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Abstract 

As part of continuing efforts to obtain backbone and side chain conformationally 

1 n 

constrained, novel amino acids, " we have successfully developed the asymmetric 

synthesis of (3-phenyI-substituted cysteine, tryptophan, and serine derivatives. In this 

approach, the key intermediate, enantiomerically pure 3-phenylaziridine-2-carboxylic 

ester, was prepared from an a, ^-unsaturated ester by employing the Sharpless 

asymmetric dihydroxylation. The aziridine was treated with 4-methoxybenzylthiol, 

indole, and acetic acid to give (3-phenyl-substituted cysteine, tryptophan, and serine, 

respectively, in a clean Sn2 type ring opening at the C3 position. This methodology was 

readily extended to provide a general approach to the synthesis of optically pure ami- and 

.Yy«-P-substituted cysteines. 

We also described an effective means to synthesize 8-phenyl-substituted 

thiaindolizidinone amino acids through a convergent strategy. p-Phenyl-substituted 

cysteine benzyl esters were prepared according to our new protocol developed above. 

The doubly protected glutamic acid y-aldehyde was prepared according to a known 

procedure. The key step was the condensation of the aldehyde with P-phenyl-substituted 

cysteines to afford novel 8-phenylthiaindolizidinone amino acids as epimers at the 

bridgehead, which can be readily separated. 

These novel 8-phenylthiaindolizidinone amino acids, which are constrained j3-

tum dipeptide mimetics, were incorporated into Leu-enkephalin peptides as a 

replacement of the dipeptide Gly^-Phe"^ to afford individual isomers of Leu-enkephalin 

analogues. The conformationally restricted nature of these analogues rendered them 
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amenable to conformational analysis in solution because they are less subject to dynamic 

averaging than are more the flexible linear compounds. 
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CHAPTER 1. CONFORMATIONAL AND TOPOGRAPHICAL 

CONSIDERATIONS IN DESIGNING PEPTIDOMIMETICS 

1.1 Introduction 

The de novo design of peptides, proteins, and peptidomimetics with specific 

structural, conformational, and topographical properties is a central problem in biology 

and chemistry. Solutions to this problem require developing general principles that can be 

used for de novo design of peptide and peptidomimetic drags, be they hormones, 

neurotransmitters, enzyme substrates or inhibitors, immune system modulators, growth 

factors, cytokine modulators of transcription or translation, or many other effectors. 

In essentially all of these cases, the initial event that is essential for eliciting (or 

blocking) a biological response is molecular recognition. In the case of peptides and 

proteins, this means interaction of a portion of the surface formed by the three-

dimensional (3D) structure of the ligand with a complementary surface of the 

acceptor/receptor molecule or molecular complex. In the case of the ligand, the portion of 

the 3D surface involved in the interaction is generally referred to as the pharmacophore, 

and may involve either a continuous sequence of amino acids, or amino acid residues 

separated from each other (a discontinuous sequence), but brought together on a surface 

by the three-dimensional structure of the polypeptide. In either case, the peptide 

backbone serves as a scaffold for the key side chain groups involved in the interaction, 

and in some cases also serves as a hydrogen bond donor and/or acceptor in the molecular 

recognition (binding) interaction. In all cases, the side chain moieties involved directly in 
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the binding process are critical for the interaction, and their three-dimensional 

arrangement (topography) and stereoelectronic properties provide the critical 

complementary chemical/physical environment (shape) for molecular recognition. Thus, 

development of principles for predicting such structures and using them in three-

dimensional pharmacophore design requires a thorough understanding of those factors in 

polypeptide structures that determine their three-dimensional structures in terms of 

backbone conformations (scaffold, Ramachandran space) and in the terms of the side 

chain topographies (chi space). A general strategy for attaining this information, which 

would provide a systematic framework for de novo design of peptide or nonpeptidc 

ligands with these features, is given in Figure l.l.^ ''' 
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Non-Peptide ligands 
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Figure 1.1 A de novo approach for peptidomimetic design''^ 
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Once the natural peptide's structure is known, the first phase in this approach 

involves the identification of the key amino acid residues necessary for receptor 

recognition by single amino acid modifications in the peptide ligand. Simultaneously, 

local constraints are built into the ligand so as to constrain the local backbone 

conformation (tj). \)/ and co angles) to the most appropriated local minima in a way that is 

compatible with molecular recognition. Two of the widely used methods are novel a-

subsituted amino acids and/or amide bond replacements. Alternatively, more global 

constraints are incorporated via cyclization to make an appropriate template for all the 

structural elements that make up the pharmacophore. Compounds with rigid or semi-rigid 

conformations are thus produced, and the most active structures selected by studying 

conformation-activity relationships. The third phase is careful analysis of the 3D 

arrangement of critical side chain groups and backbone functionalities that are critical for 

bioactivity. These biophysical studies include state-of-the art NMR spectroscopy. X-ray 

crystallography if possible, circular dichroism measurements, and computational methods 

(molecular mechanics and molecular dynamic calculations) utilizing the biophysical 

structural parameters as key constraints. In many cases such studies can lead to highly 

potent, selective and efficacious drug candidates, and these cases also provide the starting 

point for the non-peptide mimetics. Here, the major effort has been to find other organic 

moieties that can replace the peptide scaffold and position the crucial recognition 

elements correctly. It is worth mentioning here that peptideomimetics design is a highly 

multidisciplinary area that often relies on: 1) new asymmetric synthesis and 

methodologies for the preparation of novel molecules: 2) high-throughput screening of 
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ligands and libraries of ligands using multiple in vitro and in vivo biological assays; 3) 

computational methods; and 4) state-of-the art biophysical methods for determining the 

structural, conformational, topographical and dynamic properties of designed ligands. 

During the past 30 years, much effort has been expended to develop strategies for 

the design and synthesis of peptides with specific backbone conformations such as a-

helix, P-sheet, extended, and P-tum structures. The general torsional angles that must be 

controlled to obtain these various structural features are the (j) and \|/ angles (Figure 1.2). 

The omega (co) angle for the peptide bond is generally trans except for the peptide bond 

X-Pro, which can be cis or trans, and usually deviates from these planar conformations 

by less than ±20°. Evaluation of the favored low energy conformations of the (j) and 

angles was first examined by Ramachandran and co-workers about 30 years ago, and 

subsequent studies by many other workers have shown that only certain regions of (p, \|/ 

space (often referred to as Ramachandan space) actually are acceptable to most L-amino 

acids. Interestingly these regions correspond to the classical secondary structures of 

peptides and proteins (a-helix, P-sheet, extended, etc.). In the process, other low energy 

backbone conformations were discovered such as P- and y-turns. An excellent book with 

contributions by many of the leaders in the development of this area appeared on the 25th 

anniversary of the Ramachandran plot.''' Obviously, the ability to design templates with 

specific secondary structures is critical to the de novo design of biologically active 

peptides, proteins, and mimetics of secondary structures.'^' 
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Figure 1.2. Definition of peptide dihedral angles 

An equally critical area for design, though much less explored, is that of the three-

dimensional structure of the side chain moieties. As illustrated in Figure 1.2, each side 

chain torsional angle (and some of the subsequent torsional angles in longer side 

chains, x2, x3, etc.) can assume three low energy staggered conformations (rotamers): 

gauche{-), gauche(+), and trans. The energy differences between these low energy 

conformations are not expected to be high (perhaps 1-2 kcal/mole for most simple amino 

acid residues)."" Yet the orientation of the side chain group of an L-amino acid residue 

relative to the peptide or protein backbone will be dramatically different: for gauche(-), 

the side chain points toward the N-terminus of the peptide chain; for trans, the side chain 

points toward the C-terminus; and for gauche{+), the side chain points over the peptide 

backbone. The consequences for both the surface that is created by the peptide ligand and 

its complementarity for a receptor/acceptor are critical for successful design. In a 
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molecular recognition process, a side chain moiety generally will assume one of these 

three possible conformations, with preferences for the gauche{-), trans, or gauche{+), in 

that order, for most natural L-amino acid residues. Clearly, the side chain conformations 

are critical to the molecular recognition process, and likely also arc critically involved in 

any information transfer process involving ligand-receptor/acceptor interactions.'"' 

1.2 Peptide structure, conformation, and biological activity 

Peptides and proteins are polymers made up of individual a-ami no acids and their 

conformational properties depend on their sequence and environment. The holy grail of 

polypeptide design has been searching for a general methodology that can predict a priori 

the preferred three-dimensional structure of a particular peptide in a particular context 

(bound to a receptor, enzyme, antibody, membrane, or other acceptor molecule, part of a 

protein structure, etc.). Since most smaller peptides have multiple conformations, a major 

goal of peptide and peptidomimetic design has been the development of methods to 

determine the conformation(s) that are preferred for the peptide in particular 

environments (often referred to as the biologically active conformation). Generally, this 

requires access to the complementary acceptor molecules and their structures. In this 

regard, it should be kept in mind that a bioactive peptide or protein to be biologically 

viable may actually require or utilize several different conformations during its biological 

lifetime. For example, it may initially be part of a precursor protein and exist in a 

particular conformation in the precursor form. Often, in the precursor, it does not have its 

"bioactive conformation" in the context of its hormone, neurotransmitter, or other 

biological activity. A second important and possibly different conformation may exist for 
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the peptide in its processed but stored form, such as in secretory granules or vessicles. 

Other important conformations may be assumed to cross a membrane barrier, to bind to a 

circulatory protein, or to bind to a particular proteolytic enzyme found in circulation or 

near the site of its receptor. Finally, the bioactive peptide must assume the proper 3D 

structure when it binds to its receptor and then initiates those changes in structure of the 

peptide-receptor/acceptor complex that lead to transduction. We have suggested, based 

on conformation-biological activity relationships, that the binding and transduction 

conformations of a hormone or neurotransmitter can be different and that yet another 

conformation may be assumed just before the ligand is released from the 

receptor/acceptor.^^ What is abundantly clear is that the preferred conformation of many 

bioactive peptide ligands in solution as determined by nmr and in crystals as determined 

by x-ray crystallography is not the same as that when bound to its receptor/acceptor. 

From these and other considerations, it became evident about 25 years ago that design of 

bioactive peptides with all the desired characteristics of potency, receptor/acceptor 

selectivity, stability and bioavailability needed to produce peptide and peptidomimctic 

analogues that would be useful pharmacological, biophysical, and physiological tools, 

and eventually lead to drugs and pharmaceuticals, would require the ability to "design 

in" biased or semirigid three-dimensional peptide structures. In this regard, major efforts 

have gone into devising de novo approaches to designing small peptides that are highly 

biased toward a specific secondary structure (a-helix, 3-tum, P-sheet, etc.). More 

c Q 1 1 I "3 i'7 "in 

comprehensive discussions can be found elsewhere. A key consideration in 

any comprehensive method for bioactive peptide ligand design is that both the 
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topographies of the complementary surfaces of the peptide ligand and the protein 

receptor/acceptor need to be considered in the design process. In most cases, this 

currently is not possible since x-ray or nmr structures of the receptor/acceptor are not 

available, and this situation is likely to continue to be the case for the foreseeable future. 

However, other approaches, including computational chemistry and molecular biological 

methods, especially site-specific mutagenesis, can provide information and insights that 

can lead to models of the receptor/acceptor 3D structure that can be tested 

experimentally. Design approaches that utilize complementary studies involving 

structural and conformation changes in the ligand and in the protein receptor/acceptor can 

provide important insights that can lead to critical tests of pharmacophore hypotheses, 

and finally to useful pharmaceuticals and drugs. 

1.3 Backbone conformations ((|>, \|/) in design 

In peptides and proteins, the major secondary structures such as a-helix, P-sheets, 

P-turns, extended conformations, etc., are determined by the (j) and angles of the 

peptide chain (Figure 1.2). The co angle also is important, but generally is trans, except 

for proline, where it can be both trans and cis. The critical insight of Ramachandran and 

co-workers 30 years ago was that the low energy conformational (|), \|/ space that amino 

acid residues assumed included secondary structures commonly observed in proteins such 

as the a-helix, p-sheet, P-tums. and extended structures. These insights were extended by 

Scheraga and co-workers and many others who analyzed the energetics of all 20 of the 

natural amino acid residues and specific peptide structures in terms of 0, v|/ 

(Ramachandran) space. In our own work, when conformationally flexible bioactive 
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peptides were encountered, our basic approach was to design in structural elements 

compatible with high binding potency that would bias or constrain the peptide to some 

particular secondary structure so as to probe whether that secondary structure was 

compatible with high potency and selectivity.^®' The use of specialized amino acids 

30,32,41,42 cyclization to force, bias, or constrain these structures, and 

18 of nonpeptide scaffolds to induce such secondary structures has been a major theme in 

peptide and protein design during the past 20 years or so. 

1.4 Side chain conformations (xl, X^? etc.) in design 

The side chain groups in cx-amino acids that make up peptides and proteins 

possess a wide variety of chemical-physical properties, and include acids (carboxylic 

acids), bases (amine, guanidyl, and imidazole groups), alcohols, phenols, thiols, 

thioethers, amides, aromatics, heteroaromatics, and alkanes. This enormous diversity of 

chemical properties provides the basis for structural organization that can provide a wide 

variety of physical and chemical properties. Thus, these functional groups, when properly 

organized in three-dimensional spacc with appropriate stereoelectronic properties, can 

perform an enormous number of chemical functions that are the basis for and essential to 

biological systems and life processes. These include molecular recognition, information 

transduction, ion and molecular transport, catalysis, electron transfer, regulation of 

structure and function, and many others. Furthermore, the inherent properties of these 

side chain moieties permit them to interact in specific ways with the rest of the elements 

in the periodic chart, as well as with organic, organo-metallic and other metabolic 

cofactors that further modify and enhance their chemical and physical properties. In view 
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of this enormous potential for designing specific topochemical properties, it is rather 

surprising that relatively little has been done to explore and understand in detail those 

elements of structure and environment that lead to a particular topography for a particular 

side chain group and that would allow the development of a surface containing several 

such groups arranged in a highly predicted manner relative to each other so as to possess 

specific shapes and chemical properties needed for molecular recognition. Yet precisely 

the ability to create such topographical surfaces with specific properties will be critical in 

de novo design of most peptidomimetics. Of course, the hydrogen bond accepting and 

donating properties of the peptide backbone and, as discussed previously, its ''template 

properties" is critical, but the side chain organization in particular situations deserves 

much more attention than it has received. 

The key conformational features of interest are the % torsional angles. The 

angle (Figure 1.2) is particularly important for many a-amino acid residues. As shown in 

Figure 1.2, the preferred low energy conformations (rotamers) for the %! angles for most 

natural a-amino acids arc -60° [gauche(-); g(-)], ±180° [trans, t] , and +60° \gauche{+), 

^(+)] . Recall that for these three low energy xl rotamers the disposition of the side chain 

relative to the peptide backbone changes considerably. In the g(-) conformation of an L-

amino acid, the side chain points toward the N-terminus of the peptide chain; for the 

trans conformation, the side chain group is directed toward the C terminus of the peptide 

chain; and for the g(-) conformation the side chain group is located over the peptide 

backbone. Clearly, in a chain of four or five residues, different dispositions of side chain 

groups in terms of %! space can provide a remarkable diversity of chemical surfaces even 
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considering a single peptide backbone template (a-helix, p-tum, etc.). An obvious 

question is, How much difference might this make in peptide and protein function? An 

equally important ancillary question is, how can one bias a particular %1 arrangement in a 

manner consistent with peptide and protein secondary and tertiary structure? And what 

about the effects of x2 and other % torsional angles for a few of the native L-amino acids 

(Lys. Arg, Met, Glu, Gin)? Suffice it to say at this point that peptide mimetic design 

requires attention not only to mimicking the secondary structural features such as a-helix 

or P-tums, but often even more importantly, the topographical properties of the 

peptide/protein surface that are important in the biological context. In this regard it is 

important to recognize that in general, creation of a peptide surface for a particular 

molecular recognition process leaves another surface (the ancillary surface) available, 

42 and it can be used for other purposes (reporter groups, anchors, tethers, etc.). 

1.5 Conformational constraintc in molecular design 

As discussed above, many peptides that are processed from larger protein 

precursors to provide their "biologically active" structure can assume a number of 

different conformations so that the conformation that is the biologically relevant one, i.e., 

the one (or ones) that it possesses when bound to a receptor/acceptor, often is not obvious 

from its solution or x-ray crystal structures. If one can determine the bound conformation 

by nmr or x-ray crystallography, this can provide direct knowledge of the appropriate 

'"bioactive conformation." In general, however, it will be necessary to bias or constrain 

the peptide to prefer a particular backbone conformation.^' There are many 

strategies that have been developed to aid in obtaining insight into the particular 
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backbone confonnation that is most likely to be the preferred bioactive conformatioB. 

These include computational chemistry, use of specific amino acid residues to bias or 

force a particular conformation, side chain to side chain cyclization, end to end 

cyclization, backbone to backbone cyclization, side chain to backbone cyclization, and so 

forth. It generally is possible to design a specific preferred backbone conformation. 

However, the greater the level of specificity needed, the more difficult to accomplish the 

desired goal, and there is still much to learn. In terms of peptidomimetics, the approach is 

still in its infancy, and it is not even clear in most cases whether a particular mimetic 

scaffold is the best or most appropriate for a particular secondary structure requirement. 

Clearly, much more work is needed, both in terms of design, and more importantly, in 

terms of specific understanding of which stereostructural elements are the most important 

in designing structural features that will mimic the conformational properties of the 

polypeptide, and will display the particular bioactivities, not only in terms of 

binding/molecular recognition, but also in terms of other biological activity profiles such 

as transduction. 

In recent years, design and synthesis of conformationally constrained amino acids 

has been a very active area.'*^' In general, the side chain conformation can be 

controlled by introducing an alkyl/aryl group at the ^-position or on the aromatic rings of 

aromatic amino acid residues. These kinds of modifications often do not perturb the 

backbone conformation significantly, and still allow the peptide backbone and side chain 

some degree of flexibility, which often is necessary and sometimes even crucial for 

peptide 
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and peptidomimetic activity. As one of the leading groups in the area, we have designed 

and synthesized many novel x-constrained amino acids, mainly focusing on introducing 

alkyl and aryl groups at the ^-position of amino acids.'^^' Incorporation of these 

unnatural amino acids in strategic positions of biologically active peptides and 

peptidomimetics can enhance the potency and selectivity significantly.'^^' 

As part of our continuing effort in this field to obtain either backbone and/or side 

chain conformationally constrained, novel amino acids. The described research in this 

dissertation was focused on the design and synthesis of new conformationally 

constrained, P-functionaJized amino acids, namely P-substituted cysteines, serines and 

tryptophans. These novel amino acids were used as building blocks to construct 8-

phenylthiaindohzidinones as P-tum mimetics, and incorporated into Leu-enkephalin to 

obtain eight individual isomers. Extensive structure-activity relationship studies arc 

underway. 
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CHAPIER 2. AZIRIDINES AND CYCLIC SULFATES IN NOVEL 

AMINO ACID SYNTHESIS 

2.1. Introduction 

Aziridines are saturated three-membcred heterocycles containing one nitrogen 

atom. Like other three-membered rings such as cyclopropanes and epoxides, aziridines 

are highly strained. Ring strain renders aziridines susceptible to the ring-opening 

reactions that dominate their chemistry. By suitable choice of substituents on the carbon 

and nitrogen atoms, excellent stereo- and regiocontrol can be attained in ring-opening 

reactions with a wide variety of nucleophiles including organometallic reagents; this 

makes chiral aziridines useful as substrates for the synthesis of important biologically 

active species including alkaloids, amino acids, and P-lactam antibiotics. 

Although cyclic sulfate esters have been known since 1932, the lack of an 

efficient method for preparing cyclic sulfates limited their applications. The oxidation of 

cyclic sulfites with sodium periodate catalyzed by ruthenium tetroxide was an important 

development that has broadened the use of cyclic sulfate intermediates in synthesis. The 

advent of the catalytic asymmetric dihydroxylation reaction provides a route to chiral 1, 

2-diols from a wide spectrum of alkenes. which can be further elaborated to cyclic 

sulfates. The significant role of cyclic sulfates in organic synthesis originates from 

several properties. First, they have high reactivity toward various nucleophiles and are 
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more reactive than epoxides. Second, they can activate nucleophilic attack at one position 

while serving as a protecting group at a second position; under more vigorous conditions 

they can serve as an activator for two sequential reactions. Third, the reactions of five-

membered cyclic sulfates with nucleophiles provide two contiguous stereocenters; 

moreover, a remote stereocenter can be controlled by cyclic sulfates of 1, 3- and 1, 4-

diols. Finally, since the intermediate of nucleophilic substitution is generally the salt form 

of a monosulfate ester, separation of the product from the nonsalt byproduct is typically a 

facile process.^^"^" 

2.2. A variety of routes to chiral nonraceniic aziridines 

A variety of routes to chiral nonracemic aziridines is available, most of which rely 

either on the availability of enantiomerically pure starting materials from natural sources 

(amino acids, carbohydrates, hydroxyl acids), or on asymmetric transformations of C-C 

or C-N double bonds.''" 

The ring closure of 1, 2-amino alcohols, amino acids, carbohydrate or other 

suitable derivatives provides a convenient and usually efficient synthesis of aziridines. 

The reaction can be readily achieved when the hydroxyl functional group is converted to 

a nucleofile. Intramolecular nucleophilic displacement reaction by cither the amide anion 

or the amine lone pair then yields the aziridine ring (Scheme 2.1). 
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Scheme 2.1 General synthesis of aziridines from amino alcohols 

The reaction is generally stereospecific and relies upon the ability of amine and 

leaving group to adopt a trans coplanar relationship. If enantiomerically pure amino 

alcohols or P-hydroxy amino acids are utilized, this method yields enantiopure aziridincs. 

However, this method suffers a limitation which is the commercial availability of starting 

materials. 

As shown in Scheme 2.2, ring opening of epoxides by nitrogen nucleophiles 

followed by ring closure of the resultant 1, 2-amino alcohol derivatives is an attractive 

route to aziiidines. Although epoxides had long been regarded as versatile intermediates 

and had been used extensively in synthesis, their potential was increased enormously in 

the 1980s by the discovery of the asymmetric epoxidation (AE) of allylic alcohols by 

Sharpless et al.*^*^ This epoxidation is mediated by a titanium(IV) alkoxide and te/t-butyl 

hydroperoxide in the presence of a tartrate ester. As outlined in Scheme 2.2, this catalytic 

asymmetric synthesis provides a general route to all possible stereoisomers of given a 

hydroxymethylaziridine.^^ 
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Scheme 2.2 Synthesis of all possible stereoisomers of a hydroxymethylaziridine 

One of the many advantages associated with the Sharpless AE reaction is that 

both enantiomers of the product are available equally easily from a common starting 

material. The regiospecific ring opening of epoxides by azide ion has frequently been 

exploited to enable the synthesis of aziridines. Reduction of the azide moiety of the first-

formed azido alcohol, for example with triphenylphosphine in the Staudinger reaction, 

yield first an imino phosphorane and then an oxazaphospholin intermediate which is 

normally not isolated prior to thermally-induced cyclization to an aziridine. When 

enantiomerically pure epoxides are used in this reaction sequence, access to non-racemic 

aziri dines is feasible. 

While the Sharpless AE reaction is a beautiful example of catalytic asymmetric 

synthesis, its major limitation is that the substrate must contain a "handle" in the form of 

an allylic hydroxyl group. Chiral oxirane-2-carboxylic esters such as those shown in 
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Scheme 2.3 are thus not available directly by the AE method, and indeed the direct 

asymmetric epoxidation of a, ^-unsaturated carboxylic esters remains a major challenge. 

Oxidation of the 2, 3-epoxy alcohols to the corresponding oxiranecarboxylic acids using 

either ruthenium (VIII) oxide or a two-step process consisting of Sworn oxidation to 

aldehyde and subsequent oxidation with sodium chlorite to the carboxylic acid usually 

gives poor yields. 

R^OH , R^OH 

2.CH.N. 

Scheme 2.3 Oxidation of 2,3-epoxy alcohols to the corresponding oxiranecarboxylic 

acids 

Some of the well-established methods for the synthesis of aziridines from olefins 

are illustrated next. 

A. Diastereoselective aziridinations 

There are few general methods for highly diastereoselective aziridination of 

alkenes with the existing chiral auxiliary present in the alkene.®^ Work by Vederas and 

co-workers (Schem 2.4) has shown that lead tetraacetate (LTA) oxidation of N-

aminophthalimides in the presence of chiral a,P-unsaturated acid derivatives bearing an 

appropriate chiral auxiliary at the carbonyl center allows the synthesis of N-

phthalimidoaziridine adducts in 12-94% yield with 33 to 95% diastereofacial selectivity. 

It is likely that in this case the reaction no longer proceeds via an aminonitrene 

intermediate, but instead via an A^-acetoxyaminophthalimide intermediate. Thus syn 

attack occurs at the re face of the a-carbon to produce the observed diastereoselectivity. 
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By using the antipodc of the chiral sultam, it is possible to access the antipode of the 

chiral aziridine. Titanium-mediated alcoholysis of the sultam aziridine then readily 

affords the parent carboxylic acid, especially if ally! alcohol is used in the hydrolysis. 

NMR analysis using a chiral shift reagent confirmed that no epimerization ocurred during 

the hydrolytic cleavage. 

O 

Major Minor 

Pth = phthaloyi 

Scheme 2.4 Aziridination of acryloyl camphorsultam 

In an analogous process in which the controlling asymmetry is present in the 

reagent rather than the alkene, chiral quinazolin-4(3H)ones have been shown to effect 

highly stereoslective aziridination of alkenes (Scheme 2-5). Thus, a terr-lcucine-derived 

quinoxazolinone gives aziridine from styrene, butadiene and indene with complete 

diastereoselectivity in the presence of alkyl titanates; in the absence of the Lewis acid 

there is no selectivity. The active species is again an A^-acetoxy species, generated in situ 

by reaction of the precursor quinoxazoline with lead tetraacetate. 
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Scheme 2.5 Aziridination using a chiral quinoxazolinone 

B. From imine 

The condensation of enantiopure sulfinimines with the lithium enolates of methyl 

a-bromoacetate or methyl a-bromopropionate (Scheme 2.6) allows entry to cis-N-(p-

toiuenesulfmyl)aziridine-2-carboxylates in yields of 60-77%."^'' Diasteroselectivities of 

up to 98% in favor of the cis-diastereomer are archieved, with better selectivity being 

observed with the latter enolate. 

A chair-like transition state is proposed in which the sulfinyl group is coordinated 

to the lithium cation. Both the enolate and the A^-sulfinylimine are required to have the E-

configuration in the transition state. However, sulfinimines are known to possess 

relatively low barriers to inversion, and it has, therefore, been argued that lithium cation 

may coordinate to both the nitrogen and oxygen of the transition state to lock the imine in 

the necessary £-geometry.^^ By employing the opposite sulfinium enantiomer, selective 

entry to the enantiomeric aziridine may be achieved. 
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Scheme 2.6 Enantiopure sulfinimines produce aziridine in an enantioselective manner 

C. Enantioselective aziridination 

The development of effective chiral catalysts for the enantioselective transfer of 

nitrenes and equivalents to alkenes (Scheme 2.7) has occupied the recent attention of 

many researchers.However, no general effective procedure has appeared yet. 

Porphyrin- and salen-based systems that are effective for alkene epoxidation have only 

limited utility as aziridination catalysts. Recent reports have shown that {N-(p-

toluenesulphonyl)imino)phenyliodinane (PhI=NTs) can aziridinate alkenes in the 

presence of catalytic quantities of low-valent metal complexes and recently a variety of 

catalysts capable of effecting asymmetric aziridination have been reported. These include 

benzylidene derivatives of 1, 2-diaminocyclohexane and chiral 4,4'-disubstituted 

bis(oxazolines). Binaphthyl salen-manganese (111) complexes also have been examined, 

by Katsuki et al.^' as potential aziridinating catalysts. Although they give some promising 

results, these procedures are highly substrate dependent, and have not been extended to a 

wide range of compounds. 
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Scheme 2.7 Synthesis of enantiopure aziridines via metal-catalyzed nitrene addition to 

alkenes 

2.3 Stereoselective ring openings of aziridines 

Chiral aziridine-2-carboxylates readily undergo regio- and stereoselective ring 

opening to relieve ring strain allowing access to amines with predictable a and P 

stereochemistry (Scheme 2.8).^'^'^^ The regioselectivity of the ring opening of aziridine-2-

carboxylates is controlled simultaneously by the steric interaction between the substrates 

and nucleophiles and by the electronic distribution of the substrates. The increasing 

synthetic accessibility of chiral aziridines has propelled their use in ring opening 
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reactions in organic synthesis. In general, two types of aziridines can be considered: 

activated and unactivated. The former contain substituents capable of stabilizing the 

developing negative charge on nitrogen during nucleophilic ring opening. The latter, also 

known as simple aziridines, are generally unsubstituted or with alkyl substitution on 

nitrogen and usually require acid catalysis to facilitate ring opening. 

Stereoselective and regiospecific ring opening at the (3-carbon atom of such 

aziridine esters to yield the more useful products has been successfully achieved using 

heteronucleophiles such as sulfur nucleophiles, oxygen nucleophiles, nitrogen 

nucleophiles, halides and carbon nucleophiles. 

Nu 
NHR^ 

C2 attack r1 
33 

R 

R! .COgR^ ^ 

1. 
Nu 

.COsR® 

R^ 

Nu ^ 
C3 attack NHR^ 

Scheme 2.8. Selective ring openings of aziridines 

2.4 Preparation of cyclic sulfites 

Cyclic sulfates have also been prepared by treatment of acyclic diols with sulfuryl 

chloride (SO2CI2) at extremely low temperature, but only moderate yields were obtained 

because of the chlorinating nature of SO2CI2. In the aforementioned methods of cyclic 

sulfate preparation, the configuration of the stereogenic centers in the parent diol 

substrate is conserved in the cyclic sulfate. 
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The reaction of acyclic diols with SO2CI2 often provides low yields of cyclic 

sulfates. Therefore, these cyclic sulfates are prepared by other methods, such as oxidation 

of cyclic sulfites. The oxidation of the sulfite with potassium permanganate was 

performed in a biphasic system (e.g. H2O and CH2CI2) to avoid further reaction and 

decomposition of the sulfate product. Alternatively, the oxidation of cyclic sulfites with a 

stoichiometric amount of ruthenium tetroxide furnishes cyclic sulfates in satisfactory 

yield; however, this procedure is expensive and is therefore limited to small-scale 

preparations. The discovery that a catalytic amount of RUO4 is generated in situ by the 

reaction of ruthenium trichloride or ruthenium dioxide with sodium periodate made 

available an expedited route for the oxidation of cyclic sulfites. 

2.5 Reaction behavior of cyclic sulfates and epoxides 

A comparison of ethylene cyclic sulfate and ethylene oxide is shown in Table 2.1. 

The reactivity of cyclic sulfates and epoxides towards nucleophiles is similar in nature 

but very different in selectivity. See Table 2.1. For example, cyclic sulfate in Scheme 2.9 

reacts with sodium azide in acetone/water to give preferentially the a-azide substituted 

product (o/p >20:1) whereas the epoxy ester gives exclusively the p-substituted product. 
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Table 2.1 Comparision between cyclic sulfate and epoxide 

Basic structure 

Ring strain 

Reaction type 

Product type 

Leaving group 

Reactivity 

Cyclic Sulfate 

0-s 
o 

Ca. 5-6 K cal/mol 

SN-2 

p-substituted alcohol 

ROSO3", good 

React under acidic, basic 
and neutral conditions 
without the help of any 
catalyst 

Regioselectivity 

Stereochemistry 
Double Nu displacement 

Nu attacks less hindered 
C-0 bond, a-substitution 
prefered 

Inversion 
possible 

Epoxide 

O 
ZA 

Ca. 27-28 K cal/mol 

SN-2 

P-substituted alcohol 

RO", poor 

Much less reactive than 
cyclic sulfate, Lewis acids 
catalyze the reaction 

Nu attacks less hindered 
C-0 bond, abnormal 
regioselectivity 

hiversion 
Not possible 

In some cases, the reactivity of these two cousins are complementary to each other. 

Although, both cyclic sulfates and epoxides are very reactive towards nucleophiles. both 

are thermally stable.^^' 
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Scheme 2.9 Regioselectivities of nucleophilic substitution of cyclic sulfates and 

epoxides 
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CHAPTER 3. REGIOSELECTIVE AND STEREOSELECTIVE 

NUCLEOPHILIC RING OPENINGS OF PHENYL-SUBSTITUTED 

AZIRIDINES: ENANTIOSELECTIVE SYNTHESIS OF p-SUBSTITUTED 

TRYPTOPHAN, CYSTEINE AND SERINE DERIVATIVES 

3.1, Introduction 

Restricting flexible peptides can enhance their biological activities and 

selectivities. One successful approach to the design of conformationally restricted 

peptides is the incorporation of side chain restricted amino acids in % space. The side 

chain conformation can be controlled by introducing an alkyl or aryl group at the Im­

position of amino acid residues. As researchers in this field, our group has designed 

and synthesized many P-substituted novel amino acids. Furthermore, we have 

demonstrated the incorporation of these side chain constrained amino acids into 

20 biologically active peptides to improve their bioactivity and selectivity. As part of our 

continuing effort in this field, we have designed a new asymmetric synthesis of j3-

functionalized amino acids, namely ^-substituted cysteines, serines and tryptophans. 

Cysteine plays a unique function in the conformation and the formation of secondary 

structures of peptides and proteins through disulfide bond formation. ^-Substituted 

cysteines when introduced into the peptide chain not only can constrain the backbone 

conformation through the formation of a disulfide bridge, but also can preserve the 

respective side chain, which is important for molecular recognition."^® ^-Substituted 
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cysteines and serines also can be used as building blocks for dipeptide j3-tum mimetics 

(Figure 3.1)7^''^'^ P-Phenyl-substituted tryptophans are chimeric amino acids containing 

two bulky side chain groups, an indole and a phenyl group. The interaction between these 

two bulky side chain groups can produce strong constraints simultaneously for both 

and side chain torsional angles.'*^'^ Because of their labile side chains and chirality 

requirement, convenient syntheses of these amino acids have not been reported, 

particularly for p-substituted cysteines. Herein we report a general and efficient approach 

for synthesizing ^-substituted cysteines, serines, and tryptophans through the ring 

openings of aziridines. Since many biologically active peptides possess critical aromatic 

residues, we have focused much of our attention on unnatural P-functionalized aromatic 

amino acids.' 

R 

R= aryl, alkyi 
x= s, o 

Figure 3.1 Dipeptide ^-tum mimetics 

Aziridines as important synthetic intermediates can be subjected to ring openings 

with various nucleophiles in excellent stereo- and regio-selectivities.^"'^^ In our initial 

efforts, we targeted P-phenyl-substituted cysteine, serine, and tryptophan. Therefore, 

chiral 3-phenylaziridine-2-carboxylic ester 7 was chosen as a starting point. Several 
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approaches to the synthesis of 3-phenylaziridine-2-carboxylates 7 have been reported. 

However, despite their effectiveness in these reactions, they have a substantial drawback: 

removal of the alkyl- or arylsulfonyl group from the newly introduced nitrogen 

substituent requires very harsh conditions, or the synthetic approaches are non-

^1 1C\ 
stereospecific. ' ' ' ' Little attention has been paid to the synthesis of unprotected 3-

phenylaziridine-2-carboxylates due to the lack of convenient routes to synthesize such 

compounds. We have developed a novel synthetic method for the preparation of optically 

pure A'-unsubstituted 3-phenylaziridine-2-carboxylates 7 (Scheme 3.1), which 

subsequently undergoes regiospecific ring opening with thiols, indoles, and acetic acid to 

provide P-phenyl substituted cysteine, tryptophan, and serine derivatives, respectively. 

O .o 
n OH O U V 
o a - II h N 

%-{ 
OH Ph COpBzl Ph COgBzl 

1 2 3 4 

® 9 Ng O OH O O 

d, Ph" V '^Bzl + Ph" ^ ""Bzl ' , O^zl 

4 OH Ng H 

5 6 7 

(a) Sharpless AD, AD-mix-a, 90%; (b) SOCIg, DCM, 85%; (c) Nal04, RuClg, 87%; (d) NaNg, acetone, H2O; (e) 

20% H2SO4, ether, two steps; 84%; (f) PPhg, MeCN, 91%; (g) NaNg, DMF, 60 "C, 85%. 

Scheme 3.1 Synthesis of benzyl 3-phenylaziridine-2-carboxylate. 

3.2 Results and Discussion 

The synthesis of benzyl 3-phenylaziridine-2-carboxylate 7 is illustrated in Scheme 

3.1. In the synthesis, we used the well-documented Sharpless asymmetric 

dihydroxylation as a key step to prepare 7. Commercially available Jrans-benzyl 
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cinnamate 1 was the starting point of our synthesis. The cinnamate 1 was subjected to the 

Sharpless asymmetric dihydroxylation in the presence of (DHQ)2PHAL (AD-mix-a) and 

methanesulfonamide to yield (2i?,55)-diol 2 in a high yield and excellent optical purity 

(>95% ee).^*^' The resulting vicinal dial 2 was first converted to the cyclic sulfite 3 as a 

mixture of diastereomers in 1:1 ratio using SOCI2, and then the cyclic sulfite 3 was 

further oxidized to the cyclic sulfate 4 with RUO4 (generated in situ from NaI04/cat. 

RuCls) in acetonitrile and water. Ring opening of cyclic sulfate 4 in an Sn2 fashion with 

N3" was generally carried out for 2 h at room temperature and provided the azido alcohols 

5 and 6 in a 6:1 ratio (P/a=6:1) as determined by NMR spectroscopy. 

Since the cyclic sulfate 4 of the cinnamate derivatives was extremely unstable, 

isolation gave some decomposition by-products. We solved this problem by ring-opening 

the cyclic sulfite 3 in DMF at higher temperature (60°C) with sodium azide;^^' the 

regioisomers 5 and 6 were formed in a 5:1 ratio in high yield. From this point, we can see 

that the behavior of 3-aryl-substituted cyclic sulfate or sulfite-2-carboxylic esters is 

different from that of the 3-aryl-substituted oxirane-2-carboxylic esters, in the ring 

opening by sodium azide. In the case of the 3-aryl-substituted oxirane-2-carboxylic 

esters, only one regioisomer of the azido alcohol was obtained upon treatment with 

sodium azide by attack at the benzylic C-3 position.^^ We did not make any effort to 

improve the regioselectivity, since the hydroxy group serves as a leaving group in the 

subsequent aziridine formation, and both regioisomers 5 and 6 lead to the same chiral 

product 7. 
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In the following so-called Staudinger reaction,^® reduction of the azide function 

formed first an imino phosphorane and then an oxazaphospholine intermediate which was 

thermally induced to yield an aziridine. The ring closure took place with inversion of 

configuration at the carbon bearing the leaving group. Therefore, from the cyclic sulfate 4 

We also wanted to extend this methodology to the synthesis of 3-aryl-3-alkyl-

disubstituted aziridines which would lead to P,(3-disubstituted amino acids. Ethyl trans-^-

methyl cinnamate underwent the Sharpless AD reaction to provide the diol in good yield 

with high selectivity. The same procedure as described above smoothly converted the 

diol to cyclic sulfite 8 (Scheme 3.2), but further oxidation using ruthenium trichloride 

with sodium periodate gave decomposed products. At this point, we tried the ring-

opening reaction of cyclic sulfite 8 with sodium azide in DMF at Interestingly, 

instead of forming the azido alcohol, an unprecedented rearrangement reaction occurred 

to provide the a-keto ester 9.^^' The methyl substitution at the 3 position would favor 

initial formation of a stabilized, tertiary benzylic carbonium ion. Abstraction of the 

hydide alpha to the ester group to generate the alkene, followed by loss of SO2, would 

lead to the enol form of the observed a-keto ester product.''' 

to aziridine 7, the stereochemical configurations at both atoms have been inverted.^'^' 

O 
O 

OC2H5 

II 

NaNg/DMF 

Ph^7 V 
H3C CO2C2H5 

8 

O 

9 

Scheme 3.2 Rearrangement Reaction 
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To prepare cfi'-S-phenylaziridine-l-carboxylic esters, we examined the use of 

LiBr to ring open the sulfate 4, followed by a second nucleophilic displacement with 

NaNs to obtain the desired stereochemistry. This double-inversion procedure, however 

did not result in good ee in the product, because of the competition of the reaction sites of 

benzylic position and a-position when sulfate was subject to the ring opening by LiBr. 

3-Phenylaziridine-2-carboxylic esters 7 underwent ring openings with 

nucleophiles including 4-methoxybenzylthiol, indole and acetic acid to give P-phenyl-

substituted cysteine, tryptophan, and serine derivatives, respectively (Scheme 3.3). 4-

Methoxybenzylthiol was chosen as a sulfur nucleophile since the 4-methoxybenzyl group 

can serve as an S-protecting group which is compatible with A^-a-Boc solid phase peptide 

synthesis. HF treatment should remove the peptide from the resin and deprotect the sulfur 

simultaneously without affecting the integrity of the peptides.Treatment of aziridine 7 

with 3 equiv of 4-methoxybenzylthiol in dichloromethane in the presence of 1.5 equiv of 

BF3-Et20 followed by amino group protection resulted in (2i?,35)-Boc-protected P-

phenylcysteine derivative 10 in 67% yield. The reaction was a stercospecific Sn2 reaction 

at the benzylic C3 position. The regiochemistry of the ring opening was specific too, 

supported by the mass spectrum exhibiting the fragment [CeHsCHSCHaCeBUOCHs]'^ 

(m/z: 243). In the case of indole as a nucleophile, exclusive, stereospecific attack of the 

carbon at the benzylic C3 position also was observed. The regiochemistry of the reaction 

was deduced from the mass spectrum and 'H NMR characteristics of the (25,3i?)-product 

11. The optical purity of 10 and 11 was determined by Mosher's agents.The P-phenyl 

serine was obtained when substrate 7 was stirred at 70°C with acetic acid for 2 h. The 
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ring opening proceeded with complete inversion of configuration at the C3 position, 

probably via the initial ring opening by attack of acetate anion at C3, and subsequent acyl 

migration from oxygen to nitrogen to give the (25,35')-product 12 in 88% yield.®^ 

Substrate 7 also underwent reductive opening reaction via hydrogenolysis at the aziridine 

benzylic position to stereospecifically provide (5)-phenylalanine 13 ([a] d = -33.3° (c 

1.6, H2O), lit [a]^^D = -32.7 to -34.7° (c 2.0, H2O) Merck Index 12, 7425], The 

deprotection of the iV"-Boc group in 10 and its enantionmer gave free amines, which were 

coupled with (5')-(-)-a-methoxyl-a-trifluoromethylphenylacetyl chloride (Mosher's 

agent) to afford amides. Measurement of the diastereomeric methyl singlets at 8 3.35 and 

3.28 in proton NMR spectra in CDCI3 demonstrated the amides to be of >96% 

diastereomeric excess (only one peak observed in each case). Hence, amino acid 10 and 

its enantiomer were determined to be of >96% enantiomeric excess. Amino acid 

derivative 11 was coupled with the (/?)- and (S)-Mosher's agents respectively to give 

amides, which were directly examined in proton NMR spectroscopy in CDCI3. 

Measurement of the diastereomeric methyl singlets at 5 3.26 and 3.06 demonstrated the 

amides to be of >96% diastereomeric excess (only one peak observed in each case). 

Hence, amino acid 11 was determined to be of >96% enantiomeric excess. Compound 12 

was transformed to its methyl ester, a known compound ([a]D^^ +142.8° (c 1.06, CHCI3), 

lit'*'^ ([ajo'"^ +140.2° (c 0.9, CHCI3), indicating compound 12 has high optical purity. 
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(a) (I) DCM, BFg-EtgO, p-MeOCsHsCHgSH, 67%; (11) (Boc)20, TEA/THF, 90%; (b) DCM, BFg-EtjO, Indole, 48%; 

(c) Acetic acid, 70 °C, 88%; (d) Hg, MeOH, 10% Pd-C, 90%. 

Scheme 3.3 The regiospecific ring opening reaction of benzyl-3-phenyl aziridine-

2-carboxyIate 

3.3. Summary 

In conclusion, an efficient procedure was developed for making the 

enantiomerically enriched phenyl substituted-aziridine 7 through a Sharpless asymmetric 

dihydroxylation. The stereospecific and regioselective ring opening of aziridine 

intermediate 7 with 4-methoxybenzylthiol, indole and acetic acid gave P-phenyl-

substituted cysteine, tryptophan, and serine derivatives, respectively. This method could 

be used for the preparation of other novel amino acids with various nucleophiles, 

providing a general and efficient approach for the synthesis of P-substituted amino acids. 

The synthesis of P-alkyl-substituted amino acids using a similar strategy is under 

investigation. 
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3.4 Experimental Section 

General. 'H and '"^C NMR spectra were recorded on Varian 300 MHz and DRX 500 

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

tetramethylsilane as an internal standard. Mass spectrometric analyses were conducted by 

Mass Spectrometry Laboratory, Department of Chemistry, University of Arizona. Optical 

rotations were measured on a JACSO PI020 polarimeler. Column chromatography was 

performed with 200-400 silica gel from Aldrich Chemical Co. Thin layer 

chromatography (TLC) was performed with Kodak F-254 silica gel plates. 

Dichoromethane was distilled from CaHa, and THF from Na and benzophenone under a 

N2 atmosphere. All other chemicals were purchased from Aldrich Chemical Co. and used 

as received. All new compounds were characterized by H and C NMR and high 

resolution mass spectrometry (HRMS). 

(2/?,35')-Benzyl 2,3-Dihydroxy-3-phenyIpropionate (2). To a stirred solution of AD-

mix-a (42 g) and methanesulfonamide (0.3 g, 30 mmol) in tert-butyl alcohol (150 mL) 

and water (150 mL) at rt was added benzyl rra/j.s-cinnamate (8.16 g, 30 mmol). The 

reaction was stirred at rt for 24 h. Sodium sulfite (45 g) was added as a solid, and the 

mixture was stirred for 30 min. Ethyl acetate was added, the mixture was washed with 

water, and the organic phase was dried (MgS04) and concentrated under reduced 

pressure. The pure product 7.34 g (90%) was obtained as a colorless oil by silica gel 

chromatography with hexanes-ethyl acetate (70:30, v/v). The enantiomeric excess was 

determined by HPLC to be >95% ee using an (i?,i?)Whalk-01 column with 20% 2-

propanol in hexane as the elute; [a]~"i)= +4.94° (c 2.30, CHCI3); ^H NMR (300 MHz, 
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CDCls) 5 2.77 (d, J = 6.6Hz, IH), 3.12 (d, J = 6.0Hz, IH), 4.42 (dd, / = 5.7Hz, J = 

3.0Hz, IH), 5.03 (dd, J = 6.9Hz, J = 3.3Hz, IH), 5.23 (m, 2H), 7.28-7.39 (m, lOH); '^C 

NMR S 67.8, 74.5, 74.7, 126.2, 128 (m, 4C), 134.7, 139.7, 172.6; HRMS MH^ Calcd. for 

C16H17O4 273.1049, found 273.1127. 

Cyclic sulfite 3. To an ice-cooled stirred solution of 2 (4.08 g, 15 mmol) and 

triethylamine (6.25 g, 60 mmol) in methylene chloride (60 mL) was added thionyl 

choride (1.64 mL, 22.5 mmol) dropwise over 10 min; stirring was continued for another 5 

min at 0"C. The reaction mixture was diluted with cold ether and washed with cold water. 

The aqueous phase was extracted with ether. The combined organic phases were washed 

with cold brine and concentrated under reduced pressure to remove solvent. The crude 

cyclic sulfite was purified by chromatography with hexanes-ethyl acetate (60:40 v/v) to 

give products (4.05 g, 85%) as diastereomers in a 1:1 ratio: [a]^%= -78° (c 0.85, CHCI3); 

'H NMR (500 MHz, CDCI3) 5 4.82 (d, J = 7.5Hz,0.5H), 5.18-5.32(m, 2.5H), 5.52 (d, J = 

8.5Hz, 0.5H), 6.11 (d, J = 7.5Hz, 0.5H), 7.30-7.41 (m, lOH); "C NMR 5 68.1, 68.2, 

81.2, 83.2, 83.3, 87.9, 126.8-129.7 (m, IIC), 133.5, 133.7, 134.3, 134.5, 165.8, 166.8; 

HRMS MH" Calcd. for C16H15O5S 319.0562, found 319.0638. 

Cyclic sulfate 4. The cyclic sulfite (1.48 g, 4.65 mmol) was dissolved in a mixture of 

water (29 mL), CH3CN (13 mL), and CCI4 (13 mL). NaI04 (1.49 g, 6.98 mmol) and 

RUCIB hydrate (catalytical amount) were added, and the solution was vigorously stirred 

for 1 h at rt. The reaction mixture was diluted with ether (100 mL) and the organic layer 

was filtered through a pad of celite, was washed with water and saturated sodium 

bicarbonate solution followed by brine, dried over MgS04 and concentrated under 
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reduced pressure. The pure cyclic sulfate (1.28 g, 87%) was isolated as a colorless oil by 

silica gel chromatography with hexanes-ethyl acetate (60:40 v/v): 'h NMR (300 MHz, 

CDCI3) 5 5.08 (d, J = 9.3Hz, JH). 5.18 (m, 2H), 5.78 (d, J = 9.0Hz, IH), 7.20-7.36 (m, 

lOH); "C NMR S68.7, 81.4, 84.4, 127.1, 128.5, 128.7, 128.9, 129.3, 130.7, 131.7, 

133.8,163.9. 

Benzyl (2/?,3/?)-3-Azido-2-hydroxy-3-phenylpropionate (5), Benzyl (2S',3S)-2-azido-

3-hydroxy-3-phenylpropionate (6). Method A. To a stirred solution of cyclic sulfate 4 

(0.54 g, 1.62 mmol) in acetone (10 mL) and water (1 mL) was added sodium azide (130 

mg, 2 mmol) as a solid. The mixture was stirred at 0°C for 5 min and rt for 2 h. The 

mixture was concentrated under reduced pressure. Ethyl ether (7 mL) was added, and 

solution was chilled to 0"C followed by dropwise addition of 20% aqueous H2SO4. The 

solution was stirred vigorously at 0°C for 24 h. The organic layer was collected and 

washed with sodium bicarbonate and water. After removal of solvent, the pure products 

(0.41 g, 85%) were isolated by .silica gel chromatography with hexanes-ethyl acetate 

(80:20 v/v). Method B. To a stirred solution of cyclic sulfite 3 (320 mg, 1 mmol) in DMF 

(2.5 mL) was added sodium azide (130 mg, 2 mmol). The temperature was raised to 60''C 

for 6 h. The mixture was concentrated under reduced pressure. The pure product (250 

mg, 85%) was obtained by silica gel chromatography with hexanes-ethyl acetate (70:30 

v/v); The products were the mixture of the regioisomers. The minor product 6 was not 

detected. 'H NMR (500 MHz, CDCI3) 5 2.99 (d, J = 6.5Hz, IH), 4.56 (dd. J = 4.0Hz, J = 

6.5Hz, IH), 4.86 (d, / = 4.0Hz, IH), 5.12 (m, 2H), 7.20-7.27 (m, lOH); HRMS MIT 

Calcd. for C16H16O3N3 298.1113, found 298.1196. 



53 

Benzyl (2S^R)-3-Phenylaziridine-2-carboxylate (7). To a stirred solution of azido 

alcohol 5 and 6 (1 g, 3.36 mmol) in acetonitrile (15 mL) was added PPh^ (0.91 g, 3.48 

mmol) as a solid. The mixture was stirred at for 1 h and then refluxed for 6 h. After 

removal of solvent, the pure product (0.8 g, 91%) was isolated by silica gel 

chromatography with hexanes-ethyl acetate (80:20 v/v): = +186° (c 0.9, CHCI3); 

'H NMR (500 MHz, CDCI3) 8 1.93 (br, IH), 2.64 (b, IH), 3.29 (b, IH), 5.23 (m, 2H), 

7.25-7.35 (m, lOH); "C NMR 5 39.4, 40.5, 67.5, 126.1, 127.7, 128.3, 128.4, 128.5, 

128.6,135.1, 137.6, 171.6; HRMS MBT Calcd for CieHieOzN 254.1103, found 254.1178. 

Benzyl iV" (/e/t-Butyloxycarbonyl)-(2J?,3S)-3-phenyI-3-(4-methoxybenzylthiol)-

propanoate (10). To a stirred solution of 7 (1.57 g, 6.2 mmol) and 4-methoxybenzylthiol 

(1.72 mL, 12.4 mmol) in dry methylene chloride (60 mL) at 0"C was added anhydrous 

boron trifluoride etherate (1.17 mL, 9.3 mmol) dropwise. The mixture was stirred at 0°C 

for 24 h, and then quenched by addition of saturated sodium bicarbonate. The organic 

layer was washed with brine, water and dried over MgS04. After removal of solvent, the 

pure product (1.69 g, 67%) was obtained as a colorless oil by silica gel chromatography 

with hexanes-ethyl acetate (60:40 v/v). The product was dissolved in THF (30 mL). The 

solution was treated with TEA (420 mg, 4.12 mmol) and di-^err-butyldicarbonate (0.89 g. 

4.12 mmol). The solution was stirred at the rt overnight, and the solvent was evaporated 

off. The residue was dissolved in 50 mL EtOAc, washed with saturated sodium 

bicarbonate and brine and dried over MgS04. After removal of the solvent, the pure 

product (1.89 g, 90%) was obtained : [a]%= +127° (c 2.25, CHCI3); 'H NMR (500 

MHz, CDCI3) 5 1.40 (s, 9H), 3.48 (d, /= 13Hz, IH), 3.62 (d, J = 13Hz,lH), 3.76 (s, 3H), 
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4.14 (d, J =  5.0Hz, IH), 4.85 (del, J = 5Hz, J = 9.5Hz, IH), 4.98 (d, J = 9.5Hz, IH), 5.02 

(d,y= 12.5Hz, IH), 5.11 (d,J= 12Hz, IH), 6.77-7.34 (m); "C NMR 628.2, 35.1, 50.7, 

55.2, 56.9, 67.1, 80.1, 113.8, 127.9, 128.4, 128.5, 128.6, 129.1, 130.1, 135, 136.8, 155.2, 

158.6,170.1; HRMS MBT Calcd. for C29H34O5NS 508.2079, found 508.2141. 

Benzyl (2S,3/f)-2-Ainino-3-phenyl-3-(indol-3-yl)propanoate (11). Boron trifluoride 

etherate (0.1 g, 0.72mmol) was added dropwise to a solution of 7 (0.12 g, 0.47 mmol) and 

indole (0.11 g, 0.94 mmol) in dichloromethane (5 roL) at 0°C under argon. After 2 h, satd 

sodium bicarbonate solution (5 noL) was added and the aqueous layer was extracted with 

dichloromethane. The combined organic layer was washed with brine and dried over 

MgS04. After removal of solvent, the pure product (83 mg, 48%) was isolated as a 

20 colorless oil by silica gel chromatography with hexanes-ethyl acetate (60:40 v/v): [a] d 

= -33.2° (c 0.65, CHCI3) \H NMR (500 MHz, CDCI3) 6 1.58 (br, 2H), 4.27 (d. J = 7.5Hz, 

IH), 4.67 (d, J = 7Hz, IH), 5.00 (s, 2H), 6.99-7.26 (m, 15H), 8.02 (s, IH) NMR 

547.1, 59.0, 66.7, 110.9, 116.3, 119.2, 119.4,122 (m, 2C), 126.9-128 (m, 5C), 135.4, 

136.0, 140.1, 174.4; HRMS MH^ Calcd. for C24H23O2N2 371.1758, found 371.1760. 

Benzyl (25,3S)-2-Acetylaniino-3-phenyl-3-hydroxypropanoate (12). A mixture of 

aziridine (0.14 g, 0.56 mmol) and acetic acid (5 mL) was stirred at 70T for 2 h. Excess 

acetic acid was removed in reduced pressure. The pure product (154 mg, 88%) was 

obtained as a colorless oil by silica gel chromatography with hexanes-ethyl acetate (80:20 

v/v): [a]\ = 4-47.9° (c 1.2, CHCI3); 'H NMR (500 MHz, CDCI3) 8 1.98 (s, 3H), 4.58 

(br, IH), 5.03 (dd, J = 7.5Hz, J = 3.5Hz, IH), 5.10 (m, 2H), 5.21 (d, J = 3.5Hz, IH), 6.40 

(d, J = 7Hz, IH), 7.09-7.29 (m, lOH); NMR 5 22.8, 59.1, 67.5, 74.8, 125.8, 128 (m). 
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134.5, 138.9, 169.2, 171.5; HRMS MtT Calcd. for C18H20O4N 314.1314, found 

314.1404. 

(S)-Phenylalanine (13). Aziridine 7 (0.25 g, 1 mmol) was hydrogenated over a catalytic 

amount of Pd-C in methanol (2 mL) for 12 h at rt under a Hi atmosphere (36 psi). The 

catalyst was filtered off and the filtrate was conccntrated in vacuo to give a residue which 

was purified by recrystallization from hexane and ethyl acetate: [a] d = -33.3° (c 1.6, 

H2O); 'H NMR (300 MHz, D2O) 5 3.05-3.29 (m, 2H), 3.94-3.98 (m, 2H), 7.28-7.42 (m, 

5H); NMR 8 31.9, 51.6, 123.3, 124.5, 130.7, 143.4, 169.6; HRMS MET" Calcd. for 

C19H12O2N 166.0810, found 166.0790. 

Benzene propanoic acid, P-methyl-a-oxo-ethyl ester (9). To a stirred solution of (di­

methyl cyclic sulfite 8 (270 mg, 1 mmol) in DMF (2.5 mL) was added sodium azide (130 

mg, 2 mmol). The temperature was raised to 65"C for 6 h. The mixture was concentrated 

under reduced pressure, the pure product (100 mg, 48%) was obtained, and 80 mg 

starting material was recovered by silica gel chromatography with hexanes-ethyl acetate 

(80:20 v/v): [a]%= +7.14° (c 0.35, CHCI3); "H NMR (500 MHz, CDCI3) 5 1.19 (t, J = 

7.2Hz, 3H), 1.46 (d, /= 7.2Hz, 3H), 4.17 (m, 2H), 4.48 (q,./ = 7.2Hz, IH), 7.20-7.36 (m, 

5H); '^C NMR 5 13.8, 16.7, 48.4, 62.2, 127.6, 128.5, 128.9, 137.7, 161.3, 194; HRMS 

MH" Calcd. for C12H15O3 207.1021, found 207.1022. 

Enantiomeric integrity of 10-12. 

The deprotection of Boc in 10 and its enantiomer gave free amine, which was coupled 

with (S')-(-)-a-methoxyl-a-trifluoromethyl phenylacetic chloride (Mosher's agent) to 
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afford amides. Measurement of the diastereomeric methyl singlets at 5 3.35 and 3.28 in 

proton NMR spectroscopy in CDCI3 demonstrated the amides to be of >96% 

diastereomeric excess (only one peak observed in each case). Hence, amino acid 10 and 

its enantiomer vi'ere presumed to be of >96% enantiomeric excess. Amino acid derivative 

11 was coupled with (R)- and (5)-Mosher's agents respectively to give amides, which 

were directly examined in proton NMR spectroscopy in CDCI3. Measurement of the 

diastereomeric methyl singlets at 5 3.26 and 3.06 demonstrated the amides to be of >96% 

diastereomeric excess (only one peak observed in each case). Hence, amino acid 11 was 

presumed to be of >96% enantiomeric excess. 

Compound 12 was transformed to its methyl ester, ([a] d"' +142.8° (c 1.06, CHCI3), lit 

([a] +140.2° (c 0.9, CHCI3), indicating compound 12 had high optical purity. 



57 

CHARPTER 4. A GENERAL ASYMMETRIC SYNTHESIS OF SYN AND ANTI-

P-SUBSTITUTED CYSTEINE AND SERINE DERIVATIVES 

4.1. INTRODUCTION 

A complete understanding of the stereochemical requirements of side chain 

groups is critical for understanding peptide ligand-receptor/acceptor interactions and 

plays a crucial role in the rational design of bioactive peptides and nonpeptide mimetics. 

This understanding can be realized by incorporation of conformationally constrained 

unusual amino acids into peptide or nonpeptide template."" Among the novel amino 

acids, p-substituted cysteines and p-substituted serines play a unique role in peptide 

conformational constraints. P-substituted cysteines when introduced into the peptide 

chain can not only constrain the backbone conformation through the formation of a 

disulfide bridge, but also can preserve the respective side chains, which are very 

important for molecular recognition."^'P-substituted cysteines and serines also can be 

10 lA. 8*7 
used as building blocks for dipeptide P-turn mimetics (Figure 4.1). ' ' 

As part of our a-MSH (melanocyte stimulating hormone) program, we have 

identified the core sequence of a-MSH peptides His-(d/l) Phe-Arg-Trp and found a p-

turn which includes the Phe and Arg residues.Conformationally constrained bicyclic 

di peptide mimetic scaffolds, such as the templates in Figure 4.1, can provide at least 16 

isomers with different backbone geometry and side chain oritentation, which will greatly 

help us to study the bioactive conformation. Furthermore, cysteine and derivative 
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residues are present in many peptide/protein sequences having important bioactivities, 

including DPDPE, a cyclic enkephalin analogue (H-Tyr-c[D-Pen-Gly-Phe-D-Pen]-OH) 

and melanotropin analogues.Introduction of the appropriately substituted cysteines into 

the sequence will preserve the corresponding side chain oritentation and restrict the C-S-

S-C dihedral angle. Hence, this has created a need for efficient, stereospecific synthetic 

approaches towards such molecules. 

H NHg 
Ph- - ' 

NH 
N If \ HN 

O HN 

N ' ^  
H 

Ac-Ser-Tvr-Ser-Met-Glu-His-Phe-Ara-Trp-Glv-Pro-Val-NHo r r' _ gryl, alky I 
a-MSH peptide X = S, O 

Figure 4.1 P-Tum in an a-MSH peptide and proposed j3-tum mimctics 

In early studies, although syntheses of p-hydroxy amino acids have been well 

documented,there appears to be no general stereospecific methodology directed at 

the synthesis of P-substituted cysteines. Goodman and co-workers reported the 

synthesis of a,p-dimethylcysteines and serines. While this method is reliable, only the 

anft'-isomers are accessible with high ee. Previously, we reported the enantioselective 

synthesis of P-phenylcysteine, P-phenyltryptophan and P-phenylserine through the ring 

09 
opening reaction of 3-phenylaziridine-2-carboxylic ester. We now make use of this 
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strategy in the first general asymmetric synthesis of all four stereoisomers of P-

substituted cysteines and serines. 

4.2 Results and discussion 

The substituted a,j3-unsaturated benzyl esters were the starting points of the 

synthesis, a, P-Unsaturated benzyl esters 14 and 15 were subjected to the Sharpless 

asymmetric dihydroxylation in the presence of (DHQ)2PHAL (AD-mix-a) and 

methanesulfonamide (Scheme 4.1). The reaction proceeded smoothly to yield (2R,3S)-

diols 16 and 17 in high yield and excellent optical purity (96% ee).^' The vicinal 

diols 16 and 17 were first converted to the cyclic sulfites as a mixture of diastcreomers in 

1:1 ratio,and then the cyclic sulfites were oxidized to cyclic sulfates 18 and 19 

with Ru04 (NaI04/cat. RuCls) in acetonitrile and water. Ring opening of cyclic sulfates 

18 and 19 in an Sn2 fashion with N3" was generally carried out for 2 h at room 

temperature. Acidic hydrolysis provided the azido esters 20 and 21. Nucleophilic 

substitution by NaNa occured exclusively at the a-position of the cyclic sulfates with 

clean inversion of chirality. Reductions of azido ester 20, 21 were accomplished under 

neutral condition with PPh:, in THF and water to provide the (2i?,35)-P-alkyl-substituted 

serine derivatives 22 and 23. By switching the Sharpless chiral catalytic ligand to 

(DHQD)2PHAL (AD-mix-3), the other anft'-isomer is available by the same 

methodologies 

The subsequent aziridine formations were accomplished using Staudinger 

reaction. Reduction of the azide function formed first an imino phosphorane, and then 
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an oxazaphospholine intermediate, which was thermally induced to yield an aziridine. 

The ring closure took place with inversion of configuration at the carbon bearing the 

leaving group; therefore, from the cyclic sulfates 18 and 19 to aziridines 24 and 25, the 

stereochemical configuration at both atoms have been inverted. 
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O 

N 

Cbz 

OBzl 

26; R= CH3CH2CH2- 95% 
27: R= (CH3)2CH- 90% 

30 (20%) 

Scheme 4.1 Preparation of anti-P-substituted cysteine and serine derivatives 
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Although the regioselective ring opening of an aziridine functionality with sulfur 

nucleophiles in the case of P-unsubsituted or a,P-dimethyl aziridine-2-carboxylate has 

been documented,'^'" there only were limited examples of results on the more 

generally C-3 substituted aziridine-2-carboxylates. 

Since non-activated alkyl-substituted aziridines did not react under the usual ring 

opening conditions,®^'the aziridine 26 and 27 bearing the electron-withdrawing group 

Cbz (benzyloxycarbonyl) on the nitrogen were used. In the case of 26, sulfur nucleophile 

with the aid of boron trifluoride etherate gave exclusive C-3 attack to provide the |3-

propyl cysteine 28 in 65% yield. However, the 3-isopropyl aziridine-2-carboxylate 27 

provided a 2:1 mixture of products 29 and 30 of C-3 and C-2 attack. It was obvious that 

the steric bulk presented by 3-substitution has a great influence on the regioselectivity of 

the aziridine ring opening. The behavior of (3, P-disubstituted aziridine-2-carboxylates is 

under investigation. 

There are several choices to asymmetrically produce the .vy«-isomers of (3-

substituted serine and cysteine derivatives (Scheme 4.2). However, a fundamental 

weakness of the Sharpless AD reaction is revealed when route A was applied. This 

reaction is not stereoselective enough to be synthetically useful when (Z)-alkenes are 

substrates. The highest ee so far observed is ca. 80% with (Z)-alkenes.'^"''^ In route B, 

manipulating the configuration of the a-position seemed to be a practical way to provide 

the .vvn-isomer through the formation of syn-azido alcohol and aziridine. 
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Scheme 4.2 Retrosynthesis of syn products 

To make the syn product (Scheme 4.3), we first used LiBr to ring open the sulfate 18, 

followed by a second Sn2 nucleophilic substitution at the a-position with NaN:, in 

acetone and water or with NaNs and 50 mol % n-Bu4^HS04' in CH2CI2 to obtain the 

desired stereochemistry at the a-position. However, the NMR spectrum of the crude 

product showed it to be a mixture of the epoxide and C-2 diastereomers. We solved this 

problem by adding NaNs (2.0 equiv) in DMSO at rt to the bromide 31, and these reaction 

conditions led to smooth Sn2 displacement of the bromide by the azide to provide the syn 

azido alcohol 32 in good yield. The stereochemistry of the product was confirmed by 

comparing the 'H NMR spectrum with that of the anti product. In general, any system 

that has a potential nucleophilic substituent situated properly for backsidc displacement 

of a leaving group at another carbon atom of the molecule can be expected to display 

neighboring-group participation. There will always be competition between direct Sn2 

displacement by an external nucleophile and neighboring group participation of an 

internal nucleophile. The extent of the rate enhancement will depend on how effectively 
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the groups act as nucleophiles in different solvents and the ease with which the molecular 

geometry required for participation can be achieved. Alcohol 32 was subjected to the 

reaction conditions previously described to provide the 5'}'/i-^propylserine ester 33 or 

^yw-^propylaziridine 34. Figure 4.2 shows the coupling pattern in the 'H NMR spectra 

of franx-aziridine 24 and cw-aziridine 34. The coupling constants between Ha and Hb and 

those between H'a and H'b confirmed that the desired stereochemistry was formed. 

Aziridine 34 was converted to the syn-y^-propylcysteine derivative 36 (Scheme 4.3) using 

reaction conditions described in Scheme 4.1 for the preparation of 28. 

O O 

2.5Hz 
6.9Hz 

anti isomer 24 syn isomer 34 

Figure 4.2 Coupling constant of anti- and .vv/i-aziridines 24 and 34 in NMR 
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Scheme 4.3 Preparation of syn-p-propyl cysteine and serine derivatives 

The configurational integrity of both syn- and anH-alkyl substituted aziridine 

series 24, 25 and 34 were evaluated after conversion to diastereomeric amides (l*i? and 

(l*5)-37-39 (Scheme 4.4). Aziridines 24, 25 and 34 were coupled with (i?) and (S) 

Mosher's agents, respectively, to give amides, which were directly examined in NMR 
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spectroscopy, using CFCI3 as internal reference (-178.00 ppm). Measurements of the 

diastereomeric trifluoromelhyl singlets at 5 71.12 and 70.32 for 37, 71.30 and 70.23 for 

38, 71.33 ppm and 71.07 ppm for 39, demonstrated amides 37-39 to be of >94, 97and 

94% diastereomeric excess, respectively. The high diasteromeric purity of amide 37-39 

indicated that the enantiopure materials were produced from the Sharpless asymmetric 

dihydroxylation and also from the following transformations. Hence, aziridine 24, serine 

derivative 22 and cysteine derivative 28 are presumed to be of >94% enantiomeric 

purity, aziridine 25, serine derivative 23 and cysteine derivative 29 and 30 are presumed 

to be of >97% enantiomeric purity, and aziridine 34, serine derivative 33 and 

cysteinederivative 36 are presumed to be of >94% enantiomeric purity. 

4.3 Summary 

The first general and practical new pathway to the synthesis of both anti- and 

Av/?-p-subsituted serine and cysteine derivatives has been developed. A key step 

involving regio- and stereoselective rings reactions of cyclic sulfates 18 and 19 and 

aziridines 24, 25 and 34 has been throughly investigated. The incorporation of the amino 

acids into biologically active a-MSH peptides and peptidomimetics, biological 

evaluation, and structure-biological activity relationship studies of the bioactive peptides 

and peptidomimetics are in progress. 
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Scheme 4.4 Enantiomeric purity of b-substituted aziridine-2-carboxylates 

4.4 Experimental Section 

General. "H and NMR spectra were recorded on Varian 300 MHz and DRX 

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

tetramethylsilane as an internal stardard. Mass spectral analyses were conducted by , 

Mass Spectrum Laboratory, Department of Chemistry, University of Arizona. Optical 

rotations were measured on a JACSO PI020 polarimeter. Column chromatography was 

performed with 200-400 mesh silica gel which was purchased from Aldrich Chemical 

Co. Thin layer chromatography (TLC) was performed with Kodak F-254 silica gel plates. 

Dichoromethane was distilled from CaHi, and THF from Na and benzophenone under a 

N2 atmosphere. All other chemicals were purchased from Aldrich Chemical Co. and used 

as received. All new compounds were characterized by 'H, '"^C NMR and high resolution 

mass spectra (HRMS). 

Benzyl (2/?,3S)-2,3-Dihydroxyhexanate (16). To a stined solution of AD-mix-a (42 g) 

and methanesulfonamide (0.3 g, 30 mmol) in tert-butyl alcohol (150 ml) and water (150 

ml) at rt was added benzyl a, p-unsaturated hexanoate 14 (6.12 g, 30 mmol). The reaction 
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was stirred at rt for 24 h. Sodium sulfite (45 g) was added as a solid and the mixture was 

stirred for 30 min. Ethyl acetate was added, the mixture was washed with water, and the 

organic phase was dried over MgS04 and concentrated under reduced pressure. The pure 

product (6.05 g, 85%) was obtained as a colorless oil by silica gel chromatograhy with 

hexanes-ethyl acetate (80:20 v/v). The enantiomeric excess was determined to be >96%, 

using chiral HPLC (Chiralcel OD column, hexanes/isopropanol = 90/10 at a flow rate of 

1.5 mL/min): [a]\ = -0.72° (c 3.6, CHCI3); 'H NMR (300 MHz, CDCI3) 5 0.93 (t, J = 

7.2Hz, 3H), 1.25-1.63 (m, 4H), 2.10 (d, i= 8.7Hz, IH), 3.22 (d, J= 5.4Hz,lH), 3.93 (d, J 

= 6.6Hz), 4.13 (d, J= 3.9Hz, IH), 5.25 (m, 2H), 7.37 (s, 5H); "C NMR 5 13.9,18.8, 35.7 

67.6, 72.2, 73.2, 128.3, 138.5, 128.6, 135, 173.5; HRMS MH^ Calcd for C,3Hi904 

239.1283, found 239.1280. 

Benzyl (2/?,3S)-2,3-Dihydroxy-3-isopropyl propionate (17). The procedure described 

in the preparation of 16 but starting with 2.04 g of 15 afforded 2.07 g of 17 as colorless 

oil (88%): [a]\ = +1.15° (c 4.1, CHCI3); 'H NMR (300 MHz, CDCI3) 5 0.95 (d, J = 

6.3Hz, 3H), 1.03 (d, J = 6.6H2, 3H). 1.88 (m,lH), 2.40 (d, J = 9.3Hz, IH), 3.42 (d, J = 

5.4Hz IH), 3.52 (m, IH), 4.32 (m, IH), 5.23 (m, 2H), 7.36 (s, 5H); "C NMR 6 18.9, 

19.0, 30.9, 67.5, 71.5, 76.6, 128.3, 128.5, 128.6, 135.0, 174.0; HRMS MH^ Calcd for 

C13H19O4 239.1283, found 239.1282. 

Cyclic Sulfate 18. To an ice-cooled stirred solution of 16 (3.57 g, 15 mmol) and 

triethylamine (3.13 g, 30 mmol)) in methylene chloride (30 mL) was added thionyl 

choride (0.82 mL, 11.2 mmol) dropwise over 10 min; stirring was continued for another 5 

min at 0°C. The reaction mixture was diluted with cold ether and washed with cold water. 
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The aqueous phase was extracted with ether. The combined organic phases were washed 

with cold brine and concentrated under reduced pressure to remove solvent. The crude 

cyclic sulfite was dissolved in a mixture of water (94 mL), CH3CN (42 mL), and CCI4 

(42 mL). NaI04 (4.81 g, 22.5 mmol) and RuCls hydrate (catalytic amount) were added, 

and the solution was vigorously stirred for 1 h at rt. The reaction mixture was diluted 

with ether and the organic layer was filtered through a pad of celite, was washed with 

water and sodium bicarbonate solution followed by brine, dried over MgS04 and 

concentrated under reduced pressure. The pure cyclic sulfate (3.64 g, 81%) was isolated 

as a colorless oil by silica gel chromatography with hexanes-ethyl acetate (85:15 v/v): 

[a]% = -0.72° (c 3.6, CHCI3); NMR (500 MHz, CDCI3) 5 0.97 (t, / = 7.4Hz, 3H), 

1.53 (m, 2H), 1.94 (m, 2H), 4.87 (d, J = 7Hz,lH), 4.93 (m, IH), 5.30 (m, 2H), 7.39 (m, 

5H); '^C NMR 6 13.3,18.2,34.9,68.7,79.8, 83.8, 128.5, 128.8, 129.0, 133.9, 164.7; 

HRMS Mtr Calcd for CoHiyOgS 301.0746, found 301.0751. 

Cyclic Sulfate 19. The procedure described in the preparation of 18 but starting with 2.38 

g of 17 afforded 2.52 g of 19 as colorlcss oil (84%): [af% = -32.6° (c 2.25, CHCI3); 'H 

NMR (300 MHz, CDCI3) 5 1.03 (d, J = 6.9Hz, 3H), 1.08 (d, J = 6.6Hz, 3H), 2.19 (m, 

IH), 4.76 (m,lH), 4.95 (d, /= 6.6Hz, IH), 5.29 (m, 2H), 7.39 (m, 5H); NMR § 16.7, 

17.6, 31, 68.7, 77.8, 88.0, 128.5, 128.8, 129.0, 133.9, 165.3; HRMS MH^ Calcd for 

CoHnOfiS 301.0746, found 301.0746. 

Benzyl (2S,3S)-2-Azido-3-hydroxyhexanoate (20). To a stirred solution of cyclic 

sulfate 18 (0.48 g, 1.62 mmol) in acetone (10 mL) and water (1 mL) was added sodium 

azide (0.13 g, 2 mmol) as a solid. The mixture was stirred at 0°C for 5 mdn and rt for 2 h. 
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The mixture was concentrated under reduced pressure. Ethyl ether and water were added, 

and solution was chilled to 0°C followed by addition of 20% H2SO4 aqueous solution 

dropwise. The solution was stirred vigorously at 0°C for 24 h. The organic layer was 

collected and washed with sodium bicarbonate and water. After removal of solvent, the 

pure product (0.34 g, 80%) was isolated by silica gel chromatography with hexanes-ethyl 

acetate (80:20 v/v); [(x]% = -51.3° (c 7.25, CHCI3); NMR (500 MHz, CDCI3) 5 0.89 

(t, J = 3.5Hz, 3H), 1.32 (m, 2H), 1.47 (m, 2H), 2.39 (d, J = 6.5Hz, IE), 3.95 (m, IH), 

3.99 (d, / = 5.5Hz, IH), 5.24 (m, 2H), 7.36 (m, 5H); NMR § 13.7, 18.5, 34.9, 66.2, 

67.6, 71.6, 128.4,128.6, 134.8, 168.7; HRMS MH" Calcd for C13H18O3N3 264.1348, 

found 264.1349. 

Benzyl (2/f,3S)-2-Azido-3-hydroxy-4-methylpentanoate (21). The procedure described 

in the preparation of 20 but starting with 0.54 g of 19 afforded 0.38 g of 21 as a colorless 

oil (82%): [a]% = -20.5° (c 2.90, CHCI3); ^H NMR (300 MHz, CDCI3) 5 0.95 (d, J = 

6.3Hz, 3H), 0.97 (d, J = 6.6Hz, 3H), 1.90 (m, IH), 2.36 (d, J = 5.7Hz, IH), 3.69 (m, IH), 

3.95 (d, /= 6.6Hz, IH), 5.26 (m, 2H), 7.38 (m, 5H); NMR 8 16.5, 19.3, 30.1, 63.8, 

67.7, 76.4, 128.4, 128.6, 128.7, 134.8, 169.4; HRMS MH^ Calcd for C13H18O3N3 

264.1348, found 264.1353. 

Benzyl (2S,3S)-2-Amiiio-3-hydroxyhexaeoate (22). A solution of azide 20 (0.58 g, 2.2 

mmol), tetrahydrofuran (10 mL), triphenylphosphine (1.15 g, 4.4 mmol), and water (0.08 

ml, 4.4 mmol) was refluxed for 6 h with stirring and then concentrated in vacuo. The 

residue was dissolved in diethyl ether (30 mL) and HCl (0.1 N, 20 mL). The aqueous 

layer was extracted with diethyl ether, neutralized with Na^COs (10%), and the mixture 
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was extracted with dichloromethane. The organic layer was dried over MgS04 overnight. 

After removal of solvent, the pure product (0.47 g, 90%) was isolated by silica gel 

chromatography with methanol-dichloromethane (5:95 v/v): [oc]^°d = +2.40° (c 2.40, 

CHCI3); 'H NMR (300 MHz, CDCI3) 5 0.85 (t, J = 6.9Hz, 3H), 1.16-1.54 (m, 4H), 2.48 

(s, 2H), 3.62 (d, J = 4.2Hz. 2H), 3.79-3.85 (m, IH), 5.11-5.24 (m, 2H), 1.21-136 (m, 

5H); NMR 6 13.8, 18.9, 34.3, 58.6, 66.8, 71.9, 128.4, 128.5, 128.6, 135.3, 173.7; 

HRMS MH^Calcd for C13H19O3N 238.1443, found 238.1443. 

Benzyl (2/?,3S)-2-Amino-3-hydroxyl-4-methylpentanoate (23). The procedure 

described in the preparation of 22 but starting with 0.26 g of 21 afforded 0.21 g of 23 as 

colorless oil (88%): [a]% = 2.90° (c 2.90, CHCI3); ^H NMR (300 MHz, CDCI3) 5 0.94 

(dd, Ji = J2= 6.6 Hz, 6H), 1.24-1.80 (m, IH), 1.95 (br, 3H), 3.43-3.47 (m, IH), 3.64 (d, / 

= 5.1Hz, IH), 5.18 (s, 2H), 7.36 (m, 5H); '^C NMR 5 17.7, 19.5, 30.6, 56.8, 66.8, 78.4, 

128.3, 128.5, 128.6, 135.5, 174.3; HRMS MH" Calcd for C13H19O3N 238.1443, found 

238.1454. 

Benziyl (2S',3^)-3-Propylaziridine-2-carboxylate (24). To a stirred solution of azido 

alcohol 2§ (0.88 g, 3.36 mmol) in acetonitrile (15 mL) was added PPhs (0.91 g, 3.48 

mmol) as a solid. The mixture was stirred at 20°C for 1 h and then refluxed for 6 hr. After 

removal of solvent, the pure product (0.61 g, 83%) was isolated by silica gel 

chromatography with hexanes-ethyl acetate (70:30 v/v): = +49.3° (c 2.40, CHCI3); 

"H NMR (500 MHz, CDCI3) 5 0.93 (t, J = 7Hz, 3H), 1.38-1.48 (m, 5H), 2.23 (b. IH), 

2.32 (b, IH), 5.17 (m, 2H), 7.33 (m, 5H); "C NMR 8 13.7, 20.3, 34.6, 35.1, 39.5, 67.1, 
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128.2, 128.4, 128.5, 135.2, 172.6; HRMS MH^ Calcd for CisHigOaN 220.1338, found 

220.1339. 

Benzyl (2.S',3/?)-3-Isopropylaziridine-2-carboxylate (25). The procedure described in 

the preparation of 24 but starling with 1.32 g of 21 afforded 0.87 g of 25 as a colorless oil 

(79%): [aj% = +40.9° (c 2.20, CHCI3); 'H NMR (300 MHz, CDCI3) 8 0.89 (d, J = 

6.9Hz, 3H), 0.94 (d, J = 6.6Hz, 3H), 1.21-1.29 (m, IH), 1.99 (b, IH), 2.31 (b, IH), 5.10 

(m, 2H), 7.29 (m, 5H); NMR 5 19.4, 19.9, 31.3, 34.3, 46.2, 67.1, 128.2, 128.4, 128.6, 

135.3. 172.8; HRMS MH" Calcd for CisHigOiN 220.1338, found 220.1336. 

Benzyl (2S',3l?)-iV® (BeezyIoxycarbonyl)-3-propylaziridine-2-carboxy!ate (26). To a 

stirred solution of aziridine 24 (0.12 g, 0.5 mmol) in pyridine (2 mL) were added solid N-

benzyloxycarbonyloxy succinimide (Cbz-OSu, 0.25 g, 1 mmol) and 4-(dimethyamino) 

pyridine (DMAP, catalytic amount). The mixture was stirred at 4°C for 24 h. After 

removal of the solvent, the pure product (0.17 g, 95%) was isolated by silica gel 

chromatography with hexanes-ethyl acetate (90:10 v/v): [a]^°D = +1.51° (c 2.80, CHCI3); 

'H NMR (500 MHz, CDCI3) 5 0.94 (t. J = 2Hz, 3H), 1.49 (m, 4H), 2.87 (b, IH), 2.91 (d, 

J = 2.5Hz, IH), 5.01-5.13 (m, 4H), 7.32 (m, lOH); '^C NMR 5 13.5, 19.8, 32.9, 40.6, 

44.1, 67.3, 68.1, 128.3 (m, 6C), 134.9, 135.5, 160.1, 168.1; HRMS MH^ Calcd for 

C13H24O4N 354.1705, found 354.1710. 

Benzyl (2S,3R)-A^®-(Benzyloxycarbonyl)-3-isopropylaziridine-2-carboxylate (27). 

The procedure described in the preparation of 26 but starting with 0.24 g of 25 afforded 

0.32 g of 27 as a colorless oil (90%): [a]\ = +2.20° (c 2.20, CHCI3); ^H NMR 

(300MHz, CDCI3) 5 0.97 (d, J = 6.9Hz, 3H), 1.03 (d, J = 6.6Hz, 3H), 1.58 (m, 2H), 2.73 
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(m, IH), 2.97 (b, IH), 4.99-5.16 (m, 4H), 7.32 (m, lOH); "C NMR 8 18.9, 19.2, 29.8, 

39.5, 49.9, 67.4, 68.1, 128.2-128.6(m, 6C), 134.9, 135.5, 160.1, 168.1; HRMS MtT 

Calcd for C13H24O4N 354.1705, found 354.1701. 

Benzyl (2S,3i')-A^"-(BenzyloxycarbonyI)-3-propyl-,.S'-(4-methoxylbenzyl)cysteinate 

(28). To a stirred solution of 26 (100 mg, 0.28 mmol) and 4-methoxybenzylthiol (174.5 

mg, 1.13 mmol) in dry methylene chloride (2 mL) at 0°C was added anhydrous boron 

trifluoride diethyl etherate (BFs.OEta, 119.3 mg, 0.84 mmol) dropwise. The mixture was 

stirred at 0°C for 24 h, and then quenched by addition of saturated sodium bicarbonate. 

The organic layer was washed with brine, water and dried over MgS04. After removal of 

solvent, the pure product (93 mg, 65%) was obtained as a colorless oil by silica gel 

chromatography with hexanes-ethyl acetate (90:10 v/v): [a]^°D = -47.5° (c 3.0, CHCI3); 

'H NMR (500 MHz, CDCI3) 8 0.70 (t, J = 6.68Hz, 3H), 1.13-1.47 (m, 4H), 2.87 (m, IH), 

3.68 (m, 2H),3.76 (s, 3H), 4.66 (dd, J, = 8.77Hz, J2 = 3.8IHz, IH), 5.09-5.21 (m, 4H), 

5.43 (d, J = 8.77Hz, IH), 7.16-7.36 (m, 14H); NMR 8 13.4, 20.2, 32.9, 35.2. 46.6, 

55.2, 56.7, 67.1, 67.2, 113.8, 128.1-130 (m, C), 135.0, 136.1, 156.1, 158.6, 170.5; 

HRMS MHT Calcd for C29H34O5NS 508.2158, found 508.2164. 

Benzyl (25,35)-A'-(Benzyloxycarbonyl)-3-isopropyl-5-(4-methoxylbenzyl)cysteinate 

(29, 30). The procedure described in the preparation of 28 but starting with 700 mg of 27 

afforded 400 mg of 29 (40%)and 198 mg of 30 (20%) as a colorless oil : 29: = -

70.3° (c 2.20, CHCI3); 'H NMR (300 MHZ, CHCI3) 5 0.88 (d, J = 6.3Hz, 3H), 0.93 (d, J 

= 6.6Hz, 3H), 1.90 (m, IH), 2.54 (dd, 7; = J: = 6.3Hz, IH), 3.57 (s, 2H), 3.75 (s, 3H), 

4.71 (dd,.// = 6.3Hz, J2 = 9.0Hz, IH), 5.04-5.20 (m, 4H), 5.42 (d, J = 9.0Hz, IH). 6.79-
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7.35 (m, 14H); '-^C NMR 8 19.4, 20.9, 29.8. 36.9, 54.4, 55.2, 56.4, 66.9, 67.2, 113.8, 

128.0, 128.1, 128.2, 128.3, 128.4, 128.5, 128.6, 129.8, 130.2, 135.1, 136.1, 155.5, 158.6. 

170.9; HRMS MH^ Calcd for C29H34O5NS 508.2158, found 508.2157. 30: [af\ = 

+64.4° (c 2.20, CHCI3); 'H NMR (500MHz, CDCI3) § 0.78 (d, J = 6.3Hz, 3H), 0.81 (d, J 

= 6.6Hz, 3H), 1.72 (m, IH), 3.41 (d, J = 5.0Hz, IE), 3.68 (s, 2H), 3.74 (m, 3H), 3.78 (s, 

3H), 5.06-5.17 (m, 4H), 5.63 (d, J = 10.5Hz, IH), 6.79-7.30 (m, 14H); ' 'C NMR 5 18.7, 

19.6, 31.7, 35.7, 47.2, 55.2, 58.3, 66.6, 66.9, 113.8, 127.8, 127.9, 128.3, 128.4, 128.5, 

128.6, 128.7, 130.3, 135.4, 136.7, 156.5, 158.8, 171.9; HRMS MH^ Calcd for 

C29H34O5NS 508.2158, found 508.2163 

Benzyl (2S',3S)-2-Bromo-3-hydroxyhexanoate (31). To a stirred solution of cyclic 

sulfate 18 (1.10 g, 3.5 mmol) in THF (50 mL) was added solid lithium bromide (1.1 g, 

13.3 mmol). The mixture was stirred at rt for 12 h until starting material was consumed. 

The mixture was concentrated under reduced pressure. Ethyl ether and water were added, 

and the solution was chilled to 0°C followed by addition of 20% aqueous H2SO4 (60 mL) 

dropwise. The solution was stirred vigorously at 0°C for 24 h. The organic layer was 

collected and washed with sodium bicarbonate and water. After removal of solvent, the 

pure product (0.84 g, 80%) was isolated by silica gel chromatography with hexanes-ethyl 

acetate(80:20 v/v) : [a]% = -8.09° (c 6.0, CHCI3); ^H NMR (300 MHz, CDCI3) 5 0.93 

(t, J = 8.7Hz, 3H), 1.35-1.56 (m, 3H), 1.73-1.80 (m, IH), 2.77 (d, J = 6Hz, IH), 4.02 (m, 

IH), 4.18 (d, /= 8.1, IH), 5.22 (s, 2H), 7.35 (m, 5H); '^C NMR 5 13.8, 18.5, 35.4, 48.2, 

67.7, 72.1, 128.1, 128.5, 128.6, 134.8, 169.1; HRMS MH"" Calcd for Ci3H,sO?Br 

301.0439, found 301.0442. 
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Benzyl (2l?,3S)-2-Azido-3-hydroxyhexa!ioate (32). To a stirred solution of bromide 31 

(150 mg, 0.5 mmol) in DMSO (2 mL) was added solid sodium azide (65 mg, 1 mmol). 

The mixture was stirred at rt for 24 h. The reaction mixture was diluted with hexanes-

methylene choride (2:1) and washed with water. The organic layer was dried over MgS04 

and concentrated under reduced pressure. The pure product (101 mg, 77%) was obtained 

as a colorless oil by silica gel chromatography with hexanes-ethyl acetate (80:20 v/v) : 

[a]% = +26.3° (c 2.55, CHCI3); 'H NMR (500 MHz, CDCI3) 5 0.92 (t, J = 6Hz, 3H), 

1.34-1.60 (m, 4H), 2.15 (d, J= 6.5Hz, IH), 3.88 (br, IH), 4.08(b, IH), 5.26 (s, 2H), 7.37 

(m, 5H); '^C NMR 5 13.7, 18.7, 35.9, 65.9, 67.6, 72, 128.3, 128.5, 128.6, 134.8, 169.1 

HRMS MH^ Calcd for C13H18O3N3 264.1348, found 264.1351. 

Benzyl (2if?,3S)-2-Aimno-3-hydroxyliexanoate (33). The procedure described in the 

preparation of 22 but starting with 0.26 g of 32 afforded 0.2 g of 33 as a colorless oil 

(85%): [a]% = 2.90° (c 2.90. CHCI3); 'H NMR (300 MHz, CDCI3) 6 0.91 (t, J = 6.0Hz, 

3H), 1.31-1.47 (m, 4H), 1.91 (b, 3H), 3.39 (d, /= 4.8Hz, IH), 3.78 (m, IH), 5.20 (s, 2H), 

7.34 (s, 5H); NMR 5 13.9, 18.8, 36.0, 58.4, 66.9, 71.8, 128.3, 128.5, 128.6, 135.4, 

174.2; HRMS MH+ Calcd for C13H19O3N 238.1443, found 238.1432. 

Benzyl (2i?,3i?)-3-Propyl aziridine-2-carboxylate (34). The procedure described in the 

preparation of 24 but starting with 263 mg of 32 afforded 142 mg of 34 as a colorless oil 

(65%): [a]% = +3.54° (c 3.10, CHCI3); 'H NMR (300 MHz, CDCI3) 5 0.88 (t. J = 

7.2Hz, 3H), 1.25-1.63 (m, 4H), 2.21 (b, IH), 2.68 (b, IH), 5.20 (s, 2H), 7.34 (m, 5H); 

NMR 5 13.6, 20.8, 29.7, 34.4, 38.7, 66.9, 128(m), 135.3, 170.7; HRMS MH^ Calcd 

for C13H18O2N 220.1338, found 220.1339. 
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Benzyl (2/?,3/?)-iV'^-(Benzyloxycarbonyl)-3-propyla2iridine-2-carboxyIate (35). The 

procedure described in the preparation of 26 but starting with 120 mg of 34 afforded 153 

mg of 35 as colorless oil (87%): [a]\ = +57.1° (c 1.8, CHCI3); 'HNMR (300 MHz, 

CDCI3) 5 0.87 (t, J = 6.9Hz, 3H), 1.37-1.65 (m, 4H), 2.70 (m, IH), 3.23 (d, J = 6.9, IH), 

5.07-5.21 (m, 4H), 7.35 (m, 5H); NMR 5 13.4, 19.9, 29.0, 39.6, 43.4, 67.1, 68.3, 128 

(m, 6C), 134.9, 135.2, 161.5, 166.9 HRMS MlT Calcd for C13H24O4N 354.1705, found 

354.1708. 

Benzyl (2/f,3S)-A^-(Benzyloxycarbonyl)-3-propyl-5-(4-methoxylbenzyl)cystelnate 

(36). The procedure described in the preparation of 28 but starting with 50 mg of 35 

afforded 46 mg of 36 as a colorless oil (65%): [a]^°D = -53.4° (c 4.2, CHCI3); NMR 

(500 MHz, CDCI3) 6 0.78 (t, J = 7.25, 3H), 1.22-1.57 (m, 4H), 3.12 (m, IH), 3.46 (m, 

2H), 3.74 (s, 3H), 4.65 (dd, h = 9.54Hz, J2 = 2.67Hz, IH), 5.08-5.21 (m, 4H), 5.58 (d, J 

= 9.54, IH), 6.76-7.35 (m, 14H); NMR 5 13.5,20.1, 35.5, 47.1, 55.1, 57.2, 67.0, 67.3, 

113.7, 128-130 (m, 6C), 135, 136, 156.3, 158.6, 170.9; HRMS MH^ Calcd for 

C29H34O5NS 508.2158, found 508.2157. 

Preparation of Mosher derivatives 37-39. 4-Dimethylaminopyridine(DMAP) (catalytic 

amount) was added to a solution of aziridine 24, 25 or 34 (2.19 mg, 0.1 mmol) and (S)-(-

)-a-methoxyl-a-trifluoromethylphenylacetyl chloride or (R)-(+)-a-methoxyl-a-

trifluoromethylphenylacetyl chloride (25 mg, 0.1 mmol) in pyridine (0.5 mL). The 

reaction mixture was stirred at room temperature for 18 h. After evaporating the solvent, 

the residues were dissolved in ethyl acetate and washed with sodium bicarbonate and 

water. The organic phase was dried over MgS04. The crude product was then subjected 
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to 300 MHz and NMR analysis for determination of the optical purity of the 

aziridines. 
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CHATER 5. RIGID DIPEPTIDE MIMETICS : EFFICIENT SYNTHESIS OF 

ENANTIOPURE 8-PHENYL-SUBSITUTED THIAINDOLIZIDINONE AMINO 

ACIDS 

5.1 Introduction 

Many years ago, Ramachandran and co-workers showed that the energetically 

preferred backbone conformations for a peptide were the a-helix, P-sheet, extended 

and P-turn conformations. The surface localization of turns in proteins, and the 

predominance of turns in peptides containing potentially critical pharmacophore 

information, has led to the hypothesis that turns play critical roles in a myriad of 

recognition events. Reverse turns are classified into y-tums, consisting of three residues 

(sometimes refered to as a CI conformation), and P-tums (CIO confonnation), formed by 

a tetrapeptide." P-Tums are classified further according to the backbone dihedral angles 

of the second and third residues (Figure 5.1).'""^ 
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HN 

aC| 

'aCi 
aC, ^C(2) 

HN O 
: 0 ~ ~ ~ ~ - H - N  

/aC,) ocC(^R4 

\ aXA/X 

Turn 4>2 ^\^2 03 \|/3 

Type 

I -60 -30 -90 0 

F 60 30 90 0 

II -60 120 80 0 

IF 60 -120 -80 0 

in -60 -30 -60 -30 

III' 60 30 60 30 

V -80 80 80 -80 

v 80 -80 -80 80 

Figure 5.1 Definition and classification of p-tum 

The stabilization of turn structures in biologically active polypeptides has been 

discussed above and has been very useful in designing a wide variety of peptides and 

peptidomimetics with novel structures and unique biological profiles.^' This 

success has been widely applicable to both agonists and antagonists in large part because 

not only backbone but also side chain groups can be placed in three-dimensional space 

with topographies similar to or identical with natural peptides and proteins. 

More recently a very large effort has been made to design (3- and y-turn-

HA. R'? 1 m 
mimicking non-peptide or pseudopeptide scaffolds. ' ' ' In general these have met 

with more limited success with bioactive peptide ligands where the P-tum itself contains 
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most of the pharmacophore elements. This approach has been reviewed. A selection of 

putative P- and y- turn mimicking scaffolds is shown in Figure 5.2 

BOCHN CO2H 
BOCHN L/Ugn 

CO. 

Indolizidinone Amino Acid 3-Amino- 10(R)-carboxy-
7-Thiaindolizidinone Amino Acid i,6-diaza-cyclodeca-2,7-clione 

BOCHN 

4-Benzyl-!ndolizidinone 5-Oxaindolizidinone Amino Acid Spiro-bicyclic Lactam 
Ammo Acid Analogue analogues 

Figure 5.2 A selection of putative P- and y-tum mimicking scaffolds 

Azabicyclo[XF.O]alkane amino acids arc particularly attractive because of their 

ability to serve as conformationally fixed surrogates of peptide turn secondary structures. 

However, it has been difficult to place R groups stereospecifically to match peptide side 

chain moieties. Recently our group has developed an efficient approach to the synthesis 

of stereocontrolled side chain appended azabicyclo-[4.3.0]nonane amino acids in high 

diastereoselectivity.'In this approach, the allyl group was stereoselective!y 

introduced at the C5 position, controlled by a 4-benzyl or 3-phenyl group rather than by 

the ethyl ester group. Asymmetric hydrogenations using Burk's Rh(I)-based catalysts 

with the chiral ligand (S,S)- or (i?,i?)-Et-DuPHOS generated (S) and (R) R-amino acids, 
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respectively, in high stereoselectivity and high yields. This method could be further 

exploited for the synthesis of other diastereomers starting from different substituted 

pyroglutamic acid derivatives to give 7/5 azabicyclo[XF.O] amino acids (Scheme 5.1). 

p R2 Ri R2 ,Ri i / 

O'^N C02Et 
Boc 

COaEt 
Boc 

m = 0 and 1 

MgOoO COpEt 

NHCbz Boc 

m = 0, 1, and 2 

C02Et 

R R 
Asymmetric hydrogenations \ / 1) Deprotection 

l \ ^ CbzHN' 
MeOaC^^W^^^COaEt 2) Cyclization q 

NHCbz Boc Rg: alkyi, aryl 
n = 0,1 and 2 

Scheme 5.1 General approach for the synthesis of azabicyclo[X.Y.O]alkane amino acids. 

We also developed a methodology to prepare the C4-substituted dipeptide 

reverse-turn mimetics unsaturated and saturated azabicyclo[4.3.0] alkane amino acid 

derivatives."® The side chain was introduced by bromination of dehydroamino acid 

intermediates followed by Suzuki coupling. Hydrogenation of the bicyclic dehydroamino 

acid afforded saturated bicyclic lactam (Scheme 5.2). 

A COOMe o COOMe 

R = phenyl, or 4-methoxy phenyl R= phenyl 

Scheme 5.2 Preparation of C4-substituted dipeptide reverse-turn mimetics 
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TMaindolizidinones, first introduced as P-tum mimetics by Nagai and 

coworkers, ' have been extensively used to study numerous bioactive peptides. They 

are type II P-tum mimetics with more promise since they can be derived from a chiral 

pool of amino acids. Qiu et al.^"^ reported a concise and straight forward five-step 

synthesis of [5,5]-bicyclic thiazolidine reverse turn dipeptide mimetic scaffolds with side 

chain functionality at the /+1 and i+2 positions. Gu et al.^'^ also reported a novel strategy 

toward the synthesis of [6, 5]-bicyclic thiazolidine reverse turn dipeptide mimetic 

scaffolds. 

We found that there were very few studies focusing on the asymmetric 

preparation of substituted thiaindolizidinone derivatives, although the substituents are 

known to be important for the molecular recognition in many bioactive peptides 

5.2 Results and discussion 

At first, in this report, we described an effective means to synthesize unsubstituted 

thiaindoHzidinone amino acids through a convergent strategy according to Ripka's 

procedure."^ Because of difficulties that others have experienced with the key cyclization 

in the reported synthesis of Pht-BTD-OH, several modification of this scheme were 

attempted. This synthetic strategy required the synthesis of a doubly protected glutamic 

acid y-aldehyde 42 as a early intermediate (Schem 5.3). It was recognized that the 

carboxyl of this residue would have to be protected orthogonal to the amine function and 

the nascent C9 carboxyl. The phthaloyl protecting group appeared to be the most versatile 

of the "exhaustive" amine protecting groups. In addition, an ester, clcavable under neutral 

conditions but stable to basic and reductive conditions was necessary. The desired array 
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of functionality was realized in a phthaloyl diester, synthesized by conventional methods 

from glutamic acid 5-methyl ester 40. Selective reduction of this diester by treatment 

with DBBAH afforded aldehyde 42 in good yield. Aldehyde 42 was converted to a 

mixture of thiazolidines 43 by condensation with cysteine ethyl ester in buffered aqueous 

ethanol. It was expected that these amino esters could be converted to the desired bicyclic 

lactam 44 by fluoride-mediate deprotecton and cyclization of the resulting amino acids 

with a carbodiimide coupling reagent. Somewhat surprisingly, sequential treatment of the 

silyl esters with benzyltrimethylammonium flouride and dilute aqueous HCl resulted in 

the clean formation of a single bicyclic lactam 44. The formation of a single product 

seems to indicate that only the thiazolidine diastereomer having the S-configuration at the 

bridge head undergoes the cyclization. Yields of up to 90% have been observed in the 

cyclization of a 1:1 mixture of diastereomers however, indicating that the two 

monocyclic thiazolidines are in equilibrium under the reaction conditions. 

Hydrazinolysis, reprotection with di-teft-butyl dicarbonate, and saponification of the 

ethyl ester led to the desired Boc acid in an overall 25% yield. 
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HgCO' 

o o 

O O a) A/-carbethoxyphthalimide, EtgN, DMF; H3CO'''̂ ^---''V^OCH2CH2Si(CH3)3 
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OH 
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H 

NPht 
OCH2CH2Si(CH3)3 L-cysteine HCI 

HOAc, EtOH, HjO, 
Phtl 

a) PhCH2N(CH3)3F, DMF 

b) 0.1 N HCI 

67% - 3 steps 

42 

HN-
'COgEt 

CO2CH2CH2TMS 

43 

44 90% 

Scheme 5.3 Synthesis of unsubsituted thiaoindolizidinone 

We have previously described the synthesis of P-phenyl-substituted cysteines 

45,^^' which are building blocks to construct the 8-phenyl-substituted 

thiainodolizidinone amino acids. The sulfur funtionality of P-phenyl substituted cysteine 

made according to our procedure is protected by 4-methoxybenzyl group, which is 

OA 

conventionally deprotected by hydrogenation or treatment with Li/NHs. However, since 

the sulfur is a poison to the hydrogenation catalyst, and there are two benzylic sites which 

are sensitive to Li/NH:, treatment, it was not possible to effect efficient selective 

deprotection of the methoxybenzyl protecting group on sulfur in the case of p-phenyl 

substituent. Thus, in order to deprotect the sulfur, we had to find an alternative. 

Matsueda and co-workers reported the synthesis of 3-nitro-2-

pyridinesulfenyl (NYPS) halides and these compounds were found to unusually stable 
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nitrogen-containing heterocyclic sulfenyl halids. Other studies showed that Npys halides 

react easily with amino, hydroxy! and thiol functions of amino acids to form 

sulfenamides, sulfenates, and mixed disulfides, respectively, and that the Nyps group can 

serve for both protection and activation in peptide synthesis. The Npys group is easily 

removed under neutral conditions using tertiary phosphine and water, but it is sufficiently 

resistant to acids such as trifluoroacetic acid, HCl, and HF. 

Conventional S-protecting groups such as 4-methoxybenzyl are easily converted 

into the Npys group by the reaction using Npys halides. In a typical experiment, Npys 

chloride was added to a solution of S-{4-methoxybenzyl)-P-phenylcysteine 45 in 

CH2CI2/CF3COOH (1:1) at 0° C and the mixture was stirred for 30 min. The CH2CI2 was 

removed in vacuo and S-Nyps-P-phenylcysteine 46 was obtained by evaporation of the 

solvent after preparative layer chromatography on silica gel. When the amino group of 

this compound was protected with a A^'-Boc protecting group (Scheme 5.4), it was treated 

with a stoichiometric amount of tributylphosphine in acetone-water (4:1) for 10 min, and 

complete cleavage of S-Nyps occurred without detectable racemization. After 

deprotecting the Boc group, compound 47 was ready for further transformation. 



86 

s o 

0CH3 

a). 3-nitro-2-pyidinesulfenyl chloride 
CF3COOH/CH2CI2 {1;1) O2N 

S. 
b). (Boc)20, tea, THF 

NHBoc 

'§ 9 
•OCH2CH3 

•OCH2CH3 

45 

46 

SH O 
a) n-Bu3P/acetone/H20 

b) 50%TFA 
•OCH2CH3 

47 

Scheme 5.4 Conversion and deprotection of sulfur protecting group 

The synthesis of 8-phenyl-substituted thiaindolizidinone amino acids was 

accomplished through the convergent strategy given in Scheme 5.5. p-Phenyl cysteine 

derivative (2R,3S)-47&, or ( 25,3/?)-47b were prepared according to our new protocol. 

The doubly protected glutamic acid y-aldehyde 42 was prepared according to a procedure 

condensation with P-phenyl cysteine derivative (2R,3S)-47a, or ( 25',3'R)-47b in buffered 

aqueous ethanol. Sequential fluoride-mediated deprotecton and cyclization of the 

resulting amino acids with the aid of carbodiimide coupling reagent resulted in clean 

formation of the bicyclic lactams 48a/48b-48c/48d as epimers at the bridgehead. These 

diastereoisomers were readily separated. The ratio of 48a/48b, 48c/48d ranged from 1.8-

1.3 : 1. The reaction behavior of P-phenyl cysteines are quite different than the 

unsubstituted counterpart, in which only one epimer was formed during the cyclization 

step. In addition, in the case of P-phenyl-substituted cysteines, the addition of 

previously described."^ Aldehyde 42 was converted to a mixture of thiazolidines by 
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carbodimide coupling reagent was necessary for efficient cyclization, while the 

unsubstituted bicyclic lactam can be formed through the catalysis of dilute HCl in the 

case of unsubstituted cysteine/'^^The configurations at the bridgehead carbon (C-6) of 8-

substituted bicylic thiazolidine lactams were assigned on the basis of difference NOE 

experiments performed on 48a-d (Figure 5.3). For example, in the experiment performed 

on 48a, relatively strong NOEs were observed between He and Hg, H9, H3 respectively, 

whereas weaker NOEs were observed between Hg and Hs, H9, H3 respectively in the case 

of 48b. Similar results were seen with bicyclic lactams 48c and 48d. These data support 

the assignment of an /^-configuration at C-6 in 48a/48c and an S-configuration at C-6 in 

48b/48d. 
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Scheme 5.5 Synthesis of substituted bicyclic |3-tum dipeptides (BTD) 

5.3 Summary 

We have described an effective means to synthesize 8-phenyl-substituted 

thiaindolizidinone amino acids through a convergent strategy. p-Phenyl-substituted 

cysteine ethyl esters 47 were prepared according to our new protocol. The doubly 

protected glutamic acid y-aldehyde 42 was prepared according to a known procedure. 

The key step is the condensation of aldehydes with P-phenyl-substituted cysteines to 

afford the bicyclic lactams as epimers 48 at the bridgehead which can be readily 

separated. 
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0.17% 1.26% 

.0.58% 1.61% 
0.14% 0.16% 

48a 48b 

No noe 1.5% 
No noe 0.3% 

0.4% 0.04% 

48c 

Figure 5.3 NOEs observed for the bicylic thiazolidine lactam intermediates 47a-d 

5.4 Experimental Section 

General. 'H and '^CNMR spectra were recorded on Varian 300MHz and DRX 

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

tetramethylsilane as an internal standard. Mass spectrometric analyses were conducted by 

Mass Spectrometry Laboratory, Department of Chemistry, University of Arizona. Optical 

rotations were measured on a JACSO P1020 polarimeter. Column chromatography was 

performed with 200-400 mesh silica gel which was purchased from Aldrich Chemical 

Co. Thin layer chromatography (TLC) was performed with Kodak F-254 silica gel plates. 

Dichoromethane was distilled from CaH2, and TBDF from Na and benzophenone under a 

Na atmosphere. All other chemicals were purchased from Aldrich Chemical Co. and used 
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as received. All new compounds were characterized by and NMR and high 

resolution mass spectrometry (HRMS). 

PhtGlu(OCH3)OCH2CH2TMS (41). To a stirred suspension of 9.68 g (60.1 mmol) of L-

glutamic acid 5-methyl ester and 13.0 g (60 mmol) of iV-carbethoxyphthalimide in 60 mL 

of dry DMF was added 7.6 g (75 mmol) of triethylamine. The suspension was stirred at 

ambient temperature for 16 h, then concentrated under vaccum. The residue was 

dissolved in ethyl acetate and washed with 1 M HO. The aqueous phase was extracted 

with CH2CI2, and the combined extracts was washed with brine and dried with MgS04. 

Evaporation of solvent under reduced pressure afforded acid as a colorless oil. The crude 

acid was dissolved in 200 mL of CH2CI2 and cooled to 0°C. This solution was treated 

sequentially with 10.0 mL (70.0 mmol) of 2-trimethylsilyl ethanol, 200 mg (1.6 mmol) of 

4-(7V, A^-dimethylamino)-pyridine (DMAP), and 13.4 g (65 mmol) of DCC. The reaction 

was stirred 15 h at ambient temperature, and the insoluble DCU was removed by 

filtration. Concentration under reduced pressure gave a viscous oil which was purified by 

flash chromatography. The product was eluted with 1:1 ethyl acetate-hexanes to afford 

12.5 g (53%) of diester 41 as a colorless oil. 'H NMR (300 MHz, CDCI3) 8 0.00 (s, 9H), 

0.98 (t, J = 8.6Hz, 2H), 2.37-2.70 (m, 4H), 3.62 (s, 3H), 4.25 (t, J = 8.6 Hz, 2H), 4.90 

(dd, J = 9.0, 5.1 Hz, IH), 7.29-7.90 (m, 4H); ' 'C NMR (300MHz, CDCI3) 8 1.67. 17.2, 

24.2, 30.6, 51.3, 51.6, 123.5, 131.7, 134.2, 167.5, 168.8, 172.6; HRMS (FAB) Calcd for 

CigHssOeNNaSi (M+Na) 414.1349, found 414.1335. 
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PhtGlu(H)OCH2CH2TMS (42). To a stirred, cooled (-78"C) solution of 2.5 g (6.39 

mmol) of diester 41 in 30 mL of 2:1 EtiO-CHaCh was added 6.39 mL (9.58 mmol) of a 

1.5 M solution of DIB AH in toluene. The solution was stirred 20 min at -78°C and 

warmed to -50°C. The solution was cannulated into a stirred, cooled solution of half-

saturated sodium potassium tartrate. The biphasic mixture was warmed to ambient 

temperature with stirring over 3 h, and the phases were separated. The aqueous phase was 

extracted with ethyl acetate, and the combined organic phase dried over MgS04 and 

concentrated under reduced pressure to give 1.80 g (77%) of amber oil. NMR (300 

MHz, CDCI3); 6 0.00 (s, 9H), 0.94-1.00 (m, 2H), 2.40-2.70 (m, 4H), 4.19-4.28 (m, 2H), 

4.86 (dd, J = 9.9, 4.4 Hz, IH), 7.69-7.90 (m, 4H), 9.74 (s, IH); NMR (300 MHz, 

CDCI3) 5 1.68, 17.2, 21.6, 40.5, 51.3, 64.4, 123.5, 131.6, 134.3, 167.5, 168.7, 

200.3; HRMS (FAB) Calcd for CigHaaOsNSiNa (M+Na) 384.1243, found 384.1242. 

Ethyl 2-Oxo-3-iV-(phthalimido)amino-7-thio-l-azabicyclo[4.3.0]nonane-9-

carboxylate (44). To a stirred solution of 1.90 g (5.26 mmol) of aldehyde 42 and 900 mg 

(11 mmol) of sodium acetate in 11 mL of 10:1 ethanol-water was added 340 mg (5.6 

mmol) of acetic acid followed by 1.02 g (5.5 mmol) of cysteine ethyl ester hydrochloride. 

The brown solution was stirred at ambient temperature for 4 h, whereupon it was 

concentrated. The residue was dissolved in CH2CI2 and washed with 0.2 M HCl, and the 

aqueous phase was back-extracted with ethyl acetate. The combined organic extracts 

were washed sequentially with dilute aqueous K2CO3 and brine and then concentrated 

under reduced pressure. The crude product was filtered through silica gel to give 1.95 g 

of brown oil. This crude product, at 1:1 mixture of diastereomers, was dissolved in 25 mL 
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of DMF and treated with 1.31 g (7.7 mmol) of benzyltrimethylammonium fluoride. The 

solution was stirred at ambient temperature for 4 h and then concentrated. The residue 

was taken up in CH2CI2 and stirred with 0.1 M HCl for 18 h. The phases were separated 

and the aqueous phase was extracted with CH2CI2. The combined organic extracts were 

dried over MgS04 and concentrated to afford 1.10 g (56% from aldehyde) of bicyclic 

lactam 44 as an off-white solid. 'H NMR (300 MHz, CDCI3) 5 1.23 (t, J = 7.2 Hz, 3H), 

1.88-2.54 (m, 4H), 3.12-3.33 (m, 2H), 4.17 (m, 2H), 4.74 (m, IH), 5.04-5.13 (m, 2H), 

7.62-7.77 (m, 4H); '^C NMR (300 MHz, CDCI3) 8 13.9, 25.6, 28.6, 31.6, 48.9, 61.1. 

61.7, 62.1, 123.3, 131.8, 133.9, 164.5, 167.2, 169.3; HRMS (FAB) Calcd for 

CisHigOsNaSNa (M-^Na) 397.0834, found 397.0829. 

N"-(tert-ButyloxycarbonyI)-ethyl(2Sy3R)-3-phenyI-3-(3-nitro-2-pyridinesultenyIthio) 

Propanoate (46). To a stirred solution of (25,3i?)-S-(4-methoxybenzyl)-j3-phenylcysteine 

45 (680 mg, 1.97 mmol) in 9 mL CF3COOH/CH2CI2 was added 3-nitro-2-

pyridinesulfenyl chloride (444 mg, 2.33 mmol). The mixture was stirred for 30 min at the 

room temperature and then quenched by addition of saturated sodium bicarbonate. The 

organic layer was washed with brine, water and dried over MgS04. After removal of 

solvent, the pure product (590 mg, 80%) was obtained as a yellow oil by silica gel 

chromatography with hexanes-ethyl acetate (60:40 v/v). The product was dissolved in 20 

mL THF. The solution was treated with TEA (172 mg, 1.70 mmol) and di-tert-

butyldicarbonate (371 mg, 1.70 mmol). The solution was stirred at the room temperature 

overnight, and then the solvent was evaporated off. The residue was dissolved in 20 mL 
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EtOAc, washed with saturated sodium bicarbonate and brine and dried over MgS04. 

After removal of the solvent, the pure product 46 (652 mg, 86%) was obtained: NMR 

(300 MHz, CDCI3) 5 1.08 (t, J = 6.9 Hz, 3H), 1.36 (s, 9H), 4.02 (m, 2H), 4.50 (d, J = 4.8 

Hz, IH), 4.89 (m, IH), 5.67 (d, 7 = 9 Hz, IH), 7.22 (m, 6H), 8.37 (m, IH), 8.73 (m, IH). 

'"C NMR 13.9, 28.1, 57.0, 57.9, 61.4, 80.0, 120.9, 128.2, 128.3, 128.4, 133.6, 136.1, 

142.6,153.5, 155.0, 156.6, 170.1; 

Ethyl 2-Oxo-3-iV-(phthalimido)aimno-7-thio-8-phenyl-l-azabicyclo[4.3.0]nonane-9-

carboxylate (48a-d). To a stirred solution of 1.90 g (5.26 mmol) of aldehyde 1 and 900 

mg (11 mmol) of sodium acetate in 11 mL of 10:1 ethanol-water was added 340 mg (5.6 

mmol) of acetic acid followed by 1.86 g (5.5 mmol) of |3-phenyl-substituted cysteine 

ethyl ester trifluoroate (47a or 47b). The brown solution was stined at ambient 

temperature for 4 h, and the solvent was removed by rotary evaporation. The residue was 

dissolved in CH2CI2 and washed with 0.2 M HCl, and the aqueous phase was back-

extracted with ethyl acetate. The combined organic extracts were washed sequentially 

with dilute aqueous NaHCO^ and brine and concentrated under reduced pressure. The 

crude product was filtered through silica gel to give a mixture of diastereomers. This 

crude product was dissolved in 25 mL of DMF and treated with 1.31 g (7.7 mmol) of 

bcnzyltrimethylammonium fluoride. The solution was stirred at ambient temperature for 

4 h and then concentrated. The residue was taken up in CH2CI2 and washed with 0.1 M 

HCl. The phases were separated and the aqueous phase was extracted with CH2CI2. The 

combined organic extracts were dried over MgS04, concentrated and re-dissolved in 50 
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mL DMF. To a stirred solution was added 1.19 g DCC (5.79 mmol) and 0.74 g HOBt 

(5.79 mmol). The mixture was stirred at rt for 24 h. After filtration, the solvent was 

removed under reduced pressure with a rotary evaporator. The crude products were 

purified by silica gel chromatography with hexanes-ethyl acetate (70:30 v/v) to afford 

48a-b (0.9g, 0.51 g, 60%) or 48c-48d (0.74 g, 0.47 g, 55%); 48a: [a]D^'^= +68.7° (c 1.10. 

CHCI3); NMR (500 MHz, CDCI3) 5 0.79 (t, J = 7.5 Hz, 3H), 2.25-2.60 (m, 4H), 3.59 

(m, IH), 3.82 (m, IH), 4.97 (t, J = 4.2 Hz, IH), 5.17 (d, J = 8.0 Hz, IH), 5.74 (d, J = 8.0 

Hz, IH), 5.78 (m, IH), 7.29-7.90 (m, 9H); NMR (300 MHz, CDCI3) 5 13.4, 24.6, 

27.3, 47.9, 51.1, 61.1, 62.5, 65.6, 123.5, 128.3, 128.4, 128.6, 131.9, 134.2, 135.9, 161.5, 

167.7, 168.2; HRMS (FAB) Calcd for C24H23O5N2S (M+H) 451.1328, found 451.1318. 

48b: = +68.7° (c 1.10. CHCI3); ^H NMR (500 MHz, CDCI3) 8 0.75 (t, J = 7.0 Hz, 

3H), 2.29-2.56 (m, 4H), 3.45 (m, IH), 3.71 (m, IH), 4.87 (d, J= 7.5 Hz, IH), 4.94 (dd, Ji 

= 12, J2 = 7 Hz, IH), 5.07 (d, J= 8.0 Hz, IH), 5.29 (dd, = 11.5, J2 = 3.5 Hz, IH), 7.33-

7.87 (m, 9H); NMR (300 MHz, CDCI3) 5 13.4, 26.2, 27.5, 48.8, 52.3, 60.8, 63.9. 

66.5, 123.4, 128.4, 128.5, 128.7, 131.9, 132.9, 134.1,164.6, 167.3, 167.5; HRMS (FAB) 

Calcd for C24H23O5N2S (M+H) 451.1328, found 451.1314. 48c: [a]„-^ = -103° (c 0.85. 

CHCI3); 'H NMR (300 MHz, CDCI3) 5 0.75 (t, J = 7.2 Hz, 3H), 1.97-2.65 (m, 4H), 3.59 

(m, IH), 3.76 (m, IH), 4.84 (dd, J, = 12, J2 = 6.3 Hz, IH), 5.02(d, J = 8.7 Hz, IH), 5.49 

(d, J = 8.4 Hz, IH), 5.79 (dd, 7/ = 11.4, ./j = 3.9 Hz, IH), 7.23-7.84 (m, 9H); NMR 

(300 MHz, CDCI3) 5 13.3, 25.9, 29.9, 49.1, 50.6, 61.1, 62.9, 65.8, 123.5, 128.3, 128.7, 

132.0, 134.0, 136.0, 164.6, 167.3, 167.7; HRMS (FAB) calcd for C24H23O5N2S (M+H) 
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451.1328, found 451.1330. 48d; [a]D^= +31.8° (c 4.25. CHCI3); NMR (300 MHz, 

CDCI3) 5 0.76 (t, J = 76.9 Hz, 3H), 2.22-2.68 (m, 4H), 3.62 (m, IH), 3.79 (m, Hi), 4.75 

(d, J = 6.9 Hz, IH), 4.90(dd, /; = 9.9, J2 = 6.3 Hz, IH), 4.97 (d, J = 7.2 Hz, IE), 5.09 

(dd, .7/ = 10.5, J2 = 3 Hz, IH), 7.22-7.77 (m, 9H); ' 'C NMR (300 MHz, CDCI3) 5 16.2, 

18.5, 37.5, 42.8, 51.8, 52.8, 57.9, 67.3, 67.8, 68.2, 114.2, 119.1, 119.5, 122.7,123.4. 

124.7, 156.2, 157.8, 158.2; HRMS (FAB) calcd for C24H23O5N2S (M+H) 451.1328, 

found 451.1329. 
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CHAPTER 6. AN APPROACH TO DESIGN AND SYNTHESIS OF 

OPIOID RECEPTOR-SELECTIVE LIGANDS 

6.1 Introduction 

The conformation of Leu-enkephalin has been investigated previously using a 

1 -f £  1 lO 
variety of methods. Stimson et al. used the combined H and C NMR studies of C-

enriched Leu-enkephalin to indicate that it existed as a well-defined compact 

conformation (rather than as an ensemble of conformations) in MeaSO-de solution. It was 

suggested that an intramolecular hydrogen bond between the NH of Leu^and CO of Gly" 

occurs in a type 1 j3-tum centered at Gly^-Phe'*. Furthermore, all three residues with side 

chains showed considerable conformational rigidity in the gauche(-) conformation ( 

Figure 6.1). 
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P 

C'-C H, 

coupling constant. 
related to the ^/c-nh, ^c-c, and ^Jc-c\ coupling constants. The dihedral angle x' is related to the Vc--^-

Figure 6.1 The three-bond coupling constants and related dihedral angles in [Leu3]-
enkephalin. 

Vcsterman et al."^ described combining the ROE measurements and Monte Carlo 

energy calculations to study the dynamic space structure of Leu-enkephalin molecule in 

DMSO solution. Their study showed the Leu-enkephalin in DMSO solution is apparently 

represented by a mixture of at least two conformers. Each of the two conformers 

possesses significant local conformational flexibility. The most characteristic feature of 

the molecule's dynamic space structure is two types of backbone folding: one involves 

the Gly^-Gly^ fragment and the another involves the Gly^-Phe'^ fragment, the two types 

occumng simultaneously in solution. 

'H NMR transferred nuclear Overhauser effect analysis of [Leu^]-enkephalin, [D-
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Ala^, L-]Leu^]-enkephalin and [D-Ala^, L-Leu^]-enkephalinamide (agonists) and [L-Ala^, 

L-Leu^]-enkephalin (inactive analogue) bound to small unilamellar vessels (SUV) 

prepared from perdeuterated L-a-dipalmitoylphosphocholine (DPPC-iigo) and 

dilauroylphosphatidyl-J, 1-serine (DLPS-J54) in equimolar proportion suggested different 

backbone conformations and orientations of the biologically active and inactive species. 

The three active peptides, when bound to membranes, adopt the same conformation, 

"y A 9 9 
characterized by a type IF |3-tum around Gly -Phe and a y-tum around Gly (or D-Ala ), 

and their tyrosine residues are exposed on the membrane surface (Scheme 6.2). The 

inactive compound has a completely different conformation and its tyrosine residue is 

inserted into the membrane. 

Tyr  

O A l a  

Figure 6.2 Conformation of [D-Ala*]Leu-enkephalin deduced from the TRNOE data 

However, there also are studies showing in aqueous solution, conformational 

equilibra rather than single, preferred conformations of enkephalins. In a crystal. X-ray 

diffraction revealed a high degree of conformational polymorphism, with extended, 

single bend, or double bend secondary structures. This makes it impossible to define 

solution or crystal stmctures of the endogenous enkephalins as receptor-preferring 
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conformers. However, conformational constraints can often provide important insights 

into the structural basis of biological activity. A powerful method for constraining 

peptide conformation is by cyclization, and disulphide ring formation is widely used in 

nature for this purpose.'^ In an effort to develop ligands based on the endogenous opioid 

peptide enkephalin that would be highly potent and selective for the 5 opioid receptor 

(rather than the |j, or k opioid receptor), Hraby and co-workers designed the cyclic 

2 5 conformationally constrained analogue of enkephalin c[DPen , DPen Jenkephalin (Figure 

6.3). In this analogue the Gly^ and Leu' residues were replaced by D-pencillamine CD-

Pen, p,p-dimethylcysteine) and formed a 14-membered disulfide ring. The compound 

was found to be highly potent and selective for the 8-opioid receptor and to be 

completely stable to proteolytic breakdown in vitro and in vivo. Extensive NMR, X-ray 

crystallography and computational chemistry studies all showed that DPDPE has a highly 

constrained 14-membered ring that maintains its conformation under various conditions, 

and is therefore a useful template for opioid receptor ligand design.'^' However, the side 

chain groups still display conformational flexibility at the Chi angles. So, to determine 

the 3D pharmacophore in topographical space, constraint of side chain moieties is used to 

provide a further powerful tool for understanding the 3D requirements of a ligand for 

. . , 14 agonist activity at the receptor. 

Another approach of conformational constraints under rapid development is the 

design of P-tum peptidomimetics. which will provide a better understanding of the 

stereostructual basis of peptide and protein interactions. Though a number of successes 

have been reported in obtaining mimetics which can force or stabilize peptide secondary 
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structure, little success has been reported in incorporating mimetics at the active site of a 

peptide hormone or neurotransmitter, probably because to date, most mimetics do not 

possess appropriately positioned side chain groups/"^' Usually, the role of 

amino acid residues involved at the turning position can be in two ways: i) induction of 

turned conformation in collaboration with the adjacent residues, and ii) possible 

interaction with receptor. In the latter case the side chain functionality may play 

significant role for the receptor binding. Unsubstituted bicyclic turn dipeptide (BTD) is 

consider a good substitute for the first role, but it seems not to be useful for the case 

where turn position itself plays some role for interaction with the rcceptor site. As shown 

in the studies of enkephalin, small cyclic somatostatin and dermorphin conducted by 

Nagai et al.^'^^ such small bioactive peptides seem to bind to the receptor with a high 

proportion of the molecular surface and subtle changes in the functionality and 

conformation would be critical for expression of biological activity. 
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Figure 6.3 Approach to Leu-cnkephahn peptidomimetics 

With these criteria in mind, we proposed that the conformationally restricted 

substituted bicyclic turned dipeptide (BTD) mimetics with different stereochemical 

configurations, in Figure 6.3, would be desirable peptidomimetic moieties. The 

compounds were designed to constrain two backbone angles (\|/2 and cps) of the four 

torsion angles that define a P-tum, and most importantly, to place the critical phenyl side 

chain of the Phe'^ residue of [Leu^jenkephalin correctly in 3D space. Incorporations of 

BTD into biologically active peptides have been used to investigate the structure-activity 

relationships between peptides and receptors. However, due to the lack of robust 

methodology, to the best of our knowledge there is no report of the incorporation of 8-
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substituted BTD into a biologically active peptide to make individual isomers which can 

truly mimic the peptide functions. Here, we wish to report a flexible synthesis which 

allows the preparation of diastereoisomers of Leu-enkephalin analogues containing the 

substituted chiral P-tum bicyclic dipeptide mimetics. 

6.2 Results and discussion 

Incorporation of the unsubstituted BTD as a control into Leu-enkephaline was 

accomplished using stardard solution phase synthesis procedures. The preparation of 

phthalyl protected unsubstituted BTD ethyl ester was described in Chapter 5. 

Hydrazinolysis, reprotection with di-re/t-butyl dicarbonate, and saponification of the 

ethyl ester led to the desired A^-Boc acid 50 in good yield (Scheme 6.1). This Boc acid 

was coupled with leucine methyl ester to give tripeptide 51. Cleavage of the Boc group of 

51 followed by condensation with Boc-Tyr-Gly-OH gave desired Leu-enkephalin 

analogue 52 in protected form which was deprotected by saponification and treatment 

with 50% TFA to give peptidomimetic 53. 
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Scheme 6.1 Synthesis of unsubsituted BTD inserted Leu-enkephalin analogues 

Incorporation of the 8-phenyl BTD 48 into Leu-enkephalin using the 

methodology described before suffered some problems. For example, after converting the 

phthalyl protecting group to the N°-Boc protecting group, we tried to hydrolyze the ethyl 

ester group using stardard saponification conditions. However, this failed because of the 

steric hinderance provided by the phenyl group, which is on the same face as the 

carboxylate function, and the longer reaction times led to racemization. The problem was 

solved (Scheme 6.2) by using boron tribromide to selectively cleave the ethyl ester group 
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of compounds 48, while keeping the phthalyl protecting group and thiazolidine ring 

intact. Subsequently, leucine methyl ester was treated with Phl-8-phenyl-BTD-OH in 

DMF using BOP and HOBt as the coupling reagent to yield the tripeptide Pht-8-phenyl-

BTD-Leu-OMe. Then the phthalyl protecting group was removed by hydrazinolysis and 

the g-amino group reprotected with di-tert-hulyl dicarbonate to afford tri peptide 54. 

Cleavage of the Boc group of 54 and coupling with Boc-Tyr-Gyl-OH gave the desired 

Leu-enkephalin analogues 55 in a protected form which were deprotected by treatment 

with BBr:, to give peptides 56. After purification by RP-HDPLC, the Leu-enkephalin 

analogues were isolated in 9-15% overall yield. There was no evidence of racemization at 

any stage of the synthesis by 'H NMR or TLC analysis. The purity of peptides 56 was 

examined by analytical HPLC and their compositions were verified by high resolution 

fast atom bombardment mass spectrometry. 
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(3S, 6R, 8S. 9fl)-48a 
(3S, 6S, 8S. 9/7)-48b 
(3S, 6R, 8R, 9S)-48c 
(3S, 6S, 8R, 9S)-48d 

Ph 
Ph 

Boc-Tyr-Gly-BocHN 
Leu-OMe 

•Me 

(3S. 6R, as, 9R)-54a 
(3S, 6S, as, 9R)-54b 
(33, 6R. BR, 9S)-54c 
(3S, 6S, 8R, 9S)-54d 

H-Tyr-Gly--~|vj 
H 

(3S, 6R. 8S, 9H)-55a 
(3S, 6S, 8S, 9R)-55b 
(3S, 6R, 8R, 9S)-55c 
(3S, 6S, 8R, 9S)-55d 

Leu-OH 

(3S, 6R, as, 9H)-56a 
(3S, 6S, as, 9fl)-56b 
(3S, 6R, 8R, 9S)-56c 
(3S, 8S. 8R, 9S)-56d 

Reagent: a) BBrg, DCM; b) Leu-OMe.HCl, BOP, HOBt, DIPEA, DMF; c) NH2NH2, EtOH, CHCI3, H2O; d) (800)2, THF, 

TEA; e) TFA, 0°C, 20min; f) Boc-Tyr-Gly-OH, HOBt, DIPEA, DMF; g) BBrg, DCM, -10°C. 9-15% overall yield. 

Scheme 6.2 Synthesis of individual isomers of Leu-enkephalin mimetics 

We also tried basic saponification conditions (0.1 N LiOH) to cleave the methyl 

ester group in analogue 55 (Scheme 6.3). Surprisingly, we observed a significant 

racemization peak in addition to the non-racemization peak in HPLC after deprotecting 

the Boc group. The intensity of the racemization peak was proportional to the reaction 

time of the base treatment. Since the unsubstituted BTD inserted peptide in our control 

experiment under the same reaction condition underwent no racemization, we tentatively 

assumed that the racemization happened at the |3-position, which is attached to the phenyl 
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substituent. This conclusion needs to be confirmed by NMR spectroscopy and X-ray 

crystallography. 

H 

H-Tyr-Gly^lM 
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Scheme 63 Synthesis of individual isomers of Leu-enkephalin mimetics via base 

saponification 

Compounds 56a-h were evaluated in the isolated mouse vas deferens (MVD, for 8 

receptor) and guinea pig ileum (GPI, for }i receptor) bioassays. The data is summarized in 

Table 6.1. These correspond to a loss of potency of approximately three orders of 

magnitude compared with Leu-enkephalin. 
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Table 6.1 Leu-enkephalin analogs in GPI and MVD assays 

Results in the MVD and GPI/LMMP 
Analog MVD GPI/LMMP DPDPE 

antagonism in 
the MVD 

PL-017 
antagonism in 
the 
GPI/LMMP 

agonist activity at 1 uM 

DPDPE 
antagonism in 
the MVD 

PL-017 
antagonism in 
the 
GPI/LMMP 

56a 3.3% 2.9% none none 

56b 8.9% 2.6% none none 

56c 0% 4% none none 

56d 0% 1% 4.6% none none 

56e 1% 1% none none 

56f 1% 4.6% none none 

56g 3.3 % 2.9 % none none 

These data provided us a useful starting point for structure modification and can 

be interpreted as follows: (1) Small bioactive peptides such as enkephalin seem to bind to 

the receptor with a high proportion of the molecular surface and subtle changes in the 

functionality and conformation would be critical for expression of biological activity. It 

also indicated that the correct spatial distances and orientations of the two aromatic 

pharmacophores (Tyr^ phenol group and Phe"^ phenyl group) in Leu-enkephalin are 

critical for high potency. In future work, we are going to change the spacer between these 

two pharmacophores to see how critical it is. (2) Enkephalin can adopt any type of P-tum 
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conformation in solution because of the presence of two glycine residues at the second 

and third positions. This inherent conformational flexibility of the enkephain has 

hampered numerous attempts to accurately assess the biologically active conformation. In 

the future work, we are going to combine the rational design and combinatory chemistry 

approach to put different types of bicylic P-tum scaffolds, especially those with side 

chain substitution, at different positions in Leu-enkaphalin. Hopefully these systematic 

studies of conformationally constrained peptideomimetics could give us the elucidation 

of the receptor-bound conformation of Leu-enkephalin when it binds to the p. or 5 opioid 

receptors. 

6.3. Summary 

In summary, this chapter describes the synthesis of novel, conformationally 

constrained 8-phenyl-substituted P-tum dipeptide mimetics (35,6i?,85,9i?)-48a, (35,65, 

85,9i?)-48b, (35,6/^,8/?,95)-48c and (35,65,8i?,95)-48d. Incorporation of these substituted 

dipeptide mimetics into Leu-enkephalin was accomplished using modified solution phase 

peptide synthesis. The extensive structure-activity relationships will be the subject of 

future investigations. 

6.4 Experimental Section 

General. and NMR spectra were recorded on Varian 300 MHz, DRX 500 

and DRX 600 spectrometers. The chemical shifts were expressed in ppm (5) downfield 

from tetramethylsilane as an internal standard. Mass spectral analyses were conducted by 
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Mass Spectram Laboratory, Department of Chemistry, University of Arizona. Optical 

rotations were measured on a JACSO PI020 polarimeter. Column chromatography was 

performed with 200-400 mesh silica gel which was purchased from Aldrich Chemical 

Co. Thin layer chromatography (TLC) was performed with Kodak F-254 silica gel plates. 

p-Phenylcysteine derivatives (2/?,35)-48a, or ( 2S,3/?)-48b were prepared according to 

our new protocol.®^ The doubly protected glutamic acid y-aldehyde 42 was prepared 

according to a procedure previously described. Boc-Tyr-OH, H-Leu-OMe, H-Gly-

OMe; BOP (benzyotriazol-l-yloxy-tris(dimethylamino) phosphonium 

hexaf 1 uorophosphate) and HOBt were obtained from Advanced Chemicals. All other 

chemicals were purchased from Aldrich Chemical Co. and used as received. The crude 

peptides were purified by RP-HPLC on a 10 jtim Vydac C18 Column (1.0x25cm) with a 

45 min gradient of 10-55% MeCN in 0.1% TFA at a flow rate of 3 mL/min. the purity of 

the final compounds was checked by HPLC. HPLC Ir were determined in a solvent 

system of 10% CH3CN in 0.1% TFA and a gradient to 90% CH3CN over 45 min. An 

analytical Vydac CI8 column was used with a flow rate of 3mL/min. High-resolution 

mass spectra were determined by FAB-MS methods. Thin-layer chromatography (TLC) 

was performed on precoated plates of silica gel using the following system: (A) 

CHCls/MeOH/AcOH (90:10:3; v/v/v). (B) n-BuOH/HzO/AcOH (4:1:1; v/v/v). (C) 

EtOAc/n-BuOH/HzO/AcOH (5:3:3:1; v/v/v/v). Ninhydrin reagent was used as a spray. 

2-Oxo-3-yV"-(^ert-butyloxycarbonyl)amino-7-thio-l-azabicycIo[4.3.0]nonane-9-

carboxylate (50). 
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To a stirred solution of 510 mg (2.09 mmol) of imide 43 in 5 mL of CHCI3 and 60 

mL of 95% ethanol was added 300 uL (9.4 mmol) of anhydrous hydrazine. The solution 

was stirred at ambient temperature for 18 h and filtered. This solution was concentrated 

under reduced pressure and the residue redissolved in methylene chloride. This solution 

was washed with dilute aqueous K2CO3, dried over MgS04 and concentrated to afford 

285 mg of amine as an amber oil. 

To a stirred solution of 285 mg (1.17 mmol) of amine and 485 //L (3.5 mmol) of 

tricthylamine in 20 mL of t-butanol was added 755 mg (3.5 mmol) of di-tert-butyl 

dicarbonate. The solution was stirred 22 h at ambient temperature and concentrated. The 

residue was partitioned between CH2CI2 and 0.1 M HCl, and the aqueous phase was 

back-extracted with ethyl acetate. The combined organic extracts were washed 

sequentially with dilute aqueous K2CO3, then brine. This solution was dried over MgS04, 

concentrated under reduced pressure, and chromatograhed on silica gel. The product was 

eluted with ethyl acetate to afford 405 mg of carbamate 49 as a white solid. To a stirred, 

cooled solution of 38 mg (0.11 mmol) of ester 49 in 6 mL of 5:1 methanol-water was 

added 25 mg (0.6 mmol) of lithium hydroxide monohydrate. The solution was stirred at 

0°C for 1 h, diluted with 5 mL of water, and allowed to warm to ambient temperature 

over 30 min with stirring. The solution was poured into water and extracted with CHiCb. 

The aqeous phase was acidified with 0.2 M HCl and extracted once with ethyl acetate. 

The combined organic extracts were dried over MgS04 and concentrated under reduced 

pressure to afford 32 mg (92%) of acid 50 as a off white solid. 'H NMR (CDCI3). 
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H-Tyr-Gly-[(3S, 6R, 9/?)-BTD]-Leu-OH (53) 

The peptides were prepared by standard solution peptide synthesis methods. The 

iV"-Boc acid 5§ (31.6 mg, 0.1 mmol) was dissolved in 3 mL of DMF. The solution was 

stirred under an atmosphere of dry nitrogen and BOP (48.5 mg, 0.11 mmol, 1.1 equiv), 

HOBt (15 mg, 0.11 mmol, 1.1 equiv), DIPEA (38.7 mg, 0.3 mmol, 3 equiv) and H-Leu-

OMe»HCl (16 mg, 0.09 mmol, 0.9 equiv) were added sequentially. The mixture was 

allowed to stand overnight at room temperature, then concentrated. The residue was 

redissolved in 5 mL of ethyl acetate and washed successively with 10% aqueous citric 

acid (3x10 mL), water (3x10 mL), 10% aqueous sodium bicarbonate (3x10 mL) and 

brine. The resulting organic phase was dried over MgS04 and evaporated to dryness, 

yielding 45 mg (60%) of the intermediate A^-Boc-BTD-Leu-OMe 51. 

The tripeptide 51 (18 mg, 0.06 mmol) was treated with 50% TFA in DCM at 0°C 

for 20 min. The solvent was evaporated off and the residue was dissolved in 2 mL of 

DMF. This solution was stirred under an atmosphere of dry nitrogen and BOP (29 mg, 

0.066 mmol, 1.1 equiv), HOBt (9 mg. 0.066 mmol, 1.1 equiv), DIPEA (23 mg, 0.18 

mmol, 3 equiv) and Boc-Tyr-Gly-OH (26 mg, 0.06 mmol, 1.0 equiv) were added 

sequentially. The mixture was allowed to stand overnight at room temperature, then 

concentrated. The residue was redissolved in 5 mL of ethyl acetate and washed 

successively with 10% aqueous citric acid (3x10 mL), water (3x10 mL), 10% aqueous 

sodium bicarbonate (3x10 mL) and brine. The resulting organic phase was dried over 

MgS04 and evaporated to dryness, yielding 20 mg (23%) of the A^'-Boc protected peptide 

52. 
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To a stirred, cooled solution of 12 mg (0.11 mmol) of ester 52 in 6 mL of 5:1 

methanol-water was added 25 mg (0.6 mmol) of lithium hydroxide monohydrate. The 

solution was stirred at 0°C for 1 h, diluted with 5 mL of water, and allowed to warm to 

ambient temperature over 30 min with stirring. The solution was poured into water and 

extracted with CH2CI2. The aqueous phase was acidified with 0.2 M HCl and extracted 

once with ethyl acetate. The combined organic extracts were dried over MgS04 and 

evaporated to dryness. The residue was treated with 50% TFA in DCM at 0°C for 20min. 

After the evaporation of the solvent, the peptide was dissolved in 20% MeCN in 0.1% 

TFA and purified by RP-HPLC to give the title compound (10 mg, 80%). R/ (A) = 0.055, 

R/(B) = 0.59, Rf (C) = 0.35, HPLC Ia- = 13.5 min. FAB-MS Calcd for C31H40O7N5S MlT 

= 550.2332, found 550.2367. 

H-Tyr-Gly-[(3S,6j?,85,9/?)-8-phenyl-BTD].Leu-OH(56a) 

The peptides were prepared by modified standard solution peptide synthesis 

methods. A solution of compound 48a (50 mg, 0.11 mmol) in 3 mL of DCM was treated 

at -10° C with 1 M BBrs (0.55 mL, 0.55 mmol, 5 equiv). The reaction was quenched by 

adding 0.5 mL water after warming up to room temperature for 2 h. The organic phase 

was washed with water (3x10 mL) and brine, dried over MgS04 and evaporated to 

dryness. The crude product was dissolved in 3 mL of DMF. The solution was stirred 

under an atmosphere of dry nitrogen and BOP (53 mg, 0.12 mmol, 1.1 equiv), HOBt 

(16.4 mg, 0.12 mmol, 1.1 equiv), DIPEA (42.6 mg, 0.33 mmol, 3 equiv) and H-Leu-

OMe*HCl (18 mg, 0.1 mmol, 0.9 equiv) were added sequentially. The mixture was 

allowed to stand overnight at room temperature, then concentrated. The residue was 



113 

redissolved in 5 mL of ethyl acetate and washed successively with 10% aqueous citric 

acid (3x10 mL), water (3x10 mL), 10% aqueous sodium bicarbonate (3x10 mL) and 

brine. The resulting organic phase was dried over MgS04 and evaporated to dryness, 

yielding 40 mg (66%) of the intermediate Pht(Phe-BTD)-Leu-OMe. 

To a stirred solution of 40 mg (0.073 mmol) of intermediate Pht(Phe-BTD)-Leu-

OMe in 200 |iL of CHCI3 and 2.4 mL of 95% ethanol was added 17 fiL (0.53 mmol) of 

anhydrous hydrazine. The solution was stirred at room temperature for 18 h and filtered. 

This solution was concentrated and rcdissolved in 5 mL of ethyl acetate and washed 

successively with 10% aqueous sodium bicarbonate (3x10 mL) and brine. The resulting 

organic phase was dried over MgS04 and evaporated to dryness. The residue was 

dissolved in 5 mL of THF and 47 mg (0.22 mmol, 3 equiv) of rfZ-terf-butyl-dicarbonate 

and 30 ^iL triethylamine (0.22 mmol, 3 equiv) were added. The reaction was stirred 

overnight at room temperature, then concentrated. The residue was redissolved in 5 mL 

of ethyl acetate and washed successively with 10% aqueous citric acid (3x10 mL), water 

(3x10 mL), 10% aqueous sodium bicarbonate (3x10 mL) and brine. The resulting organic 

phase was dried over MgS04 and evaporated to dryness. The crude product was purified 

by column chromatography with ethyl acetate/hexane (1:1) to afford the iV"-Boc-

protected tri peptide 54a. 

The tripeptide 54a was treated with 50% TFA in DCM at 0°C for 20 min. The 

solvent was evaporated and the residue was dissolved in 2 mL of DMF. This solution was 

stirred under an atmosphere of dry nitrogen and BOP (35 mg, 0.08 mmol, 1.1 equiv), 

HOBt (11 mg, 0.08 mmol, 1.1 equiv), DIPEA (28 mg, 0.22 mmol, 3 equiv) and Boc-Tyr-
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Gly-OH (28 mg, 0.08 mmol, 1.0 equiv) were added sequentially. The mixture was 

allowed to stand overnight at rt, then concentrated. The residue was redissolved in 5 mL 

of ethyl acetate and washed successively with 10% aqueous citric acid (3x10 mL), water 

(3x10 mL), 10% aqueous sodium bicarbonate (3x10 mL) and brine. The resulting organic 

phase was dried over MgS04 and evaporated to dryness, yielding 40 mg (74%) of the N"-

Boc protected peptide 55a. 

The peptide 55a (40 mg, 0.054 mmol) was dissolved in 3 mL of DCM and treated 

at -10°C with 1 M BBrs (0.27 mL, 0.27 mmol, 5 equiv) for 4 h. After the reaction was 

quenched by adding 0.5 mL water, the organic phase was washed with water (3x10 mL) 

and brine, dried over MgS04 and evaporated to dryness. The residue was dissolved in 

20% MeCN in 0.1% TFA and purified by RP-HPLC to give the title compound (6.2 mg, 

9%). Rf (A) = 0.036, Rf (B) = 0.59, R/ (C) = 0.31, HPLC t« = 19.6 min. FAB-MS Calcd 

for C31H40O7N5S MET = 626.2648, found 626.2660. 

H-Tyr-Gly-[(3S,6S,8S,9/f)-8-phenyl-BTD]-Leu-OH(56b) 

Compound 48b was converted to the titled compound using the same 

methodology used in the preparation of 56a (5.2 mg, 12%). R/ (A) = 0.052, R/ (B) = 0.71, 

Rf (C) = 0.41, HPLC t« = 17.2 min. FAB-MS Calcd for C31H40O7N5S MHT = 626.2648, 

found 626.2667. 

H-Tyr-Gly-[(3S, 6R, SR, 9S)-8-phenyI-BTD]-Leu-OH (56c) 

Compound 48c was converted to the title compound using the same methodology 

used in the preparation of 56a ( 4.3 mg, 15%). R/ (A) = 0.016. R/ (B) = 0.77, R/ (C) = 

0.51, HPLC tR = 18.3 min. FAB-MS Calcd for C31H40O7N5S MH^ = 626.2648, found 
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626.2628. NMR (600 MHz, DMSO) 8 0.83 (d, J = 6.6 Hz, 3H), 0.87 (d, J = 6.0 Hz, 

3H), 1.50 (m, 2H), 1.65 (m, 2H), 2.11 (m, 2H), 2.22 (m, IH), 2.81 (m, IH), 2.99 (m, IH), 

3.84 (m, 2H), 3.98 (br, IH), 4.20 (m, IH), 4.65 (m, 2H), 4.94 (s, IH), 5.19 (m, IH), 6.69 

(d, / = 8.4 Hz, 2H), 7.05 (d, J = 8.4 Hz, 2H), 7.27-7.38 (m, 5H), 8.05 (br, 3H), 8.18 (d, / 

= 7.8 Hz, IH), 8.44 (d, J = 7.8 Hz, IH), 8.69 (m, IH), 9.35 (br, IH). 

H-Tyr-Gly-[(35,65,8/f,9S)-8-phenyl-BTD]-Leu-OH (56d) 

Compound 48d was converted to the title compound using the same methodology 

used in the preparation of 56a, (5.2 mg, 9%). R/(A) = 0.056, R/(B) = 0.76, R/(C) = 0.46, 

HPLC tR = 18.5 min. FAB-MS Calcd for C31H40O7N5S MH^ = 626.2648, found 

626.2667. 

H-Tyr-GIy [(35,6/f, 8/?, 9/f)-8-phenyl-BTD]-Leu-OH (56e) 

To a stirred, cooled solution of 20 mg (0.11 mmol) of peptide ester 55a in 6 mL 

of 5:1 methanol-water was added 25 mg (0.6 mmol) of lithium hydroxide monohydrate. 

The solution was stirred at 0°C for 1 h, diluted with 5 mL of water, and allowed to warm 

to ambient temperature over 30 min with stirring. The solution was poured into water and 

extracted with CH2CI2. The aqeous phase was acidified with 0.2 M HCl and extracted 

once with ethyl acetate. The combined organic extracts were dried over MgS04 and 

evaporated to dryness. The residue was treated with 50% TFA in DCM at 0°C for 20 min. 

After the evaporation of the solvent, the peptide was dissolved in 20% MeCN in 0.1% 

TFA and purified by RP-HPLC to give the title compound (5 mg, 67%). R/ (A) = 0.052, 

R/(B) = 0.76, R/(C) = 0.39, HPLC t« = 20.5 min. FAB-MS Calcd for C31H40O7N5S MH^ 

= 626.2648, found:626.2660. 
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H-Tyr-Gly-[(3S, 65, M, 95)-8-phenyl-BTD]-Leu-OH (56f) 

Compound 55b was converted to the titled compound using the same 

methodology used in the preparation of 56e. ( 5 mg, 67 %). R/(A) = 0.035, R/(B) = 0.71, 

R/(C) = 0.39, HPLC t« = 19.1 min. FAB-MS calcd for C31H40O7N5S [M+H] = 626.2648, 

found 626.2628. 

H-Tyr-Gly-[(3S, 6S, HR, 95)-8-phenyl-BTD]-Leu-OH (56g) 

Compound 55c was converted to the title compound using the same methodology 

used in the preparation of 56e (5mg, 67%). R/ (A) = 0.016, R/(B) = 0.58, R/(C) = 0.35, 

HPLC tR = 19.5 min. FAB-MS calcd for C31H40O7N5S MH+= 626.2648, found 626.2647. 

H-Tyr-Gly-[(3S, 65, SR, 95)-8-phenyl-BTD]-Leu-OH (56h) 

Compound 55d was converted to the titled compound using the same 

methodology used in the preparation of 6e (5 mg, 67%). R/(A) = 0.091, R/(B) = 0.59, R/ 

(C) = 0.48, HPLC tfi = 18.8 min. FAB-MS calcd for C31H40O7N5S MH^ = 626.2648, 

found 626.2653. 

GPI and MVD Bioassays. (Performed in Dr. Porreca's laboratory by Ms. Peg Davis) 

1. Mouse Isolated Vas Deferens Preparation 

Male ICR mice under ether anesthesia were killed by cervical dislocation and the 

vasa deferentia removed. Tissues were tied to gold chains with suture silk and mounted 

between platinum wire electrodes in 20 ml organ baths at a tension of 0.5 g and bathed in 

oxygenated (95:5 O2 : CO2) magnesium free Kreb's buffer at 37°C and stimulated 

electrically (0.1 Hz, single pulses, 2.0 msec duration) at supramaximal voltage as 

previously described (Porreca et al., 1990). Following an equilibration period, 
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compounds were added to the bath cumulatively in volumes of 14-60 [xL until maximum 

inhibition was reached. Response to an IC50 dose of DPDPE (10 nM) was measured to 

determine tissue integrity before analog testing. 

2. Guinea Pig Isolated Ileum 

Male Hartley guinea pigs under ether anesthesia were killed by decapitation and a 

non-terminal portion of the ileum removed. The longitudinal muscie with myenteric 

plexus (LMMP) was carefully separated from the circular muscle and cut into strips as 

described previously (Porreca and Burks, 1983). These tissues were tied to gold chains 

with suture silk and mounted between platinum wire electrodes in 20 mL organ baths at a 

tension of 1 g and bathed in oxygenated (95:5 : CO2) Kreb's bicarbonate buffer at 

37°C and stimulated electrically (0.1 Hz, 0.4 msec duration) at supramaximal voltage. 

Following an equihbration period, compounds were added cumulatively to the bath in 

volumes of 14-60 pL until maximum inhibition was reached. Response to an IC50 dose 

of PL-017 (100 nM) was measured to determine tissue integrity before analogue testing 

began. 

3. Antagonist testing 

Compounds were tested for their antagonist activity by adding an IC50 dose of 

PL-017 in the GPI or DPDPE in the MVD to the bath after the final 1 uM dose of the test 

compounds. Blunting of the agonist effect of DPDPE or PL-017 indicated antagonist 

activity of the test compound. 

4. Analysis 
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Percentage inhibition was calculated using the average tissue contraction height 

for 1 min preceding the addition of the agonist divided by the contraction height 3 min 

after exposure to the dose of agonist. IC50 values represent the mean of not less than 3 

tissues. IC50 and Emax estimates were determined by computerized nonlinear least-squares 

analysis (MINSQ, Microniath). 
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CHAPTER 7. FUTURE WORK 

7.1. Future work on opioid peptide ligand design. 

Our group has successfully designed and synthesized the conformationally 

restricted, cyclic, disulfide-containing analog, DPDPE which possesses highly improved 

specificity toward 5 opioid receptors.*^ Furthermore, it was shown to be completely 

stable against a wide variety of proteolytic enzymes and to cross the blood-brain barrier. 

However, DPDPE seems to be bumped out the blood-brain barrier more quickly than 

crossing in. In order to enhance the permeability through the blood-brain barrier, in my 

future work, 1 want to take advantage of this previligy structure, but using my novel P-

phenyl-substituted cysteines to replace the penicillamine (Figure 7.1). This compound 

could provide a large lipophilic surface for binding to receptors, and for crossing 

membrane barriers (e.g. blood brain barriers (BBB) and intestinal mucosa), which 

provide an opportunity to address the issue of structure-activity relationships. 

The second goal is the design of the opioid nonpeptide ligand. It has been shown 

that the proper spatial oritentation of a cationic amine, a phenol group, and an additional 

hydrophobic group is necessary to manifest biological activity through interaction with 

opioid receptors.''"^ I am going to use P-phenylsubstituted cysteines to construct the novel 

bicyclic scaffold by our already developed methodology, while positioning and adjusting 
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the two pharmacophores (Tyr^ phenol group and Phe'^ phenyl group) at the optimal 

orientation and distance (Figure 7.1). 

Aromatic Pharmacophores 

N Pharmacophoi 

Hydrophobic group 

Aromatic Pharmacophores 

NHj 
^phenyicysteinsa 

Figuire 7.1 Future work for opioid peptide ligand design 

7.2. Future work on a-MSH ligand design. 

As part of our a-MSH (melanocyte stimulating hormone) program, we have 

identified the core sequence of a-MSH peptides His-(d/l) Phe-Arg-Trp and found a P-

tum which includes the Phe and Arg residues.^^In the future work, I am going to using 
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my developed methodology to make the P-functionalized cysteine or serine 

derivatives, namely P-thio or P-hydroxyl arginines, and then apply these novel amino 

acids to construct the P-tum mimetics on solid phase to provide specific insights into the 

bioactive conformation of melanocyte stimulating hormone (Figure 7.2). 

NHPG 

NHPG 

x = o,s 

HaN 
)=NH 

TFA/H2O 
or HP 

Figure 7.2 Future work on a-MSH ligand design. 
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Novel constrained (i-tum dipeptide mimetics, 8-phenyl 
thiaindolizidinone amino acids 3, have been synthesized 
stereoselectively and incorporated into Leu-enkephalin pep­
tides as a replacement of dipeptide Gly^-Phe"" to afford four 
individual isomers of Leu-enkephalin analogues 6. 

In recent years, a great deal of effort has focused on the design 
of P-tum peptidomimetics, which are conformationally con­
strained to provide a better understanding of the stereostructural 
basis of peptide and protein interactions.' One of the pharma-
ceutically interesting biological targets for which the peptido-
mimetic approach has been applied recently is Leu-enkepha-
lin? 

Previous studies on Leu-enkephalin (H-Tyr-Gly-Gly-Phe-
Leu-OH) and related cyclic analogues have suggested that it 
adopts, predominantly, a P-turn centered at Gly3-Phe'».2a.3 
These studies also suggested that for opioid peptides, the turn 
position residues not only play a role of conformation 
restriction, but also are involved in direct interaction with 
receptor(s).2'''' Furthermore, our studies have indicated that the 
conformational requirements for optimal interaction with the 
and 8 receptors differ in a subtle manner.'' With these criteria in 
mind, we propose that conformationally restricted, substituted 
bicyclic |3-tum dipeptide (BTD) mimetics with different 
stereochemical configurations (Figure 1) would be a desirable 
peptidomimetic moiety. The compounds were designed to 
constrain two backbone angles and of the four torsion 
angles that define a P-tum, and most importantly, to place the 
critical phenyl side chain of the Phe" residue of Leu-enkephalin 
correctly in 3D space. Incorporations ofunsubstituted BTD into 
biologically active peptides have been used to investigate the 
structure-activity relationship between peptides and recep­

0--H —N 

Lsu-enkephaiin 

H 

ylurn 

g turn 

©cyclic turn dipeptide 

Fig. I 

t Electronic supplementary information (ESI) available; experimental 
details. See http://www.rsc.org/siippdataycc/b3/b302235h/ 

tors.^•2'' For example, Nagai and co-workers have incorporated 
unsubstituted thiaindolizidinone amino acid as a Gly-Gly 
replacement in Leu-enkephalin to produce an analogue, which 
exhibited 1/500 of the activity of the parent peptide.2'' Lubell et 
a/, employed the indolizidin-9-one amino acids as a constrained 
Gly-Gly surrogate in a Leucine-enkephalin mimic, and their 
compound showed affinities for opioid receptors that were three 
orders of magnitude lower than that of Leu-enkephalin.'f 
However due to the lack of a robust methodology, to the best of 
our knowledge, there is no report of the incorporation of 
8-substituted BTDs into a biologically active peptide to make 
individual isomers which could truly mimic the peptide 
functions. In this communication we wish to report a flexible 
synthesis which allows for the preparation of diastereoisomers 
of Leu-enkephalin analogues containing the substituted chiral 
P-tum bicyclic dipeptide mimetics. 

The synthesis of 8-phenyl-substitiited thiaindolizidinone 
amino acids was accomplished using the convergent synthetic 
strategy in Scheme 1. The P-phenylcysteine derivatives {2R, 
35)-2a and (215", 3i?)-2b, were prepared according to our new 
protocol.^ The doubly protected glutamic acid y-aldehyde 1 was 
prepared according to a procedure previously described.^" 
Aldehyde 1 was converted to a mixture of thiazolidines by 
condensation with the P-phenylcysteine derivative (2R, 3»S)-2a, 
or (2^, 3J?)-2b in buffered aqueous ethanol. Sequential fluoride-
mediated deprotection and cyclization of the resulting amino 
acids with the aid of carbodiimide coupling reagent resulted in 
clean formation of the bicyclic lactams 3a/3b-3c/3d as epimers 
at the bridgehead. These diastereoisomers can be readily 
separated. The ratio of 3a/3b, 3c/3d ranged from 1.8-1.3:1. The 
reaction behavior of the P-phenylcysteines is quite different 
than the unsubstituted counterpart, in which only one epimer 
was formed during the cyclization step.^s In addition, in the case 
of P-phenyl-substituted cysteines, the addition of the carbodii­
mide coupling reagent was necessary for efficient cyclization, 

3S, 8S,9R 

s separated (3a; 3b=1.S:1) 
isomer 3a, a 
isomer 3b, H5=p 
Yield 60% in 3 steps 

H. 

r" 
3S, 8R, 9S 

isomers separated {3c: 3d= 1.3:1) 
Isomer 3c, H,= n 

isomer 3d, H,= 0 
Yield 55% in 3 sleps 

Scheme 1 Reagents: a, HOAc, EtOH, H^O; I), PhCHoNCCH.OaF; c, DCC/ 
HOBt 
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n n OMB O [] 

rt 
-kV^ 

Ph 

Leu-OH 

(33.6R. 8S, 9/?)-3a 
(3S, 6S, eS, 9f^-3fa 
(3S, 6R, BR, 9S)-3c 
(33, 6S, BR, 95)-3d 

(3S, 6R, 9S, 9R)-4« 
(3S. 6S, 8S, 9R)-4h 
(3S, 6R, aR, 9S)-4c 
(3S, BS, 6R, 9S)^d 

{3S. 5R, 8S, 9ff)-Sa 
(3S, 6S. 8S. 9R)-Sb 
(3S, 6R, SR. SSJ-Sc 
(3S, 6S, 3R, 9S)-Sd 

[3S. 6R. BS, 9R)-Ba 
(3S, 6S. 6S.9i?)-8b 
(33,6R, 8R, 9S)-6c 
{3S, 6S, BR, SSVEd 

Scheme 2 Reagents: a. BBrj, DCM; b, Leu-OMe HCl, BOP, HOBt, DIPEA, DMF; c, NH2NH2, EtOH.CHCl^, H2O; d, (BOQaO, THF, TEA; e. TFA, 0 "C, 
20 min; f. Boc-Tyr-Gly-OH, HOBt, BOP, DIPBA, DMF; g, BBrj, DCM, -10 °C, 4 h, 9-15% overall yields. 

while the unsubstituted bicyclic lactam can be formed through 
catalysis of dilute HCl in the case of unsubstituted cysteine.^^ 
The stereochemistries at the bridgehead carbons (C-6) of the 
8-substituted bicyclic thiazolidine lactams were assigned on the 
basis of selective ID transient NOE experiments performed on 
3a-d (Figure 2). For example, in the experiment performed on 
3a, relatively strong NOEs were observed between Hj and Hg, 
H9, H3 respectively, whereas weaker NOEs were observed 
between He and Hg, H9, H3 respectively in the case of 3b, 
Similar results were seen with bicyclic lactams 3c and 3d. These 
data support the assignment of a i?-configuration at C-6 in 3a/3c 
and a 5-configuration at C-6 in 3b/3d. 

Incorporation of the 8-phenyl BTD into Leu-enkephalin 
using similar methodology as described before^" suffered some 
problems. For example, after converting the phthalyl protecting 
group to the A'^^-Boc protecting group (Scheme 2), we tried to 
hydrolysize the ethyl ester group using standard base saponifi­
cation conditions, However this failed because of the steric 
hindrance provided by the neighboring phenyl group, which is 
on the same face as the carboxylate function, and when longer 
reaction times were employed, racemization occurred. The 
problem was solved by using boron tribromide to selectively 
cleave the ethyl ester group,' while keeping the phthalyl 
protecting group and thiazolidine ring intact. Subsequently, the 
leucine methyl ester was treated with Pht-8-phenyl-BTD-OH in 
DMF using BOP and HOBt as the coupling reagent to yield the 
tripeptide Pht-S-phenyl-BTD-Leu-OMe. Then the phthalyl 
protecting group was removed by hydrazinolysis and the a-
amino group reprotected with di-/er/-butyl dioaibonate to afford 
tripeptide 4 (Scheme 2), Cleavage of the TV^-Boc group of 4 and 
coupling with A'^-Boc-Tyr-Gly-OH gave the desired Leu-
enkephalin analogues 5 in a protected form which were 
deprotected by treatment with BBrs to give peptides 6 (Scheme 
2). After purification by RP-FIPLC, the Leu-enkephalin ana­
logues were isolated in 9-15% overall yield. There was no 
evidence of racemization at any stage of the synthesis by 'H 
NMR or TLC analysis. The purity of peptides 6 was examined 
by analytical HFLC and their compositions were verified by 
high resolution fast atom bombardment mass spectrometry. 

No noe 

No noe 

D.17% 

D.16% 

Fig. 2 NOEs observed forthe bicyclic thiazolidine lactam intermediates 3a-

Compounds 6a-<i were evaluated in the isolated mouse vas 
deferens (MVD, for 6-receptor) and guinea pig ileum (GPI, for 
jx receptor) bioassays. At IfxM concentration, compounds 6a-c 
showed 3.3, 8.9, 0 and 1% agonist activity for MVD 
respectively, and 2.9, 2.6, 4 and 4.6% agonist activity for GPI 
respectively. These correspond to a loss of potency of 
approximately three orders of magnitude compared with Leu-
enkephalin, and suggest that the correct spatial distances and 
orientations of the two aromatic pharmacophores (Tyr' phenol 
group and Phe'' phenyl group) in Leu-enkephalin are critical for 
high potency. 

In summary, this communication described the synthesis of 
novel, conformationally constrained 8-phenyl substituted |3-
tum dipeptide mimetics (35", 6R, &S, 9i?)-3a, (35,65, 85, 9fi)-3b, 
(35, 6R, 8if, 95)-3c and (35, 65, 8/J, 95)-3d. Incorporation of 
these substituted dipeptide mimetics into Leu-enkephalin was 
accomplished by using modified solution phase peptide synthe­
sis methods. Extensive structure-activity relationship studies 
are under the investigation. 

The authors thank the USPHS grants DA 06284 and DA 
13449 for support. 
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Abstract; A stereodivergent synthetic route has been de­
veloped to make the optically pure antl- £ind syn-fi-sub-
stituted cysteine and serine derivatives. In this approach, 
the key intermediates, >94% enantiomericaUy pure cyclic 
sulfates 3 and aziridines 7, were prepared from a,y0-unsatur-
ated esters 1, employing the Sharpless asymmetric dihy-
droxylation. The high regio- and stereoselective ring-opening 
reactions of cyclic sulfates and aziridines provided enantio-
merically pure /5-substituted cysteine and serine derivatives. 

A complete understanding of the stereochemical re­
quirements of side chain groups important in peptide 
ligand—receptor/acceptor interactions plays a crucial role 
in the rational design of bioactive peptides and their 
nonpeptide mimetics. This approach can be realized by 
incorporation of conformationaUy constrained novel amino 
acids into a peptide or nonpeptide template.' Among 
novel amino acids, ^-substituted cysteines and serines 
can play a unique function in peptide conformational 
constraints. /?-Substituted cysteines, when introduced 
into the peptide chain, can constrain the backbone 
conformation through the formation of a disulfide bridge, 
as well as preserve the respective side chains, which are 
Important for molecular recognition.^ /3-Substituted cys­
teines and serines also can be used as building blocks 
for dipeptide /3-turn mimetics (Figure 1).^ 

As part of our a-MSH (melanocyte-stimulating hor­
mones) program, we have identified the core sequence 
of a-MSH peptides His-(D/L)Phe-Arg-Trp and found a 
j8-turn that includes the Phe and Arg residues.^ A 
conformationaUy constrained bicyclic dipeptide mimetic 
scaffold (Figure 1) can exist as up to 32 different isomers 
with different backbone geometries and side chain ori­
entations, which can provide specific insights into the 
bioactive conformation. Furthermore, cysteine and its 
/^-substituted derivative residues are present in many 
peptide/protein sequences having important bioactlvities, 
including DPDPE, a cyclic enkephalin analogue (H-Tyr-

* To whom correspondence should be addressed. Phone: (520) 621-
6332. Fax; (520) 621-8407. 
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Ph 

HN 

H HHi 

NH 

IN 

N' 
H 

Ac-Ser-Tyr-Ser-Met-Glu-His-EiiaAS-Trp-Gly-Pro-Val-NHa 
a-MSH peptide 

.;w: 
R, R" = aryl, alkyl. alkyi guanidyl 
X = S, O 

Figure 1. /9-Turn in a-MSH peptide and proposed /?-turn 
mimetics. 

c [D- Pen-Gly-Phe-D-Pen] -OH), and melanotropin analogues. 
Introduction of appropriate /3-substituted cysteines into 
a peptide sequence will preserve the appropriate side 
chain orientation and restrict the C—S—S—C dihedral 
angle. Hence, there is a need for efficient, stereospecific 
synthetic approaches towzird these molecules. 

Although the synthesis of y3-hydroxy amino acids has 
been well documented,® there appears to be no general 
stereospecific methodology directed at the synthesis of 
/3-substituted cysteines. Goodman and co-workers re­
ported the synthesis of a,/3-dimethylcysteines and serines,^ 
but only the antl isomers were accessible with high ee. 
Recently, we reported the enantioselective synthesis of 
/3-phenylcystelne, /3-phenyltryptophan, and /3-phenylserine 
through the ring-opening reaction of 3-phenylazlridine-
2-carboxyllc ester.® We now have further developed this 
strategy in the first general asymmetric synthesis of all 
four isomers of /3-substituted cysteines and serines. 

Substituted a,y8-unsaturated benzyl esters were the 
starting points of the synthesis. a,/1-Unsaturated benzyl 
esters 1 (Scheme 1) were subjected to Sharpless asym­
metric dihydroxylation in the presence of {DHQ)2PHAL 
(AD-mix-a) and methanesulfonamide. The reaction pro-
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Scheme 1. Synthesis of a/Jli-/J-Substituted Serine and Cysteine Derivatives 
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ceeded smoothly to yield (2i?,3S)-diol 2 in high yield and 
excellent optical purity (>94% ee).® The vicinal diol 2 was 
then converted to the cyclic sulfite as a mixture of 
diastereomers in a 1:1 ratio,'" and the cyclic sulfite was 
further oxidized to the cyclic sulfate 3 with RuO.) (NalOv' 
catalytic RuClj) in acetonitrile and water. Ring-opening 
reaction of cyclic sulfate 3 in an S>;2 fashion with N3 
was generally carried out for 2 h at room temperature. 
Acidic hydrolysis provided azido esters 4 and 5. In the 
case of 3a and 3b. nucleophilic substitution by NaNs 
happened exclusively at the a-position of cyclic sulfite 3 
with clean inversion of chirality. Since there is competi­
tion of reaction sites between the benzylic and the 
a-position in the case of 3c. nucleophilic substitution by 
NaNj gave regioisomers 5c and 4c in a 6:1 /3/a ratio." 
as determined by 'H NMR. Reductions of azido esters 
4a and 4b were accomplished under neutral conditions 
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