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Abstract

The synthesis and conformational properties o f a conformationally constrained cyclic 

peptide are described. The aim was to synthesise a short conformationally 

constrained peptide that may adopt an a-helical conformation in an aqueous 

environment. An unnatural amino acid was chosen as the ‘constraint’ between the i 

and (/+4) positions within this short cyclic peptide. This constraining residue had two 

chiral centres joined by an 8-carbon bridge and needed to be synthesised using two 

enantiospecific methodologies. The route to the synthesis o f this amino acid is 

described, together with the modifications required for large-scale production. This 

was required for the subsequent solid phase peptide synthesis. The synthesis o f the 

target cyclic peptide (test peptide), using a novel solid phase approach with a triply 

orthogonal protection strategy is then detailed. The conformational properties o f the 

target test peptide, with the constraining residue, are compared with those of a 

control linear peptide by CD analysis, in different solutions at various temperatures. 

In this way, the role o f this constraining residue in a synthetic cyclic peptide has been 

ascertained.

In Chapter 1, previous research in the synthesis of stable a-helical peptides is 

described. Chapter 2 reviews the cyclisation o f peptides on solid support. Chapter 3 

describes the route to synthesising the unnatural residue. Chapter 4 describes the 

synthesis o f the target cyclic peptide (incorporating the unnatural residue) on-resin. 

In addition, the conformational properties o f the control and test peptide, as 

determined using CD experiments are discussed, including attempted NMR studies. 

Chapter 5 contains the experimental procedures.
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Abbreviations

Ac: Acetyl

Acm: Acetamidomethyl 

AcOH, HOAc: Acetic acid 

Aib: a-Aminoisobutyric acid 

Ala, A: Alanine 

Al: Allyl

Aloe, Alloc: Allyloxycarbonyl

AOP: (7-Azabenzotriazol-1 -yloxy)-tris(dimethylamino)-phosphonium 

hexafluorophosphate 

APCI+: Atmospheric pressure chemical (positive) ionisation 

Arg: Arginine 

Asn: Asparagine 

Asp: Aspartic acid 

BAL: Backbone amide linker 

Boc: /err-Butoxycarbonyl

BOI: 2-(Benzotriazol-l-yl)-oxy-l,3-dimethylimidazolidinium 

Bom: Ti-Benzyloxymethyl

BOP: (Benzotriazol-1 -yloxy)-tris(dimethylamino)-phosphonium hexafluorophosphate

BOP-Cl: A^-bis(2-Oxo-3-oxazolidinyl)-phosphonic acid chloride

-̂Bu: rer^Butyl

/î-BuLi: «-Butyl lithium

bZEP: Basic-leucine Zipper

Bzl: Benzyl

CD: Circular Dichroism 

cHex, Cy: Cyclohexyl

10



Linda Alexander McNamara

CIP: 2-Chloro-l,3-dimethyl-2-imidazolinium hexafluorophosphate 

Clz: 2-Chlorobenzyloxycarbonyl 

Cys: Cysteine

Dab: aj-Diaminobutyric acid

Dap: (5)-l,3-Diaminopropionic acid

DBU : 1,8-Diazabicyclo[5,4,0]-undec-7-ene[ 1,55]

DCC: AyV’-DicycIohexylcarbodiimide 

DCM: Dichloromethane 

DCU: Dicyclohexyl urea

Dde: 1 -(4,4-DimethyI-2,6-dioxocyclohex-1 -ylidine)-ethyl

DEPT: Distortionless Enhancement by Polarisation Transfer

DIG: A^-Diisopropylcarbodiimide

DIEA: 7V,A^Diisopropylethylamine

DKP: Diketopiperazine

Dmb: 2,4-Dimethoxybenzyl

DMF: A,A-dimethylformamide

DMSO: Dimethylsulfoxide

DPPA: Diphenylphosphoryl azide

Dpr: 2,3-Diaminopropionic acid

DSC: A^-Disuccinimidyl carbonate

El: Electron ionisation

Eq.: (molar) equivalent

Etd: Ethanediol

EtOAc: Ethyl acetate

EtOH: Ethanol

E SP+: Electrospray (positive) ionisation 

FAB: Fast atom bombardment
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Fmoc: 9-Fluorenylmethyloxycarbonyl

For: Formyl

Gin: Glutamine

Glu: Glutamic acid

Gly: Glycine

HATU: A-[(Dimethylamino)-l//-l,2,3-triazolo[4,5-ô]-pyridin-l-yl-methylene]-A/- 

methylmethanaminium hexafluorophosphate A-oxide 

HAPyU: 1 -( 1 -Pyrrolidinyl-1//-1,2,3-triazolo[4,5-6]-pyridin-1 -yl-methylene]- 

pyrrolidinium hexafluorophosphate A-oxide 

HBTU : AT-[ 1/f-Benzotriazol-1 -yl]-(dimethylamino)-methylene]-iV-methyl- 

methanaminium hexafluorophosphate A-oxide 

HDTU: 0-(3,4-Dihydro-4-oxo-l,2,3-benzotriazin-3-yl)-1,1,3,3-tetramethyl-uronium 

hexafluorophosphate 

hGRF: Human growth hormone releasing factor 

His: Histidine

HMPA: Hexamethylphosphoric triamide 

HMPP: 3-(4-Hydroxymethyl)-phenoxypropionic acid 

HMPB-MBHA: 4-Hydroxymethyl-3-methoxyphenoxybutyric acid (handle)- 

/7-methylbenzhydrylamine (derivatised resin)

HO At: 1 -Hydroxy-7-azabenzotriazole

HOBt: 1-Hydroxybenzotriazole

HOCt: 1 -Hydroxy-1//-1,2,3-triazole-4-carboxylate

HODhbt: 1 -Oxo-2-hydroxydihydrobenzotriazine

HOPfp: Pentafluorophenol

HPLC: High-Performance Liqiud Chromatography

Hse: Homoserine

He: Isoleucine
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IR: Infra-red

KHMDS: Potassium bis(trimethylsilyl)amide 

LC-MS: Liquid Chromatography-Mass Spectrometry 

Leu: Leucine 

LR: Lifson-Roig 

Lys, K: Lysine

MBHA: /7-Methylbenzhydrylamine 

Met: Methionine 

Mmt: 4-Methoxytrityl

Mtr: 4-Methoxy-2,3,6-trimethylbenzenesulfonyl

Mtt: 4-Methyltrityl

NMA: A^-Methylaniline

NMM: A^Methylmorpholine

NMR: Nuclear Magnetic Resonance

OFm: Fluorenylmethyloxy

ONB: /7-Nitrobenzyloxy

Om: Ornithine

Pac: Phenacyl

PAC: 3-(4-Hydroxymethylphenoxy)-propionic acid; (p-alkoxybenzyl alcohol)

PAL: 5-{[(4-Amino)-methyl]-3,5-dimethoxyphenoxy}-valeric acid; (peptide amide 

linker)

PAM: 4-(Hydroxymethyl)-phenylacetic acid 

PEG-PS: Polyethylene glycol-polystyrene 

Phe: Phenylalanine

Pmc: 2,2,5,7,8-Pentamethylchroman-6-sulfonyl 

PPjj: Polyproline II 

Pro: Proline
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PS: Polystyrene

PyAOP: (7-Azabenzotriazol-1 -yloxy)-tris(pyrrolidino)-phosphonium 

hexafluorophosphate

PyBOP: (Benzotriazol-1 -yloxy)-tris(pyrrolidino)-phosphonium hexafluorophosphate 

PyBroP: Bromo-tris(pyrrolidino)-phosphoniuni hexafluorophosphate 

PyCloP: Chloro-tris(pyrrolidino)-phosphonium hexafluorophosphate 

SDS: Sodium Dodecyl Sulfate 

Ser: Serine

TAPipU: (9-(7-Azabenzotriazol-1 -yl)-1,1,3,3-pentamethylenuronium 

tetrafluorophosphate 

TBAF: tetra-A-Butylammonium fluoride 

TBDMS: rerr-Butyldimethylsilyl

TBTU: 2-( 1 //-Benzotriazol-1 -yl)-1,1,3,3-tetramethyluronium tetrafluoroborate

TEA: Triethylamine

TES: Triethylsilane

TFA: Trifluoroacetic acid

TFE: Trifluoroethanol

TFFH: Tetramethylfluoroformamidinium hexafluorophosphate

THF: Tetrahydrofliran

Thr: Threonine

TIPS, TIS: Triisopropylsilane

Tic: Thin layer chromatography

TMS: Tetramethylsilane

TNTU: 2-(5-Norbomene-2,3-dicarboximido)-1,1,3,3-tetramethyluronium 

tetrafluoroborate 

Tos: Tosyl; /?-Toluenesulfonyl 

T3P: 2-Propanephosphonic acid anhydride
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Trp: Tryptophan

Trt: Triphenylmethyl, (trityl)

TSTU: 2-Snccinimido-1,1,3,3-tetramethyluronium tetrafluoroborate 

Tyr: Tyrosine 

UV; Ultra-violet 

Val: Valine

Z, Cbz; Benzyloxycarbonyl 

ZB: Zimm-Bragg
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CHAPTER ONE

Introduction

1.1 Helices in Peptides

The secondary structure o f a protein is defined by the local conformation o f its 

peptide backbone. ̂  Many aspects of protein secondary structure are derived from the 

sequence of amino acids contained in the polypeptide chain.^ X-ray studies o f amino 

acids and dipeptides by Pauling and Corey deduced the peptide group as a rigid 

planar structure (Figure 1) with the peptide bond having approximately 40% 

double-bond character because of resonance interactions.^

O 9

1 I
Figure 1. Resonance structure o f the amide bond.

The N-C“ single bond is 0.13 A longer than the C-N bond, and the C=0 bond is 0.02 

A longer than that found in aldehydes or ketones (Figure 2). When the amide bond is 

planar, its 7t-bonding overlap is accentuated with a resonance energy value of about 

85 kJ/mol.

O .
Figure 2. Local minimum energy bond lengths in A around which the structure can fluctuate.'^
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Three backbone dihedral angles per residue (N-C“ bond, C“-C bond, \\f; C-N 

bond, co) and the dihedral angles (%i, %3 ) the side chain entirely describe the

local polypeptide conformation.^ However, as the partial double bond character of 

the polypeptide keeps © close to 180° in the trans or extended form and near to 0° in 

the cis form, <|) and vj/ suffice for the main chain.

The two-dimensional Ramachandran plot utilises  ̂ and vj/ angles to indicate the 

sterically allowed backbone conformation for polypeptide secondary structures 

(Figure 3).^ Even though a polypeptide could have a highly coiled conformation, this 

is not by chance, instead restrictive conditions exist denoting allowed conformations 

in the proximal area o f a main chain residue. This is defined in terms o f contact 

criteria, allowing the distances between pairs o f atoms not to be less than the 

specified van der Waals minima.

Secondary structures o f polypeptides are generally classified according to their 

respective type o f regular conformation.^ The prominent conformations include 

a-helices and p-sheets, or nonrepetitive structures like turns and loops. Determining 

regular secondary structure is an important focal point when attempting to 

comprehend the structure o f a complex protein.

Regular polypeptide conformations are classified according to their repetitive  ̂ and 

\\j values. Common types o f regular secondary structures found in proteins are 

located within the sterically ‘allowed’ regions in the Ramachandran plot (Figure 3).^ 

a-Helices with  ̂ = -57° and \\f = -47°, almost dominate the ‘normally allowed’ 

regions o f  ̂  and v|/ space. Other familiar helices that occupy the ‘outer limit’ van der 

Waals distances include the right-handed 3iQ-helix and Ti-helix.
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+180̂  rr

y

- w  ' c r +180^

Secondary S tructure 4»(deg) V (deg)

Right-handed aR-helix -57 -47

Left-handed UL-helix 57 47

Right-handed 3 jQ-helix -49 -26

Right-handed TC-helix -57 -70
Left-handed polyglycine II and 
poly-L-proline II helices

-79 150

Parallel P pleated sheet ( f  j  ) -119 113

Anti parallel P pleated sheet ( | |  ) -139 135
Collagen (C) -51 153

Figure 3. A Ramachandran plot o f  sterically allowed <}) and \\f angles for poly-L-alanine.^ The dark 
shadow areas are for the ‘normally allowed’ ({) and vj/ angles and the light shadow area represents 
conformations having ‘outer limit’ van der Waals distances.^

Hydrogen bonding patterns o f helical polypeptides occurs between the C =0 of the rth 

residue and NH of either the (/+3) or (/+4) and (/+5) residue (Figure 4).^ For the 

a-helix, carbonyl groups and amide protons are orientated in a ‘head-to-tail’ fashion 

enabling the hydrogen bonds to face the same direction on the helix surface. The 

characteristic /,(/+4) hydrogen-bonded a-helix has 3.6 residues per turn, and a pitch 

of 5.4 A (Figure 5).^ Apart from a-helices being one of the most dominant forms of 

secondary structure in nature, they are predominately right-handed helices due to the 

chirality of the constituent T-amino a c i d s . T - a m i n o  acids, if stacked in the
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Figure 5. The a-helix: residues 15-33 of cytochrome C peroxidase
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left-handed form, would experience a sterically destabilising interaction between the 

carbonyl oxygen of the rth residue and the p-carbon o f the (z+4)th residue.

o
o  II

rth residue ^  9  I I  %

■ |  I Ï ' ' *
 ^  I (/+3) residue I P

I ^ 3 , „ - h e ü x  f  a-helix ( '^ « s i d u e

H
H

MO .
) 71-hebx

Figure 4. Hydrogen bonding patterns o f helical polypeptides (atoms around C“ have been omitted for 
clarity).

The Sjo'helix has a pitch of 6.0 A, and therefore rises steeper than the a-helix. Its (j) 

and \\j angles place it in a region o f conformations having ‘outer limit’ van der Waals 

distances, indicating that its R groups may experience some steric impediment. The 

close proximity o f (j) and vp conformational space between a- and 3^Q-helices may 

imply a gradual transformation into either helical form with a near-helix 

conformation maintained throughout.^® Studies utilising computer simulations to 

address the o/Sjo/coil equilibrium suggest that the S^Q-helix is a kinetic intermediate 

within the a-helix unfolding pathway.^3,o-Hel ices  have also been proposed as 

thermodynamic intermediates in helical peptides existing as a mixture o f a- and 

3io-structures.^^

3 10-Helices were initially thought to be rare in globular proteins. However, a survey 

of 57 known protein crystal structures by Barlow and Thornton^ showed 

approximately a third o f all residues to be helical. The majority o f these helices were 

a-helical (80%) and the rest Sjo-helices. Barlow and Thornton^ also determined the 

mean (j) and vp angles of all protein 3iQ-helices to be -71® and -18®, as opposed to the 

‘ideal’ angles o f Pauling^ (-74®, -4®) and Perutz^  ̂ (-49®, -26®). Even though the
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3iQ-helix is less common than a-helix, it does have an important biochemical role in 

some cases. The interconversion o f the two helices has recently been implicated in 

the activity o f lactate dehydrogenase^^ and aspartate aminotransferase.^^

Distinguishing an a-helix from the S^Q-helix by NMR or CD spectroscopy is 

difficult. Discrimination between the two types o f helices in aqueous solution with 

peptide sequences similar to polyalanine helices studied by Marqusee and Baldwin 

was possible by employing double spin ESR spectroscopy. Analysing the 

distances between spin labels indicated the presence o f 3^Q-helicity at the C-terminus 

in the 16-residue peptide. Increasing the length by a further 5 residues converted the 

peptide largely to an a-helix. This indicates that the proportion o f a-helix and 

3iQ-helix in polyalanine peptides is partly dependent on peptide length. Protein 

crystallographic data also implied that shorter helical stretches are likely to exist as 

3io-helix^ and longer a-helices often have the final turn at the C-terminus as a 

3^0-helix.^^

In contrast to a- and 3 iQ-helices, 7i-helices are very rare.  ̂This type o f helix has been 

observed in protein crystal structures in catalase^^ and cytochrome P450.^^ The rarity 

of the 7t-helix has been attributed to its energetically unfavourable dihedral angles^ 

and requirement for at least four residues to be in the correct orientation for /,(/+5) 

hydrogen bonds (Figure However, main chain hydrogen bonding was observed 

between glutamine side chains spaced /,(/+5) in a polyalanine peptide in a molecular 

dynamics simulation study.^  ̂ Water molecules bridging the side chains helped 

stabilise these respective hydrogen bonds.

Stable left-handed poly-L-proline II helices, with 3.0 residues per turn and a unit 

height o f 3.1 Â, were identified as 96 occurrences from a database o f 80 protein
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stnictures^^’̂  ̂ (Figure 6).^  ̂ Proline residues were dominant, but, not exclusive in 

these helices. Poly-L-proline II helices occur on the protein surfaces, and therefore 

are exposed and hydrogen bonded to water molecules. The presence o f proline 

minimises the occurrence o f main chain hydrogen bonds, whilst hydrogen bonds with 

water molecules could stabilise poly-L-proline II helices.^^ The more mobile 

geometry o f the poly-L-proline II helix may permit it to interconvert into either a 

right-handed a- or S^Q-helix. Polyglycine II and poly-L-proline II helices are found in 

collagen molecules in a twisted coiled coil form, stabilised by interchain hydrogen 

bonds with water.^^

Another form of polypeptide secondary structure has been identified from X-ray 

diffraction studies of gramicidin These studies have also confirmed its function 

as a membrane channel structure. The molecule consists o f 15 alternating L- and 

D-amino acids with both ends blocked with formyl and ethanolamine groups. It 

exists as a head-to-head dimer in a p-helix form.^  ̂ Despite the potential of either a 

right- or left-handed helix forming, spectroscopic data has identified a right-handed 

helix with six to seven residues per tum.^^

A novel regular helical secondary structure has been observed in the crystal structure 

of a-chymotrypsin.^^ Denoted as the e-helix (e refers to the extended nature of the 

helix), this has  ̂ and \\) angles of -93° and 146°, -2.7 residues per  turn (left-handed 

helices have negative values) and a unit height o f 3.3 Â.

The a-helix is particularly interesting for several structural and biological reasons. It 

is stabilised by intramolecular hydrogen bonds and intrachain hydrophobic 

interactions and unlike P-sheets, does not require the cooperative effect o f multiple 

strands for stability.^ ̂  Important protein-protein and protein-DNA interactions
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4

#

Figure 6. The poly-L-proline II helix: Pro-rich ligand for SrcSH3 domain 28
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require a-helical motifs. Key receptor-binding constituents o f peptide hormones such 

as calcitonin,^" ’̂̂  ̂ neuropeptide and human growth hormone releasing factor^  ̂

are often a-helical. The basic-leucine zipper (bZIP) class o f proteins have an 

a-helical segment that is responsible for sequence-specific DNA recognition when 

binding occurs.^^ Apart from the suggestion that the a-helix plays a dominant role in 

protein folding initiation;^^ other key structural contributions include coiled coils in 

fibrous proteins,^® and 4-a-helical bundles in cytokines.^^

1.2 The i\(f+4) Hydrogen Bonded a-Helix and Stabilising Constraints

Designing intrinsically flexible short peptide segments to adopt well defined helical 

conformations in solution is important in the study o f biologically active molecules. 

Whilst nature uses constraints such as the cyclic amino acid proline and macrocycles 

formed by disulfide bonds to reduce the flexibility o f polypeptide cha ins , severa l  

synthetic approaches have been used to constrain peptides. In this review, stabilising 

a-helical polypeptides by reducing the entropie cost with strategically placed 

‘constraints’ are considered.

1.2.1 Stabilising Hydrogen Bonding Interactions

The hydrogen bond in an a-helix can be thought o f as a closed loop o f 11 backbone 

atoms, plus a carbonyl O atom at one end and an amide H atom at the other end, 

hence, a total of 13 atoms. (Figure 1)?  This is in contrast to the 3jQ-helix which has 

10 atoms enclosed in the hydrogen bonded loop.
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I  NH

0 = ^ ^ ^  13-atom loop NH

S ^ N — H  - ;  O—  f
^  H-bond f

Figure 7. Tracing the 13-atom hydrogen bonded loop in a piece o f a - or 3.6j3 -helix. (Only atoms 
directly involved in a single hydrogen bonded loop are shown for clarity).

Electron density maps o f a-helices indicate that the carbonyl oxygens point towards 

the C-termini and are slightly tilted outward away from the helix axis.*̂  ̂An a-helix 

can be described as an array o f dipoles with an aggregate dipole directed along the 

helix axis, ending with a negative pole at the C-terminus, and a positive pole at the 

N-terminus.^^’̂  Stabilising charge-dipole interactions of positive charges with the 

C-terminus and negative charges with the N-terminus are possible.^^’"̂  ̂ This electric 

field generated by the polypeptide backbone could be a significant property 

responsible for binding o f charged substrates or useful as an ‘active site’ for enzyme 

catalysis.̂ "̂* However the helix effect may be due only to a few localised dipoles and 

not the helix macrodipole.^^

Within the bulk o f the a-helix, all ith residue C =0 groups are hydrogen bonded to the 

(/+4)th residue amide hydrogens. However, at the C-terminus there are four 

unsatisfied carbonyls that are potentially hydrogen bonded to solvent, and likewise at 

the N-terminus there are four unsatisfied amide hydrogens.^ These peptide NH and 

CO hydrogen bonding capacities at helical termini could be satisfied by direct 

interactions between polar side chains and main chain groups. These helix stabilising 

interactions are referred to as ‘capping’. T h i s  ‘polar initiation’ is achieved in the
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presence o f residues with side chains able to form hydrogen bonds with the initial 

unpaired four NH donors and final CO acceptor groups in the main chain.^^’"̂  ̂

Residues such as Asn, Asp, Glu, Gin, Ser, Thr and His at the N-terminus and Asn, 

Arg, Gin, Lys and Ser at the C-terminus have been implicated."^^

The interaction o f distal residue side chains with exposed NH or CO main chain 

groups at the ends o f helices may also be favoured by the presence o f sterically 

unhindered Gly.^  ̂ The contribution of this interaction at the C-terminus to helix 

stability is not clear, partly because Gly is also observed to be a helix-breaker.^^’"̂  ̂

The presence o f Pro within a sequence is more helix destabilising than Gly,^®’̂ ’̂̂  ̂

however, at the N-terminus it may promote helix stabilisation because it restricts 

conformational freedom. The frequent occurrence of Gly and Pro at helix termini 

provides strong evidence for these suggested capping mechanisms in peptides and 

even proteins.^^’̂ ^

Further methods for promoting a-helical stability are possible by manipulating these 

‘capping’ interactions, for example, by increasing the hydrogen bonding capacity and 

orientation o f residues flanking the helix t e r m i n i . T h e  potential a-helix inducing 

effect o f N-terminal residues such as thioether, sulfoxide and sulfone groups were 

determined from CD spectroscopic studies of synthetic 15-residue peptides in 

aqueous s o l u t i on . The  sulfur atom in the thioether is a weak hydrogen bonding 

atom; when it is progressively oxidised to the sulfoxide and sulfone, helicity in the 

same peptide is observed to increase by around 63%. This dramatic increase in 

helicity is attributed to the presence o f two oxygen atoms in the sulfone that can 

possibly hydrogen-bond to the two free amide hydrogens at the N-terminus. In a 

separate study, strategic placement of residues with polar side chains in 12-residue 

peptides, accompanied by helix end residues Pro and Gly at positions 2 and 11, were
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shown to stabilise a-helicity in aqueous solution in a specific order. The findings of 

Forood et were in agreement with the previous study by Presta and Rose."̂  ̂

Hence, the helix-inducing ability o f various residues was deduced to be as follows: 

Asp>Arg>Ser>Glu>Gln>Ala at the amino terminus and Arg>Lys>Ala> at the 

carboxyl term inus.R esidues Pro and Gly might correctly orientate the polar side 

chains o f end residues such as Arg (at the C-terminus) and Asp (at the N-terminus) 

for hydrogen bonding to free CO and NH groups at the helix termini.

Introducing synthetic ‘capping’ templates at the helix termini is another method used 

to initiate and stabilise a-helicity in a peptide chain. Helix fraying at the termini is 

prevented by directing the otherwise free hydrogen-bonding groups o f  the terminal 

residues to interact with the capping template. Novel use o f  a rigid tricyclic 

proline-related template constrained by a S-CH2 bridge (Figure 8), with peptides 

attached to its C-terminus, promotes hydrogen bonding between the correctly 

orientated CO and the relevant peptide NH groups. Induced helicity in short 

peptides with sequences of poor helical preference was reported.

Peptide

A

Figure 8 . Kemp’s helical peptidyl-template molecule.
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A  helix template with a hydrazone-ethylene link (-CO-N(R)-N=CH-CH2CH2-) as a 

covalent replacement for the /,(/+4) hydrogen bond (-CO-NH—0=C(R)-NH-), 

maintains the 13-membered hydrogen bonded loop o f an a-helix (Figure 9). 

Attachment o f this template to the N-terminus o f a 10-residue peptide, promoted 

helix stability in aqueous solution.

HN.

O

Figure 9. The hydrazone-ethylene based cyclic template attached to a polypeptide chain.

1.2.2 Stabilising /,(i+4) Side Chain Interactions

Hydrogen bonding interactions between residue polar side chains within a peptide 

sequence can also contribute to the overall stability o f its secondary structure in 

solution. The sequence and spacing o f the polar side chains within the peptide chain 

has an important influence on the occurrence o f these potential side chain 

interactions. Alanine-based peptides are ideal for studying interactions between pairs 

o f residue side chains as there is little interference from other side chains.^® 

Marqusee and Baldwin’ŝ  ̂ initial work on ion-pair interactions (referred to as salt 

bridges, that is, hydrogen bonded ion pairs), utilised pH and NaCl titrations to 

investigate the consequence of /,(f+3) and /,(/+4) spacing, and orientation of Glu-Lys 

ion pairs on helix stability in an alanine-based host peptide (refer to section 1.3.1). 

The greatest helix stability was found with /,(/+4) neutral Glu"—Lys'*' ion pairs at pH 

7 (in low salt concentration environments). This was in agreement with pH titration 

data of a similar peptide model.^^ CD spectroscopic studies also indicated helix 

instability at pH 11 with Lys° residues and not at pH 2 with Glu®—Lys'*' ion pairs.
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Investigation o f the relative effectiveness o f Glu-Om, Glu-Lys and Glu-Arg ion pairs 

in stabilising alanine-based a-helical peptides also confirmed /,(/+4) spacing as 

ideal.^^ The highest helical content in the host peptide was with the latter Glu-Arg 

ion pairs at neutral pH.

The importance o f stabilising /,(/+4) hydrogen bonding interactions between guest 

ion pair residues, such as Gln-Asp;^ His-Asp;^^»^  ̂ and Glu-Lys, Glu-His and 

Asp-Lys^^ in alanine-based host peptides has also been demonstrated. The shorter 

side chain His and Asp residues have stronger side chain interactions when compared 

to Lys, Glu or Arg. This is attributed to a lower loss o f side chain entropy when 

engaging in such an i n t e r a c t i o n . H o w e v e r ,  the stabilising effect of His-Asp 

interactions seems ambiguous in the protein T4 lysozyme.^^ In another example, Lys 

or Arg to Glu salt bridges stabilised a-helicity in alanine-based peptides derived from 

smooth muscle caldesmon.^^

The strength o f side chain-side chain interactions between Glu-Lys^  ̂ and Gln-Asn^® 

from modified forms o f the Lifson-Roig^^ theory for helix-coil transition has been 

estimated. The major contributor to these side chain interactions was established to 

be hydrogen bonding (by screening out electrostatic interactions at high salt NaCl 

concentrations), and a maximum free energy of interaction around -1.9 kJ/mol for 

Glu"-Lys^ was determined.Likewise,  -1.7 to -2.9 kJ/mol was found for Gln-Asn 

interactions.^®

Other examples o f helix stabilising /,(/+4) side chain interactions in alanine-based 

peptides include interactions between Phe and sulfur-containing residues Cys or 

Met.^^ A favourable interaction between the electronegative sulfur atom and the 

positively charged aromatic ring protons is believed to be responsible. Interactions
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between aromatic and charged residues are observed with the Trp-His"  ̂pair, and are 

helix stabilising in aqueous solution/^

1.2.3 Lactam Bridges between Side Chains

One o f the earliest cited examples about creating unnatural amide bonds between 

amino acid side chains involved adjacent Lys and Glu residues7^ This afforded the 

optimum size for incorporation o f dilactam rings and peptide backbone rigidity 

(Figure 10). Conformational analysis confirmed that the rigid peptide backbone 

maintained a p-tum structure.

|— NHCO— I I— nHCO— I

(CH2)4 (CH2)2 ( ^ 2)4 (CH2)2

MeCO—  NHCHCO--------NHCHCO—  NHCHCO—  NHCHCO—  NHMe
L-Lys Z-Glu D-Lys Z)-Glu

Figure 10. Dilactam-bridged four residue peptide.

However, for stabilising a-helical peptides, /,(/+4) spaced lactam bridges are 

req ui red . F o r  example, studies with lactam-bridged Lys-Glu residues (Figure 

1 .1)76,77 allowed comparisons to be made between the degree o f helicity observed in 

linear and cyclic peptide analogues. Peptide assembly and cyclisation either on or off 

a solid support was found to yield stable helices in aqueous buffer and in TFE/water 

mixtures.

Figure 11. A single /,(/+4) spaced lactam bridge in a segment o f an a-helical peptide.
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CD and NMR data confirmed that two overlapping lactam bridges induced a 

hexapeptide to adopt an extremely stable a-helical conformation in aqueous solution 

(Figure 12)7^ Lactam bridges between Lys and Asp are known to be more helix 

stabilising than Lys-Glu bridges/^

Boo — Lys 1 — Lys 2 — Ala 3 — Ala 4 — Asp 5— Asp 6 — OPac

Figure 12. Conformationally constrained hexapeptide.

A direct comparison of Glu-Lys salt bridges in a 14-residue linear peptide and 

Glu-Lys lactam bridges in a cyclic analogue, confirmed a higher helical content in 

the latter peptides from CD spectroscopy.^^

Lactam bridges have been used to stabilise a-helical conformations in a variety of 

biologically active peptides. For example, CD data verified the ability o f these 

bridges to stabilise and enhance the dimérisation required for a 24-residue sequence 

derived from a zinc finger peptide library. This overall conformational stability 

allowed the peptide to maintain a two-stranded a-helical coiled-coil conformation in 

aqueous solution, even at low peptide concentrations.^^ In addition, the peptides 

lacking the lactam bridges between Glu and Lys, were less effective in inhibiting the 

binding o f the His-Phe-Val-Gln-His Zn finger peptide to the monoclonal antibody 

IgA in a dose dependent manner.

In another example, a peptide model o f a 20-residue domain o f apolipoprotein E with 

lactam-bridged constraints (involving incorporated /,(/+4) Lys-Asp residues), were 

shown to be helix stabilising.^^ NMR data also indicated possible a-helix
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stabilisation with Lys-Asp residues /,(/+3) apart; however, the presence o f 3ig-helicity 

could not be ruled out. Lys-Asp Lactam bridges spaced /,(/+4) apart in the 

parathyroid hormone-related protein (7-34) amide, both stabilised a-helical structure 

in aqueous solution and helped elucidate the ‘bioactive conformation’. 

Analogues of other peptide hormones such as neuropeptide human calcitonin^^ 

and human growth hormone releasing factor^^’̂  ̂ confirm the stabilising effects of  

various /,(/+4) lactam bridges on their conformational and pharmacological 

properties.

Conformational studies o f solution structures o f cyclic and dicyclic analogues o f the 

human growth hormone releasing factor sequence 1-29 established the /,(/+4) lactam 

bridge between Lys and Asp residues as essential for stabilising local a-helical 

conformations.^^ The greatest helical content was observed in the dicyclic analogues. 

Constraining the peptide toward an a-helical conformation did result in the synthesis 

of biologically active compounds. This was consistent with the concept that hGRF 

binds to its receptor in a helical conformation. However, stabilisation o f the a-helix 

was also accompanied by a slightly reduced biological activity. The conclusions 

drawn acknowledge that the lactam bridge may have prevented proper orientation o f  

all side chains that interact with the receptor and/or cause a steric hindrance during 

binding.^^ Further studies with monocyclic hGRF analogues were taken to determine 

the optimal ring size (contained within the lactam ring) for biological activity.^^ Best 

results were obtained with highly a-helical analogues containing 20-24 membered 

lactam ring systems (Figure 13).

37



Linda Alexander McNamara

HNyNHz
NH

(CH2)3HO
O % H O V H _

Asp(8)y  "  °  -

oc
Om(12)

-SPACER-
Figure 13. A 22-membered lactam ring contained within a sequence o f  hGRF, with the Gly spacer 
between Asp(8) and Om(I2).^^

In addition to f,(i+4) and /,(i+3) lactam bridges, these synthetic constraints also occur 

between side chains o f similar residues spaced f,(/+7) apart. Optimum side chain-to- 

side chain cyclisation was observed between Z)-Glu and L-Lys spaced apart. 

Molecular modelling studies indicated that the orientation o f the Z-Glu side chain 

was not ideal for cyclisation and maintenance o f an a-helix structure (Figure 14). 

However, attempted cyclisation on the solid support yielded 46% of the L-Glu 

cyclised peptide and 76% o f the D-Glu cyclised peptide. The cyclisation with 7,-Glu 

required almost six times the reaction time required for the latter cyclisation. CD 

spectra of the T-Glu cyclised peptide indicated a random structure in aqueous 

solution and an a-helix with the D-Glu cyclised peptide.

I-GluD-Glu

C=0
NH

(a) (b)
Figure 14. An /,(/+7) lactam bridge between 7-Lys and (a) D-Glu, (b) but not always possible with 
Z-Glu.
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A  novel tripodal lactam-bridged peptide was synthesised from a trifimctional 

template such as (6)-1,3-diaminopropionic acid. This ‘bridge’ united an / spaced Lys 

residue with two Asp residues (z+3) and (z+7) away (Figure 15).^  ̂ However, no 

conformational data o f the resultant peptide was provided.

=0
H-Lys-Leu-Lys-Glu-Leu-Asp-Gln-Lys-Leu-Asp-Glu-Leu-Lys-Gln-OH 

Figure 15. A tripodal lactam-bridged model peptide.

1.2.4 Disulfide Bridges between Side Chains

Many native proteins do contain disulfide bonds; smaller biologically active 

compounds such as peptide hormones and neurotransmitters also possess disulfide 

bridges between oxidised cysteine residues. They take up a cyclic structure and are 

conformationally restricted allowing for extensive examination o f bioactivity 

relationships. Examples include the neurohypophyseal hormone oxytocin, 

vasopressin and somatostatin (Figure 16).^h92

^ ________ Oxytocin_________^

H-Cys 1 -Tyr 2-Ile 3-Gln 4-Asn 5-Cys 6-Pro 7-Leu 8-Gly 9 -NH2 

Vasopressin_______

f
H-Cys 1-Tyr 2-Phe 3-Gin 4-Asn 5-Cys 6-Pro 7-(Lys or Arg) 8-Gly 9 -NH2

g _________________________Somatostatin___________________________ g

I I
H-Ala 1-Gly 2-Cys 3-Lys 4-Asn 5-Phe 6-Phe 7-Trp 8-Lys 9-Thr 10-Phe 11-Thr 12-Ser 13- Cys 14-OH

Figure 16. Peptide hormones containing disulfide bonds.
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NMR studies showed that disulfide bridges stabilise a-helical motifs in an apamin-S 

peptide hybrid s e q u e n c e . T h e  hybrid peptides containing the disulfide bridges 

folded into the same conformation as the native apamin peptide and possessed 

biological activity that complemented the S peptide. Hence, the helix-stabilising 

disulfide bridges did not interfere with its expected biological activity. In another 

example, short peptides with a two-turn a-helix conformation were stabilised by a 

disulfide bridge between i and (i+7) residues.^"* The 8- to 16-residue series of 

peptides included the D- and Z-enantiomers o f fully deprotected 

2-amino-6-mercaptohexanoic acid (Figure 17). The disulfide bond was made from 

the oxidation o f the free thiol moieties. CD data indicated a substantially higher 

degree o f helicity in the oxidised forms o f each peptide.

C OH

Fmoc-N N CH3

(a) (b)
Figure 17. (a) An /,(/+7) disulfide bridged peptide; (b) the fully protected form o f  the unnatural D- or 
Z,-amino acid.

Helicity has also been induced in a 12-residue peptide with a disulfide linkage 

between cysteine residues spaced /,(H3) a p a r t . C D  and NMR data confirmed that 

only the oxidised Z),L-analogue adopted an a-helical conformation in aqueous and 

micellar (sodium dodecyl sulfate) environments. However, the ability o f the cyclised 

D-Cys(f), Z-Cys(/+3) motif to initiate helix formation in the peptide was solvent 

dependent.
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1.2.5 Other Covalent Linkages between Side Chains

A series o f cyclic helical heptapeptides incorporating an /,(/+4) carbon-carbon link 

between residue side chains were synthesised by ring closing metathesis utilising an 

olefin metathesis catalyst [(PCy))2Cl2Ru=CHPh] (Figure 18).^  ̂ The linear peptides 

comprised of the sequence Boc-Val-X-Leu-Aib-Val-X-Leu-OMe, where X was the 

(olefin-containing) Z-Ser or L-homoserine (Hse) 0-allyl ether residues. The 

incorporation o f Aib residues into these peptides was justified by requiring amino 

acids known to stabilise and/or a-helical conformations in apolar polypeptides.^^ 

However, the CD spectra of the peptide macrocycles did not indicate any significant 

conformational change to either helical conformation upon cyclisation. In addition, 

the type o f helical conformation present, that is, a- and/or S^g-helix remained 

unclear. There also appears to be uncertainty in the influence that the ‘ring closing 

olefin metathesis’ methodology has on the resultant biological activity o f synthetic 

conformationally rigid a-helical peptides.

Figure 18. Ring closing metathesis (with a catalyst) o f terminal olefin side chains spaced /,(/+4) apart.

Short peptides with a stable a-helical conformation in water were synthesised with 

L-Ghx residues spaced /,(;+?) apart linked by a,co-diaminoalkanes.^^ Analysis o f this 

cyclic peptide indicated the required conformation in aqueous solution with 

1,4-diaminopropane or 1,5-diaminopentane linkers, and the a-helix was thermally 

stable to around 40°C. In another example, two overlapping /,(/+7) side chain bridges 

between (5)-1,3-diaminopropionic acid (Dap) and Asp residues linked by a
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^-substituted benzene ring conformationally constrained a 14-residue peptide (Figure

J9 )1 0 0

o   ILN

o

Figure 19. Two overlapping i,{i+l) bridges.

In summary, conformationally constrained short a-helical peptides in solution are 

attainable either by manipulating hydrogen bonding and side chain interactions, or 

incorporating covalent bonds between residue side chains. The principal aim of 

this project is to design a peptidomimetic with a stable a-helical conformation in 

aqueous solution. The appropriate model peptide and type o f constraint chosen are 

considered in the next section.

1.3 The Target Peptide and Synthetic Constraining Residue

1.3.1 Helix Formation in Short Peptides

Even though the a-helix motif is common in globular proteins,^»^’̂  short peptides 

less than 14-20 amino acids in length rarely form stable structures in water. 

Consequently, short helical peptide regions in larger proteins exhibit varying degrees 

of fraying at their respective termini in aqueous solution. However, initial studies 

into helix formation o f short peptides in aqueous solution relied on ‘host-guesf 

experiments.^®  ̂ Attempts to quantify the contribution o f the guest amino acids to 

helix stability, referred to as helix propensities (^-values), utilised the theoretical
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Lifson-Roig^^ (LR) and Zimm-Bragg^®^ (ZB) statistical models. The LR and ZB 

formalisms considered helix formation in a peptide as a stringent two-state transition 

o f population o f molecules from random coil to helix conformation. This is an 

untypical situation in peptides; instead a transition occurs between populations o f  

mostly helical, with frayed ends, and molecules that are almost o f random coil 

conformation. 10 h 105,106 xhese theoretical models also ignore the stabilising effects 

o f sequence- and position-dependent residue side chains.

A major advance in the study o f helical propensities o f amino acids in short peptides 

came from the findings o f Marqusee and Baldwin. They discovered that the 

significant entropie cost associated with helix formation in 16 or 17-residue 

alanine-based peptides could be offset by intrachain /,(/+4) hydrogen bonding 

between neutral or charged ion paired residues, and by the high helix propensity of 

Ala. These studies questioned the original ‘host-guesf experiments and their 

suggestions that short peptides (<20 amino acids) could not form stable helices in an 

aqueous environment.^®^ Consequently, further studies by the Stellwagen,^®^ 

Kallenbach^^^’^̂  ̂ and Baldwin^® »̂^® ’̂^̂ ®»*̂ "̂̂ ^̂  groups using a range of host 

peptides (Figure 20) have established the 5-values o f guest amino acids and effects of 

their sequence positioning.

HOST PEPTIDE PEPTIDE SEQUENCE REFERENCE

AEK AC-Y-EAAAK-EAXAK-EAAAK-A-NH2 (61,108)

AK AC-Y-KAAXA-KAAXA-KAAXA-K-NH2 (18,106,109,
110)

E4 K4 succinyl-YS-EEEE-KKKK-XXX-EEEE-KKKK-NH2 (111,112)

AQ Ac-AAQ A A-AAQ AA-AAQ AA-Y-N H 2 (69,113,114,
115)

AXA succinyl-YS-EEEE-KAKK-AXA-EEAE-KKKK-NH2  (109)
Figure 20. Model host peptides used for ‘host-guest’ experiments to determine guest (X) s-values.^^^

{ A=AIa;E=Glu;K=Lys;Q=Gln; Y=Tyr; S=Ser}
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Marqusee and Baldwin determined the helix content o f a 16-residue alanine-based 

peptide solubilised by incorporating Lys residues in aqueous solution. Compared to 

earlier work,^  ̂ the novelty o f their findings indicated the highly helix promoting 

capacity of alanine in the absence o f side chain interactions. The design o f the 

peptides eliminated ion pair formation or charged group-helix dipole interactions. 

Charged residues were strategically placed in the peptide sequence to spiral around 

the helix and avoid amphiphilicity and help solubilise the entire peptide. Helix 

formation was monitored by CD at 1°C, at pH 3-12, in both 1.0 and 0.01 M NaCl. 

The extent o f helix formation could be easily monitored by measuring the minimum 

o f the CD spectra at 222 nm; referred to as the molar ellipticity -[0]2i2 They 

established helix formation as an enthalpy driven process; increasing the temperature 

was accompanied by unfolding of the helical p e p t i d e s . T h e  peptides remained 

monomeric and had the highest helicity at neutral pH with three or four Lys residues 

at PC and 1.0 M NaCl. At low salt concentration, enhanced helicity was observed 

with an increasing pH.

Short alanine-based peptides have a high propensity to form a-helices in aqueous 

s o l u t i o n . T h i s  has been attributed to the absence o f unfavourable side chain 

entropy in a helix and the minimal steric interaction with neighbouring residue side 

c h a i n s . ^ D e t e r m i n i n g  helix propensities in alanine-based peptides is ideal as the 

intrinsic helix-forming tendencies of substituted amino acids are unaffected by host 

residue side chains. However, discrepancies exist in both rank and magnitude of  

^-values for guest amino acids in alanine-based peptides when compared to 

host-guest copolymers. The Scheraga group determined the a-helical

propensities o f guest proteinogenic amino acids in host-guest studies utilising random 

copolymer with either hydroxybutyl- or hydroxypropyl-L-glutamine as the host 

residue, and found Ala to be helix indifferent.^®  ̂These findings could be disputed as
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the effects of interactions between the bulky host side chains and the guest residues 

can not be ruled out, implying that alanine-based peptides are best suited to 

determining ^-values. 1 2̂1

Vila et al^^  ̂ suggested that alanine-based peptides, with three or four Lys residues 

inserted for water solubility, are highly helical because o f interference o f these Lys 

amino acids with the hydration o f the peptide backbone in the nonhelical 

conformation. This would imply that Lys has a higher 5-value than Ala, however, the 

opposite is observed. Kemp also challenged the helix stability o f de novo designed 

peptides, including alanine-based peptides and suggested the intrinsic helix 

propensity of Ala is accentuated in the presence o f long side chains such as Lys, Gin 

or Glu.^^ ’̂^̂  ̂ Recently both these suggestions have been challenged with the 

observed high helical content o f an alanine-based peptide flanked by pairs o f  charged 

residues such as Om or Dpr.^^  ̂ These residues have short side chains which are 

unable to directly interact with neighbouring Ala residues. In addition, the spacing of 

the charged residues disputes the solvation effect o f Vila et The findings o f  

Kemp et 23,124 ^lay be attributed to stabilising interactions between Lys and the 

template itself. Increased helicity is observed in alanine-based peptides with one, two 

or three Lys residue substitutions^However, the contribution o f this increased 

solubility from an escalating charge to its apparent enhanced helicity is not clear.

Direct comparison o f helix propensities determined from an a-helical protein and a 

helical peptide o f identical sequence indicate agreement between the two systems for 

nonpolar amino acids. Differences in side chain conformational entropy

between nonpolar amino acids influence their respective helix propensities, with Ala 

being highly helix promoting.
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1.3.2 The Model Peptide

The model peptide chosen for this project is a variant o f the Marqusee and Baldwin^ ̂  

type peptides (Figure 21). Hence, this is a 16-residue alanine-based peptide with four 

Lys residues incorporated /,(z+5) apart, for solubility and to minimise aggregation of  

the peptide in solution. Lys Residues have the optimum side chain length for basic 

amino acids to minimise helix destabilising interactions with the peptide 

backbone. The peptide would have an acetyl group at the N-terminus and an 

amide group at the C-terminus to avoid helix destabilising interactions of the 

terminal a-NHj''" and a-COO" with the helix dipole.^ ̂  A synthetic conformational 

constraint would then be placed near the supposedly least helical segment of the 

peptide chain and direct comparison o f helicity between the unsubstituted and 

substituted peptides in solution could then be made (refer to chapter 4). This would 

provide information about the effects o f conformationally constraining this short 

peptide in aqueous and non-aqueous environments.

AC-KAAAAKAAAAKAAAAK-CONH2  (a)

AC-KAAAAKAAXAKAXAAK-CONH2  (b)

Figure 21. (a) Control peptide (b) Test peptide with X-X as the synthetic constraint.

The actual contribution o f the synthetic constraint to helicity in aqueous solution 

would benefit understanding o f local secondary structure and sequence, and perhaps 

enhance comprehension of polypeptide folding. Generally the benefit of such

conformational studies with model constrained peptides indicate both the 

conformational preferences o f natural and unnatural amino acids, and give insight 

into the design of biologically active peptide analogues.
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1.3.3 The Synthetic Residue Constraint

The region near the C-terminus o f the control/unsubstituted model peptide has been 

reported to be less helical than the N-terminus; CD and NMR data indicated the 

greatest a-helical content in Marqusee and Baldwin^® type peptides between the 

middle o f the 16-residue peptide and its N - t e r m i n u s . E v e n  though initially 

Marqusee and Ba l dwi nt yp e  peptides were thought to have some 3iQ-helicity at the 

C-termini, the role o f the imposed flexible spin labels used in these ESR 

experiments do question the accuracy of their findings. The N terminal acetyl 

blocking group could promote helix stability by establishing capping interactions of 

its otherwise free C =0 moiety with unpaired amide backbone groups and minimise 

f r a y i n g . H e n c e ,  the synthetic constraint is to be incorporated near the 

C-terminus in the model peptide (Figure 21).

The constraint replaces two Ala residues o f /,(/+4) spacing in an attempt to maintain 

the hydrogen bonding pattern of an a-helical peptide b a c k b o n e . T h i s  constraint is 

a covalently bonded ‘scaffold’ requiring four sites within it that can be manipulated. 

The first site o f this synthetic residue needs to be incorporated whilst chain extension 

continues with the second site, then the third site needs to intramolecularly cyclise on 

to a bridging Ala residue, and the final site needs to continue the required peptide 

chain extension (Figure 22).^^  ̂ This novel type o f synthetic constraint is able to 

generate a cyclic peptide by a unique synthetic route (refer to chapter 2 and 4).

Final Site nHo
= First Site

,COOH
IS HOOC''

X X
Third Site NHj

Second Site
Figure 22. The synthetic constraint; the ‘double-headed’ amino acid, (2/?, 9^-2,9-diaminodecanedioic 
acid.

47



Linda A lexander McNamara

The length o f  this 8-carbon aliphatic bridge has been developed from initial 

molecular modelling s tudies^wi th an idealised a-helical segment o f a modified 

sequence o f human growth hormone releasing factor using the SYBYL (Tripos) 

program (Figure 23).^^

H2 N-Tyr-Ala-Asp-Ala-Ile-Phe-Thr-Asn^-Xaa^-Tyr-Arg-Lys^^-Xaa^^-Leu-Ala^^- 
Glu-Leu-Ser-Ala-Arg-Lys-Leu-C02H

Figure 23. Modified sequence o f  (1-22) human growth hormone releasing factor with an /,(/+4) bridge. 
(Xaa refers to the substituted amino acids).

Initial studies reported in the literature, on the effects o f covalent bridges upon helix 

stability within this sequence (Figure 23), involved a lactam bridge between residues 

8 and 12.^  ̂ In addition to the lactam bridge, an Ala residue replacing a Gly at 

position 15 did correspondingly increase the stability o f the helix significantly in 

aqueous solution. However, the covalent bridge in this modelling study was a 

disulfide link between substituted D- and L- homocysteine residues at positions 9 and 

13 (Figure 24). The 8-atom bridge was replaced with carbons atoms only and the 

energy of helix formation o f the peptide determined by using the electrostatic 

parameters o f Leu. It appeared that the bridged sequence had a lower energy than the 

segment lacking the bridge. (Refer to Appendix A for the photograph o f the 

computer generated molecular model).

2 V s  V  7

8
HzN'^^COgH HjN^^COsH 

(a)

Figure 24. (a) Homocysteine bridge; (b) Leucine residue.

(b)
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In this project, the aliphatic bridge was obtained by the incorporated (2R, 

9*S)-2,9-diaminodecanedioic acid. The synthesis o f (2/?, 95^-2,9-diaminodecanedioic 

acid required the use o f two separate enantiospecific methodologies to generate a 

residue with two chiral centres for use in peptide synthesis (refer to chapter 3). This 

unnatural bifunctional amino acid is used in solid phase peptide synthesis^^^ (refer to 

chapter 4) in its fully protected form (Figure 25).

NH

OH

NH

Figure 25. The protected form o f (2/?, 95)-2,9-diaminodecanedioic acid (1) ready for solid phase 
peptide synthesis.

In summary, the literature cited in this chapter suggests that constraining a short 

peptide with a /,(/+4) covalent bridge promotes a-helicity. This project was 

concerned with establishing a viable synthetic route to generating the constraining 

residue, that was suited to producing sufficient quantities for use in solid phase 

peptide synthesis (refer to chapter 3). This was followed by establishing the optimal 

reaction conditions for incorporating this constraint into the model peptide and 

completing the synthesis of this novel cyclic peptide (refer to chapter 4); and finally, 

determining the influence o f this aliphatic covalent constraint on local secondary 

structure in a Marqusee-Baldwin-type^^>^^ variant alanine-based model peptide from 

CD data (refer to chapter 4). A review of the methods used to generate cyclic 

peptides on-resin is considered in the next chapter.
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CHAPTER TWO 

Solid Phase Synthesis of Cyclic Peptides

2.1 Introduction

Interest in cyclic peptides continues over the decades due to the occurrence o f such 

structures in nature as antibiotics or toxins. Some o f  the best known examples are the 

cyclic antibiotic decapeptide gramicidin S which was discovered about 50 years 

ago,^^  ̂ tyrocidins/"^^ and valinomycin.^"^  ̂ Many small peptides regulate numerous 

biological functions, acting as hormones, inhibitors or neurotransmitters. 131,142-144 

Hence, the efforts in drug design are concerned with establishing highly specific 

agonists or antagonists of these peptides with minimal toxicity. The design o f such 

analogues requires distinct information about the bioactive conformation for specific 

interactions with the many available receptors. Linear peptides built from natural 

Z-amino acids are generally less suitable for studying specific structure-activity 

relationships between a ‘bioactive molecule’ and its respective receptor. Apart from 

their inherent flexibility in solution, problems o f bioavailability and enzyme 

degradation are also unavoidable. Incorporation o f a constraint could lock the active 

conformation by reducing its conformational entropy, resulting in an increased 

affinity. These conformationally restricted molecules are ideal lead compounds for 

drug design combining high receptor affinity and reduced side effects.

Peptide cyclisation generates conformationally constrained analogues with suitable 

properties to investigate structure-activity relationships or ligand-receptor 

interactions. The absence o f charged termini in head-to-tail cyclic peptides facilitates 

entry across cell membranes. Cyclic peptides are also more resistant to proteolysis, 

therefore improving their bioava i labi l i t y .Cyc l i c  peptides are classified as
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homodetic i f  lactam linkages connect the constituent amino acids, and heterodetic if  

the linkages are disulfide, thioether, ether or ester moieties.

Traditionally, both types o f cyclic peptides were prepared entirely in solution; 

alternatively the linear precursor was initially assembled on solid support, cleaved 

from the resin and finally cyclised in solution, Classical ‘cyclisation in

solution’ methodologies were limited by cyclodimérisations and 

cyclo-oligomerisations even under conditions o f high dilution. Cyclisation o f the 

linear peptide whilst still attached to the resin may be more beneficial due to the 

‘pseudodilution’ effect. This is a kinetic occurrence where intramolecular reactions 

dominate over intermolecular side reactions. The solid phase approach may also 

drive the cyclisation o f the peptide to completion by allowing the use o f excess 

reagents which can be easily removed with washing and filtration.

Three main routes to cyclisation o f peptides on-resin have been described (Figure 

2 6 ). 145,146

y Side chain-to-head

aa aa

Side chain-to-tail

HEAD-TO-TAIL SIDE CHAIN-TO-END
y B ^ E y  

B y
-*"|  aa aa [-*-j aa [

N ts m ia u s

C terminus

SIDE CHAIN-TO-SIDE CHAIN

Figure 26. Common routes o f  cyclisation on-resin. 
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Ring closure between the terminal amino and carboxyl groups is referred to as 

head-to-tail or end-to-end mode of cyclisation. Closure is also possible between an 

amino group o f a Lys/Om residue side chain and the carboxyl terminus, or an 

Asp/Glu side chain carboxy group and the amino terminus; these closures are 

referred to as the side chain-to-end or side chain-to-backbone mode o f cyclisation. 

Finally, homodetic and heterodetic cyclic peptides are generated from side 

chain-to-side chain cyclisations involving lactam bridges formed between functional 

groups on residue side chains or disulfide linkages between two oxidised cystine 

residues.

2.1.1 Solid Phase Synthesis of Linear Peptides

The pioneering work by Merrifield^^  ̂ in the early 1960’s developed into a novel 

method for the automated synthesis of polypeptides. This process involves the 

stepwise assembly o f a linear peptide chain whilst still attached to a solid support 

(Figure 27). The solid support consists of polymer resin beads attached to a linker. 

The first amino acid is attached to the solid support directly via this linker. The linear 

peptide is built up from individually coupled N^-temporarily protected amino acids 

(with permanent side chain protection if  necessary).

The temporary and permanent amino acid protection groups have to be orthogonal to 

each other (refer to section 2.1.2) to allow for selective cleavage during the synthetic 

process. Hence, a base labile group such as Fmoc is usually chosen for N^-protection 

and an acid labile moiety such as Boc- or r-Bu is chosen for permanent side chain 

protection, Alternatively, mildly acid labile Boc may be used for N^-protection 

and the Bzl group (labile in strongly acid conditions) for the side chain protection.

The principal advantages of this synthetic process are the ability to use excess
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reagents to optimise reaction conditions, and the easier work-up between amino acid 

couplings.

Fmoc-HN-

HoN-

X .
Fmoc-HN CONH

Fmoc-HN CONH-

_ Polvmer resin 
bead

LINKER

Deprotect terminal amine 
from linker (or handle)

LINKER

Couple amino acid 1

LINKER

1. Deprotect N^-Fmoc
2. Couple amino acid  2

LINKER

1. Deprotect hN-Fmoc
2. Couple amino acid 3
3. Deprotect N-terminal Fmoc group
4. Cleave tripeptide from  acid labile linker

R'

H sN^^COH N'-^CO HNK'^CO —Ii2i\ uw nix  V/wniT uu— NH2

Figure 27. The general solid phase synthesis of a tripeptide amide. (R -̂R  ̂ are arbitrary amino acid side 
chain groups.)

When the desired linear peptide sequence has been assembled, the final peptide can 

be cleaved from the solid support using conditions that are dependent on the type of 

linker used. The N-terminal protecting group could be removed before cleavage or 

left on the final target peptide. The choice o f linker (or handle) permits either a 

peptide acid or amide to be generated. The remainder of this chapter discusses 

examples concerning the solid phase synthesis of cyclic peptides.
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2.1.2 Orthogonal Protection Strategy

Orthogonal protection is defined as a system that uses two or more independent 

classes of temporary and permanent protecting groups that are selectively cleavable 

by different chemical mechanisms. A permanent protecting group is defined as the 

only stable moiety to stepwise peptide chain elongation; it is usually cleaved as a 

final step when releasing the peptide from the resin. A combination o f temporary 

N“-protection groups, semi-permanent groups on Lys/Om or Asp/Glu side chain 

protection, and permanent groups for side chain protection plus peptide-resin 

cleavage are vital for the success o f solid phase synthesis o f cyclic peptides.

Classical methods o f cyclic peptide synthesis in so lut ionrequired fully protected 

linear peptides which are selectively activated and eventually cyclised in high 

dilution conditions. Solubility o f these protected linear precursors can become 

difficult with increasing peptide chain length. However, a combination o f assembling 

the linear peptide on solid support, cleavage from the resin and subsequent 

cyclisation in solution can overcome this limitation. A 22-residue cyclic peptide was 

successfully synthesised with this approach. This also allowed for a direct 

comparison o f side chain-to-side chain cyclisation o f Lys(20) and Glu(3) in solution 

and on solid support o f an already resin-assembled linear peptide. A better 

cyclisation yield was obtained in solution; however, easier purification produced 

greater overall yields with on-resin cyclisation.

In another example, a novel branched cyclic peptide was synthesised completely 

on-resin by using the standard Fmoc/f-Bu chemistry^ and two additional orthogonal 

strategies o f Allyl and Dde groups (Figure 28).
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y-OAl e-Dde 

Ac-Cys(T rt)-Glu-Ala-Lys-P AL-PEG-PS

Removal of Dde with hydrazine/DMF 

 ̂ y-OAl E-NH2

Ac-Cys(Trt)-Giu-iya-L>'s-P AL-PEG-PS

1 .10 Fmoc-amino acid 
additions

2. Removal of allyl group 
f-BuBoc f-Bu Pmc Trt Pd(PPhs)4

N H ,.a y .G ,y .L 4 s .% r .-4 -A s 'n .a n .M « .G ,y  " Removal of Fmoc group.
y - C p O K

' 'Lys-PAL-PEG-PS

Ac-Cys(Trt) Glu-

1. Cyclisation on-resin
2. Cleavage of permanent side chain protecting 

groups
3. Cleavage from resin.

]^-Gly-Gly-Glu-Lys-Thr-Aig-Asn-Gln-Met-Gly
y-CO

'Lys-CONHj:

-Glu-Ac-Cys

Figure 28. Synthetic strategy for a branched cyclic peptide.

The temporary base labile N“-Fmoc protecting groups are removed by 20% 

piperidine in DMF (v/v). Apart from this step being repeated during sequential 

coupling o f amino acids, this is also an important step prior to intramolecular 

on-resin cyclisation (Figure 29).^^  ̂In automated solid phase synthesis of peptides the 

efficiency of each coupling step is usually assessed from the deprotection mixture 

around the resin by measuring the UV absorbance at the isosbestic point o f the 

Fmoc-piperidine adduct and dibenzofulvene at 302 nm.^^^
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HN X.
\  (2)

Removal with the 
mild base piperidine

CONH CO2R

CO
+

CONH

Attack on the 
dibenzofulvene 
by piperidine

(4)

Figure 29. Cleavage o f a temporary N“-Fmoc protection group from a dipeptide (2) yields a stable 
dibetizocyclopentadiene anion (3) which decomposes to the dibenzofulvene (4) and a dipeptide with a 
free amine. An Fmoc-piperidine adduct (5) forms as the coproduct. (R is an arbitrary C-terminal group 
in this dipeptide example).

The semi-permanent Dde side chain protecting group is cleaved by hydrazine (Figure 

30), whilst the second semi-permanent Allyl group is removed under different 

conditions (Figure 31). The permanent acid labile side chain protecting groups are 

cleaved from the cyclic peptide by TFA in the presence o f cation scavengers (Figure 

32).
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(6)

Me. Me

Ï— HoNK'^CO-----

Me, Me

Me

/  \ NH

(7)

>— HoN K ^ co—

Me Me

(8) H N ^

nK
Me

NHz
/

(CH2)4

■HoN K ^C O -

Figure 30. Cleavage o f the semi-permanent Dde protection group (6) from a Lys side chain generates a 
hydrazone derivative (7) in the presence o f 2% hydrazine in DMF (v/v). The final cleavage indazole 
product (8) and the unprotected side chain of lysine are liberated. The efficiency o f  the deprotection can 
be monitored by the absorption o f product (8) at 300 nm in automated solid phase synthesis.

Me— N O

 0,^ ^ ][Pd°] catalyst

(10)
Figure 31. Cleavage o f the semi-permanent Allyl protection group on a Glu side chain (9) with Pd° in 
the presence o f NMM and HCl in DMSO/THF. The Allyl group is trapped by NMM (10) and the side 
chain o f  the Glu residue is liberated.
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NH

CO

HI CO CO
(12)

(11)
Figure 32. Cleavage o f a permanent ^er/-butoxycarbonyl (Boc) protection group on a Lys residue (11) 
by TFA yields volatile isobutene (12) and carbon dioxide whilst liberating the Lys side chain.

The versatility o f orthogonal protection is apparent in the synthesis o f a tricyclic 

homodetic somatostatin analogue (Figure 33).^^  ̂ In order to execute selective ring 

closures, paired carboxyl and amino protecting groups needed to be simultaneously 

and selectively cleaved. Hence, Boc//-Bu, Alloc/Allyl and highly acid labile 

trityl/2-chlorotrityl groups were utilised for protection o f three pairs of 

amine/carboxyl side chains. Detachment o f the linear precursor from solid support 

was done via its P-aspartyl ester linkage; 0.75% TFA removed the trityl group and 

2-chlorotrityl linker, whilst leaving all other acid labile protecting groups intact. Ring 

closures were all carried out at high dilution off-resin with DPPA as the coupling 

agent. Simultaneous cleavage o f the Alloc and Allyl groups followed and permitted a 

second ring closure. Formation o f the final lactam bridge was accomplished after 

cleavage of Boc/r-Bu ester protecting groups in the presence o f 50% TFA/cation 

scavengers. Orthogonal protection o f two Lys s-amino with Cbz and Fmoc groups 

permitted their differentiation, and were the final protecting groups to be removed.
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NHTrt

AllocHN

NH

NH
BocHN

HN NHCbz

Ot-Bu

RESlN-2-(Chlorotrityl)-

NH

HN
NH

HN NH

/  OH
Figure 33. A tricyclic homodetic peptide prepared by a three-dimensional orthogonal protection
strategy.
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2.1.3 Coupling Reagents

The ‘coupling reaction’ refers to the controlled formation of a peptide/amide bond 

between the activated carboxyl group o f one amino acid or peptide and an amino 

group of an another. The stereochemical integrity of the carboxylic component 

must be preserved during this bond formation. A particular problem is that activation 

of the carboxy group increases the acidity o f the a-proton; this may lead to oxazolone 

formation. (Figure 34).

(14)

R^O N . . .  w  R^o------ ^  ^

OH

(15)(13)
Figure 34. The activated dipeptide (13) undergoes intramolecular nucleophilic attack with loss of Y  
(the activating group) to form the oxazolone (14) this can enolise to give compound (15) with resulting 
loss o f stereochemical intregity. (R^O is an 0-alkyl moiety and R is a residue side chain).

Compared to synthesis in solution, problems with racémisation are much reduced in 

solid phase peptide synthesis. Alkoxyoxazolones (14) are less easily racemised 

and more easily aminolysed in comparison to oxazolones derived from acyl amino 

acids. In solid phase synthesis, amino acids are activated when N“-Fmoc- or 

Boc-protected, these urethane moieties prevent the tendency to form oxazolones 

which are then prone to racémisation. The use of excess reagents also promotes 

faster coupling reactions that minimise the chances for such activated carboxy 

components to racemise.

In solution, the azide method is one of the oldest and most useful coupling 

procedures. This method gives minimal racémisation in both peptide segment 

condensation and in the preparation of cyclic peptides under high dilution conditions

(Figure
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R̂ NHg
R OR R NHNH2  H */~ 0°C  R N3  R NHR^

(16) (17) (18) (19)
Figure 35. Hydrazinolysis o f a protected peptide or amino acid ester (16) yields a hydrazide (17) which 
is converted in to an azide compound (18). Reaction with the amine component o f an amino acid 
generates the final peptide (19).

Cyclising linear peptides in solution, after assembly on solid support with coupling 

agent DPPA remains popular, because of its ability to form peptide azides in situ 

with subsequent high coupling yields and minimal racémisation. 163,164 However, a 

direct comparison o f cyclisation of identical linear peptides in solution with 

TBTU/HOBt/DIEA and DPPA in DMF indicated better overall yields with the former 

coupling reagents.

The main disadvantage of using the azide method for coupling include the instability 

o f peptide azides at room temperature. Hence, low reaction temperatures are required 

for successful couplings. This introduces both problems with peptide solubility and 

appropriate choice o f solvent. Recently, a variation of this methodology avoids these 

problems by converting the peptide azide into an active ester in the presence o f HO At 

or HOCt. The active peptide ester is then successfully coupled to another peptide 

segment in solution.

Carbodiimides have been used since the 1950’s in peptide synthesis, by generating 

the (9-acylisourea with a protected carboxylic acid and reacting this with an amino 

moiety yielding an amide bond (Figure 36).^^^
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N-----C—N

(21)

(20)

0
X

+

H U H  
— N C— N

(22)
Figure 36. An 0-acylisourea (21) is formed from a nucleophilic attack o f a carboxylic acid on DIC 
(20). The final amide product is accompanied by the urea by-product (22).

If a second equivalent of the carboxylic acid is available, a further reaction with the 

non-isolable (9-acylisourea can produce a symmetric anhydride. This too can react 

\vith an amino moiety and form an amide bond. However, to avoid racémisation 

activation o f protected carboxylic with carbodiimides is usually carried out in the 

presence o f a hydroxylamine derivative such as HOBt to form an active ester in situ 

ready for coupling (Figure 37).

or
(23)

N C =

(24)

O
I I-c-

R'NH

R NHR'
Figure 37. An amide bond is formed with an activated ester (25) which is generated from HOBt (23) 
reacting with O-acylisourea (24), which has been made in situ.
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The carbodiiraide DIC is compatible with Fmoc//-Bu solid phase peptide synthesis as 

the urea by-product is soluble in DMF and, therefore, ideal for both batch and 

continuous synthesis. DCC is ideal for Boc/Bzl strategy as the DCU urea by-product 

is soluble in TFA.

The phosphonium and so-called uronium salts derived from

l-hydroxy-7-azabenzotriazole (HOAt) are the preferred choice o f coupling agents 

when compared to benzotriazole analogues, both in solution and solid phase peptide 

synthesis. This is attributed to higher coupling yields and minimal 

racémisation. The greater efficiency o f HO At relative to HOBt is governed by 

the formation or reactivity o f the active ester intermediate (Figure 37, similar to 

compound 25). HOAt esters have an electron withdrawing nitrogen atom that can 

stabilise the overall charge o f the leaving group, and is strategically placed at 

position 7 to participate in the neighbouring group effect with an incoming amino 

moiety (Figure 38).^^  ̂This has not been observed with the 4-isomer o f HOAt.

7-HOAt HOBt

R2 N--
4-HOAt OH

NGP effect

Figure 38. The neighbouring group effect o f  the 7-isomer o f  HOAt.
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A  successful synthesis o f peptide fragments containing multiple Aib residues was 

reported with the potassium salt o f HOBt (referred to as KOBt) and Fmoc-Aib-Cl.^^® 

The use o f KOBt replaced the need to use HOBt and an organic base, thus, 

preventing oxazolone formation and allowing for extended reaction times.

Recently a novel coupling agent, ethyl 1-hydroxy-H/-l,2,3-triazole-4-carboxylate 

(HOCt) was introduced to enable better monitoring o f the automated coupling 

efficiency in solid phase peptide synthesis (Figure 39). Reliance on monitoring the 

absorbance o f the deprotection mixture with the Fmoc-piperidine adduct in the 

presence o f coupling agents HOBt and its derivatives may not always indicate real 

time monitoring as they also absorb at 302 nm. This could be vital in the synthesis o f  

long peptide chains o f over 20 residues to avoid multiple deletion sequences. 

Otherwise both low yields and ensuing purification problems are to be expected. The 

coupling agent HOCt avoids this prospect as it does not have a UV absorbance at 302 

nm. HOCt is not commercially available but can be synthesised on a large scale 

locally.
O

EtO

OH

HOCt

Figure 39. The HOCt coupling agent.

The phosphonium salts derived from HOAt include 

(7-azabenzotriazol-1 -yloxy)-tris(dimethylamino)-phosphonium hexafluorophosphate 

(AOP) and (7-azabenzotriazol-l-yloxy)-tris(pyrrolidino)-phosphonium
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hexafluorophosphate (PyAOP) (Figure Similarly, BOP and PyBOP are

phosphonium derivatives o f HOBt.

MejN I NMes 
NM02

AOP

o
PyAOP

PFf

MejN I NM62 

NM62

BOP PyBOP

Figure 40. The phosphonium based coupling agents.

The pyrrolidino derivatives PyBOP and PyAOP are more reactive than the 

dimethylamino derivatives BOP and AOP. The latter two reagents also release a 

known carcinogenic compound, HMPA, during the activation step.

The so-called uronium analogues of the phosphonium salts include HATU, HAPyU 

and However, X-ray analysis has indicated that these analogues exist

as guanidinium A-oxides or aminium salts when crystalline rather than the 

corresponding uronium salts (Figure 41).^^^’^̂ ^
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So-called Uronium Derivative

HAPyU

Me,N. PFg Me,N PF

HATU HBTU
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NMC2

Figure 41. The aminium based coupling agents.

The coupling agent, 2-propanephosphonic acid anhydride (T3P) (Figure 42), has 

found applicability in cyclising sequences o f short sterically hindered peptides. 

Although stepwise coupling o f urethane-protected activated amino acid esters in 

peptide synthesis occurs without loss o f configuration, for head-to-tail cyclisation of  

short penta- or hexapeptides with sterically hindered amino acids, partial

racémisation may occur, 179

0 ^ '

T3P
Figure 42. An alkyl phosphonic anhydride that does not produce any by-product that may have 
solubility problems analogous to the urea by-product o f DCU.

HAPyU and a phosphonic acid-based condensation agent, T3P, were utilised as 

coupling reagents for the cyclisation o f increasingly sterically hindered linear
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pentapeptides.^^^’^̂  ̂ The sterically hindered amino acids chosen included 

a,a-dialkyl- (Aib) or A-methyl-amino acids at the N-terminal position. T3P was 

shown to be as effective as HAPyU in cyclisations o f sterically less demanding 

T-pentapeptides, but superior to HAPyU for sequences that contained Aib, 

(N-Me)Ala or (A/-Me)Phe residues at the cyclisation site.^^^

The 7-aza-based coupling agents derived from HOAt (PyAOP, HATU and HAPyU) 

have been demonstrated to be superior to the HOBt-based reagents in solid phase 

peptide synthesis with regard to coupling efficiency and maintenance of chiral 

integrity. However, aminium salts have also been known to react with an

available amino moiety in a peptide chain and form a guanidino derivative that 

terminates any further peptide chain elongation or intra-chain cyclisation (Figure 

4 3 )1 6 0

H2N— -Tyr-Dab-/)-Glu-Phe-Leu— LINKER

NMe,

MeoNA NH

H O

M02N
HBTU (as a guanidino derivative)

Tyr-HN

O

:
Phe-Leu- LINKER

Figure 43. The attempted synthesis of cyclo[Dab(2)-Z)-GIu(3)] with HBTU results in the formation of 
a tetramethylguanidium derivative at the y-amino side chain

An attempted side chain-to-side chain cyclisation between adjacent 

a,Y-diaminobutyric acid (Dab) and D-glutamic acid residues in a 10-membered chain 

yielded a monomer and dimer with a tetramethylguanidinium moiety from HBTU
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attached to the side chain o f Dab. Similarly, a head-to-tail cyclisation between an 

Asp and D-Val residue in a pentapeptide chain with TBTU was unsuccessful due to 

the attachment o f a tetramethylguanidinium moiety to the free amino component of 

the D-Val.^^^ Both attempted cyclisations took place over the standard two hours and 

have been attributed to the faster side reaction competing with an already difficult 

cyclisation reaction. Phosphonium reagents cannot take part in analogous phosphine 

imine-forming side reactions. Hence, PyAOP appears to be the ideal reagent for 

cyclisation on-resin due to its faster coupling times and absence o f guanidino forming 

side reactions.

There continues to be significant development in the variety o f coupling reagents 

(Figure 44). A series o f analogues o f HBTU (TBTU, TSTU, and TNTU) developed 

by Knorr et seem to have applicability for peptide couplings in mixed

aqueous/organic media. An analogue o f HAPyU, referred to as TAPipU had 

comparable cyclisation efficiency accompanied by minimal racémisation in solid 

phase synthesis. A uronium salt, HDTU derived from HODhbt had comparable 

coupling efficiency to HATU in solution, but was less effective in solid phase 

synthesis. PyBroP and PyCloP are two halotripyrrolidinophosphonium 

hexafluorophosphates that efficiently couple A-methylated amino acid esters in 

solution when compared to PyBOP, but their applicability to solid phase synthesis is 

debatable. Another efficient ‘solution only’ coupling reagent is BOP-Cl, however, 

épimérisation at the activated site cannot be avoided. A reagent that has found use 

in both solution and solid phase coupling of A-methyl amino acids is

2-chloro-1,3-dimethyl-2-imidazolinium hexafluorophosphate (CIP).^^  ̂ Another 

efficient solution/solid phase coupling reagent is tetramethylfluoroformamidinium 

hexafluorophosphate (TFFH).^^  ̂ This reagent helps to generate highly reactive 

Fmoc-protected amino acid fluorides in situ ready for coupling. A further less
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familiar coupling reagent for solid phase synthesis is BOI which has comparable 

efficiency to

NM62

TBTU NM62

<

B F f

NM62

NMe,

TNTU

TSTU
+ /  

N O ------

BFf 

NM62

NMe-j

HODhbt

OH

PyBroP, X=Br 

PyCloP, X=C1

+C— NMe

HDTU

TAPipU

Me

I
-N,

©

I
Me

CD*

- C l 'P F f

Me

NMe2 

F— — NMe2 

PFe"

TFFH

Figure 44. Other coupling agents.

PF,

Me

BOI
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Peptide couplings can also occur between isolated active esters such as those derived 

from pentafluorophenol (HOPfp).^^  ̂ The OPfp esters have found use in couplings 

that require swiftness to avoid competing side reactions and/or minimise problems 

associated with the standard coupling reagents, for example, guanidino derivatives 

with aminium salts.

2.2 Head-to-Tail Cyclic Peptides .

A novel method to synthesise cyclic peptides by using a p-nitrobenzophenone oxime 

resin was reported about a decade ago. The peptidyl oxime ester linkage is labile to 

aminolysis, but stable to acid. It should be noted that only Boc-chemistry is 

compatible with this oxime resin strategy when synthesising head-to-tail cyclic 

peptides. The secondary amines used to cleave Fmoc groups will also cleave the 

oxime ester linkage, hence, N^-Boc cleavages o f incorporated amino acids are 

usually accompanied by in situ neutralisations by DIEA to prevent premature resin 

cleavage. Application o f this Kaiser oxime resin to the synthesis o f a cyclic 

decapeptide antibiotic Tyrocidine A demonstrated the nucleophilic attack o f the 

N-terminal amine on this ‘handle’ and cleavage from the resin (Figure
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Boc-NH

O

N
Boc-Leu-OH

RESIN )RESIN ) O2N
KAISER OXIM E RESIN

1. Repetitive coupling o f  a further 
9 Boc-amino acids in the presence 
ofBOP

2. i^-Boc removal then cyclisation 
with BOP/DIEA over 2 hrs and W
concomitûnt cleavage from resin *

O
IM\

G ln-Tyr(Cl2-Bzl)-Val-0m(Z)-Le^ O N = C ( 0 XIME RESIN)

Asn-D-Phe-Ph6-Pro-D-Ph©-fjH2 I Deprotection o f side chain
W protecting groups with 
T TFA

^In-Tyr-Val-Orn-Le^

Asn-D-Phe-Phe-Pro-D-Phe

Tyrocidine A

Figure 45. Synthesis o f Tyrocidine A on the oxime resin.

This mode o f cyclisation has been successfully applied to the syntheses of a 

lanthionine enkephalin; cyclo-hexapeptide analogues o f components of peptide 

hormones elcatonin and oxytocin; cyclic pentapeptide libraries; serine protease 

mimics; and artificial ion channels o f novel cyclic peptides providing insights into 

structure-function relationships in native ion channels.

A direct comparison o f using the 'head-to-taiT mode o f cyclisation and ‘side

chain-to-side chain’ cyclisation with the same terminal residues in an identical

peptide segment attached to the oxime resin, indicated that the former method gave a

higher yield o f the desired cyclic peptide. An Asp residue was attached to the

oxime resin via its side chain and its C-terminus was protected as an allyl ester. The
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assembly o f the linear peptide was accomplished by the standard Boc/Bzl strategy. A 

third form o f orthogonality was required for the N“- and N^-functionalities o f an 

N-terminal Lys (Fmoc/Boc or Boc/Trt). Selective cleavage o f the bP-protecting group 

allowed this ‘end-to-end’ cyclisation with concomitant resin cleavage via the side 

chains o f Lys and Asp residues (Figure 46).

17 21 17 21
Fmoc-Lys-Lys(CIZ)-Phe-His(Bom)-Asp-OAI Fmoc-Lys-Lys(CIZ)-Phe-His(Bom)-Asp-OAI

Steps 1-3

OXIME
RESIN

Boc PCO-------------------------- HN---------------------------------------- CO

/  1. Boc cleavage with 25% TFAJDCM
2. Cyclisation with 5%  DIEA/DCM  

and resin cleavage
3. Cyclisation y ie ld  o f  50%

Figure 46. An end-to-end cyclisation o f an /,(/+4) segment o f  human calcitonin analogue.

Another strategy for cyclising linear peptides in a ‘head-to-tail’ fashion on-resin is

possible by attaching a side chain functional group to the solid support. In this case

case, cyclisation can be achieved without concomitant resin cleavage. McMurray^^^

described the construction o f a cyclic 10-residue peptide on an aminomethylated

polystyrene resin derivatised with leucine as a reference amino acid and a

4-hydroxymethylphenoxyacetic acid linker. Fmoc-Glu(OH)-ODmb was attached to

the solid support via its side chain and the remaining linear peptide was assembled

with a 3-fold excess o f each amino acid using the Fmoc/f-Bu strategy in the presence

of BOP/HOBt/NMM in DMF. Cleavage o f the highly acid labile C^-protecting group

(Dmb) of Glu with 1% TFA/DCM (v/v), followed by cleavage o f the N^-Fmoc o f the

terminal residue (Ala) allowed the peptide to be cyclised using BOP/HOBt/NMM or

DIC/HOBt. Cleavage o f the carboxy terminus before the amino terminus precludes

development o f undesired side reactions such as interchain dimérisation. The final

required cyclic peptide was achieved after resin cleavage and removal of permanent

side chain protecting group with 95% TF A/cation scavengers (v/v). Cyclisation with
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BOP/HOBt/NMM was shorter (5 hours) when compared to DIC/HOBt and gave a 

slightly higher yield o f 26%. A similar protocol was employed in a different peptide, 

this time using the Boc/benzyl strategy with a Boc-Asp(P-PAM-resin)OFm and an 

N-terminal Tyr residue. Cyclisation o f this heptapeptide in a 65% yield occurred over 

3 hours with BOP/DIEA (3:6 molar equivalents).

In a similar strategy, but using the three-dimensional orthogonality o f 

Fmoc/f-Bu/Allyl protection, the efficiency o f generating head-to-tail cyclic peptides 

on solid support were compared by using different /?-alkoxybenzyl alcohol (PAC) and 

tris(alkoxy)benzylamide (PAL) linkages.^®® Also a comparison was made o f how the 

attachment point o f the linear sequence influenced the cyclisation yields (Figure 47). 

The PAC or PAL linkers initially had Asp, Glu or Asn C“-allyl esters attached, and 

head-to-tail cyclisation was carried out in the presence o f BOP or 

PyBOP/HOBT/DEEA in DMF.^^  ̂The best yield and purity o f the target decapeptide 

was obtained in 71% yield with the Asn(8) strategy, while the Glu(lO) strategy gave 

the highest amount o f by-products. Other examples of attaching side chains o f Asp, 

Glu or Asn (by attaching the P-carboxy o f Asp to a PAL linker) to a resin and 

synthesising short cyclic head-to-tail peptides confirm the importance o f this 

strategy,^^ '̂^^^

Ala-Ala-Arg(Pmc)-D-Phe-Pco

OPAC-Resin

Fmoc-Glu-OAl Glu-Tyr(f-Bu)i-Asn}-AsprGlu^
10 : 8 : 7 : 6  "C Sv, OPAC-Resin

Fmoc-Glu-OAl

An Asn is derived from the OPAC-Resin
peptide amide link between PAL-Resin „  ..
the p-CO of Asp and the | Fmoc-Asp-OAl
PAL linker Amoc-Asp-OAl

Figure 47. The dashed lines represent the four attachment points used to synthesise the target
decapeptide. Dark arrows represent direction of synthesis.
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Two synthetic problems were identified when synthesising a variety o f head-to-tail 

cyclic peptides containing 5-7 residues with an Asp or Asn side chain linked 

residue.^®  ̂The first involved high levels o f racémisation o f the C-terminal aspartic 

acid moiety in the cyclised peptide, after an initial Fmoc and OFm cleavage (o f the 

N- and C-terminal residues) with 20% piperidine/DMF (v/v). This was initially 

thought to occur during the activation step o f the C-terminus before transformation 

into the cyclic product. However, the épimérisation was later established to occur by 

inappropriate activation of the C-terminus (after premature OFm cleavage) by the 

BOP/HOBt coupling agents during stepwise linear N-terminal elongation. In order to 

overcome this problem, preactivated amino acid pentafiuorophenyl esters were 

utilised in the linear assembly of this peptide.̂ ®"̂  The second problem was the 

formation o f a linear piperidyl-amide at the carboxy terminus after Fmoc/OFm 

cleavage before the attempted cyclisation. In this situation excess piperidine is 

required to cleave these groups. A piperidinium salt can form with the previously 

deprotected carboxyl terminus and reduce cyclisation yields dramatically. This can 

be prevented by a HOBt/DMF wash to keep the free carboxy moiety protonated and 

abrogate piperidine amide formation.^®^

Other residues such as Lys/Om can be attached to a functionalised resin via their side 

chains and result in a link that is stable to chain assembly.^®^’̂ ®̂  The co-amino group 

was linked to the solid support via a carbamate function. Hence, an active carbonate 

resin is required to react with the appropriate amino group. -Disuccinimidyl 

carbonate (DSC) was used to convert conventional hydroxymethyl resins to active 

carbonate resins (Figure 48).
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N— O O— N

DSC

HMPP

MBHA

HO-HM PP-AIa-M

O 
II

Su-O-C-O-HMPP-Ala-r

Fm oc

Fmoc-Lys-OAI
or

Fmoc-Om-OAl
O

X-NH-C-0-HM PP-Ala4  

OAI (X is Lys or Om)

Figure 48, Attachment of a Lys or Om side chain to an activated carbonate resin (Ala was used as an 
internal reference amino acid).

After incorporation o f Fmoc-Lys-OAI or Fmoc-Om-OAl, stepwise synthesis o f the 

linear peptide in the C-Xo-N direction took place with the standard FmocA-Bu 

protocol with either BOP/HOBt or PyAOP/HOAt. Initial allyl group removal with 

Pd(PPh))  ̂ in DMSO/THF/O.S N HCl-morpholine (2:2:1:0.1) under Ar for two hours 

at room temperature was followed by Fmoc cleavage. A BOP/HOAt/DIEA (5:5:10) 

mediated cyclisation was complete in 2 hours according to the Kaiser test.^^  ̂ Final 

cleavage of the anchoring linker and -̂Bu side chains was accomplished with 

TFA/thioanisole/ethanedithiol/anisole (90:5:3:2) (v/v) for 2 hours at room 

temperature yielding the target crude cyclic peptides in 30-60% yield. Attempts with 

side chain anchoring o f Fmoc-Ser-OAl and Fmoc-Tyr-OAl were not as successful as 

the Lys/Om system. The lower yields were attributed to the reduced nucleophilicity 

of the hydroxy functionalities and the instability o f the corresponding carbonate bond 

to piperidine.^^^

An endothelin antagonist analogue was successfully synthesised as a head-to-tail 

cyclic peptide using a Ser side chain attachment (Figure 49) and the Boc/For/ONB
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strategy.^®  ̂ Orthogonality between ONB ester protection and Fmoc-removal could 

not be guaranteed with longer peptides, hence, this strategy is limited to the N^-Boc 

amino acids.

CO-CH2CH2-CO2H

Boc-Ser-ONB

CO-CH2CH2-C— NH 

Boc-sir-ONB

I
H2 N

BOP/HOBt

\  // RESIN

V /
RESIN

1. Deprotect Boc with 50% TFA
2. Couple Boc-AA; BOP/HOBt

Î
CO-CH2 CH2 -C— NH 

Boc-Ttp(For)-D-Leu-Val-£)-Pro-Ser-ONB
\  /

I 1. Cleave C°-ONB ester;SnCl/DM F
l.CleaveN^-Boc; 50% TFA

f
COCH 2 CH2 -C— NH 

H2N-Trp(For)-Z>Leu-Val-D-Pro-sir-OH

1. Cleave form yl (Trp side chain) 
protecting group;
20% piperidine/DMF  

y  2. Cleavage from resin by 
ammonofysis; NHj 

-T rp-D-Leu-Val-D-Pro-Ser—

RESIN

RESIN

Cyclise; BOPm O Bt

CO-CH2CH2-C— NH RESIN

-T rp(For)-D-Leu-Val-D-Pro-Ser

Figure 49. Head-to-tail cyclisation with Ser side chain attachment.
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Anchoring the side chain o f Fmoc-Tyr-OMe to HMPB-MBHA,^^® Wang^^^ and 

Sasrin^^^ resins was accomplished by a Mitsunobu reaction (Figure 50).^^^ After 

satisfactory loading was established, three cyclic analogues o f neuropeptide Y were 

synthesised successfully in a head-to-tail fashion.^^"^

PPhs

C2H5 0 0 C-N=N-C0 0 C2H5

R ; H M P B -M B H A ,W A N G  or 
SA SR IN  Functionalities

O— PPha

©
Fmoc-Tyr-OCHa C 2H 500C -N -^-C 00C 2H 5

H

H
I

+ 0=PPh3 + C2H5 0 0 C-N-f^-C0 0 C2H5

H

Fmoc-N CO2CH3 

Figure 50. Attachment of a Tyr side chain to various resins via the Mitsunobu reaction.

Even though head-to-tail cyclic peptides are efficiently synthesised on-resin by an 

amino acid side chain attachment utilising the versatile Fmoc/r-Bu/Allyl strategy,^ 

there are limitations to the type of amino acids that are effective. Hence, other 

methods o f manipulating the ‘linker attachment’ or Imndle to the solid support have 

been sought.

Alsina et considered the attachment of a backbone amide nitrogen (the

a-nitrogen) to an appropriate handle, collectively referred to as the backbone amide 

linker (BAL) (Figure 51). One end of the tris(alkoxy)benzyl handle incorporated a 

selectively cleavable protecting group and the other end was coupled to a 

functionalised polymeric support.
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CH3O

Peptidyl N— CH2

CH3O

O 
II

0(CH2)4C— NH-

Figure 51. The BAL concept implemented as the tris(aIkoxy)benzyl system. (R=C0 2 A1; and R  ̂ are 
arbitrary alkyl groups).

The C-terminal amino acid is attached as a C°^-allyl ester to the anchor by reductive 

amination. Stepwise linear synthesis with subsequent orthogonal cleavage of the allyl 

moiety liberates a free C^-carboxyl group which condenses with a free N-terminal 

amino group to form the cyclic peptide. Final deprotection and cleavage releases the 

free cyclic peptide into solution. In another example, a novel 4-alkoxybenzyl-derived 

linker that also anchors a C-terminal amino acid to the resin via its a-nitrogen atom, 

compatible with standard Boc-chemistry, was employed in the synthesis o f the cyclic 

heptapeptide stylostatin 1.^*  ̂ This BAL linker synthetic strategy is applicable to all 

amino acids except proline.

Successful head-to-tail cyclic peptides have also been synthesised with the Fmoc/Boc 

protocol and a ‘safety catch’ sulfonamide linker (Figure 52).^^^ N-terminal Fmoc 

group cleavage followed after assembly of the linear peptide. The reprotection o f the 

N-terminal amine before activating the acyl sulfonamide linker prevented unwanted 

cyanométhylation of the terminal amine. Cleavage of the temporary (highly acid 

labile) trityl protection on the N-terminus, followed by an amine to acyl sulfonamide 

cyclisation-cleavage reaction (in the presence o f DEEA) gave the required target 

cyclic peptide. The dependence of the yield was influenced by which amino acid was 

attached to the linker. The best purity and amount of the target cyclic peptide was 

obtained in 52% yield with D-Trp to Tyr cyclisation.
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r e s in )AA ’̂-AA

,6
CN

Final cleavage of side chain

1. Cleavage of Trt;
Wo TFA/5% nS/DCM

2. Cyclisation and resin cleavage; 
DIEA(3eq.)/THF

MeAla-Tyr-D-Trp protection; 95% TFA aA^-AA^-AA^
I

AA^-AA®-AA®Phe-Val-Lys
Figure 52. Synthesis o f a cyclic hexapeptide analogue o f  MK-678 on a 4-sulfamylbutyrylaminomethyl 
polystyrene resin.
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2.3 Side Chain-to-End Cyclic Peptides

A series o f ‘side chain-to-head’ cyclic peptides derived from the 139-147 

hemagglutinin region of the influenza virus were synthesised on the solid 

phase. Either a ‘small loop’ cyclisation was carried out between the

N-terminus o f Cys(139) and the P-carboxyl o f Asp(148) or a ‘large loop’ cyclisation 

between the e-amino o f Lys(148) and the N-terminus o f Cys(139) via a succinimidyl 

linker (Figure 53).

Boc-Cys(p-MeBzl)-Lys(CI-Z)-Arg(Tos)-Gly

Pro

^ — MBHA-Tyr(Cl2 -Bzl)-Lys(Fmoc)-Phe-Asp{cHex)-Ser(Bzl)-Gly

1. Cleavage of N-terminal Boc group
2. Incorporation of a succinimidyl linker 

using a succinic anhydride

'PfzEtNH % O C -C H 2 -CH2 -CO-NH-Cys(p-MeBzI)-Lys(CI-Z)-Arg(Tos)-Gjy

Pro

.  I
— MBHA-Tyr(Cl2 -Bzl)-Lys{FmoG)-Phe-Asp(cHex)-Ser{Bzl)-Gly

1. Cleavage of Fmoc side chain 
protection on Lys

2. Side chain-to-head cyclisation;
HOBt/DIC over 3 days or

Q T BOP/HOBt/DIEA in 2 hours
\î-NH-Cys(p-M eBzl)-Lys(CI-Z)-Arg(Tos)-G ly

\
•is. /  Pro

C-NH,
■MBHA-Tyr(Cl2 -Bzl)-Lys-Phe-Asp(cHex)-Ser(Bzl)-Gly

Cleavage of side chain protecting 
groups and cleavage from resin

^-NH-Cys-Lys-Arg-Gly^

H2 N-T yr-Lys-Phe-Asp-Ser-Gly 

Figure 53. Synthesis a o f ‘large loop’ peptide.
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Compared to the HOBt/DIC cyclisation, less pure products were obtained with the 

faster BOP cyclisation due to oligomerisation. A lower resin substitution/loading also 

resulted in reduced levels o f cyclodimers. The Asp(146) side chain was protected 

with a cHex group to avoid a succinimide side reaction.^^  ̂ Synthesis of ‘small loop’ 

peptides also utilised Fmoc/Bzl chemistry except for the last residue at the 

N-terminus. Removal o f the N-terminal Boc group and the r-Bu side chain protection 

of Asp(148) permitted cyclisation in the presence of HOBt/DIC (3 eq. each) after 2 

days.

H
Fmoc-N— Rink Amide 

Handte

1. Fmoc cleavage
2. Coupling o f  Fmoc-Lvs(Mtt)-OH; 

HBTU/HOBT/DIEA
3. Cleavage o f  the side chain Mtt group; 

1% TFA/5% TIPS/DCM
4. Attachment o f  DNA-binding agent; 

9-phenox\’acridine/MeOH‘ I%> AcOH

.BA
HN 
(ÇH2)4

H
Fmcc-Cys(Mmt}-Lys— N -

1. V Coupling cycles with 
Fmoc-AA-OPfp/HOBt

2. Deprotection o f  N-terminal 
W Fmoc moiety

/BA
HN
(ÇH2)4  ^

H2N-AA'‘-AA^-AA^-AA^Cys(Mmt)-Lys— N -

1. a-Bromoocetvlation ofN-termini; 
BrC H fiO fl/D IC /D C M /D M F

2. Cleavage ofX im t side chain protection; 
l%o TFADCM

/B A
HN
(CH2)4

I H
Br-CH2-CO-AA''-AA^-AA^-AA’-Cys-Lys— N -

BA =

= SynPhasê * Crov̂ mj

Cyclisation on-resin;
1% AcOH in DMF or MeOH  

or
1 % DIEA in DMF or MeOH

/B A
HN
(ÇH2)4

CHs-CO-AA^’-AA^-AA^-AA^-Cys-Lys-CONH—

Figure 54. Synthesis o f a thioether-bridged cyclic peptide.
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A  new method was developed for the synthesis o f cyclic thioether peptide libraries 

with a 9-aminoacridine DNA-binding agent (Figure 54).^^  ̂ The key step was a 

cyclisation reaction between a C-terminal cysteine side chain and an N-terminal 

bromoacyl group. Cleavage from the resin required agitation o f the peptidyl-resin 

with 95% TFA/cation scavenger.

Cyclic peptide analogues generated by altering residue side chains or carboxyl and 

amino terminal groups may essentially modify components o f the peptide that have a 

role in receptor activation and, therefore, contribute to poor biological activity.^^^ 

Gilon et developed a novel mode o f cyclisation to overcome these limitations 

detected in synthetic cyclic analogues o f the carboxyl terminal sequence of substance 

P (Figure 55).
o

NH

HN

Arg(6)
HN

HN
P h e (8 )-G ly (9 )  
amide bondNH

S-CH;

Boc

N COoH
Fmoc'

(B)

Figure 55. (A) Cyclic peptide analogue, (B) N-protected co-aminoalkylidene Giy building block.
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This method proposed joining atoms in the peptide backbone rather than side chains 

or terminal groups. Referred to as ‘backbone cyclisation’, the only significant 

alteration in the linear precursor was alkylation o f the peptide backbone. An 

N-backbone to amino end cyclic analogue o f a segment of substance P was 

synthesised using an N-protected co-aminoalkylidene Gly building block. A lactam 

ring linked the Phe(8)-Gly(9) amide bond to the amino terminus o f Arg(6) via a 

dicarboxylic acid spacer (Figure 55). Although this different form o f side 

chain-to-end cyclisation is successful in solution, the difficulty o f coupling sterically 

hindered N-alkylated amino acids such as (B) makes its applicability to solid phase 

synthesis doubtful.^^^

2.4 Side Chain-to-Side Chain Cyclic Peptides

The strategy generally used to link amino acid side chains is the formation o f lactam 

bridges between Lys/Om and Asp/Glu residues. Apart from amide bonds, other 

covalent linkages which have been used include a disulphide bridge between two 

unmasked Cys residues; a monosulfide (or thioether) bridge between two modified 

residue side chains; and a carbon-carbon bridge between a pair o f amino acids.

2.4.1 Cyclic Lactam Bridged Peptides

Schiller et a f^  developed one of the first side chain-to-side chain lactam cyclic 

peptides on solid support when synthesising cyclic peptide opioid analogues The 

linear 4- or 5-residue peptide was assembled with the Fmoc/Bzl strategy on a 

benzhydrylamine resin (0.4 mmol/g). The amino side chains o f Lys/Om and the 

carboxylate moiety o f Glu were protected using Boc- and /-Bu- groups before 

cleavage with TFA/DCM (1:1). Complete on-resin cyclisation, according to the
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Kaiser tesf^^ required 5 to 10 days, and fresh batches of DCC/HOBt (2.5 eq. each) 

in DMF to be added every 48 hours.

A similar approach by Felix et was used to synthesise cyclic analogues of 

human growth hormone releasing factor. Initial assembly o f the linear peptides on the 

benzhydrylamine resin (0.7 mmol/g) employed the Boc/Bzl strategy. Amino and 

carboxylate side chain were protected with Fmoc- and -OFm groups; premature Fmoc 

and/or OFm cleavage was not observed with neutralisation by DIEA/DCM (1:9) after 

each N^-Boc cleavage/coupling cycle. Orthogonal removal of Fmoc and OFm groups 

in the presence o f piperidine/DMF (1:4), followed by cyclisation with BOP (2.5 eq.) 

in DMF and TEA (2.8 eq.) occurred within 4 hours at 25°C. The superiority of BOP 

over DIC/HOBt and DPPA as cyclisation reagents was reinforced.

Hruby et applied the mixed N^-Boc/N^-Fmoc methodologies of Schiller and 

Felix in synthesising mimetics o f biologically active molecules such as glucagon. 

On-resin cyclisations between deprotected side chains o f Asp and Lys residues were 

completed within 2 hours using BOP and yielded cleaner products.

The oxime resin provides a different approach to generating lactam bridged side 

chain-to-side chain cyclic peptides.^^’̂ ’̂̂  ̂A Boc-Asp(OH)-OPac was attached to the 

oxime resin via its p-carboxyl side chain (its a-carboxyl was protected by a phenacyl 

function). Linear peptide assembly was followed by cleavage o f Trt moiety from the 

Lys side chain and intrachain cyclisation with concomitant resin cleavage (Figure 

56).77
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Boc-Lys(2-Cl-Z)-Leu-Lys(Trt)-Glu(OBzl)-Leu-Lys(2-Cl-Z)-Asp-OPac

\. Cleavage o f Trt group; 1% TFA/DCM I r»xT-n/' • ^
2. Cyclisation with resin cleavage;DlEA W '  s )

Boc-Lys(2-Cl-Z)-Leu-Lys-Glu(OBzl)-Leu-Lys(2-Cl-Z)-Asp-OPac

0-N=C(oxime resin)
H2N

Figure 56. Intrachain cyclisation between residue side chains.

Side chain-to-side chain cyclisation between /,(/+4) Lys/Glu residues in a 

hexapeptide containing the reverse turn motif £)-Ala(3)-Pro(4) was optimised with 

Glu near the C-terminus.^^^ The protection groups on adjacent amino acids to the 

Lys/Glu residues influenced the cyclisation. For example, the bulky N^-Fmoc 

immediately adjacent to the side chain deprotected Lys (at the N-terminus) enhanced 

the rate o f lactam formation. In addition, the coupling reagents BOP, BOP/HOBt and 

HBTU were found to be more reactive than DIG, however, they tended to promote 

unwanted oligomer formation.

An /,(/+3) lactam bridge between Lys and Glu residues successfully generated a 

cyclic tripeptide analogue o f a biologically active molecule (Figure 57).^^  ̂ This 

tripeptide is known to bind to the /ra«5activation responsive region (TAR) RNA and 

effectively suppress activation o f HIV-1 gene expression by Tat protein. The cyclic 

analogue also inhibited Tat-TAR interactions with improved pharmacokinetics in 

vivo.
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NH

HN

Lys, (/)
NH

Glu, (i+3)

O

Figure 57. The cyclic tripeptide analogue.

2.4.2 Cyclic Disulfide Bridged Peptides

On-resin disulfide cyclisation usually involves selective orthogonal deprotection o f a 

pair o f protected Cys residues followed by oxidation. The neurotoxin conotoxin 

G1 was synthesised successfully on solid support using the Fmoc/r-Bu strategy and 

orthogonally protected Cys residues with &acetamidomethyl and &r-butylsulfenyl 

groups (Figure 58).^^^
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Fmoc
0-/Bu Acm Mtr fBu fBuAcm
I I I I I I

Fmoc-Glu-Cys-Cys-Asn-Pro-Ala-Cys-Gly-Arg-His-Tyr-Ser-Cys-Linker-Resin

I I
S-fBu S-ffiu _1. Cleavage of both Fmoc groups

2. Cleavage o f the 0-t~Bu groups and 
Mtr group; 95% TFA

3. Cleavage o f the peptide from the resin by 
ammonolyis with methanolic ammonia

Acm Acm

Fmoc-Glu-Cys-Cys-Asn-Pro-Ala-Cys-Gly-Arg-His-Tyr-Ser-Cys-NH2

I I.
S-/Bu S-/Bu

1. Cleave &fBii groups with 
tributylphosphine

2. Air oxidation and disulfide bondformation
Acm Acm

Fmoc-Glu-Cys-Cys-Asn-Pro-Ala-Cys-Gly-Arg-His-Tyr-Ser-Cys-NH2  

^ ^
Cleave Acm groups with 
iodine oxidation and 
simultaneous disulfide 
bondformation

S --------------------------------------------------S
I I

Fmoc-Glu-Cys-Cys-Asn-Pro-Ala-Cys-Gly-Arg-His-Tyr-Ser-Cys-NH2

A - - - - - - - - - - - - - - - ^
Figure 58. Solid phase synthesis o f  resin bound conotoxin G l.

A second approach to synthesising disulfide peptides involves concurrent 

deprotection o f the sulfhydryl function o f two Cys residues and dithiol formation 

whilst the peptide chain remains resin bound. Iodine is an ideal reagent for

deblocking/cyclisation of S'-Acm or ^-Trt protected Cys residues.^^^»^^  ̂Fujii et 

reported the use o f the reagent thallium(III) trifluoroacetate for effective removal of 

.S-Acm and iS-Trt groups in trifluoroacetic acid. ^-Acm protection is compatible with
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both Fmoc- and Boc-chemistry, whilst S-Tit protection is only compatible with the 

former.

Resin bound disulfide cyclisation is limited by the availability o f compatible 

chemistry with type o f anchoring to and cleavage from the chosen polymeric support, 

for example, the MBHA anchor for Boc-chemistry and HF-anisole cleavage 

conditions. Highly acidic cleavage conditions may not always be compatible with 

disulfide bonds, hence, the applicability o f  photolabile linkers continue to be 

inves t igated.Disul f ide  cyclisations are successful on PAL-resins which are 

cleaved by TFA-based combinations with scavengers such as triisopropylsilane.^^ ̂

Analogues o f biologically active peptides containing both disulfide and lactam rings 

have also been reported.^^ »̂^^  ̂ A series o f  analogues were synthesised with side 

chain cyclisation in the N-terminal sequence o f the endogenous linear nonapeptide 

hormone bradykinin.^^^ These potential antagonists contained either a disulfide or 

lactam bridge between Cys(O) and Cys(6) or Lys(O) and Glu(6) [the linear peptide 

sequence: X(0)-Arg-Pro-Pro-Gly-Phe-X(6)-NHCH3; X=Cys, Lys or Glu]. On-resin 

disulfide cyclisation was accomplished by iodine deprotection and oxidation of the 

Cys(Acm) residues; and the lactamisation between Lys(Fmoc) and Glu(OFm) by 

double couplings with TBTU/HOBT/DIEA (4:4:8) over 6 hours. The cyclic 

analogues showed moderate antagonist activity confirming the importance of the 

N-terminal sequence conformation. However, for a different hormone decreased 

biological activity was detected in a highly constrained cyclic peptide analogue of 

substance P, with a lactam ring at the N-terminus and a disulfide bridge at the 

C-terminus.^^^
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2.4.3 A Thioether Bridged Cyclic Peptide

A novel approach o f generating an intramolecular thioether bridge allowed 

cyclolanthionine peptides to be synthesised on the solid s u p p o r t . T h e  key step 

involves a conversion o f an incorporated Z)-Ser into a P-bromo-D-Ala. This is 

followed by deprotection o f a Cys side chain and a base-promoted macrocyclisation 

(Figure 59).

H
Fm oc-N

BuO

B u 0 ‘

Rink resin

PPh^CBr^DCM

Rink resin

H
Fmoc-N

1. Detrityiation; DCM/TFA/TES (96:2:2) (v/v/v)
2. Base-promoted macrocyclisation; 

5%D1EA/DMF
3. N-terminal Fmoc cleavage

T 4. Resin and side chain protection group cleavage; 
TFA/thioanisole/H20 (96:2:2) (v/v/v)

NH;

HO HN

HN

NH;

Figure 59. Synthesis o f a cyclolanthionine peptide by a novel thioether bridge formation.
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2.4.4 Aliphatic Bridged Cyclic Peptides

Aliphatic bridges could also, in a similar manner to lactam amd disufide rings, 

potentially constrain the conformation o f a peptide. This is possible by connecting 

two peptide amide moieties by a loop o f any desired size. This approach does not 

require amino acid side chains to be linked or altered.^^  ̂ Ring closing metathesis of 

alkene side chains introduced into the peptide backbone has been used to form such 

loops (Figure 60).^^  ̂ Hence, bis-JV-alkylated peptides are prepared from the ring 

closing metathesis o f alkene side chains attached to a-nitrogen atoms in the peptide 

backbone.^^^ An aliphatic link results from catalytic hydrogenation o f the alkene 

bridged loop.^^

0

0  ____  O ____  O   O   0
C-NH—I___ p C 'N —  — C-N— ____ —C~NH—I [~C~NH—^

( L  j ) n

Ring Closing Metathesis

0 O

H2C=CH2

o o
^~C“ NH— -C -N —  — Q-N— _____~C~NH~~{ {~C~NH—̂

—  —  = amino acid, n = chosen number o f  methylene carbons

Figure 60. Connecting the A^-alkylated side chains in a peptide chain by olefin ring closing metathesis.

Grubbs and co-workers have demonstrated the use o f a ruthenium complex (26) as an 

efficient catalyst for olefin ring closing metathesis reactions yielding 5 to 8 

membered carbo- and heterocycles (Figure 61).^^^’̂ ^̂  Introduction o f the alkene
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functionality can occur at either the a- carbon and/or the amide nitrogen o f an amino 

acid (Figure

PCya R

“ - r'u= /
/  \ h 2 ) h

(26)

Ph
R -  \ t = - /  or Ph 

Ph

Y = O. NR, CH2 
n = 1 to 4 C “ "/  \

Figure 61. Grubbs olefin metathesis ruthenium catalyst (26), (Cy-cyclohexyl).

MeO‘ Boc MeO'DMF
2. NaH

In Solution

'Boo

H
Fmoc-N- Amino acid residue(s)

S—N

1. Cleave the Fmoc group; piperidine/DMF (1:4)
2. Reprotect the amide nitrogen with a 

o-nitrobenzenesulfonyl group; 
o-NBS-Cl, collidine, 1,2-dichloroethane

3. Mitsunobu reaction with chosen 
unsaturated alcohol,

P P h j, and diisopropyl 
azodicarboxylate in DCM

Amino acid residue(s)

Cleavage o f  the o-NBS group ; 
HSCH/CHfiH, DBU, DMF

)n

HN  Amino acid residue(s)

On Solid Support
Figure 62. Introduction o f an alkene side chain to an amide nitrogen in solution or on solid support.

91



Linda Alexander McNamara

Despite attempts to carry out ring closing metathesis on solid support,̂ ^̂ »̂ ^̂ "̂ "̂  ̂

higher and more consistent yields o f the target cyclic peptides are obtained in 

solution (refer to section 1.2.5, chapter 1 ) 96,235,242-244

In summary, various covalent bridges have been used to construct and constrain 

cyclic peptides on-resin. However, a novel method is used to synthesise the target 

cyclic peptide in this project (refer to chapter 4).
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CHAPTER THREE 

Synthesis of the Target Unnatural Residue

3.1 Introduction

In order to construct a model a-helical peptide with the desired aliphatic link 

between the / and (/+4) position, (refer to chapter 4), it was first necessary to 

synthesise a suitably protected derivative of the bifimctional amino acid (27) (Figure 

63).

NH2

H O O C
C O O H (27)

NH

COOR* +  "NHe

H O O C

O E t

©

(28)
O E t

(30)

Figure 63. A retrosynthetic analysis o f  the target residue {2H, 95)-2,9-diaminodecanedioic acid (27). 
(R is the Evans chiral auxiliary; and R is a carboxylic acid protecting group).

Previous work within the group had shown that the target bifimctional amino acid (1) 

could be synthesised using two enantiospecific methodologies. ̂  ̂  ̂  The (^)-chiral 

centre was introduced by the reaction of the Schollkopf bis-lactam ether anionic 

species (28) with a suitable electrophile.^"^  ̂ In this situation an alkyl halide reagent
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(29) was chosen with its carboxylic acid moiety protected as an ester to prevent 

unwanted side reactions occurring. The required (5)-amine group originated from 

using the chiral azidation methodology perfected by E v a n s , i n  which an achiral 

enolate was reacted with an electrophilic aminating reagent (refer to section 3.3.3). 

The required stereochemistry o f the a-amino acid derivative formed during this 

reaction was controlled by selective enolate formation and the Evans auxiliary 

directing the azidation.

The previously reported route to the desired protected bifunctional amino acid (1), 

however, had only been carried out on a very small scale. Furthermore, variable 

and poor yields were often obtained in key steps. In order to carry out the synthesis o f 

the constrained model peptide, it proved necessary to optimise many o f the steps for 

scale-up, and to devise a completely novel approach to the final successful synthetic 

route. This work is discussed in this chapter.

3.2 The Route to the (/?>-Chiral Centre

3.2.1 Synthesis of 6-(5)-Isopropyl-2,5-diethoxy-3,6-dihydropyrazine (31) (the 

Schollkopf bis-lactam ether chiral auxiliary).

Enantioselective synthesis of non-proteinogenic a-amino acids may be carried out 

using the Schollkopf chiral auxiliary (31), which is derived from the naturally 

occurring amino acid (5)-valine.^'^^’̂ '̂  ̂ Deprotonation o f the dihydropyrazine (31) 

with a strong base (w-BuLi) generates an anionic species which is then treated with an 

electrophile, giving rise to a new chiral centre.̂ "̂  ̂ After deprotonation, the 

six-membered ring takes on an almost planar form as the negative charge is 

delocalised between the two imines (Figure 64). The presence of the isopropyl 

moiety protruding from one side o f the ring directs the approach o f the incoming
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electrophile moiety, hence, addition is from the opposite face o f the ring; this affords 

the (/?)-stereocentre.

Electrophile

EtO.

OEt

E lectrophile
Figure 64. The isopropyl moiety influences the direction o f attack by the incoming electrophile on the 
lithiated dihydropyrazine.

The original literature synthesis of the Schollkopf chiral auxiliary involved the 

treatment o f (5)-valine (32) in THF (40°) with phosgene gas to give 

A^-carboxy-Leuch’s anhydride (33) (Figure 65).^^^

COCI, Gly-OE. :  C 0 ,E ,

O THF/CHCI3 

(32) (33)

.OMe

MeO'

(36)

Toluene

MegO.BF̂

(35)

Figure 65. Literature synthesis o f the Schollkopf chiral auxiliary.
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The product (33) was condensed with glycine ethyl ester to form the dipeptide (34). 

The dipeptide was refluxed in toluene to form the diketopiperazine (DKP) (35). 

Treatment o f the product (35) with trimethyloxonium tetrafluoroborate provided the 

bis-imino ether (36). However, when we tried to synthesise the dihydropyrazine (31) 

with a similar route, but using phosgene in toluene instead, extremely poor and 

inconsistent yields were obtained.

A recent investigation o f the synthesis o f Schollkopf s bis-lactam ether chiral 

auxiliary acknowledges the contribution o f earlier work,̂ "̂  ̂ but also emphasises the 

difficulty in the synthesising sufficient quantities o f this parent auxiliary. "̂^  ̂ The 

original report by Schollkopf et lacked experimental detail about the synthesis 

o f this chiral auxiliary. Problems encountered with unreproducible yields have been 

reported.^^^’̂ ®̂ Recently, Bull et established the practical methodology for a 

scale-up synthesis o f this very same chiral auxiliary.

The main feature of the Bull et aP‘̂  ̂modification was the activation of (S)-valine by 

phosgene in toluene giving the (S)-valine-A^carboxyanhydride (33) (Figure 66). The 

original synthetic method used excess phosgene in toluene (2.6 eq.) and the reaction 

took place over 48 hours at room temperature.^^ ̂  The purging o f excess phosgene 

gas from the reaction mixture could take up to a day. Bull et used careful 

dilution, reaction temperature and time to optimise the yield. Heating the reaction 

mixture to 50°C for 4 hours was sufficient; a homogenous solution indicated that the 

reaction was complete. The supposedly unstable compound (33) was also 

successfully recrystallised in high yield. In comparison to the Schollkopf method,^^  ̂

formation o f the dipeptide (34) by Bull et was carried out with lower reaction 

temperatures and longer reaction times. This careful temperature control prevented 

degradation o f this thermally unstable product. The formation o f the DKP (35)

96



Linda A lexander McNamara

required twice the reflux time originally proposed; and optimal yields o f the final 

product (36) were possible with solvent-free DKP and freshly prepared Me^O.BF .̂

Following the Bull et methodology, 6-(5)-isopropyl-2,5-diethoxy-3,6-dihydro- 

pyrazine (31) was obtained, however, in our hands further modifications were 

necessary to ensure high yields (Figure 66).

.X COCI2 1 f  Gly-OMe 
HN. ,0

H2 N CO2H THF/Toluene, ^  TEA

50°C, 2 0  hours Q THF/CHCI3

HoN
CO2 M6

(32)
(96%)
(33)

(80%)
(37)

OEt

Etc
(83%)

Toluene

(31) (35)
Figure 6 6 . Synthesis o f 6-(^-isopropyl-2,5-diethoxy-3,6-dihydropyrazine (31) following the modified 
method by Bull et aP-̂ '̂ .

Successful synthesis o f (5)-valine-A^-carboxyanhydride (33) required the reaction 

mixture to be heated for 20 hours at 50°C to drive the reaction to completion. Use o f  

an almost quantitative amount o f phosgene in toluene (1.3 eq.) minimised the 

purging time to 1 hour. Formation o f the dipeptide (37) required the addition of TEA 

to an efficiently (mechanically) stirred cool suspension o f glycine methyl ester 

hydrochloride, thus preventing the gelatinous triethylamine hydrochloride precipitate 

from interfering with the mixing o f reagents and ensuing poor yields. Further stirring 

for 4-5 hours at -78°C and overnight storage at -20°C promoted optimal formation of
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the dipeptide. The thermally unstable dipeptide (37) was obtained as a crude oil in 

high yield after careful filtration and evaporation from a reaction mixture. 

Subsequent intramolecular cyclisation to the stable DKP (35) was achieved with a 

24-hour reflux in toluene. As a consequence o f the highly hygroscopic nature and 

solvent gelling properties of the DKP (35), ensuring complete removal o f any 

residual solvents prior to the next step proved difficult. This was eventually achieved 

by a combination of drying under vacuum at 100°C for 72 hours to remove any traces 

o f toluene, and lyophilising to remove any water immediately prior to the next step.

Ethylation was chosen in this synthesis as commercially available Et^O.BP  ̂ is o f  

higher purity in comparison to Me^O.BP  ̂ and less expensive. Moreover, it reacts 

more rapidly than MegO.BF  ̂ and is more soluble in DCM.^^^ However, to ensure 

high yields the freshly purchased triethyloxonium tetrafluoroborate 

(moisture-sensitive) had to be used immediately. The resulting highly acidic reaction 

mixture was quenched by slow addition to a pre-cooled rapidly stirred aqueous 

bicarbonate solution (pH = 7.5) during work-up. This was done to minimise the acid 

catalysed hydrolysis o f the bis-iminium cation (Figure 67).

OEt

BRBR

OEt

Figure 67. The bis-iminium cation.
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3.2.2 Synthesis of 8-(i2)-(5-(*S)-Isopropyl-3,6-diethoxy-2,5-dihydropyrazin-2-yl)- 

octanoicacid (38)

The Schollkopf^^^ method recommended deprotonation o f the dihydropyrazine (36) 

using «-BuLi, followed by stirring with the desired electrophile (R-Br) for 5 hours. 

High yields and enantiomeric excesses are also reported. However, this was not 

found to be the case with the dihydropyrazine (31) and the electrophile (39) (Figure 

68) 251 Yhe ^err-butyldimethylsilyl (TBDMS) ester o f 8-iodooctanoic acid was 

chosen as the electrophile. lodinated substrates proved to be more reactive than their 

brominated counterparts and the TBDMS protection prevented any unwanted side 

reactions that may quench the reactive dihydropyrazine. A modification o f the 

Schollkopf^"^  ̂methodology of alkylation was required. Baldwin et reported that 

conversion o f the deprotonated lithiated dihydropyrazine to a ‘higher order’ 

cyanocuprate^^^ was essential before reacting with an electrophile (R-X), and this 

approach was therefore used.^^^

OEt OEt

«-BuLi (1.0 eq.) 
 ►

THF, -78*C

OEt

(31)

OEt

(39) 

THF, -23°C

OEt

OEt

Figure 6 8 . The attempted alkylation o f a lithiated dihydropyrazine.^^ ̂
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8-(i?)-(5-(5)-Isopropyl-3,6-diethoxy-2,5-dihydropyrazin-2-yl)-octanoic acid (38) was 

therefore synthesised as follows. A pre-cooled solution (-78°C) o f  

6-(iS)-isopropyl-2,5-diethoxy-3,6-dihydropyrazine (31) was treated with (accurately 

titrated) w-BuLi. The reaction solution was stirred for a further 20 minutes before 

slow addition to a cooled suspension o f copper (I) cyanide in THF at 0°C over 30 

minutes. A resultant homogeneous solution suggested the desired formation of the 

cyanocuprate complex. However, the time taken for complete solubilisation to occur 

contradicts with the Baldwin^^^ groups’ findings that cyanocuprate complex 

formation occurred within 90 seconds. The formation o f the cyanocuprate complex 

was essential for the reaction with the electrophile to succeed. Hence, precautions 

were taken to keep all reagents freshly prepared and solvents dry, plus reaction 

conditions under argon were vital for success.

The electrophile used in this reaction was ^er/-butyldimethylsilyl 8-iodooctanoate 

(39) (Figure 69).

10
OEt OEt

1. w-BuLi (1.0 eq.), -78°C,THFV2. CuCN (0.5 eq.), 0°C,THF 
(AH under argon)

OEt OEt

(31)

(39) 

THF, -23°C

2. TBAF, THFOEt

(98%)
.COOH

OEt
(38)

Figure 69. Cyanocuprate formation and subsequent alkylation after treatment with an electrophile.
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This compound was generated by treating 8-iodooctanoic acid (40) with 

rerr-butyldimethylsilylchloride in the presence o f TEA. 8-Iodooctanoic acid (40) was 

synthesised from the iodination o f 8-bromooctanoic acid, via the Finkelstein 

reaction,^ "̂  ̂by using sodium iodide in acetone (Figure 70).

Acetone

Figure 70. The Finkelstein reaction.

Once the alkylation was complete, immediate cleavage o f the /err-butyldimethylsilyl 

group from the alkylated dihydropyrazine octanoate ester took place. The 

dihydropyrazine ring system easily opens up by acid catalysed hydrolysis, hence, the 

TBDMS cleavage conditions avoided this. The most common conditions used for 

deprotecting a TBDMS ester system are with tetra-A-butylammonium fluoride in 

THF solution.^^^ The desired product (38) was therefore obtained in high yield 

(quoted over two steps) after treatment o f the silyl ester with two molar equivalents 

o f TBAF in THF.

3.3 The Route to the (5)-Chiral Centre

3.3.1 Application of the Evans Chiral Azidation Approach: Synthesis of 

4-(5)-Isopropy l-oxazolidin-2-one (41 ).

Stereoselective azidation reactions can be carried out with acyl derivatives of the 

Evans chiral auxiliary. A rigidly held enolate is formed by chelation o f the metal 

(obtained from an organometallic base) to the carbonyl group o f the oxazolidinone 

(Figure 71).^^  ̂ Hence, in this conformation direct azidation can only occur at the 

upper face o f the enolate as the lower face is sterically hindered by the isopropyl
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moiety on the oxazolidinone. A similar argument predicts that direct azidation to the 

lower face is only possible with a oxazolidinone chiral auxiliary that initially contains 

an isopropyl moiety which faces the opposite (upper) direction.^"*^

R R
R - M R-N.

W

Figure 71. Chiral azidation of a enolate-metal chelate. (R-R^ are arbitrary groups).

The oxazolidinone (41) was synthesised via a two-step process. (iS)-valine was 

reduced to (5)-valinol (42) with sodium borohydride and iodine under reflux in 

THF.^^  ̂ Subsequent treatment of (5)-valinol with phosgene in toluene produced the 

oxazolidinone (Figure 72).^^  ̂ Literature reports^^  ̂ suggested that ring closure with 

diethyl carbonate/sodium methoxide would also be effective, and would avoid the 

use o f the highly toxic phosgene reagent, however, in this reaction that method was 

found to be unsuccessful. Other workers^^  ̂have also found the phosgene reaction to 

be superior.

.X'COpH

NaBH4/l2

THF HpN

COCh
OH

Toluene/KOH
(83%)

(42)

.0HN

(80%)

(41)

Figure 72. Synthesis o f the oxazolidinone.
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3.3.2 Synthesis of 3-[8-(fi)-(5-(5)-Isopropyl-3,6-diethoxy-2,5-dihydropyrazin-2- 

yl)-octanoyll-4-(5)-isopropyl-oxazolidin-2-one (43).

The dihydropyrazine octanoic acid (31) was derivatised as a mixed anhydride by 

activation with isopropyl chloroformate in the presence o f TEA, and then treated 

with the lithiated anion o f the Evans auxiliaiy (41) at -78°C. A final quenching with 

1% sodium bicarbonate (w/v) solution, removal o f THF in vacuo and extraction into 

ethyl acetate yielded the required crude compound (Figure 73).

OEt OEt

I. TEA

OEt OEt
(31) THF, -78°C

;© ©

2 . l%NaHCOj(aq.)
OEt

(92%)

OEt

(43)

Figure 73. Addition o f the lithiated oxazolidinone to the dihydropyrazine acid (31).

3.3.3 Synthesis of 3-[8-(i?)-(5-(5)-IsopropyI-3,6-diethoxy-2,5-dihydropyrazin-2- 

yl)-2-(*S)-azidooctanoyl]-4-(5)-isopropyl-oxazolidin-2-one (44).

After the addition o f the Evans auxiliary, treatment with KHMDS at -78°C generated 

the enolate o f 43, which was then treated with trisyl azide (45) in THF (Figure 

74).^^  ̂After addition of the trisyl azide, the reaction was allowed to proceed for 2 

minutes before quenching with (3.5:1.0) potassium acetate/glacial acetic acid. The 

reaction mixture was then allowed to stir at room temperature for a further 12 hours
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before removal o f solvents in vacuo yielding the desired crude compound (44). The 

azide donor, trisyl azide, was obtained from treatment of 

triisopropylbenzenesulphonyl chloride with sodium azide in water/acetone (Figure 

75 )260

OEtOEt

(84%)
1. KHMDS, 

THF, -78°C
V _/OEtOEt 2. Trisyl azide (45)

- 3. KOAc/HOAc (aq.)(43) (44)

Figure 74. Chiral azidation o f  compound 43.

water/acetone
(97%)

(45)

Figure 75. Synthesis o f  trisyl azide.

The mechanism proposed by Evans (after the buffer quench) suggests an unstable 

triazine intermediate with two possible resonance forms (Figure 76).^^^

/
0'^"0

o

- f

r - r

N

\ 02fN

N

4 - i
HN

SOgAr
0

N-, W

Figure 76. The proposed mechanism o f  chiral azidation via a triazine intermediate.
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Decomposition o f this intermediate into the required azide product was catalysed by 

the acetate/acetic acid buffer (pH 5).

In summary, a single chiral ‘masked’ version o f the target bifunctional amino acid 

has been synthesised successfully. The route is summarised in Figure 77. The 

literature suggests that highly enantioselective syntheses are obtained with these two 

chiral auxiliaries.^^^"^^ »̂^^ ’̂̂ ^̂  Throughout the synthesis o f the masked amino acid 

stereochemical integrity was maintained as no contrary evidence was apparent from 

the NMR data. In the next section, the sequential cleavage o f the chiral auxiliaries 

and attempted azide reduction to obtain the (*S)-amine functionality is discussed.

OEt

COOH

OEt (38)

OEt
N3

OEt

O

(41)

- f '
OEt

(45)

(44) - f
OEt

(43) - f
(Overall yield of 43% over 4 consecutive 
steps)

Figure 77. Summary o f  the route to the target ‘masked’ amino acid.
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3.4 Unmasking the Target Amino Acid; Synthesis of (10-EthyIester)-9“(jR)-allyl- 

oxycarbonylamido-2-(5)-azidodecaDoic Acid (46).

The Evans auxiliary was first cleaved from

3-[8-(i?)-(5-(5)-isopropyI-3,6-diethoxy-2,5-dihydropyrazin-2-yl)-2-(iS)-azidooctanoyl]-

4-(5)-isopropyl-oxazolidin-2-one (44) according to standard literature 

conditions.^'*^’̂ ^̂  The hydroperoxide-mediated hydrolysis of this moiety was highly 

effective (as indicated by tic) and reproducible.^^^ The crude product (47) was used 

immediately in the next reaction (Figure 78),

OEt OEt

LiOH/HoOo/water OH
OEt OEtTHF, 0°C

(44) (47)

Figure 78. Cleavage o f the Evans auxiliary.

The next stage o f the synthesis was the acid catalysed cleavage o f the Schollkopf 

auxiliary. The original literature method suggested stirring the auxiliary-containing 

substrate with 2 molar equivalents of 0.25 M HCl(aq ) for 10 hours at room 

temperature.^"^  ̂However, Baldwin et advocate a shorter reaction time o f nearly 

2 hours by stirring with 6 molar equivalents o f 0.25 M HCl(aq.). Application o f the 

Baldwin cleavage conditions to compound 47 followed by immediate neutralisation 

and reprotection o f the resultant free amine did not successfully yield the required 

compound (46) as the only major product (Figure 79). Instead an equivalent amount 

of the by-product (48) was also isolated and identified by mass spectrometry.263,264
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OEt

OH
OEt (47)

1.0.25MHCl(aq.)/THF
2 . NaHCOs
3. Allyl chloroformate, 

Dioxane, 0°C/I8 hours

O

> /
H

? o V o «
OH +

(46) (48)

Figure 79. Cleavage of the Schollkopf auxiliary by Baldwin et afî  ̂reaction conditions.

It was initially suspected that the dimerised by-product (48) was formed during the 

neutralisation stage with sodium bicarbonate (Figure 80).^^  ̂ However, if  a 

nucleophilic attack was the cause then additional by-products such as the homodimer 

and/or diketopiperazine would also be expected to form. These by-products were 

never isolated.

OEt

N
N.

acid
hydrolysis

%
OEt 

(47)

O

N3

OEt ©
NH3

0

OEt

neutralisation

OEt 

O

NH2

amine
OEt

(48)

Figure 80. Suggested mechanism to explain formation o f the dimer by-product (48).
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Even addition o f allyl chloroformate (a better electrophile than the valinyl ethyl 

ester) before sodium bicarbonate did not change the outcome o f the reaction.^^^ A 

series o f acid hydrolysis reactions established that the acid concentration had a 

crucial role in the success and reproducibility o f this cleavage reaction (Figure 

81).̂ '̂̂  Using a higher concentration of acid (12 molar equivalents o f 1.0 M 

HCl(aq.)) over 90 minutes prevented formation o f a competing by-product (51) as 

indicated by mass spectrometry. Only the valinyl ethyl ester (49) and the required 

amine product (50) were identified.

OEt

(47)

OH
OEt

l.OMHCl (aq.)/FHF.

Q^OEtA y N H z  

EtO-^0

(49)

0.25MHÇI (aq.)AHF

OHOH

(51)

REACTION
CDNDinONS

0.25 M HCl in 20-^0% THF/water

0.25 M HCl in 30-50% BtOH/water

90% AcOH/water

PRESENT

(47) m  m i
X

X

X

X

X

X

X

0.5 M HCl in 50% THF/water 
Figure 81. Cleavage o f the Schollkopf auxUiaiy with dijfferent acid concentrations. (X indicates that the 
compound was present).
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After the successful cleavage o f the Schollkopf auxiliary, neutralisation of the 

residual acid was accomplished by adding an equimolar amount o f sodium 

bicarbonate. A further 8 molar equivalents o f bicarbonate were added for the 

subsequent reaction. Ensuring the reaction solution was at pH 7, protection of the 

amine product (50) was carried out under Schotten-Baumann conditions with allyl 

chloroformate over 18 hours at 0°C (Figure

1. l.OMHCl(aq.)/THF .  ^
2. NaHCOa '

O Cl , Dioxane

O NH

(46)
(91% over three consecutive steps)

Figure 82. Successful cleavage o f Schollkopf auxiliary followed by amine protection.

The sequence o f chiral auxiliary cleavage prevented possible racémisation problems. 

For example, cleavage of the dihydropyrazine prior to base promoted cleavage of the 

Evans auxiliary could compromise the stereochemical integrity of the resultant ethyl 

ester functionality.

3.5 Transestérification Reaction; Synthesis of (10-Allylester)-9-(^)-aliyloxy- 

carbonylamido-2-(5)-azidodecanoic Acid (52).

Seebach and co-workers^^^ have demonstrated epimerisation-free transestérifications 

o f peptide esters in the presence of DBU/LiBr. In earlier work, Seebach recognized 

the beneficial effects of lithium salts on peptide solubility and their influence on 

peptide couplings.^^^ Optimal reaction conditions required a combination of 0.5 

molar equivalents o f DBU and 5.0 equivalents o f lithium bromide to transesterify 

amino acid monoesters in various solvents. However, in our system there are two
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carboxy functionalities present in compound 46. Hence, 1.5 equivalent o f DBU was 

deemed appropriate as a single equivalent would otherwise deprotonate the 

carboxylic acid moiety. Estérification of the carboxylic acid is unlikely to happen 

as it is thought that the carboxyl is present as an anion under these conditions and 

therefore not prone to attack by the nucleophile (allyl alcohol). The 

DBU/LiBr-mediated transestérification o f compound 46 in allyl alcohol proceeded in 

quantitative yield. Further purification o f desired product (52) (after an acidic 

aqueous work-up) was not necessary as the volatile allyl alcohol by-product was 

removed in vacuo (Figure 83).

EtOgC

O ______ _

O

DBU/UBr

Na O Na

(46) (Quant. Yield) (5 %)

Figure 83. The transestérification reaction.

3.6 Azide Reduction and Protection of the Resultant Amine Group

3.6.1 Attempted Synthesis of (I0-Allylester)-9-(/2)-aIlyloxycarbonyIamido-2-(5)-

(9-fluorenylmethyloxycarbonyl)-amidodecanoic Acid (1).

Attempts at reducing the azide moiety in (10-allylester)-9-(i?)-allyloxycarbonylami- 

do-2-(5)-azidodecanoic acid (52) by the Staudinger reaction with triphenylphosphine 

in THF/water (17:1) over 18 hours at room temperature, followed by amine 

protection at 0°C overnight resulted in poor and inconsistent amounts o f 1 (Figure 

84 ). 135,270
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l.PPha.THF/HzO 
OH ---------------------- ►

FmocNHM 2 . FmocCl, NaHCO)
Dioxane/H2O,0‘’C

(52)
Figure 84. Unsuccessful azide reduction and amine protection.

Separating small amounts of pure Fmoc-protected amino acid (1) from the 

by-product triphenylphosphine oxide proved to be virtually impossible. Reverse 

phase analytical LC-MS: 5-60% acetonitrile/water over 20 minutes and held for 

further 5 minutes at 254 nm indicated very close retention times, 21 minutes for the 

required amino acid and 23 minutes for the triphenylphosphine oxide. Hence, careful 

column chromatography was ineffective in completely separating the two 

compounds. Attempted removal of triphenylphosphine oxide from acidic aqueous 

work-ups has been reported^^  ̂ and was unsuccessful in our hands. It has been 

suggested that this is due to the strong association between the desired protonated 

amine and the phosphine oxide. This has been attributed to the strong 

hydrogen-bonding ability of phosphine oxides.^^^’̂ ^̂  One reported method of 

isolating triphenylphosphine is by slow crystallisation in a basic aqueous 

environment free o f organic solvents.^^* This would not be applicable to compound 

1 as base promoted Fmoc group cleavage would be likely to occur. In addition, the 

lengthy crystallisation process in a basic environment may ultimately compromise 

the stereochemical integrity o f the amino acid.

In an attempt to overcome the purification problem, an azide reduction was carried 

out with polymer bound triphenylphosphine^^"  ̂over a 24-hour period. However, this 

reaction was also unsuccessful. This may be attributed to the ambiguous loading of 

this commercially available reagent. Tributylphosphine is known to be an excellent 

selective reagent for reducing disulfide bonds.^^  ̂ In another effort, tributylphosphine
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was used in this Staudinger reaction (THF/water 4:1). This had the advantage that the 

by-product, tributylphosphine oxide, was more water soluble and, therefore easily 

removed during extraction with This reagent did reduce the azide moiety,

but yields continued to be too low for generating sufficient quantities for the ensuing 

solid phase peptide synthesis.

Azide reduction by hydrogenation using a selective catalyst such as Lindlar catalyst 

(palladium on calcium carbonate, poisoned with lead) initially seemed to be 

promising. Hydrogenation using other catalysts would lead to the undesired reduction 

of the carbon double bonds o f the allyl and allyloxycarbonyl groups.^^^’̂ ®̂ However, 

in our hands, the yields using hydrogenation continued to be inconsistent and low.

Sodium hydrogentelluride, which is readily prepared in situ from tellerium metal and 

sodium borohydride, easily converts alkyl and aryl azides to the corresponding 

primary amines (equation 1 ) 279,280 method is reported to be capable of 

selectively reducing the azide moiety in the presence o f carbon-carbon double bonds.

_ Na-^H ^  (Equation 1)
EtOH/EtiO 
-N2, -Te

In our system, the sodium hydrogentelluride was generated in situ in dry/degassed 

ethanol according to the literature method.^^^ Compound 52 in dry/degassed DCM 

was added to the reducing agent, as it was not very soluble in diethyl ether. 

Prolonged reaction times were avoided as both the evolution o f nitrogen gas and 

precipitation o f black metallic tellerium indicated completion o f the reduction after 

30 minutes. After subsequent Fmoc protection, analysis o f the final compound by 

mass spectrometry identified an amino acid with all its carbon-carbon double bonds 

reduced and an unprotected amine still present (refer to Figure 106, chapter 5).
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Hence, this reducing reagent proved not to be so selective as suggested. The presence 

o f the unprotected amine group may be due to a possible competing 

complex-formation reaction between the regenerated tellerium metal and the 

Fmoc-chloroformate.

The selective reduction of alkyl and aryl azides with propanedithiol-triethylamine has 

also been reported.^^  ̂ The completion o f the reaction is indicated by the formation 

o f the dithiol precipitate (equation 2).

y  NEt̂  ?
RN3 +  \   ► +  \  I + Nj (Equation!)

 SH THF, 72hrs -------S

In our system, this attempt required both lengthy reaction times (72 hours) and 

difficult subsequent work-ups in the presence o f a white dithiol precipitate. Even 

though selective reduction o f the azide group occurred, the overall yield after Fmoc 

protection still remained very low.

There was an obvious difficulty in reducing the azide moiety of compound 52, and 

poor yields after subsequent Fmoc protection o f the resultant amine were obtained. 

Hence, a change in the synthetic pathway was required. A series o f experiments to 

establish the best reagent and reaction conditions for the azide reduction in this type 

of amino acid were carried out. The first azide reduction attempts were carried out 

with compound 44, the ‘masked’ amino acid with both chiral auxiliaries still in situ.

It was felt that the resulting amine would be easier to isolate and, therefore verify the 

true scale o f azide reduction.
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3.6.2 Synthesis of 3-[8-(/?)-(5-(5)-Isopropyl-3,6-diethoxy-2,5-dihydropyrazin-

2-yl)-2-(5)-aminoocatonyl]-4-(5)-isopropyl-oxazoIidin-2-one (53).

Reduction o f the azide moiety in the amino acid

3-[8-(R)-(5-(»S)-isopropyl-3,6-diethoxy-2,5-dihydropyrazin-2-yl)-2-(iS)-azidoocatonyl]-

4-(*S)-isopropyl-oxazolidin-2-one (44) was carried out. The best and most consistent

yields were obtained from the Staudinger reaction with triphenylphosphine (equation 

3 )2 70 ,282

-N? ' H ,0
R^ 3  + PhgP — ► RN=PPhg ► RNH2  + Ph,P=0 (Equation 3)

THF 48hrs
rt, 24 hrs

The key step in this reduction was allowing the iminophosphorane intermediate to 

form to completion over a 24-hour period as determined by mass spectrometry. 

Hydrolysis o f this intermediate required 3 molar equivalents o f water and stirring for 

a further 48 hours. The resultant amine (53) was easily separated from 

triphenylphosphine oxide by column chromatography and obtained in high yield 

(Figure 85).

OEtOEt

(72%)
l.PPh3,THF N 

“O 24 hours, rt

OEtOEt 2. H2O (3 eq.) 
48 hours, rt (53)(44)

Figure 85. A successful azide reduction.

Other attempts to reduce the azide proved futile. With tributylphosphine yields 

continued to be low, and the propanedithiol-triethylamine approach was completely 

unsuccessful. The latter method did on occasions unexpectedly cleave the Evans 

auxiliary instead.
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3.6.3 Synthesis of 3-[8-(/2)-(5-(‘S)-IsopropyI-3,6-diethoxy-2,5-dihydropyrazin-

2-yl)-2-(5)-(9-fluorenylmethyloxycarbonyl)-amidGOcatonyl]-4-(5)-isopropyl-oxa- 

zolidm-2-one (54).

After a successful azide reduction, immediate Fmoc protection o f the resultant amine 

was also carried out. Organic reaction conditions were required for the Fmoc 

protection.^^^ This yielded the required compound (54) in high yield (Figure 86).

OEt

N o

THF ^  ^  ^  ' o

OEt NH2  o'Ctort o a  FmocNH W
" f  4 hours r

(53) I (54) »

(50% yield over two consecutive steps) 

Figure 8 6 . Fmoc protection o f the resultant amine group.

When Schotten-Baumann conditions were used for the amine pr o t e c t io n , t he  less 

polar compound 53 was found to be insoluble in a dioxane/water reaction mixture 

and yields remained inconsistent and low.

3.7 Attempted Cleavage of the Evans Chiral Auxiliary

The next stage of the synthesis required cleavage o f the Evans auxiliary from 

compound 54. Cleavage of this moiety was unsuccessful with the standard literature 

procedure. '̂^ ’̂̂ ^̂ ’̂ ^̂  A series of cleavage reactions were carried out under varied 

conditions. The conditions included manipulating the concentration o f starting 

material in THF; different amounts of lithium hydroxide-hydrogen peroxide; and 

longer reaction times (Figure 87).^^^“̂ ^̂  Attempting to cleave the Evans auxiliary 

from compound 53 also proved to be futile. Perhaps stereochemical factors may
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explain the failure o f these reactions. Access o f the hydroperoxide ion to the correct 

carbonyl moiety was possibly hindered in some way by a neighbouring group, as the 

only recovered product from these reactions was the starting material (53 or 54). 

Hence, this synthetic pathway encountered a major obstacle that required another 

route to be considered.

OEt

N 0 0

OEt X y-j
“t

X=Fmoc-NH (54) or X=NH2 (53)

Concentration of Starting Material Reagents Reaction Time and Temperature Yield
0.05M Compound 54 4.3 eq. H2O2/2 .O eq. LiOH 1 hour/0°C —
0.25M Compound 54 4.3 eq. H2O2/2 .O eq. LiOH 1 hour/0°C —
0.20M Compound 54 6.0 eq. H2O2/3 .O eq. LiOH 1 hour 30 minutes/0°C —
0.05M Compound 54 8 .0  eq. H2O2/2 .O eq. LiOH 3 hours and 45 minutes/0°C —
0.05M Compound 53 6.0 eq. H2O2/2 .O eq. LiOH 1 hour/0°C —

Figure 87. Attempts to cleave the Evans’ auxiliaiy from compounds 54 and 53.

3.8 The Final Successful Synthetic Pathway to the Required Target Amino Acid

3.8.1 Synthesis of 8-(/2)-(5-(5)-Isopropyl-3,6-diethoxy-2,5-dihydropyrazln-2- 

yl)“2-(5)-(9-fluorenylmethyloxycarbonyl)-amidooctanoic Acid (55).

A different approach involved the cleavage o f the Evans auxiliary from

3-[8-(7?)-(5-(5)-isopropyl-3,6-diethoxy-2,5-dihydropyrazin-2-yl)-2-(S)-azidooctanoyl]-

4-(*S)-isopropyl-oxazolidin-2-one (44) using standard literature methods (Figure 

78).^^^’̂ ^̂ ’̂ ^̂  The resultant compound (47) was isolated after column 

chromatography in a high yield (71%) and used in the next reaction. A successful 

Staudinger azide reduction reaction^^  ̂ was followed immediately by Fmoc 

protection either in completely organic^^  ̂ or Schotten-Baumann^^'^ conditions 

(Figure 88).
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OEt

OEt

l.PPhj.THF 
24 hours, rt

OH 2 . H2O (3-6 eq.) 
N3 48-72 hours, rt

(47)

Fmoc protection: NMM/Fmoc-Cl/THF 
0°C to rt, 4 hours 
(Yield 99% steps 47 to 55)

OR

10%NaHCO3 (aq.)/THF/Fmoc-Cl
0®C, 18 hours
(Yield 40% steps 44 to 55)

Fmoc protection

OEt FmocNH

(55)

Figure 88. Synthesis o f  compound 55.

Even though high yields could be obtained with Fmoc protection in organic 

conditions these were not always consistent. However, consistently high yields were 

found for the Schotten-Baumann Fmoc protection reaction conditions, again 

indicating the important solvent requirements for the polar intermediate amino acid.

3.8.2 Synthesis of (10-EthyIester)-9-(i?)-allyIoxycarbonyIamido-2-(5)-(9-fIuoren- 

ylmethyloxycarboDyl)-amidodecanoic Acid (56).

The acid catalysed cleavage o f the Schollkopf auxiliary on compound 55 was 

accomplished successfully by modified literature conditions,^"^ ’̂̂ ^̂ »̂ ^̂  followed by 

neutralisation before protection o f the resultant amine with allyl chloroformate 

(Figure 89)265,266,267
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OEt

OH
FmocNHOEt

(55)

1. l.OMHCl(aq.)ATHF .  ^
2. NaHCO '

O
3. , THF FmocNH

0% 18 hours (56)
(77% over two consecutive steps)

Figure 89. Synthesis o f  compound 56.

3,8.3 Synthesis of (10-Allylester)-9-(i?)-allyloxycarbonylamido-2-(5)-(9-fluoren- 

ylmethyloxycarbonyl)-amidodecanoic Acid (1).

The final stage o f the synthesis required transestérification of compound 56. Similar 

reagents and reaction conditions to the transestérification o f compound 46 were used 

(Figure 83),^^  ̂but with a slightly longer reaction time. This gave the required target 

amino acid (1) in high yield (Figure 90).

EtU2C
O DBU/UBr O NH

FmocNHFm ocN H
0°C, 24 hours

(56)

Figure 90. Synthesis o f target amino acid 1.

Cleavage o f Fmoc group from the a-nitrogen o f an amino acid is known to occur in 

less than 5 minutes with 50% DBU/DCM (v/v) at room temperature . In our system 

7% DBU/allyl alcohol (v/v) did not cleave the Fmoc moiety in the amino acid at 0°C. 

The required compound (1) did not require further purification as the only other 

by-product present after an acidic aqueous work-up was volatile allyl alcohol.
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3.9 Summary

The originally proposed route did not successfully synthesise the target amino acid 

(1) in suitably high yields for use in subsequent solid phase peptide s y n t h e s i s . T h e  

major obstacle in this synthetic route was the azide reduction o f precursor compound 

52. Establishing the best azide reduction conditions with compound 44 (including 

successful isolation of the resultant amine product by column chromatography) was 

possible. However, cleavage of the Evans auxiliary from the subsequently Fmoc 

protected amino acid (54) was unsuccessful perhaps due to steric reasons. This 

required yet another change in the synthetic route. This successful route involved 

initial cleavage o f the Evans auxiliary from compound 44, followed by azide 

reduction and Fmoc protection yielding compound 55 (Figure 91).

OEt 

N

(44)

OEt N3

OEt

OH
OEt

(47)

O NH

FmocNH

"*^^^0  NH

OEt FmocNH

(55)

(Overall yield of 14% 
over 6  consecutive

FmocNH ""P")

(1)

Figure 91. Summary o f the successful synthetic route to the target amino acid (1).
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Successful azide reductions with the Staudinger methodology^^®’̂ ^̂  

(triphenylphosphine/THF/water combination) were only successful with compounds 

lacking allyl and allyloxycarbonyl moieties. It is possible that the triphenylphosphine 

interacts with the allyl/Aloc groups preventing the required ‘iminophosphorane 

intermediate’ formation reaction (equation 3, p i 14). Cleavage o f allyl/Aloc groups in 

the presence o f /erraA:w(triphenylphosphine)palladium(0 ) is a well established 

method. The palladium catalysed allylic substitution reactions require the tertiary 

phosphines to act as ligands on the metal species.

Further ‘unmasking’ o f compound 55 required cleavage o f the Schollkopf auxiliary 

and subsequent allyloxycarbonyl protection o f the resultant free amine. This 

successfully yielded compound 56 in high yield. A final transestérification reaction 

generated the required target amino acid ( 1 ) with minimal purification in high yield. 

This route is summarised in Figure 91, and is able to generate reproducible quantities 

o f the target amino acid for use in solid phase peptide synthesis.

120



Linda Alexander McNamara

CHAPTER FOUR 

Synthesis and Conformational Properties of the Target 
Constrained Peptide

4.1 Strategy for the Synthesis of the Target Test Peptide

Solid phase peptide synthesis is an ideal methodology for synthesising the target 

peptide as minimal work-up and purification steps are required during the 

synthesis. A review of the syntheses o f cyclic peptides on-resin (refer to Figure 26, 

chapter 2) identifies three main routes. The route chosen to synthesise the

target test peptide in this project is similar to side chain-to-side chain cyclisation, but 

instead of linking two incorporated residues in the linear sequence, only one end 

(after activation of the free carboxylic acid) o f the unnatural residue is initially 

incorporated. Three further sites on the residue are orthogonally protected and can be 

selectively manipulated during the ensuing peptide synthesis (refer to Figure 22 and 

Figure 25, chapter 1).

Initially, it was envisaged that the linear sequence of 

Fmoc-Ala-Ala-Lys(Boc)-CONH-Sieber Amide Resin would be built up, followed by 

.incorporation of the activated form o f the orthogonally protected (2R, 

9iS)-2,9-diaminodecanedioic acid (Figure 92). The orthogonal protecting groups on 

this synthetic residue would then be removed sequentially. Firstly, the simultaneous 

cleavage of the allyloxycarbonyl and allyl groups, succeeded by the Fmoc moiety, 

would yield the necessary functional groups required for the intramolecular 

cyclisation on-resin. Intramolecular cyclisation would leave a free amine ready for 

peptide chain extension. The remaining linear sequence of the target peptide would 

be then completed on-resin. Finally, an acyl group would replace the N-terminal 

Fmoc group before cleavage from the resin. The Boc side chain protecting groups on
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the four Lys residues would also be removed in the presence of TFA and a cation 

scavenger (before ensuing purification by reverse phase HPLC). The constrained 

peptide would then be characterised by mass spectrometry (electrospray positive 

ionisation) and submitted for CD and NMR analysis to determine its secondary 

structure in solution.^^^"^^^

The key steps in this synthetic strategy were:

(i) incorporation o f (10-allylester)-9-(/?)-allyloxycarbonylamido-2-(5)-(9-fluorenyl- 

methyloxycarbonyl)-amidodecanoic acid ( 1 ) into the peptidyl-resin 

H2N-Ala-Ala-Lys(Boc)-CONH-Sieber Amide Resin;

(ii) the simultaneous cleavage of the allyl and allyloxycarbonyl groups on the 

incorporated synthetic constraining residue;

(iii) cleavage o f the Fmoc moiety on the N-terminal Ala residue;

(iv) intramolecular cyclisation o f the deprotected linear peptide on-resin;

(v) addition o f Fmoc-Ala-OH to the free amine and completion o f the peptide 

synthesis.

Fmoc

Fmoc
HN-

is

' O ^  ^  PEG h - Q

xanthenyl linker

Fmoc 
HN 1

1. Removal of terminal Fmoc: 
y  Piperidine/DMF (1:4)

2. Sequential Coupling ofFmoc-amino acids (4 eq.) 
Lys (Boc), Ala and Ala (HOAt/DIC)

Fmoc-Ala-Ala-Lys(Boc)-CONH-

3. Coupling of Activated Synthetic Constraining Residue 
(3.4 eq.) (HOAt/DIC)

CONH—Ala-Ala-Lys(Boc)-CONl-F

NH-Fmoc
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4. Three Cycles of Fmoc Deprotection, Coupling 
and Capping with 3 Residues: Ala,Lys(Boc)Ala 
(4eq.) (HOAt/DIC)

CONH—Ala-Ala-Lys(Boc)-CONH-

O NH
FmooNH-Ala-Lys(Boc)-Ala-CO

5. Allyl and Aloe removal: 
Pd(PPh3 ) 4  (2 eq.) and 
CHClj/HOAc/NMM(3T.2:1) (v/v)

NHz

CONH— Ala-Ala-Lys(Boc)-CONH'

Fmoc-NH-AIa-Lys(Boc)-AIaCO CPiperidine/DMF (1:4)
7. 0.4% HOBt/DMF (w/v) wash
8 . Intramolecular cyclisation: 

PyAOP/HOAt/DIEA (5:5:10)

?  .CONH— Ala-Ala-Lys(Boc)-CONH— \

NH — Ala-Lys(Boc)-Ala-CO

9. Chain elongation;
Ala,Ala,Lys(Boc), 4 Ala,Lys(Boc)

10. Removal of N-terminal Fmoc
11. Capping of free amine
12. Resin cleavage and removal

of Boc groups: TFA/Water (95:5) (v/v) 
plus 10% TES

Ac-Lys-(Ala)4 -Lys-(Ala)2 -CO-NH  

H = ,C O N H — Ala-Ala-Lys-CONHz

NH— Ala— Lys— Ala-CO  

Figure 92. Solid phase synthesis o f the target cyclic peptide.

In order to monitor the progress of each consecutive step in the synthetic method, the 

test peptide was synthesised initially by a manual batchwise approach using a
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Merrifield bubbler. This established the apparent difficulties encountered with this 

novel method of generating alkyl-bridged cyclic peptides. The results of these 

experiments were then applied to a mixed automated continuous flow/manual 

batchwise synthetic method which successfully yielded the target peptide.

4.2 Incorporation of (10-Allylester)-9-(/?)-allyloxycarbonylamido-2-(5)-(9- 

fluorenylmethyloxycarbonyi)-amidodecanoic Acid (1) into the Peptidyl-Resin

Batchwise synthesis of the tripeptidyl-resin, Fmoc-Ala-Ala-Lys(Boc)-CONH-Sieber 

Amide Resin occurred without unexpected problems. The Sieber amide resin was 

chosen as it is ideally suited to the preparation o f peptide amides with the Fmoc/Boc 

strategy and requires mild (1% TFA) cleavage c o n d i t i o n s . A c t i v a t i o n s  of (2.5 

eq. with respect to the 0.10 mmol scale of peptide synthesis) Fmoc-Ala-OH and 

Fmoc-Lys(Boc)-OH occurred over 15 minutes with HOBt/DIC (equimolar amounts 

with respect to the activated amino acids) under an argon atmosphere. The Kaiser 

test confirmed the progress of the synthesis. Each successful coupling was followed 

by a ‘capping’ step to prevent the occurrence o f deletion sequences during the 

peptide synthesis.^^ *̂

The batchwise synthetic method of generating the target peptide relied on the 

qualitative Kaiser test when monitoring N-terminal deprotections and the subsequent 

amide bond formation reactions.^®  ̂ A yellow colour denoting the absence of free 

amines present in the peptidyl-resin and was referred to as a ‘negative’ Kaiser test. 

This highly sensitive test indicates the presence o f free amines by a purple colour.

Deprotection o f the Fmoc moiety fi-om each residue was carried out using 20% 

piperidine/DMF (v/v). Each N-terminal Fmoc deprotection was accompanied by a
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thorough DMF to remove the any residual piperidine. Piperidine could react with the 

carboxyl moiety o f the activated amino acid upon addition and result in an unwanted 

piperidyl-amide side reaction, thereby drastically affect the desired peptide coupling 

reaction.

The incorporation o f the unusual amino acid was then carried out in the Merrifield 

bubbler as follows. (10-Allylester)-9-(i?)-allyloxycarbonylamido-2-(5)-(9-fluorenyl- 

methyloxycarbonyl)-amidodecanoic acid ( 1 ) (4 eq. with respect to the peptide 

synthesis scale) was activated for 30 minutes with HOAt/HATU/DIC (equimolar 

amounts with respect to 1) under an inert atmosphere. The combination was chosen 

so as to maximise the activation process prior to addition to the peptidyl-resin. 

Coupling to the resin continued for an hour, but the Kaiser test indicated poor 

incorporation. Mass spectrometry o f a small portion o f cleaved crude peptide did 

indicate the presence o f the required peptide.

The solid support chosen for the automated synthesis was a polyethylene 

glycol-polystyrene (PEG-PS) support which is functionalised with a xanhydrylamine 

linker (Figure 93).^^  ̂ PEG-PS supports are compatible with the back pressures 

associated with continuous flow peptide synthesisers as they are mechanically more 

stable resins when compared to polystyrene (PS) supports.^^^»^^  ̂ PEG-PS supports 

swell appreciably in organic solvents and are the ideal resins for construction of 

complex cyclic p e p t i d e s . T h e  aprotic polar solvent #,A-dimethylfbrmamide 

(DMF) provides better resin swellability than the nonpolar solvent DCM. There is a 

good correlation between resin swelling and peptide coupling yields.^^^
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NH-Fmoc

Figure 93. The Novasyn™  TG Sieber amide resin.

The initial amino acid was coupled to the resin by a manual batchwise approach. The 

first amino acid (Fmoc-Lys(Boc)-OH) (0.20 mmol, 2 molar equivalents with respect 

to the peptide synthesis scale o f approximately 0 . 1 0  mmol) was activated with 

equimolar amounts o f HOAt/DIC and was attached to the Novasyn™ TG Sieber 

resin (9-Fmoc-amino-xanthenyl-3-yloxy TG resin) in a Merrifield bubbler. This was 

done both to optimise and determine the accurate final loading o f the peptidyl resin 

(0 . 1 2 2  mmol/g).

The next stage o f the mixed mode o f peptide synthesis was carried out on an 

automated peptide synthesiser. The sequence Fmoc-Ala-Ala-Lys(Boc)-CONH-resin 

was assembled with 0.40 mmol (4 molar equivalents with respect to the peptide 

synthesis scale o f approximately 0 . 1 0  mmol) o f activated amino acids (using 

equimolar amounts o f HOAt/DIC for 7 minutes) recycled twice with 15-minute 

couplings. Each Fmoc deprotection and peptide coupling was monitored 

quantitatively by measuring the UV absorbance o f the Fmoc-piperidine adduct and 

dibenzofulvene (refer to Figure 29, chapter 2). Individual coupling steps were 

completed with a capping step.

(10-Allylester)-9-(/?)-allyloxycarbonylamido-2-(5)-(9-fluorenylmethyloxycarbonyl)-

amidodecanoicacid (1) (0.34 mmol, 3.4 molar equivalents) was activated for the

standard 7 minutes v4th HOAt/DIC (0.40 mmol each) in an amino acid vial. The

activated amino acid was added to the peptidyl-resin in six couplings (Figure 94).

This optimised the chances o f incorporation and helped to overcome any potential
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solubility problems caused by the already high concentration o f activated amino acid 

(1) already present in the amino acid vial. The peptide synthesiser also had a pre-set 

volume o f ‘activated amino acid in DMF’ (1.3-1.5 ml) that it allowed to take part in 

ensuing peptide coupling reactions. This limited the amount o f solvent that could be 

added to 3.4 molar equivalents of amino acid (1) as a single portion. Hence, splitting 

the activated amino acid (1 ) into six smaller volume portions would overcome this 

problem. The rationale for this came from earlier test coupling reactions between 

amino acid (1 ) and glycine methyl ester (obtained from glycine methyl ester 

hydrochloride (59)) in solution (DCM was used instead o f DMF to avoid a lengthy 

work-up). Mass spectrometry indicated that the best results to form the dipeptide (60) 

were observed with amino acid (1) (2 molar equivalents, 0.090 M in DCM) activated 

with equimolar amounts o f HOAt/HATU/DIC in DCM before addition to glycine 

methyl ester (1 molar equivalent, 0.045 M in DCM).

Original activated 
amino acid

A fust batch o f  
double couplings

Four further individual couplings 
Figure 94. Scheme o f couplings of activated amino acid 1 to the peptidyl-resin. The circles represent 
the most successful couplings.

The original activated sample o f amino acid 1 was split into two further vials after 

observing problems with the uptake of the entire solution by the peptide synthesiser’s 

amino acid probe. These vials (referred to as ‘2’) were double coupled over 30
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minutes each without a subsequent capping step. The contents o f vials ‘2 ’ were 

further split into ‘3, 4, 5 and 6 ’ and individually coupled for 30 minutes each without 

capping steps in between. Not all couplings were successful; the best couplings were 

achieved with only half the vials (refer to Appendices B and C for coupling 

efficiencies of amino acid 1 along with alanine, lysine(Boc) and alanine).

After incorporation o f amino acid 1, a final capping step was followed by a Fmoc 

deprotection. Further standard couplings o f activated Fmoc-Ala-OH, 

Fmoc-Lys(Boc)-OH and Fmoc-Ala-OH took place in the peptide synthesiser.

The coupling efficiency o f activated amino acid 1 was compared, using UV 

monitoring to that o f the best apparent coupling (for example, the second or 

N-terminal Ala), and this indicated that the overall coupling yield o f incorporating 

amino acid 1 as approximately 85%. However, comparing the Fmoc deprotection 

efficiency of the now incorporated amino acid 1 with the best example (the first Ala) 

indicated a yield o f approximately 15% (refer to Appendix D for UV-based 

monitoring o f the Fmoc deprotection steps). The low yield o f the Fmoc deblocking 

step o f the incorporated amino acid 1  may be attributed to the short standard 

5-minute deblocking cycle. Hence, the peptide synthesis is essentially functioning at 

approximately 15% o f its optimal efficiency.

4.3 Synthesis of the Linear Precursor Deprotected Peptide

4.3.1 The Simultaneous Cleavage of the Allyl and Allyloxycarbonyl Groups on

the Incorporated Synthetic Constraining Residue

The optimal conditions for allyl/Aloc cleavage were initially established using 

(10-Allylester)-9-(7?)-allyloxycarbonylamido-2-(6)-(9-fluorenylmethyloxycarbonyl)-
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amidodecanoic acid (1 ) with laboratory synthesised 

/é?/rûÂ:w(triphenylphosphine)palladium(0) (57) in solution, based on an on-resin 

method developed by Kates et (Figure 95). The cleavage reaction in solution 

took place in chloroform at 25°C, using a catalytic amount o f Pd(PPhg)  ̂(57) and 3.9 

molar equivalents o f the allyl group scavenger, NMM. The final concentration o f  

amino acid 1 was 0.060 M in a solution o f 5% acetic acid and 2.5% NMM in 

chloroform. Literature methods recommend an amino acid concentration of around 

0.14-0.15 M per allyl/Aloc derivative, and amino acid 1 has two such protecting 

groups. According to analytical HPLC and mass spectrometry the reaction

was completed after two hours stirring in the dark.

9  Pd(PPh3)4 (20 mol%),
HO

CHCI3/ACOH/NM M
FmocNH (37:2:1) (v/v) ^  FmocNH

(1) (58)

Figure 95. A small scale test allyl/Aloc deprotection reaction in solution.

The nucleophilic species used in the palladium-catalysed removal of allylic 

protecting groups are numerous and may include various oxygen, nitrogen, sulfur, 

carbon species and hydride donors. The deprotection of allyl carbamates must be 

carried out in the presence o f a highly reactive allyl group scavenger to prevent a 

competing allylamine formation reaction. NMM is a suitable nucleophilic allyl 

scavenger. NMA is an altemative,^^^’̂ ®̂  but morpholine is known to cleave 

N^-Fmoc groups.^®^

This allylamine side-formation reaction may not only result from competition

between the newly deprotected amine and the nucleophilic allyl group scavenger for

trapping the Tc-allyl entity. There is a possibility o f an intramolecular decarboxylative
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condensation occurring within the carbamato-TC-allylic intermediate (Figure 96).^^  ̂

However, in our hands, in both the off- and on-resin allylic groups’ cleavage 

reactions, mass spectrometry did not indicate the presence o f the allylamine side 

product.

r
R̂ R̂ N'

Figure 96. Allylamine formation via a decarbox>'lative condensation o f a carbamato-7c-allylic 
intermediate.

For both the manual batchwise and the mixed continuous fiow/batchwise syntheses, 

the allyl/Aloc deprotection was carried out in a Merrifield bubbler. Conducting this 

cleavage o f the allylic groups from the peptidyl-resin in the Merrifield bubbler 

permitted both more complete dissolving o f the catalyst and accurate monitoring of 

the progress o f the reaction using the qualitative Kaiser test. Kates et reported 

the need to ensure the catalyst dissolves completely or this would affect the 

allyl/Aloc deblocking reaction.

Jn our hands, the on-resin cleavage of the allyl/Aloc protecting groups on the now 

incorporated amino acid 1  occurred optimally with 2  molar equivalents o f Pd(PP%)^, 

CHClg/AcOH (37:2) (v/v) and 8  molar equivalents of NMM. The catalyst was found 

to dissolve completely in this volume o f the reaction solution when heated to 25°C 

and before addition to the peptidyl-resin. For the ‘manual only’ batchwise peptide 

synthesis, 4 molar equivalents of NMM were used and complete dissolving o f the 

catalyst 57 in this decreased reaction volume proved to be difficult. Throughout the 

manual allyl deblocking reaction (in the mixed mode of peptide synthesis), the 

catalyst was not observed to precipitate out o f the reaction solution once dissolved.
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After two hours o f gentle agitation in an argon atmosphere in the dark, the reaction 

was deemed to be complete according to the qualitative Kaiser test. Mass 

spectrometry o f  a small portion of cleaved peptide indicated the presence o f the 

required peptide product.

4.3.2 Cleavage of the Fmoc Group on the N-terminal Ala

Deprotection o f the Fmoc moiety took place in the Merrifield bubbler by bubbling 

the peptidyl-resin with piperidine/DMF (1:4) for 20 minutes. An intensely purple 

positive Kaiser test was obtained after a thorough washing o f the peptidyl-resin with 

DMF. Mass spectrometry of a small portion o f cleaved peptide indicated the presence 

o f the required peptide product.

4.4 The Intramolecular On-Resin Cyclisation of the Deprotected Linear Peptide

The deprotection o f the N-terminal Fmoc moiety yielded the linear precursor peptide 

ready for intramolecular cyclisation (Figure 97). After a 0.4% HOBt/DMF (w/v) 

wash, to prevent an unwanted piperidyl-amide reaction at the free carboxy end,^®  ̂ a 

solution o f PyAOP/HOAt/DIEA (5:5:10) was added to the peptidyl-resin and bubbled 

for one hour under an argon atmosphere.After  a thorough washing, the Kaiser test 

returned to the purple colour observed after cleaving the allyl/Aloc groups. Mass 

spectrometry o f a small portion o f cleaved peptide indicated the presence o f  the 

required cyclic peptide product.
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CONH— Ala-Ala-

O NH
I

F moc-N H-Ala-Lys(Boc)-Ala-CO

6.Piperidine/DMF (1:4)
7. 0.4% HOBt/DMF (w/vj wash
8 . Intramolecular cyclisation: 

PyAOP/HOAt/DIEA (5:5:10) v

H y
r .CO NH— Ala-Ala-Lys(Boc)-CONH— (

NH — A la-Lys(Boc)-A la-C O  
Figure 97. Intramolecular cyclisation o f deprotected the linear precursor peptide.

A triple coupling, 30 minutes each o f activated Fmoc-Ala-OH was done immediately 

following the cyclisation. For the ‘manual only’ batchwise peptide synthesis, a 

double coupling was carried out. A final capping step completed the synthesis o f the 

cyclic target test peptide in the Merrifield bubbler at present.

A portion (0.200 g) o f peptidyl-resin was cleaved with TFA/H2O (95:5) (v/v) and 

10% triethylsilane to ensure the two Boc side chain protecting groups on the Lys 

residues were also cleaved. The N-terminal Fmoc moiety remained in situ to enable 

easier detection and purification by reverse phase HPLC at 254 nm. Mass 

spectrometry indicated the presence of the required cyclic peptide product. The yield 

o f this cyclic peptide product after preparative reverse phase HPLC was 

approximately 10%. This yield is based on 0.200 g peptidyl-resin with loading o f  

0 . 1 2 2  mmol/g and the peptide synthesis functioning at 1 0 0 % efficiency of the 

designated 0.0731 mmol scale. If assuming a 15% efficiency rate, as mentioned 

before, the yield would then be a possible 63%. The purity o f this cyclic peptide was 

established by analytical reverse phase HPLC (refer to Appendix E for the analytical
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HPLC chromatogram and electrospray positive mass spectrometry results o f the 

truncated sequence o f the cyclic test peptide).

4.5 Completion of the Synthesis of the Target Test Peptide

The manual batchwise synthesis o f the peptide was completed in the Merrifield 

bubbler, but the overall yield o f the test peptide was very poor. This could be 

attributed to the difficulty in maintaining dry and inert conditions during the amino 

acid activation and coupling steps. In addition, the qualitative Kaiser test may not 

have always accurately indicated the outcome o f  all the reactions carried out with the 

peptidyl-resin. However, the mixed automated/batchwise peptide synthesis yielded a 

better amount o f the test peptide.

The successful synthesis o f the test peptide was completed using the automated 

peptide synthetic process, and respective couplings and deprotections were 

monitored by UV absorbance (refer to Appendices F and G). A final capping step 

was done prior to removing the test peptidyl-resin with the N-terminal Fmoc group 

still in situ. A final Fmoc deprotection and acylation o f the N-terminal free amine 

was carried out in the Merrifield bubbler.

The target cyclic peptide was cleaved from the resin in the presence o f TFA/H2O 

(95:5) (v/v) and 10% triethylsilane and stirred for two hours under an inert 

atmosphere. Mass spectrometry indicated the presence o f the required target cyclic 

peptide and the deletion sequence lacking the synthetic residue 1. Purification by 

preparative reverse phase HPLC at 215 nm yielded 0.011 g o f the test peptide. The 

yield was approximately 23% based on 0.400 g peptidyl-resin with a loading o f 0.122 

mmol/g and the peptide synthesis functioning at 100% efficiency o f the 0.0731 mmol
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scale. However, the yield based on an assumed 15% efficiency is almost quantitative. 

The purity o f the target conformationally constrained peptide was established by 

analytical reverse phase HPLC (refer to Appendix H for the HPLC chromatogram and 

electrospray positive mass spectrometry results o f the final test peptide). Analytical 

LC-MS indicated the absence o f any other peptide.

In summary, the manual batchwise synthesis o f the test peptide established (by mass 

spectrometry) the existence o f the required key products along the synthetic process 

despite a poor overall yield. Accurate monitoring o f the synthetic process was 

required and the automated continuous flow synthesis allowed for the UV-based 

quantitative assessments o f the respective Fmoc deprotections and subsequent 

peptide coupling reactions. Important reaction conditions were determined for all the 

key steps: the incorporation o f the synthetic residue constraint 1 , simultaneous 

cleavage o f the allyl/Aloc protecting groups, intramolecular cyclisation on-resin and 

completion o f the synthesis in the automated process. Yields o f the initial cyclic 

peptide and final test peptide indicated a high yield for the on-resin intramolecular 

cyclisation step. This is essentially a novel route to synthesising cyclic peptides 

on-resin with an unnatural hexyl aliphatic bridge linking two chiral centres in the 

peptide backbone (refer to Figure 26, chapter 2).

4.6 Conformational Properties of the Target Test and Control Peptides

The effect o f the hexyl aliphatic /,(/+4) link between a-carbons 9 and 13 on the 

conformational properties o f the test peptide

(AC-KAAAAKAAXAKAXAAK-CONH2) in solution was investigated by CD 

analysis. This enabled a direct comparison to be made with the control peptide 

(AC-KAAAAKAAAAKAAAAK-CONH2) which is lacking this aliphatic bridge. The
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The contribution o f the incorporated synthetic constraint on promoting a-helicity in 

the alanine-based model host AK variant of Marqusee and Baldwin type peptide in 

solution could then be ascertained. The CD investigation of the conformational 

behaviour of both peptides was carried out as a function of solvent and temperature.

4.6.1 The Control Peptide

Circular dichroism is a very useful optical technique for analysing peptide secondary 

structure in solution. CD spectra show the characteristic features o f a helical 

conformation at low temperature as minima at 2 2 2  (n7i*) and 208 nm (titi*), and a 

maximum around 192 nm (titi*) (Figure 117’290,291

80,000

60,000

40,000

20,000E
o

S’■o
tt>

- 40,000
260250230 240220190 200 210

Wavelength (nm)

Figure 98. The characteristic CD spectra of an a-helical peptide. The CD spectra show the helix 
unfolding o f a 50-residue alanine-based peptide as a function o f increasing temperature from O^C 
(bottom curve at 222 nm) to 60°C (top curve at 222 nm) with 20°C increases per experiment. The 
peptide concentration was 8.5 )iM in a buffered aqueous solution ( 1 mM potassium phosphate and 100 
mM potassium fluoride) at pH 7. The spectra were recorded on an Avis 60DS spectropolarimeter in a 
1 0 -cm path length cuvette.

The control alanine-based peptide is known to be highly a-helical in solution.

This was confirmed in the CD spectra of the control peptide which were dominated
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Figure 99. CD spectra of the control peptide.
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Solvent a-Helix
%

P-Sheet
%

Other
%

Ethanediol-HzO 
(2:1) +4M urea at 

25 °C

9.1 40.2 50.7

Ethanediol-HaO 
(2:1) +4M urea at 

-33°C

28.9 27.6 43.5

H2O at 25 °C 18.8 23.9 57.3
HzOat 4°C 37.2 19.0 43.8
TFE at 25°C 33.2 37.8 29.0
TFE at 4°C 39.0 35.6 25.4

Ethanediol-HzO
(2:l)at25°C

37.7 37.0 25.3

Ethanediol-H20
(2:l)at4°C

48.3 32.0 19.7

SDS 20mM at 25°C 57.3 20.9 21.8
SDS 20mM at 4°C 61.3 18.7 20.0

Table 1. Contents o f secondary structure estimated with the Malik method 
for the control peptide.

306
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by a-helicity at 4°C in H2O, TFE, ethanediol-H2 0  (2:1) (v/v) and SDS 20 mM

respectively (Figure 99). The a-helix content was estimated from the CD data (Table 

1305,306).

(i) in HjO, 18.8% at 25^0 and 37.2% at 4°C;

(ii) in TFE, 33.2% at 25°C and 39.0% at 4°C;

(iii) in ethanediol-H2 0  (2:1) (v/v), 37.7% at 25°C and 48.3% at 4°C;

(iv) in SDS 20 mM above critical micelle concentration, 57.3% at 25°C and 61.3% 

at 4°C.

As expected, the increased a-helical content increases on lowering temperature, but 

this is less pronounced in SDS 20 mM than in ethanediol-H2 0 , and likewise when 

comparing ethanediol-H2 0  to H2O only.

4.6.2 The Test Peptide

The test peptide showed completely different CD spectra from those observed with 

the control peptide. There was no evidence o f an a-helical conformation induced in 

this now constrained peptide. The test peptide exhibited a positive CD band at 

around 2 1 1  nm that increased in intensity on lowering the temperature in H2O, 

ethanediol-H2 0  (2:1) (v/v) and SDS 20 mM respectively (Figure 100). The highest 

CD band intensity was observed in the cryogenic solvent mixture ethanediol-H2 0  

(2:1) (v/v) at -92°C, however, the conformation associated with this 211 nm CD band 

is more stable in SDS 20 mM. This is because a third o f the ethanediol-H2 0  (2:1) 

(v/v) conformational state is already present in SDS 20 mM medium at 4°C.^^^

Assignment o f secondary structure to the CD positive band at 211 nm is dependent 

on its wavelength maximum.^®  ̂For peptides without aromatic amino acid residues 

(broad aromatic CD bands would interfere with structural interpretation), the positive 

CD band at 217 nm has been assigned to a dominant left-handed extended
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Etd-HjO 2:1+4M urea -92“C 
Etd-HzO 2:1 -92“C 
Etd-HzO 2:1 -4 6 X  
Etd-HzO 2:1 4*C

26"C 
4»C 

26*C

Etd-HzO 2:1 
SDS 20mM 
SDS 20mM 
H2 O 4 X  
H2O 26'C 
TFE 4“C 
TFE 25'C  
TFE 66“C

200 220 240

Wavelength (nm)

Figure 100. CD spectra of the test peptide
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polyproline II (PPg) type o f conformation (Figure 101). For proline-rich peptides the 

positive CD is shifted to around 225 nm due to the proline tertiary amide 

chromophore.

n = +3.6 n = +3 n =  -3 n =  +2

1 4

a-H elix 3io-Helix PPjj P-Strand
Figure 101. An a-carbon atom representation o f  an arbitrary peptide folding into various ideal 
well-known secondary structure conformations.^®^ The PP^ is the only left-handed conformation 
shown here.

Siligardi et attributed a positive CD band at 212 nm to a p-tum of type II 

conformation. Their findings demonstrated that a tetradecapeptide in ethanediol-HjO 

(2:1) (v/v) at low temperature had a positive CD band at 212 nm. However, in the 

presence o f 4 M urea this band shifted to 218 nm. Urea is used to break up any 

hydrogen bonds associated with the peptide in question. Drake et attributed the 

presence o f a positive CD band at 217 nm as indicative o f a dominant PPu 

conformation. They also concluded that even though a high concentration of urea is 

known to destabilise intramolecular hydrogen bonding in a-helices, P-tums and 

P-sheets, it can unexpectedly stabilise PPg conformations.

The cryogenic study applied to the test peptide with and without 4 M urea was a 

useful experiment to discriminate between a possible p-tum or PP^ conformation. 

The positive CD band at around 211 nm observed for the test peptide in the
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F urther‘Etd:H20 (2:1) 
with Urea’ 
Experim ents: 
2:1+4M urea -115®C 
2:1+4M urea 
2:1+4M urea 
2:1+4M urea

Etd:H20 2:1 21 
-6**

C after -100

220

W avelen gth  (nm)

240

Figure 102. Further CD analysis o f  the control peptide
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ethanediol-H2 0  (2:1) (v/v) environment was not affected by the addition o f 4 M urea. 

The shift from 211 nm to 218 nm did not occur, therefore, a dominant PPg 

conformation was ruled out. This suggested that a left-handed ‘open’ P-tum was the 

dominant conformation. The term ‘open’ refers to the absence o f any intramolecular 

hydrogen bonds. Hence, the exclusive responsibility for this dominant conformation 

in solution is from the incorporated synthetic aliphatic-bridge constraint.

4.6.3 Further CD Analysis of Both the Control and Test Peptides

The control peptide showed the expected reduction in helical content from 37.7% in 

ethanediol-HjO (2:1) (v/v) to 9.1% upon addition o f 4 M urea at 25°C (Table 1). The 

helical content o f the control peptide increased steadily on lowering the temperature 

gradually to -100°C in ethanediol-H2 0  (2:1) (v/v). However, the CD profiles also 

suggested the presence o f a distorted a-helix (Figure 102). The cryogenic study with 

the control peptide in the presence of 4 M urea denoted an intermediate behaviour 

between that o f the test peptide (Figure 100) and an extended PPu-like conformation 

(in the control peptide) (Figure 102).^^  ̂ Firstly, the helical content is observed to 

increase on lowering the temperature from 21°C to -33°C, then a positive band 

emerged at around 214 nm on further lowering the temperature from -55°C to -75°C.

At even a lower temperature (-115°C) no further CD changes are observed. The 

presence o f a small positive CD band at 214 nm and an apparent negative band at 

225 nm are indicative o f a conformational equilibrium between a minor PP  ̂ and 

residual helical conformation in the control peptide; the latter conformation being 

most thermodynamically stable at low temperatures.

Studying the conformationally behaviour o f the test peptide in another medium, TFE, 

showed further important CD changes. A negative CD band at around 218 nm was 

observed as well as a cross-over at around 200 nm. This suggested that this was a
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type of intermolecular association in this 16-residue peptide. It is unlikely to be a 

P-sheet type of aggregation as the peptide is too short in l e n g t h . P - S h e e t  type 

association/aggregation is time- and temperature-dependent, and non-reversible CD 

changes are observed at high temperatures. However, the CD profiles o f the test 

peptide are time and temperature independent from 4°C to 65°C (Figure 100). The 

existence o f a P-tum conformation was also confirmed by both this observed 

intermolecular association behaviour and a small overall As intensity. The negative 

CD band at 218 nm is indicative of a right-handed p-tum.^^®

In summary, the hexyl link between a-carbons 9 and 13 does not promote a-helicity 

in the test peptide. However, it does stabilise a p-tum conformation at low 

temperatures between residues 9 and 13 that appears to be left-handed type II tum in 

aqueous media and right-handed type I tum in TFE (Figure 103^). At room 

temperature an equilibrium exists between these two extreme forms in different 

media.

TYPE I P-TURN
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TYPE n  P-TURN 

Figure 103. Common types o f 3-turn.^

4,7 Implications of the Conformational Analysis of the Test Peptide

Conformationally constrained biologically active peptidomimetics containing p-tums 

can be constructed by linking i,{i^3) residues in the linear precursor 

peptide.^'^^’̂ '̂ '̂ ’̂ ^  ̂ However, the incidence of links promoting reverse turns is

much r a r e r , i n  fact only a few cases are known to exist in the literature.

The P-tum is a common stmctural feature observed in small peptides and 

p r o t e i n s . ^ I t  is usually defined as a tetraresidue sequence in which the peptide 

chain undergoes an opposite tum of approximately 180° in the other direction (Figure 

104).3M
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H

O R
<t>2

4)1

HN
O

Ca(/+i)

Figure 104. Basic structure o f a classical |3-tum and its respective torsion angles Vz-

In most P-tums, an intramolecular hydrogen bond exists between a carbonyl oxygen 

of the rth residue and the amide hydrogen o f the (/+3)th residue in the peptide chain. 

‘Open P-tums’ that lack this intramolecular hydrogen bond do exist in nature.  ̂

P-Tums are generally classified according to their peptide backbone  ̂and vp torsion 

angles. Type I p-tums are the most common in nature (Figure 103), followed by type 

III and type II tums.^^^’̂ ^̂  In addition, mirror images o f the backbone exist and are 

the rarer type o f P-tums which are denoted with a prime.

NMR studies o f the test peptide were carried out in CD3OH. However, the large 

number o f Ala residues made it impossible to assign amide protons either at room 

temperature or at 10°C. In addition, the conformation of the test peptide was 

observed to change on cooling, hence, the peptide was not a fixed conformation 

throughout. The changing conformation o f the test peptide was also observed in the 

CD experiments.
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4,8 Sttmmary
A novel aliphatic-bridged cyclic peptide has been successfully synthesised, and is 

unexpectedly devoid o f any a-helical conformation in aqueous solution. Instead, this 

incorporated hexyl linker both constrains and promotes type I or II p-tums in certain 

solvent environments on cooling. This novel route to synthesising cyclic peptides on 

solid support therefore has wide applications in the constmction o f constrained 

analogues o f bioactive peptides.

The route to synthesising the stereochemically pure bifunctional aliphatic-based 

amino acid constraint has also been optimised and permits the necessary scale-up 

required for ensuing solid phase peptide synthesis. In addition, a novel route to 

synthesising cyclic peptides on-resin has also been demonstrated using the orthogonal 

Fmoc/Boc/allyl/Aloc protection strategy. Whilst the route is similar to side 

chain-to-side chain cyclisation, the key feature is the ability to incorporate an 

unnatural residue with an aliphatic (covalent) link between two a-carbons already in 

situ. Hence, modifications o f the peptide backbone and/or side chains is avoided 

when synthesising a cyclic peptide using this particular residue (amino acid 1 ).
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CHAPTER FIVE

Experimental

5,1 Characterisation Procedures and Instrumentation

n.m.r. spectra were recorded on the Varian VXR 400 (400 MHz), AMX 400, 

Bruker AC 300 (300 MHz) and AVANCE 500 instruments, using CDCI3, CD3OD 

or (CD3)2 S0 2  as solvents. The chemical shift data for each signal is given in units 

of 6  relative to tetramethylsilane (TMS); 6  (TMS) = 0. The multiplicity o f the 

signals is denoted as : s - singlet, d - doublet, t - triplet, dd - doublet o f doublets, dt 

- doublet of triplets, m - multiplet, br s - broad singlet, etc..

*̂ C n.m.r. spectra were recorded on the Varian VXR 300 and 400 (75 MHz, 100 

MHz) instruments using CDCI3 as solvent. The chemical shift data for each signal 

is given in units o f 5 relative to TMS; Ô (TMS) = 0.

Mass spectra were recorded either on a VG ZAB SE machine (E.I. and F.A.B. 

ionisation) or a Micromass LC Quattro machine (A.P.C.I.+ and E.SP.+ 

ionisation.). High resolution mass spectrometry was recorded using F.A.B. on a 

VG Analytical ZAB SE machine.

Melting points were determined using a Gallenkamp instrument.

Thin layer chromatography (tic) was carried out on pre-coated 0.25 mm thick 

Merck 60 F254 silica plates. Visualisation was by spraying with basic potassium 

permanganate solution, or basic bromocresol green (to reveal acids), or with 

ninhydrin solution (to reveal amines), or absorption o f  u.v. light. Column 

chromatography was performed using commercially available silica 60 BDH, and 

the column diameter is given in cm.

147



Linda Alexander McNamara

Infra red spectra were recorded on a Perkin-Elmer 1600 FT-IR spectrometer and 

are in CHCI3 solutions (with KBr cell), unless otherwise stated.

Optical rotations were measured using an Optical Activity:polAAR2000 

polarimeter and concentration is expressed in g/100ml. In the experimental 

section [a]^ values are given in 1 0 "̂  deg cm^ g"̂ .

Microanalyses of all products were determined wherever possible; however, many 

compounds prepared in this work were viscous oils and their purity was 

determined by chromatographic and spectroscopic means. Accurate mass 

spectrometry was also undertaken.

The target test peptide was synthesised on an automated Milligen 9050 Plus 

PepSynthesizer using the Fmoc strategy. Amino acids, coupling reagents and 

resins were obtained from Novabiochem and Perceptive Biosystems. The control 

peptide was synthesised on a ABI 430A automated synthesiser using the Fmoc 

strategy

Analytical reverse phase HPLC (flow rate Iml/min) was carried out using a 

Waters 600E quaternary gradient system pump, Rheodyne 7125 valve injector, 

Gilson 115 variable wavelength u.v. detector and Hewlett-Packard HP3396 A 

integrator with Vydac™ Ĉ g column, 4.6 mm x 25 cm. Preparative reverse phase 

HPLC (flow rate 18ml/min) was carried out using a Waters 600E quaternary 

gradient system pump, Rheodyne 7125 valve injector, Gilson Holochrome 

variable wavelength u.v. detector and Waters 745B Data Module with Vydac™ 

Cjg column, 21.4 mm x 25 cm. Liquid Chromatography-Mass Spectrometry was 

carried using a Hewlett-Packard HP 1100 for HPLC and Micromass Quattro LC 

for mass spectrometry. LC-MS was carried out on the Vydac™ Ĉ g column 

analytical HPLC column. Retention times are given in minutes.
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CD spectra were recorded with a Jasco J720 and J600 spectropolarimeters, 

flushed with nitrogen to improve performance below 200 nm. Solution 

concentration (test or control peptide in a particular solvent) o f 0.300 mg/ml were 

prepared by weighing the peptide using a microbalance Mettler Toledo MT5 

(sensitivity ±  Ipg), and 0,05 cm cell pathlength was used in the far-UV CD region 

(185-250 nm). The pH meter fitted in the spectropolarimeter determined the pH 

o f the test peptide in water as 6  and the pH o f the control peptide in water as 5.2.

All CD spectra were reported in terms o f A£=8 l-Sr (M"̂  cm" )̂ using a mean 

molecular weight (MW=113) per amino acid residue. The contents o f secondary 

structure were estimated with the Malik method^®  ̂ using a principle component 

regression analysis (Plsplus o f Grams/32 suite program, Galactic Industries 

Corporation) with a calibration data set o f 16 proteins obtained from Hennessey 

and Johnson.^

The attempted Ĥ n.m.r. of the test peptide in CD3OH was carried out on a Varian 

VMX 600 (600 MHz) instrument.

The qualitative Kaiser test̂ ®̂  was carried out as follows: taking a very small 

sample o f peptidyl-resin into a test tube and adding 4 drops o f bottle A (20 g of 

phenol in 5 ml o f absolute ethanol), followed by 8  drops of bottle B (2 ml o f 1 

mM KCN in 98 ml o f pyridine) and 4 drops o f bottle C (1 g o f ninhydrin in 20 ml 

of absolute ethanol). The final colour o f the suspension was indicative of the 

outcome o f the reaction after the mixture was heated at 100°C for 2 minutes.

Distillations o f solvents and reagents were all done under a dry N 2 atmosphere. 

THF solvent was dried by distillation from a THF/sodium/benzophenone 

suspension. DCM was dried by distillation from DCM/calcium hydride or 

DCM/phosphorus pentoxide suspensions. TEA was distilled from a TEA/calcium 

hydride suspension. Allyl alcohol was distilled over magnesium turnings activated
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by iodine. Lithium bromide was dried at 140°C at 0 .1mm Hg for 14 hours. For the 

peptide synthesis, either distilled DMF (from a DMF/calcium hydride suspension) 

or commercially supplied DMF (HPLC grade) from BDH was used. Piperidine, 

dioxane, acetic anhydride and diisopropylethylamine were all distilled over 

calcium hydride and collected at their respective boiling points under a dry inert 

atmosphere. Unless specified all other reagents were commercially purchased and 

used without further purification. Any required purification was carried out by 

literature methods.^ ̂ ^

Titration o f «-BuLi was carried out as follows^^^: 0.075 mg (0,394 mmol) o f the 

titre ( 1 -methyl-2-amido-rgrr-butyIcarbonyl benzene, FW 191.26 g/mol) (Figure 

105) was dissolved in 2 ml of dry THF under nitrogen, and a clear solution was 

obtained. This was then titrated with a certain volume o f «-BuLi until a final 

orange colour change o f the solution is observed. The accurate concentration of 

the M-BuLi can be determined from the added volume which is equimolar to that 

o f the titre.

O

Figure 105. The titre reagent used in the titration o f «-BuLi.

5.2 Experimental Section

Glycine methyl ester hydrochloride (59).

CIHiHzN ^ O s M e

To a cooled (0°C) suspension o f glycine (12.5 g, 0.167 mol) in methanol (400 ml)

was added thionyl chloride (40.9 g, 0.344 mol, 2 eq.) dropwise over 30 minutes.
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After the addition, the resulting clear solution was stirred at room temperature for 

12 hours under an argon atmosphere. The reaction was monitored by tic 

(methanol; Rp 0.28; visualised with ninhydrin) and indicated that the 

estérification o f glycine was complete. Removal o f solvent in vacuo gave a white 

solid which was purified by recrystallisation from ethanol. The product was dried 

over solid sodium hydroxide pellets under vacuum overnight. This gave the title 

compound as fine white needle-like crystals ( 1 2 . 6  g, 0 . 1 0 0  mol, 61% yield), 

melting point 172-173°C. (Rp 0.28, methanol; visualised with ninhydrin).

m  n m.r.: 5 (MeOH-d^, 400 MHz) 2.81-2.83 (2H, br m, -CH2-), 3.35 (3H, s, 

CH3O-), 4.3 (br s,NH 2).

m /z:U 2  (M+Na-HCl, 7%) (F.A.B).

4-(5)-Isopropyl-oxazolidin-2,5-dione (33).245,249

y

o

(i) Following the Schollkopf^"^  ̂methodology: to a stirred suspension o f (5)-valine 

(6.09 g, 0.052 mol) in THF (84 ml), under an argon atmosphere, was added 

phosgene (20% w/v in toluene, 6 6  ml, 0.133 mol, 2.6 eq.) dropwise over 10 

minutes. The reaction mixture was allowed to stir at room temperature for 48 

hours until the solution was clear. Excess phosgene was purged by bubbling 

nitrogen through it and into a concentrated ammonia solution, hence, evolving 

white fumes. Absence o f these fumes indicated successful purging. The solvent 

was then removed in vacuo, giving the title compound as a white solid. Due to the
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reported instability o f this product̂ "*̂  it was passed into the next reaction without 

purification.

(ii) Following the Bull et methodology: phosgene (20% w/v in toluene,

137.2 ml, 0.277 mol, 1.3 eq.) was added to a suspension o f (5)-valine (25,0 g, 

0.213 mol) in THF (250 ml) under argon, and the mixture stirred at 50°C for 20 

hours to obtain a clear homogeneous solution. The solution was cooled and 

excess phosgene was purged by bubbling nitrogen through it and into 

concentrated ammonia solution for 1 hour. The solvent was removed in vacuo, 

giving a crude white solid. The title compound was recrystallised from (1:2, 150 

ml) diethyl ether/hexane, yielding fine white crystals (29.3 g, 0.205 mol, 96% 

yield), melting point 76°C (lit.^^  ̂62°C).

iH n m.r.: Ô (CDCI3, 400 MHz) 1.03 (3H, d, 7  6 . 8  Hz,-CH-(CH3)2), 108 (3H, d, J

7.0 Hz,-CH-(CH3)2), 2.23-2.26 (IH, m, -^-(C H ))^) 4.2 (IH, d, 7 4 .2  Hz, -NH-CH 

-CH(CH3)2), 5.7 (IH, br s, -NH).

m/z\ 143 (M, 6 %) (F.A.B.).

(iS)-Valinylglycine Methyl Ester (37).245,249

o

H
N. .C02Me

(i) Following the Schollkopf^"^  ̂ methodology: to a cooled (-78°C) vigorously 

stirred suspension of glycine methyl ester hydrochloride (59) (6.5 g, 0.052 mol) in 

chloroform (64 ml), under a nitrogen atmosphere, was added TEA (18 ml, 0.130 

mol, 2.5 eq.) in one portion, giving a white slurry. This was then allowed to stir at
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-78®C for 10 minutes, after which 4-(5)-isopropyl-oxazoIidin-2,5-dione (33) 

(0.052 mol) dissolved in THF (51 ml), was added dropwise over 1 hour to the 

reaction mixture. After the addition, the reaction mixture was allowed to stir at 

-78°C for a further 30 minutes and then for 1 hour at room temperature. The 

reaction mixture was then filtered twice, and the solvents removed in vacuo, 

giving the title compound as a thick pale yellow oil. This was immediately passed 

into the next reaction without further purification due to its unstable nature.

(ii) Following the Bull et methodology; TEA (d 0.726, 59.9 ml, 0.430 mol,

2 . 1  eq.) was added to a mechanically stirred suspension o f glycine methyl ester 

hydrochloride (59) (28.2 g, 0.225 mol, 1.1 eq.) in chloroform (260 ml), under a 

nitrogen atmosphere, in one portion. This reaction mixture was then cooled to 

-78°C. A solution o f 4-(5)-isopropyl-oxazolidin-2,5-dione (33) (29.3 g, 0.205 

mol) in THF (150 ml) was added dropwise over a period o f 4 hours, giving a 

precipitate o f TEAiHCl as a gelatinous white solid. The reaction mixture was then 

stirred for a further hour at -78°C, after which it was stored for 12 hours at -20°C. 

The TEA:HC1 precipitate was removed by filtration through Celite™  and the 

solvents removed in vacuo, giving a crude oil. This was redissolved in THF (250 

ml) as the TEA.HCl precipitate is less soluble in THF. A second filtration through 

Celite™  was carried out and the filtrate concentrated, affording a colourless 

unstable oil (30.7 g, 0.163 mol, 80% yield) which was passed into the next 

reaction without further purification.

m/z: 187(M-1,30%) (E.I.).
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6-(*S)-Isopropyl-piperazine-2,5-dione (35).245,249

HN

NH

(i) Following the Schollkopf^"^  ̂ methodology: a solution o f (S)-valinylglycine 

methyl ester (37) (0.052 mol) in toluene (216 ml) was refluxed for 12 hours, 

giving a white oily pulpy solid, which was collected by filtration and dried at 

80°C under vacuum for 3 days. This gave the title compound as a white flaky-like 

solid (4.29 g, 0.0275 mol, 53%).

(ii) Following the Bull et methodology: the semi-solid crude

(5)-valinylglycine methyl ester (37) product (30.7 g, 0.163 mol) was dissolved in 

toluene (150 ml) and heated under reflux for 24 hours. This gave a white solid, 

which was collected by filtration and dried at 100°C under vacuum for 3 days, 

and placed for a further 24 hours on the freeze-dryer. This gave the title 

compound as a white solid (13.9 g, 0.089 mol, 55% yield). A portion was 

recrystallised from acetonitrile (100%), melting point 254°C (lit.^^  ̂254°C ).

[a]% +31.3 (c 1.079, H^O) {lit.247 [a]23^+23.7 (c 1.0, H^O)}.

(CHCI3) 3401 (medium) (N-H), 2965 (strong) (C-H), 1683 (strong) (C=N)

c m l

m  n.m.r.: Ô ((0 0 3 )2 8 0 2 , 400 MHz) 0.83 (3H, d, 7  6 . 8  Hz, -CH-(CH3)2 ), 0.90 ( 3H, 

d, J  7.0 Hz, -CH-(CH3)2), 2.05-2.09 (IH, m, -CH-(CH^)2 )̂  3.50 (IH, t, J  3.7 Hz, 

-CH-CH-(CH3)2), 3.58 (IH, d, y  3.1 Hz, -NH-CHaHb-CO), 3.62 (IH, d, /  3.1 Hz, 

-NH-CH^l^-CO), 8.0 (IH, br s, -NH-). 8.2 (IH, br s, NH-).

154



Linda Alexander McNamara

Found: M+H, 157.0970. requires M+H, 157.0977 (F.A.B.).

m/z\ 157 (M+1, 100%) (A.P.CI.+).

6-(5)-Isopropyl-2,5-diethoxy-3,6-dihydropyrazine (31).

OEt

OEt

(i) Following the Schollkopf^"^  ̂ methodology: to a suspension of 

6-(5)-isopropyl-piperazine-2,5-dione (35) (2.0 g, 12.8 mmol) in DCM (45 ml), 

under a nitrogen atmosphere, was added triethyloxonium tetrafluoroborate (7.3 g,

38.4 mmol, 3 eq.) in DCM (10 ml) in one portion. The reaction mixture was 

stirred at room temperature for 12 hours, giving a golden brown solution. The 

reaction was quenched by addition to a phosphate buffer solution (NaH2? 0 4 , 6 . 0  

g; Na2HP0 ,̂ 18.2 g; H2O, 117 ml). The organic layer was extracted from the 

biphasic mixture with DCM (3 x 80 ml), and dried (MgSO^), and the solvents 

removed in vacuo giving a crude brown oil. Purification was performed by 

Kugelrohr distillation, affording a clear oil (1.54 g, 7.25 mmol, 57% yield), 

(boiling point 85°C/1 mm Hg) or column chromatography (giving the same yield) 

(2 cm, 8 % ethyl acetate/hexane, Rp 0.25).

(ii) Following the Bull et methodology: triethyloxonium tetrafluoroborate 

(33.2 g, 0.175 mol, 2.5 eq.) and 6-(Q-isopropyl-piperazine-2,5-dione (35) ( 10.9 g, 

0.070 mol) were mixed together as dry solids for 10 minutes under a nitrogen 

atmosphere. DCM (250 ml) was added and after one hour o f stirring, afforded a 

clear golden brown solution. Stirring continued at room temperature for 24 hours.
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After this period a further one molar equivalent of triethyloxonium 

tetrafluoroborate (13,3 g, 0.070 mol) was added to the reaction mixture and 

stirring continued for a further 48 hours. The reaction was quenched by slow 

addition, via a cannula to a stirring pre-cooled (0°C) solution o f saturated sodium 

bicarbonate (200 ml). The pH of the mixture was kept at 7.5 throughout the 

addition, after which stirring continued for 15 minutes. The organic layer was 

extracted by DCM (3 x 100 ml), filtered through Celite™, dried (MgSO^), the 

solvents removed in vacuo giving a crude brown oil. Purification was performed 

by column chromatography (4 cm, 15% ethyl acetate/hexane, Rp 0.38) to give the 

titled compound as a clear oil (12.4 g, 0.058 mol, 83% yield).

[a ]% +75.5(cl.59 ,E tO H ).

(CHCI3) 2973 (strong) (C-H), 1691 (strong) (C=N), 1242 (strong) 1035 

(medium) (C-0) c m f

m  n m.r.: Ô (CDCI3 , 400 MHz) 0.74 (3H, d, J 6 .9  Hz,-CH-(CH3)), 0.99 (3H, d, J  

7.0 Hz,-CH-(CH3)), 1.24-1.28 (6 H, m, O-CH2CH3 twice), 2.15-2.25 (IH, m, 

-CH-CH(CH3)2), 3.92-4.17 (7H, complex m, -CH-CH(CH3)2 , O-CH2CH3 twice, 

and -CH2-)

13C n m.r.: 5 (CDCI3 , 75 MHz) 14.72, 17.43, 19.42, 32.96, 47.17, 61.12, 61.42,

162.24, 164.75.

Found: M+H, 213.1615. C11H20N 2O2 requires M+H, 213.1603 (F.A.B.). 

m/z: 213 (M+1, 60%) (F.A.B.) and 169 (M-43, M-isopropyl group, 100 ) (E.I.).
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8-Iodooctanoic acid (40)

'COOH

To a solution o f sodium iodide (30.0 g, 0.200 mol, 3 eq.) in acetone (analar) (120 

ml) was added a solution o f 8 -bromooctanoic acid (14.8 g, 0.066 mol) in analar 

acetone (90 ml), in one portion. The reaction mixture was stirred for 2 hours 

under a nitrogen atmosphere at room temperature, after which the reaction 

solution was poured into water ( 1 2 0  ml), and the product extracted with diethyl 

ether (3 x 200 ml). The organic layer was the washed with saturated sodium 

thiosulphate solution (30 ml), dried (Na2 S0 )̂ and solvent removed in vacuo, 

giving the title compound as a pale white solid (17.2 g, 0.0637 mol, 97% yield). 

Purification by column chromatography (3 cm, 50% ether/hexane and 0.1% 

formic acid, Rp 0.33) gave a white solid, melting point 37-38°C.

(CHCI3) 3013 (weak) (CH^-I), 2934 and 2860 (strong) 717 (weak) 1458 

(medium) (C-H), 1708 (strong) (saturated C=0) cm'^

iR n m.r.: Ô (CDCI3, 400 MHz) 1.33-1.40 (6 H, br m, alkyl chain), 1.57-1.64 (2H, 

br m, alkyl chain), 1.76-1.84 (2H, br m, alkyl chain) 2.33 (2H, t, J  7.4 Hz, 

-CH2-COOH), 3.16 (2 H, t, J 7.0 Hz, I-CH2-).

13C nm.r.: Ô (CDCI3, 75 MHz) 7.57, 24.93, 28.56, 29.22, 30.67, 33.80, 34.37,

180.49

Found: M+H, 271.0208. CgHigO Î requires M+H, 271.0195 (F.A.B.). 

m/z\ 143 (M-I, 53%). (E.I.)
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^^r/-Butyldimethylsilyl 8-iodooctanoate (39)

To a cooled (0°C) solution of 8 -iodooctanoic acid (40) (3.50 g, 13.0 mmol) in 

THF (30 ml), under a nitrogen atmosphere, was added TEA (2.17 ml, 15.6 mmol,

1.2 eq.) in one portion. After 5 minutes o f stirring, /er^-butyldimethylsilyl chloride 

(1.95 g, 13.0 mmol, 1.0 eq.) in THF (5 ml) was added dropwise over 5 minutes, 

giving a white TBAHCl precipitate. The reaction mixture was stirred for 1 hour 

at 0°C, after which filtration and removal o f the solvents in vacuo afforded a clear 

pale yellow oil. This was purified by Kugelrohr distillation (boiling point 160°C/1 

mm Hg) to give the title compound (4.83 g, 12.6 mmol, 97% yield).

H  n.m.r.: Ô (CDCI3 , 400 MHz) 0.24 (6 H, s, (CE3)2-0 Si-(CH3)3), 0.91 (9H, s, 

(CH3)2-OSi-(CH3)3), 1.28-1.40 (6 H, br m, alkyl chain), 1.55-1.62 (2H, br m, alkyl 

chain), 1.75-1.83 ( 2H, m, alkyl chain), 2.27 ( 2H, t, J  7.4 Hz, -CH^-CO^-), 3.15 

(2H ,t,J7 .0  Hz, I-CK2-).

13C n m.r.: Ô (CDCI3, 100 MHz) 7.1, 17.6, 24.9, 25.5, 25.6, 28.2, 28.9, 30.3, 35.9, 

68.0,174.0.

Found: M+H, 385.1068. Ci4H2g0 2 SiI requires M+H, 385.1060 (F.A.B.).

m/z\ 327 (M-57, M-r-butyl group, 77%) 385 (M+1, 75) 327 (M-57, M-r-butyl 

group, 77) 257 (M-I, 40) (F.A.B.).

158



Linda Alexander McNamara

8-(Æ)-(5-(»S)-Isopropyl-3,6-diethoxy-2,5-dihydropyraziii-2"yl)-octaiioic 

Acid (38)251

O Et

OEt

To a cooled (-78°C) solution o f 6-(5)-isopropyl“2,5-diethoxy-3,6-dihydropyrazine 

(31) (2.50 g, 11.8 mmol) in THF (20 ml) was added «-BuLi (1.67 M, 7.05 ml, 1 

eq.) dropwise over 1 0  minutes, and stirring continued for a further 2 0  minutes 

under an argon atmosphere. The reaction mixture was then added via a teflon 

cannula to a cooled (0°C) suspension o f copper (I) cyanide (0.527 g, 5.89 mmol, 

0.5 eq.) in THF (20 ml) over 30 minutes, making sure all CuCN was dissolved 

over this period. The reaction mixture was then recooled (-78°C), and to this was 

added, via a teflon cannula, a cooled (-78°C) solution o f /-butyldimethylsilyl 

8 -iodooctanoate (39) (3.39 g, 8.83 mmol, 1.5 eq. with respect to copper (I) 

cyanide) in THF (20 ml), over 15 minutes. The reaction mixture was then warmed 

to -23°C and stirring continued at this temperature for a further 5 hours, after 

which the reaction was stored at this same temperature overnight.

The reaction was immediately quenched by a concentrated ammonia/saturated 

ammonium chloride solution (1:9, 30 ml) and this was poured into (3x250 ml) 

diethyl ether. The organic layer was extracted and washed with the (1:9) 

concentrated ammonia/saturated ammonium chloride solution (3x300 ml) and 

dried (NajSO^). The solvents were removed in vacuo^ giving a crude yellow oil 

(1.44 g) which was passed immediately into the next reaction.

To the crude 8-(7^)-(5-(5)-isopropyl-3,6-diethoxy-2,5-dihydro-pyrazin-2-yl)-^gr/-
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butyldimethylsilyl octanoate (assumed to be 5.89 mmol based on copper (I) 

cyanide), under an argon atmosphere, was added TBAF in THF (l.OM, 17.7 ml, 2 

eq. with respect to compound 39), and the reaction was stirred at room 

temperature for 1 hour and 15 minutes. The reaction was then quenched with 

saturated ammonium chloride solution (35 ml), and the organic layer extracted 

with diethyl ether (2x125 ml) and dried (Na2 SÛ4). The solvents were removed in 

vacuo, giving the crude product as a clear yellow oil (4.77 g) which was purified 

by column chromatography (4 cm, 50% diethyl ether/hexane and 0.1% formic 

acid, Rp 0.40) (2.06 g, 5.81 mmol, 98% yield based on CuCN, that is, the lithium 

cyanocuprate intermediate).

[a]%  -3.7 (c 1.29, CHCI3).

v^ax (CHCI3) 3551 (broad and medium) (0-H  stretching), 2931 (strong) 1465 

(medium) (C-H), 1689 (strong) (C=N), 1232 (strong) (0-H bending), 1216 

(strong) (C-0) cm ^

Expected : C 64.38 H 9.68 N 7.90 Found :C 63.50 H9.64 N 7.40.

IH n m.r.: Ô (CDCI3 , 400 MHz) 0.67 (3H, d, 7  6 . 8  Hz, ,-CH-(CH3)z) 100 (3H, d, J  

6.9 Hz, -CH-(CH3)2) 1.23 (6 H, t,J 7 .1  Hz, OCH2CH3 twice) 1.25-1.35 (8 H, br m, 

alkyl chain) 1.55-1.62 (2H, br m, alkyl chain) 1.65-1.75 (2H, br m, alkyl chain)

2.20-2.25 (IH, m, -CH-(CH3)2) 2.30 (2H, t, J7 .6  Hz, -CH2-COOH) 3.87 (IH, t, J

3.4 Hz, ,-CH-CH-(CH3)2) 3.95 (IH, dd, J  3.4, 10.2 Hz, -CH-CH2) 4.0-4.2 (4H, 

complex m, -OCH2CH3 twice).

I3C n.m.r.: 6  (CDCI3, 100 Hz) DEPT 90 (CH only) 32.21, 55.72, 60.99; DEPT 135 

(CH3, CH2) 14.76, 14.81, 17.05, 19.52 and 24.70, 25.45, 26.24, 29.00, 29.38,
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34.32,34.74, 61.03,64.70; remainder from decoupled experiment 163.94, 174.44, 

178.32.

Found: M+H, 355.2589. C19H34N 2O4 requires M+H, 355.2597. (F.A.B.). 

m/z: 355 (M+1, 55%) (F.A.B.).

Disposal o f copper (I) cyanide waste : the aqueous layer containing copper (I) cyanide waste is 

added to a sodium hydroxide solution with pH 10 - 11. Bleach is also added, then the mixture is left 

for 12 hours in a ftimehood, after which the pH is 8. After this period anhydrous sodium sulphite is 

added and any heavy metals filtered and disposed o f  in solid waste containers. The filtrate is 

disposed o f via the sink with copious amounts o f water.

(5)-Valmol (42)256

X
To a suspension o f sodium borohydride (8.07 g, 0.213 mol, 2.5 eq.) in THF (200 

ml), under an argon atmosphere, was added (5)-valine (10.0 g, 0.085 mol, 1 eq.) 

in one portion. The reaction mixture was then cooled to 0°C. A solution o f iodine 

(21.7 g, 0.086 mol, 1 eq.) in THF (40 ml) was added slowly to the reaction 

mixture over 30 minutes (effervescence was observed). After the effervescence 

had subsided, the reaction was heated under reflux for 18 hours and then cooled 

to room temperature. Methanol (350 ml) was added cautiously to the reaction 

until the mixture became clear. After stirring for 30 minutes, the solvents were 

removed in vacuo, giving a white slurry which was dissolved in 2 0 % potassium 

hydroxide solution (w/v) (150 ml), and allowed to stir at room temperature for 4 

hours. The organic layer was then extracted from the reaction mixture with 

dichloromethane (3x150 ml), dried (Na2 S0 4 ) and the solvents removed in vacuo, 

giving the crude compound as a pale yellow oil (10.7 g). This was purified by
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Kugelrohr distillation (boiling point 95°C/10 mm Hg) to give the title compound 

as a white solid (7.29 g, 0,071 mol, 83% yield), melting point 27-29°C ( lit.̂ ^® 

32“C).

'H n.m,r.: 5 (CD3OD, 400 MHz) 0.85 (6 H, d, J  6 . 8  Hz, -^ -(C H ;);) 1.57 (IH, 

septet, J  6 . 8  Hz, -CE^CH;);) 2.46 (IH, dd, J  6.5, 11.9 Hz, H^N-CH-CH^CHs)!)

3.20-3.30 (IH, m, -CHaHbOH) 3.55 (IH, dd, J4.0,10.7 Hz, -CHaI^OH).

m/z: 102 (M -1,1.52%) 72 (M-31, M-CH^OH, 100). (E.I.).

4-(S)-Isopropyl-oxazolidin-2-one (4 1).257,2S8

o

(i) To a 0.5 M solution o f (5)-vaIinoI (42) (7.29 g, 0.071 mol) in toluene (141 ml) 

was added 12.5% potassium hydroxide solution (w/v) (114 ml) in one portion. 

This biphasic reaction mixture was vigorously stirred for 10 minutes before being 

cooled to 0°C. Phosgene (20% w/v in toluene, 105 ml, 0.212 mol, 3 eq.) was 

added dropwise over 20 minutes with vigorous stirring. On completion o f  

addition, the reaction was allowed to stir for a further 15 minutes at 0°C. After 

this period, excess phosgene was purged by bubbling nitrogen gas into the 

reaction mixture and then through concentrated ammonia for one hour, till 

emission o f white fumes ceased. The organic layer was washed once vsdth 

concentrated ammonia, extracted with diethyl ether and then dried (MgSO^). The 

solvents were removed in \acuo^ giving the title compound as fine white
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needle-like crystals (7.35 g, 0.057 mol, 80% yield), melting point 62-67°C (lit.^^  ̂

73-75°C).

[a]i6^+7.1(cl.30,CHCy.

(CHCI3) 3464 (medium) (N-H), 2970 (strong) (C-H), 1750 (strong) 

(0=C-N:five membered lactam) cmk

m  n.m.r.: Ô (CDCI3 , 400 MHz) 0.85 (3H, d, J  6 . 8  Hz, -CH-(CH3)) 0.91 (3H, d, J  

6.7 Hz, -CH-(CH3)) 1 67 (IH, s e p te t ,/6.7 Hz, -CH-(CH3)2 ) 3.56 (IH, quartet, J

6.2 Hz,-NH-CH-CH-(CH3)2) 4.05 (IH, dd, J  6.4, 8.7 Hz, -CH-CH^HbO-) 4.39 

(IH, t, J  8.7 Hz, -CH-CH^IfcO-) 7.02 (br s, -NH-).

"C n m.r.: Ô (CDCI3 , 100 MHz) 18.06,18.41,33.11,58.81,69.05, 160.92.

Found: M+H, 130.0860. C6H1JNO2 requires M+H, 130.0868 (F.A.B.).

m/z\ 129 (M, 11.5%) 83 (M+1-44, M+1- HN-CH(CH(CH3)2)-CH2 , 100). 

(E.I.).

(ii) (Q-Valinol (1.0 g, 9.69 mmol) and diethyl carbonate (d 0.975, 1.53ml, 12.6 

mmol, 1.3 eq.) were heated together in toluene (2 ml) for 1 hour. The toluene was 

then removed by distillation. Sodium methoxide (0.052 g, 0.969 mmol, 0.1 eq.) 

was added to the reaction and the mixture heated to reflux for 3 hours. The 

solution was allowed to cool to room temperature, giving a white solid in a clear 

oil. An attempt to recrystallise the solid in 3:1 ethyl acetate/hexane did not give 

the title compound as indicated by n.m.r. analysis.
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3-[8-(/^)-(5-(5)-Isopropyl-3,6-diethoxy-2,5-dihydropyrazin-2-yl)-octan- 

oyl]-4-(5)-isopropyl-oxazolidin-2-one (43)^51

OEt

OEt

To a solution o f 8-(i?)-(5-(5)-isopropyl-3,6-diethoxy-2,5-dihydropyrazin-2-yl)-oct- 

anoic acid (38) (0.560 g, 1.58 mmol) in THF (30 ml) was added TEA (d 0.726, 

0.33 ml, 2.37 mmol, 1.5 eq.) at room temperature. After 5 minutes o f stirring the 

reaction mixture was cooled to -78°C. Isopropyl chloroformate in toluene (1.0 M, 

1.90 ml, 1.90 mmol, 1.2 eq.) was added dropwise to the reaction. On completion 

of addition, stirring was continued for a further 30 minutes at -78°C, then the 

reaction was warmed to room temperature for 90 minutes before being recooled 

to -78°C. A pre-cooled (-78°C) solution o f 4-(5)-isopropyl-oxazolidin-2-one (41) 

(0.224 g, 1.74 mmol, 1.1 eq.) in THF (10 ml), pre-treated with w-BuLi (1.4 M, 

1.24 ml, 1.78 mmol, 1.1 eq.) was added via a teflon cannula to the 

aforementioned reaction mixture. The resulting mixture was allowed to stir at 

-78°C for a further 30 minutes before being quenched by addition to a 1% sodium 

bicarbonate solution (w/v) ( 6 6  ml). After removal of THF in vacuo, the required 

product was extracted with ethyl acetate (4x80 ml) and dried (Na2S0 4 ), giving a 

crude yellow oil. Purification by column chromatography (1 cm, 40% ethyl 

acetate/hexane, Rp 0.63) gave the title compound (0.678 g, 1.46 mmol, 92% 

yield) as a yellow oil.

[a]% +27.6 (c 1.09, CHClg).

v̂ iax (CHCI3) 2934 (strong) and 1463 (medium) (C-H), 1778 (strong) (0=C-N, 

five-membered lactam), 1692 (strong) (C=N), 1232 (strong) (C-0) cm- .̂
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IH n m.r.: 5 (CDCI3, 400 MHz) 0.67 (3H, d, / 6 . 8  Hz, -CH-CH3) 1.0 (3H, d, J  7.0 

Hz, -CH-CH3) 0.84 (3H, d, J  7.0 Hz, -CH-CH3 Evans’ moiety) 0.88 (3H, d, J  7.0 

Hz, -CH-CH3 Evans’ moiety) 1.23 1.24-1.35 (6 H, t, J  7.1 Hz, OCH2CH3 twice; 

8 H, br m, alkyl chain) 1.60-1.70 (4H, br m, alkyl chain) 2.20-2.30 and 2.34-2.40 

(IH, IH, m, m, -CH-CH-(CH3 )2  twice) 2.75-2.85 (IH, m, -CH2-CHaHb-C0 -) 

2.90-3.00 (IH, m, -CH2-CH^Ek-C0 -) 3.86 (IH, t, J 3.4 Hz, -CH-CH-(CH3)2) 3.95 

(IH, dd, J  3.4, 10.2 Hz, -CH-CH2-) 4.0-4.3 (6 H, complex m, OCH2CH3 twice, 

-N-CH-CHz- Evans’ moiety) 4.4 (IH, dt, J  3.8, 7.1 Hz, -N-CH-CH2- Evans’ 

moiety).

13C n.m.r.: Ô (CDCI3 , 100 Hz) DEPT 90 (CH only) 29.01, 32.13, 55.88, 58.79, 

60.82; DEPT 135 (CH3 , CH2 ) 14.77, 14.81, 15.06, 17.01, 18.38, 19.51 and 24.73, 

25.38, 26.18, 29.00, 29.39, 29.58, 34.56, 35.92, 60.88, 63.71; remainder from 

decoupled experiment 154.49, 163.34,163.85, 173.81.

Found: M+H, 466.3274. C25H43N3O5 requires M+H, 466.3281 (F.A.B.).

m/z\ 466 (M+1, 100%) 422 (M-42, M-N3 , 16.8) 337 (M-128, M-Evans’ auxiliary,

16) 211 (Schollkopf auxiliary, 24) (F.A.B.).

2,4,6-Triisopropylbenzenesulphonyl Azide (45).26o,320

To a cooled solution (0°C) o f sodium azide (6.44 g, 99.1 mmol, 3 eq.) in 30% 

water/acetone ( 1 0 0  ml) was added a suspension o f triisopropylbenzenesulphonyl 

chloride (10.0 g, 33.0 mmol, 1 eq.) in acetone (30 ml), in portions over 30

165



Linda Alexander McNamara

minutes. The resulting solution was allowed to stir at 0®C for 1 hour and 

subsequently then at room temperature for a further hour. The reaction was then 

poured into ice water (100 ml) and shaken, giving a white precipitate. This white 

slurry was poured into diethyl ether and extracted (3x100 ml), dried (Na2 S0 4 ), 

solvents removed in vacuo to give a yellow oil. Purification by column 

chromatography (2 cm, 20% diethyl ether/hexane, Rp 0.63) gave the title 

compound as a white solid (9.94 g, 32.1 mmol, 97% yield), melting point 

36-38oC(lit.2^0 41-43oC).

Vjnax (CHCI3 ) 3027 (medium) (aryl C-H stretch), 2967 (strong) (C-H), 2125 

(strong) (N 3 ), 1598 (medium) (aromatic C=C), 1350, 1377, 1199 and 1166 

(strong) (-SO2 -N-) cm-i.

m  n.m.r.: Ô (CDCI3, 400 MHz) 1.27-1.35 (18H, m, -CR(CR̂ )2 thrice) 2.95 (IH, 

septet, J  7.0 Hz, /?-CH(CH3)2) 4.05 (2H, septet, J  6.7 Hz, o-CH(CH3 )2  twice) 7.23 

(IH, s, aryl proton) 7.26 (IH, s, aryl proton).

13C n.m.r.: 6  (CDCI3 , 75 MHz) 23.89, 25.18, 30.29, 34.75, 124.54, 132.43, 151.29,

155.24.

Found: M+Na, 332.1414. C15H23N3O2S requires M+Na, 332.1409 (F.A.B.). 

m/z\ 267(M-42, M-N3, 100%) 309 (M, 5). (E.I.).
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mmol, 4.3 eq.) and lithium hydroxide (0.106 g, 2.53 mmol, 2 eq.) in 6.31 ml o f  

water (3:1, THF/water). The reaction mixture was allowed to stir for 1 hour, 

monitoring the appearance o f the product by tic (40% ethyl acetate/ hexane and 

0.1% formic acid, Rf 0.29). Saturated ammonium chloride solution (5 ml) was 

added to the reaction mixture (the resulting solution had a pH o f 8 ). This was 

further acidified with 2 M HCl (aq.) to pH 4. The organic layer was extracted 

from the reaction mixture with dichloromethane (3x200 ml), dried over sodium 

sulphate and concentrated in vacuo at room temperature. A clear oil (intermediate 

product 47) (1.22 g) was passed on to the next reaction without further 

purification.

m/z: 396 (M is compound 47, M+1, 10.4%) 130 (Evans auxiliary+1, 100) 

(A.P.C.I. +).

The oily residue was taken up in THF (15.2 ml) and 1 M HCl (aq.) (15.2 ml, 15.2 

mmol, 12 eq. with respect to compound 44) added. The reaction mixture was 

allowed to stir for 90 minutes at room temperature and monitored as before by tic 

(100% ethyl acetate, Rp 0.07). THF was removed in vacuo at room temperature 

and the residual aqueous mixture (pH 2) diluted with dioxane (8.5 ml). Sodium 

bicarbonate (2.12 g, 25.3 mmol, 20 eq. with respect to compound 44) was added 

slowly to the reaction mixture (pH 7) and allowed to stir at room temperature for 

a further 30 minutes. The reaction mixture was then cooled to 2°C and allyl 

chloroformate (d 1.136, 0.536 ml, 5.05 mmol, 4 eq.) was added in one portion. 

The reaction mixture was stirred for 18 hours at (2°C) in a cold room. After this 

period, the reaction was acidified with saturated ammonium chloride (5 ml), 

followed by 2 M HCl (aq.) to pH 4. The organic layer was extracted from the 

reaction mixture with dichloromethane (3x200 ml), dried over sodium sulphate, 

and concentrated in vacuo at room temperature, giving a crude oil (1.82 g). 

Purification by column chromatography (4 cm, 40% ethyl acetate/ hexane and
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>H n.m.r.: 5 (CDCI3, 400 MHz) 0.69 (3H, d , /6 .9  Hz, -CH-CHj) 1 . 0 2  (3H, d, J 6 .9  

Hz. -CH-CH3) 0.88 (3H, d, y  7.0 Hz, -CH-CCHj) Evans’ moiety) 0.90 (3H, d, / 7 .0  

Hz, -CH-CCHj) Evans’ moiety) 1.22 1.24-1.40 (6 H, t , / 6 . 8  Hz, OCH^CHj twice; 

8 H, br m, alkyl chain) 1.40-1.80 (4H, br m, alkyl chain) 2.16-2.20 (IH, m, 

-CH-(CH3)2) 2.24-2.40 (IH, m, -^-(CHg)^) 3.88 (IH, t, /3 .5  Hz, -CH-CH-(CH3 )2  

Schollkopf moiety) 3.95 (IH, dd, J  3.4, 10.2 Hz, -CH-CH2-) 4.00-4.15 (6 H, 

complex m, OCH2CH3 twice, -N-CH-CH2- Evans’ moiety) 4.3 (IH, dt, J  3.8, 7 . 1  

Hz, -N-CH-CH2- Evans’ moiety) 4.90 (IH, dd, 74 .4 , 9.1 Hz, -CH2-CH-N3).

13C n.m.r.: Ô (CDCI3 , 100 MHz) DEPT 90 (CH only) 25.17, 28.55, 32.19, 55.83,

59.18, 124.10; DEPT 135 (CH3 , CH2) 14.64, 17.06, 18.12, 19.54, 21.50, 24.79 

and 24.78, 24.84, 25.17, 31.38, 31.51, 32.19, 34.79, 61.10, 64.67; remainder from 

decoupled experiment 149.58, 153.87,163.83, 171.49.

Found; M+H, 507.3312. C25H42N6O5 requires M+H, 507.3295. (F.A.B.).

m/z\ 464(M-42, M-N3 , 55%) 480 (M+2-28, M+2 -N2 , 7) 492 (M-14, M-N, 100) 

507 (M +1,45) 211 (Schollkopf auxiliary, 25). (F.A.B.).

( 10-Ethylester)-9-(7?)-allyloxycarbonylamido-2-(5)-azidodecanoic Acid 

(46).25i

NH

OH

N3

(i) A cooled solution (0°C) o f 0.05 M 3-[8-(7?)-(5-(S)-isopropyl-3,6-diethoxy-2,5- 

dihydropyrazin-2-yl)-2-(*S)-azidooctanoyl]-4-(*S)-isopropyl-oxazolidin-2-one (44) 

(0.640g, 1.26 mmol) in 18.9 ml o f THF, was treated slowly with a pre-cooled 

(2°C) solution o f hydrogen peroxide (30% w/v, 100 volumes) (0.616 ml, 5.43
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mmol, 4.3 eq.) and lithium hydroxide (0.106 g, 2.53 mmol, 2 eq.) in 6.31 ml o f  

water (3:1, THF/water). The reaction mixture was allowed to stir for 1 hour, 

monitoring the appearance o f the product by tic (40% ethyl acetate/ hexane and 

0.1% formic acid, Rf 0.29). Saturated ammonium chloride solution (5 ml) was 

added to the reaction mixture (the resulting solution had a pH o f 8 ). This was 

further acidified with 2 M HCl (aq.) to pH 4. The organic layer was extracted 

from the reaction mixture with dichloromethane (3x200 ml), dried over sodium 

sulphate and concentrated in vacuo at room temperature. A clear oil (intermediate 

product 47) (1.22 g) was passed on to the next reaction without further 

purification.

m/z: 396 (M is compound 47, M+1, 10.4%) 130 (Evans auxiliary+1, 100) 

(A.P.C.I. +).

The oily residue was taken up in THF (15.2 ml) and 1 M HCl (aq.) (15.2 ml, 15.2 

mmol, 12 eq. with respect to compound 44) added. The reaction mixture was 

allowed to stir for 90 minutes at room temperature and monitored as before by tic 

(100% ethyl acetate, Rp 0.07). THF was removed in vacuo at room temperature 

and the residual aqueous mixture (pH 2) diluted with dioxane (8.5 ml). Sodium 

bicarbonate (2.12 g, 25.3 mmol, 20 eq. with respect to compound 44) was added 

slowly to the reaction mixture (pH 7) and allowed to stir at room temperature for 

a further 30 minutes. The reaction mixture was then cooled to 2°C and allyl 

chloroformate (d 1.136, 0.536 ml, 5.05 mmol, 4 eq.) was added in one portion. 

The reaction mixture was stirred for 18 hours at (2°C) in a cold room. After this 

period, the reaction was acidified with saturated ammonium chloride (5 ml), 

followed by 2 M HCl (aq.) to pH 4. The organic layer was extracted from the 

reaction mixture with dichloromethane (3x200 ml), dried over sodium sulphate, 

and concentrated in vacuo at room temperature, giving a crude oil (1.82 g). 

Purification by column chromatography (4 cm, 40% ethyl acetate/ hexane and
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0.1% formic acid, Rp 0.33) gave a clear oil (0.427 g, 1.15 mmol, overall yield 

91%).

[a]26p,-7.6 {c 1.05, CHCI3)

Vjnax (CHCI3) 3432 (strong) (N-H), 3029 (medium) (olefinic C-H stretch), 2934, 

2861 and 1461 (strong) (C-H), 2108 (strong) (-N3), 1720 (strong) (C=0), 1220 

(strong) (0-H  bending), 1206 (strong) (C-0) c m l

m  n m.r.: 6  (CDCI3 , 400 MHz) 1.28 (3H, t, J7 .3  Hz, -OCH^CHg) 1.30-1.40 (8 H, 

br. m., alkyl chain) 1.60-1.70 (2H, br. m., alkyl chain) 1.75-1.90 (2H, br. m., alkyl 

chain) 3.88 (IH, t, J  3.3 Hz, -CH^CH-NH-) 4.19 (2H, q, J  7.0 Hz, -OCH2CH3) 

4.33 (IH, dd, J  3.8, 10.0 Hz, -CH2CH-N3) 4.57 (2H, d, J  5.3 Hz, CH^^CH-CHz-)

5.20-5.35 (2H, m, CH^^CH-) 5.87-5.97 (IH, m, CH2CH -CH 2-).

13C n m.r.: Ô (CDCI3 , 100 MHz) DEPT 90 (CH only) 54.23, 62.15; DEPT 135 

(CH3,CH2) 14.62 and 25.34, 25.92, 29.12, 31.60, 33.05, 61.94, 66.31; remainder 

from decoupled experiment 118.31, 133.01, 155.0, 173.0, 174.50.

Found: M+H, 371.1916. C16H26N 4O6 requires M+H, 371.1931. (F.A.B.). 

m/z: 371 (M+1, 60%) 393 ( M+Na, 100) (A.P.C.I.+).

( 10-AUylester)-9-(7?)-allyloxycarbonylamido-2-(5)-azidodecanoic Acid 

(52).25i
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To a 0.3 M solution o f (10-ethylester)-9-(i?)-allyloxycarbonylamido-2-(<S)-azido- 

decanoic acid (46) (0.210 g, 0.567 mmol) in freshly distilled allyl alcohol (1.89 

ml), was added dried lithium bromide (0.246 g, 2.83 mmol, 5 eq.). The reaction 

mixture was allowed to stir for 1 hour at room temperature before being cooled to 

(2°C). Freshly distilled l,8-diazabicyclo[5,4,0]-undec-7-ene[l,5,5] (DBU) (d

1.018, 0.127 ml, 0.850 mmol, 1.5 eq.) was then added to the reaction and stirred 

at (2°C) for 16 hours in a cold room. After this period, the reaction was acidified 

with saturated ammonium chloride solution (30 ml) to pH 7, then with 2 M HCl 

(aq.) to pH 2. The organic layer was extracted from the reaction mixture with 

dichloromethane (3x200 ml), dried over sodium sulphate and concentrated in 

vacuo to give a clear oil in quantitative yield (tic in 30% ethyl acetate/diethyl 

ether and 0.1% formic acid, Rp 0.76).

[a]23^-10.9(c0.70, C H C y

Vniax (CHCI3) 3627 (medium) (N-H), 3444 (broad and medium) (0-H  stretching), 

3016 (strong) (olefinic C-H stretch), 2979 (strong) (C-H), 2109 (strong) (-N3), 

1731 (strong) (C=0), 1225 (strong) (0-H bending), 1205 (strong) (C-0) cm-^

m  n m.r.: Ô (CDCI3 , 400 MHz) 1.20-1.50 (8 H, br. m., alkyl chain) 1.60-1.80 (4H, 

br. m., alkyl chain) 3.85 (IH, t, J  2.5 Hz, -NH-CH-CH^-) 4.35 (IH, dd, J  3.3, 9.6 

Hz, N 3-CH-COOH) 4.55 (2H, d, J  5.1 Hz, =CH-CE2-0 -) 4.61 (2H, d, J  5.7 Hz, 

=CH-CH2-0 -) 5.15-5.35 (4H, m., CH^^CH-CH  ̂ twice) 5.8-5.95 (2H, 

m.,CH2=CH-CH2 twice) 7.9 ( br. peak, -NH, -CO2H).

13C nm.r.: Ô (CDCI3 , 75 MHz) DEPT 135 (only CH as no CH3) 54.19, 62.36; 

DEPT 135 (CH2 only) 19.89, 24.37, 24.48, 33.04, 38.59, 49.27, 54.99, 118.25; 

remainder from decoupled experiment 117.37,132.18,143.94, 161.97, 165.92.
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miz : 383 (M +1,65%) (A.P.C.I.+).

( 10-Allylester)-9-(i^)-allyloxycarboiiylamido-2-(5)-(9-fluoreiiylmethyl- 

oxycarbonyl)-amidodecanoic Acid (1).^^^

NHFmocO

(i) To a 0.5 M solution o f (10-aIiylester)-9-(7?)-aIlyloxycarbonyIamido-2-(iS)-azid- 

odecanoic acid (52) (0.052 g, 0.136 mmol) in 17:1 THF (0.255 ml)/ water (0.015 

ml) was added triphenylphosphine (0.036 g, 0.136 mmol, 1 eq.). The reaction 

mixture was allowed to stir at room temperature for 18 hours. The organic solvent 

was removed in vacuo at room temperature, yielding a white residue which was 

passed on to the next reaction without purification.

m b  : 357 (M is (10-allylester)-9-(/?)-allyloxycarbonylamido-2-(5)-aminodecanoic 

acid, M+1, 0.91%) (A.P.C.I.+).

The residue was diluted with dioxane (0.54 ml) and sodium bicarbonate (0.034 g, 

0.408 mmol, 3 eq. with respect to 52) in water (1.14 ml) added before being 

cooled to 2°C. 9-Fluorenylmethyl chloroformate (0.053 g, 0.204 mmol, 1.5 eq.) in 

dioxane (0.36 ml) was added dropwise to the reaction mixture over 3 minutes. 

The reaction was allowed to stir for 18 hours at 2°C in a cold room. After this 

period, the reaction was acidified with saturated ammonium chloride solution ( 1  

ml) to pH 7, and then with 2 M HCl (aq.) to pH 2. The organic layer was extracted 

from the reaction mixture with dichloromethane (3x100 ml), dried over sodium 

sulphate and concentrated in vacuo at room temperature to give a crude yellow oil 

(0.130 mg). Purification by column chromatography (1 cm, 30% ethyl 

acetate/hexane and 0.1% formic acid, Rp 0.04) gave a yellow oil with traces o f
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triphenylphosphine oxide (0.041 g, 0.0709 mmol, overall yield 53%). Analytical 

LC-MS : 5-60% acetonitrile/water over 20 minutes and held for 5 minutes at 254 

nm; retention time 20.95 minutes (601, M+Na) and 23.02 minutes (279, 

triphenylphosphine+ 1 ).

(ii) Lindlar catalyst (palladium 5 wt. % on calcium carbonate, poisoned with lead; 

0.065 g) was taken up in 2 ml o f absolute ethanol and pre-hydrogenated for one 

hour (10 cm  ̂ o f H2(g)). Hence for 1.0 mmol o f  substrate (22.4 cm  ̂ o f  H2(g)) 

requires 146 mg o f  catalyst. To this was added (0.030 g, 0.0785 mmol) o f  

(10-allylester)-9-(i?)-allyloxycarbonylamido-2-(5)-azidodecanoic acid (52) in 1 ml 

o f absolute ethanol. The reaction was monitored by tic (30 % ethyl acetate/ 

diethyl ether and 0.1 % formic acid) after the first 10, 30 and 45 minutes. ( Rp 

0.71 second spot, Rp 0.60 starting material). The suspended catalyst was removed 

by filtration, organic solvent removed in vacuo at room temperature to give a 

clear oil (0.030 g, 0.0841 mmol, 108%), which was not purified further and 

passed into the next reaction.

m!z : 356 (M is (10-allylester)-9-(/?)-allyloxycarbonylamido-2-(S)-aminodecanoic 

acid, 1.69%) 357 (M +1,1.59) (A.P.C.I.+).

The clear oil was taken up in 0.32 ml of dioxane, followed by sodium bicarbonate 

(0.020 g, 0.238 mmol, 3 eq. with respect to 52) in 0.68 ml o f water. The reaction 

mixture was cooled to 0°C before 9-fluorenylmethyl chloroformate (0.033 g,

0.128 mmol, 1 . 6  eq.) in 0 . 2 1  ml o f dioxane was added, and the reaction stirred for 

18 hours at 2°C in a cold room. After this period, the reaction was acidified with 

saturated ammonium chloride solution and 2 M HCl (aq.) to pH 2. The organic 

layer was extracted from the reaction mixture with dichloromethane (3x100 ml), 

dried over sodium sulphate and concentrated in vacuo to give a crude thick clear 

oil (0.040 g). Purification by column chromatography (1 cm, 30 % ethyl
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acetate/hexane and 0.1 % formic acid, Rp 0.17) yielded a clear oil (0.010 g, 

0.0172 mmol, overall yield 22 %).

(iii) Polymer bound triphenylphosphine (2 % DVB, 200-400 mesh, ca. 3 mmol 

P/g) (0.288 g o f polymer bound triphenylphosphine, therefore, 0.226 g o f  

triphenylphosphine, 0.863 mmol, 1 eq.) was swelled in tetrahydrofuran without 

stirring for 30 minutes. To this was added 0.5 M o f (10-allylester)-9-(R)-allyloxy- 

carbonylamido-2-(«S)-azidodecanoic acid (52) (0.330 g, 0.863 mmol) in 1.73 ml of  

wet THF. The reaction mixture was agitated for 24 hours at room temperature. 

The polymer was then washed with THF, dichloromethane and diethyl ether. The 

filtrate was concentrated in vacuo at room temperature to afford a crude thick oil 

(0.180 g) which was not purified further and passed into the next reaction.

The oil was diluted in 3.41 ml o f dioxane, followed by addition o f sodium 

bicarbonate (0.217 g, 2.59 mmol, 3 eq.) in 7.40 ml o f water. To a pre-cooled 

reaction mixture (2°C), 9-fluorenylmethyl chloroformate (0.335 g, 1.29 mmol, 1.5 

eq.) in 2.33 ml was added and stirred at 2^C for 18 hours in a cold room. After 

this period, the reaction was acidified with saturated ammonium chloride solution 

and 2 M HCl (aq.) to pH 2. The organic layer was extracted from the reaction 

mixture with dichloromethane (3x100 ml), dried over sodium sulphate and 

concentrated in vacuo at room temperature to give a crude pale yellow semi-solid 

(0.490 g). This was not the desired compound, but instead the starting material 

(52) and 9-fluorenylmethyl alcohol as indicated by mass spectrometry (A.P.C.I.+).

(iv) A mixture o f powdered tellerium (0.0918 g, 0.719 mmol, 2.5 eq.), sodium 

borohydride (0.0647 g, 1.71 mmol, 5.95 eq.) and distilled/degassed ethanol (1.44 

ml) was heated under reflux (50°C) in an atmosphere o f argon until the tellerium 

disappeared. The reaction mixture was then cooled to room temperature. A 

solution o f (10-allylester)-9-(R)-allyloxycarbonylamido-2-(5)-azidodecanoic acid
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(52) (0.110 g, 0.288 mmol) in distilled/degassed dichloromethane (1.44 ml) was 

then added slowly. The reaction mixture became black in colour and bubbles 

were seen to form whilst stirring for 30 minutes. After standing under argon for 1 

hour, followed by exposure to the air for 30 minutes, the reaction was filtered 

through Celite™  and washed with dichloromethane. The organic layer was 

concentrated in vacuo at room temperature to give a crude yellow semi-solid 

(0.111 g). Without further purification, the crude product was passed into the next 

reaction.

The semi-solid was diluted with 1.11 ml o f dioxane and sodium bicarbonate 

(0.0728 g, 0.867 mmol, 3 eq.) in 2.42 ml o f water added. The reaction mixture 

was cooled to 2°C. 9-Fluorenylmethyl chloroformate (0.112 g, 0.434 mmol, 1.5 

eq.) in 0.77 ml o f dioxane was added and the reaction mixture stirred for 18 hours 

at 2°C in a cold room. After this period, the reaction was acidified with saturated 

ammonium chloride solution and 2 M HCl (aq.) to pH 2. The organic layer was 

extracted from the reaction mixture with dichloromethane (3x100 ml), dried over 

sodium sulphate and concentrated in vacuo to give a crude yellow oil (0.180 g). 

Purification by column chromatography (1 cm, 30% ethyl acetate/hexane and 0.1 

% formic acid, Rp 0.10) gave a clear oil (0.010 g). As indicated by n.m.r. and 

mass spectrometry (A.P.C.I.+) this was not the title compound, but instead the 

compound with all the double bonds reduced and an unprotected amine still 

present (Figure 106).

o  NHz

Figure 106. The unexpected product with both the carbon-carbon double bonds and azide reduced.
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(v) To a 0.6 M solution of (10-allylester)-9-(7?)-allyloxycarbonyIamido-2-(iS)-azi- 

dodecanoic acid (52) (0.070 g, 0.185 mmol) in 4:1 THF (0.24 ml)/water (0.06 ml) 

was added tributylphosphine (d 0.812, 0.038 ml, 0.153 mmol, 0.83 eq.) in one 

portion. The reaction mixture was allowed to stir for 18 hours at room 

temperature. Concentration in vacuo at room temperature yielded a pale yellow  

oil (tic in 30% ethyl acetate/diethyl ether, Rp 0.77, ninhydrin sensitive) which was 

passed into the next reaction without further purification.

The yellow oil was taken up in 0.56 ml o f dioxane and sodium bicarbonate 

(0.0382 g, 0.455 mmol, 2.5 eq.) added. The reaction mixture was cooled to 2°C 

and then treated with 9-fluorenylmethyl chloroformate (0.0588 g, 0.227 mmol,

1.2 eq.) in 0.38 ml o f dioxane. The reaction mixture was stirred for 4 hours at 

room temperature. After this period, the reaction was acidified with saturated 

ammonium chloride solution and 2 M HCl(aq) to pH 2. The organic layer was 

extracted from the reaction mixture with dichloromethane (3x100 ml), dried over 

sodium sulphate and concentrated in vacuo at room temperature to give a crude 

pale yellow oil (0.239 g). This was purified by colunrn chromatography (1 cm, 30 

% ethyl acetate/hexane and 0 . 1  % formic acid, Rp 0 . 1 0 ), yielding a clear oil 

(0.032 g, 0.0553 mmol, overall yield 30 %). Reverse phase HPLC: (40-80% 

acetonitrile/water and 0.1 % trifluroacetic acid over 35 minutes at 254 nm); 

retention time 26.7 minutes, 0.006 g recovered.

(vi) A 0.2 M solution of (10-allylester)-9-(/?)-allyloxycarbonylamido-2-(5)-azi- 

dodecanoic acid (52) (0.053 g, 0.139 mmol) in 0.693 ml THF was treated with 

1,3-propanedithiol (d 1.078, 0.0557 ml, 0.554 mmol, 4 eq.) and TEA (d 0.726, 

0.0773 ml, 0.554 mmol, 4 eq.) in one portion. The reaction mixture was left to stir 

at room temperature for 72 hours and monitored by tic (30 % ethyl acetate/diethyl 

ether and 0.1 % formic acid, Rp 0.07, ninhydrin sensitive). The reaction mixture 

was filtered to remove the white dithiol precipitate, washing with
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dichloromethane. The filtrate was concentrated in vacuo at room temperature 

giving a crude mixture o f a clear oil and white solid which was passed into the 

next reaction without further purification.

The crude mixture was taken up in dioxane (0.172 ml) and sodium bicarbonate 

(0.0693 g, 0.825 mmol, 6  eq.) in 0.70 ml o f water was added. The reaction 

mixture was cooled to 2°C before treatment with 9-fluorenylmethyl 

chloroformate (0.107 g, 0.412 mmol, 3 éq.) in dioxane (0.516 ml). The reaction 

mixture was allowed to stir at room temperature for 4 hours. After this period, the 

reaction was acidified with saturated ammonium chloride solution and 2 M HCl 

(aq.) to pH 3. The organic layer was extracted from the reaction mixture with 

dichloromethane (3x100 ml), dried over sodium sulphate and concentrated in 

vacuo at room temperature to give a clear oil (0.020 g). This crude product was 

purified by column chromatography (1cm, 50% ethyl acetate/hexane and 0.1% 

formic acid, Rp 0.05) giving a clear oil (0.006 g, 0.0104 mmol, overall yield 

7.5%).

(vii) Successful route to target amino acid (1): to a 0.3 M solution of  

(10-ethylester)-9-(i?)-allyloxycarbonylamido-2-(5)-(9-fluorenylmethyloxycarbon- 

yI)-amidodecanoic acid (56) (0.100 g, 0.177 mmol) in freshly distilled allyl 

alcohol (0.588 ml), was added dried lithium bromide (0.0766 g, 0.882 mmol, 5 

eq ). The reaction mixture was allowed to stir for 1 hour at room temperature 

before being cooled to 0°C. Freshly distilled 

l,8-diazabicyclo[5,4,0]-undec-7-ene[ 1,5,5] (DBU) (d 1.018, 0.0396 ml, 0.265 

mmol, 1.5 eq.) was then added to the reaction, which was then stirred at 2°C for 

24 hours in a cold room. After this period, the reaction was acidified with 

saturated ammonium chloride solution (5 ml) to pH 7, and then with 2 M HCl 

(aq.) to pH 4. The organic layer was extracted from the reaction mixture with 

dichloromethane (3x100 ml), dried over sodium sulphate and concentrated in
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vacuo to give a clear oil (tic in 70% ethyl acetate/hexane, Rp 0.70), (0.100 g,

0.173 mmol, 98% yield).

Preparative reverse phase HPLC: 40-80% acetonitrile/water and 0.1 % TFA over 

35 minutes at 254 nm; retention time 17.64 minutes.

[a]24j^-14.4 (c 0.25, CHCy.

Vjnax (CHCI3) 3600 (weak) (N-H), 3442 (broad and medium)) (O-H stretching), 

3026 (strong) (olefinic C-H stretch), 2937,2862 and 1452 (strong) (G-H), 1730 

(strong) (C=0), 1674 (weak) (C=C), 1226 (strong) (O-H), 1207 (strong) (C-O) 

cm-^

iH nmr : Ô (CDCI3, 400 MHz) 1.20-1.80 (12H, hr. m., alkyl chain) 3.46 (IH, dd, J  

7.1, 14.2 Hz, -CH2-CH-NHAI0 C) 4.26-4.36 (3H, m, -O-CH2-CH- Fmoc moiety)

4.49 (IH, dd, J  2.6, 6.9 Hz, -CH^-CH-NH-Fmoc) 4.56 4.61 (4H, m, d, J  4.9 Hz, 

CH2=CH-CH2- twice) 5.18-5.33 (4H, m., CH2=CH-CH2- twice) 5.85-5.92 (2H, m., 

CH2=CH-CH2- twice) 7.30 (2H, t., J  7.3 Hz, aryl protons) 7.39 (2H, t, J  7.2 Hz, 

aryl protons) 7.597.64 (2H, m, aryl protons) 7.75 (2H, d, J7 .5  Hz, aryl protons).

13C nmr : Ô (CDCI3, 75 MHz) 19.86, 24.33, 25.45, 27.16, 29.39, 32.89, 38.44, 

49.17, 54.99, 66.25, 67.37, 118.24, 119.29, 120.36, 125.55, 127.49, 128.11, 

128.55, 129.12, 132.45, 132.59, 142.16, 144.69, 144.79, 157.78, 167.19.

Found: M+Na, 601.2512. C32H38N2O8 requires M+Na, 601.2526. (F.A.B.).

miz : 579 (M+1, 75%) (A.P.C.I.+) and 378 (M-Fmoc+Na, 8 %) (E.SP.+).
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3-[8-(^-(5-(S)-IsopropyU3,6-diethoxy-2,5-dihydropyrazin-2-yl)-2-(S)'

aminooctanoyl]-4-(S)-isopropyl-oxazolidin-2-one (53).

OEt

wOEt NH;

(i) A 0.2 M solution o f 3~[8-(7^)-(5-(5)-isopropyl-3,6-diethoxy-2,5-dihydropyrazin- 

2-yI)-2-(S)-azidooctanoyI]-4-(iS)-isopropyl-oxazolidin-2-one (44) (0.0472 g, 0.093 

mmol) in THF (0.466 ml) was treated with propane-1,3-dithiol (d 1.078, 0.0402 

ml, 0.401 mmol, 4.3 eq.) and TEA (d 0.726, 0.056 ml, 0.401 mmol, 4.3 eq.). The 

reaction mixture was allowed to stir for 72 hours at room temperature. Mass 

spectrometry analysis indicated that the desired compound was not present.

(ii) A 0.5 M solution o f 3-[8-(^)-(5-(5)-isopropyl-3,6-diethoxy-2,5-dihydropyrazi- 

n-2-yl)-2-(5)-azidooctanoyl]-4-(5)-isopropyl-oxazolidin-2-one (44) (0.0493 g,

0.097 mmol) in THF (0.195 ml) was treated with tributylphosphine (d 0.812, 

0.037 ml, 0.146 mmol, 1.5 eq ). The reaction mixture was allowed to stir for 24 

hours at room temperature before addition o f water (0.005 ml, 0.292 mmol, 3 

eq ). After a further 48 hours of stirring, the title compound was purified by 

column chromatography (1 cm, 30% ethyl acetate/hexane and 0.1% TEA, Rp 

0.17) giving a clear oil (0.005 g, 0.010 mmol, 11% yield).

(iii) The successful azide reduction: a 0.5 M solution of 3-[8-(^)-(5-(5)-isopropyl-

3,6-diethoxy-2,5-dihydropyrazin-2-yl)-2-(S)-azidooctanoyl]-4-(<S)-isopropyl-oxaz- 

olidin-2-one (44) (0.048 g, 0.095 mmol) in THF (0.189 ml) was treated with 

triphenylphosphine (0.037 g, 0.142 mmol, 1.5 eq ). The reaction mixture was 

allowed to stir for 24 hours at room temperature before addition o f water (0.005 

ml, 0.284 mmol, 3 eq ). After a further 48 hours stirring, the title compound was
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concentrated in vacuo and purified by column chromatography (1 cm, 30% ethyl 

acetate/hexane and 0.1 % TEA, Rp 0.14), giving a clear oil (0.033 mg, 0.0687 

mmol, 72% yield).

[a ]% -3 7 .0 (c l.l5 , CHCI3)

(CHCI3) 3360 (medium) (N-H), 2974, 2933 and 1427 (strong) (C-H), 1757 

(strong) (0=C-N, five-membered lactam), 1697 (strong) (C=N) cm"\

iH n m.r.: 6  (CDCI3 , 400 MHz) 0.67 (3H, d, J 6 . 8  Hz, -CH-CH3) 0 72 (3H, d, J 6 . 8  

Hz, -CH-CH3) 1 0 1  (3H, d, y  7.0 Hz, -CH-(CH3) Evans’ moiety) 1.04 (3H, d, J  7.0 

Hz, -CH-(CH3) Evans’ moiety) 1.24 (6 H, t, J  7.0 Hz, OCH2CH3 twice) 1.25-1.30 

(8 H, br m, alkyl chain) 1.56-1.86 (4H, br m, alkyl chain) 2.23-2.28 (IH, m, 

-CH(CH3)2) 2.39-2.48 (IH, m, -CH(CH3)2) 3.98-4.12 (2H, br m, H2N-CH- and 

-CH-CH(CH3 )2  Evans’ moiety) 4.23-4.24 (IH, m, -CH-CH(CH3 )2  Schollkopf 

moiety) 4.25 (IH, m, -CH-CH2-) 4.28-4.35 (6 H, complex m, OCH2CH3 twice and 

-N-CH-CH2- Evans’ moiety) 6.48 ( br s, NH2).

13C n.m.r.: Ô (CDCI3 , 100 MHz) DEPT 135 (CH and CH3) 14.76, 17.00, 19.49, 

20.14, 20.27, 26.77, 32.15, 55.75, 57.61, 60.49, 60.94, 61.04; DEPT 135 (CH2 

only) 24.66, 26.02, 29.11, 32.32, 34.51, 60.87, 62.48; remainder from decoupled 

experiment 159.19, 163.78, 174.45, 175.52.

Found M+H, 481.3394. C25H44N4O5 requires M+H, 481.3390. (F.A.B.). 

m/z : 481 (M+1, 100%) 503 (M+Na, 10). (E.SP.+).
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3-[8-(E)-(5-(S)-Isopropyl-3,6-diethoxy-2,5-dihydropyrazin-2-yl)-2-(S)-

(9-fluorenylmethyoxylcarbonyl)-amidooctanoyl]‘4-(S)-isopropyl-oxa-

zoîidin-2-one (54)

OEt

OEt NHFmoCy

To a crude solution o f 3-[8-(i?)-(5"(5)-isopropyl-3,6-diethoxy-2,5-dihydropyrazin-

2-yl)-2-(5)-aminooctanoyl]-4-(iS)-isopropyl-oxazoiidin-2-one (53) (0.142 g, 0.295 

mmol) in THF (0.295 ml) was added 4-A^-methylmorpholine (d 0.920, 0.036 ml, 

0.325 mmol, 1.1 eq.) in one portion. The reaction mixture was cooled to 2°C, 

9-fluorenylmethyl chloroformate (0.115 g, 0.443 mmol, 1.5 eq.) in THF (0.20 ml) 

was added slowly to the cooled reaction mixture. The reaction was then stirred for 

10 minutes at 0°C followed by 4 hours at room temperature. Concentration in 

vacuo yielded the product as a crude viscous yellow oil. Purification by column 

chromatography (1 cm, 30% ethyl acetate/hexane, Rp 0.22) gave a clear oil 

(0.104g, 0.148mmol, yield over two consecutive steps o f azide reduction and 

amine protection was 50%).

[a]23j5-8.9 (c 0.45, C H C y

(CHCI3) 3360 (weak) (N-H), 3016 (strong) (aiyl C-H stretch), 2972 and 1431 

(strong) (C-H), 1714 (strong) (C=0), 1700 (medium) (C=N), 1207 (strong) (C-O) 

cm"\

iH n m.r.: Ô (CDCI3 , 400 MHz) 0.67 (3H, d, J  6 . 8  Hz, -CH-CH3) 0.87 (3H, d, J

6.7 Hz, -CH-CH3) 1.00 (3H, d, J 6 . 8  Hz, -CH-(CH3) Evans’ moiety) 1.04 (3H, d, J

6 . 8  Hz, -CH-(CH3) Evans’ moiety) 1.24 (6 H, t, J  7.1 Hz, OCH2CH3 twice)
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I.25-1.28 (8 H, br m, alkyl chain) 1.61-1.84 (4H, br m, alkyl chain) 2.21-2.29 (IH, 

m, -CH(CH3)2) 2.34-2.43 (IH, m, -CIKCH^)^) 3.80-3.85 (IH, m, -CH-CH(CH3 )2  

Schollkopf moiety) 3.95-4.00 (IH, m, -CH-CH2-) 4.06-4.22 (6 H, complex m, 

-OCH2CH3 twice, -N-CH-CH2- Evans’ moiety) 4.22-4.31 (2 H, m, -O-CH2- Fmoc 

moiety) 4.38-4.39 (IH, m, -CH-CH(CH3 )2  Evans’ moiety) 4.51 (IH, dd, J  4.1,

I I . 2  Hz, -O-CHj-CH- Fmoc moiety) 4.59-4.62 (IH, m, -CH-NH-Fmoc) 5.29 (br 

peak, -NH-) 7.29 (2H, t, J  7.5 Hz, aryl protons) 7.38 (2H, t, J  7.4 Hz, aryl protons) 

7.56 (2H, d, J  7.5 Hz, aryl protons) 7.74 (2H, d, J 7.6 Hz, aryl protons).

Found M+H, 703.4091. C40H54N4O7 requires M+H, 703.4071. (F.A.B.).

: 703 (M+1, 80%). (E.SP.+).

8-(B)-(5-(SX-Isopropyl-3,6-diethoxy-2,5-dihydropyrazin-2-yl)-2-(S)- 

azidooctanoic Acid (47)

OEt

OEt N3

A cooled solution (0°C) of 0.05 M 3-[8-(/?)-(5-(5)-isopropyl-3,6-diethoxy-2,5-di- 

hydropyrazin-2-yl)-2-(iS)-azidooctanoyl]-4-(/S)-isopropyl-oxazolidin-2-one (44) 

(0.108 g, 0.213 mmol) in 3.20 ml o f THF, was treated slowly with a pre-cooled 

(2°C) solution o f hydrogen peroxide (30% w/v, 100 volumes) (0.104 ml, 0.917 

mmol, 4.3 eq.) and lithium hydroxide (0.0179 g, 0.426 mmol, 2 eq.) in 1.06 ml o f 

water (3:1, THF/water). The reaction was allowed to stir for 1 hour, monitoring 

the appearance o f the product by tic (40% ethyl acetate/ hexane and 0.1% formic 

acid, Rp 0.29 or 100% ethyl acetate, Rp 0.65). Saturated ammonium chloride 

solution (4 ml) was added to the reaction mixture (with a resulting pH o f 8 ). The
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reaction was then acidified with 2 M HCl (aq.) to pH 4. The organic layer was 

extracted from the reaction mixture with dichloromethane (3x100 ml), dried over 

sodium sulphate and concentrated in vacuo at room temperature. A clear oil 

(0.135 g) was obtained which was purified by column chromatography (1 cm, 

40% ethyl acetate/hexane, Rp 0.29) giving the title compound as a pale yellow 

solid (0.060 g, 0.152 mmol, 71% yield), melting point 78°C.

[a] 17̂  +3.46 (c 0.925, CHCI3).

Vmax (CHCI3) 2968,2931 and 1457 (strong) (C-H), 2109 (strong) (-N3), 1739 

(medium) (C=0), 1687 and 1665 (strong) (C=N), 1243 (strong) (O-H bending), 

1213 (strong) (C-O) cm" .̂

iH n.m.r.: 5 (CDCI3 , 400 MHz) 0.83 (3H, d, J  6.7 Hz, -CH(CH3)) 1.15 (3H, d, J

6.9 Hz, -CH(CH3)) 1.39-1.42 (14H, br m, -OCH2CH3 twice, 8  alkyl chain protons) 

1.80-2.10 (4H, br m, alkyl chain) 2.36-2.41 (IH, br m, -CH(CH3)2) 3.98-4.02 (IH, 

m, -CH-CH(CH3)2) 4.05-4.10 (IH, m, -CH2-CH-) 4.21-4.33 (5H, complex m, 

-OCH2CH3 twice, N 3-CH-CO ).

13C nm.r.: 8  (CDCI3 , 100 MHz) DEPT 135 (CH and CH3 only) 14.64, 14.75,

14.79, 17.01, 19.50, 32.12, 55.81, 60.99; DEPT 135 (CH2 only) 24.98, 26.76, 

29.83, 34.59, 60.82, 60.90, 60.91, 61.72; remainder from decoupled experiment 

163.38, 163.82, 177.50.

w/z: 396 (M +1,100%). (E.SP.+).
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8-(R)-(5-(SX-Isopropyl-3,6-diethoxy-2,5-dihydropyrazin-2-yl)-2-(S)-(9-

fluorenylmethyloxycarbonyl)-amidooctanoic Acid (55)

OEt

CO2H

OEt NHFmoc

(i) A cooled solution (0°C) o f 0.05 M3-[8-(7?)-(5-(5)-isopropyl-3,6-diethoxy-2,5- 

dihydropyrazin-2-yl)-2-(S)-(9-fluorenyImethyloxycarbonyi)-amidooctanoyl]-4-(5)- 

isopropyl-oxazolidin-2-one (54) (0.113 g, 0.161 mmol) in THF (2.41 ml), was 

treated slowly via a cannula with a pre-cooled (2°C) solution o f hydrogen 

peroxide (30% w/v, 100 volumes) (0.0784 ml, 0.691 mmol, 4.3 eq.) and lithium 

hydroxide (0.0135 g, 0.322 mmol, 2 eq.) in 0.80 ml of water (3:1, THF/water). 

The reaction was allowed to stir for 1 hour before saturated aqueous ammonium 

chloride solution (4 ml) was added to the reaction mixture (with a resulting pH of  

8 ). The reaction was acidified with 2 M HCl (aq.) to pH 4. The organic layer was 

extracted from the reaction mixture with dichloromethane (3x100 ml), dried over 

sodium sulphate and concentrated in vacuo to give a crude yellow oil (0.129 g). 

This was not the title compound, but instead principally starting material (0.085

g)

(ii) Using a higher concentration o f starting material: a cooled solution (0°C) of 

0.25 M 3-[8-(i?)-(5-(.S)-isopropyl-3.6-diethoxy-2.5-dihydropyrazin-2-yl)-2-(.S)-(9- 

fluorenylmethyloxycarbonyl)-amidooctanoyl]-4-(iS)-isopropyl-oxazolidin-2-one 

(54) (0.087 g, 0.124 mmol) in THF (0.371 ml), was treated slowly with a 

pre-cooled (2°C) solution o f hydrogen peroxide (30% w/v, 100 volumes) (0.0603 

ml, 0.532 mmol, 4.3 eq.) and lithium hydroxide (0.0104 g, 0.248 mmol, 2 eq.) in 

0.124 ml o f water (3:1, THF/water). The reaction was allowed to stir for 1 hour 

before saturated ammonium chloride solution ( 2  ml) was added to the reaction
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mixture (with a resulting pH of 8 ). The reaction was acidified with 2 M HCl (aq.) 

to pH 4. The organic layer was extracted from the reaction mixture with 

dichloromethane (3x100 ml), dried over sodium sulphate and concentrated in 

vacuo to give a crude yellow oil (0.081 g). This was not the title compound, but 

instead principally starting material.

(iii) Different concentration o f starting material, amount o f hydrogen peroxide 

and reaction time: a cooled solution (0°C) o f 0.20 M 3-[8-(i?)-(5-(5}-isopropyl-

3,6-diethoxy-2,5-dihydropyrazin-2-yl)-2-(5}-(9-fluorenylmethyloxycarbonyl)-ami- 

dooctanoyl]-4-(iS)-isopropyl-oxazolidin-2-one (54) (0.081 g, 0.115 mmol) in THF 

(0.432 ml), was treated slowly with a pre-cooled (2°C) solution o f hydrogen 

peroxide (30% w/v, 100 volumes) (0.0784 ml, 0.691 mmol, 6  eq.) and lithium 

hydroxide (0.0145 g, 0.346 mmol, 3 eq.) in 0.144 ml o f  water (3:1, THF/water). 

The reaction was allowed to stir for 1 hour 30 minutes before saturated 

ammonium chloride solution ( 2  ml) was added to the reaction mixture ( with a 

resulting pH of 8 ). The reaction was acidified with 2 M HCl (aq.) to pH 4. The 

organic layer was extracted from the reaction mixture with dichloromethane 

(3x100 ml), dried over sodium sulphate and concentrated in vacuo to give a crude 

yellow oil (0.080 g). This was not the title compound, but instead principally 

starting material.

(iv) Same concentration o f starting material, but different amount o f  hydrogen 

peroxide and reaction time: a cooled solution (0°C) o f 0.05 M

3-[8-(/?)-(5-(5)-isopropyl-3,6-diethoxy-2,5-dihydropyrazin-2-yl)-2-(5)-(9-fluoren- 

ylmethyloxycarbonyl)-amidooctanoyl]-4-(iS)-isopropyl-oxazolidin-2-one (54) 

(0.060 g, 0.085 mmol) in THF (1.28 ml), was treated slowly with a pre-cooled 

(2°C) solution o f hydrogen peroxide (30% w/v, 100 volumes) (0.0774 ml, 0.683 

mmol, 8  eq.) and lithium hydroxide (0.0716 g, 0.171 mmol, 2 eq.) in 0.430 ml o f  

water (3:1, THF/water). The reaction was allowed to stir for 3 hours 45 minutes
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before saturated ammonium chloride solution ( 2  ml) was added to the reaction 

mixture (with a resulting pH of 8 ). The reaction was acidified with 2 M HCl (aq.) 

to pH 4. The organic layer was extracted from the reaction mixture with 

dichloromethane (3x100 ml), dried over sodium sulphate and concentrated in 

vacuo to give a crude yellow oil (0.060 g). This was not the title compound, but 

instead principally starting material.

(v) Different starting material and increased amount o f  hydrogen peroxide: a 

cooled solution (0°C) of 0.05 M 3-[8-(7?)-(5-(iS)-isopropyl-3,6-diethoxy-2,5-dihyd- 

ropyrazin-2-yl)-2-(iS)-aminooctanoyl]-4-(iS)-isopropyl-oxazolidin-2“One (53) 

(0.101 g, 0.210 mmol) in THF (3.51 ml), was treated slowly with a pre-cooled 

(0°C) solution of hydrogen peroxide (30% w/v, 100 volumes) (0.143 ml, 1.26 

mmol, 6  eq.) and lithium hydroxide (0.0176 g, 0.420 mmol, 2 eq.) in 1.05 ml o f  

water (3:1, THF/water). The reaction was allowed to stir for 1 hour before 

saturated ammonium chloride solution (4 ml) was added to the reaction mixture 

(with a resulting pH of 7). The organic layer was extracted from the reaction 

mixture with dichloromethane (3x100 ml), dried over sodium sulphate and 

concentrated in vacuo to give a crude yellow oil (0.131 g). This was not the 

required compound, but instead principally starting material.

(vi) Successful synthesis o f compound 55: a 0.50 M solution o f 8-(/^)-(5-(iS)-iso- 

propyl-3,6-diethoxy-2,5-dihydropyrazin-2-yl)-2-(S)-azidooctanoic acid (47) (0.051 

g, 0.129 mmol) in THF (0.258 ml) was treated with triphenylphosphine (0.0508 g, 

0.194 mmol, 1.5 eq). The reaction mixture was stirred for 24 hours at room 

temperature before the addition of water (0.007 ml, 0.387 mmol, 3 eq.). After a 

further 48 hours o f stirring, the reaction was concentrated in vacuo to give the 

intermediate amine compound. This was obtained as a viscous yellow oil which 

was passed into the next reaction without further purification.

m/z\ 370 (M is 8-(/?)-(5-(S)-isopropyl-3,6-diethoxy-2,5-dihydropyrazin-2-yl)-2-(5)-
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aminooctanoic acid, M+1, 8 8 %) 630 (iminophosphorane intermediate, 10) 

(E.SP.+).

The intermediate amine, 8-(7?)-(5-(5)-isopropyl-3,6-diethoxy-2,5-dihydropyrazin- 

2-yl)-2-(iS)-aminooctanoic acid (-0.0477 g, 0.129 mmol) was taken up in THF 

(0.129 ml) and treated with 4-7/-methylmorpholine (d 0.920, 0.0298 ml, 0.271 

mmol, 2.1 eq.). The reaction mixture was then cooled to 2°C before slow addition 

o f 9-fluorenylmethyl chloroformate (0.0501 g, 0.194 mmol, 1.5 eq.) in THF 

(0.080 ml). After 4 hours o f stirring at room temperature, the reaction was 

concentrated in vacuo giving a crude viscous oil which was purified by column 

chromatography (1 cm, 50% ethyl acetate/hexane, Rp 0.11 or 90% ethyl 

acetate/hexane, Rp 0.18). This gave a pale yellow solid (0.076 g, 0.128 mmol, 

99% yield over two consecutive steps).

(vii) Another successful synthesis of compound 55: a cooled solution (0°C) o f  

0.05 M 3-[8-(R)-(5-(5)-isopropyl-3,6-diethoxy-2,5-dihydropyrazin-2-yl)-2-(5)-azi- 

dooctanoyl]-4-(5)-isopropyl-oxazolidin-2-one (44) (0.304 g, 0.600 mmol) in THF 

(9.0 ml), was treated slowly with a pre-cooled (2°C) solution o f hydrogen 

peroxide (30% w/v, 100 volumes) (0.306 ml, 2.70 mmol, 4.5 eq.) and lithium 

hydroxide (0.0504 g, 1.20 mmol, 2 eq.) in 3.0 ml o f water (3:1, THF/water). The 

reaction was allowed to stir for 1 hour, monitoring the appearance o f the product 

by tic (40% ethyl acetate/ hexane and 0.1% formic acid, Rp 0.29 or 100% ethyl 

acetate, Rp 0.65). Saturated ammonium chloride solution (3 ml) was added to the 

reaction mixture (wit a resulting pH of 8 ). The reaction was acidified with 2 M 

HCl (aq.) to pH 4. The organic layer was extracted from the reaction mixture with 

dichloromethane (3x200 ml), dried over sodium sulphate and concentrated in 

vacuo at room temperature. A crude clear oil (0.315 g) was obtained and passed 

into the next reaction without further purification.
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A 0.50 M solution o f 8-(i?)-(5-(<S)-isopropyl-3,6-diethoxy-2,5-dihydropyrazin-2- 

yl)-2-(5)-azidooctanoic acid (47) (-0.237 g, 0.600 mmol) in THF (1.20 ml) was 

treated with triphenylphosphine (0.236 g, 0.900 mmol, 1.5 eq). The reaction 

mixture was stirred for 24 hours at room temperature before the addition o f water 

(0.065 ml, 3.60 mmol, 6  eq.). After a further 72 hours o f stirring, the reaction was 

concentrated in vacuo to give the intermediate amine compound as a viscous 

yellow oil. This crude product was passed into the next reaction without further 

purification.

The intermediate amine, 8-(i?)-(5-(5)-isopropyl-3,6-diethoxy-2,5-dihydropyrazin- 

2-yl)-2-(5)-aminooctanoic acid (-0.222 g, 0.600 mmol) was taken up in THF 

(0.73 ml) and treated with 10% sodium bicarbonate (w/v) (0.156 g, 1.86 mmol,

3.1 eq.) in water (1.56 ml). The reaction mixture was stirred for 10 minutes 

before being cooled to 2°C. Ensuring that the reaction mixture had a pH of 7,

9-fluorenylmethyl chloroformate (0.310 g, 1.20 mmol, 2 eq.) in THF (0.22 ml) 

was slowly added. After a further 18 hours o f stirring at 2°C, the reaction was 

concentrated in vacuo giving a crude viscous oil. This crude product was purified 

by column chromatography (2 cm, 90% ethyl acetate/hexane, Rp 0.18) giving a 

pale yellow solid (0.142 g, 0.240 mmol, 40% yield over three consecutive steps), 

melting point 55°C.

[a ]% +9.3 (c 1.05, CHCI3).

Vjnax (CHCI3) 3550 (broad and medium) (O-H stretching), 2933, 2860 and 1444 

(strong) (C-H), 1691 (strong) (C=N), 1230 (medium) (O-H bending), 1218 

(strong) (C-O) cm"^

m  n.m.r.: 5 (CDCI3 , 500 MHz) 0.69 (3H, d, J 6 .9  Hz, -CH(CH3)) 1.00 (3H, d, J  

7.0 Hz, -CH(CH3)) 1.19-1.25 (14H, br m, -OCH2CH3 twice and 8  alkyl chain
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protons) 1.56-1.80 (4H, br m, alkyl chain) 2.23-2.25(1H, br m, -CH-(CHg)2) 3.72 

(IH, t, J  3.4 Hz, -CH-CH-(CH3)2) 3.82-3.87 (IH, m, -CH2-CH-) 4.03-4.16 (7H, 

complex m, -OCH2CH3 twice, -O-CH2- -O-CH2-CH- Fmoc moiety) 4.25-4.40 

(IH, br m, -CH-NH-Fmoc) 7.44 (2H, dt, J  2.8, 7.5 Hz, aryl protons) 7.50-7.53 

(2H, m, aryl protons) 7.64-7.72 (4H, m, aryl protons).

:3C n m.r.: Ô (CDCI3 , 75 MHz) DEPT 135 (CH and CH3  only) 14.78, 17.03, 19.53, 

32.13, 55.84, 120.19, 127.42, 127.98'; DEPT 135 (CH2 only) 22.75, 25.31, 26.23, 

28.97, 29.66, 29.85, 30.09, 34.73, 60.83; remainder from decoupled experiment 

132.49,141.57,144.16,163.86.

Found: M+Na, 614.3228. C34H45N 3O6  requires M+Na, 614.3206. (F.A.B.). 

m/z\ 592 (M+1, 100%). (E.SP.+).

(10-Ethylester)-9-(B)’Cillyloxycarbonylamido-2-(S)-(9-fluorenylmeth- 

yloxycarbonyl)-amidodecanoic Acid (56).

EtOiC

NHFmoc

A solution of 8-(7^)-(5-(5)-isopropyl-3,6-diethoxy-2,5-dihydropyrazin-2-yl)-2- 

(5)-(9-fluorenylmethyloxycarbonyl)-amidooctanoic acid (55) (0.112 g, 0.189 

mmol) in THF (2.27 ml) was treated with 1 M HCl (aq.) (2.27 ml, 2.27 mmol, 12 

eq.). The reaction mixture was stirred for 90 minutes at room temperature, 

concentrated in vacuo and passed into the next reaction without further 

purification.
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The residual aqueous mixture (pH 2) was diluted with dioxane (1 ml) and 

neutralised to pH 7 with sodium bicarbonate (0.191 g, 2.27 mmol, 12 eq.). The 

resulting solution was stirred for 2 0  minutes at room temperature before adding 

an additional 10% sodium bicarbonate (w/v) (0.127 g, 1.51 mmol, 8  eq.) in water 

(1.27 ml). Stirring was continued for a further 10 minutes, the reaction was then 

cooled to 2°C and allyl chloroformate (d 1.136, 0.0545 ml, 0.514 mmol, 4 eq.) 

was added slowly. The reaction mixture was stirred for 18 hours at 2°C, then 

acidified with saturated ammonium chloride (3 ml), followed by 2 M HCl (aq.) to 

pH 3. The mixture was extracted with dichloromethane (3x100 ml), and the 

combined organic layers dried over sodium sulphate, and concentrated in \acuo  at 

room temperature. This crude colourless oil was purified by column 

chromatography (1 cm, 40% ethyl acetate/hexane, Rp 0.07 or 100% ethyl acetate,

Rp 0.58) giving a white solid (0.082 g, 0.145 mmol, 77% yield over two 

consecutive steps), melting point 48®C.

Preparative reverse phase HPLC; 40-80% acetonitrile/water and 0.1 % TFA over 

35 minutes at 254 nm; retention time 17.10 minutes.

[a]24j3-17.0 (cO.27, CHCI3).

Vjnax (CHCI3) 3438 (weak) (N-H), 3037 (medium) (olefinic C-H stretch) 2970, 

2937, 2856 (strong) and 1427 (medium) (C-H), 1712 (strong) (C=0), 1226 (O-H 

bending), 1209 (strong) (C-O) cm"\

m  n.m.r.: Ô (CDCI3 , 400 MHz) 1.23-1.32 (IIH, br m, -OCH2CH3 , 8  alkyl chain 

protons) 1.59-1.70 (2H, br m, alkyl chain) 1.75-1.87 (2H, br m, alkyl chain) 

3.95-4.00 (IH, br m, -CH^-CH-NHAloc) 4.10 (2H, q, J  7.1 Hz, -OCH2CH3) 

4.14-4.17 (3H, br m, -O-CH2-CH-, Fmoc moiety) 4.39-4.40 (IH, br m, 

-CH^-CH-NH-Fmoc) 4.53 (2H, d, J  5.5 Hz, CH2=CH-CH2-) 5.18-5.30 (2H, m, 

CH2CH -CH 2-) 5.86-5.93 (IH, m, CR^-CErCH^-) 7.28 (2H, t, J  7.3 Hz, aryl
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protons) 7.37 (2H, t, J  7.4 Hz, aryl protons) 7.55 (2H, d, J  7.0 Hz, aryl protons) 

7.73 (2H, d, y  7.4 Hz, aryl protons).

13C n m.r.: Ô (CDCI3, 75 MHz) 18.81, 25.76, 29.43, 33.04, 47.48, 54.35, 59.82,

61.79, 66.34, 104.01, 118.21, 120.26, 125.65, 127.44, 127.99, 128.86, 129.08, 

132.44, 132.59, 141.55,156.89,173.06.

Found: M+Na, 589.2503. Cg^Hj^NjOg requires M+Na, 589.2526. (F.A.B.).

m/z\ 566 (M, 1.35%) 567 (M+1, 1.75) 590 (M+l+Na, 5.2) 589 (M+Na, 13.7). 

(E.SP.+).

^^/rafe(Triphenylphosphine)palladium(0) (5 7 ).^2 i

Pd(PPh3)4

A mixture o f palladium dichloride (0.330 g, 1.86 mmol) and triphenylphosphine 

(2.44 g, 9.30 mmol, 5 eq.) in dimethyl sulfoxide (22 ml) was heated to 160°C, 

under a nitrogen atmosphere, until the solution became homogeneous. The 

solution was then rapidly stirred without a heat source for 15 minutes before 

being treated with hydrazine hydrate (d 1.029, 0.232 ml, 7.45 mmol, 4 eq.) over 1 

minute. Evolution o f gas bubbles was observed and the bright yellow reaction 

mixture was then cooled in a water bath till crystallisation occurred. The flask 

was then removed from the water bath and allowed to cool to room temperature. 

The resulting bright yellow crystals were filtered and washed with absolute 

ethanol (3ml x 2) and diethyl ether (3ml x 2) under a nitrogen atmosphere, and 

dried overnight in a dessicator in the dark. The resulting yellow crystalline 

product weighed 2.17 g, 1 . 8 6  mmol ( 1 0 0 % yield). 

m/z : 630 (M-2 PPh3 , 45%) 368 (M-3 PPh3, 20) 279 (0 =PPh3 , 80) (F.A.B.).
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2-(R)-Amino-(9~(S)-fluorenylmethyoxylcarbonyl)-amidodecanedioic Acid 

(58).

HOOC
COOH

NHFmoc

Glacial acetic acid (d 1.05, 0.033 ml, twice volume of NMM) in chloroform (0.603 

ml, thirty-seven times the volume o f NMM) was added to a mixture of 

(10-allylester)-9-(i?)-allyloxycarboriylamido-2-(5)-(9-fluorenylmethyloxycarbonyl)- 

amidodecanoic acid (1) (0.022 g, 0.038 mmol) and re/raA:/5 (triphenylphosphine)pall- 

adium(O) (57) (0.00879 g, 0.008 mmol, 20 mol%) under an argon atmosphere. The 

reaction mixture was finally treated with iV-methylmorpholine (d 0.920, 0.016 ml, 

0.148 mmol, 3.9 eq.) and allowed to stir in the dark for 2 hours. Analytical reverse 

phase HPLC indicated that the reaction was complete. Reverse phase HPLC: 

(40-80% acetonitrile/water and 0.1 % TFA over 35 minutes at 254 nm), retention 

time o f compound 1 was 21.66 minutes and of compound 58 was 23.24 minutes.

m/z : 454 (M, 70%) (E.SP.+).

(10-A lly lester) -9- (g) -allyloxycarbonylam ido-2-(S)-(9-fluorenylmethyloxy- 

carbonyl)-amidodecanoic Glycine Methyl Ester (60).

N COzMe 
H

NHFmoc
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(i) Unsuccessful attempt with HOAt/DIC: a solution o f (10-allylester)-9-(i?)-allylox- 

ycarbonylamido-2-(5)-(9-fluorenylmethyloxycarbonyl)-amidodecanoic acid (1 ) 

(0.024 g, 0.041 mmol, 1 eq.) in DMF (0.420 ml), under argon was treated with HOAt 

(0.006 g, 0.041 mmol, 1 eq.) in DMF (0.420 ml), followed by DIG (d 0.806, 0.007 

ml, 0.041 mmol, 1 eq.) in DMF (0.420 ml). The reaction was stirred at room 

temperature for 15 minutes before addition, via a teflon cannula, to a solution of 

glycine methyl ester (0.005 g, 0.041 mmol) in DMF (1.26 ml). {The glycine methyl 

ester was obtained from glycine methyl ester hydrochloride (59) (0.005 g, 0.041 

mmol), after treatment with TEA (d 0.726, 0.006 ml, 0.041 mmol, 1 eq.) for 15 

minutes}. The reaction mixture was left to stir at room temperature for 30 minutes, 

whilst monitoring by analytical reverse phase HPLC (40-80% acetonitrile/water and 

0.1% TFA at 254 nm; retention time o f amino acid 1 was 21.30 minutes). However, 

even after 1 hour of stirring, the appearance o f  the HPLC peak corresponding to 

amino acid 1  remained unchanged indicating that the reaction was unsuccessful.

(ii) Successful attempt with HOAt/HATU/DIC: a solution o f glycine methyl ester 

hydrochloride (59) (0.040 g, 0.319 mmol) in DCM (0.39 ml), under argon was treated 

with TEA (d 0.726, 0.089 ml, 0.637 mmol, 2 eq.). The reaction mixture was stirred at 

room temperature for 20 minutes before filtering off the TEA:HC1 solid. The crude 

product was concentrated in vacuo at room temperature, followed by lyophilisation 

for a further 2  hours to ensure dryness and passed into the next reaction without 

further purification.

A solution o f (10-allylester)-9-(/?)-allyloxycarbonylamido-2-(5)-9-(fluorenylmethyl- 

oxycarbonyl)-amidodecanoic acid (1) (0.063 g, 0.109 mmol, 2 eq.) in DCM (1.21 

ml), under argon was treated with HATU (0.042 g, 0.109 mmol, 2 eq.) and HOAt 

(0.015 g, 0.109 mmol, 2 eq.) in DCM (1.21 ml), followed by DIG (d 0.806, 0.017 ml,
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0.109 mmol, 2eq.) in DCM (1.21 ml). The reaction mixture was then stirred at room 

temperature for 30 minutes before addition, via a teflon cannula, to glycine methyl 

ester (0.005 g, 0.054 mmol) in DCM (1.21 ml). This reaction mixture was then 

stirred for 1 hour under argon. Saturated aqueous ammonium chloride solution (2 ml) 

was added to the reaction mixture and the resulting pH o f the solution was 4. The 

organic layer was extracted from the reaction mixture with dichloromethane (3x100 

ml), dried over sodium sulphate, and concentrated in vacuo at room temperature to 

give a yellow oil. This was purified by column chromatography (1 cm, 70% ethyl 

acetate/hexane, Rp 0.67) giving a pale yellow oil (0.004 g, 0.006 mmol, 11% yield). 

mlz\ 614 (M-41, M-[H2C=CH-CH2-], 25%) (E.SP.+).

The Manual Batchwise Synthesis of 9-FIuorenylmethyloxycarbonylaniid- 

odialanylIysinyI-(s-amidobutoxycarbonyl)-carboxamide-Resin 

(Fmoc-AAK(Boc)-CONH-Resin).

(4-[9-Fmoc-amino-xanthen-3-yloxy]-butyryl)-4-methyl-benzhydrylamide resin (0.47 

mmol/g, 0.213 g, 0.1 mmol) was suspended in DMF (1 ml) and placed in a Merrifield 

bubbler. The resin was deprotected by adding 20% piperidine in DMF (v/v) (2 ml) 

with nitrogen bubbling for 20 minutes.

For the first activation, Fmoc-Lys(Boc)-OH (0.117 g, 0.25 mmol) was dissolved in 

distilled DMF (2 ml) and a 0.25 M solution o f HOBt in DMF (1 ml, 0.25 mmol, 1 

eq.) added, followed by a 0.25 M solution of DIC in dioxane (1 ml, 0.25 mmol, 1 

eq ). The mixture was stirred for 15 minutes under a nitrogen atmosphere. The resin 

was thoroughly washed with DMF (6x20 ml) and the activated Fmoc-Lys(Boc)-OH 

added to the resin, and allowed to react with bubbling for 30 minutes. A second
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activation o f Fmoc-Lys(Boc)-OH was repeated as mentioned. The first coupling 

reactants were removed and rinsed thoroughly with DMF, before addition to the resin 

o f the second activated Fmoc-Lys(Boc)-OH, with bubbling for 30 minutes. The 

second coupling reactants were also removed and the resin washed thoroughly with 

DMF. A small portion o f the resin was removed for a qualitative Kaiser test (yellow 

colour observed).

The resin was then capped by bubbling with (2 ml) 0.5 M acetic anhydride (1 ml, 0.5 

mmol, 2 eq.)/0.125 M diisopropylethylamine (1 ml, 0.125 mmol, 0.5 eq.)/0.2% HOBt 

in DMF (few drops) for 10 minutes, followed by thorough rinsing with DMF (1x20 

ml, 1x5 ml). Deprotection o f the Fmoc group on the terminal Lys(Boc) was carried 

out as above.

Addition o f the next amino acid in the peptide sequence was carried out as follows. 

Fmoc-Ala-OH (0.078 g, 0.25 mmol) was dissolved in distilled DMF (2 ml) and 

activated by addition o f 0.25 M solution of HOBt in DMF (1 ml, 0.25 mmol, 1 eq.), 

followed by a 0.25 M solution of DIC in dioxane (1 ml, 0.25 mmol, 1 eq.). The 

mixture was stirred for 15 minutes under a nitrogen atmosphere. The resin was 

thoroughly washed with DMF (6x20 ml) and the activated Fmoc-Ala-OH added to 

the resin, and allowed to react with bubbling for 30 minutes. A second activation of 

Fmoc-Ala-OH and subsequent coupling to the peptidyl-resin was repeated as 

mentioned. The next amino acid in the sequence, Fmoc-Ala-OH was also activated 

and double coupled to the peptidyl-resin in a similar manner. Successful coupling 

reactions were indicated by subsequent negative qualitative Kaiser tests. Capping o f  

the resin was carried out as mentioned. A small portion of the resin was removed, the 

current peptide cleaved (95% TFA/DCM, v/v) and submitted for analytical reverse 

phase HPLC and mass spectrometry.
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Analytical reverse phase HPLC o f the cleaved peptide Fmoc-AAK-COKH2 ' 10-40% 

acetonitrile/water and 0.1% TFA over 25 minutes at 254 nm (retention time 3.10 

minutes).

m/z : 610(M, 1.12%) 634 (M+l+Na, 1.14) 509 (M-Boc, 1.94) 510 (M+l-Boc, 1.86) 

(E.SP.+).

The Manual Batchwise Synthesis o f Test Peptide :

AC-KAAAAKAAXAKAXAAKCONH2

.  _ .  .  .  _ ,  .  ^COOH
Where I 

X
NHz

(i) Incorporation of (10-aIlylester)-9-(/?)-allyloxycarbonyIamido-2-(5)-(9-fluore- 

nylmethyloxycarbonyl)-amidodecanoic acid (1) into the peptidyl-resin ;

The terminal Fmoc moiety o f 9-fluorenylmethyloxycarbonylamidodialanyllysinyl- 

(e-amidobutoxycarbonyl)-carboxamide-resin was deprotected by adding 20% 

piperidine in DMF (v/v) (2 ml) with bubbling for 20 minutes.

( 10-Allylester)-9-(/?)-allyloxycarbonylamido-2-(5)-(9-fluorenylmethyloxycarbonyl)- 

amidodecanoic acid (1) (0.231 g, 0.399 mmol, 4 eq. with respect to the 

peptidyl-resin) in DMF (3 ml) was activated with HOAt (0.0544 g, 0.40 mmol, 1 eq.), 

HATU (0.152 g, 0.40 mmol, 1 eq.) and 0.40 M solution of DIC in dioxane (1 ml, 0.40 

mmol, 1 eq.). The mixture was stirred for 30 minutes under an argon atmosphere. 

The resin was thoroughly washed with DMF (6x20 ml) and a qualitative Kaiser test, 

dark purple in colour, confirmed the presence o f a free amine. The activated 

(10-allylester)-9-(/?)-allyloxycarbonylamido-2-(iS)-(9-fluorenylmethyloxycarbonyl)-
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amidodecanoic acid (1) was added to the resin with nitrogen bubbling for 1 hour. The 

qualitative Kaiser test was pale purple in colour indicating poor incorporation. A 

small portion o f the resin was removed, the current peptide cleaved (1% TFA/DCM, 

v/v) and submitted for mass spectrometry. 

mlz\ 951(M+3,3.3% ) (F.A.B.).

The resin was then capped by bubbling with (2 ml) 0.5 M acetic anhydride (1 ml, 

0.50 mmol, 2 eq.)/0.125 M diisopropylethylamine (1 ml, 0.125 mmol, 0.5 eq.)/0.2% 

HOBt in DMF for 10 minutes, followed by thorough rinsing with DMF (1x20 ml, 1x5 

ml). The Fmoc group o f the now incorporated ( 10-allylester)-9-(/?)-allyloxycarbonyl- 

amido-2-(5)-(9-fluorenylmethyloxycarbonyl)-amidodecanoic acid (1) was 

deprotected with 20% piperidine in DMF (v/v) (2 ml), with nitrogen bubbling for 20 

minutes. A small portion o f the resin was removed, the current peptide cleaved (1% 

TFA/DCM, v/v) and submitted for mass spectrometry. 

mIz ; 724 (M, 1.07%) 725 (M+1, 1.41) 748 (M+l+Na, 4.93) (E.SP.+).

The resin was again thoroughly washed with DMF and two sequential activations 

(0.25 M solution of HOAt in DMF, 1 ml, 0.25 mmol, 1 eq. and 0.25 M DIC in 

dioxane, 1 ml, 0.25 mmol, 1 eq.) and couplings o f Fmoc-Ala-OH ( 0.0778 g, 0.25 

mmol) were carried out. A subsequent qualitative Kaiser test indicated successful 

couplings. A small portion o f the resin was removed, the current peptide cleaved (1% 

TFA/DCM, v/v) and submitted for mass spectrometry. 

m b  : 1034 (M, 0.45%) 1058 (M+l+Na, 0.30) (F.A.B.).

The next two amino acids in the peptide sequence were Fmoc-Lys(Boc)-OH and 

Fmoc-Ala-OH. Therefore, two cycles o f N-terminal Fmoc deprotection, followed by 

double couplings o f activated 0.25 mmol Fmoc-amino acids were carried out. A
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small portion o f the resin was removed, the current peptide cleaved (1% TFA/DCM, 

v/v) and submitted for mass spectrometry. 

miz: 1320(M +1,4%) (E.SP.+).

(ii) Cleavage of the allyl/AIoc groups :

The resin was washed with DCM (1x20 ml) to remove any residual DMF. A solution 

o f rerra^/5(triphenylphosphine)palladium(0) (57) (0.231 g, 0.20 mmol, 2 eq. with 

respect to the peptidyl-resin) in chloroform (1.59 ml, thirty-seven times the volume 

of NMM), glacial acetic acid (d 1.05, 0.0858 ml, twice the volume o f NMM), and 

NMM (d 0.920 ml, 0.0429 ml, 0.39 mmol, 3.9 eq.) was added to the peptidyl-resin 

and gently bubbled for two hours under an argon atmosphere in the dark. After this 

period, the resin was washed with 0.5% diisopropylethylamine in DCM (v/v) (4x4 

ml) and 0.5% sodium diethyldithiocarbamate trihydrate in DMF (w/v) (4x4 ml), 

before a final wash with DMF. The qualitative Kaiser test was pale purple in colour.

A small portion o f the resin was removed, the current peptide cleaved (1% 

TFA/DCM, v/v) and submitted for mass spectrometry. 

m/z : 1196 (M +2,4%). (E.SP.+).

(iii) Cleavage of the Fmoc group on the N-terminal alanine :

The N-terminal Ala was deprotected by bubbling with 20% piperidine in DMF (v/v)

(2 ml) for 20 minutes. This was followed by thorough washing with DMF (6x20 ml), 

followed by a wash with 0.4% HOBt in DMF (w/v) (1x5 ml) to prevent formation of  

an unwanted piperidyl-amide side reaction at the free carboxy end. The qualitative 

Kaiser test was dark purple in colour. A small portion o f the resin was removed, the 

current peptide cleaved (1% TFA/DCM, v/v) and submitted for mass spectrometry. 

miz : 998 (M+3+Na, 3%). (E.SP.+).
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(iv) Intramolecular on-resin cyclisation of the deprotected linear peptide :

A 0.5 M solution o f PyAOP (0.261 g, 0.50 mmol, 5 eq.) and HOAt (0.0681 g, 0.50 

mmol, 5 eq.) in DMF (2 ml) was added to the linear peptidyl resin, followed by 

diisopropylethylamine (d 0.742, 0.174 ml, 1.0 mmol, 10 eq.). The mixture was 

bubbled for one hour under an argon atmosphere. After this period, the peptidyl-resin 

was thoroughly washed with DMF and the qualitative Kaiser test was pale purple in 

colour. A small portion o f the resin was removed, the current peptide cleaved (1% 

TFA/DCM, v/v) and submitted for mass spectrometry. 

w /z:955(M +l,3% ). (E.SP.+).

(v) Addition of Fmoc-Ala-OH to the free amine on the incorporated 

(2/?, 95)-2,9-diaminodecanedioic acid :

Fmoc-Ala-OH (0.0778 g, 0.25 mmol) in DMF (2 ml) was activated by HOAt in DMF 

(1 ml, 0.25 mmol) and DIG in dioxane (1 ml, 0.25 mmol) for 15 minutes. The 

activated amino acid was then added to the resin and reacted, agitating by nitrogen 

bubbling, as previously described. A second coupling was then carried out with a 

second batch o f activated Fmoc-Ala-OH for a further 30 minutes. A negative 

qualitative Kaiser test showed that complete incorporation had taken place. The resin 

was then capped as previously described.

(vi) Completion of the on-resin synthesis of the test peptide :

A subsequent series o f Fmoc deprotection, double couplings with activated 

Fmoc-amino acids in the sequence Ala, Lys(Boc), four Ala and a final Lys(Boc), and 

capping were carried out as described above. This yielded a peptide with an 

N-terminal Fmoc group in situ. Deprotection o f this Fmoc with 20% piperidine in 

DMF (v/v) (2 ml), thorough washing with DMF and final acylation with the capping 

solution (2 ml) was followed by cleavage o f the peptide from the resin with 95%
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TFA/water (v/v) (6x10 ml). The cleaved peptide was stirred with the cation 

scavenger 10% triethylsilane (v/v) (6 ml) for 1 hour under an argon atmosphere 

before addition o f cold ether. Refrigeration overnight, filtration and lyophilisation 

with 40% acetic acid in water (v/v) (10 ml) yielded 0.039 g of the crude test peptide. 

Preparative reverse phase HPLC at 215 nm: 10-20% acetonitrile/water and 0.1% TFA 

over 20 minutes (retention time 13.43 minutes). Recovered O.OOlg, white solid. 

mtz ; 741 (M^+. 2%) (E.SP.+).

The Mixed Continuous Flow/Batchwise Synthesis of Test Peptide

(i) Attachment of the first amino acid :

Coupling of Fmoc-Lys(Boc)-OH (0.0937 g, 0.20 mmol) to Novasyn™ TG Sieber 

resin (9-Fmoc-amino-xanthenyl-3-yloxy TG resin) was carried out on the Merrifield 

bubbler. After deprotection o f the terminal Fmoc group on the resin (0.635 g, loading 

given as 0.160 mmol/g, 0.10 mmol) with 20% piperidine in DMF (v/v) (2 ml) and 

thorough washing with DMF; Fmoc-Lys(Boc)-OH was activated for 15 minutes with 

0.20 M solution of HOAt in DMF (1 ml, 0.20 mmol) and 0.20 M solution of DIG in 

dioxane (1 ml, 0.20 mmol) and added to the bubbler. After the coupling reaction had 

proceeded for 30 minutes with agitation by nitrogen bubbling, the activated amino 

acid was removed by filtration. The activation and coupling steps were repeated 

twice. Following a satisfactory qualitative Kaiser test, the resin was capped by a

10-minute bubbling with (2 ml) 0.5 M acetic anhydride/0.125 M 

diisopropylethylamine/0.2% HOBt in DMF was carried out.

Loading of the resin was determined by taking 0.011 g o f the esterified resin and 

standing it in 0.5 ml o f 20% piperidine in DMF (v/v) for 30 minutes. Absolute 

ethanol (19.5 ml) was added and mixed with the resin mixture. This resin mixture
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was then left to settle for 5 minutes before pipetting an aliquot o f ethanolic 

supernatant into a 1.0 cm quartz cuvette. The UV absorbance at 300 nm was 

measured as 0.4396. Using the equation: substitution level (mmol/g) = 3.05 x 

Ajoo/mass o f support (mg), the loading o f the resin was found to be 0.122 mmol/g 

(0.0763 mmol).

The resin was then transferred to a Milligen 9050 synthesiser and the peptide was 

synthesised by the solid-phase meAod with Fmoc-Ala-OH and Fmoc-Lys(Boc)-OH. 

The standard automated Fmoc deprotection, washing, amino acid activation and 

coupling cycles were followed. Deblocking o f N-terminal Fmoc groups with 20% 

piperidine in DMF (v/v) occurred over 5 minutes. The automated cycle included 

15-minute coupling steps o f the activated amino acid, that were also recycled twice. 

The Fmoc-amino acids (0.40 mmol) were activated for 7 minutes with HOAt 

(0.0544 g, 0.40 mmol) and 0.3 M DIG in DMF (1.5 ml, 0.45 mmol). The Fmoc 

deprotection and coupling steps were monitored quantitatively by measuring the uv 

absorbance (at 365 nm) o f the Fmoc blocking group present on the resin. Each 

respective coupling cycle was completed with a final 5-minute capping with 0.30 M 

solution of A-acetylimidazole in DMF.

(ii) The automated incorporation of activated amino acid (1) :

The amino acid (10-allylester)-9-(/?)-allyloxycarbonylamido-2-(5)-(9-fluorenylmeth- 

yloxycarbonyl)-amidodecanoic acid (1) (0,145 g, 0.251 mmol, 3.3 eq. with respect to 

the determined loading o f Fmoc-Lys(Boc)-resin) was activated by HOAt (0.054 g, 

0.40 mmol) and 0.3 M DIG in DMF (1.3 ml, 0.39 mmol) over 7 minutes. However, to 

maximise chances o f incorporation the total volume o f activated amino acid (1) was 

divided into six vials and coupled individually (refer to Figure 94, chapter 4). Each 

coupling reaction occurred over 30-45 minutes, followed by a recycling step over 15
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minutes. A final capping step was followed by a 5-minute deblocking o f the 

N-terminal Fmoc moiety on the now incorporated 

(10-allylester)-9-(i?)-allyloxycarbonylamido-2-(iS}-(9-fluorenylmethyloxycarbonyl)- 

amidodecanoic acid (1). Standard coupling and Fmoc deprotection of activated 

Fmoc-Ala-OH and Fmoc-Lys(Boc)-OH were then carried out. A final coupling o f a 

second Fmoc-Ala-OH occurred without a final Fmoc deprotection. The peptidyl-resin 

was then removed from the synthesiser and transferred to the Merrifield bubbler.

(ill) Cleavage of the allyl/Aloc groups in the Merrifield bubbler :

The resin was washed with DCM (1x20 ml) to remove any residual DMF. A solution 

of rerra^w(triphenylphosphine)palladium(0) (57) (0.231 g, 0.20 mmol, 2 eq. with 

respect to the peptidyl-resin) in chloroform (3.25 ml, thirty-seven times the volume 

of NMM), glacial acetic acid (d 1.05, 0.176 ml, twice the volume o f NMM), and 

NMM (d 0.920 ml, 0.0880 ml, 0.80 mmol, 8 eq.) was added to the peptidyl-resin and 

gently bubbled for two hours under an argon atmosphere in the dark. After this 

period, the resin was washed with 0.5% diisopropylethylamine in DCM (v/v) (4x4 

ml) and 0.5% sodium diethyldithiocarbamate trihydrate in DMF (w/v) (4x4 ml), 

before a final wash with DMF. The qualitative Kaiser test was pale purple in colour.

A small portion o f the resin was removed, the current peptide cleaved (1% 

TFA/DCM, v/v) and submitted for mass spectrometry.

miz : 598 (M^+, 3.94%) 599 (M^++l, 2.98) 993 (M-2xBoc+l, 1.45) 1196 (M+2, 1.62) 

(E.SP.+).

(iv) Cleavage of the Fmoc group on the N-terminal alanine in the Merrifield 

bubbler :

The peptide was deprotected by bubbling with 20% piperidine in DMF (v/v) (2 ml) 

for 20 minutes, followed by thorough washing with DMF (6x20 ml). The
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peptidyl-resin was subsequently washed with 0.4% HOBt in DMF (w/v) (1x5 ml) to 

prevent formation o f the unwanted piperidyl-amide side reaction at the free carboxy 

end. The qualitative Kaiser test was dark purple in colour. A small portion o f the 

resin was removed, the current peptide cleaved (1% TFA/DCM, v/v) and submitted 

for mass spectrometry.

m/z ; 325 (M^+. 3.84) 326 11.3) 327 (M3++2, 4.40) 771 (M-[2xBoc]+l,

3.41) 872 (M-Boc+1, 1.38) (E.SP.+).

(v) Intramolecular on-resin cyclisation of the deprotected linear peptide on the 

Merrifield bubbler :

A 0.5 M solution o f PyAOP (0.261 g, 0.50 mmol, 5 eq.) and HOAt (0.0681 g, 0.50 

mmol, 5 eq.) in DMF (2 ml) was added to the linear peptidyl-resin, followed by 

diisopropylethylamine (d 0.742, 0.174 ml, 1.0 mmol, 10 eq ). The mixture was 

bubbled for one hour under an argon atmosphere. The peptidyl-resin was thoroughly 

washed with DMF to remove any residual diisopropylethylamine. The qualitative 

Kaiser test was pale purple in colour. A small portion o f the resin was removed, the 

current peptide cleaved (1% TFA/DCM, v/v) and submitted for mass spectrometry, 

m/z : 478 (M^+. 2.46%) 479 (N f+ + 1 ,12.2) 481 (M^++3, 5.94) 752 (M-[2xBoc], 8.35) 

853(M-Boc, 1.71) (E.SP.+).

(vi) Addition of Fmoc-Ala-OH to the free amine on the incorporated 

(2/Î, 95)-2,9-diaminodecanedioic acid in the Merrifield bubbler :

Fmoc-Ala-OH (0.063 g, 0.20 mmol) in DMF (2 ml) was activated with 0.20 M HOAt 

in DMF (1 ml, 0.20 mmol) and 0.20 M DIC in dioxane (1 ml, 0.20 mmol) over 15 

minutes. The activated amino acid was coupled to the peptidyl-resin by agitation 

(bubbling with nitrogen) for 30 minutes. This coupling step was repeated twice more, 

each time with freshly activated batch o f amino acid as previously described. This
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triple coupling step to the peptidyl-resin was followed by capping step as previously 

described. The qualitative Kaiser test was yellow in colour. A small portion o f the 

resin was removed, the current peptide cleaved (1% TFA/DCM, v/v) and submitted 

for mass spectrometry. 

mIz : 1249 (M+2, 2%) (A.P.C.I.+).

A portion o f the peptidyl-resin (0.200 g) with the N-terminal Fmoc in situ was 

separated from the main batch for further analysis. This portion o f the peptidyl-resin 

was thoroughly washed with DMF and then acylated with the capping solution (2 ml) 

to minimise the number o f deletion sequences. This was followed by cleavage o f the 

peptide from the resin with 95% TFA/water (v/v) (6x10 ml) and final washing o f the 

resin with MeOH/DCM. The cleaved peptide was stirred with the cation scavenger 

10% triethylsilane (v/v) (6 ml) for two hours under an argon atmosphere. Cold ether 

(30 ml) was then added and the peptide refrigerated overnight to precipitate the 

peptide. The peptide was recovered by careful filtration and lyophilised with 40% 

acetic acid in water (v/v) (10 ml) to give 0.006 g o f crude peptide.

Preparative reverse phase HPLC at 254 nm: 5-7% acetonitrile/water and 0.1% TFA 

over 10 minutes (retention time 3.75 minutes). Recovered 0.0024g, clear oil. (Yield 

of 9.4%; 0.200 g peptidyl-resin with 0.122 mmol/g loading).

Analytical reverse HPLC at 254 nm: 5-7% acetonitrile/water and 0.1% TFA over 10 

minutes (retention time 2.86 minutes). (Refer to Appendix E) 

miz : 527 (M^"''+2, 63%) (E.SP.+). (Refer to Appendix E )

(vii) Completion of the automated synthesis of the peptide :

The rest of the peptidyl-resin was transferred back to the Milligen 9050 synthesiser 

and the synthesis completed. The sequence o f addition o f activated Fmoc-amino 

acids occurred in the sequence: Ala, Lys(Boc), four Ala, and a final Lys(Boc). The
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Standard automated cycles o f Fmoc deblocking, washing, activation o f amino acid, 

coupling and capping steps were followed. Deblocking o f N-terminal Fmoc groups 

with 20% piperidine in DMF (v/v) occurred over 5 minutes. Each Fmoc-amino acid 

(0.40 mmol) was activated by HOAt (0.0544 g, 0.40 mmol) and 0.3 M DIC in DMF 

(1.5 ml, 0.45 mmol) for 7 minutes. Coupling reactions to the peptidyl-resin required 

15 minutes and were twice recycled. Progress o f peptide assembly was continuously 

monitored spectrometrically (refer to appendix F and G). A final 5-minute capping 

with 0.30 M solution o f A-acetylimidazole in DMF completed the respective 

coupling cycle. This yielded the protected test peptide (four Boc groups present) with 

an N-terminal Fmoc in situ.

Deprotection o f the Fmoc group with 20% piperidine in DMF (v/v) (2 ml) was 

carried out with bubbling on the Merrifield bubbler for 20 minutes. This was 

followed by a thorough washing with DMF. A final acylation with the capping 

solution, by bubbling with 0.5 M acetic anhydride (1 ml, 0.50 mmol, 2 eq.)/0.125 M 

diisopropylethylamine (1 ml, 0.125 mmol, 0.5 eq.)/0.2% HOBt in DMF occurred 

over 10 minutes. This was followed by thorough rinsing with DMF (1x20 ml, 1x5 

ml). Subsequent cleavage of the peptide from the resin was completed with 95% 

TFA/water (v/v) (6x10 ml), finally washing the resin with MeOH/DCM. The cleaved 

peptide was stirred with the cation scavenger 10% triethylsilane (v/v) (6 ml) for two 

hours under an argon atmosphere. Cold ether (40 ml) was then added and the peptide 

refrigerated overnight to precipitate the peptide. The peptide was recovered by 

careful filtration and lyophilised with 40% acetic acid in water (v/v) (10 ml) to give 

0.047 g of crude peptide.

Preparative reverse phase HPLC at 215 nm: 0-7% acetonitrile/water and 0.1% TFA 

for 20 minutes (retention time 5.13 minutes). Recovered 0.011 g, white solid. (Yield 

o f 22.5%; 0.400 g peptidyl-resin with loading o f 0.122 mmol/g).
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Analytical reverse phase HPLC at 215 nm: held at 0% acetonitrile/water and 0.1% 

TFA for 10 minutes, then 0-2% acetonitrile/water and 0.1% TFA for a further 10 

minutes (retention time 3.84 minutes). (Refer to Appendix H) 

miz : 742 (M^‘*'+l, 10%) (E.SP.+). (Refer to appendix H)

Deletion sequence: Preparative reverse phase HPLC at 215 nm: 5-15% 

acetonitrile/water and 0.1% TFA for 20 minutes (retention time 7.30 minutes). 

Recovered 0.003 g (from 0.047 g of crude peptide), white solid. 

miz : 671 (M '̂"'+l, 12%) 672 (M̂ '"'+2, 8) (E.SP.+). (Refer to Appendix I for the

electrospray positive mass spectrometry results o f the crude test peptide which 

indicates the presence of both the required test peptide and the deletion sequence)

Automated Synthesis of the Control Peptide^^

Ac-KAAAAKAAAAKAAAAK-CONHj

This linear peptide was synthesised using the standard Fmoc strategy on a Ramage 

amide linker on polystyrene (Bachem) resin (loading -0.40 mmol/g). Coupling 

reagents, 0.25 M DIC and 0.25 M HOBt in DMF were used. Each deprotection [20% 

piperidine in DMF (v/v)], activation and coupling step {per amino acid) occurred 

over 1 hour. After the peptide synthesis was complete, the peptidyl-resin was 

removed from the synthesiser and washed with water, DMF and ether.

The peptide was cleaved from the resin and the lysine side chain Boc groups 

removed with 95% TFA/water (v/v) in the presence o f the cation scavenger
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triisopropylsilane for 1 hour. The peptide was then precipitated with ether. The 

peptide was filtered and lyophilised to give the crude peptide as a white solid.

Control peptide: Preparative reverse HPLC at 215 nm: 10-20% acetonitrile/water and 

0.1% TFA for 20 minutes (retention time 11.7 minutes). Recovered 0.020 g (from 

0.040 g o f crude peptide), white solid.

Analytical reverse phase HPLC at 215 nm: 0-7% acetonitrile/water and 0.1% TFA for

20 minutes (retention time 13.5 minutes). (Refer to appendix J)

miz : 476 (M̂"*", 100%) 713 (M̂ '*’, 75) (E.SP.+). (Refer to appendix J)
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Appendix A
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Appendix B

UV-based monitoring of the double coupling of amino acid (1).

NTCN
Ü5
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Appendix C

UV-based monitoring of further couplings with amino acid (1), followed by alanine, 

lysine(Boc) and alanine.

210



Linda Alexander McNamara

Appendix D

UV-based monitoring o f the Fmoc deblocking steps with amino acid (1), followed by 

alanine and lysine(Boc). The N-terminal alanine still had its N*^-Fmoc moiety in situ.

c
0

+
uV
0L
CL

QJQ
U
0
£Ll

ip vD O

< l 5 . û d
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Appendix E
The analytical reverse phase HPLC chromatogram (inset) and electropray positive 
mass spectrometry results o f the truncated sequence of the cyclic test peptide: 
Fmoc-AXAKAXAAK-CONH,. c

M
cc 

CN O n NO -JO. 
NO

d o i :

o-o
NO

lO

7
212
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Appendix F

UV-based monitoring o f further couplings with alanine and lysine(Boc) residues. 

Completion of the synthesis of the test peptide on-resin: 

Fmoc-K(Boc)-AAAA-K(Boc)-AAXA-K(Boc)-AXAA-K(Boc)-CONH2

y

0c
E

<31
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Appendix G
UV-based monitoring of Fmoc deblocking steps with amino acid (1), alanine and 
lysine(Boc) residues. The N-terminal lysine(Boc) still had its N^-Fmoc moiety in
situ. Completion of the synthesis of the test peptide on-resin:
Fmoc-K(Boc)-AAAA-K(Boc)-AAXA-K(Boc)-AXAA-K(Boc)-CONH2

® VÛ d
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Appendix H
The analytical reverse phase HPLC chromatogram (inset) and electropray positive

results of the final target test peptide:mass spectrometry
Ac-KAAAAKAAXAKAXAAK-CONH-

215



Linda Alexander McNamara

Appendix I

Electropray positive mass spectrometry results of both the crude test peptide
I I

(AC-KAAAAKAAXAKAXAAK-CONH2)
(AC-KAAAAKAAAKAAAK-CONH2).

and the deletion sequence
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Appendix J
The analytical reverse phase HPLC chromatogram (inset) and electropray positive
mass spectrometry results 
AC-KAAAAKAAAAKAAAAK-CONH2

of the control peptide:

Z  C '2 ■

0^32
iyyis

■4-

ï:

:C

â s

I N
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