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Foldamers have the potential to be )¢ Nt het i ¢ equi val ent of N

manmade oligomers that use a range of-comalent nteractions to fold into welllefined

structures.

Chapter lintroduces 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 functiongtoups; and iii) render them simple synthesise.

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

Chapter2d evel ops a mi mstrandbaded an lalernating pyeidylfureabunits,
with the conformation enforced by dipolar repulsion. Conforomati bias is demonstrated in
the solution phase by computational and NMR studies, and in the solid phaseay X
crystallography. The concept is extended to the inclusion of hydrophilic residues and

conformation is maintained in a polar protic solvent.

Chapter 3describes the design and synthesis of a thaed fours t r a nsthestdminfic
templated by the diphenylacetylene motif. The folding is enforced by a hydrogen bonding

network demonstrateda extensive solution phase studies anda} crystallograpy.

Chapter 4explores thescopeof this new architecture. The meander is successfully elongated
to seven strands, and the structure shown to be amenable to the inclusiamiob acids

and hydrophilic residues. The foldamer is therefore shown toaneet of Gel.l mand s

Chapter 5uses the diphenylacetylene motif to study thetdrsinvolved in the formation of
b-sheets,specifically the effect ofsidechain identity on hydrogeond strength.The
difference in strengths shown to be minimals u g g e s t isimeet propkraity is Hue to

the energy changes in forming theended conformation rather than fordetween strands.
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A Angstrom

Ab Amyl oi d b

Ar Aryl

ATR Attenuated total reflectance

Bak BH3 Bcl-2 homologous antagonist killer B2lhomology domain 3
Bel-x, B-cell lymphoma 2

Boc tert-Butyloxycarbonyl

Bpy 2 , -Bigyridine

Bu Butyl

cal Calorie

CCDC Cambridge Crystallographic Data Centre

CD Circular dichroism

COsYy Homonuclear correlation spectroscopy

Da Dalton

DCC N, Midyclohexylcarbodiimide

DFT Density functional theory

DIPEA N,N-diisopropylethylamine

DMAP 4-Dimethylamingoyridine

DME 1,2-Dimethoxyethane

DMSO Dimethylsulfoxide

DNA Deoxyribonucleic acid

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
ESI Electrospray ionisation

Et Ethyl

Fe Fragment crystallisable

Fmoc Fluorenylmethyloxycarbonyl

GB1 Immunoglobirbinding domain from protein G
GPCR G-protein couptd receptor

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

hexafluorophosphate

HDM2 Human double minute 2 homolog



HIF Hypoxia Inducible Factor

HIV Human immunodeficiency virus

HMBC Heteronuclear multipdond correlation spectroscopy
HOBt Hydroxybenzotriazole

HPLC High-performance liquid chromatography
HSQC Heteronuclear singlbond correlation spectroscopy
ICso Half-maximal inhibitory concentration
lgG Immunoglobin G

I1-4 Interleukin4

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

PDZz Post synaptic density protein; Drosophilia disc large tumor

suppressor; Zonula occludehgprotein
PG Protecting group



PKA

Protein Kinase A

Parts per billion

Proteinprotein interaction

Parts pemillion

Helix propensity

Sheet propensity

Quaternary
Serine/threoningrotein kinase ARaf
Rap GTPRbinding protein 1A
Rat sarcoma

Root mean squared deviation
Ribonucleic acid

Rotatingframe nucleaOverhauser effect spectroscopy
StructureActivity Relationship
2-(Trimethylsilyl)ethoxymethyl
Substitution nucleophilic
Tetran-butylammonium fluoride
Tertiary

Trifluoroacetic acid
1,1,2Trifluoroethanol
Tetrahydrofuran

Thin layer chromatography
Trimethylsilyl

Ultraviolet

Change in

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 deéid by their structure. Be they the enzymes that mediate
reactions, the gatikeepers of the cellor the molecules responsible for transport and
information storage, these polymers, determined by their primary sequence and surroundings
are guided by intraand intermo | ecul ar f orces into folded st
to design new polymers and incorporate novel structural elements to probe, disrupt and

perhaps even improve upon the molecules of Nature.

Il n his 6Manifestodbs 6Gelwl mamel de il gaiddfiaetd otf h 6
foldamer as any polymer that has 6a strong
ultimate aim for the field is for chemists to be able to control secondangsiaty structure,

and therefore design and synthesise Ounnat
usef ul functionsé6é. To that end, he chall en

strands of research in the development of new foldamers

i) the design of new polymeric backbones that could reliably disptayesting
folding properties,
i) the ability to include novel, and in particular unnatural functional groups and

iii) the ease of synthesis.

In the intervening seventeen years, each of thagets, and in particular the first, has been
addressed. Chemists have been able to ydetenb o n d i-stagking’ van der Waals
forces® electrostatic interactiofisand the hydrophobic effects controlling elements of

novel foldamers. They have incorporated ezl and al kynes °®falongsidécl i c
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new motifs to reinforce conformational preference. Many of these new polymers are
amenable to existing autated 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 distmst®
design of gels and vesicles for applicationdrug delivery** and in the development of

molecular machine¥.

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 ob- a n damino acids as well as those containing mixed monomer units
(Figure 1.). Gellman and Seebach Je been the pioneers of this field, building an
appreciation of the rules that govern the conformational preferenadb®s# homologated

peptides For much of this class, the driving factorfolding is hydrogen bonding.

o)
HZN\.)J\OH

a—amino acid 3—amino acid y*-amino acid

',-\

C-Terminus C-Terminus C-Terminus C-Terminus

Figure1.1 U, -, b a-amdino acidsFigure by Seebacht al®>and reproduced with permission f
Sonso.
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It is well establishedhat short oligomers of the proteogetd@mino acids can form stable
helices in solution with as few as four monomer units and Seebach has demonstrated that
helical stability increases for bofir a n damimo acidswhenc o mp a r eashinotoids. U
Furthermore, in progressing fromh r e e  ( (UBt9 tfoi vfeo aforms) the handedness

of the helix switches with each homologation step.

1.2.1.1 1 -Peptides

b-Peptides are the miothoroughly studied anthe use of differenside-chairs has enabled
the identifaction offive different helixtypes, each defined by the size of the hydregen
bonded rings formed. These are thel®, 12-, 12/10, and 14elix. The 14helix is the most
extensively researched and forms a regular, three residue repeating arrangegméme
hydrogen bondetween te N-H of thei™ residue, and the C=0 of the 2 residue. Due to
steric clashes only small (IF) groups are permitted in the axial position and this allows

control d helical preference (Figure 3.2

T L ! !

)J\N N )L(N/\)\N N _,"/N/\/J\N/ NH,

H H " H " H 7 H  H H
Pl S S S

< = Hydrogen bonding <~  Steric Clash

Axial position — only small groups
e prevent steric clashing and an
. v enforced extended conformation
\
o~}
Pt @

P i>ee

] o ;.]7 /
9 ks
Hydrogen bond between N-H of i i) -
residue and C=0 of i + 2 STt [ ,y>< Lateral position - can
- ~ y \ accommodate groups of any size
\ , 5} / in the helical conformation
) - \GA
e Oveg /
2]
@

o

|l3

Figurel.2 Model of the 14helix showing the axiaand lateral clashes. Figure adapted fi@eebaclet al.™* and reproduced

with permission from 6John Wi ley and Sonsb®d.
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By inserting an alkyl group into this position the chain is forced into an extended
conformation'” and the use of a turn inducer such as a geminhllys u b s t%arinot ed b
acid allows for the construction of parallel or gmairallel sheet like structuré$.By
understanding and utilising this rule the chemist can now have greater control over
conformati on t h a+amitoladds; asgshall tie thighlighteden latef chapters

t he design of p e p-shead emfornation tis a andnoig) texerdisa. e b
Additionally these sheets are distinct from thosk-aninoacids as the amide awedrbonyl

groups all point in theasne direction as opposed to alterna{ifigure 1.3.

R S e s w”u*( wﬁu*( TN
0O R O R O R O O @)

Figurel.3Cr y st al struct-peptiofeapAexCEDCGedl1 bANUS X o-puptilesB;a@t wrfall b
PDB: 4GD4). Hydrogeatons omittedfor clarity.

By contrast, the 12/18elix denonstrates thdlexibility of novel foldamers. Working from

t he obser Yandbf anino acitisaate bdih accommodated in thehdlik, it was
anticipated that Aaa rpdrésgueswouldofdld irtolthe ehremrasidien g b
turn 14helix. Instead, a 2.7 residue turn 12H€lix was observed with a macrodipole and

novel pattern ofsidechairs across the hel:*® This novel sidechain display opens options

beyond theapabilities of using o | eamino atids.

20



The 8-, and 16helices are of particular interest and a demonstration of the power of synthetic
foldamers as they both represent a novel helix type not seen in reaturad acids. The
8-helix is a folded staircase with each step being compadgethe eight mmbered

hydrogerbonded ring (Figure 1)4°

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

The above examples show that homologatguitpe des f ul f i | the first
criteria; they reliably display interesting folding properties with a range of designed helical

and extended conformations.

1.2.1.2 r-Peptides

The Smith group has e xpépidesenden the ehainasolbedno r ma-
constrained by a carbor heterocyclic ring. Solid state studies showed that the inclusion of a
cyclopropane ring resulted in a parallel sheet structure stabilized bysirdaed hydrogen

bonds (Figure 1)5°°
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Figure 15 Parallel sheet structure obgyeptide reinforced by a cyclopropane ring (CCDC: 617972).

By contrast the synthesis of the fimeembered ring analogue was found to promote-iatsa
opposed to intermolecular hydrogen bonding, with the resuttarformation dested as a

bendribbon (Figure 1.5*

Figure 16 Bendribbon conformation of a-peptidetemplated by #fmembered hydrogebonded rings

1.2.1.3 Biological Application of [ -peptides

By understanding and applyinpese folding rules Gellmarreated helical, cationic and

amphiphilic oligomerso f -peptides that mimicamphipathic peptidesand thus show

antimicrobial activity via a membranedisruption mechanism (Figure )% These

compounds displag key advantage evthep ar ent ant i bi -@mhinoacids,oaompr i s ed
that they underwent extremely slow proteolytic degradation asam®logated amino aasd

arenot recognised by the protease enzynidéss demonstrates his second criteria in action;
incorporating unatural grops, here a methylene uniprovides the foldamer with an

advantage in its application.
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Figure 17 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 (A+0¢ mnaedi dydsopAGBC ring, AHO) . Cationic residu

Tuming to the third criteriapase of synthesighe use ofb-amino acids is unfortunately
limited by their availability; extension of the-terminusvia the ArndtEistert homologation
t o g3 peptidesis trivial?® but extension of theN-terminusf o P pefitidesremains

synthetically challenging.

1.2.2 Aromatic Amide Foldamers
Beyond homologated amino acids hydrogen bonding remains one of the most popular
methods of imparting conformational prefererféelhe 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 thaters @ifiple to

design and predict.

Early examples include the anthranilamide oligomers of Hamilton adodcers® and the

work of DeGrado incorporating a#H-S hydrogen bond (Figure 3.8

Figure 18 A: Anthranaliamide of Hamiltoet al; B: Sulfur hydrogen bonding motif of DeGradbal.

The work grew more directed as researchers aimed to use these strategies in the design of
scaffolds for Uhelix mimicry. Hamilton and cavorkers created the first
oligopyridylamide$’ before Ahn and Wilson produceaimilar designdased around a five
membered hydrogebonded ring® ?° Although researched independently they differed only

in theirRand terminal groups (Figure 1.9

Figure1.9 Benzamides of Ahn and Wilson.

Hamilton and Kulikov havextenadthis work by showing such scaffolds to be amenable to
the incorporation oélarge array okidechairs suitable for SAR studie®
However extensiomo higher order oligomergroveddifficult due to problems of solubility

and therefore a new scaffold had to be developed. The benzoylurea oligomer, with a facile
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ard iterative synthesis, uses snembered hydrogen bonded rings to impart conformational
preorganisationvhilst maintaining excellent solubility through the urea moiety. This allowed
for the creation o& helix mimetic extended out to 3.7 nm, of similar length to a séwemn

thirty residue, naturdlhelix (Figure 1.10.3*
o) H'O H'O H'O
}—QN N @N NH,

Figure 1.10 Extended benzoyl urea mimic developed by Hamikbral Intramolecularly hydrogen bonded urea ring that
enforces the conformation and adds solubility highlighted in red.

The work of Gonget al. shows how the aromatic amide motif can be ipomted into
aliphatic chains, and more specifically a peptide strand to induce an extended confotmation.
The sixmembered hydrogen bonded ring allows for the correct display of hydrogen bond

donors and acceptors to create hetarml homodimersRjgure1.11).%®

Figure 111 Incorporation of an aromatic amide motif into a peptide chain to edutended confanation.

The work detailed above describes just some of the vast range of structural types developed
inthe fieldThi s c¢cl ass meets all three of Gell man:
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 faditieaformation

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; macrocyclisatidhmolecular recognitiof®*® chemical biology>*’ and

catalysis®

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
cdionic and hydrophobic face, tmimic the magainin peptides in thensa fashion as
Gellman® Hamilton used h ehelixJmimetics, both pyridyl and benzoylureas, to target the
Bak BH3/Bckx, proteinprotein interactiod/*! These scaffolds have pren amenable to a

high level of diversification with Boger creating a 400tuiorary for screening against the
HDM2/p53 complexX? Huc has designed a quinolone based montnteat adopts a

remarkably stable helix conformation andds Gquadruplex DNA (Figure 1.32?

{ >,
\ /
o| =
; NH N=<
— bANH  —NH
/4 \ -
RO '4<\N o~ ) # o,
s o o] o~ H
7N 3 NH S:I:H
—/ N\l —0
N
AR
R = (CHg)sNH;* H
A

Figure 112 A: Biotin adducted foldmer targetings-quadruplex DNAB: Crystal structure of foldamer showing helical
conformation (CCDC: 208068L: NMR solution structure of Guadruplex DNA (PDB: 5CMX).
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1.2.2.2 Macrocyclisation and Molecular Recognition

Macrocylic oligomers can be used in molecular recogniisrthe preorganisation reduces

the entropic penalty that would otherwise be paid for the rigidity that binding imposes.
However that entropipenalty has to be paid at some ppmost often in the initial synthesis.
The use of foldamers allows this to beercome through the pgganisation of redive

termini in close proximity.

For example Gon@t al. prepared a cyclic hexamer from simple aniline and aekldride
precursors (Figure 1.).3° Despite having teimultaneouslyorm six amide bonds this one
pot reaction proceeded in high yield (682%) with the preorganisation clearly playing a

key role in promoting the final cyclisation step.

o N
HyN NH; -20°C H H
o} o} .0 O.
R R
o O

Figure 113 Macrocyclisation of two simple monomenits into a cyclic hexamer.

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

rotaxane and platinum heterocycles oetal**°

Aromatic amide foldamers have been used as a host for a huge variety of msplecule
including sugaré® dioctylammoniunt water and formic acié cations and anion§>*°

Some of the most visually arresting work in this space is the use of aromatic amide foldamers
as a template for molecular tweezers.ekial. designed bisporphyrimolecules that have

complexed a number of different fullerenésgire 1.13.>* The ncorporation of fullerenes
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containing chiral adducts allowed for the creation of supramolecular chirality, whilst

swapping theert-butylphenyl groups for pyridines affbed water solubility?

Ar = 3,5-tert-butylphenyl

Figure 114 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 efficiencyf enantioselective catalystslt was reasoned that pre
organisation as a result of the roovalent interactions within the catalyst structure would
minimise the entropic cost of transitistate binding and consequentifford greater
stabilization ofthat transition state. The principle was successfully applied to a model
Mannich reaction with improved yields and enantioselectivities over a camgble to

hydrogen bond (Figure.15.
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Figurel.15Positive cooperatity enhancing catalyst efficiency and enantioselectivity in the Mukaiygliaxanich reaction.

This shows how synthetic foldamers can <cop
the principles that govern the excellent catalytic properties of enzymeeapatied 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 contreitethe presence of an aniéimhese

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

pyrroles and triazoles (Figure 1.16

Fluorescent Group

Figure 116 A: Pyrrolebased oligomer displaying curved conformation in the presencehtbdde anior?® B: Oligo-indole
adopting a helical conformation in the presence of an afiibhe alkyne is covalently bonded to a fluorescent group that
allows for detection of helical foldinga fluorescent quenching.
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The oligeindole example highligts another potential applicati of foldamers; their use as
molecular switcks 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 carthus act as a chloride ion sensor.

1.4 Hydrophobic Forces

All of the above examples rely on hydrogen bonding unfortunately manystructures

successfully templated by hydrogen bond$ructures in nomolar solvents lose
conformatonal preference in thaqueous environmemlue to solvent competition. The loss

of such control woul d fail the first of Gellr
solvophobic effect is likely to incread&Therefore could this effect be successfully utilised

in thedesign of foldamers?

Initially the hydrophobic effect, although clearly playing a role in protein foldfingas
thought to be too nespecific and lacking in directionality to be used as a design principle in

foldamers.

However Wolyneset al sought to ballenge this assertion and design a helix whose
formation was driven purely by solvophobic interactidrie researchers computationally
tested a series ahetaphenylacetylene oligomers, revealing that upon increasmg/, the

ordered helical state displayed a lower free en#itgy any open stateiffare 1.17.

O+_OR
n=24,6,8,10
12,14, 16, 18
FZ N;Et,
Me;Si n R = (CH,CH,0)3CHg
A B

Figure 117 A: Phenylacetylene oligomer B: Computational prediction of helix formation for. Reprinted by permission
from The American Association for tifelvancement of Scienc€opyright 1997.
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Armed with this knowledge they synthesiseslite of oligomers of varying chain length and
examined their conformationa the hypochromic effect, UV and NMR spectroscopy. Across
all three experiments they observed a solvent dependent indication dionelation whem

> 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 workrdm the Flood research group has seen hydrophobic
collapse used to bind chloride in aqueous acetonitrile solutions, a difficult task to achieve
with water presemt’ The hydrophobic core creates a low dielectric constant
microenvironment that strengthenbet 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 compleken chloride

anion (Figure 1.18

Figure 118 Crystal structure showing the binding of chloride (green) and sodium (red) within a helical foldamer. There is
some disorder around chain termini and the sodiumHgdrogen atoms have been omitfed clarity.
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15 A-n )T OAOAAOET T O
Chemists havesed a force much less common in nature to control foldamer conformation,
t hat-- oifntter acti ons .-wdrkers sdd@hese interactions toastalilisechs

formati on of dpyrigdy2-pgridiheeabdxaméds olignmersRigure 119

H H
R;=0CoH
R3 N N N N R3 1 10121
DERES T Ry =H
0] = ¥ ®) R3 = CgHqg
Ra Ry "3

Figure 1192 Gyidyl-2-pyridinecarboxamide oligomer.

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

with a few examples utilising bagair hydrogen bonding, as found in deyplDNA, and

through coordination to metal ions in a similar manner to that found in the anion controlled
foldamers above. The strands themselves are forcedaitmelical conformation through
intramol ecul ar hydr eg edr ibvesrmdireuvugnidonbcecdsdhee t h e

double helix (Figure 1.20)

Figure 120Cr y st al s t r U-stacked deuble fieliRegrihted dyspermission from Macmillan Publishers Ltd:
Nature,407, 720723, Copyright 2000.
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More recently Hucet a. have demonst r at statking in ¢he design ofo f
multi-stranded sheets (Figure 1)21Their rationale was to use forces strong enough to
ensure conformational preference, but weak enough to prevent aggregation, the bane of many

small, synthetic sheets.

OBu
COOEt

O,N HNQNH :
I =
O,N HN ; NH  NO,
’BuO : Q
O,N HNQNE_Q/( QNH NO,
Q E O'Bu
O,N HN : NH NO,
’BuO :
H O’Bu

EtOOC @

Q—( @ NH  NO,
Buo

Figure 121 An aromatic amide foldameconformationally organisebly-" ~ i nt er act i ons.

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

studies in chloroformandthe procurement déeautifu crystal structures (Figure 1.p2

Figure 122 Left: Topelevantionro f nonamer of Hu cSids elewatia{@GDC:e1425545) e . Right:
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These molecules represent a new and elegant design class, and one which the researchers feel
can be extended to 6a var i edreyaranatic prenitectmeasns 6 t o

of controlled size and shape. 0

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 moleswdnd scaffolds to
create mimics of proteins and pepsd@his rapidly developing arés particularly important

in targeting proteirprotein interactions (PPI8J.

Thus far most drugs on the market target enzymes and membrane proteins stprotethG
coupled receptors (GPCR8)However, PPIs have been implicated in a vast number of
pathologies, including HI* cancef? and amyloid based diseases such as type Il diabetes,
Par ki®isodosAl z# &0 e ablesto 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 smaltiefiedd,
binding pocket, often containing a numberhgrophilic residues, and bind their substrates
tightly, PPIs are weak, and quite often transient, interactions across huge surfaée areas.
These areas are often overwhelmingly hydrophobaking the bindindess specific than the

interactons seen in eaymes (Figure 1.23
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Figure1.23A: Crystal structure of haspin kinase GSG2 in complex witsubistrate inhibitor AR@G372 (PDB: 5HTC)B:
Crystal structure ob-catenin in complex with -Eell factor showing some hotspots within tlaege surface areaf @
proteinprotein interaction (PDB: 2GL7.

However despite the seeminglgrbulean task of targeting such interactions with small,-drug
like moleculss, there are some glimmers of hope. For s&Rés such as the HEE U/ [§°3 0 0
and barnase/barnstainteractions, 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 onl y°Iifenodge structural snforchatiens ,
about the interaction, either solution phase era¥ crystal structure, can be gathered, then

this can facilitate the start of an inhibitor development program.
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The structural informatiorshows that these hot spots arken present on weltlefined
secondey structural elements -h(& | i ese sr,a n bl sheewh'dAll these secondary
structures have a defined hydrogen bonding pattern that creates a predictatlee and

projects the amino ac&ldechairs in a consistent spatial arrangement.

Truncaed 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’® and peptides are prone to proteosomal degradation and display poor cell

penetration (unless specifically designed-pelhetrating peptides.

This application therefore provides the ideal opportunity for foldamers to be used as
peptidomimetics. As shawabove, chemists can exert fine control over conformation and
utilise nonpeptidic scaffolds to overcome metabolic liability and poor pharmacokinetic
properties. The creation of a rigid scaffold reduces the entropic penalty paid by the molecule
upon bindng. Furthermore, with access to the full toolkit of organic chemistry, rather than
just the twenty naturallp ¢ ¢ u r -amino gcidéhuge increases in potency, solubility and

stability can be achieved.

The strategy is to create surface mimics that pretreniassociation 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 wouydtevent the downstream effects of the PPI, for example
uncontrolled cell growthThe most common secondary structural element found at these
interfaces ig h ehelix)’?and a large number of scaffolds, some of which Heen explored

above (Figures 1.81.9, 1.10 have been specifically developed to mimic this helix. These
scaffolds are then used to projsitte-chairs in the same fashion as thex i s thélixn §uchU

scaffolds could aim to inhibit the helhelix PPlhighlighted 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 interactiondeed, Navitoclax, a helix
PPI inhibitor that was designed as an antagonist of the Bcl family e&jpoitotic proteins,

has reached Phase | clinical trials as a treatment fdt-selblung cancers (Figer1.24.”®

CF3

|

o o SO
/\ O “ s

N N (o}

& e
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O

Figure 124 Navitoclax, a PPl inhibitothathas reached Phase | clinical trials.

However this thesis wildl focus on the desi
mi mi-structiire to target the itactions such as the one highlighted in lfkigure 1.25)
Compared t o thbligscaffeldsiblreear eo fr edma i n-strand ang sheet i t vy
mimics,” whilst the continuing identification aherapeutically importanstrand and sheet

mediated PRl creates greater need.
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Figure 125 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 oktrategiesand 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 extendedrdormations and sheet architecture, which are plagued

by problems of weak conformational preferences and aggregation.

Therefore this thesis describes efforts to design, synthesisevahatenew foldamers that
mimic t h estrabd (Chapter 2) arfitsheet Chapters 3 & 4) secondary structural elements.
Each of these new foldamers wil!/ be assessed

the foldamers shall be put to a new purpose, assessing the forces involved in protein folding.
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2.1 b-Strands and their Role in Biology

T h estrdnd is often d&ribed as the simplest of the secondsdryctural elements. It is the

fully extended, linear conformation of a peptide strand, with coplanar amide bonsisl@nd

chamm al ternating abov e-Standsaremmdt commonipfeundoaa thek b o |
const it uent-shgetaand in fact isolatedfsids within the PDB areare. It was
therefore previously considered, when observed, to be a random part of secondary structure.
However, recent studi e s-strand ¥ ®keysrécgnition eléenterstt t h
for a broad range of biological interactions. These inchrdéeases major histocompability
complexes? andtransferased.l nt er esti ngly it -strand pldysakeyt h o u

role in recognition between proteins and DNA by binding into the ngagmve Figure 2.).*

Met repressor-
operator complex

Binding of B-strand
into the major groove

18 base pair
DNA fragment

Figure 21 Crystal structure of thmetrepressco per at or compl ex r e v esadndsPPB:DAMA). r ec o gn
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 therapeutichereas

need for strand mimics is nomell recognised.

2.2 Considerations in Mimetic Design

In creating a strand mimic it is highly imparit to consider the structural elements that make
it distinct from the other types of secondary structure. &ttendedb-strand such as found

in complex with a proteasdisplays ari toi + 4 distance of 14.4\, in contrast to the 138
observed ina -sheef Most important are the number of different recognition surfaces
available. Theb-strand has maximum exposure of twsidechain faces, and complete

availability of main chain carbonyl and amide groégushydrogen bonding (Figure 3.2

Top Face
145 A

p Ié
i+2 i+4 ’__ﬂ
Main Chain

H O R H (0] R
A N AL o
(0] H o} H O

Bottom Face

Figure2.2 Schematic representation obatrand displaying the inteesidue distance and recognition domains

Within the sheet, some of these potential naiain bonding interactions are removed.
Within a n -helix thei to i+4 inter-residue distance is considerably smaller at’%6nd all
mairtchain hydrogen bonds are already satisfied within the helix mo#f.cfystal structure

of the RAP1AT Raf complex, a key proteiprotein interaction within the Ras pathway,
heavily implicated imumerous cancers, provides the perfect example of different domains in

whi ch a sstrandmémscsnfisuinteraist (Figure.d).’
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Top Face

Bottom Face )

Figure 2.3 Crystal structure of the RAPXRaf complex (PDB: 1CY). RAP1A (Hue) is highly homologous with Ras.
Zoomed section shows three domains involved in the interaction; the main chain amtkthairs both above and below
the peptide backbone.

2.3 Macrocyclisation of Peptides

Nature has been abte 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 eitheclsad® to sidechain, or

sidechain to mairchain castraintg(Figure 2.4.

This sidechain to mairchain approach has been particularly successful in targetinglHIV
protease, in botim vitro and cellular assay3.his is best evidenced by the work of Fairlie

etal. in theirsynthesis and biological testing of macrocyclic peptfdBse macrocyclisation
stabilizes the strand conformation required for binding, and delivers extremely poignt IC
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 thesempounds showelbth how tightly the pamlomimetic sits in the

binding pocket anthe goodness of fit with the parent peptidlegure2.5).

Sidechain to sidechain linking has been extensively used in peptide stapling, whereby the
incorporation of quaternary amino acids bearing terminal oktiechains amenable to a

metathesis reaction increases the proportion of helical conforniation
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Side-chain to main-chain Side-chain to side-chain

X X Y
o) o) o) 0
H H H H
HZN/d;N : HJ\WNJOH H,N N\):l:l'j\“/N\)kOH
o l o * o o *
X X—Y.
0 o) o)
H H H H
N N N N
HzN/d; ; ”/Lf( \:)J\OH H,N %H %OH
o °: o ° o ¢ o °*

Examples

Figure 24 Top: Scheratic showing the principle of sidghain to mairchain and sidehain to sidechain linking strategies.
Examples:A: Macrocylic peptides as strand inducers used in the inhibition of Hf¥otease by Fairliet al® B: Helix-
stapling techniqueia olefin metathesisthe chemistry pioneered by GruBlasd the biological application by Verdite

Figure 25 Top: Structure of macrocyclic peptidehibitor Left: Ribbon representatioof macrocyclic peptide within the
HIV-1 protease binding pocket showing thesgmmetric nature of the pket. Right: Surface representatisinowing the
nature of the tight binding pocket and the ability of the ex@dnukptide 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 foldarGdrsptér 1,
Sectionl.2.2, the use of rings, both aliphatic and aromatic, can add a rigid template that
enforces theaequired 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 cancer$ Gieraschet al developed a series of tetrapeptides that showeditiohib

of the farnesyl transferase in purified protein assays, but were inactive, presumably due to
degradation, upon moving to célased assay$. Fortunately replacement of aliphatic
residues with rigidifying aromatic rings created potent inhibitors e even able to limit

tumor growth in mice (Figure 2.8

Parent Peptide

S/
NH, 0o .« 0

ICso (FTAse) = 150 nM

Rigidified Mimics
HS
\©)k /}( H2N y o
o} N
\;)kOH
ICs (FTAse) = 6500 nM ICso (FTAse) = 50 nM

IC50 (Ha-Ras FTAse) = 80 nM ICso (FTAse) = 114 nM

Figure 26 Tetrapeptide mimics against farnesyl transferase containing an aromatic rigidifying scaffold

Nowick has used a similar strategy in the develognoérnis 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
ant i pasheetconferimatiohs In turn Kisoet al were able to show that this scaffold
could successfully inhibit HIM. protease withan lgo f 3 &Ta M. abi |l ity of

designta e mp |-sheetavill be explored in greater depth in Chapter 3.

w
\

Figure 2. &traNdeseaffotdk 6 s b

2.5 Heterocyclic Scaffolds

Researchers have also enjoyed considerable success progressing beyond purely carbocylic
compounds and utilising heteroatoms to afford greater synthetic feasability. Haretrand

incorporated oxopiperazine as an amino acid substitute (Figur€ 2.8).

* r

N CO,H

co2

Figure 28 Pentapeptide of Hammond incorporating an oxopiperazine amino acid (highlighted in red) as a rigidifying
scaffold

This afforded a facile syhesis 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 examplesmrpeptidic 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 backboleaves them liable tdisadvantages such as poor cell

penetration.

Hirschmanret al. werethe first to develop a truly ngpeptidic scaffold with their synthesis

of a bispyrrolinone mimic as an inhibitor of HiV protease (Figure 2.4§*®

Ph Ph
OH o
H H
Oo._ _N NJJ\N NH, Parent Compound
>f T Y EO ICs (HIV-1 Protease) = 600 uM
O i, O X o}

Bispyrrolinone mimic
IC5q (HIV-1 Protease) = 1.3 nM

Figure 29 Parent peptidic compound developed by Métekd the desined bispyrrolinone mimic of Hirschmaenal*®

The beauty of this compound was that it maintained the ability to interact in all three domains
with successful display dfidechairs above and below the plane of the main chain, and the
retention of hydrgen bond donors and acceptors despite the removal of the peptide bonds.
However, this class fails the third | imb of

struggles to incorporate many nraliphatic amino acids.

2.6 Previous Work in the Hamilton Group

More recetly, the Hamilton group haturned its attention to the development of entirely
nonpeptidic b-strand mimetics. Within this field the focus has been on the design of
scaffolds that are able to copy the spatial and angular projection @iittii® acidside
chairs. Although this approach neglects the domain of the s«tzam hydrogen bonding
pattern, recent work by Remaelt al. have shown that, upon examination of the PDB, there

are a considerable u mb e sstrandfintefactionthat occur skely via their sidechairs 2°
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The first generation mimic was the alkyne linked -@igubstituted indolifB-one
(Figure2.10A).2* The alkyne enforced the correct intesidue distance whilst the
intramolecular hydrogen bond controlled the conformation. This was pragesolution
state NMR studies and-pay crystal structure@-igure 2.10B) that showed the inteesidue
toi + 4 distance to be 13.&. However, with the synthesis starting from a tstiastituted

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

B G
NH j&"

- OMe
\ 7 ij

A B

Q LA L

(e}

Sy

C

Figure 2.10A: Alkyne-linked 2,2disubstituted indolirB-oneB: Crystal structure showing rigidity of scaffold and projection
of sidechairs (CCDC: 739198(L: 1,3pehnyl linked hydantoin

Many of these synthetic problems were eliminated through the design of tpbehyd
linked hydantoin scaffoldRigure 2.10C).%? Although no crystal structure could be obtained,
computational modelling and solution phase studies, including NOESY MM&consistent

with partial population of desired conformation.

However both these scaffolds included tremdimethyl group to preve epimerisation.
This necessitates the inclusion in the syntheslsdfdisubstituted amino acids, creating far
greater expense in their synthesidditionally the synthesis ohigh enantieenriched
guaternarycentres remains challenginghis problem was overcome in the next generation,
through the replacement of the proximal carbonyl with a methylene unit to create the aryl

linked imidazoidin-2-one oligomer (Figure 2.3£°
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T

Removal of carbonyl group here makes
stereogenic centre harder to epimerise

Figure 211 Aryl-linked imidaolidin-2-one oligomer

Computational studies showed that an energy minimised conformation could be overlaid on a
n at u-strardwith a good fit, and the synthesis proved facile and scalable with chirality
introduced through reducing the amino acid t@ tborresponding alcohol. Crucially
racemisatiorwas no longer a problem with @mtio- and diastezopurity maintained through

the synthesis. However solution phase conformational studies on the final molecule showed it
was conformationally flexible. With noonstraints on th&yresCary bond it could undergo

free rotation and adopt a number of different conformatiéiguf(e 212). NOESY NMR

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

*@*%Aﬁ*@% C}Cg A?

A B [

Figure 212 Conformational flexibility of the arylinked imidazolidir2-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 fdJ ,-di¥substitutedamino acids, a small starting pool that also
limited inclusion of novel and interesting chemical moieties. By contrast atlyé
imidazolidinone scaffold provided a much simpler synthesis but at the cost of conformational

control.

A new scaffold was therefe sought, in which the siddain spatial distribution of the

previous arylinked imidazolidin2-one scaffold was maintained, but with a greater
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conformational bias imparted through mroovalent interactions. In order to pass all three
elements of Gellmn 6s t est the synthesis must remai n

side-chains.

Maloneet al had shown that the use of dipolar repulsion between a carbonyl group and a

pyridine could successfully bias conformatidigure 2.13.%

B AR oA
iy OTik, OTirC

syn-syn syn-anti anti-anti

Figure 213 Conformations of aromatic amides. Inclusion of pyridine strengthens conformational prefereyresfordue
to dipolar repulsion

By adopting the same strategy it was hoped ttatreplacement of the phergdoupwith a

pyridyl ring would bias the desired conformatidfigure 2.14.

Figure 214 Dipolar repulsion imparting conformational bias

To assess the likely conformational behavioiithis scaffold it was subjected molecular
mechanics computatici.A conformational search showed the conformation in Figure 2.15
to be the lowest in energy by 6 kcal.mé? At room temperature (298 K) this corresponds to
> 99 % of the population sitting in the desired conformationis TWompared extremely
favourably with the previous scaffold where eighteen conformations lay within 0.7 ké¢al.mol

of the computed energy minima.
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Figure 215 Lowest energy conformation fromnaolecular mechaniasomputation of the proposedasfold.

A second calculation provided further evidence of the preferred conformation. By holding all
the other bonds fixed, rotating the,&Cary bond in degree increments and calculating the
relative energy of each conformation the Boltamalistribution for modearyl and pyridyl

systems could be calculated (Figure 2.16).

(o £ (o £
e G
a) Phenyl b) Pyridyl

30

]
i
1

]
o
1

1 ——Phenyl
—=—Pyridyl

Boltzmann-weighted population (%)
= =
o wu

i
1

0 T T ? T T T T

0 50 100 150 200 250 300 350
Dihedral angle (degrees)

Figure 216 Computational calculation of the Boltzmann weighted popul&itd?®8 Kdue to rotation about théesCarnyi
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 platyaitHowever, crucially, wherease
aryl system displays roughly equal population density in each plagane, the pyridyl

system exclusivelpopulates 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
andtrimer, using a methyl group as a sideain for proofof-principle, was embarked upon.

The initial synthetic plan was to use a similar route to that devised by Hamiilednn their

synthesis of the anfinked systenf?

Alcohol 1 was formed in 82 % vyield by then&r reaction of L-alaninol with 2,6-
dichloropyridine at high temperature and pressure. The literature suggested that such forcing
conditions were required due te reluctance of the pyridine ring to underggAB?’ The

free alcohol could subsequently be protectech &yl ether 2 in near quantitative yield

(Scheme 2.13%

/(j\ - /O\ JVOH SLLLC N /O\ JVOTBS

DIPEA, 180 °C, Imidazole, DMAP

sealed tube CH,Cly, 99%
82 %

Scheme 2 SyAr andsubsequent 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 additiomeaction with phenyl isocyanate. Extensive

optimisation was required due to the reducedeuphilicity of this amingTable 2.1).
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Cond|t|ons

ﬂ /'v Phenyhsocyanate /O\ /'\/
cl \N H OTBS OTBS

)\Ph

Entry Scale Solvent Conditions Time (h) Temperature Yield
(mmol) (°C) (%)
1 0.33 CH,Cl, DMAP (cat.) 5 40 14
2 0.33 CH,Cl, DMAP (cat) 18 40 38
3 0.33 CHJCI, DMAP (cat.) 712 40 12
4 033 THF KHMDS(1.3eq) 1+2 -78 to 20 9
5 033 THF KHMDS (1.3eq) 1+2 -78 to 20 37
6 0.33 THF LDA (1.3 eq.) 1+2 -78 to 20 -
7 033 THF nBuLi(l.3eq) 1+2 -78 to 20 68
8 1.00 THF n-BuLi(1.3eq) 1+2 -78 to 20 68
9 2.00 THF n-BuLi (1.3eq.) 1+2 -78 to 20 56
10 400 THF nBuLi(1.05eq) 1+2 -78 to 20 58

a) Fewer equivalents ofi-BulLi used on scale up due to increased confidence in still deliverisigght excessof n-BuLi and
allowing for complete deprotonation.

Table 21 Optimisationof condensation of secondary lamé with phenylisocyanate.

The first three entries detail attempts to perf this reaction with aamine using DMAP as a

nucleophilic catalyst. Even with elevated temperatanedafter 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 phenyianate to the resulting anion. WithBuLi as

base this proceeded in a moderate yield and proved amenable to scale up.
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The silyl group was removed from alcot®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 mixtdige literature suggested the reaction could
proceed to completion thrgh the use of HF and pyridine, but with an already acceptable
yield of 78 % it was considered prudent to avoid these potentially dangerous réagents.

intramolecular Mitsunobu afforded cyclic urgan 79 % yield (Scheme 2.2).

O oemeren L1 g o 1§ 0
C
otes "7, /’\/OH 3‘
SNTON SN NJ\N

THF, 78 % 0
Ph _Ph THF, 79 % \
5 O)\H =

N~
H
3 4 5

Scheme2.2 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 protgmets through the
BuchwaldHartwig coupling of benzylamine in a high yiefiSubsequent deprotection by
hydrogenation, catalysed by palladium hydroxide on carbon, proceeded well but required
extended reaction times of 48 hours and 100 % catalyst IGadiogsibly due to catalyst
poisoning by pyridine (Scheme 23)By way of evidence a similar reaction in the synthesis

of the phenydinked oligomer required only 0.5 % catalyst loadffig.

Pd,(dba); (8 mol%) P(OH),/C
/(j\ )J\  BINAP (9 mol%) “ )OL 100 wt% /(\/L )L
BnHN" N n-Fn — _Ph
Benzylamine \A / Ha, CH,Clp
N 1,4-dioxane, NaO'Bu N 86 %
100 °C, 95 %
5 6 ;

Scheme & BuchwaldHartwig coupling with benzylamine and subsequent benzyl deprotection.

At this stage in the previous synthesis the construction of the dimer had proveetes
conversion of aniling into an isocyanate, subsequent coupling with secoratalipe 2 and

a second intramolecular Mitsunobu reaction to close the Solggme 21).
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: H

Proposed dimer H
L »
Os
_ N
cI” N ONH Con N
$ OH Isocyanate

2

Scheme 2L Adaptation of a peviously utilised strategy that proved unsusfidswith pyridyl rings.

Unfortunately all attempts to synthesise the proposed isocyanate with triphosgene proved
unsuccessful. Reports in the literaturdicated similar difficulties iperforming this reaction
on a substrate of this nature but provided no reasons for the observed lack of réadtivity.
necessitated alternative strategies to complete the synthesis. The first was to attempt an
intermolecular Mitsunobu reaction and comeldghe synthesisvia a ring closing urea

formation Scheme 2&).

X e} X [e) X X
L0 — 0, )
clI” N N%%N/(NU\NXN CI7 N ONH HNT N

Proposed dimer H

BN ®
CI” N ONH HZN/(Nj\H
) LG 7

Scheme Z& Retrosynthesisf route proceedigivia an intermolecular Mitsunobu reaction and urea formation to effect the
subsequent ring closure.

For this first reaction to be successful secondary anflihad to be protected in order to
prevent both crosgeaction and aziridation products. Unfortunately Boc protection of the
nitrogen was unsuccessfals exclusive preection of the alcohol occurred excellent yield

(Scheme 2.6).
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ﬁ JV Boczo DMAP /O\

P OH /‘\/o

CITNTON EtsN, 90 % j<
1

Scheme & Boc-protection of the primary alcohol irestd of the desired secondaryliz@.

This necessdted the development of afternativesecondroute (Scheme 2.7).

c” N NXN N” ¢~ NN rﬁ:N N
H
3 < OH

Proposed dimer H
A o) A
LG = Leaving Group ‘ o~ )k ‘ =
CI NN LG H N ONT Y
< OH 7

Scheme 2.Retrosyithesis ofoute proceedingia 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 gsIDIPEA as a base were unsuccessful, but
reverting to the complete deprotonatieia n-BuLi as for the synthesis @&, resulted in a
successful reaction with a pleasing yield of 84 %. A testction with 2chloro-6-amino
pyridine provided hope that thigrategy would be successful (Scheme 2.8). Efforts were

made to improve the disappointing yield but these were unsuccessful.

N T O

N HJ\/OTBS nBuLithen N N/k/OTBS nBuLi N NJVOTBS
i /@ o)\o /@ O)\NH
o o @ H,N7 N >l Ay

THF, 84 % THF, 38 % < N

2 10 11

Scheme 2.8 est reaction fothecoupling ofa primary analine wittthephenyl carbamate.

With the strategy validated, and coupling conditions in hand, the synthesis ofldicwuld

be completedia alcohol deprotection and Mitsunobu reactions (Scheme 2.9).
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Scheme 2.®ynthesis of dimet4 as a mimic of thé andi+2 residues of a canonicBistrand.

With a successful strategy in hand, the synthesis of trirfBevas straightforwardalthough

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

dimer. In parcular the aniline eupling with the carbamate to synthesisey was

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

allow for completion of the synthesis (Scheme 2.10).

) PhONH,
f\/L X, IO X, aeonive [ § Y
_Ph 9 Ph
14d|oxane 45 % H,N N/ N N/ N N
E \; ii) Hy, Pd(OH),/C < N
CH,Cl,, 81 %
14 16

nButhhen = o = o
AT LA LS
\_/ v/

10, THF, 17%

S omes < $

17
i) TBAF, ACOH
SR N e ¥ Wk
_Ph

N N7 N7 ONT ONT N
)PPh3 DIAD \ N \ \
THF, 71 % < $ <

19

Scheme 2.1@ynthesis of trimel9 as a mimic of the, i+2, andi+4 residues of a canonicbistrand
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2.9 Conformational Analysis
2.9.1 Solution Phase Studies

The solution phase conformation of this new strand meoigld be studied through NOE
NMR experiments. Indimer 14 the comparison of the signals betwedB and H5, and
betweenH12 andH14 should give an indication of the population of each conformation.
Similarly in the trimerl9the pairings oH3 andH5, H12 andH14,H21 andH23 should give
similar information. Thiss because the signal @wo the pairing onto the arghg should be
strong given free rotation about thedYAr) bond, whereas if the dipolar repulsion achieves
the desired effect the other pairings should have a much reducexoosignal intensity
(Figure 2.17. The reason for this is that NOE intensity scales off with distance 3s 1/r

resulting in 5 A being around the limit of detection.

If in the desired conformation below If there is any population of this conformer
the NOE between H12 and H14 the NOE between H12 and H14 will show an increase in
should be weak intensity

J\/\/L QJL@ . fﬂ JL@
RS S

N

N
NOE between H3 and H5 N
used as control Cl

Figure2.17Rationale for NOE experiments to study solution phase conformation.

Therefore NOESY (dimerl4) and ROESY (trimerl9) spectra were initially taken in

deuterateachloroform at room temperature (298 K).
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Figure 218 NOESY spectrum of dimet4in CDCl. The colour of each circle corresponds to the NOE interaction shown in
the molecules above.

As expected a much stronger signal is observed foHBiel5 (blue) interaction than the
H12-H14 (purple) one. There are two peaks for each interactiohl5asnd H14 have
diastereotopic protons. These thddmensional peaks can be integrated to give a ratio of
40:1. Given thatH3 ha two protons, this suggests a 20¢lative intensity between the
throughspace interactions. Unfortunately given the scaling of NOHS¥ractions with
distance (intensity decreases a$)iiris invalid to make firm quantitative conclusions based

on this data.

There are two possible explanations for the presence of a Wéak- H14 signal.
Measurement ofi12 toH14 on the crystal sicture (see Section 22 reveals a distance of
4.5A, on the outedetection limit of nOe interactions and therefore able to contribute a small
signal. Alternatively, as posited FFigure 217 above the dipolar repulsion may not confer a
complete conformtional 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 trim&@ revealed the same overall pictuFegure 2.D).

. {(’Q %/Q 5)

N

H14,H23  H5 H23' H5'

ﬂ
iemical Shift (ppm)
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H21, H12 Fso
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4.40 435 430 425 420 415 410 405 4.00 3.85 3.90 3.85 3.80 375 3.70 365 3.60 355 3.50 345 3.40 335

F2 Chemical Shift (ppm)

Figure 219 ROESY spectrum of trimek9in CDCl,. The colour of each circle corresponds to the NOE interaction shown in
the molecules above.

The correlation betwedd3 andH5 (blue) is much stronger than betwé¢h? andH14, and,
H21 andH23. With no correlation observed betwdéd 3 6 HalnpmbrH1 4 6 H21In the
evidence suggests a stronger bias towards the preferred conformation in the trimer than the

dimer.

In order to probe the relative populatiook these compounds two further thgbespace
experiments were conducted. First a high temperature (348 K) NOESY experiment was
conducted on dimet4. This showed no change to the spectrum recorded at 298 K, providing
some, but not conclusive evidence of the less intense peaks from thetiotebatweerH12

andH14 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 thgresence of a minor conformer. Thss 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 trih@in a more challenging solvent system,
where the bias imptad by the dipolar repulsion might be expectedhdoe a lesser effect.

This is because in a solvent with a higher dipole a molecule with a large macrodipole can be
stabilised. Therefore ROESY spectod timer 19 were recorded in DMS@s at room
temperatue and 350 KPleasingly in both cases the only pealbserved were thoskie to

the interaction betwedd3 andH5 (Figure 220).

A o) 21 AN o 12 A o)
P » LI
Cl N N N N N N N N N 3
S R < 5”\)

Figure2.20ROESY spectrum of trimek9in DMSO-dg. The colour of each circle corresponddhe NOE interaction
shown in the molecules above.

2.9.2 Solid Phase Studies

The single crystal Xay structures of both dimer4 and trimerl9 were obtained14 via
vapour diffusion of petroleum ether into diethyl ether, d®dvia vapour diffusion of
petroleum ether into ethyl acetate. Both structures support the initial hypothesis of dipolar

repulsion enabling conformational bias, furteapportinghe solution state analysis.

For dimerl14 two different structures were presenttive asymmetric unit, with the methyl
groups representing the amino asidechain projected on the same face of the molecule.
The measured distanbee t w e e-carbontatematboth structures i5.8 A, comparable to

the 6.6 | f ound -swand.The distarce betweeio m eécar@hsvaried
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between 5.2 and.@A, indicating a degree of conformational flexibility. Within the scope of
the conformational bias imparted, this degree of flexibility is not disheartening, as it would
allowthe mimet t o bind to a pr ot eanhdnthus adaptat;ma gvénnd uc e d

target(Figure 221).%

Structure 1:
Top Elevation

Structure 2:
Top Elevation

Structure 2:
Side Elevation

Figure2.21Single crystal Xray structure of dimet4 mimicking two alanine residues in thandi+2 positions
(CCDC:1030068).

With a view towards usgnthese strand mimetics as inhibitors of PPIs the crystal structure of
14 was overlaid on the structure of the Raf protein (previously notdedgate 23). The
methyl groups were matched to corresponding atoms of an arginine and aspsidgine
chairs prgecting from the same face of thea f-stramd. With a foupoint calculated

RMSD,based on an over |l ayof0®67 A theheds sttbngaevidéncdthap os i t i
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the new scaffold is able to displaidechairs at the same distance and angplajection as

a natural, ad indeed therapeutically relevaptotein Figure 2.2).

N71 R73

—
T

B-strand section of
Raf

Figure2.220verlay of the single crystal-¥ay structure of dimer 14 (pink) and Raf protein (cyan). Misnite-chairs
aligned with theJandb positions of N71 and R7@DB: 1RRB).>

The data from the crystal structure of trifi®&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 gsoupre projected from the same
face. The interatomic distances showed good correlation with those observethtural
b-strand. However, upon extension to the trimer, an extensive curvature to the molecule in

the plane of the scaffold backbone was reasg#tigure 2.23.
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Top Elevation

Figure2.23Single crystal Xray structure of trimet9 mimicking three alanine residues in iher2, andi+4 positions
(CCDC 1030069).

2.10 Conclusions

These novel fol damers can now be assterssed
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 dim&#d the sidechain display compares

favourably with the geometries of natural ahdapeutically relevarb-strands.

The synthesis require® enantioselective steps, nor particularly expensive or toxic reagents
or catalysts and uses only simple purificatmocedures. 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 sideghains, orunnatural functional groups thegeelds may

decreaséurther.

The next part of this chapter will seek to extend this system with hydropitiechairs and

incorporate them through a new and modular synthesis.

2.11 Incorporation of Hydrophilic Residues

The above work provides jroof of principle, demonstrating the atyliof 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 imegus media.

2.11.1 Synthesis

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

o

H PG H )
N. DIAD I PhNHy  pp N. Triphosgene )k
HOO Y PG ——= N — N PG —— > Ph-\"ON-PC
PPh3 \R R Base

R

i) NHj ~
i) Triphosgene i ‘ = /@ i

Base H\N N/PG Br N Br Br \N N N~ PG
\_< \_(

Buchwald-Hartwig
R conditions A R

Monomer Unit Synthesis

o Q & o
Ph‘N)kN’PG Deprotection Ph‘N)kNH A Ph‘N S XN PG
- =
R = Buchwald-Hartwig \_QR
Oligomer Synthesis

Scheme2.11Modular synthetic strategy amenable to incorporation of hydroidichairs.

This modular synthés has been successfully applied using a phenylalaninol as the starting
material to enable the rapid construction of pentaraedshexamerwith a benzyl group as

thesidechain
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2.11.1.1Amino Acid Reduction
The amino alcohol of lysine is not commercially ava#abhd therefore various conditions

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

o

BocHN OH Conditions BocHN OH 2
NHFmoc NHFmoc
Entry Reducing Agent Solvent Time (h) Yield (%) Comments
1 NaBH,, I» THF 2 20 Fmoc deprotection
2 NaBH,, I» THF 16 33 Fmoc deprotection
3 NaBH,, I» THF 120 19 Fmoc deprotection
4 NaBH;, H,SOy THF/ELO 16 - No reaction
5 NaBH;, I, AcOH THF 72 - No reaction
6 LiAIH 4 THF 1 - Intractable gel
7 LiAIH 4 Et,O 1 - Poor solubility
8 Ethyl chloroformate, DME 0.1 92 -
NMM then NaBH,
H.O

Table 2.20ptimisation of acid reduction in the presence of the Fmoc group

Direct reduction of the acid with sodium borohydride and iodin@dceedvia the borangor

with lithium aluminium hydride, was unsuccessful with poor yields artknsive 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.

2.11.1.2Protecting Group Selection

At this point the remainder @he 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

Fmocremoval conditions use piperidine in dichloromethane in a 1:3 ¥atiot removal of
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piperidinein vacuoproved difficult,asin the subsequent nosyl or tosyl protectresidual
piperidine wadrequentlyprotected instad of the target compound. 1 Mnethylamine 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 aziridings3 and 24 proved temperaental in tetrahydrofuran,
predominantly showing no reaction and recovery of starting matbtialhighly reliable in

acetonitrile with good yields.

Dimethylamine (1M in EtOH)
BocHN y
OH BOCHN\/\/Y\OH
NHFmoc CH,Cl, NH,
20 Not isolated

Reagent, NEt; ~ BocHN \/\/\‘/\OH DIAD, PPh, BOCHN\/\/\7
_— >

NHR N
CH,Cl, MeCN R
Reagent = TsCl or NsCI 21R=Ts,63% 23R=Ts,74 %
22R =Ns, 51 % 24 R = Ns, not isolated
Ts = O\\ /,O Ns = O\\ //O

s s
SN »e

Scheme2.12 Synthesis of tosyland nosy protected aziridinerepresenting common intermediate for further synthesis.
There was a fear that aziridin€8 and 24 would be liable to polymerisatiofi®’ Tosyl
protected compoun#é3 was air and room temperature stable for at least one week, but the
corresponding nosylativative 24 was prone to formingrainsoluble 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 biln the terminal and repeating units and therefore at this point the synthesis

diverged (Scheme 2.13).
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PhNH, o

BocHNv\% BOCHNWNHPh Triphosgene N)kNph

R
N 80 °C NHR DIPEA, MeCN \J
25R=Ts,95 % 27R=Ts, 60 %
NH3(g) 26 R = Ns, 32 % (across 2 steps) 28 R=Ns, 68 %
MeOH BocHN
X
BocHN o L ®
ocC M/\NHZ Triphosgene )k Br N~ "Br )J\ X |
NHR _ > RN NH RN N N Br
DIPEA, MeCN L/ Pdy(dba)s, Xantphos '
J)\ Cs,CO; Dioxane /H\
BocHN BocHN
29R=Ts,79% 31R=Ts,40 %
30 R = Ns, 24 % (across 3 steps) 32R=Ns, 35%

Scheme 2.13 Elaboration of common aziridine building Bawio terminal 27, 28) and monomer unitS8(, 32).

The azirdine was successfully and regioselectively opened using either aniline or ammonia
to afford the corresponding diaminé&5 and 26 for opening with aniline, corresponding
compounds opened withmmonia were not isolatedfrom these the fivenembered urea

ring was closed using triphosgene. The repeating monomef3an#0 %or 32, 35 %9 was

then completed through the Buchwadartwig coupling of the urea to 2d@ibromopyridine.
Although no double addition product was isolated this reaction was found eavhaelding

for both protecting groups.

2.11.1.3Combining the Modules

Iterative deprotection and Buchwalthrtwig coupling were then used to construct the dimer.
Tosylated amin€7 was deprotectediy treatment with magnesium metal in methanol and
sonication, whils the nosyl group on ured8 was removed by thiophenol imaSyAr
reaction The tosyl deprotean was found to be low yielding, and although dirBér was
successfully purifiednsufficient material could be isolatgaost deprotectioto successfully

synthesise the trimer (Scheme 2.14).
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WO WOW
TsN” "NPh .
Mg, ))))), 35 %
/ ) Mg. ). 35 % )kN SN NPh  Mg,))) HNXN SN7NT NPh
S \,J \_/ - J -
ii) 31, Pd,(dba)sz, Xantphos N 29 % N N
Cs,COg3, Dioxane, 61 %
BocHN
BocHN BocHN BocHN BocHN
27 35

Scheme 2.14 Synthesis of tosyl protected did%er

This was because the reaction formed an insoluble gel around the magnesium that
sequestered much of the product. Rres work in the group had shown that this gel could be
broken up with prolonged stirring in the presence of hydrochloric*Adidt with the Boc
protecting groups in place this was not a viable strategy. Fortunately nosyl deprotection of
both the monomeand dimer proceeded in acceptable yields allowing for synthesis of the
trimer. The Boegroups were successfully removed in TFA and the final deprotected
molecule 38 purified by reversephase HPLC displayingxcellent solubilityin water of

greater than 1fhg / mL(Scheme 2.15).

N

N

ii) 32, Pd,(dba)z;, Xantphos 5 DMF, 96 % \:‘
Cs,COg, Dioxane, 47 %
BocHN
BocHN BocHN

BocHN BocHN

= 0
NsN™ 'NPh &y biiSH, K,CO4, DMF 86 % /Q PhSH, KzCos . )J\
‘ u

28

L Oyt fl i ] Ji LR
32, Pdy(dba)s, Xantphos NsNJ\N N PPN L TFA cH,Cl, NsN SN SN
U] \__/ u

Cs,CO3, Dioxane, 56 % /H\“ /H\“ /Hc‘ 14 % /H /H /H
BocHN BocHN BocHN HoN

37 38

Scheme 2.15 Synthesis of nosyl protected tridg&@er

2.12 Conformational Analysis

Initial characterisation of trimeB8 was carried out in deuterated methanol for ease of

recovery of material. Pleasingly, the throtgpace interactions revealed from a ROESY
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spectrum were as seen for the all alanine trib®mwith the expected peak betwedd5 and

H47 and an absence of aothers (Figure 2.24).

¢ 300 0 R0
I
%‘N% SN N% SN N%
0 \y Y/ QY
N 35 N

SR

HoN HoN HoN
H17"
H17 H35 H45 H35’ Has5'
e N __,H':‘L.L____Jl‘l:u.______’?., S N | L' S ' W

H47

b
©

O

SR —
-
1
-

Figure 2.24ROESY spectrum of trime38in MeOD. The colour of each circle corresponds to the NOE interaction shown in
the molecules above.

Pleasingly this indicates the preservation of a stcorgormational bias for this hydrophilic
molecule in a polar protic solvent. Unfortunately attempts to repeat the experimeq or H
an HO/D,O mix could not reveal anything as the peaks coincident withthe water peak

and are therefore also affedtby solvent suppression.

2.13 Conclusions and Future Work

2131- AAOET ¢ "Al 1T AT60 #OEOAOEA

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 theonatiam of
hydrophilic sidechairs. The use of a nosyl group as the protecting group strdtegy

nitrogen which is removedwith thiophenol at room temperature, an extremely mild

procedure, should allovior the incorporation of a broachnge of natural ah unnatural
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chemical sidechain 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 conformatidnas, all three challenges

laid down by Gellman havereforebeen met.

2.13.2 Future Work

2.13.2.10vercoming Curvature

Although dimerl4 displayed good overlap with a canoni@astrand, the curvature noted in
trimer 19 would perhaps prevent extended mimics of faufive residues from adopting the
required conformation. It was proposed that this curvature was due to the alternating 5,6 ring
system, with the fivenembered ring introducing the curvature. Therefore it was reasoned
that substituting the fivemembered wa for a sixmembered homologueould force the
adoption of a more linear conformationork in the grouphas shown this to be the case

(Figure 2.25.%

Figure 2.25A: Monomer unit with a @nembered urea ring B: Crystakstture 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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2.13.2.2Utilising Curvature
Alternatively the curvature can be ds® 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 acidch promotes the chandem a linear,

dipolar repulsion enforced conformatito a helical, hydrogebonded, oneRigure 226).%’

Figure2.26 The acidmediated conformationakwitching of the pyridiylinked oligomer from strand to helix.

2.13.2.3Biological Applications

With the dimer displaying good siddain overlap, further worky the group demonstrating
how linearity could be maintained, and a modular synttasisnable to the inclusion of a
broad range ofmino acid residwg this novel scaffold presents the ideal opportunity to
mi mi ¢ nsrandsraad disrbpt PPIBigure 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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Figure2.27 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 replicatiofi. B: NMR solution structure of W4 receptor
phosphopeptide recognition by the HBRSPTB domain (PDB: 1IRS). IRS1 is a critical element in inssignalling
pathways and implicated in type 2 diabete€: Crystal structure of the Mad2 Spindle Checkpoint Protein bound to Mad1
(PDB: 1KLQ). Correct regulation of this protein prevents chromosomeseggegation during mitosis and meiosis,
implicated in many cancef$.D: Crystal structure of the catalytand regulatory subunits of PKA (PDB: 3FHI). PKA is
implicated in the regulation of transcription in eukaryotic clls.

Initially the scaffold will be validated against the strand interactions with-est#iblished
assays and known to been amenable toig@pimetics such as the HIY protease

dimerization targeted successfully by Faftbed Smith:®
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2.14 Experimental
2.14.1 General Information

2.14.1.1Solvents and Reagents

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

or flamedried glassware unless otherwise stateghhydrous tetrahydrofuran and
dichloromethane (from commercial sources) were obtained filtration through activated
alumina (powder #50 mesh, pore size 58 A, basic, Sighddrich) columns, or were dried

on an MBSPS800 dry solvent system. Other solvents and reagents were used directly as
received from commercial suppliensthout further purification PE refers to distilled light

petol eum of frad0i amrpgani8 BolutensS refer to saturated aqueous

solutions, unless otherwise indicated. Brine refers to a saturated aqueous solution of sodium
chloride.The notati ®n iGmL.hmemodumber of mecified f sol ve

work up procedure per mmol of starting material.

2.14.1.2Chromatography

Flash column chromatography was carried out using Merck Geduran Si 60 siligt gel
63um). Thinlayer chromatography was carried out using Merck Kieselgel 60 F254i (230
400 mesh) fluorescent treated silica, visualised under UV light (254 nm) and by staining with
aqueous potassium permanganate solutioninhydrin in ethanolHigh performancdiquid
chromatography was performed using a Waters 1525 pump, 2707 autosampler, and 2849
detector. Phenomonex Luna columns (250 mm long, 5 um beads, C18 4gvasse
medium) were used for HPLC separations. Analytical HPLC was run @sirigmin™ flow

through a 4.6 mm diameter column. Sample injections for analytical runs consisted of 40 uL
of a 1 mg.mL* sample solution. Serpireparative HPLC was run usiri mL.min™ flow

through a 21.1 mm diameter column. Sample injections for-pegpiarative runs caisted
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of 500 pL 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.

2.14.1.3Spectroscopy

'H and**C NMR spectra were recorded using a Bruker 600, 500, or 400 MHz spectrometer
runnng TopspinE software and are quoted in
solvent peak as an internal standard. IHeNMR spectra are reported as follovas! ppm
(multiplicity, coupling constant, number of protons, assignment). Multiplicity is alziesl/

as follows: s = singlet, br = broad, d = doublet, dd = doublet of doublets, t = triplet, dt =
doublet of triplets, g = quartet, gn = quintet, m = multipleugling constants are given in
Hert z. Compound names ar e t h o s ambriggeoff)r at e
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 themselveside infra The **C NMR spectra are reped ind / ppm. Two
dimensional (COSY, HSQC, HMBC) NMR spectroscopy was used to assist the assignment
of the signals in théH and**C NMR spectra. IR spectra were recorded on a Bruker Tensor
27 FT-IR spectrometer from a thin film deposited onto a diaméddR module. Only
selected maximum absorbanceg) of the most intense peaks are reported{cieaks in

the region of 2350 cthare attributed to the -© stretch in CDG. High-resolution mass
spectra were recorded on a Bruker MicroTof mass specteorfteS1) by the internal service

at the Department of Organic Chemistry, University of Oxford. Meting points were recorded
using a Leica Galen Il hedtage microscope apparatus and are reported uncorrected in
degr ees Ce@dtiliratatons(wer@grorded using a Perkin Elmer 341 polarimeter

and are reported in degrees using concentrations in g.160 mL
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2.14.2 General Experimental Procedures

General procedure (2a): RAr Reaction

Amine (1.0 eq.) andl,N-diisopropylethylamin€2.3 eq.)were added to 2;8ichloropyridine
(4.0eq.) 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 mLXnmol
partitioned with ammonium chloride (10 mL.roiit) and extracted with dichloromethane (3

x 10 mL.mmotf"). The combined organic layers were dried over magnesium sulfate, filtered

and the reaction concentrat@dvacuo
General procedure (2b): Silyl protection of alcohol

TBSCI (2.0 eq.) was added tcsarring 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.mHwlhe solution was partitioned
with ammonium chldde (10 mL.mmof) and extracted with dichloromethane (3 x 10
mL.mmol%). The combined organic layers were dried over magnesium sulfate, filtered and

the reaction concentraté vacuo
General procedure (2c): Amide bond formation

To a stirring solution bamine (1.00 eq.) in THF (0.7 M) a78 °C was addedBuLi
(1.05eq.). 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 duted with dichloromethane (0.08 M). The mixture was partitioned with water and
extracted with dichloromethane (3 x 10 mL.mijolThe combined organic layers were dried

over magnesium sulfate, filtered and the reaction concenirateduo
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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-butyl ammonium fluoride (1 M in tetrahydrofuran, 1.2 eq.)
was added dropwise drthe 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.mmot) and extracted with dichloromethane (3 x mD.mmol%). The
combined orgaic layers were dried over magnesium sulfate, filtered and the reaction

concentrateth 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 tetrahydrofan (0.1 M). The reaction was stirred at room temperature for 30 min

and concentrateidh vacuo
General procedure (2f): BuchwaldHartwig Coupling

Sodiumtert-butoxide (3 eqg.) and amine (3 eg.) 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
Pd(dba} (8 mol %) and BINAP (9 mol %). The solution was stirred at 100 °C for 5 h, the

reaction filtered through Celite® and concentratedacuo
Generd procedure (29): Reduction of enzylamines

The benzylamine (1 eq.) was dissolved in dichloromethane (0.06 M) and a drop of acetic acid
added. Pd(OHJC (100 wt %) was added and the mixture degassed with argon for 20 min. A

positive pressure of Hgas was appliedia 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. mmd) and concentrateid vacuo
General procedure (2h): Boc potection

According to a literatureproceduré’! triethylamine (1 eq.), DMAP (1 eq.) antrt-
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
dichlorome¢hane (0.08 M) and the solution partitioned with ammonium chloride (10
mL.mmol%) and extracted with dichloromethane (3 x 10 mL.nithoThe combined organic

layers were dried over magnesium sulfate, filtered and the reaction conceintratedo
General procedure (2i): Acid reduction

According to a literature proceduteethyl chloroformate (1.10 eq.) was added to a stirring
solution of acid (1.00 eq.) ard-methylmorpholine (1.05 eq.) in glyme (0.1 M)-a6 °C.

The reaction mixture was stirred for Smand the resultant slurry filtered and washed with
diethyl ether (20 mL.mmd). The filtrate was cooled tel5 °C and NaBhl (3.00 eq.) in

water (1 M) was added dropwise. The reaction flask was left open to allow for evolution of
gas and upon cessatiohaffervescence 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.mmd) and extracted with dichloromethane (3 x

10 mL.mmolY). The combined organic layers were dried and concentiraisttuo
General procedure (2j): Fmoc aprotection

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, finatioav:v, 1:1). The reaction was stirred for
1 h at room temperature and concentratedacuo
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General procedure (2k): Tosylation

To a stirring solution of amine (1 eq.) in dichloromethane (0.1 M) was added triethylamine
(3eq.) and tosyl chloride (2 eq-Jhe 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.mmid) and extracted with dichloromethane (3 x 10 mL.rimol

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

concentrateth vacuo
General procedure (21): Nosylation

To a stirring solution of amine (1 eq.) in dichloromethane (0.10 M) was added triethylamine
(2 eq.) and nosyl chloride (2 eq.). Treaction 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.mmd and extracted with dichlomethane

(3x 10mL.mmol%). The combined organic layers were dried over magnesium sulfate,

filtered and the reaction concentratedracuo
General procedure (2m): Azirdine ring opening with aniline

Aziridine (1 eq.) was dissolved in aniline (1 M) and the reaction stirred a€ §6r°2 h and

concentrateth vacuo
General procedure (2n): Aziridine ring opening with anmonia

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 wksisbaated to 80 °C and
stirred for 2 h. The reaction mixture was transferred to a rboatimmed flask and the

reaction concentratad vacuo
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General procedure (20): Urea drmation

To a stirring solution of diamine (1.0 eq.) amN-diisopropylethylamie (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
(005M) and extracted with dichloromethane (3 x 10 mmblmThe combined organic

layers were dried over magnesium sulfate, filtered and the reaction conceintratedo
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.mfMoand extracted with
dichloromethane (3 x 10 mmol.Hl The combined organic layers were dried over

magnesium sulfate, filtered and the reaction concentnatescuo
General procedure (2q): BuchwaldHartwig coupling

To a stirring solution of amine (1.0 eq.) in dibxane was added caesium carbonate
(2.0eq.), Pd(dba) (5 mol %) and Xantphos (15 mol %). The mixture was degassed with
argon for 15min before the addition of aryl bromide (1.2 eq.). Téaction was heated to 80
°C and stirred for 2 h. Upon completion the mixture was diluted with water (10 mL:imol
and extracted with dichloromethane (3 x 10 mmohmThe combined organic layers were

dried over magnesium sulfate, filtered and the reaatoncentratesh vacuo
General procedure (2r): Nosyl deprotection

To a stirring solution ofN-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 temperate for 1 h and subsequently diluted with diethyl ether (150 mL.mnol
washed with saturated sodium bicarbonate solution (3 x 20 mL.Myaid the combined
aqueous layers extracted with diethyl ether (3 x 20 mL.in@he combined organic layers

weredried over magnesium sulfate, filtered and the reaction conceninataduo
General procedure (2s): Boc deprotection

To a stirring solution of Boprotected amine (1 eq.) in dichloromethane (0.1 M) was added
TFA (1:1 volume ratio with dichloromethand)he reaction was stirred at room temperature
for 30 min before the solvent was remowedacuo The residual TFA was removewd co-

evaporation three times with toluene.
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2.14.3 Characterisation Data

(S (@Bh!l orofyr)dmnndppr dpan
2 12
2 - 4
I
c&@s\NJgVOHﬂ
H 10
8

Accordiggnet al {2a ®» c-Aldaunrien.oOg0, ( 13. 3 mme | ) and
dichl oropyridine (7.t88 |g, d3dapghunmBo | %) gaasyv ea t Wk
solid after purificati onPBYEt4:&8)hf .08 .upmbn, chr o
CHGQlUs( 400 MHZ, 7CHB®I 8(,t ,1H, B8B.)6, 61158 &)1, 6. 32
1H, H4) ,J549621Hd-4HD)3, (3n,941-18, 789 ), m,3.1H], H10),
3.63 (m, 1 HI5.HLO0)H, 218998, ( tBHXA4K8@U& MHZ, CDCI
158.4 (C5) 149.4 (C1), 139.7 (C3), 112.1 (Cz
(ClERMS8al cul athé@l Mo MEH87 . G®3IHd 1BR CME32:;
3307, 2 916670, 3 , 2 316516, 8

( BN-( € ( tBeurtty | di met hy -2y H6y h ) 0 X g-p-3pmio2phd n
2 4 12
2z
| 11 14
m}Est\H/s!YOo;sﬂs
8 15 \KW

Ac cor dgiennge rtaol  por)Alcceodholdl6g0,( 5. 37 mntoilt)l ey acveempt chuen
2(1. 6099 %) as eguydalfliacwatadioln afyt &rl ash ,G,0l umn ¢
4:,§)91°-8. 01.(3, 3,@(C400 MHz, 7€¢B@BS5 (m, 1H, H3),

J7.3, 1H, #R)3, 6LIERF4HAR, (M, 738, 9RM8Y m, 3182 H9),
(m, 2 HPOM101I162€&, (3H, H12), O0.8H (H1,4)9H,0.H157)
3H, HJH51)0;1 MHz, aB®l. 2 (C5), 149.6 (C1), 139.5

66.3 (C10), 48.5 (C9), 25.9-5(@170CU)1:8.3 (
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HRMS8 alacweld 1HAECIMLSi [['M3FB1. 1f409u7nd 3 0 RCHB4H9 9 ;
2929, 2857, 1793

(S L ( tBeurtty | di met hy -2y H)yy€ hoxpp-pylBpadnnyl ur ea

21

18
19 —\S|J<
ﬁ .

C|1N3N
NH15
24
25
26
27
Accor dg enrge rt aol fcr)Amcierddu3 @0 ( mg , 1.01 mmol) an
gavetitthlee S¢@apdumd8 %) as a yellow oil afte

chromatogr-@phyP@PEZ4EC® . 5,3, GHEDO MHZ, 9CDGI
(s, 1H, H.5¢2n, 71-H6)6 AT/..3444 ( mAY73.HLD. 2 9n2H,
AfH) , -@. 9% (mH) 2HA. A% (m, 1H,J1B94¥, 4.21 (@OH
3.87J1@d3, 4.6, 1H7.HI08H,2 HIB9 ,{H, 8H21) ,
H19) ,(s0,. 0PH( IDILd MHZ, 1GmKLCIY ,( 153.3, 147.8, 1
123.1, 119.9, 419.66.216C30j9 S$7A8 (C9), 2
(C135.,T1)9-5. LCLYHRMS al cul atbd;@TIfNdaSiC [ M+ Na
42.16%8nd 4BWRCEBFHO063456 (weak), 2970, 1738,

(SH(€hl or o4y F1) eéhidmr o x y pZxyorPmmeny fur e a

19

Accor dgennge rtaol pdr)drce8d 49 @ (g 1. 19ientnapdundg a

4(281 mg, 78 %) as a white solid after p
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( PEXOEt J:@7)+64ck. 5,3, GHED0 MHz, 9C2®lI (s, 1H, H1
(07.9, 1H,-7H3%, (T, 284H,. 21 7)m, 7722HRE7 H& 8) 1 H, H2),
7.048(dlH, +64)9,9 6.n0 3 14H#4,. 91 9)m, 4L4+8,4 401 1()m, 41 H,0
H9), -3.962H,m, H1), HLUBE7(d3H,( 1HWN2)MHE, 1GRCI7
(C13), 154.0 (C1 or, a54)0,. 9148C36) ,( A138ar2 GX16),
(C19), 120.4 (C4), 120.0 (C17), 117.3 (C2)
HRMS8al cul ajtHed | ;Nag] M+ N:a 328f 0828 3R R.CEHI)2 8 ;
3456, 3016, 1739

(SHH €hl or o2y Mmeeit M-y heny |l i mi2da® ol i di n

oSN}
CIG\NSN)J\NQ 14

1\_/ 13

S 2

3
Accordgegett ol Re)Ateodudwd 48 M9 OMogalvetihkee
compobddO6 mg , 79 %) as a white sol id af te
chromatogr@phy:G§RE0EO( 1, )GHMOO0 MHz, 8CcO@l (d,
J8.3, 1H,-7H&H)?, (Mm,48H, BB,9 H1I3H, -A1BN, (A, 01H,
H15), &7.8%9, (1dH,-4HBYB, (4, 73 H,8.1B1) 1H4. (IRO(t 3. 44
3.1, 1H, HBON, BH43IMHBJ MHgz, 1GBCI9 (C5), 151.6
(C6) , 139.9 (C13), 139.6 (C12), 129.0 (C14),
(C4), 49.8 (C2), HRWMS& | € Q1 )atke HO {NoarQ( NG3N:a

310.00u%d 31QCMY213;45/6R (weak), 2970, 1738, 17
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(S 4 Benzyl amizy édnpeyt Hiigchiemy | i1 mi2daero bi di n

3
2 = |4 o /@15
1
THN” SN NJQI\N Bl
19/
N 18

20

21
Ac c or dg ennge rt aol pir)ordeBd 0 @ g, a@anad7bempydami ne
0. Brtho | ) tgiatvvliee t ®@mMpA 6 umdas 986 W&l | ow sol i d af
flash column chsOgmaft:@8d+a2p&P0 2 E);, GEGHEDO MHz,
CDG)I 7-74%4 (mH) ,2H7JIJ7A58 ,( dLH, 34)9,, 71L.H347H3R, 7
(m, 6H),, AT .JBQ O0(d®,-¥),, 1H,70.18r( tHH, A#ID38, dlH,
H2), 4.70 (m, 1H, H192.,44.B58 HRABZIJHTFY (LH, 4
H18), 3183®, (Idy, 1HJIJ6HLB8O6IH,(L1WAQA)MHE, 1GDCIO
154. 3, 150. 3, 140,,12,8. 539 .182,7. 239.1®2,7. 128 .1& 3
( IxAC) , 49.7 (C18), CAa772@B.QeCcBMScallbul at(ed
CoH,NO [+ M 359feaB68668 359. IB)Hp733TR (welak) , 3C
3029 (weak), 2975 (weak), 2361, 2341, 1705
(SH AmMi nopy MhenA-ghenyl i mi2daerol7i di n
egNe)

N 2

1 HNT ONT9NT8
6)
7

5

Ac c or dg ennge rtaol pgr)Bcedeceé@2mpj | Dn8@a vnamaotithlee
compoufi89, mg6 %) as a yellow solid afte
chromatogr@phvy:BPEOED. 94,5, GKEGIDO MHg, 7CHC
(m, 3H,) H37.B1da ®( dldd,, +¥113)3, (7m,262 HJ1.H2) ,1 H7 . OH2
6.107(8, 1H, -H1849 ,(mM, 7TRHI8.HE) ,1 H4-4H®B)(, t(,3n., 6 2

H14),-3.34337(m, 1HJ6HS5H) 3iJ(11 D) Mg, 1GBCI8 ( C1
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15%.(C9), 150.4 (C8), 140.1 (C4), 139.4 (C11)
(C10), 102.2 (C12), 49.HRMS®I ¢ uldartked,0fCoBr) , C 2
[ MM 269f AdB®d 26R CHB46355, 2930, 1704, 1614.

(St)ebuty(l¢cceh | or o-pylir) aminno) propyl ) carbonate

6
1 AN 5
CI”2 N7 N9 \1[]2/ i

H 10 15

1 o

19

Accor digreqmet al pr:oAl ececoirddl 002 Gmdgnvimo | ) d-ert-d
butyldicarbonatd 2 34 mmmo Il) O @aivtel et h&b inp 8 4 dnd %) as a yel
oil after purification by,Of | sd)-EB®IlcBm@5chr oma
CHGQlUs( 400 MHZ, 7CDHB®I 8(,t ,1H, B&®.)3, 6115,7 Had),1, 6. 30
1H, H5)4. 745 6(3m, 1H,J7HH1) ,HH40.)E® 46d,9, 1 H, H106
1.49 (s, 9-H, 391F)m, UB.HDP4 HMHE, 1GDCI7 (C1l2), 153
149.6,(@€39.6 (C6), 112.1 (Cl1), 105.1 (C5), ¢&
(C15), 1HRMSBSEICA® atlehO;f MM C28 7f Adudd 2BR. 1154 ;
(CH¥IlI 3396, 2980,. 2360, 1742, 1598

Pheny(d (theryl di met hyl 2yl hd oxyypPpyghdpplambamat e 1

19
14 18 7
/@7J\/0 Zﬂ<
CI”15°"N” "N"2 “Si
DA
24 25

0”0
8
9
10@
1
Accordigrget al prroe8daodar WY2amioneng, 1.67 mmo |
phenylchloroformate (3151 6| dAdd2H L nmhgno!| 4 gy e«

yellow oil after purificati osO,by:dfha&s2h 8col umi

(cO. 65,2, %HEDO MHg, 7CHAI . B#Hd, H19Y, 38. 26, 3H, HI
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H1O0) ,-77..1181 (m, 2H, 7HDW3 HmA 22M, 4A9)Y m, 4 147 H
(d#d,0.3, 7.8, 1H,0.H3) ,6.32,7 313, d&H3 B)H, -0H.B¥ (O
(s, 9H, H268)H, HMHE2040l Qs MHgz, 1GECI5 (C4), 153,
(C17), N149139(T83CAOIO0) . 12D25.6 (C11), 11222 .6:
(C9), 64.8 (C3), 56.9 (C2),525.9E2&8R6L24)1
HRMS8al cul atte3CI$0¢SHI CGIM+HI21f adne 42 K.CLEP 8 ;
2930, 2857, 2360, 1729, 1581.

(S L ( tBeurtty | di met hyl-zy H)y8 i)so(kGy » p o-ppla)hwdn ena 11

A c c or dg ennge rtaol pr ad®ddadcwrteddZA®D)c mbgmmod .) 1-dami dn 02

6chl-pyoi dine (21 mg,t iOt.lle7 chdmBpdo)ummgdas & &t Bog | | ¢
oil after purification by, Of !l AsBIRdl.c®m® 5¢chr
CHGQIU( 400 ORI, 8.87 (s, -8HOOHQ B, 1 A 7709 (t ,
1H -Ar, 7J399(t-BH 77.4D4 (mB)r,1H7.272. §,ddQ. 5,

AfH) , 6. 95. 6,ddQ.-Br, 144 566 (m, 1H, H9), 4.009
H10) 3.840(add, 4.5, 1H7.H108H, -®182, (B, 88H,
0.11 (s, 3H, H23%)(,10a. WMHZ( sLGBTH, (HR142);, 153.
148.8, 140.4, ,12MI6AX19686, 11(&2B)9 G62&) ,( !
(C25), 15.6 (CR3B)HRESUC Ul athei X INNaSiC [ M+ Na

477.1T29330hd 4VRCHFE48664, 3540, 3248, 2977, 2
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1-( (-B(0 ( tBeurtty | di met) Ipy lcZpyalh)y € h b oy o-pyw 3 4 i( - )
met 29 k-dphenylziomilgd hpy2tyil d idme a

24 11

ﬁs o 12~ 10 o 1
e 81
Cl- 26 N/ N)15LN 13 N/ N)sJ\N 4 2
16 ) Hig 6,\_/ 3
S 5

S 18 S
1; o\sl ~7
_ 1.20
19

21

Ac c or dg ennge rtaol prod&cdcct§ b(@hd)de 68 mmol ) and pri
7(15 0g, 3. 90g amteiotitl hee clo2mp ogh,® d4 8 %) as a yell o
purification by flash ,@ol@i:)+Thrcdmét Q)EHLTPhy |
(400 MH2, 10DAI2 (s,-71H8,8 HIM) 1HP7HA 1)1 H7 .24
7.592H{,m,H12 H1Q03,87.540(daM,. 843 )1, H,7 .H203)(,d,7. 372
2H, H2)7,. 172. a8m, 1H, H25) ;4.78 0D 5( ni,s , 1-4,H4 B 6H1m,, 4 .42
1H, H16-)4,. 24&. (6n, 1HA4. /2B m, U501JB0.83F, (4.d9, 1H
H186), 38.48, (A.d4, 1H6. H50BH, 1BZAS,3HY, 3H&L 7()d, 0. &
0.85 KW, H21), 0.03 (s, USH,O01HIMHEZ, DGHAI7 (6C2 68 H
154.2 (C8 or C1%)),, UB®..6 ((CB oorr )C1131)4,8 . 115 0(. Cl2 2(
140.6 (C24), 139.9 (C4), 139.6 (C10), 128.8 (
(cC23), 108.6 (C11), 107.1 (C12), 65.8 (C18),
20.2 (C7020)18.125 -88. 406)§.)4 (C196dal ciRMSed fo
CFIMONSTI Si ] M+H5. 2614, f ouGK) 59952830, 2R57,

1738, 1715, 1689.
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1I-(&€hl or o2y FI) diB8h) y d r o x ypyrid)pa e t R2-9 k-&

phenyl i milgazobWiyddmumea 13

6 18
e §70 e 8 10
4
cl 2 N/ )1J\ 14 N/ N/2U1\N 24 26
\_\19 23\_/ 25
N OH \\‘ 33

31 34 32

Accor dg eme rt el p r:o cRerdoutreec fL(82dt 91 cnoghhool § p & & e
titlmpoucho8@ 24 , mgB81l %) as a yellow oil after
chromatogr-®@phy:BPE6e . ED. G5, KGO0 MHz, 9C3BG
(bsr.., 1H, -A18P, (M, 8NLHJ7HA7) 1H7-7TAG)1( t(/Mm,5 & H,
H13), 7.51 (m7.3, BRHMH5) HRBD®@ 7(7m,15%52 H,77. A6 HE
(m, 1H, H27), 4.784. 53m,( mMH,1H2 3H9) ,2 HM.3HSB 3(t,,
2H, ,H108)4%. 76s,(bx¥H,3.8BF4%2 (m, 1H,J6H313,6)3H,1
H32), 16.38, (3k( 1WHLZ),; §DAIS4. 6 (C21), 154.1
150.1 (C16), 149.7 (C14), 149.1 (CR)(C2ae1,.
123.2 (C27)YC11»t C5), 11&53,(€®PB)Y9 (T177F, (
65.7 (C10), 57.5 (C9), 49.7 (KRMBal 4Tl 4t ¢ C:
CH2TIgNag M+N:a 503fa660 50BK.CHHN733418 (broad)
28817, 171687

(SHH €hl or o2y Hmeeit M-y € (-Shet B-g k-Bphenyl i mil-dazol i ¢

yl ) pydyil dii mi d2eomncel ilddi n
20 11
C|22N N J7L 13N N)sJ\Nzts 2

15\_/ 6
s 14 S5
16 7

Accor dgennge rtaol PRer)Admie @l &1r0eO (g, O0. 21 tmmdle) cgoanpeo

14 73 mg,as75a %)ell ow solid after puri ficat
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( PEXOEt §:@)+5 .cD. 65, %HEDO MHg, 8cmal 3,d,1H, H19)
7.898(@, 1H, HIO0P, 7185 -HAR23 ,(m, 6TH7. aH6L1()m, 7. !
3H, H3 HZ0)4,2 A.nMB5 2H7.8B2) 1H7. HN.)G t ,72 k0,04 H{ RID
4.91 (m, PH, 4HBI50 .(@4,86,9. 2, 1J8.,8 H1M4H,-3H¥)4,1 J.t7
(m, H144H§) ;3.35549(m, 1H,J6HEO) 3H1. BE){(d138B2 KUG6)
Uc(101 MHZ, 1GRCI1 (C8), 158, 614T19)(ABBDABACLIT?2
C1)3, 148.7 (C18), 139.9 (C20), 139.18.(3C4)C3)13
118.1 (C22), 112.4 (C19), 108.2 ((Cae)or 1MI75)1,
47.5 COB, o020.GB1l{)C,7 DWIBHRMBal cul aHesCI dor C

[ MHH 463 . 1f6o0dudnd 46 R AHDE9, 75, 23 6mp; 1BEABC
(diethyl ether).

(S} 6 Benzyl ami2y ¢dhnpeyt Aigdki (ASme t 2-9 k-B

phenyl i milg ayzrpitdyidn) m mi d2zeomdéebi di n

Accor dgemge rt el pra2achrldaurep (r2ifdli 4 & 0 d eng imm®t i1 VS

anwenzyl amine (12 OIt,i t0.el OcB&nApboodhiyd, %) a vaes tah ey e | |
oil after purification by,Of | asd)-@d61lcODm@®5¢hr om:e
CHGQIUs( 400 N3, 7C 88. 2 d, 1 H, HIL8.)0, 7LH83 H1dO), 7.
J8.1, 1H, H1I4)7, 7052, (2H7,. H3)LH,7-H1490(,d,m, 38H,
H20) ,-77330(m, 2@, 2812 m,HW2A®)5,-HRB29 (m, 1H, H28)
(07.4, 1H, B#1)9, 6LH,6-4H2BD) ,( ™M, 7TBH, HB6H23¥%,68 (n
4.46 (s, 2 B9. 24D ,H,4J00F),t14H, 03030t ,23. 388( ddH

H140) ,-33439H,m,H51) ,J6L.146 3(H,, H¥V§. 1,1.3H, (H16)
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bc(10MHz, £DAI56.0 (C22), 153.2 ()C8 D4TLC7()A
149. 1C) (AL4&E) 7 13A&L) 9 13A&) 7 12&28.2 (C11), 138
(AC) , 12T). 86X 2€)(,Ar12€).,1 {22.2 (Cl), 117.3 (C
(C12), 102.1 (C19), 100.3 (C21(0)C1%4)8,. 745.Cl5)
19.5 (Q7, oEY.CHhH(HBMB al c ul astHedO.f MHHELT3 4. ,2612
f oundad 658K CHL3 45 7, 3016, 297.0, 2947, 2132, 1
(SH AmMi nopRy Mihienh A-¢ € (-Shet B-gk-Bphenyl i mildazol i c
yly)rpi-2yiIn) i mi d2eomdebi di n
N R 1
2 HgNéZl(lﬂjf}éN 13|) N” gé\lé/N@z

R 14 N 5
16 7

Accor dg enrge rt aol pgr)Bcetamée®® 9 mg,mnbo.l 01 7gtaivtel e h
compolé(dé ,mg81 %) as a whit e solid after
chromatogr.@phs :GREL . ED.B6,3); GHGIOO MHZ, 7CBGI

8.01 (mMH1@H HWB72,(0LLH, -F..6524 (m, 3, HI7..AR29 H
(m, 1H, HR.O0491 @(Tm,342-H, 18B2) ,m, 7.10466. 21831 )2 6).1H6

4.74.89 (m, RH,4H®1 HAB. sJ10.23#H, H2B,) ,1H,. 119
J8 . 8,H51)H, 3JBO. I,dd3. 9, 1H,8.18148).,4,3.189. HEd,
3H, H7)1. 49 4@Bm, U H,26HIMH)3Z, 1GHECI8 (C22), 154
(C17), 150.3 (C18C9)1503D.@8CITY),14Fan30¢C
C2)0, 128.8 ((cA?),, 1UB3.32 (C3), 107.7 ),C1D0H.r3
(C19), 102. 4 48C231)(,C1449).,7 4IC54)QOTeE YY), 0623 ( C
or JC16HRMS cal,¢tluN:®f S b4 . Tbahd2486; HJR (Cl

3482, 3366, 3062, .2976, 2896, 1707, 1580
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1-( (-B() ( tBeurtty | di met hy |-2yH)Yy€ hooy p-pyldY 4 {-&)
met B¢ (-Sphpet RygkBphenyl i milg &2 phydxd nn
oxoi mi d-&ylo) py2wihd idm e a
33 20 1
T80T O
CI3 N7 31N)2]4\N AN 18N)1]7\N 13 N/QN)SLN 72
5\ 6.

\  H2s \
25\) 7 15 14

26 ~_’ 16 7
Si

28" )%

30

5

Accor dgienngealt cprorAdurea( et dar mgmnydd .)1 7and pr i ma
amiih@e 58 mgnmod.)1l 3gtaivtel et hcea{nip7o unmgd, 17 %) as a yel
purification by fl ash @0l f:gh)-3c3n(c®H.mMa3 , agCHPhy (
Gh( 500 MH3) 10.28 8,AH, H23), 7.887.98 (m, 3H Ar-H), 7.65- 7.73 (m, 4H,

Ar-H), 7.61 (dd,J 8.8 1.0, 2H, H3), 7.47 (d1 8.1, 1H, ArH), 7.39 (dd,J 8.6 7.3, 2H, H2),

7.16 (d,J 7.8, 1H, AkH), 7.11 (t,J 8, 1H, H1), 4.79 4.91 (m, 2H, HE6H15), 4.35 4.44 (m,

1H, H25), 4.20 4.30 (m, 2H H14, H27, 4.09- 4.15 (m, 1H, H5),3.903 . 95 (m, 1H, H2
369-3. 75 (m, 1H, JB18¢0) 3.3,52HKH6.4daHhE),151Wd56 (d,
J6.1, H, H7), 1.43- 1.46 (m, 3H, H26), 0.8%( 9H, H30), 0.09 (s, 3H, H28), 0.06 (s, 3H,

H28 &c)(;126 MH 3z),155.8 [C31), 154.2 (C8), 3P (C17), 152.6 (C24), 150.3

(C=0), 150.3 (C=0), 149.9 (C=0), 149.8 {B), 148.1 (ArC), 140.6 (AFC), 139.9 (C4),

139.7 (AkC), 139.3 (C20), 128.9 (C2)28.3 (C1), 119.9 (AC), 118.4 (C3), 117.1 (AE),

108.9 (ArC), 108.0 (ArC), 107.5 (ArC), 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 ( GPRBMS al cul atdlOi®IrSi CI: M+ H

770.32@0hd 770. 3334292PR @868H6I, 2361, 1718
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1-(&€hl or o2y FI) diBh) y d r o x ypyrid)pa tome t B-¢ 6 (-5)
met 29 k-dphenyl i milgg & 2 p b2ty dZonxnmo i mi d-&yglo) p ¥+ indi n

yl ) dBe a

2

31 0 11
29 18 9
Cl-33 N/ N)2J4\N 22 N/ N)1J7\N 13 N/ NJéi\N 4 : 2
\ H 23 \ /
25 ) 15
S gy ST
26 28 16

Accor dg emmge rt al p r: o cRerdoutreec t(&d2 §a Incgontnobl | P 3 §av e
title clo8hpaduymdpO0 %) as a white solid afte
chromatogr@ph¥F:Gd)PECER. 04 4);CBOI0 MH29. £DC( s,
1H, 3H2 77..898 ( mH) 3H7J7A88 ,(t1H, -H312, ( MHBGB H,
7.617(8, 2H, 3B3)1l,, T72.H397HAN, (THIPH3I 27 I .25 ,(t ,
1H, H1I4, 941. §2m, . B, 8R6 | m, 41+4,. 5HBL5)m, H2551 4.
J9. 7, 1H, H84Y%, 4H13HH)4, 32H277 af)47 B1L07.15,( d3d.,7
1H, H358 @JJ,8.9,3.3, 1H, H6 ) , -B64%8Bs, 1H, H28) . 566 (d, 3H, H
1.486(d, 3H, HI6L, B3H3IBEE6 MHSII54.TDCI541(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 (AFC), 139.3 (AFC), 135.8 (C4), 128.9 (C2), 123.3 (C1), 121.1 (C32/C30), 118.4
(C3), 117.6 (C32/C30), 109.2 (AT), 108.0 (AFC), 107.3 (AFC), 107.2 (ArC), 65.8 (C27),

57.6 (C25), 49 (C5), 48.4 (C14), 47.5 (C6 or C15), 47.3 (C6 or C15), 20.4 (C7 or C16),

204 (C7 or C19, 15.1 (C26);HRMS a | c u |l astHeMOSfCdr [Q 'M6rHH ],24 95

found 656. 249292KHR @GEAC] 1716, 1583

97



(SHH €h!l or o2y Mmeeit M-y § (-Sphet B-¢ 6 (-Shet Ry k-B
phenyl i mil-g¢ & 2 o 2yldZonxm i mi d-Aylo) py@yihd i mi d2Zazol i di n
onk9

29 20 1

30X 28 21 19 1210 1
e £ 10 £ 10§

Pz pZ ~ )J\ 2

CI73N” N26'N22°N” N7 N3N N8N

24)_/ 15/ e)_/

- 23 S 14
3 3
25 16 7

Accordigegett ol Re)At edtaBdEl2( mg,mmol 0 18 avel & he
compol®(dd ,md %) as a yell ow solid after p u
chromatography (PH: Bl AYl S50Aqka,a) 6H®EIB8 02 )MHz ,
CDQG)I8.2218( 8, JIH, THB®R9 (mH HMiHHNg A7 . 72 -H nr,i R2gH, AT
b/g 77..6669 (m, 1H7.6R9()m, 72180 H3), -7.26 (m, 2t}
1H, H1),J776Q2 BHEMD,44 843 ( mH1BH24)H6 4. 2174, (s, 2H
H2)3, 4.15 (s-3.17H, (HBAKBREE , AB. 54 (m) , 1-H, 56H506

(m, 9H, HAB®;c(H2% MH 3 154.C (@ lor C26), 153.8 (A7 or C26),

153.6 (C8), 151.4C27 or C3}, 150.1 (Ar ringb/c), 150.0 (Ar ringb/c), 149.8 (Ar ringb/c),

149.7 (Ar ringb/c), 148.8(C27 orC31), 140.0 (C29), 139.9 (§4139.4 (QL1 or C20, 139.3

(C11 or C20, 128.9 (C2), 123.3 (C1), 118.4 (C3), 118.1 (Ar riygl12.4 (Ar ringa), 108.6

(Ar ring b/c), 108.2 (Ar ringb/c), 107.5 (Ar ringb/c), 107.2 (Ar ringb/c), 49.8 (C5), 48.4

(C14 or C23, 48.3 (4 or C23, 47.5(C6 or C15 or C2% 47.5 (@ or C15 or C2% 47.4

(C6 or C15 or C244 20.6 C7 or C16 or C25)20.4 C7 or C16 or C2p 20.2 C7 or C16 or

C25:; HRMS al cul atisNOSf ®Ir [GM46H8 8 . 2f3B8WONnd 638. 2383

(CHB) 2924, 285mp: 9ITXABRABC (1ki8sBt;hyl et her) .
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(S)(9H-Fluoren-9-yl)methyl tertbutyl (6-hydroxyhexanel,5-diyl)dicarbamate20

Accor dg edmgeprtaolc e dyuFneclcy 8 { ®délc ( 5. Ommag |l )1 Ogtaivtel & h
compo2@d(d4d. O g, 82 %) afst edx whuirtid i sat i dn l
chraotno gr aP)hfyd{-B80 .cD. (L ,CH,Q( @0 MHz 5) 7.TOEI 7.6,

2 H, H5), 7.60 (dJ 7.6, H, H2), 7.37- 7.43 (m, 2 H, H4), 7.287.34 (m, 2 H, H3), 5.25 (d,
J7.6,1H, H10), 4.654.73 (m, 1 H, H18), 440 @6 . 6, 2 H, H@5MHHp) A6 4
H7),349-3. 74 (m, 3 H, H1323(MHAR , HH1 2 6 H-1BRM,9 91 . 5
1H, H14),1.41-1. 52 (m, 12, HY16H1 4 6HAAHWL,BHH.15Q0 H1506)
bc( 1 MHz , 4£IBET (C=0), 156.4 (C=0), 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), 28.(C16), 28.3 (C21), 22.6 (CIBHtRMS al c ul atleNMOsNaor C

[ M+Na 477.2360, :1RunapH4333@352936, 2864, 2

1689, 1524,

(S)tert-Butyl (6-hydroxy-5-(4-methylphenylsulfonamido)hexyl)carbamatsl

5 3 1
0. N
et Pl
0 o 8HN\S//O 13

Accordgegeptranlc e duF reopcf Dt ect & & 2a MiOn eqg , 4. 4 mn
ResiAueAccorgdeinneg att o pr:ocRafliadauwe( 2 p vy | chl ori
8.Mmol )tgave QdnpoOu/indg, 63 %)afasera poualidurclad s

col umnatdgoap)hyd](+#t 61 .(00,3); GHEDO MHz-gy)7.68MS O
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(d,J 7.0, 2 H, H13), 7.35 7.39 (m, 3 H, H8, H14), 6.646.70 (m, 1 H, H7), 4.60 (] 6.0,

1H, H11), 3.20-3.29 (m, 1 H, H1),3.063 . 13 (m, 1 -301(MHIHOH2),2.74. 9 2
i2.75 (m, 2 H, H6, H6 6150 (m21HHE3), (.38,(s, BH, H10), H16) ,
1.16 (m, 4 H,) 083-0.99(HY , 1H S ( H5E0 MH z-gs) 1560 S O

(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), 2(CA6);HRMS al cul at ed f o
CibsN:0NaS [ M40®. 1768, f;0uln®epa30592.8167,6383 @82, 2930

2865, 1681, 1598, 1526.

( St)eButt y-hy d 65(x4yi t rophenyl sul fonanm do) hexyl )car |

16 17

Accor dgemge rt al pY o cFepdouortee c(t2Bj6( 1a Gi0On egmo 13). 5da v e
ResiAlag a white sogemeprabdlceadudidRregARatinode nos vyl
chl oride (mmdl )mggtaivdel A9h@HAmMpPpoUL ntly, a1 a whi te f
after purification by fl®sh 1cdf]) #2mhic t.hd ®,mat og
CHG) th( 400 MH 2 8.08C3E (m, 1 HAr-H), 7.80- 7.84 (m, 1 H Ar-H), 7.70-

7.74 (M, 2 HAr-H), 4.72 (tJ5.9, 1 H, H4), 4.28 (br. s., 2 HH11, H13, 3.47-3.52 (m, 2 H

H10, )B.400346(m,1HHY), 2.89-3.01(m,2H H5),1.4A-8.68 (m, 2 HHS,

H8)61.39 (s, 9 HH1), 1.31-1. 36 (m, 2 H,-1.206m, 2H60687); 1H7L&8

Uc( 1 MHz , 4{I56.1(C3) 147.5, 134.5, 133.4, 132.8, 130.4, 125.1, 1€2), 63.9

(C10), 56.4(C9), 39.7(C5), 30.9(C6), 29.4(C8), 282 (C1), 22.3(C7TyHRMS8 al cul at ed f o
CiHoaNsO;S [HM 416. 1fdu7nd 4 16l.RCHOETB52 (broad), 2938

2253, 1686, 1540.
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(S)tert-Butyl (4-(1-tosylaziridin2-yl)butyl)carbamate23

7
H
9 O\ﬁ/N\/s\/&%1
10>( I 6 4 N
0=S=0

15
AccordigregeptradcedyA¢ cdR®EI1. 07 ogumol2). 7gdavel & he
compodi3(d 5r0g 74 %) as aafa¢ @®lrouprureisfsi caitli on
chraotmo gr aPhfydI#80 .cB®. 0,3 GHED MHz 3) 7.¢A0II7.2,

2 H, H12), 7.27 (d) 8.6, 2 H, H13), 4.484.60 (m, 1 H, H7),2.892 . 98 (m, 2 H, }
2.617 2.65 (m, 1 H, H2), 2.54 (d] 6.8, 1 H, H1), 2.37 (s, 3 H, H15), 1.98 (4.4, 1 H,

H16) ,-1.88(n% OH, H3),1.301.41 (m,11H H5, H506-128{m,BHH3 &, 138
H4, HA01)MHz , £ IB68 (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 (CH, (PA0), 23.8

(C4), 215 (C15HRMS al cul at .dN.ONaB [CM+N391fbata,

301.;1R68CHB391 (broad), 2977, 2932, 2865, 1

(S)tert-Butyl (5-(4-methylphenylsulfonamidop-(phenylamino)hexyl)carbamat25
1%30;7 .
NH 13 14
o =

8 11 12
)
(0]

2! 17 11
0 16

19 18

Accor dgenngprtanlc ed yAzi ( 2@&ilroe mgno &P d2ani |l i ne (
gavetitthlee Qd&nipbogu n@5 %) asafat ewhipwer isfoildalt i on
chraotmgr(ap eyt hy[l@e-2BaB) O, ) GH@HO MHz ) 7.670d |

J8.1, 2 H, H18), 7.17 (dJ 8.1, 2 H, H14), 7.03 (dd] 8.2, 7.0, 2 H, H19), 6.576.63 (m,
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1H, H15), 6.36 (dJ 7.8, 2 H, H13), 5.23 (br. s., 1 H, H11), 4.47 (br. s, 1 H, H4), 3234

(m 1H,H9),2963. 05 (m, 2 H,-2H1904, (H1,062 ,H,2.838, H50)
H21),1351. 37 (m, 11 H, -1H126 HS8m, HBo6H-11H®,2HH606) , 1
H7),0.97-1. 08 ( m;lUc (1l OHH z , H 748I56.1 (C3), 147.6 (C12), 143.4 (C17),

137.6 (C20), 129.6 (C14), 129.1 (C19), 127.1 (C18), 117.4 (C15), (€28, 79.1 (C2),

53.1 (C9), 47.8 (C10), 39.8 (C5), 32.6 (C8), 29.6 (C6), 28.4 (C1}, @), 21.4 (C21);

HRMS al cul atheMOS[oMHkA62. 2421 f ot Rd §08)6323.9284 2 0 ;

(broad), 2976, 2932, 2864, 1688, 1603, 1510.

( St)eButt y-( 4§ D5r ophenyl-6s(uplhfeonnyal naindion)o) R&xy !l ) car bam:

According togeneral procedure (3e Aminc-alcohol22 (183 mg, 0.44nmol) gave residue

A which was purified by flash column chromatography (PfEtl:4 and the reaction
concentratedh vacuoto a total volume of 2 mL. According tgeneral pocedure (21 2 mL

solvent containing Residuk gave thetitte compound®6 (70 mg, 32% across 2 steps) as a

white foam after purification by flash column chromatography@Et &°+3 8 .ca. 0 0,
CHQ)I{u( 400 MHg 7.93Cdd,L1.5, 1.61H, Ar-H), 7.65- 7.69 (m, 1 H Ar-H),

7.45- 7.55 (m, 2 HAr-H), 6.97 (ddJ 8.3, 7.6 Hz, 2 HH14), 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 HH4), 3.55 (tdJ 7.6, 5.1,

2 H, H9, H1), 3.12 (ddJ 15.0, 5.0 1 H, H10), 3.02 (ddJ 15.0,5.01 H, H106R298 2. 90
(s,2HH5),144-1.54 (m, 2 H;148@,13H606H1,, 1H73,3)H76, HS.
Uc( 101 MH2),156.0(0%),1147.4,147.1, 134.3, 133.3, 132.7, 130.5, 129.1, 125.1,

117.5, 112.510 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; HRMSc al cul atH:dNsOBor[ MFEMI 3. 2fidlbn d
493.21CRCH)3344 (broad), 2955, 2912, 2875, 2

(S)tert-Butyl 6-azido2-(2-iodobenzamido)hexanoat2?

Accordgegeptrandlcedubieari2®el 10 mgnmo@n24 tri phos
( 3mdg , 0. 1@®awmenoiithlee QolmpBgu ned0 %) as a acfotleorur |
purification byatfolgasatp yo0 UPEr EBtoh.cb.m6 0,3 CHCI
Uy( @0 MHz ;) 7.€610dJ 8.0, 2 H H10)7.33- 7.39 (m, 2 HH11), 7.21- 7.28 (m,

4H, H6, HY), 6.99- 7.05 (M, 1 HH8), 4.45- 4.55 (m, 1 H, H18), 4.324.40 (m, 1 H, H3),
3.93(,J9.2,1H,H2),3.44(dd]9. 0, 3.0, 43.H),6 HZ2md,) ,2 2H,98H1 7,
(s, 3 H, H13), 1.92 2.02 (m, 1 H, H14), 1.751 . 86 ( m, 139-H,52 (k1244 ) ,
H16, HI5Gs09H, H21),1231.31(m, 2 H, WLSEMHEH]LS5HBEO

(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 (CIH3 (C21), 21.6 (C13), 20.9 (C15);
HRMS al cul atkeM:0:M @ 8M+[@8 &% 10.,2f003u3nd 51 0. ROBCH

3396 (broad), 3064, 2975, 2930, 2866, 2115,
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( St)eButt y4 8 (ndi t r ophenbXxbBpuhdgmynlyilmiddazol i di n

yl)butyl P8ar bamat e

4
H
2 0.3 _N 8 & g MO 11
\n/ WN 14
1 e} S 7() N5
Og:\l 35( \\< 12 13
16 \O O

20
17

19 18

Ac c or dg ennge rtaol p ). o e duti 8n0e( dgno 1 Q). lg@aivtel ¢ heo mpoun
28( 35 mg) 68 & whiper isfoildat iaofnt ery fl ash <col u
(PEOEt ;W) 541 (00,5 KGO0 MH32) 8.36C®43I(m, 1 H

Ar-H), 7.64- 7.69 (m, 3 HAr-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 HAr-H), 4.42- 457 (m, 2 HH4, H9, 4.21 (tJ8.9 1 H,  H)13%9 (dd,

J9.2,1.6,1 H, H10, 3.03-3.12 (M, 2H H5), 1.8451®8 (M, 2H H8), 1.448 6
153(M,4H H6, HE)PLIBHIHHIH 7101 MH 32 156.GCB%151.0

(C15),147.9, 138.2, 134.9, 134.7, 132.0, 131.9, 129.1, 124.6, 124.3, (108@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),

HRMS8al cul ajke OB Na [C(CNM#H).]1727 foundRGWAH1723
29 8209,3 3, 2865, 1734, 1705.

(S)tert-Butyl (4-(2-oxo-3-tosylimidazolidind-yl)butyl)carbamate29

15

17 16 14

(@]
13 9 )hz
//S\N N
o \J

(o) 5

6
1§2\ )N
(0] 4

Accor dg eme rt al p r: o chezdi @ rde@ b(B2enmg , 0.67 mMmol) gav

H !

739 10
8

Accor dg emmge rt aol p r: 0 cReedguerded e(t2roi)phosgene (80 mg, 4

t hteit t 1 e dmp2dDU nmg, 79 % over two Ssteps) as a
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flash col umn c@)[pdfia® 8gcelda Py, 5) GEEO MHz 3

7.82 (d,J 8.3 2 H, H14), 7.23 (d,J 8.1, 2 H, H15), 6.31 (s, 1 HH11), 4.55- 4.67 (m, 1 H

H4), 4.20- 4.30 (m, 1 HH9), 3.44 (tJ9.2 1 H H10), 3.05 (ddJ9.2,3.51 H, H106) ,

3.03(m2H, H5) 2.39&Pp3 HH17), 1.78- 1.89 (m, 1 HHS), 1.67- 1.78 (m,1 H,

H8)p1.35-1. 44 (m, 11 H, -H27(MB6, HB)HPRHIMHILI

C D G)I156.1(C=0), 155.9 (C=0)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), BL(C17), 20.9

CDCI

2.

(C7); HRMS al cul atiddN:0Nas [CM+4N3a4 ., 1f72wnd 4341L.R72

(CBH)3342 (broad), 2691, 2914, 2890, 2854, 1

( St)eButt y-( 3 ¢ trophengbXeumfdaghb)bhudtyn B6arbam

s
18137, O
17

14

According togeneral procedure (3eAmino-alcohol22 (548 mg, 1.3Immol) gave Residue

A which was purified by flash column chromatography (PEJEt1:4 and reaction
concentratedh vacuoto a total volume of 4 mLAccording togeneral procedure (9n4 mL
of solvent containing esidue A gave residue B. According togeneral procedure (20)

ResidueB gavethetitle compound0 (140 mg, 24 % across 3 steps) as a yellow fafter

purification by flash column chromataphy (CHCl,:MeOH, 19:1);[ &°+9 0@c1. 00,

CHQI( 4 MBIz, $BI48.35(m,1HArH), 7.62- 7.70 (m, 3 HAr-H), 5.98
(s, 1 H H4), 4.68 (br. s., 1 HH11), 4.35- 4.45 (m, 1 HHY), 3.66 (t,J 8.9, 1 H, H10), 3.13
(d,J9.001H HI1306(dJ6.1,2H H5),1.78-385(m,2H H8), 1.4p-8.61
(Mm2H H6) 1.3AEGH9 H, H), 1.311.34(m, 2H H7) c®@TO6G1 MH3),

169.3(C12), 155.0(C3), 147.7, 134.5, 134.3, 131.9, 131.7, 126& 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;HRM8 al cul at ed f o
Cik2NO/SNa [[M4&6&5. Fdouhd 465 .RCHIEIH3I7, 3096, 2978,
2865, 1711, 1685.

(St)eBut y ML ®r omop-2y 2 k-8t osyl i mMdgd g dluit gl n car bam
31

According to general procedure (2q) Amine 29 (200 mg, 0.49 mmol) and
2,6-dibromopyridine (136 mg, 0.58 mmol) gave titte compound31 (110 mg, 40 %) as a
colourless oil after purification by flash column chromatography (B&:EL:1);[ @9° - °
+24.c8. 00,3 ®HEDO MHg8.01@dd,L4.3, 0.71 H H20), 7.90 (d,J 8.5
2H, H13), 7.39 (tJ 8.1, 1 H, H19), 7.27 (dJ 8.1 2 H, H14), 7.08 (ddJ 7.6, 0.5 1 H, H18),
4.48- 458 (m, 1 HH4), 4.36 (br. s., 1 HHY), 4.01 (dd,J 11.0, 9.3 1 H, H10), 3.76 (dd,
J10.9,331H H106i)3,06(@ 288 H5), 2.39 %53 HH16), 1.90- 2.02 (m,
1H, H8), 1.69- 1.83 (M, 1 HH 8)p1.41-1.52 (M, 2H H6), 1.3 6,00 H, H1), 1.24
1.31(m,2H H7) c®T®Hz, $I560(C3orCl), 156.0 (C3 or C1} 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), 1120 (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 al cul abti:®NONaBr CMENa
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591. f@uhd 59 1U.RCUYTHIG66 (broad), 2960, 2914,

1442.

( St)eButt y L 4 omop-2y i3 tn@i t r ophenYb)xeuimmi dé&yob)i d

yl )butyl B2ar bamat e

4
H 20 21
>T/O\[3]/N : 8 N 19/ N2
5 7
S. r
18 )13 \o (0]
17
14
16 15
Accordiggnetral proceAlmiB@d€l 3(0thg )O. 2rAmo | ) and

2 ,-06i bromopyridine (81t mgl e O0S&B6p0onomogl,) 3gha V&) teé
yell ow foam after purificationOpyl[fFrSh c
+25AL. 00,3 HHEDO MH28 3c.CA1 (m, -H) ,H,7 I®dle vid,
H, ®H22 77..6763 (MmN yH7IB891,(t1 H, H216 1 HR200 (
4. 42.55 @mH, H4, JAD) 9,6 4182100 dJB08Y9, (1@dH
H1Do 33..0133 ( mH5R, HHBEOG8934 ( mMHBY. H46. 54 @EmHG6,
H6)0L. 36 (s, 9-1H,38&H1,)2, HAL,WWETZIO01 MHZ 15 6DI3I)
150(®B24)15C1D)14&18)13€28)183T28)13MNo&y!l 134. 8
(No€y| 13No&€Yy!| 13C1824Nds§), 123.2 (C20), 11
( C25)4,( T9) 4(7C 140 )4(0C 51) 3(5C,%) 2(9C,8) 2(8C14) 2(1C )R MS
calcul abi®dNsO0:8BrM+E]598. 0966, f ouRd {CHH 83 DD® 9 ;

(broad), 2980, 1733, 1716, 1698, 1684, 1657
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(S)tert-Butyl (4-(2-oxo-1-phenylimidazolidin4-yl)butyl)carbamate33

(@) ﬁ 2 SQE
Yoy (o

>2(O 12 Ny o,
]
15

16
Ac c or dg ennge rtaol pyoclTedyne prfad@ 60t eedgnneothi)ha @ ave t he
titl e c3o3mp o u méno) a5 a colourless oill after p
chromat ogOERIYS QEL. 00,5 GhHEO0 0 MH 3 7.46 @®BIDIO,

1.0, 2 H, H14), 7.24- 7.29 (m, 2 HH15), 6.95- 7.00 (m, 1 HH16), 5.07 (br. s., 1 HH10),

451 (br.s., 1 H H4), 3.93 (,J 8.8 1 H, H12), 3.68- 3.75 (m, 1 HH9), 3.46 (dd,] 8.8, 6.3

1H, H13DH3.11 (M 2H H5) 1568-869M,2H HB8), 1.44-8.60 (m, 2 H

H6, )HB7(s, 9H, H1), 1.291.35(m, 2H H7) cWIO1 ®IDIQ)158.8

(C=0), 156.0(C=0), 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 cal cul at ed
Ci ko N:Oz[M+ H]334. 2125, f o RN CHPRIDB.02 1 129;4 8 , 2322, 16
1541.

Tospyrlot ected Di mer 34

4 10 16 21 (0]
2 3N &1 (A
; 5 7 24 <23 5y O

26 N~
o)\jv
31
According togeneral procedure (2gAmide 33 (14 mg, 0.04nmol) and bromid&1 (29 mg,

0.05mmol) gave theitle compound4 (21 mg, 61%) as a colourless oiftar purification by

flash column chromatography (PE:&t 1:4); [ @]°  %25. ¢ 1.(00, 3 CHCI
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Ua( 5 0161 zG D G)I17.92 (d,J 8.4, 2 H, H13), 7.88 (d,J 8.0, 1 H, H17 or H19, 7.67 (d,
J7.9,1H, H17 or H19, 7.55 (t,J 8.0, 1 H, H18), 7.48- 7.52 (m, 2H, H33 or H33, 7.25-

7.33 (m, 4 HH14, H33 or H3) 7.01- 7.07 (m, 1 HH15), 4.91- 5.00 (m, 1 HH4 or H28,
4.76-4.84 (m, 1 HH4 or H28, 4.53- 4.61 (m, 1 HH9 or H23, 4.32- 4.39 (m, 1 HH9 or

H23), 4.03 (t,J 9.0, 1 H, H10 or H22, 3.98 (1 J 9.0, 1 H, H10 or H22, 3.64- 3.72 (m, 1 H
H1006 o0)r3.534H@dy6.0,3.01H H1006) 296-3@@MP4H H5, H506,
H2Y, 8.36 (s, 3 HH36), 1.97- 2.04 (m, 1 HH6 or H26, 1.89- 1.96 (m, 1 HH6 or H2§,
1.77-1.85(m,1HH6 & oY) 1.60216HmM,1H H66 or -HEAEHIH, H81. 38
H86, H2,4.36 (3 2HHL or H3), 1.34 (s, 9 H, H1 or H31), 1.241.30 (m 4 H, H7,

H76 H25 ,c(lll 256 MH 2 156.GICEA3, 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 (ArC), 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)534 (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 al cul atbs&:06 o [ NIEH
820. 4®&and 8RR.gLGBB 15, 3001, 2998, 2963, 16

Deprotected Dimer 35

16 31
o 1B A1 o 30 32
JQZ 14) | /[EB 2@
BHN® 'N” "N718°N” N
\/ \/
8 J9 10 20 19 27
7 21

22
(@) 23

6
o 5
1 %;OX\NJ;—' 34 %2;6025 ’\jzl:t'
According togeneral procedure (2r)N-nosyl urea36 (21 mg, 0.025 mmol) gave thdle

compound35 (16 mg, 96 %) as a pale yellow residue after purification by flash column
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chromatography (CCl:MeOH, 9:1);[ & +2 0 .cD. 1 0,3 HHBO MHz 3 CDCI
7.79Jg.dd,, 3.-Bdr, J7..6753 (mHA)r,14™A .56 (mH)3 H, 38T
(97.,9 2 -B®r, 77..0006 (mMAWr,1 . 04, ( bA. s . #42O0OH ( m,

1 ,H H4 or 4423668 (m,pi1d24. 28 (m, 1 HL,9.1B13), H4. 1
H10), J8.,991 (M27 33..6/66 ( MH®BIBBHG60 (m, 1 H, H100),
J8.9, 3. H2,70623.99 (m,H54 H506) , H23IGMM2HZI,3H82 H
H2)0, 41..4721 ( m, 10 H, HG6 , H6 0, H7, H761. 388 0, H?2
(m, ,18HIH); HBMHZA, £DBAI(C12 or 1GXB8)2 aor 1GXR)1

or ¢€283%4£33 o0r €36)3, 149.6, 139.8, 139.2, 134
(9ArC) 7(92Q, C2, 5(12m))4(9C %) 4(8C 180 )4(7C H7 )4(0CHA or
C23) 40C5 oy .82C8) o &208 oy Q63 oy ZHJ2AXE) or
C22) 286C4% or, QBLAE o, QLB or 2ZAGD or c21) ;
HRMS8al cul ajkgNOsf[ M+1HC 666. 3974, ;f oluR@i(338BE@. 3968
(broad), 2923,13289%5,3,1316761.0, 1522,

Nosp/rlot ected Di mer 36

40

21 / 31
i 2 Sl 1 B s@
N 24 N

28
29

30

16%\»;N NH

13 4%03231
Ac c or dg ennge rtaol prodediixdeze Mmgaqg) 0. 06 nipB3 Q) mod br
0.05 mmolt)i tglaev e @npdo umgl, 47 %) as a yellow re

by sfhl acol umn chr cOdaMeQiH.ap BV tY6CGL 0. 10, 5) CHCI

(B0 MHz 5)8E®&I 43 (m, 1J&H)Q, 72 .98)r,( &7d,6761 ( m,

3H, MWr,.53.56 (mH)?2 HIBAHY,(dB)H, 7TAB.09,( tH) H, Ar
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7.0407(4¢,1 -Mr, 45.9550 (m,H1B )hr 4W3IR3 (MH1IB Hr
H3)L, 44..5675 ( mH81 ok 42430 H,m,H8L or HIDG,)5,1 4H 25
H17 oY, H35980,(t1 H, H17J%9r0,H3B)H, 3HT®O6 (dr, F
J9.0, 2.81706)pr 33HBIE06 ( mH12, HH12)06, 146D ( M30:¢
3H, 3 of H9, HOGU..6B527( mMH2FDPHHO9, )HO &11..3582 7( mH
8 H, H10, H1006,H2I8DP1, HRD1l 6 ,H2BDY ,(1/BLHBE); H34
be(1MHz, £DBEB. 2, 156. 4,4 x54C=AG)0 .16,0. B48. 6,

139.5, 134.9, 134.8, 132.0, 131.15,-Q12A8991

(C1l5 or 7081y C33MUCSH oy YEEB oy Q2E6H7 or C35E
47 (E17 or 40281 C12,3(5CBOY; &2CH or C27), 30.
C29), 30.3,(Q@@B2Apr CLRX)2CRI) or 2C(2BY0 or C28
HRMS al culraiBNO:BNaM+[NaB73. 3576 f ounldR:GB{GH 35
3367 (broad), 2928, 2858, 1709, 1584, 1485.

Bo-Protected Tri mer 37

22 48
920] 738]
J\ N 24 N)k N 42 N%]\

44
3 5 \‘8 17 26 35 SR

" N 273 {50
10 28 51
11 29 52
'e) 30 O s3
15 N—NH YNH
16 % 14 13 " >33032 31 0 555 54

57
Ac c or dg ennge rtaol pyodeadigdezeé Mg 0. 03 nhipb0) mod
0. 05 mmolt)i tglaesv eBd o umgl, 56 %) as a yellow
by flash col umn »€h Me®at o[g¥iaifihdy. 00 OB, )CHCI
m(GBMHz, £OC42 (sHr,.19TH. 92 (mH) 1 HIB.B0 [ dAr

H) ,847 7d.,9, -H)H, 7A¥.03 {d®r, 7.69, (Br, &.66781L H

(m, ,1-WH, 7.6,1 Wrs,57. 59 (mH)2 RJIJBAT,(dH)H, At
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7.32 (d,2 ®rl.17..0035 (m@Er,l 5. 51, (MNH. 5s131(bBr. s,
NH, 4.79, (NH. 44s.66471 (HnH81 oiH H2 6440 85671H44mH81 H
or H26) por44H448 ( mMH81 oH HZ264a02236H4 LY H3I5 or
H4)5,. 04 .11 (m, 1 H, H17 JOr OH33 &r HAT) or4 HBE (
(brJd9.do,, 2 H, 2 of H17XD9, . 0H3 530.,H 1H/A4® 609r, )H3 &6 ord
3.0%#. 08 (mH1@,HH1206, H3O0, 41RA3801G, ( BB3  fHEHIG HI
H11, H116, H27, H276, H2p, HP2.EM2 (HHB,0, 4 H5 G,
H9 06, H11, H11606, H2 7, H276,) HaHal,. 4H2 9(om, H5O0H, HH
H28, H51Y2.Q, 368 (H, 2 H&f7)HLE,. 8¥HHB 40r0)H34 or
1.17.21 (m, 3 H, ®{OMHzZH2EDEE6HE106)L56.2, 156.
153. 7,61%0.CROpP. 9, 149. 8, 149. 7, 148. 7, 147. 9
134. 8, 132. 1, nRia.. 7, 1U28..H, UANB..A%, 2PO9. 3, 1
ArC) 7(92Q@, 2 of Cl5(CD330or CEBP(4E6 6BE6L26 or C-
51(€6 or C265bd062 M4r4)C26 4(0Q157C4o4r) G3 54(7€ 837 C4 b))
C35 or @G@GCH®r C35 ,0r40C¥B)or C304(0C52CH3) C30 o
C53) 40C142 or GC3®B5098 €53¢C2 73(8r93 @50 )C273(8Cr9%0 C50)
or C27 ,0R30CFD)or G2930€d51 ChbR) G292(9€d91 CbR) C29 oI
C52) 2(8C156 or G342(8af46 Cb7 ) G342(8ai46 C67 ) G34220r7 C57
(C10 or C(C2822cn50CHT) C282(CriB0CHT) C2 &R ¢APHCS51) ;
3350 (broad), 2945, 2HROGIS 2&4 4 uslplall, ®AN afSh 6 9 T,

[M+N&1205.5424, found 1205.5432;
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Deprotected Trimer 38

21 / 39 / 41 o 47 49
i 8 Joall 1 Sorall @
3 5

N 24 N N 42 N 43 N
; 9\~8 17 27\26 35 S50
10 28 51
11 29 52
512 % 30 5§
H,N H,N H,N
13 31 54

Ac c or dg ennge rtaol pr o@&mdcatrec t(¥2ammge 0. 016 mmo
title S8d@dmMpomgn,d 14 %) as a colourless oil af
(MeCM)HE]’+11.c® 00 (B0 MERBQDS. 3537(d, 1 H,
7.8D.87 (mH)4 MJIGBA(dBHH, ADT779,(dH)H, 7TABH8 (
J8.2, 6.-B), 27TH560A¢C@, H, H&87D H-A)Ard7X8834 ,(t2, H,
H48), J7..048, (1t ,H,-4H88) ( m4. &2 H,8 H44 +42185% (4m,5
1H, H8 or H2808, 9.241 H3H17 ¢r ¢i2b), 4.7 J10.3, 1 H, H17 or H35),

414 (t,J9.2, 1 H, H45),380 (tdJ)8. 9, 3.1, 2 H, HB9 81 1H350),
H456)-:2.29591( m, 2 H, 2 of H12, HABM 4HABEF, H3
H12, H126, H30, H3D.6QO HEM, H5B6)H9,1.1896, H
1.70-1. 77 ( m, 2 H, 2 of H11, HL.1®&9 MH®9,2 HRO9O6H
H29, H296, H52., 6 H5Qm,) , 4 1H534 of H10, H100
H296, H51, H511406-,1 . 452 ( mH5 26 )H,, 4 of H10; H10
(126 MpxD15GD 8 (C=0), 154.2 (C=0), 150.9 (
or C42), 150.0 (C20 or C24 or €38 or CC42),
or C24 or @38 001 CCJQ),13B3C®). 4 AUrFI). 0 1336 (A
134.2 (C2)xX),13B088(AIC6), C28.828C48)YC4924
109. £)(ArL0B8). 2 Y0KF). 7 (1»Z). 4 FAr2 (C8 or C28),

50.c44), 46.0 (C17 or C€35), 39.2 (2cCc, 2 of
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35.2 (C9 or C27 or C50), 32.4 (C9 or C27 or (
ci1, Cc29, C52), 26.8 (C11 or C29 or @52), 20.
C51) , 20.4 (C10 or €28 or CC51); C45 and C17/ 3
identi fied by HSQC as bei ngtbRMS 4@&] 0 ulaantde d4°
CabsN:1©/S[ MH¥883. 4 found ,C8)833420 | Rbr(d2a4d6)5,, (2b9r208a d

1582, 1484, 1450.
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2.14.4 X-Ray Crystallography

Low temperatur® single crystal Xray diffraction studies were carried out bhusing MoK
radiation on a Nonius Kappa CCD diffractometer equipped with an area detector and graphite
monochromator, within the University of Oxford Chemistry Department. Datd%avere
collected using Beamline 119(EH1) at Diamond Light SodfcRaw frame data we
reduced using CrysAlisPRO [CrysAlisPRO, Oxford Diffraction /Agilent Technologies UK
Ltd, Yarnton, England.] (fot9) and DENZO/SCALEPACK and the structures were solved
using SIR9%’ (for 7) or SuperFlig*® Full-matrix leastsquares refinement of thérsctures
were carried out using CRYSTAL®>° Compoundl9 was found to be twinned by rotation
about thea axis™ Full refinement details are given in the supplementary material (CIF).
Crystallographic data (excluding structure factors) have been tkgphogih the Cambridge
Crystallographic Data Centre (CCDID300669) and copies of these data can be obtained

free of chargevia www. ccdc.cam.ac.uk/data_request/cif.

Single-crystal X-ray diffraction data for two -residue mimic 14 (CCDC 1030069

Crystal Data

a=11.99400(10) U 90°
b =18.01090(10) /b 90°
c=20.5992(2) A o 90°

Volume 4449.90(6) A3 Crystal Clas:orthorhombic
Space group P22,2; Z= 8

Formula Cos H23 C|1 N6 O, M, 462.94

fCeII determine 19908 reflections (_: e | Iranges -27°

rom =

Temperature 150K

Shape neealle

Colour clear_pale_colourle: Size (r)nr1n8 x 0.24 x 04
Dy 1.38 Mg m® FO00 1936.000
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g 0.207 mnt

Absorption .
correction multi-scan
Tmin 0.88 Tmax 0.96
Data Collection
Diffractometer multi-scar
Scan type ¥ SCcCz¢
Reflections measurec 105496
Independent reflectiol 10151
Rint 0.0573
COmax 27.5198
h= -15 Y
k= 23 Y
| = 26 Y
Refinement
P Jnin = -0.23e A
0P fnax = 0.31e A
Reflections used 10151
Cutoff: 1 > 3.000G(1)
S= 0.99
R-factor 0.044
weighted Rfactor 0.069
P/ mik 0.0007
Flack parameter -0.07(4)
Refinementon F2
w = WNj F( BRI 6 o) @F
[POTONj( X ) 1T1Nj( X B + n-lTn-le-( _}(
wNj = where Rare thecoefficients of a Chebychev series X} and x =

I:calc2/ I:calczmax-
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Single-crystal X-ray diffraction data for three -residue mimic 19 (CCDC1030069

Crystal Data

a=7.3961(2) A U 90°
b =26.2836(8) /b  95.017(2)
c = 15.8744(4) lo 90°

Volume 3074.10(15) A3
Space group P2
Formula Ci3Hsz; C|1 Ng O3
Cell determine 16129 reflections
from
Temperature 120K
Shape needles
Colour clear_pale_colourle:
Dy 1.38 Mg m®
£ 0.176 mnt*
Absorption .

: multi-scan
correction
Data Collection
Diffractometer multi-scar
Scan type ¥ SCcCz¢

Reflections measurec 27824
Independent reflectiol 11323

Rint 0.0490
dmax 26.1930
= 9 Y
= 28 Y
= 19 Y

Crystal Classmonoclinic

Z =
M
Cel |

Size

FOO00

Tm ax

4
638.13

Co_26°

0.01 x0.02 x 0.0
mm

1336.000

1.00
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Refinement

O Jnin = -1.17e A3

O Jnax = 0.95e A

Reflections used 11278

Cutoff: | > 3.000(1)

rPea]}irrz]aé?jeters 830

S= 0.95

R-factor 0.089

weighted Rfactor 0.217

P/ mik 0.0011

Refinemenbn F2

W = wWwNj F( Rl 6 )22 F
[PoToNj( X ) + 1TaNj( xB +  paTnaNj( X

wNj = where Rare the coefficients of a Chebychev series;i(x),tand x =
I:calczl I:calczmax-
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3.1 1 -Sheets in Nature

The edgeo-e d g e

b-sheet. This hydgen bonding places tt@ U 6 sadjazdnt strand4.7i 4.8 A apart with a

residue length of 3.B 3.5 A! This residue length islightly storter than the corresponding

di stance

fully extended conformation to accommodate sheet formafitwe. interstrand hydrogen
bonds that stabilise the sheet structure ateséen 1.9 and 2.8 in length The strands can

arrange themselvés parallel orantiparallelalignmentgFigure 3.).

hydrogen

b ondi n-gtrands¢Chaptere2h cretites a

Inter-residue length
3.3-35A
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Figure3.1A:

Inter-strand
length
47-48A

-strand laighlightigkealility b6f the main chain to move away from the

P a r-shéef 12nemifered hydrogebonded ring shown in orang®: Anti-parallelb-sheet 14membered

hydrogen bonded ring shown in red-ih@mbered hydrogen bonded ring shown in b@ieCrystal structure of anparallel
b-sheet showing hydrogen bond lengths (PDB: 1IL8).
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Parallel sheets contain only twelsembered hydrogebonded mgs whereas anparallel
sheets alternate between ten and fourteembered rings. It is generally thought that the
anti-parallel arrangement is more stable due to better amide and carbonyl alignment for
hydrogen bond formatioh.Mixed sheets of parallel and amt@rallel strands are also fouhd.
Sheets can be formed from a contiguous sequence contegtedtarn dr hairpin unis, or

from stretches fopeptide far apart in sequence or from two entirely different peptides.

T h e-shdet isa structural motif fequently used in Nature, and as such is found in key
structural proteins such as spider silk fibrbifihey are also constituent parts of complex
architectures and supsecondary structures such &sh ebarrel, a key motif in many

membrane proteiisind molecular transportets, n d  -propeller §Figure 32

A B C
Figure 3.2A: Cryst al structure of the placent alsheets (BOBAAYY)l ease i nhi
B: Crystal structure of the-€ er mi n al domain of Tupl, a ¢ o mp-prepelleromotif t r anscr i p

(PDB: 1ERJf C: Crystal structure of the sucresepeci fi ¢ porin ScrY from Sadamebnel |l a t yp
motif (PDB: 1A0S)°

b-Sheetsplay roles beyond that of a rigid wall however, with their interactions involved in
processes ranging from electron tranSfeand protein dimerizatidh to recognition by
proteolytic enzyme¥ They are also heavily implicated in a number of pathologies in

particular amyloid based diseases.

124



3.2 The Trouble with [ -Sheets

The st r ustrands may bedimplb, but forcing two cone of them together to form a
b-sheet is a notrivial exercise. Inc o nt r a-Betices,t aorelativelystable secondary
structure which is readily accommodated by small jlest®*®> b-sheets are somewhat
reluctant to formstable monomers in solutioMhis is due tolow stability, tendency to
aggregate and tlke poor solubility of peptides likely toform sheets given their high
hydrophobic residue contetft.b-Sh e e t propensity aheets wilbee st &

discussed fully in Chaptér

There has been success i n t hsesheda mmsan ajueous f p
environment, but these are rarely fully folded in solution and are therefore difficult to
study>"*® This has prompted the designd studyo f a r t-shedets © ibeitér unblerstand

sheet formation, and for application in materials engine&ramy the biomedical field!.

3.3 Artificial 1 -Sheets

The developmenbof artificial b-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, whitstrecent 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 anar t i f-sheef?aBy cofbining an artificial linker with a tripeptide the

researchrs were able to create a macrocycle that adopted the correct hydrogen bonding
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pattern f or -sheetFEiguret3i3.prhercanfotmation was probeda 'H NMR

NOE studies and variable temperature NMR in DM&O

Figure3.3 Unnatural rigid amino acid used to template a peptide macroieyoleb-sheet formation with two
intermolecular hydrogen bonds

Subsequent work was able to incorporate two templating groups to form the macrocycle
(Figure 3.4.2%*nterestingly both molecules are prondrweersions of the marcocyclic ring

at room temperature, creating broaMRl signals and therefore the NOE erpeents had to

be conducted ab1°C for the signals to lresolved

O o3 .0
O Bn ”H o 8%
=0
o)
A B
O Bn H o
H
§ \HNJ\WN Ay
:H
H O Bn
s O o] o @
. s 0
O Bn o sz — H 9 g s°
N © N Ne)
N ; NH
H (0] (6] Bn

Figure3.4F e i g selofttvgo templating units to forparallel @) and antiparallel 8)a r t i fsheetsCalhverfion of
macrocyclic ringat room temperatudeadingto broad NMR signals.

Numerous other templates were developed for studies within organic solvents, including the

trans-alkene of GellmaR> Kemp 6 s di p h® andlthe Re(bpyfl empex of
Ogawa Figure 3.5.2
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Figure3.5A: trans-Alkene turn induceiB: Diphenylacetylene turn induce®: Ru(bpy)}®" turn inducer

3.3.1.1 Turn Inducers as Biological Tools

The twoes t r a nsdheede tfhairpio is anfextremely common motif in the mediation of
molecular recognition between proteins. These early turn inducers therefore presented the

i deal opportunity foopeéehei miess@n whr cddypghot
template into an otherwise to@al peptide sequence (Figure 3.®obinson has been a
pioneer in this field and has used a variety of templates to mimic antibody*f8ps,
antimicrobial and antiviral peptidéS3 and to target proteas&s,p53/MDM2>° and
protein/RNA interaction&® In some of these interactions the hairpin epitope is used to mimic

other secondary structuresu ¢ h-hetices®’ U

Figure3.6 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 thindatg stage incorporation after a

conventional solid phase peptide synthesis.
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