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ABSTRACT 

Peptide ligands and protein receptors play critical roles in the regulation of nearly every 

biological system. However, peptides are characteristically highly flexible and thus 

identifying the basic conformational elements necessary for recognition between a 

peptide ligand and it's receptor at the molecular level remains a formidable task. Great 

emphasis in peptide research has thus focused on the determination of the receptor-bound 

conformation adopted by bioactive peptides by sjoithesizing constrained analogues of the 

peptides. Knowledge of the three dimensional interaction between a peptide ligand and a 

receptor could be invaluable in understanding bioactivity and in the design of 

therapeutics. 

To determine the bioactive conformation of our novel chimeric peptides for the opioid 

and cholecystokinin receptors, constrained analogues were designed to limit the 

conformations that the peptides would adopt. In this regard, [5,5]- and [6,5]-bicyclic 

dipeptide mimetics were designed and synthesized to constrain a dipeptide unit and by 

extension limit the flexibility of the peptide. The bicyclic dipeptide mimetics were 

synthesized from precursors obtained by the (3-alkylation of aspartic acid and from the 

Kazmaier-Claisen rearrangement reaction. A protocol for the alkylkation of aspartic acid 

with allyl bromide, benzyl bromide, and benzyl disulfide was developed. The bicyclic 

dipeptide mimetics were then introduced into the peptides whose biological activity was 

evaluated at both the opioid and cholecystokinin receptors. The peptides showed good 

binding and functional activities at the CCK receptors, but low activities at the opioid 

receptors. 
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CHAPTER 1 

INTRODUCTION 

The central goal of the research outlined in this thesis is the synthesis of constrained 

chimeric peptides that are agonists at the 5-opioid receptor and also antagonists at the 

cholecystokinin (CCK) receptor. The constraint would be effected by the design and 

syntheses of bicyclic dipeptide mimetics which would then be incorporated into the 

desired biologically active peptides. Structure activity relationship of the resultant 

peptides would aid in the elucidation of the biologically active conformation(s) of the 

peptides, the dream of all peptide chemists. In the introduction, a brief overview of opioid 

receptors and ligands, cholecystokinin, peptides, CCK/opioid chimeric peptides, and 

peptidomimetics is provided. 

1.1 Structure-activity relationships of opioids 

The enkephalin peptides, [Leu^]-enkephalin (Tyr'-Gly^-Gly^-Phe'^-Leu^-OH) and [Met^]-

enkephalin (Tyr^-Gly^-Gly^-Phe'*-Met^-OH) were isolated by Hughes and Kosterlitz from 

porcine brain. ̂ The theory of multiple subtypes of opioid receptors was proposed by 

Martin et al. and confirmed by Lord et al. who demonstrated the existence of n 

receptors in the guinea pig ileum (GPI) and 5 receptors in the mouse vas deferens 

(MVD). Both Met- and Leu-enkephalin interact with both the 5 and ^ opioid receptors 

and were found to be more potent at the 5 receptor than morphine based opiates which 

are more potent )U. agonists. 



1.1.1 Importance of N-terminal Tyr at position 1 

Early work on the structure-activity relationships of enkephalins showed great losses of 

potency when Tyr' was modified.'^ Alkylation of the amino terminal group results in loss 

of potency at the receptor and more so at the 5 receptor.^ It has been proposed that the 

free NH2 terminus (which is protonated at physiological pH) interacts with an anionic site 

on both the 5 and |j, opioid receptors.^ Addition of an amino acid at the zero position was 

also found to be detrimental as was replacement of Tyr' with other amino acids. 

1.1.2 Structure-activity relationship studies at position 2 

Numerous changes at the Gly position have resulted in analogues with increased 

potency with all the successful changes involving a D-amino acid." '^ Hambrook et 

found that the first metabolic step for enkephalins was cleavage at the Tyr-Gly peptide 

bond. Substitution of D-amino acid at the 2-position was thus expected to increase 

stability but there was also an increase in potency.'^ Interestingly, D-amino acids were 

later discovered to be naturally occurring in the amino acid sequence of the frog skin 

heptapeptide dermorphin, (Tyr-D-Ala-Phe-Gly-Tyr-Pro-Ser-NH2),''* deltorphin I (Tyr-D-

Ala-Phe-Asp-Val-Val-Gly-NHi), and deltorphin II (Tyr-D-Ala-Phe-Glu-Val-Val-Gly-

1.1.3 Structure-activity relationship studies at position 3 and 4 

The Gly^ position in enkephalins is very intolerant to substitutions.'^ On the other hand, 

there has been numerous successful substitutions at Phe'^. Aromatic residues at position 4 

are not fully required to interact with opioid receptors. The ring can be methylated, 

methoxylated, halogenated, nifrated, phenylated, or reduced to a cyclohexyl group.^'^" 
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Replacement of Phe'^ with aliphatic hydrophobic amino acids leads to improved 

21 23 selectivity for }i receptor over 6 receptor. ' Position 4 can also be substituted with other 

aromatic residues such as Trp^"^, but not with Tyr.^ 

1.1.4 Structure-activity relationship studies at position 5 

Leu^ or Met^ can be replaced with alkyl groups, esters, or alcohols which improve 

potency at |i receptor while decreasing activity at 5 receptors.^^ The carboxyl terminal is 

not necessary for activity at the )j. receptor. For a series of D-Ala^ analogues, replacement 

'7^ 97 
of the terminal carboxyl group with -NH2 or -CONH2 gave analogues that were 

more |a, active than CO2H terminal analogues. The C-terminal alcohol analogue FK33824 

(T3n"-D-Ala-Phe-Gly-NH2) was found to be more active at the receptor than Met-

enkephalin.^' 

1.1.5 Cyclic analogues of enkephalins 

28 Cyclization greatly decreases the available degrees of conformational freedom. 

Appropriate conformational constraints will restrict a residue or group of residues to a 

sufficiently small region of conformational space that when the peptide interacts with its 

receptor or some other acceptor molecule (enzyme, carrier protein, etc.), the 

conformation seen in solution will remain due to the high activation energy or free energy 

needed to change that conformation. Cyclic analogues have recently been employed to 

help elucidate the conformational requirements, in particular the topographical 

arrangement of the side chains, for the opioid receptors. Side chain to C-terminal and side 

chain to side chain cyclic lactam analogues of enkephalin have been shown to be potent 

and selective for the |i receptor.Potent 5 opioid receptor selective cyclic enkephalin 
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analogues were developed by side chain to side chain disulfide bridges. These analogues 

were generally substituted with D-Cys and D- or L-Cys residues. More active 

analogues were obtained by substitution with Pen and/or D-pen residues at positions 2 

and Cyclic lathionine analogues have also been shown to have high potency at both 

|a and 6 receptors.^^'^^ 

1.2 Cholecystokinin 

Cholecystokinin (CCK) is a gut-brain peptide that exerts a variety of physiological 

actions in the gastrointestinal tract and central nervous system through cell surface CCK 

receptors. It was first isolated from the porcine duodenum as a 33 amino acid peptide.^^ A 

number of biologically active variants were subsequently described and the most 

abundant peptide present in the brain was shown to be the sulfated C-terminal 

octapeptide amide [CCK26-33 or CCK-8, H-Asp^''-Tyr(S03H)^^-Met^^-Gly^'^-Trp^''-Met^'-

Asp^^-Phe^^-NH2).^^ CCK-8 has been shown to be involved in numerous physiological 

functions such as feeding behaviour, central respiratory control, and cardiovascular tonus, 

vigilance states, memory processes, nociception, emotional and motivational responses. 

CCK is closely related to the gastrin family of peptides, and also to the naturally 

occurring decapeptide caerulein (CRL), which all share a common C-terminal amino acid 

40 sequence. 

Gastrin-1 pGlu-Gly-Pro-Trp-Leu-Glu-Glu-Glu-Glu-Glu-Ala-Tyr-Gly-Trp-Met-Asp-
Phe-NH2 

Caerulein Glp-Gln-Asp-Tyr-Thr-Gly-Grp-Met-Asp-Phe-NHa 

Table 1.1 Gastrin-1 and Caerulein peptides 



CCK receptors are divided into two subtypes, namely, CCK-A and CCK-B receptors 

(also denoted CCK-1 and CCK-2, respectively) both belonging to the class of G-protein 

coupled receptors characterized by seven trans membrane I domains."^' CCK-A receptors 

are located mainly in the periphery but are also found in some regions of the brain,''^"'*^ 

while CCK-B receptors are predominantly located in the central nervous system (brain 

and spinal cord), but also are found in the stomach and vagus nerve (the longest of the 

cranial nerve)."^ Studies with selective CCK receptor antagonists have revealed that 

although both CCK-A and CCK-B may exist in the brain, CCK-B receptors predominate 

in the spinal cord of rodents whereas the CCK-A receptor subtype predominates in 

primates.CCK-8 is the minimal sequence necessary for full activation of the CCK-A 

receptor, whereas for the CCK-B only the C-terminal tetrapeptide is required. 

Considerable interest is devoted to the pharmacology of CCK-B receptors since 

administration of selective agonists produces behavioral changes such as anxiety, 

pertubation of memory, and hyperalgesia. Dysfuctioning of CCK-B related neural 

pathways could also be involved in neuropsychiatric disorders. Accordingly, CCK-B 

antagonists have been shown to block panic attacks induced in humans by systematic 

administration.'^^ 

1.2.1 Structure activity relationstiip for choiecystokinin 

It has been demonstrated that replacement of both Met^^ and Met^' residues by the 

isosteric amino acid norleucine (Nle) provides CCK analogues with virtually identical 

activities as CCK-8.'^^'^^ This modification allows for an efficient synthesis of CCK 

analogues since side reactions associated with methionine are avoided. These analogues 
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should also be resistant to enzyme degradation. Replacement of Met^' in the C-terminal 

tetrapeptide of CCK with Lys(NH'^CONHR) reversed subtype selectivity and led to the 

discovery of a highly potent CCK-A agonist.^" Unsulfated analogues containing N-

methylnorleucine (N-MeNle) substitutions at positions 28 and 31 were shown to have 

exceptional potency and selectivity for CCK-B receptors/^ 

Truncation studies have shown that Trp^" is an important residue for interaction with 

either the CCK-A or CCK-B receptor.^Substitution of Trp^*^ with D-Trp, Nal(l), N-

MeTrp, and P-methyl tryptophan resulted in compounds with less potency. The N-

terminal amino group of CCK-7 is not important for cholecystokinin activity,^'* and 

similarly, the N-acetyl derivative of CCK-7 shows the same potency as CCK-8 in the 

pancrease amylase release test.^^ Structure-activity work with Ac-CCK-7 suggests that 

requirements for potent agonist activity includes an intact C-terminal carboxamide,^*' an 

a r y l -  o r  c y c l o a l k y l a l a n i n e  i n  p o s i t i o n  S u b s t i t u t i o n  o f  A s p ^ ^  b y  a l a n i n e , P -

alanine,*'®'^' P-aspartic acid,*'^ or glutamic acid''' leads to decreased CCK-A potency, 

whereas substitution by a sulfated serine, threonine, or hydroxyproline gave fully active 

analogues.^^ In the latter case, the hydroxyproline may act to stabilize a preferred 

conformation. It has also been shown that the Asp^^ plays a conformational role rather 

than mediating binding to the CCK-A receptor through a charge-charge interaction.^'^ 

It has been reported that the main metabolic cleavage sites of CCK-8 is between Gly-Trp 

or Trp-Met dipeptide residues. In order to increase enzymatic resistance, the Trp and Met 

amino acids were substituted with their D enantiomers while Gly was substituted with D-



alanine. These resulted in loss of potency except for the analogue containing D-Ala 

which retained some activity and led to prolonged in-vivo activity. 

1.2.2 Cyclic analogues of CCK peptides 

CCK-8 was found by NMR to exist preferentially under folded form in aqueous solution 

with a proximity between Asp' and Gly"^.^^ This property was used to synthesize cyclic 

peptides through amide bond (lactam bridges) formation between Asp' or a-, p-Glu' and 

Lys'' side chains to give highly potent and selective CCK-B agonists.^^ CCK-4 was also 

found to adopt a folded conformation and some cyclic analogues have been synthesized. 

These CCK-4 analogues contain in place of Trp-Met residue dipeptide a diketopiperazine 

moiety resulting from a cyclization between Nle and N-substituted (D)Trp residues and 

coupled with a small linker to Asp-Phe-NHi.*'' 

1.3 CCK involvement in pain modulation 

CCK has been found in regions of the brain known to be associated with pain 

modulation, for example the cortical grey matter, PAG, ventromedial thalamus and spinal 

dorsal hom.^^ CCK has also been shown to co-exist with a substance P-like peptide in the 

ICS 71 
spinal ganglia and in the mid brian PAG. " Substance P has been shown to function as 

a neurotransmitter and/or modulator in synaptic transmission between primary afferent 

fibres and neurons within the spinal cord.^^ Willets et alP demonstrated that in rat dorsal 

horn, a majority of neurons within the spinal cord excited by substance P could also be 

excited by CCK-8, suggesting a common mechanism. In addition, it has been reported 

that CCK-containing neurons located in the Edinger-Westphal nucleus of the PAG 

responds with increased firing and, on occasions, depolarization blockade to noxious 



stimuli/'' The spontaneous firing and noxious stimulation-induced firing of these neurons 

was suppressed by systematically injected morphine. It has been shown that 

administration of CCK reduces morphine analgesia which could be attributed to an 

independent hyperalgesic induction effect for CCK.^^ CCK does not itself show 

hyperalgesia meaning it is not a pro-nociceptive effect. It has been concluded that 

exogenous CCK attenuates analgesia induced by morphine or release of endogenous 

opioids. However conflicting results emerge from these studies. Zetler/^ BarbazJ^ and 

•yy IQ Id 
Hill suggest an indirect opiate-mediated analgesic effect of CCK, whereas Paris 

suggests an opiate antagonistic effect of CCK. The differences could be attributed to the 

fact that large doses of CCK induce a 'pharmacological' analgesia whereas small doses 

of the peptide produces a physiological antagonism of opioid analgesia that are specific 

to the sulfated octapeptide form. Furthermore, endogenous CCK may be a factor in 

determining the magnitude of the opioid analgesic response, acting in the short-term as a 

negative feedback modulator of opiate action. 

Studies using proglumide (4-Benzamido-N,N-dipropylglutaramic acid), a weak, non

selective, CCK antagonist, supports the observation that endogenous and exogenous CCK 

attenuates morphine analgesia. Proglumide was also shown to attenuate morphine 

tolerance^^ and potentiated the analgesic effect of P-endorphin.^'^ It has also been 

demonstrated that concomitant administration of proglumide and transcript, a weak CCK 

antagonist, with morphine over a period of time enhances the analgesic effects of the 

opiate. Furthermore, proglumide and benzotript inhibited the development of morphine 

tolerance, but had no effect on opioid dependence. " MK-329, a potent and selective 



23 

CCK-antagonist has also been shown to enhance morphine analgesia but does not block it 

at high doses as is the case with proglumide.^^ This would suggest that tolerance may, in 

part, result from a progressive compensatory increase in the activity of CCK systems in 

response to prolonged opiate administration. This would imply that blockade of CCK 

receptors by CCK antagonists may reverse or prevent the development of opiate tolerance 

in patients. 

1.4 Overlapping pharmacophores of opioids and cholecystokinin 

Biophysical studies have suggested that unsulfated C-terminal CCK-7 might have 

biological activity at opioid receptors.^^ Computational studies of CCK-7 and [Met^]-

enkephalin showed similarities in structure. The aromatic moiety of Tyr' in [Leu^]-

enkephalin can be aligned with the Tyr residue of CCK-7. Similarly, the side chain of 

P h e " ^  i n  [ L e u ^ ] - e n k e p h a l i n  c a n  b e  a l i g n e d  w i t h  t h e  i n d o l e  r i n g  o f  T r p  i n  C C K - 7 . S e v e r a l  

modeling studies have suggested similarities between the proposed biologically active 

conformation between CCK and opioid ligands.^^ Examination of these proposed 

bioactive conformations demonstrated topographical similarities of the surfaces of the 

aromatic side chain residues suggesting that, at least in part, 5-opioid receptors and CCK-

B receptors have overlapping structural and topographical requirements.^" 

1.5 CCK/opioid chimeric peptides 

Interactions between opioid peptides and CCK-8 in regulation of pain pathways are 

supported by evidence from a number of laboratories.^^'^'"^^ However, the mechanism by 

which CCK-8 affects nociception is not completely understood. CCK-8 has been 

proposed to be an anti-opioid peptide,^'*'^^ to release endogenous opioids,^^'^^ and to have 



intrinsic antinociceptive activity.^^ A synthetic CCK-8 analog, SNF-9007 (Asp-Tyr-D-

Phe-Gly-Trp-N-MeNle-Asp-Phe-NH2) was found to be a potent and selective agonist at 

the CCK-B receptor but also had a weak affinity but robust agonist activity at the delta 

opioid receptor.^^ Modelling studies of SNF-9007 showed an agreement between the 

receptor bound conformation of CCK-B ligands with delta opioid receptor template 

model based on DPDPE.^^ Efforts were then put into synthesizing analogues of SNF-

9007 that have a mixed delta and mu binding affinity and a more balanced binding 

affinity for the CCK-A and CCK-B receptors. 

It is well known that the N-terminal tyrosine is important for potency at the opioid 

receptors. To improve the delta opioid receptor potency, the Asp*^ was removed to give a 

nanomolar agonist at the 5 opioid receptor while also retaining high selectivity at the 

CCK-B receptor.'"" It has also been established that the second amino acid in opioid 

ligands should either be a glycine or a D-amino acid residue." '^ When Gly was 

substituted for D-Phe in SNF-9007, a weak delta and mu opioid receptor agonist, and a 

very weak CCK agonist was obtained. When the Gly^ was replaced by D-Ala^, 

bioactivity at the MVD and GPI improved slightly and interestingly, the compound 

showed a weak antagonist activity in the CCK assay. The analogue containing Dphe^, 

DTrp"* and NmeNle^ had good bioactivity in all three bioassays. 

Cyclic disulfide analogues with substitutions of D-Cys or D-Pen in position 2 and L-Cys, 

D-Cys, or D-Pen in position 5 displayed selectivity for the 5 opioid receptors and 

antagonist activities against CCK-8 in tissue assays.'"' Substitution of D-Trp'^ in these 

cyclic disulfide analogs led to significant losses in activity. Lactam analogues obtained 
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by substituting L-Lys or D-Lys and Glu or D-Glu gave analogues that were agonists at [i 

opioid receptor as well as antagonists at the CCK-8 receptor. The CCK-8 antagonist 

maintained. However, the lactam and disulfide analogues did not have any competitive 

binding affinities at the human CCK-A and CCK-B receptors. 

1.6 Peptides 

Proteins and peptides are formed by a series of amino acids linked together by amide 

bonds (Figure 1.1). They are involved in numerous physiological processes as 

neurotransmitters, neuromodulators, hormones, inhibitors, antibiotics, growth factors, 

cytokines, antigens, etc. 

Figure 1.1 General structure of amino acid and peptide 

Although numerous native peptides have great potential for medical applications, these 

peptides generally have to be modified to overcome certain problems, such as 

degradation by peptidases, nonselectivity for different receptors and receptor subtypes, 

and their limited permeation across biological membranes. Since the biological functions 

of peptides are determined by their chemical, structural, conformational, topographical 

and dynamic properties, different approaches have been designed to study these 

parameters. The conformation of peptides and proteins can be described by their 

backbone conformation and side chain conformations. The backbone conformations are 

activity was increased when D-Trp"^ was substituted while the opioid agonist activity was 

O 
a-amino acid i -1 i + 1 
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characterized by three dihedral angles (j), \\i, and co (Figure 1.2). The side chain 

• 12 conformations are characterized by the dihedral angles % , % etc. 

C 

x'VA 

H (j) 

o 

i-1. 

i-1 

o 

H 

CO 

i+1 

i+1 

1 2 Figure 1.2 Definition of (j), \|/, to, % , % dihedral angles 

1.6.1 Peptide secondary structures 

a-Helixes, p-sheets, P-tums and y-tums and extended conformations are the common 

secondary structures in peptides and proteins. The preference of p-tums and y-tums, 

1 09 1 fl"? 
which have often been implicated as recognition elements, ' has led to an intense 

search for templates that mimic these stmctures."^'^'''^^ A P-tum consists of four amino 
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acid residues i to i + 3 leading to a reversal in the backbone direction, with amino acid 

residues i + 1 and i + 2 found in the two comers of the turn. A C=0 HN hydrogen bond 

between the i and i + 3 residues respectively, stabilizes almost all of this turns forming a 

1 A-l 
10-membered intramolecular hydrogen-bonded ring. Up to eight different subtypes and 

their mirror images have been reported based on the dihedral angles, (|) and \\f, of the i + 1 

and i + 2 amino acid residues(Figure 1.3). The definition of the most common p-

tums (types I, II and their mirror images I' and IF respectively) requires that the amide 

bonds reside in the trans orientation and that the distance between the a-carbon and the i 

and i + 3 residues be <7 For a specific turn, the deviation of the dihedral angles 

should not be larger than 20°. 

R2 
A \ -.1 H ^'t>3 ^"^3 

Turn <l>2 l|/2 4>3 Vj/3 

Type degrees 

1 -60 -30 -90 0 
I' 60 30 90 0 
II -60 120 80 0 
11' 60 -120 -80 0 
III -60 -120 -80 0 
III' 60 30 60 30 
V -80 80 80 -80 
v' 80 -80 -80 80 

Figure 1.3 Different types of P-tum 

1.6.2 Peptidomimetics 

To elucidate the contribution of reverse-tums to the bioactive conformation of a minimal 

bioactive sequence, which otherwise is highly flexible, and to enhance and select for a 

specific profile of pharmacological activity, rigidified reverse-tum mimetics (otherwise 

called peptidomimetics) have been developed. As defined by Hmby; 109 
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A peptidomimetic is an organic molecule, such as a peptide analog or nonpetide ligand, 

that interacts with receptor or acceptor in a similar manner as the native peptide/protein 

ligand to affect the same biochemical (biological) activities. In the parlance of medicinal 

chemistry, both peptidomimetics and native ligands/proteins should share common 

pharmacophore elements. 

In our laboratories, there is an impetus to design and synthesize P-tum mimetics for the 

opioid, CCK, and melanorcotin receptors. In general, P-tum mimetics can be classified as 

either external or internal mimetics depending on the support, which can be either outside 

or inside the P-tum^^° (Figure 1.4). These peptidomimetics are potential conformational 

probes enabling biological activity to be more effectively correlated with stmcture, and 

prospective therapeutics overcoming drawbacks such as proteolytic susceptibility and 

poor bioavailability, typical of many important bioactive peptides. 

Figure 1.4 External and intemal P-tum mimetics 

One goal in P-tum peptidomimicry is to stabilize the relevant dihedral angles in the turn 

so they fall within the ranges appropriate for the sought after tum. A common strategy for 

P-tum peptidomimicry is to replace the i + 1 and i + 2 residues of the tum with a scaffold 

Extemal P-tum mimetics Intemal P-tum mimetics 

'—(j SupporTlJ— 

Ri+1 I Support R'^ o r'+2 



to stabilize the turn. This type of scaffold best serves its purpose if it provides sites for 

attaching side chain-like appendages, positions an amide bond in the central dipeptide 

and possesses an amine and carboxylic acid groups so the scaffold may be incorporated 

into a peptide chain in place of the putative turn residues. Mimetics where the stabilizing 

hydrogen bonds in |3-tums and y-tums have been substituted with covalent bonds' as 

well as mimetics enhancing the reverse turn propensity of a peptide have been 

developed.Residue substitution in the parent peptide for example the use of N-

methyl, dehydro-, a-methyl-, or D-amino acids to enhance the turn population has been 

reported.'^' There are also a variety of methods that incorporate short-range cyclizations, 

which are called heterodetic cyclizations, into a peptide sequence by connecting amino 

acid side chains to form amide and ester linkages, or disulfide bridges. Other cyclizations 

that attach amino acid side chains to the peptide backbone have been used in the 

121 122 synthesis of peptidomimetics. " Several cyclic and bicyclic dipeptide analogues 

intended to stabilize the peptide in a reverse turn have been reported(Figure 1.5). 

Among these, the 5,5-bicyclic dipeptide mimetic i was designed as a type II P-tum 

mimetic'^^ and the 6,5-bicyclic dipeptidomimetic BTD ii as a type IF P-tum mimetic. 

125 A [7,5]-bicyclic dipeptide iii has been proposed to represent many different P-tums 

depending on the different chiralities on the ring and the different amino acids in the 

sequence.'^*' An S-spirolactam iv was suggested to replace a type II P-tum, while a 

spirotricycle was thought as the best mimic of a type II P-tum.Other types of 

bicyclic structures have been designed as P-tum mimetics, such as azobicyclic[4.3.0]-

alkane v for type IF and cyclooctapyrrole vi for type VI P-tum'^^"'^'' and tricyclic vii type 
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II P-tum.'^' Bicyclic tripeptide mimetics viii and ix were designed and synthesized for 

incorporation into angiotensin 11.'^^ Some of the bicycHc dipeptide mimetics have also 

been introduced into peptides.However, it is interesting to note that most of these 

P-tum mimetics do not have the side chain groups found in most natural a-amino acids. 

H O boNHCH 

Figure 1.5 Examples of bicyclic p-tum mimetics 
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CHAPTER 2 

DESIGN AND RETROSYNTHETIC ANALYSIS FOR BICYCLIC DIPEPTIDE 

MIMETICS 

2.1 Introduction 

The development of novel |3-tum mimetics has drawn significant attention in 

peptidomimetic design. Two reviews on the design and synthesis of bicyclic dipeptide 

mimetics has been provided by Lubell and Hanessian.*'^^"''^^ Our group has focused on the 

synthesis of external P-tum mimetics in which both backbone conformation (cj) and vj/ 

1 2 angles) and side chain conformations (x and x ) are constrained (Figure 2.1). In our 

design, n could be 0, 1, and 2 representing [5,5], [6,5] and [7,5]-bicyclic dipeptide 

mimetics respectively. X could be CH2, O or S making this approach more versatile from 

a synthetic point of view. 

Figure 2.1 Retrosynthetic analysis of bicyclic P-tum dipeptide 

In our group, asymmetric synthetic methodologies towards the scaffolds for [5,5]- and 

[6,5]-bicyclic dipeptides have been developed (Figure 2.2). The [5,5]-bicyclic dipeptides 

oyW*-

n = 0,1,2 
X = CH2, S, O 
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are synthesized from y,S-unsaturated amino acids while the syntheses of the [6,5]-

analogues employs 5,8-unsaturated amino acids. 

PGHN 

COpM© 

PGHN 

CO2M© 

PG = protecting group 

HS. 

HgN^COsH 

HS. 

HgN'^^COaH 

R, H 

O COpM© 

PGHN'^f 
O COaMe 

Figure 2.2 Synthetic strategy for [5,5]- and [6,5]-bicyclic dipeptide mimetics 

A synthetic methodology for the synthesis of the all-carbon backbone (indolizidinone) 

[6,5]-bicyclic dipeptides from analogues of 3, 5- or y, 5-substituted prolines also has 

been developed (Figure 2.3).^ 

R2 

147-149 

M6O2G 

CbzHN 
Boc CO9R 

N- CbzHN 
CO2R Boc CO2R 

Figure 2.3 Design of indolizidinone bicyclic dipeptide mimetics 

2.2 Design and retrosynthetic analysis of bicyclic dipeptide mimetics 

In the synthesis of constrained CCK/Opioid chimeric peptides that incorporate bicyclic 

dipeptide mimetics two peptides; Tyr-D-Phe-Gly-Trp-Nle-Asp-Phe-NHa and Tyr-Nle-

Gly-Trp-Nle-Asp-Phe-NHa (RSA501) were chosen as the lead compounds. A bicyclic 

dipeptide mimetic for homoPhe-Gly 1 was designed to be substituted for the D-Phe in 

Tyr-D-Phe-Gly-Trp-Nle-Asp-Phe-NH2- A bicyclic dipeptide mimetic for Nle-Gly 2 was 
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also designed to be substituted for Nle-Gly dipeptide unit in Tyr-Nle-Gly-Trp-Nle-Asp-

Phe-NH2 (Figure 2.4). 

BocHN' 

2 

BocHN 

1 

Figure 2.4 Bicyclic dipeptide mimetics for homoPhe-Gly and Nle-Gly. 

Retrosynthetically the two compounds can be obtained from p-substituted aspartic acid or 

P-substituted y,5-unsaturated amino acids (Figure 2.5). 

BocHN BocHN 

R = benzyl, n-propyl 

Figure 2.5 Retrosynthetic design for dipeptide mimetics 

fsl 

It has been shown that CCK-4 adopts a folded conformation. To introduce such a turn at 

the C-terminal of our target peptides a Nle-Asp bicyclic dipeptide mimetic 3 was 

designed to be substituted for the Nle-Asp dipeptide unit in Tyr-Nle-Gly-Trp-Nle-Asp-

Phe-NH2 (Figure 2.6). 

CbzHN 
C02Bn 

3 

Figure 2.6 Bicyclic dipeptide mimetic for Nle-Asp dipeptide unit 
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This compound can be derived by elaboration of 6-allyl substituted ydroxy analogues 

which can be obtained from P-allyl substituted aspartic acids (Figure 2.7). 

H MeOoC 
Vie 

Figure 2.7 Retrosynthetic analysis of a Nle-Asp bicyclic dipeptide mimetic 

As has been described above, our design is based on P-substituted Y,6- and 5,8-

unsaturated amino acids. These can be obtained by alkylation of aspartic acid, by the 

K a z m a i e r - C l a i s e n  r e a r r a n g e m e n t ' " ^ ' ^ '  a n d  v i a  a  N i c k e l - I I  c h i r a l  a u x i l i a r y . I n  

this chapter, a discussion on alkylation of aspartic acid and the Kazmaier-Claisen 

rearrangement, the methods employed in this research, are discussed. 

2.3 Synthesis of P-substituted y,5- and 6,s-unsaturated amino acid 

The synthesis of y,5-unsaturated amino acids has received much attention in recent years 

not only because they occur naturally but also because they are used in the synthesis of 

complex amino acids and peptides. Examples of y,5-unsaturated amino acids includes the 

isoleucine antagonist cyclopentenylglycine x and the antibiotic furanomycine xi'^'^ 

(Figure 2.8). Unsaturated amino acids are also important intermediates for the synthesis 

of functionalized amino acids and have been used as asymmetric synthetic building 

blocks."'" The terminal double bond is a precursor in organic synthesis which can be 

CbzHN 
CbzHN 

C02Me 
C> BocHN 

CO2CH3 
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converted to hydroxy!, oxo, carboxyl, epoxy, and amino a-amino acids.They have 

also been used in cyclization of peptides via ring closing metathesis. 

HgN GO2H HgN UO2H 

X xi 

Figure 2.8 Examples of y,5-unsaturated amino acids 

2.3.1 Alkylation of aspartic acid 

Alkylation of aspartic acid is a concept that has been examined in detail in the recent 

literature.Treatment of aspartic acid with lithium di-isopropylamide (LDA), or 

lithium hexamethyldisilazide (LHMDS) in tetrahydrofuran at -78°C, followed by 

warming to -30°C, recooling to -78°C and adding the electrophile results in the formation 

of P-alkylated products in 50-60% yields. No products resulting from a-deprotonation 

were observed. Rapoport et al. used 9-phenylfluorenyl-9-yl, a large N-protecting group 

to suppress a-deprotonation. Diastereomeric ratios and yields for these alkylations 

depend on the ester identity, the reactivity of the electrophile, and the base used. 

Alkylation with alkyl halides gives low yields, while alkylation with bis-electrophiles 

gave no products. On the other hand, alkylation with activated electrophiles like allyl 

bromide and benzyl bromide proceeded with good yields. The diastereomeric ratios were 

found to depend on the ester identity at both the a- and |3- carboxyl groups. Potassium 

hexamethyldisilazide (ICHMDS) and the corresponding lithium antiide (LHMDS) were 

found to give opposite diastereoselectivity. Trapping studies using TMSCl showed that 
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the potassium and Hthium enolates were different giving two distinct silyl ketene acetals 

(Figure 2.9). 

Figure 2.9 Silyl ketene acetals 

From these results KHMDS forms an E-enolate while the lithium analogue forms a Z-

enolate. It has been reported that (Z)-lithium ester enolates are significantly more reactive 

than the corresponding (E)-lithium ester enolates. The facial selectivity of electrophilic 

attack can be explained by a novel type of enolate-ester chelation that is controlled by 

enolate geometry. For the LHMDS/THF system, the Z-lithium enolate (Figure 2.10), in 

which the OM"^ cannot form a cyclic chelate because of its (E)-geometry, assumes a 

hydrogen-in-plane conformation that is attacked opposite the bulky nitrogen. The (Z)-

potassium enolate, although significantly less reactive, selectively provides the opposite 

stereoselectivity. This can be explained by the fact that for the (Z)-potassium enolate, the 

alkylation is determined by a preference for a-ester chelation by the counterion of the 

enolate oxygen atom, giving a cyclic chelate that the electrophile attacks preferentially 

opposite the bulky protected nitrogen group. North et al. has also proposed the 

diastereoselectivity observed is due to the formation of a chelated enolate (Figure 

OTMS 

OTMS PhFIBnN PhFIBnN 

H H 
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E-

AI .OLi H t 

r 
,aOR 

Z-Lithium ^-potassium 

ROoA NR2)^o-K 
RO 

E^ 

Figure 2.10 Transition state for alkylation of aspartic acid 

OMe 

9 ^ 1  
^'~~N^C02'Bu 

BnO OLi 

Figure 2.11 Chelated enolate intermediate 

When the method reported by North et al. was applied to the N'^-Boc aspartic acid 4a, the 

reaction would not go to completion necessitating the development of a modified 

procedure. The protected amino acid was dissolved in THF and cooled to -42°C. LHMDS 

followed by HMPA were then added and the mixture stirred for 30 min before adding the 

electrophile. When the electrophile was allyl bromide, two products (5a and 6a) in a total 

yield of 57% and a ratio of 3:1 were obtained after purification by flash column 

chromatography (Scheme 2.1). The major isomer was found to be the (2S, 3R) isomer 5a 

o n  N M R  a n a l y s i s  o f  t h e  f i n a l  b i c y c l i c  d i p e p t i d e ,  i n  a g r e e m e n t  w i t h  l i t e r a t u r e . W h e n  

4b was subjected to the same reaction condition, a yield of 62%) and a ratio of 4:1 in 

favor of the (25", 3R) isomer 6a was obtained. The difference in yield and diastereomeric 

ratio is as a result of the different ester protection used. 
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BocHN 

COzR^ 

,2 1.LHDMS/HMPA 

2. Allyl bromide 

BocHN 

COsR^ 

BocHN 
Y^COjR^ 
/^n D1 

4a R'' = CH3, = Bn 

4b = Bn, R^ = CH3 

5a R^ = CH3, r2 = Bn 

5b R^ = Bn, r2 = CH3 

CO2R' 

6a R'' = CH3, r2 = Bn 

6b R^ = Bn, r2 = CH3 

Scheme 2.1 Alkylation of aspartic acid with allyl bromide 

In case of alkylation with benzyl bromide, only one p-benzyl substituted aspartic acid (7a 

or 7b) was isolated after column chromatography (Scheme 2.2). Cbz protected aspartic 

acid 4c could also be alkylated to give p-benzyl substituted aspartic acid in 70% yield. 

However the alkylation is done at -78°C otherwise a lot of a-alkylated aspartic acid is 

obtained. 

Scheme 2.2 Alkylation of aspartic acid with benzyl bromide 

The acidity of the a-hydrogen of amino acids can be lowered by protection of the a-

and is easily regenerated under mild acidic conditions. Ortho esters can be prepared irom 

n i t r i l e s ,  i m i d o  e s t e r s ,  o r t h o  e s t e r  e x c h a n g e  o r  d i r e c t l y  f r o m  c a r b o x y l i c  a c i d s . T h e  

ester of 3-methyl-3-hydroxymethyloxetane rearranges in the presence of BF3.0et2 to give 

bridged ortho esters (Figure 2.12). Coordination of the oxetane ester xii with lewis acid 

forms xiii which induces heterolysis of the dioxetane C-0 bond with ester carbonyl 

,2 1.LHDMS/HMPA BocHN BocHN 

4a R'' = CH3, r2 = Bn, R^ = Boc 

4b R^ =Bn,R2 = tBu,R^ = Boc 

4c R^ = Bn, r2 = tBu, R^ = Cbz 

7a R'' = CH3, r2 = Bn, R^ = Boc 

7b R^ = Bn, r2 = tBu, R^ = Boc 

7c R'' = Bn, R^ = tBu, R^ = Cbz 

171 carboxyl group as an ortho ester. The ortho ester is stable to strongly basic reagents 
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participation to give zwitterions xiv that collapses to give the ortho ester xv. The 3-

methyl-3-hydroxyl oxetane ester of aspartic acid 10 was easily converted to the ortho 

ester 11 in 70% yield after exposure to BFs.OEti. Alkylation of the ortho ester 11 with 

benzyl bromide in the presence of LHMDS and HMPA gave ^-alkylated aspartic acid 

analogue 12 in 61% yield. 

XV 

Figure 2.12 Mechanism for the formation of ortho ester 

BocHN 

DMAP 

BocHN 
1. LHMDS/HMPA BocHN 

11 12 

Scheme 2.3 Alkylation of ortho ester protected aspartic acid 

2.3.2 Kazmaier-CIaisen rearrangement reaction 

In 1975, Steglich et al. described the thermal Claisen rearrangement of N-benzoyl-a-

amino acid allyl esters on treatment with a dehydrating agent such as phosgene in which 

a 5-allyloxazole intermediate was formed.As a result of the fixed olefin geometry 
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in the oxazole ring, and a strong preference for the chair-like transition state, the 

diastereoselectivity for these reactions is very high (Figure 2.12). However, this 

methodology is limited to N-benzoyl amino acid esters (and related aromatic or 

heteroaromatic N-acyl derivatives), because other common N-protecting groups like 

carbamates do no allow formation of the oxazole. Barlett et al. investigated the Ireland-

Claisen rearrangementof N-acylated glycine allyl esters in detail.'^" This method 

offers great flexibility with respect to variation of the protecting group. In the 

rearrangement of crotyl esters syn selectivity, which can be explained by the formation of 

an (E)-Lithium enolate and its chelation by the anionic acylamide a-group, was observed. 

However, the diastereoselectivity of the rearrangement strongly depends on solvent, base, 

N-protecting group, and the substitution of the allylic ester moiety.Similar chelate-

bridged enolates have also been postulated in sigmatropic rearrangement of a-alkoxy-

substituted allyl esters.Corey and Lee have also described an asymmetric boron 

enolate variant of the Claisen rearrangement.'^^ All these procedures for the Claisen 

rearrangement of ester enolates of a-amino acid allyl esters make use of the Ireland 

187 silylketene acetal variant. Atttempts to rearrange lithiated glycine allyl esters directly 

leads to decomposition of the lithium enolates, since the rearrangement occurs at high 

temperatures. 
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, NaOH 
Pyridine 

N ^ .0 N . ,0 r 
Oxazole rearrangement 

R U 

Ph' N 

^ '"V-COzSiMea 

LDA 
MeOH 

OSiMeg 
Ph' 

Ireland-Claisen rearrangement 

Figure 2.13 Oxazole and Ireland-Claisen rearrangements 

To improve the stability of the enolates, Kazmaier used metal chelated enolates'^'^"'^^ that 

also are superior to sillylketene acetals, both in terms of their reactivity and selectivity. 

Due to the fixed enolate geometry, as a result of chelate formation, the rearrangement 

proceeds with high degree of diastereoselectivity, independent of the substitution pattern 

and the protecting groups on nitrogen. The nitro group must however be monoprotected 

as a Cbz, Boc or TFA since no rearrangement is observed with tertiary amino group or N-

phthaloyl protected amino acids. Many different metal salts (ZnCh, MgCb, EtAlCla, 

SnCl2, Al(OiPr)3, C0CI2 etc.) can be used for chelation but the best results are obtained 

with ZnCla-^'^ When E-allyl ester is used in this reaction, only the ^yw-product is 
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generated in high diastereoselectivity (95% ds), resuhing from a preferential 

rearrangement via a chair-like transition state A (Figure 2.12). In the chair-like transition 

state, sterical interactions between the pseudoaxial hydrogen and the chelate complex in 

the boat-like trasition state are avoided. When Z-allyl esters are used in this 

rearrangement, a diastereomeric mixture will be formed since the chair-like transition 

state B that is formed is competitive with a boat-like transition state C. The lower 

diastereoselectivity may result from the interactions of the cw-oriented side chain and the 

chelated enolate destabilizing the chair-like transition state. 

R 

N--PG 

Ov, 

a  ̂
Zn 

CI CI 
B 

N—PG 

R 

GPHN 
R 

GPHN, 

CO2H 
syn-product 

CO2H 
anti-product 

Figure 2.14 Transition state in Kazmaier-Claisen rearrangement 

The Kazmaier-Claisen rearrangement described is highly diastereoselective but not 

enantioselective. A number of strategies have been studied for an asymmetric 

rearrangement. 153 
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2.4 Experimental 

General 

and NMR spectra were recorded on Bruker DRX 500 and DRX 600 

spectrometers. The chemical shifts were expressed in ppm (5) downfield from 

tetramethylsilane (TMS) as an internal standard. X-ray crystallography was conducted at 

the Molecular Structure Laboratory, Department of Chemistry, University of Arizona. 

Mass spectrometric analysis were conducted by Mass Spectrometry Laboratory, 

Department of Chemistry, University of Arizona. Optical rotations were measured on a 

JASCO PI020 polarimeter. Column chromatography was performed with 200-400 silica 

gel from EM Science. Thin layer chromatography was performed with Kodak F-254 

silica gel plates. Dichloromethane was distilled from CaHi and THF from potassium and 

benzophenone under Argon atmosphere. All chemicals were purchased from Aldrich 

Chemical Company and used as received while Aspartic acid was purchased from 

Calbiochem-Novabiochem Corporation. Melting points are uncorrected and were 

obtained in open capillaries. Ozone was generated from an ozone generating machine 

from Dr. Eugene Mash laboratories, University of Arizona. 

General alkylation of aspartic acid 

In a 100-mL flask, a-methyl p-benzyl N'^-tert-butoxycarbonylamino-(/S)-aspartate 4a (2.3 

g, 6.82 mmol) was dissolved in 10 mL THF and cooled to -42''C. Lithium 

bis(trimethylsilyl)amide (LHMDS), (IM solution in THF, 15.0 mL, 15.0 mmol) followed 

by hexamethylphosphoramide (HMPA) (0.7 mL, 4.02 mmol) were added and the mixture 

stirred at -42°C for 30 min before adding allyl bromide (0.8 mL, 9.24 mmol). The 



mixture was stirred for a further 4 h, and 20 mL saturated aqueous NH4CI (20 mL) added. 

The mixture was warmed up to room temperature and the THF evaporated off. The 

product was redissolved in DCM (50 mL) and washed by saturated aqueous NH4CI (2 x 

50 mL) and brine (60 mL). The organic layer was dried over MgS04, and the solvent 

evaporated off. After purification on a silica gel column with hexane-ethyl acetate (10:1 

v/v), two colorless liquids (1.1 g of 5a and 0.4 g of 6a) were obtained in a total yield of 

58%. 

Methyl 2-?^r#-butoxycarbonylamino-3-carbobenzyloxy-(25, 3i?)-hex-5-enoate (5a): 

[a]^^D = +28.7° (c = 1.52, CHCI3); 'H NMR, 500 MHz, CDCI3, 6(ppm): 7.37-7.29 (5H, 

m), 5.84-5.69 (IH, m), 5.49 (IH, d, J= 9.92 Hz), 5.23-5.06 (4H, m), 4.60 (IH, dd, / = 

3.63, 9.92 Hz), 3.56 (3H, s), 3.22-3.13 (IH, m), 2.56-2.45 (IH, m), 2.36-2.26 (IH, m), 

1.44 (9H, s); '^C, 125 MHz, CDCI3, 5(ppm): 173.3, 171.2, 155.8, 135.3, 134.1, 128.5, 

128.3, 128.2, 118.2, 80.0, 67.2, 53.5, 51.9, 46.4, 32.8, 28.2; HRMS (FAB) MH^ calcd for 

378.1917, found 378.1921. 

Methyl 2-?^rf-butoxycarbonylamino-3-carbobenzyloxy-(25', 35)-hex-5-enoate (6a): 

[a]^^D = +25.5" (c = 1.33, CHCI3); 'H NMR, 500 MHz, CDCI3, 6(ppm): 7.39-7.31 (5H, 

m), 5.74-5.69 (IH, m), 5.29 (IH, d, 9.92 Hz), 5.21-5.13 (4H, m), 4.68 (IH, dd, J = 

4.78, 8.6 Hz), 3.62 (3H, s), 2.95-2.92 (IH, m), 2.55-2.49 (IH, m), 2.28-2.25 (IH, m), 

1.44 (9H, s); '^C, 125 MHz, CDCI3, 6(ppm): 172.5, 170.5, 155.2, 135.1, 134.5, 128.6, 

128.5, 117.8, 80.2, 67.5, 54.1, 52.0, 47.9, 32.2, 28.2; HRMS (FAB) MH^ calcd for 

378.1917, found 378.1927. 
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The same protocol was followed for alkylation of 4b to give (2.5 g of 5b and 0.75g of 6b) 

in a total yield of 58% and a ratio of 3:1 in favor of 5b. 

Methyl l-ter^-butoxycarbonylamino-S-carbobenzyloxy-CZiS, 3/?)-hex-5-enoate (5b): 

[a]^^D = +28.7° (c = 1.52, CHCI3); 'H NMR, 500 MHz, CDCI3, 5(ppm): 7.37-7.29 (5H, 

m), 5.84-5.69 (IH, m), 5.49 (IH, d, /= 9.92 Hz), 5.23-5.06 (4H, m), 4.60 (IH, dd, J = 

3.63, 9.92 Hz), 3.56 (3H, s), 3.22-3.13 (IH, m), 2.56-2.45 (IH, m), 2.36-2.26 (IH, m), 

1.44 (9H, s); '^C, 125 MHz, CDCI3, 5(ppm): 173.3, 171.2, 155.8, 135.3, 134.1, 128.5, 

128.3, 128.2, 118.2, 80.0, 67.2, 53.5, 51.9, 46.4, 32.8, 28.2; HRMS (FAB) MH^ 

calculated for 378.1917, found 378.1921. 

Methyl 2-ter?-butoxycarbonylamino-3-carbobenzyloxy-(25', 3iS)-hex-5-enoate (6b): 

[a]^^D = +25.5" (c = 1.33, CHCI3); 'H NMR, 500 MHz, CDCI3, 5(ppm): 7.39-7.31 (5H, 

m), 5.74-5.69 (IH, m), 5.29 (IH, d, J= 9.92 Hz), 5.21-5.13 (4H, m), 4.68 (IH, dd, / = 

4.78, 8.6 Hz), 3.62 (3H, s), 2.95-2.92 (IH, m), 2.55-2.49 (IH, m), 2.28-2.25 (IH, m), 

1.44 (9H, s); 125 MHz, CDCI3, 6(ppm): 172.5, 170.5, 155.2, 135.1, 134.5, 128.6, 

128.5, 117.8, 80.2, 67.5, 54.1, 52.0, 47.9, 32.2, 28.2; HRMS (FAB) MH+ calculated for 

378.1917, found 378.1927. 

When benzyl bromide was used as the electrophile in the alkylation of 4a only product 7a 

was isolated as a clear semi-solid in a yield of 62%. Alkylation of 4b gave 7b in 58% 

yield while alkylation of 4c at -78"C gave 7c in 70% yield. 

Methyl 2-te/*f-butoxycarbonylamino-3-carbobenzyloxy-4-phenyl-(25', 3/f)-butanoate 

(7a): [a]^^D = +28.8" (c = 1.42, CHCI3); 'H NMR, 500 MHz, CDCI3, 6(ppm): 7.30-7.18 

(lOH, m), 5.56 ( IH, d, J = lOHz), 5.06 ( 2H, s), 4.47 (IH, dd, J = 4.0, lOHz), 3.58 (3H, 



s), 3.42-3.39 (IH, m ), 3.12-3.08 (IH, m), 2.87-2.83 (IH, m), 1.48 (9H, s); '^C, 125 MHz, 

CDCI3, 5(ppm): 172.7, 171.6, 155.7, 137.8, 135.2, 129.0, 128.9, 128.54, 128.48, 128.43, 

128.40, 128.37, 128.31, 128.25, 126.7, 80.0, 66.8, 53.5, 52.4, 48.7, 34.7, 28.2; HRMS 

(FAB) MH"" calculated for 428.2073, found 428.2071. 

Benzyl 2-carboxycarbonylainino-3-carbobenzyloxy-4-phenyl-(25', 3/?)-butanoate 

(7b): 'H NMR, 500 MHz, CDCI3, 5(ppin): 7.30-7.18 (lOH, m), 5.64 (IH, d, J= 10.0 Hz), 

5.17 (IH, d, J= 12.0 Hz), 5.08 (IH, d, J= 12.0 Hz), 4.45-4.42 (IH, dd, J= 4.0, 10.0 Hz), 

3.28-3.24 (IH, m), 3.06-3.02 (IH, m), 1.46 (9H, s), 1.30 (9H, s); 125 MHz, CDCI3, 

5(ppm): 1723, 171.3, 155.9, 138.1, 135.4, 129.1, 128.5, 128.45, 128.2, 128.1, 126.6, 81.9, 

79.9, 67.1, 53.8, 49.0, 35.1, 28.3, 27.8. 

Benzyl 2-ter^-butoxycarbonylamino-3-carbobenzyloxy-4-phenyl-(25', 3/?)-butanoate 

(7c): 'H NMR, 500 MHz, CDCI3, 5(ppm): 7.42-7.08 (lOH, m), 5.92 (IH, d, J= 10.0 Hz), 

5.21-5.0 (4H, m), 4.49 (IH, dd, /= 3.8, 10.0 Hz), 3.32-3.23 (IH, m), 3.04 (IH, dd, J = 

7.0, 13.5 Hz), 2.81 (IH, dd, J = 8.5, 14.0 Hz), 1.29 (9H, s); '^C, 125 MHz, CDCI3, 

5(ppm): 172.5, 171.4, 157.0, 138.3, 135.7, 129.6, 129.0, 128.9, 128.7, 128.6, 128.5, 

127.1, 82.5, 67.7, 67.5, 54.6, 49.4, 35.5, 28.2. 

Synthesis and alkylation of ortho ester protected aspartic acid 

Boc-Asp(Bzl)-OH (4.0g, 12.4 mmol) was dissolved in a CH2CI2 (40 mL) and cooled to 

0"C. DCC (3.1 g, 15.0 mmol) was added and the mixture stirred for 10 min before adding 

3-methyl-3-hydroxymethyloxetane (1.9 mL, 19.05 mmol) and stirring for 8 hr. DCHU 

was filtered off and the filtrate diluted with CH2CI2 (40 mL) and washed by saturated 

aqueous NH4CI (2 x 40 mL) and brine (40 mL). The product was purified by column to 



give the oxetane ester 10 (4.7g, 95% yield). The ester was dissolved in CH2CI2 (50 mL) 

and BF3.0et2 (70 |j,L, 0.55 mmol) was added and the mixture stirred at room temperature 

10 hr. TEA (300 |J.L, 2.2 mmol) was added and the mixture stirred for 40 min. The 

mixture was then diluted by CH2CI2 (30 mL) and washed by saturated aqueous NH4CI (2 

X 40 mL) and brine (40 mL). The product was then recrystallized from 

ethylacetate/hexanes to give the ortho ester 11 (3.9 g, 84% yield). 
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CHAPTER 3 

SYNTHESIS OF Nle-Gly BICYCLIC DIPEPTIDE MIMETICS 

3.1 Introduction 

A Nle-Gly bicyclic dipeptide mimetic was designed to be substituted for the Nle-Gly 

dipeptide unit in CCK-8 peptide analogues. Different templates can be used to mimic a 

Nle-Gly dipeptide unit. The side chain can be incorporated as part of the ring as in xvi 

(Figure 3.1) or outside the ring as in xvii. Inorder to fully study the biologically active 

conformation, xvi was chosen as the template since the chi-space is also constrained 

(Figure 3.1). This bicyclic can be obtained from ^-allyl substituted aspartic acid(s) or 

from P-vinyl substituted norleucine, the latter being a product of the Kazmaier-Claisen 

rearrangement reaction. 

Figure 3.1 Nle-Asp bicyclic dipeptide mimetics 

3.2 Syntliesis of Nle-Gly bicyclic dipeptide mimetic from P-allyl substituted aspartic 

Hydrogenation of compound 5a reduced the alkene and deprotected the benzyl ester to 

afford a carboxylic acid which was then subjected to reduction. Reduction of the 

carboxylic acid using borane and sodium perborate^^^ failed to give the desired product. 

•GO2M© 
CbzHN CbzHN 

xvi 

X = O, S, CH2 

xvii 

n = 0, 1, 2 

acid 
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Utilization of a recently reported method that uses BOP, DIPEA and NaBH4'^^ gave the 

desired alcohol in a yield of 53%, contaminated with some 5-membered ring lactone 

resulting from cyclization. Lactone formation was also found to happen during column 

purification while use of the crude alcohol gave low yields of the bicyclic dipeptide 

mimetic. Characterization of alcohol 13 could not be done due to lactone contamination. 

1. H2, Pd/C 

COoMe 
2. BOP. DIPEA 

COsMe NaBH4 
53% 5a 

1. Swern 
2. L-Cys, Pyr, RT, 4hr 
3. Pyr, 50°C, 3 days BocHN-
4. CH2N2 350/^ 

O CO2M6 
2a 

Scheme 3.1 Synthesis of Nle-Gly bicyclic dipeptide mimetic 

Swem oxidation'^® of the alcohol afforded the aldehyde which without purification was 

coupled with L-Cys to form an intermediate thiazolidine. Bicyclization was then achieved 

by heating the reaction mixture at SO^C for 3 days, followed by methylation to afford a 

bicyclic dipeptide mimetic for Nle-Gly 2a in 35% yield from the alcohol 13 (Scheme 

3.1). When the minor product 6a was subjected to hydrogenation followed by 

B0P/DIPEA/NaBH4 reduction, only the lactone 14 was obtained in 58% yield (scheme 

3.2). Obviously, a ^ran^-relationship of the P-substituent makes this lactone 

thermodynamically more stable compared to the cw-analogue. 
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J 1. H2, Pd/C > 
BocHN 

Y^COaBn 
CO2M© 

6b 

2. BOP, DIPEA 

NaBH4 BOCHN 
58% 

.0 

O 
14 

Scheme 3.2 Hydrogenation and reduction of P-allyl substituted aspartic acid 

3.3 Synthesis of Nle-Gly bicyclic dipeptide mimetic via the Kazmaier-Claisen 

rearrangement reaction 

To fully investigate the stereochemical and topographical requirements of the receptors, 

other isomers of Nle-Gly bicyclic dipeptide mimetic were synthesized via the Kazmaier-

Claisen rearrangement reaction.Coupling of Boc-Gly with commercially available 

trans 2-hexen-l-ol gave 17. Compound 17 was then subjected to the Kazmaier-Claisen 

rearrangement reaction to give racemic p-vinyl substituted Nle 18. The crude product 

was then subjected to ozonolysis'^^ and the resultant crude aldehyde coupled with L-Cys-

OMe in a two step strategy involving thiazolidine formation and bicyclization. Two 

bicyclic dipeptide mimetics 2b, and 2c were isolated in a yield of 50% from 17. 
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B0CHNCH2CO2H 
15 

Pr 

BocHN 

DCC 

16 

Pr/., 
LDA 

o"/ 
ZnCl2, THF BocHN 

OH 

17 

BocHN 

/. 

BocHN 

O 
1 

OH 

P 

O 

18 

20 

H 

DMAP 

DMS 

1. L-Cys-OMe, EtOH, Sieves 

2. EDAC, DIPEA, CH2CI2 

BocHN-^f ^ + BocHNi" <, 

O CO2M© O CO2M© 

2b 2c 

Scheme 3.3 Synthesis of Nle-Gly BTD via the Kazmaeir-Claisen rearrangement 

reaction 

3.4 Characterization of Nle-Gly bicyclic dipeptide mimetics 

The three Nle-Gly bicyclic dipeptide mimetics were characterized by DQF-COSY and 

ID-transient nOe. The nOe's from the N"-Boc-products were not sufficient to assign the 

chiral centers since not all the nOe relationships were observable particularly for the left-

hand ring. As a result, the A'-trifluoroacetamide analogs (21a, 21b, and 21c) were 

synthesized using trifluoroacetic anhydride and pyridine'^^ and their ID-transient nOe 

data used to assign the chiral centers. From our earlier work'"^^"'"*^ and also from Scheme 

3.1, the 3/?-|3-propyl substituted homoserines should give only one BTD while the 3S-
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isomers should give two BTD's with the bridgehead-H up or down. Based on this 

information, the {2R, 3i?)-isomer of aldehyde 19 should give only one BTD (in this case 

2c), while the {IS, 35)-isomer should give two BTD's. However, only two products were 

obtained from the cyclization. Compounds 21a and 21c showed a weak nOe between H'' 

and (1.12% and 0.83% respectively) compared to a value of 5.43% observed for 21b. 

This is an indication of a trans relationship for H'* and in compounds 21a, and 21c and 

a cis relationship in 21b. A similar trans relationship is observed in 21b and 21c for 

and while a strong nOe (4.45%) indicative of a cis relationship is observed for 21a. 

1.12% 

4.45% 

O CO2M6 
21a 

O 1.03% 

O CO2M6 
21b 

0.77% 

0.83% 

O CO2M6 
21c 

Figure 3.2 nOe data for the Nle-Gly bicyclic dipeptide mimetics 

Additionally, the structure of compound 21c was confirmed by an X-ray crystal structure. 

'V. 

f1 

I J' 

Figure 3.3 X-Ray crystal structure of a Nle-Gly bicyclic dipeptide mimetic 
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3.5 Experimental 

General procedure for hydrogenation of the benzyl ester and reduction of the 

resultant carboxylic acid 

Compound 5a (2.88 g, 6.7 mmol) was dissolved in degassed methanol (40mL). Pd/C 

(10%) was added and the mixture was exposed to hydrogen gas for 2 h. The catalyst was 

filtered off through Celite and the solvent evaporated off. The crude product was dried 

under vacuum and then dissolved in THF (35 mL). Benzotriazol-yl-oxy-

tris(dimethylamino)phosphonium hexafluorophosphate (BOP) (3.2 g, 7.23 mmol) 

followed by DIPEA (1.3 mL, 7.46 mmol) were added and the mixture stirred for about 5 

min until it turned clear. The solution was then cooled to O^C and NaBH4 (400 mg, 10.57 

mmol) added slowly. The mixture was stirred for 30 min at 0°C and at room temperature 

for 18 h. The solvent was evaporated off and the product dissolved in ethylacetate (80 

mL) and the organic phase was washed with saturated aqueous NaHC03 (2 x 50 mL), 5% 

aqueous HCl (2 x 50 mL) and brine (50 mL). The organic phase was then dried over 

Na2S04 and the solvent evaporated off. The product was purified by column to give 1.2 g 

of 13 (3.71 mmol) in 55% yield. The product was then subjected to Swem oxidation. 

Oxalyl chloride (2.8 mL, 5.6 mmol) was dissolved in CH2CI2 (40 mL). The solution was 

cooled to -78°C, DMSO (530 fxL, 7.47 mmol) added and the solution stirred for 10 min 

before adding 10 1.2 g, 3.71 mmol). The mixture was stirred for 25 min at -78°C before 

adding DIPEA (2.6 mL, 14.93 mmol) , removing the cold bath and stirring for a fiirther 

20 min. Water (20 mL) was added, and the organic phase was separated and washed with 

saturated aqueous NH4CI (2 x 50 mL) and brine (50 mL). The organic phase was dried 
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over MgS04 and the solvent evaporated off to give 1.17 g of the crude aldehyde after 

drying. The crude aldehyde was dissolved in pyridine (30 mL) containing molecular 

sieves 4 A° and the mixture stirred at room temperature for 4 h. Pyridine (60 mL) was 

added and the mixture heated at 50°C for 3 days. The solvent was evaporated off and the 

product dissolved in water (20 mL) which was acidified to pH = 2 using IN aqueous 

HCl. The aqueous layer was extracted with ether (4 x 20 mL) and the ether layer dried 

over MgS04. The solvent was evaporated off and the product dried under high vacuum to 

give 1.03 g of crude product. The crude product was dissolved in CH2CI2 (15 mL) and 

cooled to 0°C. DCC (650 mg, 3.15 mmol) was added and the mixture stirred for 10 min 

before adding methanol (450 \xL, 11.12 mmol) and DMAP (30 mg, 0.25 mmol) and 

stirring the mixture for 8 h. The mixture was filtered and the filtrate diluted by CH2CI2 

(20 mL). The organic phase was washed by saturated aqueous NH4CI (2 x 20 mL) and 

brine (30 mL). The organic phase was dried over MgS04 and the solvent evaporated off. 

The product was then purified by column to give 470 mg of 2a as a yellow oil in 31% 

yield irom 5a. 

Methyl (3S, 4R, 5S, 8if)-4-benzyI-3-terf-butoxycarbonylamino-l-aza-2-oxo-6-

thiabicyclic [3.3.0]-octane-8-carboxylate (2a): [a]^^D = -88.7" (c = 0.98, CHCI3); 'H 

NMR, 500 MHz, CDCI3, 5(ppm); 7.34-7.2 (5H, m), 5.04-5.0 (2H, m), 4.89(1 H, d, J = 3.5 

Hz), 4.69 (IH, t, J = 8.0 Hz), 3.77 (3H, s), 3.38-3.34 (IH, m), 3.25 (IH, dd, J = 4.0, n.5 

Hz), 3.04 (IH, dd, J = 5.0, 14.0 Hz), 3.02-2.94 (IH, m), 2.53(1H, m); '^C, 125 MHz, 

CDCI3, §(ppm): 173.2, 169.7, 155.5, 138.1, 128.9, 128.7, 126.7, 80.5, 68.4, 57.6, 56.1, 



52.9, 44.2, 36.9, 34.0, 28.3; HRMS (FAB) MH^ calculated for 324.1811, found 

324.1818. 

The same procedure was repeated for the debenzylation and reduction of 6a to only give 

the lactone 14 as a white solid in 58% yield. 

3-terf-Butoxycarbonylamino-4-propyl-dihydro-furan-2-one (14): = -12.1° (c = 

1.01, CHCI3), mp = 106-108 °C; NMR, 500 MHz, CDCI3, 5(ppm); 5.0-4.83 (IH, br), 

4.40 (IH, t, J = 8.5 Hz), 4.11 (IH, br), 3.86 (IH, t, J = 10.0 Hz), 0.94 (3H, t, J = 7.5 Hz); 

125 MHz, CDCI3, 5(ppm): 175.2, 155.5, 80.6, 70.4, 55.7, 43.0, 33.1, 28.4, 20.2, 

14.1. HRMS (FAB) MH^ calculated for 244.1549, found 244.1559. 

Synthesis of Nle-Gly BTD's via the Kazmaeir-Claisen rearrangement reaction 

N"-Boc-Gly (10.0 g, 57.08 mmol) was dissolved in CH2CI2 (120 mL) and DMF (12 mL). 

The solution was cooled to 0°C and DCC (15.0 g, 72.7 mmol) was added. The mixture 

was stirred for 10 min before adding trans 2-hexen-l-ol (8.5 mL, 72.05 mmol) and 

DMAP (500 mg, 4.09 mmol) and stirring the mixture at 0°C for 30 min and at room 

temperature for 8 h. The mixture was filtered and the filtrate washed by saturated 

aqueous NH4CI (2 x 60 mL) and brine (80 mL). The organic phase was dried over 

MgS04 and the solvent evaporated off The product was purified by column to give 13.0 

g of 17 in 89% yield. In the Kazmaeir-Claisen rearrangement reaction, 17 (12.0 g, 46.66 

mmol) was dissolved in THF (500 mL). ZnCb (0.5 M in THF, 112 mL, 56.0 mmol) was 

added and the mixture cooled to -78''C. Freshly prepared LDA (136.5 mmol) was slowly 

added and the mixture stirred for 20 min at -78°C. The cold bath was removed and the 

mixture stirred for 1 h. THF was evaporated off and the product dissolved in 1 N HCl 



(100 mL). The aqueous layer was extracted with ether (4 x 50 ml). The ether layer was 

evaporated to 100 mL and extracted with 1 N NaOH. The NaOH layer was acidified to 

pH = 2 by 6 N HCl and then extracted with ether (4 x 50 mL). The ether layers were 

combined and evaporated to 200 mL and washed with brine (40 mL). The ether layer was 

then dried over MgS04 and the solvent evaporated off. The crude product was dried 

under high vacuum and then dissolved in DCM (200 mL). The mixture was cooled to -

78°C and subjected to ozonolysis. Dimethyl sulfide (30 mL) was added and the mixture 

stirred for 70 h at room temperature. The solvent was evaporated off and the product 

dried under high vacuum. The dried product was dissolved in absolute ethanol (100 mL) 

containing 4 A° molecular sieves. Z-Cysteine methyl ester hydrochloride and DIPEA 

were added and the mixture stirred for 10 h. The molecular sieves were filtered out and 

the solvent evaporated off. The product was dried under high vacuum and dissolved in 

CH2CI2 (400 mL). The mixture was cooled to 0°C and l-[3-(dimethylamino)propyl]-3-

ethylcarbodiimide hydrochloride and DIPEA added. The mixture was stirred for 12 h and 

the solvent evaporated to 200 mL. The organic phase was washed by 1 N HCl (2 x 100 

mL) and brine (100 mL). The solvent was dried over MgS04 and then evaporated off. 

The products were purified by column to give 4.0 g of 2b and 5.8 g of 2c in a total yield 

of 59% from 17. 

Methyl (Si^, 419, 5S, 8/?)-4-benzyl-3-ter^-butoxycarbonylamino-l-aza-2-oxo-6-

thiabicyclic [3.3.0]-octane-8-carboxylate (2b): [a]^^D = -215.4" (c = 0.80, CHCI3); 'H 

NMR, 500 MHz, CDCI3, 5(ppm): 5.19 (IH, q, J = 6.0 Hz), 5.07 (IH, q, J = 4.5Hz), 4.88 

(IH, d, J = 4.5 Hz), 5.02-5.0 (IH, t, J = 8.0 Hz), 4.06 (IH, m) 3.77 (3H, s), 3.40-3.27 (2H, 


