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!ÂÓÔÒÁÃÔ 
Foldamers have the potential to be the synthetic equivalent of Natureôs macromolecules; 

man-made oligomers that use a range of non-covalent interactions to fold into well-defined 

structures. 

Chapter 1 introduces the challenges laid down by Gellman to chemists in creating foldamers; 

i) to design new polymers that reliably display interesting folding properties; ii) to be able to 

include novel and unnatural functional groups; and iii) render them simple to synthesise. 

Each of the foldamers made in this thesis will be evaluated against these challenges. 

Chapter 2 develops a mimic of the linear ɓ-strand, based on alternating pyridyl/urea units, 

with the conformation enforced by dipolar repulsion. Conformational bias is demonstrated in 

the solution phase by computational and NMR studies, and in the solid phase by X-ray 

crystallography. The concept is extended to the inclusion of hydrophilic residues and 

conformation is maintained in a polar protic solvent. 

Chapter 3 describes the design and synthesis of a three- and four-stranded ɓ-sheet mimic 

templated by the diphenylacetylene motif. The folding is enforced by a hydrogen bonding 

network demonstrated via extensive solution phase studies and X-ray crystallography. 

Chapter 4 explores the scope of this new architecture. The meander is successfully elongated 

to seven strands, and the structure shown to be amenable to the inclusion of D-amino acids 

and hydrophilic residues. The foldamer is therefore shown to meet all of Gellmanôs criteria. 

Chapter 5 uses the diphenylacetylene motif to study the factors involved in the formation of 

ɓ-sheets, specifically the effect of side-chain identity on hydrogen bond strength. The 

difference in strengths is shown to be minimal, suggesting that ɓ-sheet propensity is due to 

the energy changes in forming the extended conformation rather than forces between strands. 
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Å    Angstrom 

Aɓ    Amyloid ɓ 

Ar    Aryl  

ATR    Attenuated total reflectance 

Bak BH3   Bcl-2 homologous antagonist killer Bcl-2 homology domain 3 

Bcl-xL    B-cell lymphoma 2 

Boc    tert-Butyloxycarbonyl 

Bpy    2,2ô-Bipyridine 

Bu    Butyl 

cal    Calorie 

CCDC    Cambridge Crystallographic Data Centre 

CD    Circular dichroism 

COSY    Homonuclear correlation spectroscopy 

Da    Dalton 

DCC    N,Nô-dicyclohexylcarbodiimide 

DFT    Density functional theory 

DIPEA    N,N-diisopropylethylamine 

DMAP    4-Dimethylaminopyridine 

DME    1,2-Dimethoxyethane 

DMSO    Dimethylsulfoxide 

DNA    Deoxyribonucleic acid 

EDC    1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

ESI    Electrospray ionisation 

Et    Ethyl 

Fc    Fragment crystallisable 

Fmoc    Fluorenylmethyloxycarbonyl 

GB1    Immunoglobin-binding domain from protein G 

GPCR    G-protein coupled receptor 

HBTU (2-(1H-Benzotriazol-1-yl)-1,1,3,4-tetramethyluornium 

hexafluorophosphate 

HDM2    Human double minute 2 homolog 
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HIF    Hypoxia Inducible Factor 

HIV    Human immunodeficiency virus 

HMBC    Heteronuclear multiple-bond correlation spectroscopy 

HOBt    Hydroxybenzotriazole 

HPLC    High-performance liquid chromatography 

HSQC    Heteronuclear single-bond correlation spectroscopy 

IC50    Half-maximal inhibitory concentration 

IgG    Immunoglobin G 

Il -4    Interleukin-4 

IR    Infra-red 

IRS    Insulin Receptor Substrate 

K    Kelvin 

KHMDS   Potassium bis(trimethylsilyl)amide 

k    Kilo     

L    Litre 

LDA    Lithium diisopropylamide 

m    Metre 

m    Milli (as prefix) 

M    Molar 

Mad    Mitotic arrest deficient 

MDM2   Mouse double minute 2 homolog 

MMFF    Merck Molecular Force Field 

MOE    Molecular Operating Environment 

mol    Mole 

n    nano 

NMR    Nuclear magnetic resonance 

NOE    Nuclear Overhauser effect 

NOESY   Nuclear Overhauser effect spectroscopy 

p53    Tumor protein p53 

PC    Random coil propensity 

PDB    Protein Data Bank 

PDZ Post synaptic density protein; Drosophilia disc large tumor 

suppressor; Zonula occludens-1 protein 

PG    Protecting group 
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PKA    Protein Kinase A 

ppb    Parts per billion 

PPI    Protein-protein interaction 

ppm    Parts per million 

Ph     Helix propensity 

Pɓ    Sheet propensity 

Q    Quaternary 

Raf    Serine/threonine-protein kinase A-Raf 

RAP1A   Rap GTP-binding protein 1A 

Ras    Rat sarcoma 

RMSD    Root mean squared deviation 

RNA    Ribonucleic acid 

ROESY Rotating-frame nuclear Overhauser effect spectroscopy 

SAR Structure-Activity Relationship 

SEM 2-(Trimethylsilyl)ethoxymethyl 

SN    Substitution nucleophilic 

TBAF    Tetra-n-butylammonium fluoride 

tert    Tertiary 

TFA    Trifluoroacetic acid 

TFE    1,1,1-Trifluoroethanol 

THF    Tetrahydrofuran 

TLC    Thin layer chromatography 

TMS    Trimethylsilyl 

UV    Ultraviolet 

ȹ    Change in 

ɛ    Micro 

 

One and three letter amino acid codes are used throughout. 

All reactions proceed at room temperature unless otherwise indicated.  
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1.1  The Allure of Foldamers  

In the macromolecules, DNA, RNA and proteins, Nature has created exquisite machines 

whose precise function is defined by their structure. Be they the enzymes that mediate 

reactions, the gate-keepers of the cell, or the molecules responsible for transport and 

information storage, these polymers, determined by their primary sequence and surroundings 

are guided by intra- and inter-molecular forces into folded states. It is the chemistôs challenge 

to design new polymers and incorporate novel structural elements to probe, disrupt and 

perhaps even improve upon the molecules of Nature. 

In his óManifestoô, Gellman designated this new field as that of ófoldamersô.
1
 He defined a 

foldamer as any polymer that has óa strong tendency to adopt a specific conformationô. His 

ultimate aim for the field is for chemists to be able to control secondary and tertiary structure, 

and therefore design and synthesise óunnatural polymeric agents é capable of performing 

useful functionsô. To that end, he challenged the chemical community to address three major 

strands of research in the development of new foldamers:  

i) the design of new polymeric backbones that could reliably display interesting 

folding properties, 

ii)  the ability to include novel, and in particular unnatural functional groups and,  

iii)  the ease of synthesis. 

In the intervening seventeen years, each of these targets, and in particular the first, has been 

addressed. Chemists have been able to use hydrogen bonding, ˊ-stacking,
2
 van der Waals 

forces,
3
 electrostatic interactions

4
 and the hydrophobic effect

5
 as controlling elements of 

novel foldamers. They have incorporated azides and alkynes for óclickô chemistry,
6
 alongside 
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new motifs to reinforce conformational preference. Many of these new polymers are 

amenable to existing automated synthetic methods, enabling the rapid creation of foldamer 

libraries. These foldamers go beyond merely the academic study of remarkable 

conformational preferences; they have been used to target a huge range of diseases, 
7ï10

 in the 

design of gels and vesicles for application in drug delivery,
11

 and in the development of 

molecular machines.
12

  

1.2 Hydrogen Bonding  

1.2.1 Homologated -Amino Acids 

Much of the earliest foldamer work focused on the modified amino acid family; polymers 

consisting solely of ɓ- and ɔ-amino acids as well as those containing mixed monomer units 

(Figure 1.1). Gellman and Seebach have been the pioneers of this field, building an 

appreciation of the rules that govern the conformational preferences of these homologated 

peptides. For much of this class, the driving factor in folding is hydrogen bonding. 

 

Figure 1.1  Ŭ-, ɓ-, and ɔ-amino acids. Figure by Seebach et al.13 and reproduced with permission from óJohn Wiley and 

Sonsô. 
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It is well established that short oligomers of the proteogenic Ŭ-amino acids can form stable 

helices in solution with as few as four monomer units and Seebach has demonstrated that 

helical stability increases for both ɓ- and ɔ-amino acids when compared to Ŭ-amino acids. 

Furthermore, in progressing from three (Ŭ) to four (ɓ) to five (ɔ) chain atoms the handedness 

of the helix switches with each homologation step.
13

 

1.2.1.1 ɼ-Peptides 

ɓ-Peptides are the most thoroughly studied and the use of different side-chains has enabled 

the identifaction of five different helix types, each defined by the size of the hydrogen-

bonded rings formed. These are the 8-, 10-, 12-, 12/10, and 14-helix. The 14-helix is the most 

extensively researched and forms a regular, three residue repeating arrangement with the 

hydrogen bond between the N-H of the i
th
 residue, and the C=O of the i + 2 residue. Due to 

steric clashes only small (H, F) groups are permitted in the axial position and this allows 

control of helical preference (Figure 1.2).
14

  

 

Figure 1.2 Model of the 14-helix showing the axial and lateral clashes. Figure adapted from Seebach et al.13 and reproduced 

with permission from óJohn Wiley and Sonsô. 
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By inserting an alkyl group into this position the chain is forced into an extended 

conformation,
15

 and the use of a turn inducer such as a geminally disubstituted ɓ
2,2

-amino 

acid allows for the construction of parallel or anti-parallel sheet like structures.
16

 By 

understanding and utilising this rule the chemist can now have greater control over 

conformation than through the use of Ŭ-amino acids; as shall be highlighted in later chapters 

the design of peptides that adopt the ɓ-sheet conformation is a non-trivial exercise. 

Additionally these sheets are distinct from those of Ŭ-amino acids as the amide and carbonyl 

groups all point in the same direction as opposed to alternating (Figure 1.3). 

 

Figure 1.3 Crystal structure of an extended ɓ-peptide (A; CCDC: 113798) and natural ɓ-strand composed of Ŭ-peptides (B; 

PDB: 4GD4). Hydrogen atoms omitted for clarity. 

By contrast, the 12/10-helix demonstrates the flexibility of novel foldamers. Working from 

the observation that ɓ
2
 and ɓ

3
 amino acids are both accommodated in the 14-helix, it was 

anticipated that a polymer of alternating ɓ
3
 and ɓ

2 
residues would fold into the three residue 

turn 14-helix. Instead, a 2.7 residue turn 12/10-helix was observed with a macrodipole and a 

novel pattern of side-chains across the helix.
17-18

 This novel side-chain display opens options 

beyond the capabilities of  using solely Ŭ-amino acids. 
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The 8-, and 10-helices are of particular interest and a demonstration of the power of synthetic 

foldamers as they both represent a novel helix type not seen in natural amino acids. The 

8-helix is a folded staircase with each step being composed of the eight membered 

hydrogen-bonded ring (Figure 1.4).
19

 

 

Figure 1.4 8-helix adopting the conformation of a folded staircase (CCDC: 129239). 

The above examples show that homologated peptides fulfil the first of Gellmanôs foldamer 

criteria; they reliably display interesting folding properties with a range of designed helical 

and extended conformations. 

1.2.1.2 ɾ-Peptides 

The Smith group has explored the conformation of ɔ-peptides when the chain has been 

constrained by a carbo- or heterocyclic ring. Solid state studies showed that the inclusion of a 

cyclopropane ring resulted in a parallel sheet structure stabilized by inter-strand hydrogen 

bonds (Figure 1.5).
20 
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Figure 1.5 Parallel sheet structure of a ɔ-peptide reinforced by a cyclopropane ring (CCDC: 617972). 

By contrast the synthesis of the five-membered ring analogue was found to promote intra- as 

opposed to intermolecular hydrogen bonding, with the resultant conformation described as a 

bend-ribbon (Figure 1.6).
21 

 

Figure 1.6 Bend-ribbon conformation of a ɔ-peptide templated by 7-membered hydrogen-bonded rings. 

1.2.1.3 Biological Application of ɼ-peptides 

By understanding and applying these folding rules Gellman created helical, cationic and 

amphiphilic oligomers of ɓ-peptides that mimic amphipathic peptides and thus show 

antimicrobial activity via a membrane disruption mechanism (Figure 1.7).
22

 These 

compounds display a key advantage over the parent antibiotic comprised of Ŭ-amino acids, in 

that they underwent extremely slow proteolytic degradation as the homologated amino acids 

are not recognised by the protease enzymes. This demonstrates his second criteria in action; 

incorporating unnatural groups, here a methylene unit, provides the foldamer with an 

advantage in its application. 
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Figure 1.7 i) The monomer units, ACPC, APC and AP used in the construction of antibiotic oligomers; ii) Structures of 

APC40 and AP40, two of the oligomers synthesised; iii) View down the helix of APC40, showing the projection of cationic 

residues (ñ+ò) and hydrophobic residues (ACPC ring, ñHò). Cationic residues are protonated at physiological pH. 

Turning to the third criteria, ease of synthesis, the use of ɓ-amino acids is unfortunately 

limited by their availability; extension of the C-terminus via the Arndt-Eistert homologation 

to give ɓ
3
 peptides is trivial,

23
 but extension of the N-terminus for ɓ

2
 peptides remains 

synthetically challenging. 

1.2.2 Aromatic Amide Foldamers  

Beyond homologated amino acids hydrogen bonding remains one of the most popular 

methods of imparting conformational preference.
24

 The field of aromatic amide foldamers 

combines the rigidity and planarity of the aromatic rings and the strength of hydrogen bonds 
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to create polymers with a highly biased conformational preference that is often simple to 

design and predict. 

Early examples include the anthranilamide oligomers of Hamilton and co-workers
25

 and the 

work of DeGrado incorporating an N-H-S hydrogen bond (Figure 1.8).
26

  

 

Figure 1.8 A: Anthranaliamide of Hamilton et al.; B: Sulfur hydrogen bonding motif of DeGrado et al. 

The work grew more directed as researchers aimed to use these strategies in the design of 

scaffolds for Ŭ-helix mimicry. Hamilton and co-workers created the first 

oligopyridylamides
27

 before Ahn and Wilson produced similar designs based around a five-

membered hydrogen-bonded ring.
28, 29

 Although researched independently they differed only 

in their R and terminal groups (Figure 1.9). 

 

Figure 1.9 Benzamides of Ahn and Wilson. 

Hamilton and Kulikov have extended this work by showing such scaffolds to be amenable to 

the incorporation of a large array of side-chains suitable for SAR studies.
30

  

However extension to higher order oligomers proved difficult due to problems of solubility 

and therefore a new scaffold had to be developed. The benzoylurea oligomer, with a facile 



25 

 

and iterative synthesis, uses six-membered hydrogen bonded rings to impart conformational 

preorganisation whilst maintaining excellent solubility through the urea moiety. This allowed 

for the creation of a helix mimetic extended out to 3.7 nm, of similar length to a seven-turn, 

thirty residue, natural Ŭ-helix (Figure 1.10).
31

  

 

Figure 1.10 Extended benzoyl urea mimic developed by Hamilton et al. Intramolecularly hydrogen bonded urea ring that 

enforces the conformation and adds solubility highlighted in red. 

The work of Gong et al. shows how the aromatic amide motif can be incorporated into 

aliphatic chains, and more specifically a peptide strand to induce an extended conformation.
32

 

The six-membered hydrogen bonded ring allows for the correct display of hydrogen bond 

donors and acceptors to create hetero- and homodimers (Figure 1.11).
33

  

 

Figure 1.11 Incorporation of an aromatic amide motif into a peptide chain to induce extended conformation. 

The work detailed above describes just some of the vast range of structural types developed 

in the field. This class meets all three of Gellmanôs criteria; their folding properties are often 

simple to predict and thus amenable to precise design, the aromatic rings are amenable to 

extensive functionalisation, and there is a huge library of reagents to facilitate the formation 

of the amide bonds. 
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Such is the range of structures formed that they have been successfully applied to a range of 

different problems; macrocyclisation,
34

 molecular recognition,
35,36

 chemical biology,
26,37

 and 

catalysis.
38 

1.2.2.1 Biological Application  

Aromatic amide foldamers have also been extensively applied to biological problems. 

DeGrado used his sulfur hydrogen bonding motif to create an amphiphilic molecule, with a 

cationic and hydrophobic face, to mimic the magainin peptides in the same fashion as 

Gellman.
39

 Hamilton used the Ŭ-helix mimetics, both pyridyl and benzoylureas, to target the 

Bak BH3/Bcl-xL protein-protein interaction.
27,31

 These scaffolds have proven amenable to a 

high level of diversification with Boger creating a 400 unit library for screening against the 

HDM2/p53 complex.
40

 Huc has designed a quinolone based monomer
41

 that adopts a 

remarkably stable helix conformation and binds G-quadruplex DNA (Figure 1.12).
42

  

 

Figure 1.12 A: Biotin adducted foldamer targeting G-quadruplex DNA; B: Crystal structure of foldamer showing helical 

conformation (CCDC: 208068); C: NMR solution structure of G-quadruplex DNA (PDB: 5CMX). 
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1.2.2.2 Macrocyclisation and Molecular Recognition  

Macrocylic oligomers can be used in molecular recognition as the pre-organisation reduces 

the entropic penalty that would otherwise be paid for the rigidity that binding imposes. 

However that entropic penalty has to be paid at some point, most often in the initial synthesis. 

The use of foldamers allows this to be overcome through the pre-organisation of reactive 

termini in close proximity. 

For example Gong et al. prepared a cyclic hexamer from simple aniline and acid chloride 

precursors (Figure 1.13).
43

 Despite having to simultaneously form six amide bonds this one-

pot reaction proceeded in high yield (69 ï 82%) with the pre-organisation clearly playing a 

key role in promoting the final cyclisation step. 

 

Figure 1.13 Macrocyclisation of two simple monomer units into a cyclic hexamer. 

This work has been expanded more recently to create vast polycyclic structures such as the 

rotaxane and platinum heterocycles of Li et al.
44,45

  

Aromatic amide foldamers have been used as a host for a huge variety of molecules, 

including sugars,
46

 dioctylammonium,
47

 water and formic acid,
48

 cations, and anions.
49,50

 

Some of the most visually arresting work in this space is the use of aromatic amide foldamers 

as a template for molecular tweezers. Li et al. designed bisporphyrin molecules that have 

complexed a number of different fullerenes (Figure 1.14).
51 

The incorporation of fullerenes 
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containing chiral adducts allowed for the creation of supramolecular chirality, whilst 

swapping the tert-butylphenyl groups for pyridines afforded water solubility.
52

  

 

Figure 1.14 Zinc porphyrin tweezers templated by an aromatic amide tip. 

1.2.2.3 Catalysis 

The Smith group sought to use the hydrogen bonding imparted by an aromatic amide 

foldamer to improve the efficiency of enantioselective catalysts.
38 

It was reasoned that pre-

organisation as a result of the non-covalent interactions within the catalyst structure would 

minimise the entropic cost of transition-state binding and consequently afford greater 

stabilization of that transition state. The principle was successfully applied to a model 

Mannich reaction with improved yields and enantioselectivities over a control unable to 

hydrogen bond (Figure 1.15).  
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Figure 1.15 Positive cooperativity enhancing catalyst efficiency and enantioselectivity in the Mukaiyama-Mannich reaction. 

This shows how synthetic foldamers can copy the function of natureôs macromolecules, as 

the principles that govern the excellent catalytic properties of enzymes are applied to a 

synthetic foldamer. 

1.3 Anion Controlled Foldamers  

Extensive research has also been performed on removing the hydrogen bond acceptor to 

create foldamers whose conformation can be controlled via the presence of an anion.
4
 These 

rely on hydrogen bond donors to coordinate the anion and have been used with oligoindoles, 

pyrroles, and triazoles (Figure 1.16). 

 

Figure 1.16 A: Pyrrole-based oligomer displaying curved conformation in the presence of a chloride anion.53 B: Oligo-indole 

adopting a helical conformation in the presence of an anion.54 The alkyne is covalently bonded to a fluorescent group that 

allows for detection of helical folding via fluorescent quenching. 
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The oligo-indole example highlights another potential application of foldamers; their use as 

molecular switches. The molecule only folds in the presence of the chloride ion, at which 

point the two termini are brought into close proximity and fluorescent quenching occurs. The 

molecule can thus act as a chloride ion sensor. 

1.4 Hydrophobic Forces  

All of the above examples rely on hydrogen bonding but unfortunately many structures 

successfully templated by hydrogen bonds structures in non-polar solvents lose 

conformational preference in the aqueous environment due to solvent competition. The loss 

of such control would fail the first of Gellmanôs criteria. However in water the strength of a 

solvophobic effect is likely to increase.
55

 Therefore could this effect be successfully utilised 

in the design of foldamers? 

Initially the hydrophobic effect, although clearly playing a role in protein folding,
56

 was 

thought to be too non-specific and lacking in directionality to be used as a design principle in 

foldamers.  

However Wolynes et al. sought to challenge this assertion and design a helix whose 

formation was driven purely by solvophobic interactions.
5
 The researchers computationally 

tested a series of meta-phenylacetylene oligomers, revealing that upon increasing n > 7, the 

ordered helical state displayed a lower free energy than any open state (Figure 1.17). 

 

Figure 1.17 A: Phenylacetylene oligomer B: Computational prediction of helix formation for n > 7. Reprinted by permission 

from The American Association for the Advancement of Science, Copyright 1997. 
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Armed with this knowledge they synthesised a suite of oligomers of varying chain length and 

examined their conformation via the hypochromic effect, UV and NMR spectroscopy. Across 

all three experiments they observed a solvent dependent indication of helix formation when n 

> 8. In chloroform no helicity was observed, whereas in acetonitrile and mixed 

acetonitrile/water the transformation did occur, indicative of solvophobically driven folding 

to create a hydrophobic core.  

A recent application of this work from the Flood research group has seen hydrophobic 

collapse used to bind chloride in aqueous acetonitrile solutions, a difficult task to achieve 

with water present.
57

 The hydrophobic core creates a low dielectric constant 

microenvironment that strengthens the hydrogen bonds within it, making the crucial 

difference that allows for extraction of ions from an aqueous solvent. The researchers were 

able to obtain a beautiful crystal structure of the helical oligomer complexing the chloride 

anion (Figure 1.18). 

 

Figure 1.18 Crystal structure showing the binding of chloride (green) and sodium (red) within a helical foldamer. There is 

some disorder around chain termini and the sodium ion. Hydrogen atoms have been omitted for clarity. 
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1.5 ʌ-ʌ )ÎÔÅÒÁÃÔÉÏÎÓ 

Chemists have used a force much less common in nature to control foldamer conformation, 

that of ˊ-ˊ interactions. In 2000, Lehn and co-workers used these interactions to stabilise the 

formation of double helices of 2ô-pyridyl-2-pyridinecarboxamide oligomers (Figure 1.19).
58

 

 

Figure 1.19 2ôPyridyl-2-pyridinecarboxamide oligomer. 

Prior to this work formation of double helices from synthetic foldamers was little known, 

with a few examples utilising base-pair hydrogen bonding, as found in duplex DNA, and 

through coordination to metal ions in a similar manner to that found in the anion controlled 

foldamers above. The strands themselves are forced into a helical conformation through 

intramolecular hydrogen bonding, before the ˊ-ˊ driven inter-strand recognition creates the 

double helix (Figure 1.20). 

 

Figure 1.20 Crystal structure of Lehnôs -́stacked double helix. Reprinted by permission from Macmillan Publishers Ltd: 

Nature, 407, 720-723, Copyright 2000. 
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More recently Huc et al. have demonstrated the use of ˊ-ˊ stacking in the design of 

multi-stranded sheets (Figure 1.21).
2
 Their rationale was to use forces strong enough to 

ensure conformational preference, but weak enough to prevent aggregation, the bane of many 

small, synthetic sheets. 

 

Figure 1.21 An aromatic amide foldamer conformationally organised by ˊ-ˊ interactions. 

These compounds were shown to adopt a sheet conformation by both solution state NMR 

studies in chloroform, and the procurement of beautiful crystal structures (Figure 1.22). 

 

Figure 1.22 Left: Top elevantion of nonamer of Hucôs architecture. Right: Side elevation (CCDC: 1425515). 
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These molecules represent a new and elegant design class, and one which the researchers feel 

can be extended to óa variety of patternsô to give órise to novel layered aromatic architectures 

of controlled size and shape.ô 

1.6 Foldamers and Peptidomimetics  

A number of the structures above have been used in biological applications. A key extension 

of foldamers is into the field of peptidomimetics: using artificial molecules and scaffolds to 

create mimics of proteins and peptides. This rapidly developing area is particularly important 

in targeting protein-protein interactions (PPIs).
59

  

Thus far most drugs on the market target enzymes and membrane proteins such as G-protein 

coupled receptors (GPCRs).
60

 However, PPIs have been implicated in a vast number of 

pathologies, including HIV,
61

 cancer
62

 and amyloid based diseases such as type II diabetes,
9
 

Parkinsonôs
63

 and Alzheimerôs.
64

 To be able to design effective inhibitors of these 

interactions would therefore open up a new range of possibilities in the development of 

therapies for these indications. 

However this challenge is extremely difficult. Whereas enzymes have a small, well-defined, 

binding pocket, often containing a number of hydrophilic residues, and bind their substrates 

tightly, PPIs are weak, and quite often transient, interactions across huge surface areas.
65

 

These areas are often overwhelmingly hydrophobic, making the binding less specific than the 

interactions seen in enzymes (Figure 1.23). 
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Figure 1.23 A: Crystal structure of haspin kinase GSG2 in complex with bi-substrate inhibitor ARC-3372 (PDB: 5HTC). B: 

Crystal structure of ɓ-catenin in complex with T-cell factor showing some hotspots within the large surface area of a 

protein-protein interaction (PDB: 2GL7).67  

However despite the seemingly herculean task of targeting such interactions with small, drug-

like molecules, there are some glimmers of hope. For some PPIs, such as the HIF-1Ŭ/p300
68

 

and barnase/barnstar
69

 interactions, single point mutations can dramatically weaken binding. 

Similarly, mutagenesis studies have shown that the majority of the binding energy within a 

PPI is localised to only a few residues, termed óhotspotsô.
70

 If enough structural information 

about the interaction, either solution phase or X-ray crystal structure, can be gathered, then 

this can facilitate the start of an inhibitor development program.  
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The structural information shows that these hot spots are often present on well-defined 

secondary structural elements; Ŭ-helices, ɓ-strands and ɓ-sheets.
71,72

 All these secondary 

structures have a defined hydrogen bonding pattern that creates a predictable structure and 

projects the amino acid side-chains in a consistent spatial arrangement.  

Truncated peptides of a parent protein within the PPI can be used in initial binding studies but 

are unsuitable as drugs. Short sequences often show little preference for the desired binding 

conformation,
73

 and peptides are prone to proteosomal degradation and display poor cell 

penetration (unless specifically designed cell-penetrating peptides).
74

  

This application therefore provides the ideal opportunity for foldamers to be used as 

peptidomimetics. As shown above, chemists can exert fine control over conformation and 

utilise non-peptidic scaffolds to overcome metabolic liability and poor pharmacokinetic 

properties. The creation of a rigid scaffold reduces the entropic penalty paid by the molecule 

upon binding. Furthermore, with access to the full toolkit of organic chemistry, rather than 

just the twenty naturally occurring Ŭ-amino acids, huge increases in potency, solubility and 

stability can be achieved. 

The strategy is to create surface mimics that prevent the association of two proteins at the 

interface. Once the hotspots on a secondary structural element have been identified the 

peptidomimetic aims to mimic those residues responsible for the interaction and thus displace 

the endogenous binder. This would prevent the downstream effects of the PPI, for example 

uncontrolled cell growth. The most common secondary structural element found at these 

interfaces is the Ŭ-helix,
72

 and a large number of scaffolds, some of which have been explored 

above (Figures 1.8, 1.9, 1.10) have been specifically developed to mimic this helix. These 

scaffolds are then used to project side-chains in the same fashion as the existing Ŭ-helix. Such 

scaffolds could aim to inhibit the helix-helix PPI highlighted in red in Figure 1.25.  
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This strategy has been successfully used by a number of researchers, for example by 

Hamilton in targeting PPIs such as the p53/HDM2 interaction.
71

 Indeed, Navitoclax, a helix 

PPI inhibitor that was designed as an antagonist of the Bcl family of anti-apoptotic proteins, 

has reached Phase I clinical trials as a treatment for small -cell lung cancers (Figure 1.24).
76

  

 

Figure 1.24 Navitoclax, a PPI inhibitor that has reached Phase I clinical trials. 

However this thesis will focus on the design of foldamers that fulfil Gellmanôs criteria and 

mimic ɓ-structure to target the interactions such as the one highlighted in blue (Figure 1.25). 

Compared to the number of Ŭ-helix scaffolds there remains a paucity of ɓ-strand and sheet 

mimics,
77

 whilst the continuing identification of therapeutically important strand and sheet 

mediated PPIs creates greater need. 
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Figure 1.25 Demonstration of the strategy for PPI inhibition and the use of a strand peptidomimetics to effect this strategy 

(PDB 2ZA4). 

1.7 Conclusions 

The above examples present an overview of the strategies and applications of foldamers since 

Gellman first laid down the challenge in 1998. Although much progress has been made, with 

a huge number of different strategies and templates developed, much remains to be done. 

This is particularly true for extended conformations and sheet architecture, which are plagued 

by problems of weak conformational preferences and aggregation. 

Therefore this thesis describes efforts to design, synthesise and evaluate new foldamers that 

mimic the ɓ-strand (Chapter 2) and ɓ-sheet (Chapters 3 & 4) secondary structural elements. 

Each of these new foldamers will be assessed against Gellmanôs criteria. Finally in Chapter 5 

the foldamers shall be put to a new purpose, assessing the forces involved in protein folding. 
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#ÈÁÐÔÅÒ ς - ɼ-3ÔÒÁÎÄ -ÉÍÅÔÉÃÓ 

2.1 ɓ-Strands and their Role in Biology  

The ɓ-strand is often described as the simplest of the secondary structural elements. It is the 

full y extended, linear conformation of a peptide strand, with coplanar amide bonds and side-

chains alternating above and below the backbone. ɓ-Strands are most commonly found as the 

constituent part of a ɓ-sheet and in fact isolated strands within the PDB are rare. It was 

therefore previously considered, when observed, to be a random part of secondary structure. 

However, recent studies have shown that the isolated ɓ-strand is a key recognition element 

for a broad range of biological interactions. These include proteases,
1
 major histocompability 

complexes,
2
 and transferases.

3
 Interestingly it is also thought that the ɓ-strand plays a key 

role in recognition between proteins and DNA by binding into the major groove (Figure 2.1).
4
 

 

Figure 2.1 Crystal structure of the met repressor-operator complex revealing DNA recognition by ɓ-strands (PDB: 1CMA). 

Side chains responsible for binding shown in magenta. 
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With such a wide range of biological targets in a number of important therapeutic areas the 

need for strand mimics is now well recognised.
5
 

2.2 Considerations in Mimetic Design  

In creating a strand mimic it is highly important to consider the structural elements that make 

it distinct from the other types of secondary structure. The extended ɓ-strand, such as found 

in complex with a protease, displays an i to i + 4 distance of 14.5 Å, in contrast to the 13.2 Å 

observed in a ɓ-sheet.
6
 Most important are the number of different recognition surfaces 

available. The ɓ-strand has maximum exposure of two side-chain faces, and complete 

availability of main chain carbonyl and amide groups for hydrogen bonding (Figure 2.2). 

 

Figure 2.2 Schematic representation of a ɓ-strand displaying the inter-residue distance and recognition domains. 

Within the sheet, some of these potential main-chain bonding interactions are removed. 

Within an Ŭ-helix the i to i+4 inter-residue distance is considerably smaller at 6.3 Å and all 

main-chain hydrogen bonds are already satisfied within the helix motif. The crystal structure 

of the RAP1A ï Raf complex, a key protein-protein interaction within the Ras pathway, 

heavily implicated in numerous cancers, provides the perfect example of different domains in 

which a successful ɓ-strand mimic must interact (Figure 2.3).
7
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Figure 2.3 Crystal structure of the RAP1A-Raf complex (PDB: 1C1Y). RAP1A (blue) is highly homologous with Ras. 

Zoomed section shows three domains involved in the interaction; the main chain and the side-chains both above and below 

the peptide backbone. 

2.3 Macrocyclisation of Peptides  

Nature has been able to impart conformational constraints on peptides and proteins through 

macrocyclisation, for example in the formation of disulfide bonds, and chemists are able to 

do the same. This cyclisation can be achieved through either side-chain to side-chain, or 

side-chain to main-chain constraints (Figure 2.4). 

This side-chain to main-chain approach has been particularly successful in targeting HIV-1 

protease, in both in vitro and cellular assays. This is best evidenced by the work of Fairlie 

et al. in their synthesis and biological testing of macrocyclic peptides.
8
 The macrocyclisation 

stabilizes the strand conformation required for binding, and delivers extremely potent IC50 

values in a cellular assay, alongside low toxicity, and crucially, excellent stability towards 

acidic conditions, degradative proteases, gastric juices and human immune cells. Furthermore 

crystal structures of these compounds showed both how tightly the peptidomimetic sits in the 

binding pocket and the goodness of fit with the parent peptide (Figure 2.5). 

Side-chain to side-chain linking has been extensively used in peptide stapling, whereby the 

incorporation of quaternary amino acids bearing terminal olefin side-chains amenable to a 

metathesis reaction increases the proportion of helical conformation.
9
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Figure 2.4 Top: Schematic showing the principle of side-chain to main-chain and side-chain to side-chain linking strategies. 

Examples: A: Macrocylic peptides as strand inducers used in the inhibition of HIV-1 protease by Fairlie et al.8 B: Helix-

stapling technique via olefin metathesis, the chemistry pioneered by Grubbs9 and the biological application by Verdine.10 

 

 

Figure 2.5 Top: Structure of macrocyclic peptide inhibitor Left: Ribbon representation of macrocyclic peptide within the 

HIV-1 protease binding pocket showing the C2 symmetric nature of the pocket. Right: Surface representation showing the 

nature of the tight binding pocket and the ability of the extended peptide to fill the pocket (PDB: 1D4L). 
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2.4 Use of Rigidifying Rings  

In a similar manner to the tactics adopted in aromatic amide foldamers (Chapter 1, 

Section 1.2.2), the use of rings, both aliphatic and aromatic, can add a rigid template that 

enforces the required extended confirmation. An excellent example of this comes from the 

development of inhibitors of Ras farnesylation, a pathway strongly implicated in a huge 

variety of cancers.
11

 Gierasch et al. developed a series of tetrapeptides that showed inhibition 

of the farnesyl transferase in purified protein assays, but were inactive, presumably due to 

degradation, upon moving to cell-based assays.
12

 Fortunately replacement of aliphatic 

residues with rigidifying aromatic rings created potent inhibitors that were even able to limit 

tumor growth in mice (Figure 2.6).
3,13

  

 

Figure 2.6 Tetrapeptide mimics against farnesyl transferase containing an aromatic rigidifying scaffold. 

Nowick has used a similar strategy in the development of his strand mimics. The aromatic 

linker provides sufficient rigidity so as to allow for exact copying of the hydrogen bonding 
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capabilities of the main chain peptide (Figure 2.7). This results in the formation in solution of 

antiparallel ɓ-sheet conformations.
14

 In turn Kiso et al. were able to show that this scaffold 

could successfully inhibit HIV-1 protease with an IC50 of 30 ɛM.
15

 The ability of Nowickôs 

design to template ɓ-sheets will be explored in greater depth in Chapter 3. 

 

Figure 2.7 Nowickôs ɓ-strand scaffolds. 

2.5 Heterocyclic Scaffolds  

Researchers have also enjoyed considerable success progressing beyond purely carbocylic 

compounds and utilising heteroatoms to afford greater synthetic feasability. Hammond et al. 

incorporated oxopiperazine as an amino acid substitute (Figure 2.8).
16

  

 

Figure 2.8 Pentapeptide of Hammond incorporating an oxopiperazine amino acid (highlighted in red) as a rigidifying 

scaffold. 

This afforded a facile synthesis with a pentapeptide mimic that showed greater affinity for the 

inhibition of a PDZ domain than the parent peptide, demonstrating the potential positive 

effects of providing a rigid scaffold.  

However despite the above successes, all the examples remain peptidic in underlying nature. 

As such, although they are amenable to design and reliably sit in the extended conformation, 
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the retention of a peptidic backbone leaves them liable to disadvantages such as poor cell 

penetration.  

Hirschmann et al. were the first to develop a truly non-peptidic scaffold with their synthesis 

of a bispyrrolinone mimic as an inhibitor of HIV-1 protease (Figure 2.9).
17,18

  

 

Figure 2.9 Parent peptidic compound developed by Merck19 and the designed bispyrrolinone mimic of Hirschmann et al.18  

The beauty of this compound was that it maintained the ability to interact in all three domains 

with successful display of side-chains above and below the plane of the main chain, and the 

retention of hydrogen bond donors and acceptors despite the removal of the peptide bonds. 

However, this class fails the third limb of Gellmanôs test, as the synthesis was non trivial and 

struggles to incorporate many non-aliphatic amino acids. 

2.6 Previous Work in the Hamilton Group 

More recently, the Hamilton group has turned its attention to the development of entirely 

non-peptidic ɓ-strand mimetics. Within this field the focus has been on the design of 

scaffolds that are able to copy the spatial and angular projection of the amino acid side-

chains. Although this approach neglects the domain of the main-chain hydrogen bonding 

pattern, recent work by Remaut et al. have shown that, upon examination of the PDB, there 

are a considerable number of ɓ-strand interactions that occur solely via their side-chains.
20
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The first generation mimic was the alkyne linked 2,2-disubstituted indolin-3-one 

(Figure 2.10 A).
21

 The alkyne enforced the correct inter-residue distance whilst the 

intramolecular hydrogen bond controlled the conformation. This was proved via solution 

state NMR studies and X-ray crystal structures (Figure 2.10 B) that showed the inter-residue i 

to i + 4 distance to be 13.2 Å. However, with the synthesis starting from a tetra-substituted 

phenyl ring, it was subject to poor yields and a large number of steps.  

 

Figure 2.10 A: Alkyne-linked 2,2-disubstituted indolin-3-one B: Crystal structure showing rigidity of scaffold and projection 

of side-chains (CCDC: 739198) C: 1,3-pehnyl linked hydantoin. 

Many of these synthetic problems were eliminated through the design of the 1,3-phenyl 

linked hydantoin scaffold (Figure 2.10 C).
22

 Although no crystal structure could be obtained, 

computational modelling and solution phase studies, including NOESY NMR, was consistent 

with partial population of desired conformation. 

However both these scaffolds included the gem-dimethyl group to prevent epimerisation. 

This necessitates the inclusion in the synthesis of Ŭ-Ŭ, disubstituted amino acids, creating far 

greater expense in their synthesis. Additionally the synthesis of high enantio-enriched 

quaternary centres remains challenging. This problem was overcome in the next generation, 

through the replacement of the proximal carbonyl with a methylene unit to create the aryl-

linked imidazolidin-2-one oligomer (Figure 2.11).
23

 



53 

 

 

Figure 2.11 Aryl -linked imidazolidin-2-one oligomer. 

Computational studies showed that an energy minimised conformation could be overlaid on a 

natural ɓ-strand with a good fit, and the synthesis proved facile and scalable with chirality 

introduced through reducing the amino acid to the corresponding alcohol. Crucially 

racemisation was no longer a problem with enantio- and diastereopurity maintained through 

the synthesis. However solution phase conformational studies on the final molecule showed it 

was conformationally flexible. With no constraints on the Nurea-Caryl bond it could undergo 

free rotation and adopt a number of different conformations (Figure 2.12). NOESY NMR 

showed all these confirmations to be populated to a considerable extent at room temperature. 

 

Figure 2.12 Conformational flexibility of the aryl-linked imidazolidin-2-one oligomer. 

2.7 Novel Scaffold Design 

The earliest mimics showed excellent control of conformation but at the expense of ease of 

synthesis with the need for Ŭ,Ŭ-di-substituted amino acids, a small starting pool that also 

limited inclusion of novel and interesting chemical moieties. By contrast the aryl-

imidazolidinone scaffold provided a much simpler synthesis but at the cost of conformational 

control. 

A new scaffold was therefore sought, in which the side-chain spatial distribution of the 

previous aryl-linked imidazolidin-2-one scaffold was maintained, but with a greater 
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conformational bias imparted through non-covalent interactions. In order to pass all three 

elements of Gellmanôs test the synthesis must remain simple and amenable to alternative 

side-chains. 

Malone et al. had shown that the use of dipolar repulsion between a carbonyl group and a 

pyridine could successfully bias conformation (Figure 2.13).
24

  

 

Figure 2.13 Conformations of aromatic amides. Inclusion of pyridine strengthens conformational preference for syn-syn due 

to dipolar repulsion. 

By adopting the same strategy it was hoped that the replacement of the phenyl group with a 

pyridyl ring would bias the desired conformation (Figure 2.14).  

 

Figure 2.14 Dipolar repulsion imparting conformational bias. 

To assess the likely conformational behaviour of this scaffold it was subjected to molecular 

mechanics computation.
25

 A conformational search showed the conformation in Figure 2.15 

to be the lowest in energy by 6 kcal.mol
-1

.
26

 At room temperature (298 K) this corresponds to 

> 99 % of the population sitting in the desired conformation. This compared extremely 

favourably with the previous scaffold where eighteen conformations lay within 0.7 kcal.mol
-1
 

of the computed energy minima. 
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Figure 2.15 Lowest energy conformation from a molecular mechanics computation of the proposed scaffold. 

A second calculation provided further evidence of the preferred conformation. By holding all 

the other bonds fixed, rotating the Nurea-Caryl bond in degree increments and calculating the 

relative energy of each conformation the Boltzmann distribution for model aryl and pyridyl 

systems could be calculated (Figure 2.16). 

 

Figure 2.16 Computational calculation of the Boltzmann weighted population at 298 K due to rotation about the Nurea-Caryl 

bond. 
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In both models there is effectively zero population away from completely planar systems, due 

to the loss of conjugation on moving away from planarity. However, crucially, whereas the 

aryl system displays roughly equal population density in each planar regime, the pyridyl 

system exclusively populates the desired conformation. 

2.8 Synthesis 

The computational studies gave good confidence in the proposed scaffold extensively 

populating the desired conformation. Therefore the synthesis of a model compound dimer 

and trimer, using a methyl group as a side-chain for proof-of-principle, was embarked upon. 

The initial synthetic plan was to use a similar route to that devised by Hamilton et al. in their 

synthesis of the aryl-linked system.
22

 

Alcohol 1 was formed in 82 % yield by the SNAr reaction of L-alaninol with 2,6-

dichloropyridine at high temperature and pressure. The literature suggested that such forcing 

conditions were required due to the reluctance of the pyridine ring to undergo SNAr.
27

 The 

free alcohol could subsequently be protected as a silyl ether 2 in near quantitative yield 

(Scheme 2.1).
28

  

 

Scheme 2.1 SNAr and subsequent alcohol protection. 

The first stage in the construction of the five membered urea ring was to use the secondary 

aniline 2 as a nucleophile in an addition reaction with phenyl isocyanate. Extensive 

optimisation was required due to the reduced nucleophilicity of this amine (Table 2.1). 
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Entry  Scale 

(mmol) 

Solvent Conditions Time (h) Temperature 

(°C) 

Yield 

(%) 

1 0.33 CH2Cl2 DMAP (cat.) 5 40 14 

2 0.33 CH2Cl2 DMAP (cat.) 18 40 38 

3 0.33 CH2Cl2 DMAP (cat.) 72 40 72 

4 0.33 THF KHMDS (1.3 eq.) 1 + 2 -78 to 20 9 

5 0.33 THF KHMDS (1.3 eq.) 1 + 2 -78 to 20 37 

6 0.33 THF LDA (1.3 eq.) 1 + 2 -78 to 20 - 

7 0.33 THF n-BuLi (1.3 eq.) 1 + 2 -78 to 20 68 

8 1.00 THF n-BuLi (1.3 eq.) 1 + 2 -78 to 20 68 

9 2.00 THF n-BuLi (1.3 eq.) 1 + 2 -78 to 20 56 

10 4.00 THF n-BuLi (1.05 eq.)
a
 1 + 2 -78 to 20 58 

a) Fewer equivalents of n-BuLi used on scale up due to increased confidence in still delivering a slight excess of n-BuLi and 

allowing for complete deprotonation. 

Table 2.1 Optimisation of condensation of secondary aniline with phenylisocyanate. 

The first three entries detail attempts to perform this reaction with an amine using DMAP as a 

nucleophilic catalyst. Even with elevated temperatures and after prolonged reaction times the 

reaction could not be forced towards the urea product, confirming the suspicion around the 

poor reactivity of the amine. It was therefore decided to attempt to first deprotonate the 

amine, and subsequently add the phenylisocyanate to the resulting anion. With n-BuLi as 

base this proceeded in a moderate yield and proved amenable to scale up. 
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The silyl group was removed from alcohol 3 using TBAF in THF, buffered with acetic acid. 

This reaction was never observed to go to completion, and under prolonged reaction times 

underwent degradation to an intractable mixture. The literature suggested the reaction could 

proceed to completion through the use of HF and pyridine, but with an already acceptable 

yield of 78 % it was considered prudent to avoid these potentially dangerous reagents.
29

 An 

intramolecular Mitsunobu afforded cyclic urea 5 in 79 % yield (Scheme 2.2). 

 

Scheme 2.2 Alcohol deprotection and subsequent ring closure. 

To complete the synthesis of the monomer unit, the chlorine substituent had to be converted 

into an aniline. The amine was successfully introduced as a protected species through the 

Buchwald-Hartwig coupling of benzylamine in a high yield.
30

 Subsequent deprotection by 

hydrogenation, catalysed by palladium hydroxide on carbon, proceeded well but required 

extended reaction times of 48 hours and 100 % catalyst loadings, possibly due to catalyst 

poisoning by pyridine (Scheme 2.3).
31

 By way of evidence a similar reaction in the synthesis 

of the phenyl-linked oligomer required only 0.5 % catalyst loading.
23

  

 

Scheme 2.3 Buchwald-Hartwig coupling with benzylamine and subsequent benzyl deprotection. 

At this stage in the previous synthesis the construction of the dimer had proceeded via the 

conversion of aniline 7 into an isocyanate, subsequent coupling with secondary aniline 2 and 

a second intramolecular Mitsunobu reaction to close the ring (Scheme 2.4). 
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Scheme 2.4 Adaptation of a previously utilised strategy that proved unsuccessful with pyridyl rings. 

Unfortunately all attempts to synthesise the proposed isocyanate with triphosgene proved 

unsuccessful. Reports in the literature indicated similar difficulties in performing this reaction 

on a substrate of this nature but provided no reasons for the observed lack of reactivity.
32

 This 

necessitated alternative strategies to complete the synthesis. The first was to attempt an 

intermolecular Mitsunobu reaction and complete the synthesis via a ring closing urea 

formation (Scheme 2.5). 

 

Scheme 2.5 Retrosynthesis of route proceeding via an intermolecular Mitsunobu reaction and urea formation to effect the 

subsequent ring closure. 

For this first reaction to be successful secondary aniline 2 had to be protected in order to 

prevent both cross-reaction and aziridation products. Unfortunately Boc protection of the 

nitrogen was unsuccessful, as exclusive protection of the alcohol occurred in excellent yield 

(Scheme 2.6). 
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Scheme 2.6 Boc-protection of the primary alcohol instead of the desired secondary aniline. 

This necessitated the development of an alternative second route (Scheme 2.7). 

 

Scheme 2.7 Retrosynthesis of route proceeding via a condensation reaction before a Mitsunobu reaction to effect the 

subsequent ring closure. 

The proposed leaving group was a phenolate, to be introduced with phenyl chloroformate. 

Initial attempts to create the carbamate using DIPEA as a base were unsuccessful, but 

reverting to the complete deprotonation via n-BuLi as for the synthesis of 3, resulted in a 

successful reaction with a pleasing yield of 84 %. A test reaction with 2-chloro-6-amino 

pyridine provided hope that this strategy would be successful (Scheme 2.8). Efforts were 

made to improve the disappointing yield but these were unsuccessful. 

 

Scheme 2.8 Test reaction for the coupling of a primary analine with the phenyl carbamate. 

With the strategy validated, and coupling conditions in hand, the synthesis of dimer 14 could 

be completed via alcohol deprotection and Mitsunobu reactions (Scheme 2.9). 
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Scheme 2.9 Synthesis of dimer 14 as a mimic of the i and i+2  residues of a canonical ɓ-strand. 

With a successful strategy in hand, the synthesis of trimer 19 was straightforward, although 

yields were generally more modest than those observed in constructing the monomer and 

dimer. In particular the aniline coupling with the carbamate to synthesise 17 was 

temperamental with a maximum yield of 17 %. However there was sufficient material to 

allow for completion of the synthesis (Scheme 2.10). 

 

Scheme 2.10 Synthesis of trimer 19 as a mimic of the i, i+2 , and i+4  residues of a canonical ɓ-strand 
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2.9 Conformational Analysis  

2.9.1 Solution Phase Studies 

The solution phase conformation of this new strand mimic could be studied through NOE 

NMR experiments. In dimer 14 the comparison of the signals between H3 and H5, and 

between H12 and H14 should give an indication of the population of each conformation. 

Similarly in the trimer 19 the pairings of H3 and H5, H12 and H14, H21 and H23 should give 

similar information. This is because the signal due to the pairing onto the aryl ring should be 

strong given free rotation about the N-C(Ar) bond, whereas if the dipolar repulsion achieves 

the desired effect the other pairings should have a much reduced or zero signal intensity 

(Figure 2.17). The reason for this is that NOE intensity scales off with distance as 1/r
6
, 

resulting in 5 Å being around the limit of detection. 

 

Figure 2.17 Rationale for NOE experiments to study solution phase conformation. 

Therefore NOESY (dimer 14) and ROESY (trimer 19) spectra were initially taken in 

deuterated chloroform at room temperature (298 K).  
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Figure 2.18 NOESY spectrum of dimer 14 in CDCl3. The colour of each circle corresponds to the NOE interaction shown in 

the molecules above. 

As expected a much stronger signal is observed for the H3-H5 (blue) interaction than the 

H12-H14 (purple) one. There are two peaks for each interaction as H5 and H14 have 

diastereotopic protons. These three-dimensional peaks can be integrated to give a ratio of 

40:1. Given that H3 has two protons, this suggests a 20:1 relative intensity between the 

through-space interactions. Unfortunately given the scaling of NOESY interactions with 

distance (intensity decreases as 1/r
6
) it is invalid to make firm quantitative conclusions based 

on this data.  

There are two possible explanations for the presence of a weak H12 - H14 signal. 

Measurement of H12 to H14 on the crystal structure (see Section 2.9.2) reveals a distance of 

4.5 Å, on the outer-detection limit of nOe interactions and therefore able to contribute a small 

signal. Alternatively, as posited in Figure 2.17 above the dipolar repulsion may not confer a 

complete conformational bias and a major and minor conformation are both populated to an 

extent that can be detected by a time averaged experiment such as NMR. 
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The ROESY experiment on trimer 19 revealed the same overall picture (Figure 2.19). 

 

 

   

 

Figure 2.19 ROESY spectrum of trimer 19 in CDCl3. The colour of each circle corresponds to the NOE interaction shown in 

the molecules above. 

The correlation between H3 and H5 (blue) is much stronger than between H12 and H14, and, 

H21 and H23. With no correlation observed between H23ô and H21, nor H14ô and H21, the 

evidence suggests a stronger bias towards the preferred conformation in the trimer than the 

dimer.  

In order to probe the relative populations of these compounds two further through-space 

experiments were conducted. First a high temperature (348 K) NOESY experiment was 

conducted on dimer 14. This showed no change to the spectrum recorded at 298 K, providing 

some, but not conclusive evidence of the less intense peaks from the interaction between H12 

and H14 being due to the distance between the protons, rather than population of the minor 

conformation. This is because the signal would be expected to increase at higher temperature 

were it due to the presence of a minor conformer. This is because for any equilibrium a 

change in the temperature alters the Boltzmann distribution such that the higher energy state 

grows in population. 
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A second experiment was to examine the trimer 19 in a more challenging solvent system, 

where the bias imparted by the dipolar repulsion might be expected to have a lesser effect. 

This is because in a solvent with a higher dipole a molecule with a large macrodipole can be 

stabilised. Therefore ROESY spectra of timer 19 were recorded in DMSO-d6 at room 

temperature and 350 K. Pleasingly in both cases the only peaks observed were those due to 

the interaction between H3 and H5 (Figure 2.20). 

 

Figure 2.20 ROESY spectrum of trimer 19 in DMSO-d6. The colour of each circle corresponds to the NOE interaction 

shown in the molecules above. 

2.9.2 Solid Phase Studies 

The single crystal X-ray structures of both dimer 14 and trimer 19 were obtained, 14 via 

vapour diffusion of petroleum ether into diethyl ether, and 19 via vapour diffusion of 

petroleum ether into ethyl acetate. Both structures support the initial hypothesis of dipolar 

repulsion enabling conformational bias, further supporting the solution state analysis. 

For dimer 14 two different structures were present in the asymmetric unit, with the methyl 

groups representing the amino acid side-chain projected on the same face of the molecule. 

The measured distance between the Ŭ-carbon atoms in both structures is 5.8 Å, comparable to 

the 6.6 ¡ found within a canonical ɓ-strand. The distance between the ɓ-carbons varied 



66 

 

between 5.2 and 6.0 Å, indicating a degree of conformational flexibility. Within the scope of 

the conformational bias imparted, this degree of flexibility is not disheartening, as it would 

allow the mimetic to bind to a protein in an óinduced fitô model and thus adapt to a given 

target (Figure 2.21).
33

 

 

Figure 2.21 Single crystal X-ray structure of dimer 14  mimicking two alanine residues in the i and i+2 positions 

(CCDC: 1030068). 

With a view towards using these strand mimetics as inhibitors of PPIs the crystal structure of 

14 was overlaid on the structure of the Raf protein (previously noted at Figure 2.3). The 

methyl groups were matched to corresponding atoms of an arginine and asparagine side-

chains projecting from the same face of the Raf ɓ-strand. With a four-point calculated 

RMSD, based on an overlay of the Ŭ and ɓ positions, of 0.67 Å, there is strong evidence that 
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the new scaffold is able to display side-chains at the same distance and angular projection as 

a natural, and indeed therapeutically relevant, protein (Figure 2.22). 

 

Figure 2.22 Overlay of the single crystal X-ray structure of dimer 14 (pink) and Raf protein (cyan). Mimic side-chains 

aligned with the Ŭ and ɓ positions of N71 and R73 (PDB: 1RRB).34  

The data from the crystal structure of trimer 19 was of a lower resolution but still provided 

sufficient information to extract distances and angular projections. Again the molecule 

adopted the desired conformation with all the methyl groups were projected from the same 

face. The interatomic distances showed good correlation with those observed in a natural 

ɓ-strand. However, upon extension to the trimer, an extensive curvature to the molecule in 

the plane of the scaffold backbone was revealed (Figure 2.23). 
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Figure 2.23 Single crystal X-ray structure of trimer 19 mimicking three alanine residues in the i, i+2 , and i+4 positions 

(CCDC 1030069). 

2.10 Conclusions 

These novel foldamers can now be assessed against Gellmanôs criteria; in the incorporation 

of the pyridyl moiety there is a new polymeric backbone that shows conformational bias due 

to dipolar repulsion. This has been provided by robust evidence from computational, solution 

and solid phase studies. Additionally for dimer 14 the side-chain display compares 

favourably with the geometries of natural and therapeutically relevant ɓ-strands.  

The synthesis requires no enantioselective steps, nor particularly expensive or toxic reagents 

or catalysts and uses only simple purification procedures. However it is iterative with each 

ring constructed on the growing chain and the later steps in particular prone to low yields. In 
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the incorporation of different side-chains, or unnatural functional groups these yields may 

decrease further. 

The next part of this chapter will seek to extend this system with hydrophilic side-chains and 

incorporate them through a new and modular synthesis. 

2.11 Incorporation of Hydrophilic Residues  

The above work provides a proof of principle, demonstrating the ability of this scaffold to 

control conformation in the desired manner. However, to show suitability for biological 

applications it is essential to incorporate hydrophilic residues. This would allow for water 

solubility and to test the conformational bias in aqueous media. 

2.11.1 Synthesis 

An alternative strategy has been developed towards a modular synthesis (Scheme 2.11). 

 

Scheme 2.11 Modular synthetic strategy amenable to incorporation of hydrophilic side-chains. 

This modular synthesis has been successfully applied using a phenylalaninol as the starting 

material to enable the rapid construction of pentamers and hexamers with a benzyl group as 

the side-chain. 
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2.11.1.1 Amino Acid Reduction 

The amino alcohol of lysine is not commercially available and therefore various conditions 

were explored to effect the reduction of the free acid (Table 2.2). 

 

Entry  Reducing Agent Solvent Time (h) Yield (%)  Comments 

1 NaBH4, I2 THF 2 20 Fmoc deprotection 

2 NaBH4, I2 THF 16 33 Fmoc deprotection 

3 NaBH4, I2 THF 120 19 Fmoc deprotection 

4 NaBH4, H2SO4 THF/Et2O 16 - No reaction 

5 NaBH4, I2, AcOH THF 72 - No reaction 

6 LiAlH 4 THF 1 - Intractable gel 

7 LiAlH 4 Et2O 1 - Poor solubility 

8 Ethyl chloroformate, 

NMM then NaBH4, 

H2O 

DME 0.1 92 - 

Table 2.2 Optimisation of acid reduction in the presence of the Fmoc group. 

Direct reduction of the acid with sodium borohydride and iodine to proceed via the borane, or 

with lithium aluminium hydride, was unsuccessful with poor yields and extensive Fmoc 

deprotection. Fortunately, using ethyl chloroformate to create the mixed anhydride and 

subsequent reduction with sodium borohydride was extremely successful and amenable to 

scale up. 

2.11.1.2 Protecting Group Selection 

At this point the remainder of the synthesis necessitated a protecting group swap from Fmoc 

due to incompatibility in later steps, to tosyl or nosyl. The synthetic route for each protecting 

group was investigated simultaneously to ascertain the optimal synthetic strategy. Standard 

Fmoc removal conditions use piperidine in dichloromethane in a 1:3 ratio,
35

 but removal of 
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piperidine in vacuo proved difficult, as in the subsequent nosyl or tosyl protection residual 

piperidine was frequently protected instead of the target compound. 1 M Dimethylamine in 

ethanol also facilitated deprotection, and was easier to remove under vacuum, therefore 

allowing for both tosyl and nosyl protection of the free amine (Scheme 2.12). The subsequent 

Mitsunobu reaction to form aziridines 23 and 24 proved temperamental in tetrahydrofuran, 

predominantly showing no reaction and recovery of starting material, but highly reliable in 

acetonitrile with good yields. 

 

Scheme 2.12 Synthesis of tosyl- and nosyl- protected aziridines representing common intermediate for further synthesis. 

There was a fear that aziridines 23 and 24 would be liable to polymerisation.
36,37

 Tosyl 

protected compound 23 was air and room temperature stable for at least one week, but the 

corresponding nosyl derivative 24 was prone to forming an insoluble solid, presumed to be 

the polymer. Polymerisation was therefore avoided by incomplete removal of solvent 

following flash column chromatography. The aziridine was the common intermediate for the 

synthesis of both the terminal and repeating units and therefore at this point the synthesis 

diverged (Scheme 2.13). 
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Scheme 2.13 Elaboration of common aziridine building blocks into terminal (27, 28) and monomer units (31, 32). 

The aziridine was successfully and regioselectively opened using either aniline or ammonia 

to afford the corresponding diamines (25 and 26 for opening with aniline, corresponding 

compounds opened with ammonia were not isolated). From these the five-membered urea 

ring was closed using triphosgene. The repeating monomer unit (31, 40 % or 32, 35 %) was 

then completed through the Buchwald-Hartwig coupling of the urea to 2,6-dibromopyridine. 

Although no double addition product was isolated this reaction was found to be low yielding 

for both protecting groups. 

2.11.1.3 Combining the Modules 

Iterative deprotection and Buchwald-Hartwig coupling were then used to construct the dimer. 

Tosylated amine 27 was deprotected by treatment with magnesium metal in methanol and 

sonication, whilst the nosyl group on urea 28 was removed by thiophenol in an SNAr 

reaction. The tosyl deprotection was found to be low yielding, and although dimer 34  was 

successfully purified, insufficient material could be isolated  post deprotection to successfully 

synthesise the trimer (Scheme 2.14).  
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Scheme 2.14 Synthesis of tosyl protected dimer 35. 

This was because the reaction formed an insoluble gel around the magnesium that 

sequestered much of the product. Previous work in the group had shown that this gel could be 

broken up with prolonged stirring in the presence of hydrochloric acid,
37

 but with the Boc 

protecting groups in place this was not a viable strategy. Fortunately nosyl deprotection of 

both the monomer and dimer proceeded in acceptable yields allowing for synthesis of the 

trimer. The Boc-groups were successfully removed in TFA and the final deprotected 

molecule 38 purified by reverse-phase HPLC displaying excellent solubility in water of 

greater than 10 mg / mL (Scheme 2.15). 

 

Scheme 2.15 Synthesis of nosyl protected trimer 38. 

2.12 Conformational Analysis  

Initial characterisation of trimer 38 was carried out in deuterated methanol for ease of 

recovery of material. Pleasingly, the through-space interactions revealed from a ROESY 
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spectrum were as seen for the all alanine trimer 19, with the expected peak between H45 and 

H47 and an absence of any others (Figure 2.24). 

 

Figure 2.24 ROESY spectrum of trimer 38 in MeOD. The colour of each circle corresponds to the NOE interaction shown in 

the molecules above. 

Pleasingly this indicates the preservation of a strong conformational bias for this hydrophilic 

molecule in a polar protic solvent. Unfortunately attempts to repeat the experiment in H2O or 

an H2O/D2O mix could not reveal anything as the peaks are coincident with the water peak 

and are therefore also affected by solvent suppression.  

2.13 Conclusions and Future Work  

2.13.1 -ÅÅÔÉÎÇ 'ÅÌÌÍÁÎȭÓ #ÒÉÔÅÒÉÁ 

Through the second half of this chapter the case for this scaffold has been strengthened yet 

further. It has proved amenable to a modular synthesis that allows for the incorporation of 

hydrophilic side-chains. The use of a nosyl group as the protecting group strategy for 

nitrogen, which is removed with thiophenol at room temperature, an extremely mild 

procedure, should allow for the incorporation of a broad range of natural and unnatural 
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chemical side-chain mimics, either unprotected if stable to the synthesis conditions, or 

themselves protected with orthogonal protecting groups which could be either acid or base 

labile. With the hydrophilic compound retaining its conformational bias, all three challenges 

laid down by Gellman have therefore been met. 

2.13.2 Future Work  

2.13.2.1 Overcoming Curvature  

Although dimer 14 displayed good overlap with a canonical ɓ-strand, the curvature noted in 

trimer 19 would perhaps prevent extended mimics of four or five residues from adopting the 

required conformation. It was proposed that this curvature was due to the alternating 5,6 ring 

system, with the five-membered ring introducing the curvature. Therefore it was reasoned 

that substituting the five-membered urea for a six-membered homologue would force the 

adoption of a more linear conformation. Work in the group has shown this to be the case 

(Figure 2.25).
36

 

 

Figure 2.25 A: Monomer unit with a 6-membered urea ring B: Crystal structure of monomer unit showing the dipolar 

conformational lock to still be effective (CCDC: 1056842). C: Tetramer, with the desired conformation shown by 

computational and solution state studies. 
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2.13.2.2 Utilising Curvature  

Alternatively the curvature can be used to create an adaptable monomer capable of switching 

from sheet to helical conformation in the presence of an external stimulus. 

This has been achieved by the group using acid, which promotes the change from a linear, 

dipolar repulsion enforced conformation to a helical, hydrogen-bonded, one (Figure 2.26).
37

 

 

Figure 2.26 The acid-mediated  conformational switching of the pyridiyl-linked oligomer from strand to helix. 

2.13.2.3 Biological Applications  

With the dimer displaying good side-chain overlap, further work by the group demonstrating 

how linearity could be maintained, and a modular synthesis amenable to the inclusion of a 

broad range of amino acid residues, this novel scaffold presents the ideal opportunity to 

mimic natural ɓ-strands and disrupt PPIs. Figure 2.27 showcases the range of diseases that 

could be targeted with strands varying in length from two to five residues. 
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Figure 2.27 A: Crystal structure of NS3 protease and NS4a peptide (PDB: 1NS3). Inhibition of this complex by a protease 

inhibitor and interferon is known to inhibit viral RNA replication.38 B: NMR solution structure of IL-4 receptor 

phosphopeptide recognition by the IRS-1 PTB domain (PDB: 1IRS). IRS1 is a critical element in insulin-signalling 

pathways and implicated in type 2 diabetes.39 C: Crystal structure of the Mad2 Spindle Checkpoint Protein bound to Mad1 

(PDB: 1KLQ). Correct regulation of this protein prevents chromosome mis-segregation during mitosis and meiosis, 

implicated in many cancers.40 D: Crystal structure of the catalytic and regulatory subunits of PKA (PDB: 3FHI). PKA is 

implicated in the regulation of transcription in eukaryotic cells.41 

Initially the scaffold will be validated against the strand interactions with well-established 

assays and known to been amenable to peptidomimetics such as the HIV-1 protease 

dimerization targeted successfully by Fairlie
8
 and Smith.

18
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2.14 Experimental  

2.14.1 General Information  

2.14.1.1 Solvents and Reagents 

All non-aqueous reactions were carried out under an atmosphere of argon or nitrogen in oven 

or flame-dried glassware unless otherwise stated. Anhydrous tetrahydrofuran and 

dichloromethane (from commercial sources) were obtained filtration through activated 

alumina (powder ~150 mesh, pore size 58 Å, basic, Sigma-Aldrich) columns, or were dried 

on an MB-SPS-800 dry solvent system. Other solvents and reagents were used directly as 

received from commercial suppliers without further purification. PE refers to distilled light 

petroleum of fraction (30 ęC ï 40 ęC). Inorganic solutions refer to saturated aqueous 

solutions, unless otherwise indicated. Brine refers to a saturated aqueous solution of sodium 

chloride. The notation ómL.mmol
-1
ô is the number of mL of solvent used in the specified 

work up procedure per mmol of starting material. 

2.14.1.2 Chromatography  

Flash column chromatography was carried out using Merck Geduran Si 60 silica gel (40 ï 

63µm). Thin-layer chromatography was carried out using Merck Kieselgel 60 F254 (230 ï 

400 mesh) fluorescent treated silica, visualised under UV light (254 nm) and by staining with 

aqueous potassium permanganate solution or ninhydrin in ethanol. High performance liquid 

chromatography was performed using a Waters 1525 pump, 2707 autosampler, and 2849 

detector. Phenomonex Luna columns (250 mm long, 5 µm beads, C18 reverse-phase 

medium) were used for HPLC separations. Analytical HPLC was run using 1 mL min
-1

 flow 

through a 4.6 mm diameter column. Sample injections for analytical runs consisted of 40 µL 

of a 1 mg.mL
-1

 sample solution. Semi-preparative HPLC was run using 10 mL.min
-1

 flow 

through a 21.1 mm diameter column. Sample injections for semi-preparative runs consisted 
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of 500 µL of solution containing no more than 50 mg of sample. HPLC solvents were 

degassed by sonication for 30 min and contained 0.1 % v/v TFA. 

2.14.1.3 Spectroscopy 

1
H and 

13
C NMR spectra were recorded using a Bruker 600, 500, or 400 MHz spectrometer 

running TopspinÊ software and are quoted in ppm for measurement against a residual 

solvent peak as an internal standard. The 
1
H NMR spectra are reported as follows: d / ppm 

(multiplicity, coupling constant, number of protons, assignment). Multiplicity is abbreviated 

as follows: s = singlet, br = broad, d = doublet, dd = doublet of doublets, t = triplet, dt = 

doublet of triplets, q = quartet, qn = quintet, m = multiplet). Coupling constants are given in 

Hertz. Compound names are those generated by ChemBioDrawÊ (CambridgeSoft) 

following IUPAC nomenclature. However, the NMR assignment numbering used is arbitrary 

and does not follow any particular convention. The numbering of compounds is illustrated on 

the spectra themselves; vide infra. The 
13

C NMR spectra are reported in d / ppm. Two-

dimensional (COSY, HSQC, HMBC) NMR spectroscopy was used to assist the assignment 

of the signals in the 
1
H and 

13
C NMR spectra. IR spectra were recorded on a Bruker Tensor 

27 FT-IR spectrometer from a thin film deposited onto a diamond ATR module. Only 

selected maximum absorbances (nmax) of the most intense peaks are reported (cm
-1

). Peaks in 

the region of 2350 cm
-1

 are attributed to the C-D stretch in CDCl3. High-resolution mass 

spectra were recorded on a Bruker MicroTof mass spectrometer (ESI) by the internal service 

at the Department of Organic Chemistry, University of Oxford. Meting points were recorded 

using a Leica Galen III hot-stage microscope apparatus and are reported uncorrected in 

degrees Celsius (ęC). Optical rotations were recorded using a Perkin Elmer 341 polarimeter 

and are reported in degrees using concentrations in g.100 mL
-1

. 
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2.14.2 General Experimental Procedures  

General procedure (2a): SNAr Reaction 

Amine (1.0 eq.) and N,N-diisopropylethylamine (2.3 eq.) were added to 2,6-dichloropyridine 

(4.0 eq.) in a sealed tube. The reaction mixture was heated to 180 °C for 18 h. After cooling 

to room temperature the reaction was diluted with dichloromethane (10 mL.mmol
-1

), 

partitioned with ammonium chloride (10 mL.mmol
-1

) and extracted with dichloromethane (3 

x 10 mL.mmol
-1

). The combined organic layers were dried over magnesium sulfate, filtered 

and the reaction concentrated in vacuo. 

General procedure (2b): Silyl protection of alcohol 

TBSCl (2.0 eq.) was added to a stirring solution of alcohol (1.0 eq.), imidazole (3.0 eq.) and 

DMAP (trace) in DMF (0.6 M). The reaction was stirred at room temperature for 12 h and 

subsequently diluted with dichloromethane (10 mL.mmol
-1

). The solution was partitioned 

with ammonium chloride (10 mL.mmol
-1

) and extracted with dichloromethane (3 x 10 

mL.mmol
-1

). The combined organic layers were dried over magnesium sulfate, filtered and 

the reaction concentrated in vacuo. 

General procedure (2c): Amide bond formation 

To a stirring solution of amine (1.00 eq.) in THF (0.7 M) at -78 °C was added nBuLi 

(1.05 eq.). After 1 h the carbonyl electrophile (1.30 eq.) was added and the reaction brought 

to room temperature and stirred for a further 2 h. Acetic acid (1.10 eq.) was added and the 

reaction diluted with dichloromethane (0.08 M). The mixture was partitioned with water and 

extracted with dichloromethane (3 x 10 mL.mmol
-1

). The combined organic layers were dried 

over magnesium sulfate, filtered and the reaction concentrated in vacuo. 
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General procedure (2d): Removal of silyl protecting group 

Acetic acid (3.0 eq.) was added dropwise to a stirred solution of protected alcohol (1.0 eq.) in 

tetrahydrofuran (0.1 M). Tetra-n-butyl ammonium fluoride (1 M in tetrahydrofuran, 1.2 eq.) 

was added dropwise and the reaction stirred at room temperature for 5 h. The reaction was 

diluted with dichloromethane (0.08 M) and the resulting solution partitioned with ammonium 

chloride (10 mL.mmol
-1

) and extracted with dichloromethane (3 x 10 mL.mmol
-1

). The 

combined organic layers were dried over magnesium sulfate, filtered and the reaction 

concentrated in vacuo. 

General procedure (2e): Mitsunobu reaction 

Triphenylphosphine (1.5 eq.) and DIAD (1.5 eq.) were added to a stirring solution of alcohol 

(1.0 eq.) in tetrahydrofuran (0.1 M). The reaction was stirred at room temperature for 30 min 

and concentrated in vacuo. 

General procedure (2f): Buchwald-Hartwig Coupling  

Sodium tert-butoxide (3 eq.) and amine (3 eq.) were added to the aryl halide (1 eq.) in 1,4-

dioxane (0.15 M). The solution was degassed with argon for 20 min before the addition of 

Pd2(dba)3 (8 mol %) and BINAP (9 mol %). The solution was stirred at 100 °C for 5 h, the 

reaction filtered through Celite® and concentrated in vacuo. 

General procedure (2g): Reduction of benzylamines 

The benzylamine (1 eq.) was dissolved in dichloromethane (0.06 M) and a drop of acetic acid 

added. Pd(OH)2/C (100 wt %) was added and the mixture degassed with argon for 20 min. A 

positive pressure of H2 gas was applied via balloon and the reaction left to stir at room 
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temperature for 2 h. The reaction mixture was passed through Celite®, washed with 

dichloromethane (20 mL. mmol
-1

) and concentrated in vacuo. 

General procedure (2h): Boc protection 

According to a literature procedure,
41

 triethylamine (1 eq.), DMAP (1 eq.) and tert-

butyldicarbonate (2 eq.) were added to a stirring solution of amine (1 eq.) in tetrahydrofuran 

(0.1 M), and the reaction stirred at room temperature for 2 h. The reaction was diluted with 

dichloromethane (0.08 M) and the solution partitioned with ammonium chloride (10 

mL.mmol
-1

) and extracted with dichloromethane (3 x 10 mL.mmol
-1

). The combined organic 

layers were dried over magnesium sulfate, filtered and the reaction concentrated in vacuo. 

General procedure (2i): Acid reduction 

According to a literature procedure,
42

 ethyl chloroformate (1.10 eq.) was added to a stirring 

solution of acid (1.00 eq.) and N-methylmorpholine (1.05 eq.) in glyme (0.1 M) at -15 °C. 

The reaction mixture was stirred for 5 min and the resultant slurry filtered and washed with 

diethyl ether (20 mL.mmol
-1

). The filtrate was cooled to -15 °C and NaBH4 (3.00 eq.) in 

water (1 M) was added dropwise. The reaction flask was left open to allow for evolution of 

gas and upon cessation of effervescence ten times the initial volume of water was added. The 

reaction was warmed to room temperature and stirred for 1 h, at which point the reaction was 

further diluted with water (20 mL.mmol
-1

) and extracted with dichloromethane (3 x 

10 mL.mmol
-1

). The combined organic layers were dried and concentrated in vacuo. 

General procedure (2j): Fmoc deprotection 

To a stirring solution of Fmoc protected amine (1 eq.) in dichloromethane (0.1 M) was added 

a solution of dimethylamine in ethanol (1 M, final ratio v:v, 1:1). The reaction was stirred for 

1 h at room temperature and concentrated in vacuo. 
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General procedure (2k): Tosylation 

To a stirring solution of amine (1 eq.) in dichloromethane (0.1 M) was added triethylamine 

(3 eq.) and tosyl chloride (2 eq.). The reaction was stirred at room temperature for 1 h and 

subsequently diluted with dichloromethane (0.05 M). The solution was partitioned with 

ammonium chloride (10 mL.mmol
-1

) and extracted with dichloromethane (3 x 10 mL.mmol
-

1
). The combined organic layers were dried over magnesium sulfate, filtered and the reaction 

concentrated in vacuo. 

General procedure (2l): Nosylation 

To a stirring solution of amine (1 eq.) in dichloromethane (0.10 M) was added triethylamine 

(2 eq.) and nosyl chloride (2 eq.). The reaction was stirred at room temperature for 16 h and 

subsequently diluted with dichloromethane (0.05 M). The solution was partitioned with 

ammonium chloride (10 mL.mmol
-1

) and extracted with dichloromethane 

(3 x 10 mL.mmol
-1

). The combined organic layers were dried over magnesium sulfate, 

filtered and the reaction concentrated in vacuo. 

General procedure (2m): Aziridine ring opening with aniline 

Aziridine (1 eq.) was dissolved in aniline (1 M) and the reaction stirred at 80 °C for 2 h and 

concentrated in vacuo. 

General procedure (2n): Aziridine ring opening with ammonia 

Aziridine (1 eq.) was dissolved in methanol (0.1 M) in a sealed tube. At 0 °C, ammonia gas 

was bubbled through the solution for 20 min, before the tube was sealed, heated to 80 °C and 

stirred for 2 h. The reaction mixture was transferred to a round-bottomed flask and the 

reaction concentrated in vacuo. 
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General procedure (2o): Urea formation 

To a stirring solution of diamine (1.0 eq.) and N,N-diisopropylethylamine (1.1 eq.) in 

acetonitrile (0.25 M) was added triphosgene (0.4 eq, 0.25 M in acetonitrile) by syringe pump 

over the course of 1 h. The reaction was stirred for a further 30 min, diluted with water 

(0.05 M) and extracted with dichloromethane (3 x 10 mmol.ml
-1
). The combined organic 

layers were dried over magnesium sulfate, filtered and the reaction concentrated in vacuo. 

General procedure (2p): Tosyl deprotection 

Magnesium powder (2 eq.) was added to tosyl protected amine (1 eq.) in methanol. The 

solution was sonicated for 1 h, diluted with water (10 mL.mmol
-1

) and extracted with 

dichloromethane (3 x 10 mmol.ml
-1
). The combined organic layers were dried over 

magnesium sulfate, filtered and the reaction concentrated in vacuo. 

General procedure (2q): Buchwald-Hartwig coupling 

To a stirring solution of amine (1.0 eq.) in 1,4-dioxane was added caesium carbonate 

(2.0 eq.), Pd(dba)2 (5 mol %) and Xantphos (15 mol %). The mixture was degassed with 

argon for 15 min before the addition of aryl bromide (1.2 eq.). The reaction was heated to 80 

°C and stirred for 2 h. Upon completion the mixture was diluted with water (10 mL.mmol
-1

) 

and extracted with dichloromethane (3 x 10 mmol.ml
-1

). The combined organic layers were 

dried over magnesium sulfate, filtered and the reaction concentrated in vacuo. 

General procedure (2r): Nosyl deprotection 

To a stirring solution of N-nosylurea (1.0 eq.) in DMF (0.1 M) was added potassium 

carbonate (3.0 eq.) and the suspension degassed with argon for 10 min. Thiophenol (1.5 eq.) 

was added with the immediate development of a rich yellow colour. The reaction was stirred 
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at room temperature for 1 h and subsequently diluted with diethyl ether (150 mL.mmol
-1

), 

washed with saturated sodium bicarbonate solution (3 x 20 mL.mmol
-1

), and the combined 

aqueous layers extracted with diethyl ether (3 x 20 mL.mmol
-1

). The combined organic layers 

were dried over magnesium sulfate, filtered and the reaction concentrated in vacuo. 

General procedure (2s): Boc deprotection 

To a stirring solution of Boc-protected amine (1 eq.)  in dichloromethane (0.1 M) was added 

TFA (1:1 volume ratio with dichloromethane). The reaction was stirred at room temperature 

for 30 min before the solvent was removed in vacuo. The residual TFA was removed via  co-

evaporation three times with toluene. 
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2.14.3 Characterisation Data  

(S)-2-((6-Chloropyridin-2-yl)amino)propan-1-ol 1 

 

According to general procedure (2a): L-Alaninol (1.00 g, 13.3 mmol) and 2,6-

dichloropyridine (7.88 g, 53.3 mmol) gave the title compound 1 (2.04 g, 82 %) as a white 

solid after purification by flash column chromatography (PE:Et2O, 4:6); [Ŭ]D
23.5
 -19.6 (c 0.55, 

CHCl3); ŭH (400 MHz, CDCl3) 7.34 (t, J 7.8, 1H, H3), 6.58 (d, J 7.6, 1H, H2), 6.32 (d, J 8.1, 

1H, H4), 4.62 (d, J 5.9, 1H, H8), 3.94 - 4.03 (m, 1H, H9), 3.71 - 3.79 (m, 1H, H10), 3.55 - 

3.63 (m, 1 H, H10ô), 2.99 (t, J 5.0, 1H, H11), 1.24 (d, J 6.8, 3H, H12); ŭC (101 MHz, CDCl3) 

158.4 (C5) 149.4 (C1), 139.7 (C3), 112.1 (C2), 105.7 (C4), 67.6 (C10), 49.7 (C9), 17.6 

(C12); HRMS calculated for C8H12
35
ClN2O [M+H]

+
: 187.0633, found 187.0632; IR (CH2Cl2) 

3307, 2967, 2361, 1603, 1568. 

(S)-N-(1-((tert-Butyldimethylsilyl)oxy)propan-2-yl)-6-chloropyridin-2-amine 2 

 

According to general procedure (2b): Alcohol 1 (1.00 g, 5.37 mmol) gave the title compound 

2 (1.60 g, 99 %) as a yellow oil after purification by flash column chromatography (PE:Et2O, 

4:6); [Ŭ]D
23.5
 -8.0 (c 1.3, CHCl3); ŭH (400 MHz, CDCl3) 7.30 - 7.35 (m, 1H, H3), 6.54 (d, 

J 7.3, 1H, H2), 6.27 (d, J 8.3, 1H, H4), 4.73 - 4.82 (m, 1H, H8), 3.82 - 3.92 (m, 1H, H9), 3.63 

(m, 2 H, H10, H10ô), 1.22 (d, J 6.6, 3H, H12), 0.89 (s, 9H, H17), 0.06 (s, 3H, H14), 0.05 (s, 

3H, H15); ŭC (101 MHz, CDCl3)  158.2 (C5), 149.6 (C1), 139.5 (C3), 111.5 (C2), 104.8 (C4), 

66.3 (C10), 48.5 (C9), 25.9 (C17), 18.3 (C16), 17.4 (C12), -5.4 (C14, C15); 
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HRMS calculated for C14H26
35
ClN2OSi [M+H]

+
: 301.1497, found 301.1499; IR(CH2Cl2) 

2929, 2857, 1793. 

(S)-1-(1-((tert-Butyldimethylsilyl)oxy)propan-2-yl)-1-(6-chloropyridin-2-yl)-3-phenylurea 3 

 

According to general procedure (2c): Amine 2 (300 mg, 1.01 mmol)  and phenylisocyanate 

gave the title compound 3 (294 mg, 68 %) as a yellow oil after purification by flash column 

chromatography (PE:Et2O, 19:1); [Ŭ]D
23.5
 +34.8 (c 0.75, CHCl3); ŭH (400 MHz, CDCl3) 9.95 

(s, 1H, H15), 7.56 - 7.62 (m, 1H, Ar-H), 7.34 - 7.44 (m, 3H, Ar-H), 7.19 - 7.29 (m, 2H, 

Ar-H), 6.95 - 7.05 (m, 2H, Ar-H), 4.33 - 4.44 (m, 1H, H9), 4.21 (dd, J 10.4, 7.2, 1H, H10), 

3.87 (dd, J 10.3, 4.6, 1H, H10ô), 1.39 (d, J 7.1, 3H, H13), 0.82 (s, 9H, H21), 0.03 (s, 3H, 

H19), 0.00 (s, 3H, 19ô); ŭC (101 MHz, CDCl3) 155.9 (C11), 153.3, 147.8, 140.4, 138.7, 128.8, 

123.1, 119.9, 119.0, 116.3 (9 x Ar-C), 66.2 (C10), 57.9 (C9), 25.9 (C21), 18.3 (C18), 15.9 

(C13), -5.3 (C19), -5.4 (C19ô); HRMS calculated for C21H30
35
ClN3NaO2Si [M+Na]

+
: 

442.1688, found 442.1706; IR (CH2Cl2) 3456 (weak), 2970, 1738, 1716. 

(S)-1-(6-Chloropyridin-2-yl)-1-(1-hydroxypropan-2-yl)-3-phenylurea 4 

 

According to general procedure (2d): Urea 3 (497 mg , 1.19 mmol)  gave the title compound 

4 (281 mg, 78 %) as a white solid after purification by flash column chromatography 
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(PE:Et2O, 3:7); [Ŭ]D
23.5
 +64.4 (c 0.85, CHCl3); ŭH (400 MHz, CDCl3) 9.26 (s, 1H, H15), 7.59 

(t, J 7.9, 1H, H3), 7.28 - 7.34 (m, 2H, H17), 7.16 - 7.22 (m, 2H, H18), 7.12 (d, J 7.8, 1H, H2), 

7.04 (d, J 8, 1H, H4), 6.93 - 6.99 (m, 1H, H19), 4.64 - 4.93 (m, 1H, H11), 4.40 - 4.49 (m, 1H, 

H9), 3.77 - 3.86 (m, 2H, H10, H10ô), 1.23 (d, J 6.7, 3H, H12); ŭC (101 MHz, CDCl3) 154.7 

(C13), 154.0 (C1 or C5), 148.6 (C1 or C5), 140.9 (C3), 138.2 (C16), 128.8 (C18), 123.5 

(C19), 120.4 (C4), 120.0 (C17), 117.3 (C2), 65.6 (C10), 57.0 (C9), 15.0 (C12); 

HRMS calculated for C15H16
35
ClN3NaO2 [M+Na]

+
: 328.0823, found 328.0828; IR (CH2Cl2) 

3456, 3016, 1739. 

(S)-3-(6-Chloropyridin-2-yl)-4-methyl-1-phenylimidazolidin-2-one 5 

 

According to general procedure (2e): Alcohol 4 (143 mg, 0.469 mmol) gave the title 

compound 5 (106 mg, 79 %) as a white solid after purification by flash column 

chromatography (PE:Et2O, 7:3); [Ŭ]D
23.5
 -10.0 (c 0.1, CHCl3); ŭH (400 MHz, CDCl3) 8.13 (d, 

J 8.3, 1H, H4), 7.48 - 7.57 (m, 3H, H3, H13), 7.31 (t, J 7.9, 2H, H14), 7.01 - 7.09 (m, 1H, 

H15), 6.89 (d, J 7.8, 1H, H7), 4.75 - 4.86 (m, 1H, H1), 4.04 (t, J 8.8, 1H, H2), 3.44 (dd, J 9.0, 

3.1, 1H, H2ô), 1.43 (d, J 6.1, 3H, H3); ŭC (101 MHz, CDCl3) 153.9 (C5), 151.6 (C9), 148.7 

(C6), 139.9 (C13), 139.6 (C12), 129.0 (C14), 123.6 (C15), 118.5 (C3), 117.8 (C7), 112.1 

(C4), 49.8 (C2), 47.6 (C1), 20.0 (C3); HRMS calculated for C15H14
35
ClN3NaO [M+Na]

+
: 

310.0718, found 310.0721; IR (CH2Cl2) 3456 (weak), 2970, 1738, 1716. 
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(S)-3-(6-(Benzylamino)pyridin-2-yl)-4-methyl-1-phenylimidazolidin-2-one 6 

 

According to general procedure (2f): Urea 5 (106 mg, 0.37 mmol) and benzylamine (40 ÕL, 

0.37 mmol)  gave the title compound 6 (126 mg, 95 %) as a yellow solid after purification by 

flash column chromatography (PE:Et2O, 7:3); [Ŭ]D
23.5
 +164.0 (c 0.25, CHCl3); ŭH (400 MHz, 

CDCl3) 7.49 - 7.54 (m, 2H, Ar-H), 7.45 (d, J 7.8, 1H, H4), 7.34 (t, J 7.9, 1H, H3), 7.23 - 7.32 

(m, 6H, Ar-H), 7.20 (dd, J 6.0, 2.6, 1H, Ar-H), 7.01 (t, J 7.3, 1H, Ar-H), 6.03 (d, J 7.8, 1H, 

H2), 4.70 (m, 1H, H19), 4.66 (1H, H7), 4.45 (d, J 4.4, 2H, H27, H27ô), 3.96 (t, J 8.8 1H, 

H18), 3.36 (dd, J 8.7, 3.5, 1H, H18ô), 1.31 (d, J 6.1, 3H, H20); ŭC (101 MHz, CDCl3) 157.0, 

154.3, 150.3, 140.1, 139.8, 139.0, 128.8, 128.5, 127.2, 127.1, 123.0, 118.2, 102.8, 100.9 

(13 x Ar-C), 49.7 (C18), 47.3 (C19), 46.1 (C27), 20.2 (C20); HRMS calculated for 

C22H23N4O [M+H]
+
: 359.1866, found 359.1867; IR (CH2Cl2) 3377 (weak), 3060 (weak), 

3029 (weak), 2975 (weak), 2361, 2341, 1705. 

(S)-3-(6-Aminopyridin-2-yl)-4-methyl-1-phenylimidazolidin-2-one 7 

 

According to general procedure (2g): Protected aniline 6 (295 mg, 0.82 mmol) gave the title 

compound 7 (189 mg, 86 %) as a yellow solid after purification by flash column 

chromatography (PE:Et2O, 4:6); [Ŭ]D
23.5
 -30.9 (c 0.94, CHCl3); ŭH (400 MHz, CDCl3) 7.52 

(m, 3H, H3, H10), 7.36 (dd, J 7.9 1H, H11), 7.26 - 7.33 (m, 2H, H2), 7.02 (t, J 1.0, 1H, H1), 

6.11 (d, J 7.8, 1H, H12), 4.72 - 4.84 (m, 1H, H6), 4.00 (t, J 8.7, 1H, H5), 3.64 - 4.56 (m, 2H, 

H14),  3.37 - 3.43 (m, 1H, H5ô), 1.40 (d, J 6.1, 3H, H7); ŭC (101 MHz, CDCl3) 156.8 (C13), 
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154.3 (C9), 150.4 (C8), 140.1 (C4), 139.4 (C11), 128.9 (C2), 123.1 (C1), 118.3 (C3), 104.1 

(C10), 102.2 (C12), 49.7 (C5), 47.3 (C6), 20.2 (C7); HRMS calculated for C15H17N4O 

[M+H]
+
: 269.1397, found 269.1402; IR (CH2Cl2) 3355, 2930, 1704, 1614. 

(S)-tert-butyl (2-((6-chloropyridin-2-yl)amino)propyl) carbonate 9 

 

According to general procedure (2h): Alcohol 1 (100 mg, 0.54 mmol) and di-tert-

butyldicarbonate (234 mg, 1.08 mmol) gave the title compound 9 (138 mg, 90 %)  as a yellow 

oil after purification by flash column chromatography (PE:Et2O, 6:4); [Ŭ]D
23.5
 -13.3 (c 0.15 , 

CHCl3); ŭH (400 MHz, CDCl3) 7.34 (t, J 7.8, 1H, H6), 6.57 (d, J 7.3, 1H, H1), 6.30 (d, J 8.1, 

1H, H5), 4.63 - 4.75 (m, 1H, H11), 4.17 (d, J 7.6, 2H, H9, H10), 4.06 (d, J 5.9, 1 H, H10ô), 

1.49 (s, 9H, H15), 1.24 - 1.30 (m, 3H, H19); ŭC (101 MHz, CDCl3) 157.7 (C12), 153.6 (C4), 

149.6 (C2), 139.6 (C6), 112.1 (C1), 105.1 (C5), 82.4 (C14), 69.4 (C10), 46.1 (C9), 27.7 

(C15), 17.6 (C19); HRMS calculated for C13H20N2O3 [M+H]
+
: 287.1157, found 287.1154; IR 

(CHCl3) 3396, 2980, 2360, 1742, 1598. 

Phenyl (S)-(1-((tert-butyldimethylsilyl)oxy)propan-2-yl)(6-chloropyridin-2-yl)carbamate 10 

 

According to general procedure (2c): Secondary amine 2 (500 mg, 1.67 mmol) and 

phenylchloroformate (315 Õl, 2.51 mmol) gave the title compound 10 (589 mg, 84 %) as a 

yellow oil after purification by flash column chromatography (PE:Et2O, 9:1); [Ŭ]D
23.5
 +42.8 

(c 0.65, CHCl3); ŭH (400 MHz, CDCl3) 7.60 (dd, J 7.8, 1H, H19), 7.26 - 7.35 (m, 3H, H18, 
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H10), 7.11 - 7.18 (m, 2H, H11, H14), 7.03 - 7.08 (m, 2H, H9), 4.47 - 4.47 (m, 1H, H2), 3.90 

(dd, J 10.3, 7.8, 1H, H3), 3.73 (dd, J 10.4, 6.2, 1H, H3ô), 1.30 (d, J 6.8, 3H, H7), 0.81 - 0.84 

(s, 9H, H26), 0.00 (s, 6H, H24, H25); ŭC (101 MHz, CDCl3) 153.5 (C4), 153.3 (C15), 150.9 

(C17), 149.3 (C8), 139.7 (C19), 129.3 (C10), 125.6 (C11), 122.2 (C14), 121.8 (C18), 121.6 

(C9), 64.8 (C3), 56.9 (C2), 25.9 (C26), 18.2 (C23), 15.5 (C7), -5.3 (C25), -5.4 (C24); 

HRMS calculated for C21H30
35
ClN2O3Si [M+H]

+
: 421.1709, found 421.1698; IR (CH2Cl2) 

2930, 2857, 2360, 1729, 1581. 

(S)-1-(1-((tert-Butyldimethylsilyl)oxy)propan-2-yl)-1,3-bis(6-chloropyridin-2-yl)urea 11 

 

According to general procedure (2c): Protected alcohol 10 (59 mg, 0.14 mmol) and 2-amino-

6-chloro-pyridine (21 mg, 0.17 mmol) gave the title compound 11 (24 mg, 38 %) as a yellow 

oil after purification by flash column chromatography (PE:Et2O, 7:3); [Ŭ]D
23.5
 +24.2 (c 0.65, 

CHCl3); ŭH (400 MHz, CDCl3) 8.87 (s, 1H, H13), 7.97 - 8.00 (m, 1H, Ar-H), 7.70 (t, J 7.9, 

1H, Ar-H), 7.59 (t, J 7.9, 1H, Ar-H), 7.40 - 7.44 (m, 1H, Ar-H), 7.21 (dd, J 7.8, 0.5, 1H, 

Ar-H), 6.95 (dd, J 7.6, 0.5, 1H, Ar-H), 4.55 - 4.66 (m, 1H, H9), 4.09 (dd, J 10.3, 7.3, 1H, 

H10), 3.84 (dd, J 10.4, 4.5, 1H, H10ô), 1.31 (d, J 7.1, 3H, H15), 0.88 - 0.92 (m, 9H, H26), 

0.11 (s, 3H, H23), 0.09 (s, 3H, H24); ŭC (101 MHz, CDCl3) 154.0 (C12), 153.1, 152.4, 149.6, 

148.8, 140.4, 121.6, 119.9, 118.3, 111.4 (10 x Ar-C), 66.1 (C10), 56.6 (C9), 25.9 (C26), 18.4 

(C25), 15.6 (C15), -5.4 (C23, C24); HRMS calculated for C20H28
35
Cl2N4NaO2Si [M+Na]

+
: 

477.1251, found 477.1246; IR (CHCl3) 3664, 3540, 3248, 2977, 2955, 2857, 1687. 

 

 



92 

 

1-((S)-1-((tert-Butyldimethylsilyl)oxy)propan-2-yl)-1-(6-chloropyridin-2-yl)-3-(6-((S)-5-

methyl-2-oxo-3-phenylimidazolidin-1-yl)pyridin-2-yl)urea 12 

 

According to general procedure (2c): Electrophile 10 (1.96 g, 4.68 mmol) and primary amine 

7 (1.05 g, 3.90 mmol) gave the title compound 12 (1.10 g, 48 %) as a yellow oil after 

purification by flash column chromatography (PE:Et2O, 6:4); [Ŭ]D
23.5
 +14.7 (c 0.6, CHCl3); 

ŭH (400 MHz, CDCl3) 10.12 (s, 1H, H14), 7.82 - 7.88 (m, 1H, H11), 7.64 (t, J 7.9, 1H, H24), 

7.59 (m, 2H, H12 H10), 7.54 (dd, J 8.8, 1.0, 2H, H3), 7.40 (d, J 7.8, 1H, H23), 7.33 (m, 7.5, 

2H, H2), 7.08 - 7.12 (m, 1H, H25), 7.05 (s, 1H, H1), 4.75 - 4.85 (m, 1H, H6), 4.29 - 4.40 (m, 

1H, H16), 4.16 - 4.25 (m, 1H, H18), 4.01 - 4.09 (m, 1H, H5), 3.87 (dd, J 10.3, 4.9, 1H, 

H18ô), 3.43 (dd, J 8.8, 3.4, 1H, H5ô), 1.45 (d, J 6.1, 3H, H7), 1.38 (d, J 7, 3H, H17), 0.80 - 

0.85 (s, 9H, H21), 0.03 (s, 3H, H19), 0.00 (s, 3H, H19ô); ŭC (101 MHz, CDCl3) 155.7 (C26), 

154.2 (C8 or C15), 152.6 (C8 or C15), 150.2 (C9 or C13), 150.1 (C9 or C13), 148.1 (C22), 

140.6 (C24), 139.9 (C4), 139.6 (C10), 128.8 (C2), 123.2 (C1), 119.9 (C25), 118.3 (C3), 117.1 

(C23), 108.6 (C11), 107.1 (C12), 65.8 (C18), 58.4 (C16), 49.8 (C5), 47.4 (C6), 25.9 (C21), 

20.2 (C7), 18.2 (C20), 15.8 (C17), -5.4 (C19), -5.4 (C19ô); HRMS calculated for 

CϝϚHϞϚOϝNϠ35ClSi [M+H]
+
: 595.2614, found 595.2597; IR (CH2Cl2) 2954, 2930, 2857, 

1738, 1715, 1689. 
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1-(6-Chloropyridin-2-yl)-1-((S)-1-hydroxypropan-2-yl)-3-(6-((S)-5-methyl-2-oxo-3-

phenylimidazolidin-1-yl)pyridin-2-yl)urea 13 

 

According to general procedure (2d): Protected alcohol 12 (190 mg, 0.32 mmol) gave the 

title compound 13 (124 mg, 81 %) as a yellow oil after purification by flash column 

chromatography (PE:Et2O, 1:9); [Ŭ]D
23.5
 +6.5 (c 0.65, CHCl3); ŭH (400 MHz, CDCl3) 9.35 

(br. s., 1H, H19), 7.81 - 7.89 (m, 1H, H17), 7.70 (t, J 7.9, 1H, H6), 7.56 - 7.61 (m, 2H, H18 

H13), 7.51 (m, 2H, H25), 7.27 - 7.34 (m, 2H, H26), 7.15 - 7.20 (m, 2H, H1, H5), 7.01 - 7.06 

(m, 1H, H27), 4.71 (m, 1H, H23), 4.43 - 4.53 (m, 1H, H9), 4.02 (t, J 8.8, 1H, H33), 3.88 (m, 

2H, H10, H10ô), 3.45 - 3.76 (br. s, 1H, H34), 3.37 - 3.42 (m, 1H, H33ô), 1.39 (d, J 6.1, 3H, 

H32), 1.31 (d, J 6.8, 3H, H31); ŭC (101 MHz, CDCl3) 154.6 (C21), 154.1 (C4), 153.2 (C11), 

150.1 (C16), 149.7 (C14), 149.1 (C2), 141.1 (C6), 139.8 (C24), 139.7 (C18), 128.9 (C26), 

123.2 (C27), 121.1 (C1 or C5), 118.3 (C25), 117.7 (C1 or C5), 108.9 (C17), 106.9 (C13), 

65.7 (C10), 57.5 (C9), 49.7 (C33), 47.4 (C23), 20.1 (C32), 15.1 (C31); HRMS calculated for 

C24H25
35
ClN6NaO3 [M+Na]

+
: 503.1569, found 503.1573; IR (CH2Cl2) 3418 (broad), 2972, 

2881, 1707, 1687.  

(S)-3-(6-Chloropyridin-2-yl)-4-methyl-1-(6-((S)-5-methyl-2-oxo-3-phenylimidazolidin-1-

yl)pyridin-2-yl)imidazolidin-2-one 14 

 

According to general procedure (2e): Amine 13 (100 g, 0.21 mmol) gave the title compound 

14 (73 mg, 75 %) as a yellow solid after purification by flash column chromatography 



94 

 

(PE:Et2O, 8:2); [Ŭ]D
23.5 
+5.7 (c 0.65, CHCl3); ŭH (400 MHz, CDCl3) 8.21 (d, J 8.3, 1H, H19), 

7.89 (d, J 8.2, 1H, H10) 7.85 (d, J 7.9, 1H, H12), 7.67 - 7.74 (m, 1H, H11), 7.58 - 7.66 (m, 

3H, H3 H20), 7.35 - 7.42 (m, 2H, H2), 7.11 (t, J 7.3, 1H, H1), 7.00 (d, J 7.6, 1H, H21), 4.80 - 

4.91 (m, 2H, H6, H15), 4.25 (dd, J 10.4, 9.2, 1 H, H14), 4.11 (t, J 8.8, 1H, H5), 3.70 - 3.75 

(m, 1 H, H14ô), 3.49 - 3.55 (m, 1H, H5ô), 1.55 (d, J 6.1, 3H, H7), 1.52 (d, J 6.1, 3H, H16); 

ŭC (101 MHz, CDCl3) 154.1 (C8), 153.6 (C17), 151.4 (C21), 149.9 (C9 or C13), 149.8 (C9 or 

C13), 148.7 (C18), 139.9 (C20), 139.8 (C4), 139.3 (C11), 128.9 (C2), 123.3 (C1), 118.3 (C3), 

118.1 (C22), 112.4 (C19), 108.2 (C10), 107.1 (C12), 49.7 (C5), 48.3 (C14), 47.5 (C6 or C15), 

47.5 (C6 or C15), 20.3 (C7 or C16), 20.2 (C7 or C16); HRMS calculated for C24H24
35
ClN6O2 

[M+H]
+
: 463.1644, found 463.1635; IR (CHCl3) 2975, 2361, 1716; mp: 166 ï 168 ÁC 

(diethyl ether). 

(S)-3-(6-(Benzylamino)pyridin-2-yl)-4-methyl-1-(6-((S)-5-methyl-2-oxo-3-

phenylimidazolidin-1-yl)pyridin-2-yl)imidazolidin-2-one 15 

 

According to general procedure (2f): 2-chloropyridine derivative 14 (50 mg, 0.108 mmol) 

and benzylamine (12 Õl, 0.108 mmol) gave the title compound 15 (26 mg, 45 %) as a yellow 

oil after purification by flash column chromatography (PE:Et2O, 7:3); [Ŭ]D
23.5
 -46.1 (c 0.95, 

CHCl3); ŭH (400 MHz, CDCl3) 7.88 (d, J 8.2, 1H, H12), 7.83 (d, J 8.0, 1H, H10), 7.59 (t, 

J 8.1, 1H, H11), 7.52 (dd, J 8.7, 0.9, 2H, H3), 7.44 (d, J 7.9, 1H, H19), 7.34 - 7.40 (m, 1H, 

H20), 7.30 - 7.33 (m, 2H, H2), 7.25 - 7.29 (m, 4H, H26, H27), 7.19 - 7.22 (m, 1H, H28), 7.03 

(t, J 7.4, 1H, H1), 6.06 (d, J 7.9, 1H, H21), 4.73 - 4.81 (m, 1H, H6), 4.68 (m, 2H, H15, H23), 

4.46 (s, 2 H, H24), 4.10 (t, J 9.6, 1 H, H14), 4.03 (t, J 8.7, 1H, H5), 3.58 (dd, J 10.2, 3.8, 1H, 

H14ô), 3.39 - 3.47 (m, 1H, H5ô), 1.46 (d, J 6.1, 3H, H7), 1.31 (d, J 6.1, 3H, H16); 
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ŭC (101 MHz, CDCl3) 156.0 (C22), 153.2 (C8 or C17), 152.9 (C8 or C17), 149.3 (Ar-C), 

149.1 (Ar-C), 148.7 (Ar-C), 138.9 (Ar-C), 138.7 (Ar-C), 138.2 (C11), 138.0 (C20), 127.9 

(Ar-C), 127.6 (Ar-C), 126.2 (Ar-C), 126.1 (Ar-C), 122.2 (C1), 117.3 (C3), 106.8 (C10), 106.1 

(C12), 102.1 (C19), 100.3 (C21), 48.7 (C5), 47.3 (C14), 46.5 (C6), 46.3 (C15), 45.1 (C24), 

19.5 (C7 or C16), 19.3 (C7 or C16); HRMS calculated for C31H32N7O2 [M+H]
+
: 534.2612, 

found 534.2611; IR (CHCl3) 3457, 3016, 2970, 2947, 2132, 1739. 

(S)-3-(6-Aminopyridin-2-yl)-4-methyl-1-(6-((S)-5-methyl-2-oxo-3-phenylimidazolidin-1-

yl)pyridin-2-yl)imidazolidin-2-one 16 

 

According to general procedure (2g): Protected amine 15 (9 mg, 0.017 mmol) gave the title 

compound 16 (6 mg, 81 %) as a white solid after purification by flash column 

chromatography (PE:Et2O, 2:8); [Ŭ]D
23.5
 -11.1 (c  0.36, CHCl3);  ŭH (500 MHz, CDCl3) 7.88 - 

8.01 (m, 2H, H10, H12), 7.67 (t, J 8.2, 1H, H11), 7.54 - 7.62 (m, 3 H, H3, H19), 7.42 - 7.49 

(m, 1H, H20), 7.34 - 7.41 (m, 2H, H2), 7.06 - 7.13 (m, 1H, H1), 6.16 - 6.23 (m, 1H, H21), 

4.74 - 4.89 (m, 2H, H6, H15), 4.31 (br. s., 2H, H23), 4.19 (dd, J 10.3, 9.0, 1H, H14), 4.08 (t, 

J 8.8, 1H, H5), 3.67 (dd, J 10.3, 3.9, 1H, H14ô), 3.49 (dd, J 8.8, 3.4, 1H, H5ô), 1.54 (d, J 6.1, 

3H, H7), 1.43 - 1.49 (m, 3H, H16); ŭC (126 MHz, CDCl3) 156.8 (C22), 154.1 (C8), 153.9 

(C17), 150.3 (C18), 150.1 (C13), 149.7 (C9), 139.8 (C4), 139.3 (C11 or C20), 139.2 (C11 or 

C20), 128.8 (C2), 123.2 (C1), 118.3 (C3), 107.7 (C10 or C12), 107.1 (C10 or C12), 104.3 

(C19), 102.4 (C21), 49.7 (C5), 48.3 (C14), 47.4 (C6), 47.2 (C15), 20.4 (C7 or C16), 20.3 (C7 

or C16); HRMS calculated for C24H26N7O2 [M+H]
+
: 444.2143, found 444.2136; IR (CHCl3) 

3482, 3366, 3062, 2976, 2896, 1707, 1580. 
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1-((S)-1-((tert-Butyldimethylsilyl)oxy)propan-2-yl)-1-(6-chloropyridin-2-yl)-3-(6-((S)-5-

methyl-3-(6-((S)-5-methyl-2-oxo-3-phenylimidazolidin-1-yl)pyridin-2-yl)-2-

oxoimidazolidin-1-yl)pyridin-2-yl)urea 17 

 

According to general procedure (2c): Activated carbonyl 10 (72 mg, 0.17 mmol) and primary 

amine 16 (58 mg, 0.13 mmol) gave the title compound 17 (17 mg, 17 %) as a yellow oil after 

purification by flash column chromatography (PE:Et2O, 7:3); [Ŭ]D
23.5
 -33.5 (c 0.95, CHCl3); 

ŭH (500 MHz, CDCl3) 10.23 (s, 1H, H23), 7.88 - 7.98 (m, 3H, Ar-H), 7.65 - 7.73 (m, 4H, 

Ar-H), 7.61 (dd, J 8.8 1.0, 2H, H3), 7.47 (d, J 8.1, 1H, Ar-H), 7.39 (dd, J 8.6 7.3, 2H, H2), 

7.16 (d, J 7.8, 1H, Ar-H), 7.11 (t, J 8, 1H, H1), 4.79 - 4.91 (m, 2H, H6, H15), 4.35 - 4.44 (m, 

1H, H25), 4.20 - 4.30 (m, 2H, H14, H27), 4.09 - 4.15 (m, 1H, H5), 3.90 - 3.95 (m, 1H, H27ô), 

3.69 - 3.75 (m, 1H, H14ô), 3.52 (dd, J 8.8, 3.4, 1H, H5ô), 1.56 (d, J 6.1, 3H, H16), 1.51 (d, 

J 6.1, 3H, H7), 1.43 - 1.46 (m, 3H, H26), 0.89 (s, 9H, H30), 0.09 (s, 3H, H28), 0.06 (s, 3H, 

H28ô);
 
ŭC (126 MHz, CDCl3) 155.8 (C31), 154.2 (C8), 153.9 (C17), 152.6 (C24), 150.3 

(C=O), 150.3 (C=O), 149.9 (C=O), 149.8 (Ar-C), 148.1 (Ar-C), 140.6 (Ar-C), 139.9 (C4), 

139.7 (Ar-C), 139.3 (C20), 128.9 (C2), 123.3 (C1), 119.9 (Ar-C), 118.4 (C3), 117.1 (Ar-C), 

108.9 (Ar-C), 108.0 (Ar-C), 107.5 (Ar-C), 107.2 (C21), 65.9 (C27), 58.5 (C25), 49.8 (C5), 

48.4 (C14), 47.5 (C15/C6), 47.4 (C15/C6), 25.9 (C30), 20.5 (C7), 20.4 (C16), 18.3 (C29), 

15.9 (C26), -5.3 (C28), -5.4 (C28ô); HRMS calculated for C39H49N9O4
35
ClSi [M+H]

+
: 

770.3360, found 770.3342; IR (CHCl3) 2929, 2856, 2361, 1718. 
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1-(6-Chloropyridin-2-yl)-1-((S)-1-hydroxypropan-2-yl)-3-(6-((S)-5-methyl-3-(6-((S)-5-

methyl-2-oxo-3-phenylimidazolidin-1-yl)pyridin-2-yl)-2-oxoimidazolidin-1-yl)pyridin-2-

yl)urea 18 

 

According to general procedure (2d): Protected alcohol 17 (28 mg, 0.036 mmol) gave the 

title compound 18 (12 mg, 50 %) as a white solid after purification by flash column 

chromatography (PE:Et2O, 2:8); [Ŭ]D
23.5
 -50.0 (c 0.04 , CHCl3); ŭH (500 MHz, CDCl3)

 
9.51 (s, 

1H, H23), 7.89 - 7.98 (m, 3H, Ar-H), 7.78 (t, J 7.8, 1H, H31), 7.66 - 7.72 (m, 3 H, Ar-H), 

7.61 (d, J 7.8, 2H, H3), 7.39 (t, J 8.1, 2H, H2), 7.23 - 7.30 (m, 2H, H30, H32), 7.12 (t, J 7.5, 

1H, H1), 4.82 - 4.91 (m, 1H, H6), 4.73 - 4.82 (m, 1H, H15), 4.51 - 4.58 (m, 1H, H25), 4.23 (t, 

J 9.7, 1H, H14), 4.13 (t, J 8.9, 1H, H5), 3.97 (d, J 5.4, 2H, H27, H27ô), 3.71 (dd, J 10.5, 3.7, 

1H, H14ô), 3.53 (dd, J 8.9, 3.3, 1H, H5ô), 3.48 - 3.64 (br s, 1H, H28), 1.56 (d, J 6.4, 3H, H7), 

1.48 (d, J 6.1, 3H, H16), 1.39 (d, J 7.1, 3H, H26);
 
ŭC (126 MHz, CDCl3) 154.7 (Q), 154.1 (Q), 

153.8 (Q), 153.3 (Q), 150.2 (Q), 149.9 (Q), 149.8 (Q), 149.8 (Q), 149.1 (Q), 141.2 (C31), 

139.8 (Ar-C), 139.3 (Ar-C), 135.8 (C4), 128.9 (C2), 123.3 (C1), 121.1 (C32/C30), 118.4 

(C3), 117.6 (C32/C30), 109.2 (Ar-C), 108.0 (Ar-C), 107.3 (Ar-C), 107.2 (Ar-C), 65.8 (C27), 

57.6 (C25), 49.7 (C5), 48.4 (C14), 47.5 (C6 or C15), 47.3 (C6 or C15), 20.4 (C7 or C16), 

20.4 (C7 or C16), 15.1 (C26);. HRMS calculated for C33H34N9O4
35
Cl [(M+H)]

+
: 656.2495, 

found 656.2490; IR (CHCl3) 2924, 2361, 1716, 1583. 
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(S)-3-(6-Chloropyridin-2-yl)-4-methyl-1-(6-((S)-5-methyl-3-(6-((S)-5-methyl-2-oxo-3-

phenylimidazolidin-1-yl)pyridin-2-yl)-2-oxoimidazolidin-1-yl)pyridin-2-yl)imidazolidin-2-

one 19 

 

According to general procedure (2e): Alcohol 18 (12 mg, 0.018 mmol) gave the title 

compound 19 (8 mg, 71 %) as a yellow solid after purification by flash column 

chromatography (PE:Ethyl Acetate, 8:2); [Ŭ]D
23.5
 -12.5 (c 0.08, CHCl3); ŭH (500 MHz, 

CDCl3) 8.22 (d, J 8.3, 1H, H28), 7.92 - 7.99 (m, 4H, Ar-H ring b/c), 7.72 (m, 2H, Ar-H ring 

b/c), 7.66 - 7.69 (m, 1H, H29), 7.60 - 7.65 (m, 2H, H3), 7.40 (m, 2H, H2), 7.09 - 7.16 (m, 

1H, H1), 7.02 (d, J 7.6, 1H, H30), 4.81 - 4.93 (m, 3H, H6, H15, H24), 4.27 (s, 2H, H14, 

H23), 4.15 (s, 1H, H5), 3.72 - 3.79 (m, 2H, H14ô, H23ô), 3.51 - 3.58 (m, 1H, H5ô), 1.51 - 1.60 

(m, 9H, H7, H16, H25); ŭC (126 MHz, CDCl3) 154.1 (C17 or C26), 153.8 (C17 or C26), 

153.6 (C8), 151.4 (C27 or C31), 150.1 (Ar ring b/c), 150.0 (Ar ring b/c), 149.8 (Ar ring b/c), 

149.7 (Ar ring b/c), 148.8 (C27 or C31), 140.0 (C29), 139.9 (C4), 139.4 (C11 or C20), 139.3 

(C11 or C20), 128.9 (C2), 123.3 (C1), 118.4 (C3), 118.1 (Ar ring a), 112.4 (Ar ring a), 108.6 

(Ar ring b/c), 108.2 (Ar ring b/c), 107.5 (Ar ring b/c), 107.2 (Ar ring b/c), 49.8 (C5), 48.4 

(C14 or C23), 48.3 (C14 or C23), 47.5 (C6 or C15 or C24), 47.5 (C6 or C15 or C24), 47.4 

(C6 or C15 or C24), 20.6 (C7 or C16 or C25), 20.4 (C7 or C16 or C25), 20.2 (C7 or C16 or 

C25); HRMS calculated for C33H32N9O3
35
Cl [M+H]

+
: 638.2389, found 638.2383; IR 

(CH2Cl2) 2924, 2853, 1717, 1583; mp: 179 ï 183 ÁC (diethyl ether). 
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(S)-(9H-Fluoren-9-yl)methyl tert-butyl (6-hydroxyhexane-1,5-diyl)dicarbamate 20 

 

According to general procedure (2i): Fmoc-Lys(Boc)-OH (5.0 g, 10.7 mmol) gave the title 

compound 20 (4.0 g, 82 %) as a white solid after purification by flash column 

chromatography (Et2O); [Ŭ]D
25.0
 -30.1 (c 0.1, CHCl3); ŭH (400 MHz, CDCl3)

 
7.76 (d, J 7.6, 

2 H, H5), 7.60 (d, J 7.6, 2H, H2), 7.37 - 7.43 (m, 2 H, H4), 7.28 - 7.34 (m, 2 H, H3), 5.25 (d, 

J 7.6, 1 H, H10), 4.65 - 4.73 (m, 1 H, H18), 4.40 (d, J 6.6, 2 H, H8, H8ô), 4.15 - 4.25 (m, 1 H, 

H7), 3.49 - 3.74 (m, 3 H, H11, H12, H12ô), 2.99 - 3.23 (m, 2 H, H17, H17ô), 1.57 - 1.68 (m, 

1 H, H14), 1.41 - 1.52 (m, 12 H, H14ô, H16, H16ô, H21), 1.30 - 1.40 (m, 2 H, H15, H15ô); 

ŭC (101 MHz, CDCl3) 156.7 (C=O), 156.4 (C=O), 143.8 (C6), 141.2 (C1), 127.6 (C4), 127.0 

(C3), 125.0 (C2), 119.9 (C5), 79.2 (C20), 66.5 (C8), 64.6 (C12), 52.9 (C11), 47.2 (C7), 39.6 

(C17), 30.4 (C14), 29.8 (C16), 28.3 (C21), 22.6 (C15); HRMS calculated for C26H43N2O5Na 

[M+Na]
+
: 477.2360, found 477.2357; IR (CH2Cl2) 3330, 2936, 2864, 2361, 2340, 1759, 

1689, 1524.
 

(S)-tert-Butyl (6-hydroxy-5-(4-methylphenylsulfonamido)hexyl)carbamate 21 

 

According to general procedure (2j): Fmoc-protected amine 20 (2.00 g, 4.4 mmol) gave 

Residue A. According to general procedure (2k): Residue A and tosyl chloride (1.67 g, 

8.8 mmol) gave title compound 21 (1.07 g, 63 %) as a colourless oil after purification by flash 

column chromatography (Et2O); [Ŭ]D
25.0
 +9.0 (c 1.00, CHCl3); ŭH (500 MHz, DMSO-d6)

 
7.68 
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(d, J 7.0, 2 H, H13), 7.35 - 7.39 (m, 3 H, H8, H14), 6.64 - 6.70 (m, 1 H, H7), 4.60 (t, J 6.0, 

1 H, H11), 3.20 - 3.29 (m, 1 H, H1), 3.05 - 3.13 (m, 1 H, H1ô), 2.92 - 3.01 (m, 1 H, H2), 2.71 

ï 2.75 (m, 2 H, H6, H6ô), 2.38 (s, 3 H, H16), 1.42 - 1.50 (m, 1 H, H3), 1.38 (s, 9 H, H10), 

1.16 (m, 4 H, H3ô, H4, H5, H5ô), 0.84 - 0.99 (m, 1 H, H4ô); ŭC (126 MHz, DMSO-d6) 156.0 

(C8), 142.7 (C12), 139.6 (C15), 129.9 (C14), 126.9 (C13), 77.8 (C9), 63.9 (C1), 55.4 (C2), 

39.9 (C6), 31.1 (C3), 29.7 (C5), 28.7 (C10), 22.6 (C4), 21.4 (C16); HRMS calculated for 

C18H30N2O5NaS [M+Na]
+
: 409.1768, found 409.1768; IR (CH2Cl2) 3528, 3366, 3282, 2930, 

2865, 1681, 1598, 1526.
 

(S)-tert-Butyl (6-hydroxy-5-(4-nitrophenylsulfonamido)hexyl)carbamate 22 

 

According to general procedure (2j): Fmoc-protected amine 20 (1.60 g, 3.50 mmol) gave 

Residue A as a white solid. According to general procedure (2l): Residue A and nosyl 

chloride (750 mg, 3.39 mmol) gave the title compound 22 (750 mg, 51 %) as a white foam 

after purification by flash column chromatography (PE:Et2O, 1:4); [Ŭ]D
25.0
 +2.10 (c 1.00, 

CHCl3); ŭH (400 MHz, CDCl3) 8.08 - 8.13 (m, 1 H, Ar-H), 7.80 - 7.84 (m, 1 H, Ar-H), 7.70 - 

7.74 (m, 2 H, Ar-H), 4.72 (t, J 5.9, 1 H, H4), 4.28 (br. s., 2 H, H11, H12), 3.47 - 3.52 (m, 2 H, 

H10, H10ô), 3.40 - 3.46 (m, 1 H, H9), 2.89 - 3.01 (m, 2 H, H5, H5ô), 1.47 - 1.58 (m, 2 H, H8, 

H8ô), 1.39 (s, 9 H, H1), 1.31 - 1.36 (m, 2 H, H6, H6ô), 1.13 - 1.29 (m, 2 H, H7, H7ô); 

ŭC (101 MHz, CDCl3) 156.1 (C3), 147.5, 134.5, 133.4, 132.8, 130.4, 125.1, 79.0 (C2), 63.9 

(C10), 56.4 (C9), 39.7 (C5), 30.9 (C6), 29.4 (C8), 28.2 (C1), 22.3 (C7); HRMS calculated for 

C17H26N3O7S [M-H]
-
: 416.1497, found 416.1497; IR (CH2Cl2) 3352 (broad), 2938, 2868, 

2253, 1686, 1540. 
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(S)-tert-Butyl (4-(1-tosylaziridin-2-yl)butyl)carbamate 23 

 

According to general procedure (2e): Alcohol 21 (1.07 g, 2.77 mmol) gave the title 

compound 23 (750 mg, 74 %) as a colourless oil after purification by flash column 

chromatography (Et2O); [Ŭ]D
25.0
 +80.3 (c 0.10, CHCl3); ŭH (400 MHz, CDCl3) 7.74 (d, J 7.2, 

2 H, H12), 7.27 (d, J 8.6, 2 H, H13), 4.48 - 4.60 (m, 1 H, H7), 2.89 - 2.98 (m, 2 H, H6, H6ô), 

2.61 ï 2.65 (m, 1 H, H2), 2.54 (d, J 6.8, 1 H, H1), 2.37 (s, 3 H, H15), 1.98 (d, J 4.4, 1 H, 

H1ô), 1.50 - 1.58 (m, 1 H, H3), 1.30 - 1.41 (m, 11 H, H5, H5ô, H10), 1.18 - 1.28 (m, 3 H, H3ô, 

H4, H4ô); ŭC (101 MHz, CDCl3) 155.8 (C8), 144.4 (C11), 134.9 (C14), 129.5 (C13), 127.9 

(C12), 78.9 (C9), 40.1 (C2), 39.9 (C6), 33.7 (C1), 30.7 (C3), 29.2 (C5), 28.3 (C10), 23.8 

(C4), 21.5 (C15); HRMS calculated for C18H28N2O4NaS [M+Na]
+
: 391.1662, found 

391.1668; IR (CH2Cl2) 3391 (broad), 2977, 2932, 2865, 1697, 1455.
 

(S)-tert-Butyl (5-(4-methylphenylsulfonamido)-6-(phenylamino)hexyl)carbamate 25 

 

According to general procedure (2m): Aziridine 23 (100  mg, 0.27 mmol) and aniline (1 mL) 

gave the title compound 25 (118 mg, 95 %) as a white solid after purification by flash column 

chromatography (Diethyl ether); [Ŭ]D
25.0
 -23.3 (c 0.9, CHCl3); ŭH (400 MHz, CDCl3) 7.67 (d, 

J 8.1, 2 H, H18), 7.17 (d, J 8.1, 2 H, H14), 7.03 (dd, J 8.2, 7.0, 2 H, H19), 6.57 - 6.63 (m, 



102 

 

1 H, H15), 6.36 (d, J 7.8, 2 H, H13), 5.23 (br. s., 1 H, H11), 4.47 (br. s, 1 H, H4), 3.23 - 3.34 

(m, 1 H, H9), 2.96 - 3.05 (m, 2 H, H10, H10ô), 2.88 - 2.94 (m, 2 H, H5, H5ô), 2.33 (s, 3 H, 

H21), 1.35 - 1.37 (m, 11 H, H1, H8, H8ô), 1.21 - 1.26 (m, 2 H, H6, H6ô), 1.17 - 1.19 (m, 1 H, 

H7), 0.97 - 1.08  (m, 1 H, H7ô); ŭC (101 MHz, CDCl3) 156.1 (C3), 147.6 (C12), 143.4 (C17), 

137.6 (C20), 129.6 (C14), 129.1 (C19), 127.1 (C18), 117.4 (C15), 112.8 (C13), 79.1 (C2), 

53.1 (C9), 47.8 (C10), 39.8 (C5), 32.6 (C8), 29.6 (C6), 28.4 (C1), 22.2 (C7), 21.4 (C21); 

HRMS calculated for C24H36N3O4S [M+H]
+
: 462.2421 found 462.2420; IR (CH2Cl2) 3398 

(broad), 2976, 2932, 2864, 1688, 1603, 1510.
 

(S)-tert-Butyl (5-(4-nitrophenylsulfonamido)-6-(phenylamino)hexyl)carbamate 26 

 

According to general procedure (2e): Amino-alcohol 22 (183 mg, 0.44 mmol) gave residue 

A which was purified by flash column chromatography (PE:Et2O, 1:4) and the reaction 

concentrated in vacuo to a total volume of 2 mL. According to general procedure (2m): 2 mL 

solvent containing Residue A gave the title compound 26 (70 mg, 32 % across 2 steps) as a 

white foam after purification by flash column chromatography (Et2O); [Ŭ]D
25.0
 +38.5 (c 1.00, 

CHCl3); ŭH (400 MHz, CDCl3) 7.93 (dd, J 7.5, 1.6, 1 H, Ar-H), 7.65 - 7.69 (m, 1 H, Ar-H), 

7.45 - 7.55 (m, 2 H, Ar-H), 6.97 (dd, J 8.3, 7.6 Hz, 2 H, H14), 6.54 - 6.59 (m, 1 H, Ar-H), 

6.27 (d, J 7.8, 2 H, H13), 5.56 (d, J 7.6, 1 H, H16), 4.48 (br. s., 1 H, H4), 3.55 (td, J 7.6, 5.1, 

2 H, H9, H11), 3.12 (dd, J 15.0, 5.0, 1 H, H10), 3.02 (dd, J 15.0, 5.0, 1 H, H10ô), 2.90 - 2.98 

(s, 2 H, H5), 1.44 - 1.54 (m, 2 H, H6, H6ô), 1.33 - 1.40 (m, 13 H, H1, H7, H7ô, H8, H8ô); 

ŭC (101 MHz, CDCl3) 156.0 (C3), 147.4, 147.1, 134.3, 133.3, 132.7, 130.5, 129.1, 125.1, 

117.5, 112.5 (10 x Ar-C), 79.1 (C2), 54.3 (C9), 47.8 (C10), 39.9 (C5), 32.9 (C8), 29.6 (C6), 
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28.4 (C1), 22.4 (C7); HRMS calculated for C23H33N4O6S [M+H]
+
: 493.2115, found 

493.2112; IR (CH2Cl2) 3344 (broad), 2955, 2912, 2875, 2211, 1670, 1550. 

(S)-tert-Butyl 6-azido-2-(2-iodobenzamido)hexanoate 27 

 

According to general procedure (2o): Diamine 25 (110 mg, 0.24 mmol) and triphosgene 

(30 mg, 0.10 mmol) gave the title compound 27 (70 mg, 60 %) as a colourless residue after 

purification by flash column chromatography (PE:Et2O, 1:2); [Ŭ]D
25.0
 -30.1 (c 0.50, CHCl3); 

ŭH (400 MHz, CDCl3) 7.91 (d, J 8.0, 2 H, H10),7.33 - 7.39 (m, 2 H, H11), 7.21 - 7.28 (m, 

4 H, H6, H7), 6.99 - 7.05 (m, 1 H, H8), 4.45 - 4.55 (m, 1 H, H18), 4.32 - 4.40 (m, 1 H, H3), 

3.93 (t, J 9.2, 1 H, H2), 3.44 (dd, J 9.0, 3.0, 1 H, H2ô), 2.98 - 3.06 (m, 2 H, H17, H17ô), 2.34 

(s, 3 H, H13), 1.92 - 2.02 (m, 1 H, H14), 1.75 - 1.86 (m, 1 H, H14ô), 1.39 - 1.52 (m, 2 H, 

H16, H16ô), 1.35 (s, 9 H, H21), 1.23 - 1.31 (m, 2 H, H15, H15ô); ŭC (101 MHz, CDCl3) 156.0 

(C19), 151.5 (C4), 144.8, 138.3, 136.1, 129.5, 128.9, 128.2, 124.2, 118.6, 79.1 (C20), 53.3 

(C3), 48.0 (C2), 40.0 (C17), 34.5 (C14), 29.8 (C16), 28.3 (C21), 21.6 (C13), 20.9 (C15); 

HRMS calculated for C25H33N3O5NaS [M+Na]
+
 510.2033, found 510.2032; IR (CH2Cl2) 

3396 (broad), 3064, 2975, 2930, 2866, 2115, 1725, 1598, 1503, 1458. 
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(S)-tert-Butyl (4-(3-((4-nitrophenyl)sulfonyl)-2-oxo-1-phenylimidazolidin-4-

yl)butyl)carbamate 28 

 

According to general procedure (2o): Diamine 26 (50 mg, 0.10 mol) gave the title compound 

28 (35 mg, 68 %) as a white solid after purification by flash column chromatography 

(PE:Et2O, 1:1); [Ŭ]D
25.0
 +154 (c 1.00, CHCl3); ŭH (400 MHz, CDCl3) 8.36 - 8.43 (m, 1 H, 

Ar-H), 7.64 - 7.69 (m, 3 H, Ar-H), 7.32 - 7.37 (m, 2 H, Ar-H), 7.22 - 7.28 (m, 2 H, Ar-H), 

7.01 - 7.07 (m, 1 H, Ar-H), 4.42 - 4.57 (m, 2 H, H4, H9), 4.21 (t, J 8.9, 1 H, H10ô), 3.49 (dd, 

J 9.2, 1.6, 1 H, H10), 3.03 - 3.12 (m, 2 H, H5, H5ô), 1.84 - 1.98 (m, 2 H, H8, H8ô), 1.41 - 

1.53 (m, 4 H, H6, H6ô, H7, H7ô), 1.35 (s, 9 H, H1); ŭC (101 MHz, CDCl3) 156.1 (C3), 151.0 

(C15), 147.9, 138.2, 134.9, 134.7, 132.0, 131.9, 129.1, 124.6, 124.3, 118.8 (10 x Ar-C), 79.2 

(C2), 54.4 (C9), 48.6 (C10), 40.1 (C5), 35.6 (C8), 29.9 (C6), 28.4 (C1), 21.5 (C7); 

HRMS calculated for C24H30N4O7SNa [(M+H)]
+
 541.1727 found 541.1723; IR (CH2Cl2) 

2980, 2933, 2865, 1734, 1705. 

(S)-tert-Butyl (4-(2-oxo-3-tosylimidazolidin-4-yl)butyl)carbamate 29 

 

According to general procedure (2n): Aziridine 23 (250 mg, 0.67 mmol) gave Residue A. 

According to general procedure (2o): Residue A and triphosgene (80 mg, 0.27 mmol) gave 

the title compound 29 (220 mg, 79 % over two steps) as a white solid after purification by 
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flash column chromatography (Et2O); [Ŭ]D
25.0
 -23.0 (c 1.00, CHCl3); ŭH (400 MHz, CDCl3) 

7.82 (d, J 8.3, 2 H, H14), 7.23 (d, J 8.1, 2 H, H15), 6.31 (s, 1 H, H11), 4.55 - 4.67 (m, 1 H, 

H4), 4.20 - 4.30 (m, 1 H, H9), 3.44 (t, J 9.2, 1 H, H10), 3.05 (dd, J 9.2, 3.5, 1 H, H10ô), 2.96 - 

3.03 (m, 2 H, H5, H5ô), 2.35 (s, 3 H, H17), 1.78 - 1.89 (m, 1 H, H8), 1.67 - 1.78 (m, 1 H, 

H8ô), 1.35 - 1.44 (m, 11 H, H1, H6, H6ô), 1.19 - 1.27 (m, 2 H, H7, H7ô); ŭC (101 MHz, 

CDCl3) 156.1 (C=O), 155.9 (C=O), 144.4 (C13), 136.2 (C16), 129.4 (C15), 127.7 (C14), 79.0 

(C2), 56.9 (C9), 42.9 (C10), 40.0 (C5), 34.3 (C8), 29.6 (C6), 28.3 (C1), 21.5 (C17), 20.9 

(C7); HRMS calculated for C19H29N3O5NaS [M+Na]
+
: 434.1720, found 434.1720; IR 

(CH2Cl2) 3342 (broad), 2691, 2914, 2890, 2854, 1744, 1712. 

(S)-tert-Butyl (4-(3-((4-nitrophenyl)sulfonyl)-2-oxoimidazolidin-4-yl)butyl)carbamate 30 

 

According to general procedure (2e): Amino-alcohol 22 (548 mg, 1.31 mmol) gave Residue 

A which was purified by flash column chromatography (PE:Et2O, 1:4) and reaction 

concentrated in vacuo to a total volume of 4 mL. According to general procedure (2n): 4 mL 

of solvent containing residue A gave residue B. According to general procedure (2o): 

Residue B gave the title compound 30 (140 mg, 24 % across 3 steps) as a yellow foam after 

purification by flash column chromatography (CH2Cl2:MeOH, 19:1); [Ŭ]D
25.0
 +9.00 (c 1.00, 

CHCl3); ŭH (400 MHz, CDCl3) 8.24 - 8.35 (m, 1 H, Ar-H), 7.62 - 7.70 (m, 3 H, Ar-H), 5.98 

(s, 1 H, H4), 4.68 (br. s., 1 H, H11), 4.35 - 4.45 (m, 1 H, H9), 3.66 (t, J 8.9, 1 H, H10), 3.13 

(d, J 9.0, 1 H, H10ô), 3.06 (d, J 6.1, 2 H, H5, H5ô), 1.78 - 1.85 (m, 2 H, H8, H8ô), 1.42 - 1.51 

(m, 2 H, H6, H6ô), 1.37 (s, 9 H, H1), 1.31 - 1.34 (m, 2 H, H7, H7ô); ŭC (101 MHz, CDCl3) 

169.3 (C12), 155.0 (C3), 147.7, 134.5, 134.3, 131.9, 131.7, 124.0 (6 x Ar-C), 79.0 (C2), 57.8 
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(C9), 43.4 (C10), 40.1 (C5), 35.3 (C8), 29.6 (C6), 28.3 (C1), 21.3 (C7); HRMS calculated for 

C18H26N4O7SNa [M+H]
+
: 465.1414, found 465.1411; IR (CH2Cl2) 3337, 3096, 2978, 2934, 

2865, 1711, 1685. 

(S)-tert-Butyl (4-(1-(6-bromopyridin-2-yl)-2-oxo-3-tosylimidazolidin-4-yl)butyl)carbamate 

31 

 

According to general procedure (2q): Amine 29 (200 mg, 0.49 mmol) and 

2,6-dibromopyridine (136 mg, 0.58 mmol) gave the title compound 31 (110 mg, 40 %) as a 

colourless oil after purification by flash column chromatography (PE:Et2O, 1:1); [Ŭ]D
25.0
 

+24.5 (c 1.00, CHCl3); ŭH (400 MHz, CDCl3) 8.01 (dd, J 8.3, 0.7, 1 H, H20), 7.90 (d, J 8.5, 

2 H, H13), 7.39 (t, J 8.1, 1 H, H19), 7.27 (d, J 8.1, 2 H, H14), 7.08 (dd, J 7.6, 0.5, 1 H, H18), 

4.48 - 4.58 (m, 1 H, H4), 4.36 (br. s., 1 H, H9), 4.01 (dd, J 11.0, 9.3, 1 H, H10), 3.76 (dd, 

J 10.9, 3.3, 1 H, H10ô), 2.98 ï 3.06 (m, 2 H, H5, H5ô), 2.35 (s, 3 H, H16), 1.90 - 2.02 (m, 

1 H, H8), 1.69 - 1.83 (m, 1 H, H8ô), 1.41 - 1.52 (m, 2 H, H6, H6ô), 1.36 (s, 9 H, H1), 1.24 - 

1.31 (m, 2 H, H7, H7ô); ŭC (101 MHz, CDCl3) 156.0 (C3 or C11), 156.0 (C3 or C11), 151.3 

(Ar-C), 150.9 (Ar-C), 145.1 (Ar-C), 139.8 (C19), 135.9 (Ar-C), 129.7 (C14), 128.3 (C13), 

123.0 (C18), 112.0 (C20), 79.2 (C2), 53.6 (C9), 46.8 (C10), 40.1 (C5), 34.5 (C8), 29.8 (C6), 

28.4 (C1), 21.7 (C16), 21.0 (C7); HRMS calculated for C24H31N4O5NaBrS [M+Na]
+
: 
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591.1070, found 591.1070; IR (CH2Cl2) 3566 (broad), 2960, 2914, 2890, 2853, 1736, 1713, 

1442. 

(S)-tert-Butyl (4-(1-(6-bromopyridin-2-yl)-3-((2-nitrophenyl)sulfonyl)-2-oxoimidazolidin-4-

yl)butyl)carbamate 32 

 

According to general procedure (2q): Amide 30 (130 mg, 0.29 mmol) and 

2,6-dibromopyridine (81 mg, 0.35 mmol) gave the title compound 32 (60 mg, 35 %) as a pale 

yellow foam after purification by flash column chromatography (PE:Et2O, 1:1); [Ŭ]D
25.0
 

+254 (c 1.00, CHCl3); ŭH (400 MHz, CDCl3) 8.37 - 8.41 (m, 1 H, Nosyl-H), 7.91 (d, J 8.1, 1 

H, H22), 7.66 - 7.73 (m, 3 H, Nosyl-H), 7.39 (t, J 8.1, 1 H, H21), 7.10 (d, J 7.6, 1 H, H20), 

4.42 - 4.55 (m, 2 H, H4, H9), 4.22 (dd, J 10.9, 8.9, 1 H, H10), 3.87 (dd, J 10.9, 2.1, 1 H, 

H10ô), 3.03 - 3.13 (m, 2 H, H5, H5ô), 1.83 - 1.94 (m, 2 H, H8, H8ô), 1.46 - 1.54 (m, 2 H, H6, 

H6ô), 1.36 (s, 9 H, H1), 1.17 - 1.33 (m, 2 H, H7, H7ô); ŭC (101 MHz, CDCl3) 156.0 (C3), 

150.8 (C24), 150.7 (C19), 148.0 (C18), 139.8 (C21), 139.4 (C23), 135.0 (Nosyl-C), 134.8 

(Nosyl-C), 132.0 (Nosyl-C), 131.6 (C13), 124.4 (Nosyl-C), 123.2 (C20), 112.0 (C22), 79.2 

(C2), 54.7 (C9), 47.4 (C10), 40.1 (C5), 35.6 (C8), 29.8 (C6), 28.4 (C1), 21.4 (C7); HRMS 

calculated for C23H29N5O7SBr [M+H]
+
: 598.0966, found 598.0969; IR (CH2Cl2) 3296 

(broad), 2980, 1733, 1716, 1698, 1684, 1652. 
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(S)-tert-Butyl (4-(2-oxo-1-phenylimidazolidin-4-yl)butyl)carbamate 33 

 

According to general procedure (2p): Tosyl protected amine 27 (60 mg, 0.12 mmol) gave the 

title compound 33 (14 mg, 35 %) as a colourless oil after purification by flash column 

chromatography (Et2O); [Ŭ]D
25.0
 +5.00 (c 1.00, CHCl3); ŭH (400 MHz, CDCl3) 7.46 (dd, J 9.0, 

1.0, 2 H, H14), 7.24 - 7.29 (m, 2 H, H15), 6.95 - 7.00 (m, 1 H, H16), 5.07 (br. s., 1 H, H10), 

4.51 (br. s., 1 H, H4), 3.93 (t, J 8.8, 1 H, H12), 3.68 - 3.75 (m, 1 H, H9), 3.46 (dd, J 8.8, 6.3, 

1 H, H12ô), 3.02 - 3.11 (m, 2 H, H5, H5ô), 1.55 - 1.59 (m, 2 H, H8, H8ô), 1.44 - 1.50 (m, 2 H, 

H6, H6ô), 1.37 (s, 9 H, H1), 1.29 - 1.35 (m, 2 H, H7, H7ô); ŭC (101 MHz, CDCl3) 158.8 

(C=O), 156.0 (C=O), 140.0 (C13), 128.8 (C15), 122.6 (C16), 117.7 (C14), 79.2 (C2), 50.9 

(C12), 49.0 (C9), 40.2 (C5), 35.6 (C6), 30.3 (C8), 28.4 (C1), 22.4 (C7); HRMS calculated for 

C18H28N3O3 [M+H]
+
: 334.2125, found 334.2119; IR (CH2Cl2) 2980, 2948, 2322, 1698, 1558, 

1541. 

Tosyl-protected Dimer 34 

 

According to general procedure (2q): Amide 33 (14 mg, 0.04 mmol) and bromide 31 (29 mg, 

0.05 mmol) gave the title compound 34 (21 mg, 61 %) as a colourless oil after purification by 

flash column chromatography (PE:Et2O, 1:4); [Ŭ]D
25.0
 +25.4 (c 1.00, CHCl3); 
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ŭH (500 MHz, CDCl3) 7.92 (d, J 8.4, 2 H, H13), 7.88 (d, J 8.0, 1 H, H17 or H19), 7.67 (d, 

J 7.9, 1 H, H17 or H19), 7.55 (t, J 8.0, 1 H, H18), 7.48 - 7.52 (m, 2 H, H33 or H34), 7.25 - 

7.33 (m, 4 H, H14, H33 or H34), 7.01 - 7.07 (m, 1 H, H15), 4.91 - 5.00 (m, 1 H, H4 or H28), 

4.76 - 4.84 (m, 1 H, H4 or H28), 4.53 - 4.61 (m, 1 H, H9 or H23), 4.32 - 4.39 (m, 1 H, H9 or 

H23), 4.03 (t, J 9.0, 1 H, H10 or H22), 3.98 (t, J 9.0, 1 H, H10 or H22), 3.64 - 3.72 (m, 1 H, 

H10ô or H22ô), 3.53 (dd, J 9.0, 3.0, 1 H, H10ô or H22ô), 2.96 - 3.06 (m, 4 H, H5, H5ô, H27, 

H27ô), 2.36 (s, 3 H, H36), 1.97 - 2.04 (m, 1 H, H6 or H26), 1.89 - 1.96 (m, 1 H, H6 or H26), 

1.77 - 1.85 (m, 1 H, H6ô or H26ô), 1.60 - 1.69 (m, 1 H, H6ô or H26ô), 1.38 - 1.54 (m, 4 H, H8, 

H8ô, H24, H24ô), 1.36 (s, 9 H, H1 or H31), 1.34 (s, 9 H, H1 or H31), 1.24 - 1.30 (m, 4 H, H7, 

H7ô H25, H25ô); ŭC (126 MHz, CDCl3) 156.1 (2C, C3, C29), 154.1 (C11 or C21), 151.3 (C11 

or C21), 149.8 (Ar-C), 148.8 (Ar-C), 144.9 (Ar-C), 139.6 (C18), 139.5 (Ar-C), 136.0 (Ar-C), 

129.6 (C14 or C33 or C34), 128.9  (C14 or C33 or C34), 128.3 (C13), 123.5 (C15), 118.4 

(C33 or C34), 108.9 (C17 or C19), 107.4 (C17 or C19), 79.1 (2C, C2, C30), 53.4 (C9 or 

C23), 51.3 (C9 or C23), 47.5 (C10 or C22), 46.6 (C10 or C22), 40.4 (2C, C5, C27), 34.8 (C6 

or C26), 32.8 (C6 or C26), 30.3 (C8 or C24), 30.0 (C8 or C24), 28.4 (2C, C1, C31), 22.2 (C7 

or C25), 21.7 (C36), 21.4 (C7 or C25); HRMS calculated for C42H58N7O8S [M+H]
+
: 

820.4062, found 820.4058; IR (CH2Cl2) 3015, 3001, 2998, 2963, 1657, 1545. 

Deprotected Dimer 35 

 

According to general procedure (2r): N-nosyl urea 36 (21 mg, 0.025 mmol) gave the title 

compound 35 (16 mg, 96 %) as a pale yellow residue after purification by flash column 



110 

 

chromatography (CH2Cl2:MeOH, 9:1); [Ŭ]D
23.5
 +20.7 (c 0.10, CHCl3); ŭH (600 MHz, CDCl3) 

7.79 (dd, J 8.1, 3.9, 1 H, Ar-H), 7.65 - 7.73 (m, 1 H, Ar-H), 7.49 - 7.56 (m, 3 H, Ar-H), 7.30 

(t, J 7.9, 2 H, Ar-H), 7.00 - 7.06 (m, 1 H, Ar-H), 5.04 (br. s., 1 H, H4 or H24), 4.70 - 4.80 (m, 

1 H, H4 or H24), 4.56 - 4.68 (m, 1 H, H19), 4.21 - 4.28 (m, 1 H, H13), 4.16 (t, J 9.5, 1 H, 

H10), 3.99 (t, J 8.9, 1 H, H27), 3.66 - 3.75 (m, 1 H, H9), 3.55 - 3.60 (m, 1 H, H10ô), 3.53 (dd, 

J 8.9, 3.2, 1 H, H27ô), 2.99 - 3.09 (m, 4 H, H5, H5ô, H23, H23ô), 1.84 - 2.02 (m, 2 H, H8, 

H20), 1.42 - 1.71 (m, 10 H, H6, H6ô, H7, H7ô, H8ô, H20ô, H21, H21ô, H22, H22), 1.33 - 1.38 

(m, 18 H, H1, H34); (151 MHz, CDCl3) 158.0 (C12 or C28), 156.1 (C12 or C28), 156.1 (C3 

or C25), 154.3 (C3 or C25), 150.3, 149.6, 139.8, 139.2, 134.8, 131.7, 128.9, 123.3, 118.3 

(9 x Ar-C), 79.1 (2C, C2, C26), 51.2 (C19), 49.6 (C9), 48.8 (C10), 47.5 (C27), 40.4 (C5 or 

C23), 40.2 (C5 or C23), 35.8 (C8 or C20), 32.8 (C8 or C20), 30.3 (C6 or C22), 29.9 (C6 or 

C22), 28.4 (C1 or C34), 28.4 (C1 or C34), 22.5 (C7 or C1), 22.0 (C7 or C21); 

HRMS calculated for C35H52N7O6 [M+H]
+
: 666.3974, found 666.3968; IR (CH3Cl) 3344 

(broad), 2923, 2853, 1710, 1522, 1399, 1366. 

Nosyl-protected Dimer 36 

 

According to general procedure (2q): Amide 33 (20 mg, 0.06 mmol) and bromide 32 (30 mg, 

0.05 mmol) gave the title compound 36 (20 mg, 47 %) as a yellow residue after purification 

by flash column chromatography (CH2Cl2:MeOH, 9:1); [Ŭ]D
23.5
 -164.0 (c 0.10, CHCl3); 

ŭH (500 MHz, CDCl3) 8.39 - 8.43 (m, 1 H), 7.91 (dd, J 6.0, 2.0, 1 H, Ar-H), 7.66 - 7.71 (m, 

3  H, Ar-H), 7.53 - 7.56 (m, 2 H, Ar-H), 7.50 (d, J 7.9, 2 H, Ar-H), 7.30 (t, J 7.9, 2 H, Ar-H), 



111 

 

7.04 (t, J 7.4, 1 H, Ar-H), 4.95 - 5.10 (m, 1 H, H13 or H31), 4.72 - 4.83 (m, 1 H, H13 or 

H31), 4.57 - 4.65 (m, 1 H, H8 or H26), 4.43 - 4.50 (m, 1 H, H8 or H26), 4.25 (t, J 9.5, 1 H, 

H17 or H35), 3.98 (t, J 9.0, 1 H, H17 or H35), 3.76 (d, J 9.0, 1 H, H17ô or H35ô), 3.54 (dd, 

J  9.0, 2.9, 1 H, H17ô or H35ô), 3.01 - 3.10 (m, 4 H, H12, H12ô, H30, H30ô), 1.88 - 2.00 (m, 

3 H, 3 of H9, H9ô, H27, H27ô), 1.65 - 1.72 (m, 1 H, 1 of H9, H9ô, H27, H27ô), 1.39 - 1.56 (m, 

8 H, H10, H10ô, H11, H11ô, H28, H28ô, H29, H29ô), 1.34 - 1.37 (m, 18 H, H16, H34); 

ŭC (126 MHz, CDCl3) 156.2, 156.1, 154.1, 150.8 (4 x C=O), 150.0, 148.6, 147.9, 139.6, 

139.5, 134.9, 134.8, 132.0, 131.7, 128.9, 124.4, 123.5, 118.4, 109.1, 107.2 (15 x Ar-C), 79.1 

(C15 or C33), 79.1 (C15 or C33), 54.5 (C8 or C26), 51.3 (C8 or C26), 47.5 (C17 or C35), 

47.2 (C17 or C35), 40.4 (2C, C12, C30), 35.8 (C9 or C27), 32.9 (C9 or C27), 30.5 (C11 or 

C29), 30.3 (C11 or C29), 28.4 (2C, C16, C34), 22.2 (C10 or C28), 21.8  (C10 or C28); 

HRMS calculated for C41H54N8O10SNa [M+Na]
+
: 873.3576 found 873.3554; IR (CH2Cl2) 

3367 (broad), 2928, 2858, 1709, 1584, 1485. 

Boc-Protected Trimer 37 

 

According to general procedure (2q): Amide 36 (20 mg, 0.03 mmol) and bromide 32 (50 mg, 

0.05 mmol) gave the title compound 37 (20 mg, 56 %) as a yellow residue after purification 

by flash column chromatography (CH2Cl2:MeOH, 9:1); [Ŭ]D
25.0
 +14.0 (c 0.5, CHCl3); 

ŭH (500 MHz, CDCl3) 8.42 (s, 1 H, Ar-H), 7.90 - 7.92 (m, 1 H, Ar-H), 7.88 (d, J 8.0, 1 H, Ar-

H), 7.84 (d, J 7.9, 1 H, Ar-H), 7.70 (d, J 1.3, 1 H, Ar-H), 7.69 (br. s., 1 H, Ar-H), 7.67 - 7.68 

(m, 1 H, Ar-H), 7.61 (s, 1 H, Ar-H), 7.57 - 7.59 (m, 2 H, Ar-H), 7.53 (d, J 7.7, 2 H, Ar-H), 
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7.32 (d, J 1.1, 2 H, Ar-H), 7.03 - 7.05 (m, 1 H, Ar-H), 5.51 (br. s, 1 H, NH), 5.13 (br. s, 1 H, 

NH), 4.79 (br. s, 1 H, NH), 4.64 - 4.67 (m, 1 H, H8 or H26 or H44), 4.57 - 4.61 (m, 1 H, H8 

or H26 or H44), 4.45 - 4.48 (m, 1 H, H8 or H26 or H44), 4.23 - 4.26 (m, 1 H, H17 or H35 or 

H45), 4.06 - 4.11 (m, 1 H, H17 or H35 or H45), 4.01 (t, J 9.0, 1 H, H17 or H35 or H45), 3.77 

(br. d, J 9.0, 2 H, 2 of H17ô, H35ô, H45ô), 3.56 (dd, J 9.0, 3.0, 1 H, H17ô or H35ô or H45ô), 

3.04 - 3.08 (m, 6 H, H12, H12ô, H30, H30ô, H53, H53ô), 1.81 - 2.07 (m, 8 H, 8 of H9, H9ô, 

H11, H11ô, H27, H27ô, H29, H29ô, H50, H50ô, H52, H52ô), 1.60 - 1.72 (m, 4 H, 4 of H9, 

H9ô, H11, H11ô, H27, H27ô, H29, H29ô, H50, H50ô, H52, H52ô), 1.41 - 1.44 (m, 3 H, H10, 

H28, H51), 1.36 (d, J 2.0, 18 H, 2 of H16 or H34 or H57), 1.34 (s, 9 H, H16 or H34 or H57), 

1.17 - 1.21 (m, 3 H, H10ô, H28ô, H51ô); ŭC (126 MHz, CDCl3) 156.4, 156.2, 156.2, 154.2, 

153.7, 150.7 (6 x C=O), 149.9, 149.8, 149.7, 148.7, 147.9, 147.6, 139.7, 139.4, 134.9, 134.9, 

134.8, 132.1, 131.7, 128.9, 125.5, 124.4, 123.4, 118.4, 109.3, 108.1, 107.5, 107.1 (22 x 

Ar-C), 79.2 (2C, 2 of C15, C33, C56), 79.0 (C15 or C33 or C56), 54.5 (C6 or C26 or C44), 

51.4 (C6 or C26 or C44), 51.2 (C6 or C26 or C44), 47.5 (C17 or C35 or C45), 47.3 (C17 or 

C35 or C45), 47.1 (C17 or C35 or C45), 40.7 (C12 or C30 or C53), 40.5 (C12 or C30 or 

C53), 40.4 (C12 or C30 or C53), 35.8 (C9 or C27 or C50), 33.3 (C9 or C27 or C50), 33.0 (C9 

or C27 or C50), 30.7 (C11 or C29 or C52), 30.5 (C11 or C29 or C52), 29.9 (C11 or C29 or 

C52), 28.5 (C16 or C34 or C57), 28.4 (C16 or C34 or C57), 28.4 (C16 or C34 or C57), 22.7 

(C10 or C28 or C51), 22.5 (C10 or C28 or C51), 21.8 (C10 or C28 or C51); IR (CH2Cl2) 

3350 (broad), 2945, 2956, 2844, 1723, 1699, 1535; HRMS calculated for C58H78N12O13NaS 

[M+Na]
+
: 1205.5424, found 1205.5432;  
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Deprotected Trimer 38 

 

According to general procedure (2s): Boc-protected amine 37 (20 mg, 0.016 mmol) gave the 

title compound 38 (2 mg, 14 %) as a colourless oil after purification by reverse phase HPLC 

(MeCN:H2O); [Ŭ]D
25.0
 +11.5 (c 0.10, H2O); ŭH (600 MHz, CD3OD) 8.35 (d, J 7.4, 1 H, H2), 

7.80 - 7.87 (m, 4 H, Ar-H), 7.78 (d, J 8.4, 1H, Ar-H), 7.77 (d, J 7.9, 1 H, Ar-H), 7.68 (td, 

J 8.2, 6.3, 2 H, Ar-H), 7.56 (d, J 7.9, 2 H, H47), 7.54 (d, J 8.2, 1 H, Ar-H), 7.33 (t, J 8.4, 2 H, 

H48), 7.08 (t, J 7.4, 1 H, H49), 4.82 - 4.88 (m, 2 H, H44, 1 of H8 or H28), 4.50 - 4.55 (m, 

1 H, H8 or H28), 4.37 (dd, J 10.8, 9.2, 1 H, H17 or H35), 4.27 (t, J 10.3, 1 H, H17 or H35), 

4.14 (t, J 9.2, 1 H, H45), 3.80 (td, J 8.9, 3.1, 2 H, H17ô, H35ô), 3.69 (dd, J 8.9, 3.1, 1 H, 

H45ô), 2.91 - 2.95 (m, 2 H, 2 of H12, H12ô, H30, H30ô, H53, H53ô), 2.81 - 2.88 (m, 4 H, 4 of 

H12, H12ô, H30, H30ô, H53, H53ô), 1.87 - 2.00 (m, 6 H, H9, H9ô, H27, H27ô, H50, H50ô), 

1.70 - 1.77 (m, 2 H, 2 of H11, H11ô, H29, H29ô, H52, H52ô), 1.63 - 1.69 (m, 2 H, H11, H11ô, 

H29, H29ô, H52, H52ô), 1.53 - 1.61 (m, 4 H, 4 of H10, H10ô, H11, H11ô, H28, H28ô, H29, 

H29ô, H51, H51ô, H52, H52ô), 1.40 - 1.47 (m, 4 H, 4 of H10, H10ô, H28, H28ô, H51, H51ô); 

ŭC (126 MHz, CD3OD) 154.8 (C=O), 154.2 (C=O), 150.9 (C=O), 150.2 (C20 or C24 or C38 

or C42), 150.0 (C20 or C24 or C38 or C42), 149.9 (C20 or C24 or C38 or C42), 149.1 (C20 

or C24 or C38 or C42), 148.0 (C1), 139.6 (Ar-C), 139.4 (Ar-C), 139.0 (Ar-C), 135.6 (Ar-C), 

134.2 (C2), 131.8 (Ar-C), 130.8 (C6), 128.6 (C48), 124.5 (Ar-C), 123.4 (C49), 118.8 (C47), 

109.4 (Ar-C), 108.2 (Ar-C), 107.7 (Ar-C), 107.4 (Ar-C), 54.2 (C8 or C28), 51.2 (C8 or C28), 

50.8 (C44), 46.0 (C17 or C35), 39.2 (2C, 2 of C12, C30, C53), 39.1 (C12 or C30 or C53), 
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35.2 (C9 or C27 or C50), 32.4 (C9 or C27 or C50), 32.2 (C9 or C27 or C50), 27.4 (2C, 2 of 

C11, C29, C52), 26.8 (C11 or C29 or C52), 20.9 (C10 or C28 or C51), 20.5 (C10 or C28 or 

C51), 20.4 (C10 or C28 or C51); C45 and C17/35 are obscured by the solvent peak but were 

identified by HSQC as being at 47.0 and 47.4 respectively; LRMS calculated for 

C43H55N12O7S [M+H]
+
: 883.4 found 883.4; IR (CH2Cl2) 3420 (broad), 2928, 2465 (broad), 

1582, 1484, 1450. 
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2.14.4 X-Ray Crystallography  

Low temperature
44

 single crystal X-ray diffraction studies were carried out on 14 using MoKŬ 

radiation on a Nonius Kappa CCD diffractometer equipped with an area detector and graphite 

monochromator, within the University of Oxford Chemistry Department. Data for 19 were 

collected using Beamline I19(EH1) at Diamond Light Source.
45

 Raw frame data were 

reduced using CrysAlisPRO [CrysAlisPRO, Oxford Diffraction /Agilent Technologies UK 

Ltd, Yarnton, England.] (for 19) and DENZO/SCALEPACK
46

 and the structures were solved 

using SIR92
47

 (for 7) or SuperFlip.
48 

Full-matrix least-squares refinement of the structures 

were carried out using CRYSTALS.
49,50

 Compound 19 was found to be twinned by rotation 

about the a axis.
51

 Full refinement details are given in the supplementary material (CIF).  

Crystallographic data (excluding structure factors) have been deposited with the Cambridge 

Crystallographic Data Centre (CCDC 1030066-9) and copies of these data can be obtained 

free of charge via www. ccdc.cam.ac.uk/data_request/cif. 

Single-crystal X-ray diffraction data for two -residue mimic 14 (CCDC 1030068)  

 

Crystal Data 

a = 11.99400(10) Å Ŭ = 90° 

b = 18.01090(10) Å ɓ = 90° 

c = 20.5992(2) Å ɔ = 90° 

Volume 4449.90(6) Å³ 
 

Crystal Class orthorhombic 

Space group P 21 21 21  
Z = 8 

Formula C24 H23 Cl1 N6 O2  
Mr 462.94 

Cell determined 

from 
19908 reflections 

 

Cell ɗ range 

= 
5 - 27° 

Temperature 150K 
   

Shape needle 
   

Colour clear_pale_colourless 
 

Size 
0.18 × 0.24 × 0.42 

mm 

Dx 1.38 Mg m
-3

 
 

F000 1936.000 
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ɛ 0.207 mm
-1
 

   
Absorption 

correction 
multi-scan 

   

Tmin 0.88 
 

Tmax 0.96 

Data Collection 

Diffractometer multi-scan 

Scan type ɤ scans 

Reflections measured 105496 

Independent reflections 10151 

Rint 0.0573 

ɗmax 27.5198 

h = -15 Ÿ 15 

k = -23 Ÿ 23 

l =  -26 Ÿ 26 

Refinement 

ȹɟmin = -0.23 e Å
-3

 

ȹɟmax = 0.31 e Å
-3

 

Reflections used 10151 

Cutoff: I > -3.00ů(I) 

Parameters 

refined 
596 

S = 0.99 

R-factor 0.044 

weighted R-factor 0.069 

ȹ/ůmax 0.0007 

Flack parameter -0.07(4) 

Refinement on F² 

w = wǋ Ĭ [1 - (ȹFobs / 6 Ĭ ȹFest)²]² 

wǋ = 

[P0T0ǋ(x) + P1T1ǋ(x) + ...Pn-1Tn-1ǋ(x)]
-1
, 

where Pi are the coefficients of a Chebychev series in ti(x), and x = 

Fcalc²/Fcalc²max. 
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Single-crystal X-ray diffraction data for three -residue mimic 19 (CCDC 1030069) 

 

Crystal Data 

a = 7.3961(2) Å Ŭ = 90° 

b = 26.2836(8) Å ɓ = 95.017(2)° 

c = 15.8744(4) Å ɔ = 90° 

Volume 3074.10(15) Å³ 
 

Crystal Class monoclinic 

Space group P 21  
Z = 4 

Formula C33 H32 Cl1 N9 O3  
Mr 638.13 

Cell determined 

from 
16129 reflections 

 

Cell ɗ range 

= 
2 - 26° 

Temperature 120K 
   

Shape needles 
   

Colour clear_pale_colourless 
 

Size 
0.01 × 0.02 × 0.05 

mm 

Dx 1.38 Mg m
-3

 
 

F000 1336.000 

ɛ 0.176 mm
-1
 

   
Absorption 

correction 
multi-scan 

   

Tmin 0.76 
 

Tmax 1.00 

Data Collection 

Diffractometer multi-scan 

Scan type ɤ scans 

Reflections measured 27824 

Independent reflections 11323 

Rint 0.0490 

ɗmax 26.1930 

h = -9 Ÿ 9 

k = -28 Ÿ 32 

l =  -19 Ÿ 19 
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Refinement 

ȹɟmin = -1.17 e Å
-3

 

ȹɟmax = 0.95 e Å
-3

 

Reflections used 11278 

Cutoff: I > -3.00ů(I) 

Parameters 

refined 
830 

S = 0.95 

R-factor 0.089 

weighted R-factor 0.217 

ȹ/ůmax 0.0011 

Refinement on F² 

w = wǋ Ĭ [1 - (ȹFobs / 6 Ĭ ȹFest)²]² 

wǋ = 

[P0T0ǋ(x) + P1T1ǋ(x) + ...Pn-1Tn-1ǋ(x)]
-1
, 

where Pi are the coefficients of a Chebychev series in ti(x), and x = 

Fcalc²/Fcalc²max. 
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#ÈÁÐÔÅÒ σ - ɼ-3ÈÅÅÔ -ÉÍÅÔÉÃÓ 

3.1 ɼ-Sheets in Nature 

The edge-to-edge hydrogen bonding between two or more ɓ-strands (Chapter 2) creates a 

ɓ-sheet. This hydrogen bonding places the CŬôs of adjacent strands 4.7 ï 4.8 Å apart with a 

residue length of 3.3 ï 3.5 Å.
1
 This residue length is slightly shorter than the corresponding 

distance in an ideal ɓ-strand highlighting the ability of the main chain to move away from the 

fully extended conformation to accommodate sheet formation. The inter-strand hydrogen 

bonds that stabilise the sheet structure are between 1.9 and 2.3 Å in length. The strands can 

arrange themselves in parallel or anti-parallel alignments (Figure 3.1). 

 

Figure 3.1 A: Parallel ɓ-sheet, 12-membered hydrogen-bonded ring shown in orange. B: Anti-parallel ɓ-sheet, 14-membered 

hydrogen bonded ring shown in red, 10-membered hydrogen bonded ring shown in blue. C: Crystal structure of anti-parallel 

ɓ-sheet showing hydrogen bond lengths (PDB: 1IL8). 
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Parallel sheets contain only twelve-membered hydrogen-bonded rings whereas anti-parallel 

sheets alternate between ten and fourteen-membered rings. It is generally thought that the 

anti-parallel arrangement is more stable due to better amide and carbonyl alignment for 

hydrogen bond formation.
2
  Mixed sheets of parallel and anti-parallel strands are also found.

3
 

Sheets can be formed from a contiguous sequence connected by a ɓ-turn or hairpin units, or 

from stretches of peptide far apart in sequence or from two entirely different peptides. 

The ɓ-sheet is a structural motif frequently used in Nature, and as such is found in key 

structural proteins such as spider silk fibroin.
4
 They are also constituent parts of complex 

architectures and super-secondary structures such as the ɓ-barrel, a key motif in many 

membrane proteins
5
 and molecular transporters,

6
 and the ɓ-propeller (Figure 3.2). 

 

Figure 3.2 A: Crystal structure of the placental ribonuclease inhibitor showing a ring of parallel ɓ-sheets (PDB:1A4Y).7 

B: Crystal structure of the C-terminal domain of Tup1, a compressor transcriptor in yeast showing the ɓ-propeller motif 

(PDB: 1ERJ).8 C:  Crystal structure of the sucrose-specific porin ScrY from Salmonella typhimurium showing the ɓ-barrel 

motif (PDB: 1A0S).9 

ɓ-Sheets play roles beyond that of a rigid wall however, with their interactions involved in 

processes ranging from electron transfer
10

 and protein dimerization
11

 to recognition by 

proteolytic enzymes.
12

 They are also heavily implicated in a number of pathologies, and in 

particular amyloid based diseases.  
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3.2 The Trouble with ɼ-Sheets 

The structure of ɓ-strands may be simple, but forcing two or more of them together to form a 

ɓ-sheet is a non-trivial exercise. In contrast to Ŭ-helices, a relatively stable secondary 

structure which is readily accommodated by small peptides,
13ï15

 ɓ-sheets are somewhat 

reluctant to form stable monomers in solution. This is due to low stability, tendency to 

aggregate, and the poor solubility of peptides likely to form sheets given their high 

hydrophobic residue content.
16

 ɓ-Sheet propensity and the stability of ɓ-sheets will be 

discussed fully in Chapter 5.  

There has been success in the design of peptides that can form a ɓ-sheet in an aqueous 

environment, but these are rarely fully folded in solution and are therefore difficult to 

study.
17ï19

 This has prompted the design and study of artificial ɓ-sheets to better understand 

sheet formation, and for application in materials engineering
20

 and the biomedical field.
21

 

3.3 Artificial ɼ-Sheets 

The development of artificial ɓ-sheets has been advanced through the implementation of 

three different strategies; the incorporation of unnatural turn inducing elements to force two 

peptide strands into proximity, the use of rigidifying linkers to force a strand into the 

extended conformation and assert the correct hydrogen bonding pattern, and the modification 

of the peptide chain to prevent aggregation. Much of the early work focused on creating 

sheets in organic solvents such as chloroform or dichloromethane, whilst more recent efforts 

have found solutions for folding in the more demanding aqueous environment. 

3.3.1 Early Turn Inducers  

In 1986, Feigel was the first to use a rigid aromatic template to align two peptide strands and 

create an artificial ɓ-sheet.
22

 By combining an artificial linker with a tripeptide the 

researchers were able to create a macrocycle that adopted the correct hydrogen bonding 
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pattern for an antiparallel ɓ-sheet (Figure 3.3). The conformation was probed via 
1
H NMR 

NOE studies and variable temperature NMR in DMSO-d6.  

 

Figure 3.3 Unnatural rigid amino acid used to template a peptide macrocycle into a ɓ-sheet formation with two 

intermolecular hydrogen bonds. 

Subsequent work was able to incorporate two templating groups to form the macrocycle 

(Figure 3.4).
23,24

 Interestingly both molecules are prone to inversions of the marcocyclic ring 

at room temperature, creating broad NMR signals and therefore the NOE experiments had to 

be conducted at -61°C for the signals to be resolved. 

 

Figure 3.4 Feigelôs use of two templating units to form parallel (A) and anti-parallel (B) artificial ɓ-sheets. C: Inversion of 

macrocyclic ring at room temperature leading to broad NMR signals. 

Numerous other templates were developed for studies within organic solvents, including the 

trans-alkene of Gellman,
25

 Kempôs diphenylacetylene,
26

 and the Ru(bpy)3
2+

 complex of 

Ogawa (Figure 3.5).
27
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Figure 3.5 A: trans-Alkene turn inducer. B: Diphenylacetylene turn inducer. C: Ru(bpy)3
2+ turn inducer. 

3.3.1.1 Turn Inducers as Biological Tools 

The two-stranded ɓ-sheet, or ɓ-hairpin is an extremely common motif in the mediation of 

molecular recognition between proteins. These early turn inducers therefore presented the 

ideal opportunity for the design of óprotein epitope mimicsô, through the insertion of a 

template into an otherwise natural peptide sequence (Figure 3.6). Robinson has been a 

pioneer in this field and has used a variety of templates to mimic antibody loops,
28ï30

 

antimicrobial and antiviral peptides,
31ï33

 and to target proteases,
34

 p53/MDM2,
35

 and 

protein/RNA interactions.
36

 In some of these interactions the hairpin epitope is used to mimic 

other secondary structures, such as Ŭ-helices.
37

 

 

Figure 3.6 Turn inducers used by Robinson to synthesise hairpin motifs for use against a variety of biological targets. 

This strategy has proved successful as these templating units are extremely easy to 

incorporate into vast libraries of macrocyclic peptides through late stage incorporation after a 

conventional solid phase peptide synthesis. 










































































































































































































































































































































































































































































































































