmol), was added and the reaction 

mixture was stirred at room temperature for 48 h. The reaction was filtered through a plug 

of silica and the solvent removed in vacuo to yield 442 as a white solid (252 mg, 92%). 

M.p. 202-203 °C. [a]D^°= -12.2 (c 0.3 MeOH).

5h (400 MHz, CDCI3): 7.31 (5H, m, H-7, H-8, H-9), 6.79 (IH, d, J 6.8, AH), 5.21 

(IH, d, J 12.4, H-6a), 5.16 (IH, d, J 12.4, H-6b), 4.77 (IH, 

dd, J 10.8, 5.6, H-1), 4.69-4.67 (IH, m, H-4), 3.99 (2H, m, 

H-5), 2.32-2.05 (2H, m, H-2), 0.94 (3H, t, J 7.4, H-3)

6c (100 MHz, CDCI3):

HRMS {m/z -ES):

Vmax (film)/cm'';

169.9 (q), 168.0 (q), 163.4 (q), 140.5 (q), 134.9 (q), 130.0 

(q), 128.6, 128.5, 128.1, 127.1 (q), 67.7, 62.8, 56.4, 55.1, 

22.1, 11.0

Found: 544.9836 (M - H. C22H17N2O6CI4 

Requires: 544.9841).

3524, 3293, 2943, 1713, 1656, 1559, 1369, 1343, 1181, 

1086, 737, 6966
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8.5.17.1 A^-TCP-L-homoalanine-L-serine (443)

A 10 cm^ RBF containing a magnetic stirrer was charged with 442 (55 mg, 0.10 mmol), 

flushed with argon and maintained under a protective argon atmosphere. Ethyl acetate (5 

cm^) and MeOH (1.0:0.5 mL) were added via syringe followed by a spatula tip of Pd/C, 

and the flask was evacuated and purged with hydrogen, the reaction was stirred under a 

hydrogen atmosphere. After 1 h, the reaction mixture was filtered through celite and the 

solvent removed in vacuo to yield 443 as a white solid (46 mg, 99%). M.p. 258-259 °C. 
[a]D^'’=+38.9 (c 0.1 MeOH).

5h(400 MHz, DMSO-J5): 12.56 (IH, hr s, COOU), 8.22 (IH, d, / 7.7, AH), 4.80 (IH,

hr s, OH), 4.6 (IH, dd, J 10.5, 4.8, H-1), 4.24 (IH, m, H-4), 

3.57 (IH, dd, J 10.9, 5.6, H-5a), 3.52 (IH, dd, J 10.9, 4.1, H- 

5b), 2.14-2.04 (2H, m, H-2), 0.82 (3H, t, J7.5, H-3)

5c(100MHz, DMSO-fl?6): 172.3 (q), 168.2 (q), 163.7 (q), 138.9 (q), 128.7 (q), 128.5

(q), 61.6, 55.9, 55.5, 20.0, 11.3

HRMS (m/z -ES) :

Vmax (film)/cm'':

Found: 454.9365 (M - H. CisHnNzOeCU Requires: 

454.9371).

3303, 2982, 1715, 1663, 1551, 1386, 1370, 1229, 1087, 738, 

688
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8.5.18 A^-Boc-L-alanine-L-phenylalanine methyl ester (446)

A 50 cm^ RBF containing a magnetic stirrer was charged with 7V-Boc-L-alanine (1.14 g, 

6.0 mmol) and L-phenylalanine methyl ester hydrochloride salt (1.29 g, 6.0 mmol), flushed 

with argon and maintained under a protective argon atmosphere. CHCI3 (18 cm ) and NEta 

(850 pL, 6.1 mmol) were added via syringe and the reaction was cooled in an ice-bath. 

HOBT (811 mg, 6.0 mmol) and DCC (1.24 g, 6.0 mmol) were added in one portion and the 

reaction mixture was allowed to warm to room temperature with stirring. After 16 h, ethyl 

acetate (10 cm ) was added and the reaction mixture was filtered. The solution was washed 

with brine (10 cm^) and aqueous HCl (2 N, 10 cm^), dried over MgS04 and the solvent 

removed in vacuo to yield 446 as an off-white solid (1.89 g, 90%). M.p. 85-86 °C (Lit.,^^° 

85-86 °C).

5h (400 MHz, CDCI3): 7.26-7.23 (3H, m, H-8, H-7), 7.08 (2H, d, J lA, H-6), 6.47 

(IH, br s, AH), 4.85 (2H, m, AH, H-2), 4.09 (IH, m, H-4), 

3.69 (3H, s, H-9), 3.12 (2H, dd, J 13.7, 5.9, H-5), 1.41 (9H, 

s, H-1), 1.29 (3H, d, J6.9, H-3)

8.5.18.1 A-Boc-L-serine-L-alanine-L-phenylalanine methyl ester (447)

11 .OH

A 50 cm^ RBF containing a magnetic stirrer was charged with 446 (1.50 g, 4.3 mmol), 

flushed with argon and maintained under a protective argon atmosphere (septum and 

balloon). CH2CI2 (5 cm^) and TFA (5 cm^) were added sequentially via syringe and the 

reaction mixture was stirred at room temperature. After 1 h, the solvent was removed in 

vacuo and the residue dissolved in CH2CI2 (20 cm^) washed with K2CO3 (10% aq.) and 

dried over MgS04. The solution was filtered and transferred to a 50 cm^ RBF containing a
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magnetic stirrer, flushed with argon and maintained under a protective argon atmosphere. 

DCC (886 mg, 4.30 mmol), A^-Boc-L-serine (881 mg, 4.30 mmol) and HOBT (580 mg, 

4.30 mmol) were added and the reaction mixture was stirred at room temperature. After 16 

h, the solvent was removed in vacuo and the residue purified by flash chromatography 

(EtOAc/hexanes; 7:3) to yield 447 as a white solid (803 mg, 43%). M.p. 58-60 °C. [a]D^^ = 

-24.3 (c 0.7 EtOH).

5h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

7.31-7.29 (3H, m, H-5, H-6), 7.13, (2H, d, J7.1, H-4), 7.00 

(IH, hr s, AH), 6.86 (IH, hr s, AH), 5.54 (IH, d, J 6.2), 4.86 

(IH, q, J7.7, H-9), 4.47 (IH, app. qn, H-7), 4.20 (IH, m, H- 

2), 3.96 (IH, m, H-lOa), 3.74 (3H, s, H-1), 3.61 (IH, m, H- 

10b), 3.30 (IH, m, <9H), 3.17 (IH, dd, J 13.9, 5.8, H-3a), 

3.09 (IH, dd, J 13.9, 6.2, H-3b), 1.47 (9H, s, H-11), 1.37 

(3H, d, J7.1,H-8)

172.0 (q), 171.8 (q), 171.3 (q), 155.9 (q), 135.7 (q), 129.3, 

128.6, 127.2, 80.5 (q), 63.0, 54.8, 53.3, 52.5, 49.3, 37.8, 

28.3, 17.7

HRMS {m/z -ES) :

Vmax (film)/cm :

Found: 436.2084 (M - H. C21H30N3O7 Requires: 436.2084)

3300, 2978, 1648, 1513, 1497, 1353, 1291, 1366, 1246, 

1215, 1161, 105, 1010, 857, 745, 700

8.5.19 A-Z-glycine-DL-alanine methyl ester (450)

oA H 
N- 3

A 100 cm^ RBF containing a magnetic stirrer was charged with 357 (698 mg, 5.00 mmol), 

A-Z-glycine (1.04 g, 5.00 mmol) and DCC (1.03 g, 5.00 mmol), flushed with argon and 

maintained under a protective argon atmosphere (septum and balloon). CH2CI2 (15 cm^) 

and NEta (765 pL, 5.50 mmol) were added sequentially via syringe and the reaction 

mixture was stirred at room temperature. After 16 h, the reaction mixture was filtered and 

the filtrate was washed with aqueous HCl (2 N, 10 cm^), NuHCOb (10% aq., 10 cm^) and 

brine (10 cm ). The organic layer was dried over MgS04 and the solvent was removed in
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vacuo to yield 450 as a white solid (1.29 g, 88%). M.p. 89-90 °C (Lit.,^^' 92-94 °C). The 

isolated product exhibited identical spectroscopic data as reported in the literature.

Sh (400 MHz, CDCI3):

HRMS {m/z -ES) :

7.38 (5H, m, Ar-H), 6.55 (IH, br s, AH), 5.43 (IH, br s, 7VH), 

5.16 (2H, s, H-5), 4.62 (IH, app. qn, H-3), 3.95-3.91 (2H, m, 

H-4), 3.79 (3H, s, H-1), 1.43 (3H, d, J7.1,H-2)

Found: 317.1101 (M^ + Na. CnHisNzOjNa Requires: 

317.1113)

8.5.19.1 A-Z-glycine-DL-alanine (451)

oA.
H

H 
N^2

OH

A 50 cm^ RBF containing a magnetic stirrer was charged with 450 (1.29 g, 4.4 mmol), and 

MeOH (10 cm^) was added. Aqueous NaOH (1 N, 5 cm^) was added and the reaction 

mixture was stirred at room temperature. After 45 min, the reaction was acidified (HCl 1 

N, 10 cm^) and the MeOH removed in vacuo. The resultant solution was cooled in an ice 

bath and the precipitate collected by filtration. After drying, 451 was obtained as a white 

solid (960 mg, 78%). M.p. 186-189 °C (Lit.,^^^ 183-184 °C).The isolated product exhibited 

identical spectroscopic data as reported in the literature.

5h(400 MHz, DMSO-^/g): 12.60 (IH, br s, COOH), 8.17 (IH, d, J7.2, AH), 7.45 (IH, t,

J5.9, AH), 7.36 (5H, m, Ar-H), 5.05 (2H, s, H-4), 4.21 (IH, 

app. qn, H-2), 3.64 (2H, m, H-3), 1.26 (3H, d, J7.2, H-1)

8.5.20 A-TCP-L-phenylalanine benzyl ester (454)

A 5 cm^ RBF containing a stirring bar was charged with catalyst 196 (14.5 mg, 0.02 

mmol). The RBF was flushed with nitrogen and a septum was fitted. CHCI3 (750 pL) was 

added via syringe and benzyl alcohol (41 pL, 0.40 mmol). Once the squaramide dissolved

263



the solution was cooled to -30 °C and a solution of azlactone 422 (95 mg, 0.20 mmol) in 

CHCI3 (250 |aL) was added dropwise via syringe. The resulting reaction mixture was 

stirred at room temperature for 16h. The solution was poured directly onto a column of 

silica gel and the product purified by flash chromatography (hexanes/EtOAc; 8:2) to yield 

454 a white solid (104 mg, 99%). M.p. 181-183 °C. [a]D^‘’= -93.5 (c 0.4 CHCI3).

CSP-HPLC analysis: CHIRALCEL OD (4.6 mm x 25 cm), hexane/IPA: 80/20 1.0 mL min' 

\ RT, UVdetection at 220 nm, retention times; 35.1 min (R-enantiomer) and 43.3 min {S- 

enantiomer), 98% ee.

6h (400 MHz, CDCI3):

5c (100 MHz, CDCI3):

HRMS (m/z -ES): 

Vmax (film)/cm'':

7.35-7.16 (lOH, m, ArH), 5.26-5.23 (3H, m, H-6, H-1), 3.64 

(IH, dd, J 14.5, 5.2, H-2a), 3.59 (IH, dd, J 14.5, 11.6, H-2b)

167.6 (q), 162.3 (q), 139.9 (q), 135.6 (q), 134.4 (q), 129.4 

(q), 128.3, 128.2, 128.2, 128.1, 127.9, 126.7, 126.6 (q), 67.6, 

53.7,33.9

Found: 519.9681 (M - H. C24H14NO4CI4 Requires: 519.9677)

1929, 1852, 2117, 1742, 1719, 1454, 1393, 1372, 1357, 

1258, 1229, 1198, 1185, 1122, 1017, 984, 967, 908, 737, 

697, 669

8.5.20.1 A^-TCP-L-phenylalanine (455)

A 10 cm^ RBF containing a magnetic stirrer was charged with 454 (104 mg, 0.20 mmol), 

flushed with argon and maintained under a protective argon atmosphere. EtOAc (2 cm^) 

and CH2CI2 (100 pL) were added via syringe followed by a spatula tip of Pd/C, and the 

flask was evacuated and purged with hydrogen, the reaction was stirred under a hydrogen 

atmosphere. After 3 h, the reaction mixture was filtered through celite and the solvent 

removed in vacuo to yield 455 as a white solid (86 mg, 99%). = -165.8 (c 0.12

EtOH). M.p. 263-265 °C (Lit.,^°' 250-252 °C). The isolated product exhibited identical 

spectroscopic data as reported in the literature.^”'
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5h (400 MHz, DMSO-Js): 7.18-7.10 (5H, m, H-3, H-4, H-5), 5.16 (IH, dd, J 11.3, 4.5,

H-1), 3.51 (dd, IH, J 14.4, 4.5, H-2a), 3.30 (IH, dd, J 14.4, 

11.3, H-2b)

8.5.20.1 L-phenylalanine benzyl ester (456)

A 10 cm^ RBF containing a magnetic stirrer was charged with 454 (104 mg, 0.20 mmol), 

flushed with argon and maintained under a protective argon atmosphere (septum and 

balloon). THF (1 cm^) and ethylene diamine (22 pL, 0.40 mmol) were added sequentially 

via syringe and the reaction was stirred at room temperature. After 20 h, EtOAc (4 cm^) 

was added and the reaction was allowed to stir at room temperature for a further 1 h. 

Subsequently the reaction was filtered and the solvent removed in vacuo to yield 456 as a 

colourless oil (46 mg, 91%). [a]D^° = +4.2 (c 0.9 HCl IN). The isolated product exhibited 

identical spectroscopic data as reported in tbe literature.^^^

6h (400 MHz, CDCI3):

HRMS (m/z -ESI) :

7.33-7.23 (8H, m, H-9, H-8, H-7, H-5, H-4), 7.18 (2H, d, J 

7.4, H-3), 5.12 (2H, s, H-6), 3.79-3.76 (IH, m, H-1), 3.09 

(IH, dd, J 13.5, 5.5, H-2a), 2.89 (IH, dd, J 13.5, 7.5, H-2b)

Found: 256.1328 (M^ + H. CigHigNOi Requires: 256.1328)
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