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300 North Zeeb Road, Ann Aibor MI 48106-1346 USA 
313/761-4700 800/521-0600 





DESIGN AND SYNTHESIS OF TOPOGRAPHICALLY CONSTRAINED 
AMINO ACIDS, AND BIOACTIVE PEPTIDES FOR STUDIES OF 

LIGAND-RECEPTOR INTERACTION, AND FOR DE NOVO DESIGN 
OF 5-OPIOID SELECTIVE NON-PEPTIDE MIMETICS AS 

POTENTL\L THERAPEUTICS 

By 

Subo Liao 

Copyright © Subo Liao 1997 

A Dissertation Submitted to the Faculty of the 

Department of Chemistry 

In Partial Fulfillment of the Requirements 
For Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1997 



DMX Number: 9806802 

Copyright 1997 by 
Liao, Subo 

All rights reserved. 

UMI Microronn 9806802 
Copyright 1997, by UMI Company. All rights reserved. 

This microform edition is protected against unauthorized 
copying under Title 17, United States Code. 

UMI 
300 North Zeeb Road 
Ann Arbor, MI 48103 



2 

THE UNIVERSITY OF ARIZONA. « 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by Subo Liao 

entitled Design and Synthesis of Topographically Constrained Amino Adds. 

and Bioactive Peptides for Studies of Ligand-Receptor Interaction, 

and For De Novo Design of delta-Opioid Selective Non-Peptide 

Mimetics as Potential Therapeutics 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

Richard Glass 

Date 

U~7 

Eugene A. Mash, Jr. 

rj I. Y4;nii«iura 

D a v i d  E .  W i  

Date 

Date 

r ' /W/>z 
Date ' 

Date ( ' 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

Dissertation Date 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfiUlment of requirements for an 

advanced degree at The University of Arizona and is deposited in the University Library to 

be made available to borrowers under rules of the Library. 

Brief quotations &om this dissertation are allowable without special permission, 

provided that accurate acknowledgment of source is made. Requests for permission for 

extended quotation from or reproduction of this manuscript in whole or in part may be 

granted by the copyright holder. 

SIGNED: 



4 

ACKNOWLEDGMENT 

First of all, I would like to give my warmest thanks to my research advisor Prof. 
Victor J. Hruby. Elis wisdom, experience, understanding, patience and ready-to-go help 
always make me feel I am so lucl^ to work with him. He not only lead me to an exciting 
scientific field, helped me open my mind, taught me the way to think, and offered me the 
opportunity to develop my independent research capability, but also is my model as a 
decent human being and excellent scientist whose impact on me in the past five years will 
influence me throughout my lifetime. I would also give my special thanks to all my 
committee members: Profs. Richard S. Glass, Robin L. Polt, Henry I. Yamamura, Gene 
Mash, David Wigley and William R. Salzman for their rime and their very helpful 
discussion about research-related and other issues. I would like to thank Profs. Jacquelyn 
Gervay, Walter N^er, Michael Burke, Dermis Lichtenburger, and John Round who were 
my course instructors. I also would like to express my appreciation to Profs. Frank 
Porreca and Jirina Slaninova for their generous help and discussion about peptide 
bioassays, and pharmocologests Keiko Hosohata, Dagmar Stropova and Peg Davis for 
performing the bioassays, and Dr.Hruby's administrative assistants Cheryl McKinley and 
Margie Colie for their generous help in various matters. 

I would also like to take this opportunity to thank the postdoctoral and visiting 
professors who worked in Prof. Hmby's laboratory in the past several years for their help 
and discussion in the development of my chemistry knowledge, experimental skill and my 
scientific thinking. The collaborations and friendships with them are one of the most 
wonderful memories I will keep in my heart forever. Among them are Drs. Mark D. 
Shenderovich, Yinglin Han, Zhigang Zhang, Jun Lin, Katalin E. Kover, Bob Ouyang, Bi-
Show Lou, Li Xiang, Wei Yuan, and Aleksandra Misicka. 

There are many graduate smdents who deserve my appreciation in this department, 
in particular, I would also give my special thanks for graduate students I share fiiendships 
with including Drs. Xinhua Qian, Guigen Li, Yangqi Liu, Tiffini Lung, and my peer 
graduate students; Josue Alfaro-Lopez, Huiwei Wu, Wei Qiu, and Chaozhong Cai. 

I would also like to thank the Department of Chemistry at the University of Arizona 
for my teaching assistantship, Mid-Career Awards(1993-1994, 1994-1995) and Carl S. 
Marvel fellowship(finalist, 1996), and NIDA and NTH for my research assistantships. The 
Victor J. Hruby Alumni Foundation for Victor J. Hruby Fellowship in Peptide Research 
(1995), the UA Graduate College for The Dean's Fellowship (1996-1997), and American 
Peptide Society for Travel Award (1997, 15th APS Symposium). 



5 

DEDICATION 

I would like to dedicate this work to my wtfe Xiaohong Xiao, 

and my parents, Fangyong Liao and Fengyin Lian, and my parents-in-law, Yin Xiao and 

Xiujuan Yang, 

my sister Jingbo Liao and my bother Xunbo Liao. 



6 

TABLE OF CONTENTS 

I. UST OF ILLUSTRATIONS 9 

n. LIST OF TABLES 13 

m. ABSTRACT 16 

IV. CHAPTER 1. INTRODUCTION: PEPTIDES AND PEPTIDE-
BASED DRUGS 18 

V. CHAPTER 2. DESIGN CONFORMATIONALLY CONSTRAINED 
BIO ACTIVE PEPTIDES 24 

2.1. Introduction 24 

2.2. Peptide conformation 28 

2.3. Local backbone constraints 30 

2.4. Global backbone constraints 34 

2.5. Secondary structure templates 38 

2.6. Topographically constraints 40 

VI. CHAPTER 3. DESIGN AND SYNTHESIS OF TOPOGRAPHICALLY 
CONSTRAINED DESIGNER AMINO ACIDS 44 

3.1. Introduction 44 

3.2. Design and retrosynthetic analysis 46 

3.3. Synthesis and discussion 48 

3.4. Computer-assisted conformational studies 57 

3.5. Experimental 63 

Vn. CHAPTER 4. DESIGN, SYNTHESIS AND DYNAMICS OF 2,3-
METHANO AROMATIC AMINO ACIDS 77 

4.1. Introduction 77 



7 

TABLE OF CONTENTS-Continued 

4.2. Design and retrosjmthedc analysis 80 

4.3. Synthesis and discussion 83 

4.4. Confonnational and dynamic studies 88 

4.5. Experimental 94 

Vm. CHAPTER 5. DESIGN TOPCXJRAPHICALLY CONSTRAINED 
S-OPIOID SELECTIVE BIO ACTIVE PEPTIDES 105 

5.1. Introduction 105 

5.2. Design, synthesis and biological evaluation 
of [p-iPrPhe']-DELT 1 115 

5.3. Conformational studies of [P- iPrPhe']DELT 1 122 

5.4. Design, synthesis and biological evaluation 
of TMT-Tic 134 

5.5 Conformational studies of TMT-Tic 137 

5.6. Experimental 139 

IX. CHAPTER 6. DESIGN, SYNTHESIS, BIOLOGICAL EVALUATION 
OF TOPOGRAPHICALLY CONSTRAINED 
BICYCLIC OXYTOCIN ANTAGONISTS 150 

6.1. Introduction 150 

6.2. Desi^, synthesis and conformation-activity 
relationship 156 

6.3. Experimental 165 

X. CHAPTER 7. DESIGN AND SYNTHESIS OF 5-OPIOID SELECTIVE 
NON-PEPTIDE MIMETIC AGONISTS BASED ON 
PEPTIDE LEADS 172 

7.1. Introduction 172 

7.2. Design, synthesis and structure-activity 
relationship 175 



8 

TABLE OF CONTENTS-Continued 

7.3. Experimental 187 

XI. CHAPTER 8. FUTURE PLAN 197 

Xn. REFERENCES 203 



9 

LIST OF ILLUSTRATION 

Figure 1.1, Definition of an L amino acid, and the amino acid residue in 
polypeptide chain 18 

Figure 1.2, A model of peptide-receptor interaction in solution 20 

Figure 2.1, An outline of the interactions between biophysical methods, 
chemical methods, structural-activity relationship, conformational 
considerations, topographical features, biologic^ assays, and 
other considerations in developing a rational approach to peptide 
and peptidomimetic design 27 

Figure 2.2, An illustration of the key torsional angles that taken together 
constitute the three-dimensional structure of a peptide taking 
into consideration both backbone (<|>,\|/,q)) and side-chain (Xp Xi )  
torsional angles 29 

Figure 2.3, Amide bond modification 31 

Figure 2.4, a-Carbon modified unusual amino acids 32 

Figure 2.5, Some typical cyclization approaches on the peptide chain 33 

Figure 2.6, Some representative covalent side chain to side chain 
cyclizations 35 

Figure 2.7, Apply global conformational constraint approach to design 
potent and selective peptide hormones 37 

Figure 2.8, Some representative secondary structure mimetics and inducers 39 

Figure 2.9, Three minimum energy conformations of the Xi dihedral angle 41 

Figure 2.10, Apply topographical constraint approach to design potent and 
selective peptide hormones 42 

Figure 3.1, New synthetic topographically constrained designer P-methyi 
unusual amino acids 45 

Figure 3.2, Structure of p-isopropylphenylalanines 47 

Figure 3.3, Retrosynthetic analysis 48 



10 

LIST OF ILLUSTRATION-Continued 

Scheme 3.1, Synthesis of P-iPrPhe (1) 50 

Figure 3.4, The stereoview of the crystal structure of (4S,3'S)-3-
[3'-(2,6-dimethyI-phenyl) isohexanyI]-4-phenyI-2-
oxazolidinone 2d 52 

Figure 3.5, Possible novel amino acid targets that could be synthesized 
from Michael reaction product 2 53 

Scheme 3.2, Synthesis of P-iPrPhe (2) 54 

Scheme 3.3, Synthesis of P-iPrPhe (3) 54 

Figure 3.6, The X-ray crystal structure of (4R, 2'R, 3'R)-4-phenyI-3-
[2'-bromo-3'-phenyUsohexanyl-2-oxazolidinone 6 55 

Scheme 3.4, Synthesis of p-iPrPhe (4) 56 

Figure 3.7, Definition of x", x'~> the chimeric P-isophenyl-
alanine/p-phenylleucine 57 

Figure 3.8, (Xi,, X21) Conformational energy map of P-iPrPhe 59 

Figure 3.9, (x,2, X22) Conformational energy map of P-PheLeu 60 

Figure 3.10, Newman projections of three staggered rotamers of x^ 
for the pairs of P-phenylleucine isomers with the 3S 
(top) and 3R (bottom) configuration at C^atom (the C^-C 
bond is perpendicular to the plane of the projections) 61 

Figure 4.1, Some naturally existing 2,3-methano amino acids 78 

Figure 4.2, Some non-natural 2,3-methano amino acids 79 

Figure 4.3, Design of 2,3-methano aromatic amino acids 81 



11 

LIST OF ILLUSTRATION-Continued 

Figure 4.4, Retrosynthetic analysis 82 

Scheme 4.1, Synthesis of 2,3-methano amino acids (1) 84 

Scheme 4.2, Synthesis of 2,3-methano amino acids (2) 85 

Scheme 4.3, Synthesis of 2,3-methano amino acids (3) 87 

Figure 4.5, Stereoview of the superimposed four stereoisomers of 2',6'-
dimethyl-2,3-methanophenylalanine 89 

Figure 4.6, Temperature dependent 'H NMR of (E)-2,6-dimethyl-2,3-
methano phenylalanine 90 

Figure 4.7, Temperamre dependent 'H NMR of (2^-2,6-dimethyl-2,3-
methano phenylalanine 91 

Figure 5.1, Structure of some amino acids incorporated in position 3 
of deltorphin I analogues 109 

Figure 5.2, Design of the topographically constrained 
[P-iPrPhe^]DELT I analogues 117 

Figure 5.3, The chemical structure of Rink resin 117 

Figure 5.4, The general synthetic protocol to prepare [3-iPrPhe^]DELT 1 118 

Figure 5.5, Two representative solution conformations of 
[(2S,3R)-p-iPrPhe^]DELT I in DMSO 131 

Figure 5.6, The pharmacophore superposition in [(2S,3R)-P-iPrPhe^]DELT I 
(color-coded), SIOM(blue), OMI(red) and TAN-67(green) 132 

Figure 5.7, Synthetic scheme of TMT-L-Tic dipeptide analogues 135 

Figure 5.8, The conformational superposition of (2S,3R)-TMT-L-Tic 
and OMI 138 

Figure 6.1, Primary structure of Oxytocin 150 

Figure 6.2, Chemical structure of bicyclic Oxytocin antagonist lead [dPen', 
cyclo(Glu\ Lys*)]OT 156 

Figure 6.3, New designed bicyclic Oxytocin antagonists 157 



12 

LIST OF ILLUSTRATTON-Continued 

Figure 6.4, Synthesis of a bicyclic oxytocin analogue containing a disulfide 
and a lactam bridge 159 

Figure 6.5, (%,, Xi) Conformational energy map of TMT 161 

Figure 6.6, The illustration how the aromatic side-chains in some 
preferred rotamers of four p-MeOTMT stereoisomeric 
residues in the bicyclic oxytocin antagonists can be 
recognized by oxytocin receptor 164 

Figure 7.1, The chemical structures of three representative non-peptide 
5-opioid selective agonists 174 

Figure 7.2, The comparison of the common pharmacophores between 
peptide lead [(2S,3R)-TMT']DPDPE and non-peptide 
ligand SIOM 176 

Figure 7.3, Design non-peptide mimetics from peptide lead [(2S,3R)-
TMT'IDPDPE 177 

Figure 7.4, The overlapped stereoview of the bioactive conformations 
of peptide lead [(2S,3R)-TMT']DPDPE and one designed 
non-peptide mimetic analogue SL 3088 178 

Scheme 7.1, Synthesis of non-peptide mimetics (I) 181 

Scheme 7.2, Synthesis of non-peptide mimetics (2) 182 

Scheme 7.3, Synthesis of non-peptide mimetics (3) 182 

Figure 8.1, Some designed structures for exploration of the binding 
modes of 6-opioid selective agonists and antagonists 197 

Figure 8.2, The chemical structures of two new designed 
non-peptide mimetics 198 

Scheme 8.1, Proposed synthetic procedure of the new 
non-peptide mimetics (1) 199 

Scheme 8.2, Proposed synthetic procedure of the new 
non-peptide mimetics (2) 200 



13 

LIST OF TABLES 

Table 1.1, Some peptide-based drugs 22 

Table 2.1, Approximate (|>,\|r-angles (deg) combinations for 
helix and sheet structures as well as the standard 

-angles (deg) of reverse turns 40 

Table 3.1, Diastereoselective syntheses of P-aryl isohexanoic 
acid derivatives 51 

Table 4.1, Possible values of x, and Xz torsional angles of 2',6'-
dimethyl-2,3-methanophenylalanine analogues 88 

Table 4.2, E»roton chemical shift differences (AD) for 2',6'-
dimethyl groups at room temperature, coalescence 
temperature (T^), life time (T) and free energies of 
activation (AG*) 93 

Table S. 1, Opioid receptors and some major endogenous opioid 
peptides and their biological properties 106 

Table 5.2, The binding affinities of Deltorphin I analogues 
substituted only at site 3 110 

Table 5.3, The biological activities of Deltorphin I analogues 
substituted only at site 3 Ill 

Table 5.4, Binding affinities of tripeptide and dipeptide opioid 
antagonists to 6-opioid receptor 114 

Table 5.5, Analytical characterization of [P-iPrPhe^]DELT I 
analogues 119 

Table 5.6, Binding affinity (IC50, nM) of [P-iPrPhe^]DELT I 
analogues 120 

Table 5.7, Biological activity (EC50, nM) of [P-iPrPhe^]DELT I 
analogues 121 

Table 5.8, '^C NMR chemical shifts (ppm) of [P-iPrPhe^]DELT 1 123 



14 

LIST OF TABLES-Coatinued 

Table 5.9, 'H NMR chemical shifts (5 ppm) and coupling 
constants (J in Hz) and temperature coefGcients 
in bracket (ppl/K) under NH for [L-P-iPrPhe^]-
DELT 1 124 

Table S. 10, 'H NMR chemical shifts (5 ppm) and coupling constants 
(J in Hz) and temperature coefficients in bracket (ppl/K) 
under NH for [D-p-iPrPhe^]DELT 1 125 

Table 5.11, Relative volume of ROE cross-peaks of [P-iPrPhe^]DELT 1 126 

Table 5.12, Calculated population of the side chain rotamers in 
[P-iPrPhe^]DELT I analogues based on NMR data 128 

Table 5.13, The distance constraints for the restrained molecular 
dynamics/simulated annealing calculation (MD/SA) 
of [(2S,3R)-p-iPrPhe^]DELT 1 130 

Table 5.14, The comparison of the key parameters of pharmacophore 
geometry in the suggested bioactive conformations of SIOM, 
OMI, TAN-67, [(2S,3R)-TMT']DPDPE and [(2S,3R)-
P-iPrPhe']DELT 1 133 

Table 5.16, Analytical data of H-TMT-L-Tic-OH analogues 136 

Table 6.1, Analogues of Oxytocin substituted by aromatic amino 
acids only in position 2 153 

Table 6.2, Biological activities of bicyclic Oxytocin 
antagonists and related peptides 154 

Table 6.3, Analytical data of bicyclic Oxytocin antagonist 
analogues 158 

Table 6.4, Biological activities of bicyclic Oxytocin antagonist 
analogues 162 

Table 6.5, Peptide synthesis protocol for coupling cycle used 
in this study 167 

Table 7.1, Binding affinity of the non-peptide mimetics 183 



LIST OF TABLES-Continued 

Table 7.2, Biological activities of the non-peptide mimetics 



16 

ABSTRACT 

Topographical constraint is the most powerful approach for the design of bioactive 

peptides to explore the bioactive conformation of crucial side-chain pharmacophores of 

amino acid residues in peptide-receptor recognition and signal transduction. 

Novel topographically constrained amino acids ^isopropylphenyialanine and 2',6'-

dimethyI-2,3-methanophenylalanine have been designed and synthesized. Incorporation of 

the four optically pure ^isopropylphenylalanine stereoisomers into deltorphin I produced 

four peptide analogues of [P-iPrPhe]DeItorphin I with differentiated bioactivities. The 

most potent and selective analogue, [(2S,3R)-P-iPrPhe]DeItorphin I showed an IC5o= 2 

nM binding affinity, and a 29000 fold selectivity for the 5-opioid receptor over the p. 

opioid receptor. Combined molecular modeling and NMR studies indicated that the 

(2S,3R)-p-iPrPhe^ residue in the analogue favors the trans rotamer, and can induce the 

linear peptide to form a low-energy folded conformation which was proposed as the 

bioactive conformation for the 5-opioid receptor. 

Coupling four optically pure, conformationally constrained P-methyl-2',6'-

dimethyltyrosine (TMT) with L-Tic formed four dipeptide analogues of TMT-L-Tic. The 

most potent and selective analogue, (2S,3R)-TMT-L-Tic showed 9 nM binding affinity and 

4000 fold selectivity to the 5 vs opioid receptor. The lowest-energy conformation of 

(2S,3R)-TMT-L-Tic was suggested to be the bioactive one in which TMT side chain is 

trans and Tic side chain is in a gauche (+) conformation. 

Bicyclic oxytocin antagonist [dPen', cycIo(Glu^, Lys®)]OT (BC-OT) (pA, = 8.10) 

is an excellent template to examine further topographical ideas. Substitution of Tyr^ with 

the topographically constrained /;ara-methoxy-P-methyl-2',6'-dimethyItyrosine (p-

MeOTMT) amino acids produced two very potent antagonists [(2S,3S)-p-MeOTMT^]BC-
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or (pA2=8.26) and [(2R,3R)-p-MeOTMT^]BC-OT(pA2=7.80), and two inactive 

analogues [(2S,3R)-/^-MeOTMT^]BC-OT and [(2R,3S)-/>-MeOTMT^]BC-OT. These 

interesting results can be attributed to the biased side-chain conformation, gauche(+) and 

gauche (-) ia. (2S,3S)-/>-MeOTMT and (2R,3R)-^MeOTMT respectively, and trans in 

both (2S,3R)-p-MeOTMT and (2R,3S)-p-MeOTMT residues. 

Rational design of non-peptide mimetics from peptide leads is still elusive. Based 

on the 5-opioid selective lead [(2S,3R)-TMT']DPDPE and SAR of 5-opioid selective 

ligands, the first generation of non-peptide mimetics have been designed and synthesized. 

The new lead SL-3 111 showed binding affinity ICjo=8 nM, and over 2000 fold selectivity 

for the 5-opioid receptor over the ^ receptor. 
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CHAPTER 1. INTRODUCTION: PEPTIDES AND PEPTIDE-

BASED DRUGS 

Although there are hundreds of thousands of biologically essential peptides and 

proteins required for the expression of various biological properties in natural living 

systems, they are mainly constructed using only the 20 natural L-amino acid building (Fig. 

I.l). In reality, the combination of the twenty natural L-amino acids can provide too 

numerous peptide and protein species. The major feature of the amide bond in the peptide 

and protein is the delocalization and coplanar arrangement of all three 2p^ orbitais in O, C, 

and N atoms that make the amide bond have partial double bond character, and favor 

energetically the trans -geometry. Only in the case of Pro or N-alkylated amino acids does 

the cw-geometry become likely.'" 

HOOC 

L-Amino acid Amino acid residue in peptide 

Figure 1.1. E)efinition of an L amino acid, and the backbone torsional angles of amino acid 

residues in a polypeptide chain. 
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There is no defined separation line between proteins and peptides. Peptides are 

often referred to fragments containing less than 15 amino acid residues, polypeptide is used 

for fragments having from 15 to about 50 amino acid residues, whereas more than 50 

amino acid residue, peptides are normally called protein. Biologically active peptides are 

usually biosynthesized as part of a protein called a prohormone which often contains 

several different hormones. Prohormones are cleavaged into small peptide hormones by 

proteases, and released when the living system needs theuL 

Peptides have very different dynamic properties than proteins. This difference 

illustrates the different roles of peptides and proteins in the expression of the biological 

functions. Proteins normally have quite stable tertiary or quaternary structures due to 

numerous internal and intermolecular non-bonding interactions or disulfide bridges. The 

structure of a protein in a crystal is normally quite similar to that in solution. Therefore, 

proteins appear in many roles being for example, receptors, enzymes, and structural 

components which act as biological hosts or locks for transducing specific biological 

signals. 

By contrast, peptides have much fewer non-bonding interactions, so that most 

natural peptides have mobile dynamic properties. They exist in multiple conformations in 

solution with very small energy separations ( a few kcals/mole). Thus natural bioactive 

peptides often possess multiple biological properties and lack specificity of activity. 

Peptides often act as the first messengers or the keys for transducting biological signals. 

The biological fimctions of peptides are realized via interactions with proteins, "it has been 

proposed that they are derived fn)m receptor protein precursors, and 'remember' how to 

interact and fold up, which is why peptide hormones can activate protein receptors for 

signal transduction."'" 



20 

Linear Peptide 

Adenylyl 

G protein 
CAMP 

Secondary 
 ̂Messenger 

Cascade 
J 

Piiysiological Effect 

Fig. 1.2 A model of peptide-receptor interaction in solution 

It has been demonstrated that peptides as a first messenger are involved in the 

majority of cellular, intercellular, and other physiological signal transduction processes. 

The biological functions of peptides include hormones, neurotransmitter, cytokines, cell 

growth regulators, immune system modulators, peptide releasing factors which have 

important effects on hormone secretion. As the development of molecular biology and 

endocrinology has accelerated, new structures and biological functions of peptides are 

being discovered in ever-increasing numbers. Therefore, bioactive peptides possess great 

potential for the treatment and cure of many diseases. 

Peptides have a long history as drugs. The first example of peptide-based drug 

may be oxytocin which was extracted from the posterior pituitary and used to treat cesarean 
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delivery.^ As a matter of fact, oxytocin is still one of most popular drugs to treat delayed 

labor nowadays. The history of peptide-based drug discovery started with the great 

achievement made by V. du Vigneaud who succeeded in the isolation, structural 

determination and total synthesis of the neuropeptide hormone oxytocin.^ These studies led 

to a realization of the biological importance of peptides. The development of many peptide-

based drugs has been achieved with noteworthy success since then. Examples of these 

therapeutics (Table 1) include biologically or synthetically derived insulin, calcitonin, 

adrenocorticotropin, oxytocin, vasopressin, gonadotropin-releasing hormone, 

somatotropin-releasing factor, and somatostatin. Examples of human diseases or disorders 

for which peptide-based drug (i.e., agonist or antagonist) therapy exists include 

osteoporosis (calcitonin), diabetes(insulin), prostate cancer and endometriosis 

(gonadotropin-releasing hormone), acromegaly and ulcers (somatostatin), diuresis and 

hypertension (vasopressin), hypoglycemia (glucagon), and hypothyroidism (thyrotropin-

releasing hormone (THR)."* Monoclonal antibodies may serve as valuable treatment agents 

in disease associated with excessive peptide production and secretion.^ It seems that 

peptides could be designed as potential therapeutics for most diseases. 

However, from a modem drug design point, native peptides, which generally are 

derived from the cleavage of much larger proteins, often suffer from several limitations 

which restrict their potentials to be drugs. For example, many peptide hormones and 

neurotransmitters are readily hydrolyzed in vivo; peptides often have poor transport from 

the gastrointestinal tract to the blood, or from blood to cross the blood brain barrier. Most 

natural hormones and neurotransmitters have multiple biological activities due to their 

flexible conformations. The inherent flexible conformational properties of many peptide 

hormones and neurotransmitters make it extremely difQcult to determine their three-

dimensional structure-activity relatiotiships (bioactive conformation). 



Table 1.1 Some peptide-based drugs 

Compounds 

Recombinant Peptides 
Domase®* 

Glucagon®® 

Imiglucerase^ 

Insulin'* 

Interferon P-lb®° 

Somatotropin"* 

Synthetic Peptides 

Aspartame^ 
Sandostatin^ 

Desmopressin"* 

Buserelin^ 

Calcitonin"* 

Captopril, enalapril'* 

Lanreotide Acetate®^ 

Angiotensin II®'* 
Interferon P-lb^ 

Pamaparin sodium®° 

Ampicillin, amoxycillin* 

Treatment of cystic fibrosis. 

Treatment of insulin-induced hypoglycemia. 

Treatment of type-1 Gaucher's disease. 

treatment of type-I diabetes. 

Treatment of relapsing remitting multiple sclerosis, 

treatment of growth defects. 

Artificial sweetener (Asp-Phe-Ome). 
Symptomatic treatment of acromegly and carcinoid 
syndrome (hexapeptide agonist analogue of 
somatostatin). 

Treatment of severe diabetes insipidus (Nonapeptide 
agonist of vasopressin). 
Treatment of prostrate cancer and endometriosis 
(Nonapeptide agonist analogue of gonadotropin-
releasing hormone). 
Treatment of hypercalcemia, Pagel's disease, 
osteoporosis, and pain affiliated with bone cancer 
(Synthetic derivative of the natural peptide). 

Antihypertensive drugs (Teprotide/Ang-I related 
peptidomimetic inhibitors of ACE). 

Treatment for acromegaly when surgery or 
radiotherapy have failed to restore normal growth 
hormone secretion. 

Anticancer adjuvant 
A stable analog of human interferon-P treatment of 
releasing remitting multiple sclerosis (MS). 

Anticoagulant, treatment of deep vein thrombosis. 

Antibacterial drugs (Non-peptide penicillin-based 
inhibitors of bacterid cell wall peptidoglycan 
biosynthesis). 
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On the other side, since Nature selects peptides as the first messengers to switch on 

and off the biological signals, it is the same limitations, which reduce the potential of 

peptides as drugs, that make peptides the right candidates, because in complex multicellular 

living system, specific and rapid intercellular communication is essential for survival as the 

organism responding to its environments. Too much or too little first messengers could 

bring disasterous results for survival. For example, difficulty in crossing the 

gastrointestinal tract is an active approach to prevent any toxic peptides fi'om penetrating 

into living system. The rapid metabolism and multiple biological properties of peptide 

hormones are the way for Nature to maintain the overall balance of various biological 

processes in life. Nonetheless, for some applications, peptide analogues are not considered 

to be ideal drug candidates in today's drug discovery field. Instead, in the new emerging 

peptide-based drug design field, bioactive peptide analogues are considered to be drug 

discovery leads with further chemical modification needed to transform the lead into a 

peptide or non-peptide mimetic with specific physical, chemical, and biological properties. 
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CHAPTER 2. DESIGN CONFORMATIONALLY 

CONSTRAINED BIOACTIVE PEPTIDES 

2.1 INTRODUCTION 

The biological functions of peptides are detennined by their chemical, structural, 

conformational, topographical and dynamic properties. Specifically, the binding affinity of 

a peptide for its leceptoi/acceptor is dependent on the binding affinity of the side-chain 

functional groups of specific amino acid residues, and the structural and conformational 

features of the peptide backbone. The side chain groups of the amino acid residues in a 

bioactive peptide have been demonstrated to be extremely important pharmacophores 

involved in peptide-receptor/acceptor interactions.^ A primary function of the peptide 

backbone is to act as a template to orient the side-chain binding groups properly in three-

dimensional space for receptor/acceptor recognition. The backbone conformation is 

determined by non-covalent bonding interactions such as hydrogen-bonding, hydrophobic, 

hydrophilic, and electrostatic interactions, which give rise to folding of the linear peptide 

into its secondary and tertiary structures. There are three major secondary structures for the 

peptide backbone conformation, they are a-helix, p-tum and P-sheet structures. Much 

evidence supports the importance of the peptide secondary structures in the expression of 

their biological functions. For example, an a-helix structure is required in the recognition 

of a particular DNA sequence by DNA-binding proteins such as repressors and 

endonucleases;^ ^-sheets are a major structural motif characterizing the VH and VL 

domains in antibodies,' and ^-tum structures are involved in many biological recognition 

processes.'" For rational drug design, it is necessary to know or have insight into not only 

which side-chain groups are critical for binding and signal transduction, but also the 
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conformation that the peptide has when it is bound to a receptor/acceptor. The peptide 

binding conformation is called the "bioactive conformation". 

In the process of peptide ligand-receptor recognition, the initial recognition may start 

from the contact of one binding site of the peptide ligand to part of the receptor or 

membrane to induce the mutual conformational change so that the peptide ligand and 

receptor could transform each other's conformation to accomplish the maximum 

complementary binding. It seems that the binding mode of ligand to the receptor has a 

critical effect on the consequent signal transduction. Presumably, only the bioactive 

binding conformation can present the message pharmacophores in right position to activate 

receptor, and switch on the information transduction. If the ligand does not have a 

complete message domain or binds to receptor in any other conformation, the signal 

transduction will not happen, or at least not efficaciously. An agonist is the compound that 

can bind to the receptor and initiate the biological properties. In principle, there is only one 

"bioactive conformation" for an agonist to activate a receptor. Although agonists for the 

same receptor may have different backbone structures, they must have common 

pharmacophores and bioactive topographies. An antagonist is a compound that can bind to 

the receptor, but can not transduce the biological properties. There may be more than one 

type of possible antagonists existing for one receptor. These antagonists could have either 

different chemical structures or bioactive conformations. Therefore, random library 

screening may have a better chance of finding leads for antagonists. As a matter of fact, 

there have been many reports on the discovery of non-peptide antagonist leads from 

random screening, but few for agonists,^ examples include Neurokin I (NKl) antagonists, 

CCK-A antagonist asperlicin,'"" and GnRH antagonist.""^ In order to design highly 

potent and selective peptide and non-peptide mimetics, a central goal is the determination of 
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the bioactive confonnatioa of the peptide ligand, including the determination of 

pharmacophores and their arrangements in three-dimensional space. 

Most natural bioactive peptides are linear and have less than 50 amino acid residues. 

These type of molecules often are flexible, and have multiple low-energy conformations in 

solution at physiological temperature. The high flexibility of peptide molecules provides 

them with tremendous freedom to adjust their global conformations to bind to different 

receptors and produce diverse biological fiinctions. That is why the native peptide 

hormones and transmitters usually have multiple biological activities and poor selectivities. 

Due to their high flexibility, the amide bond in the native peptides also can be easily cleaved 

by proteases in vivo. Except in ideal cases in which an X-ray crystal strucmre of a peptide-

receptor/acceptor complex has already been solved, the information regarding the 

conformation of peptide binding to receptor and activating the signal transduction can only 

be obtained fix>m conformationally constrained peptide analogues. The assumption behind 

the design of conformationally constrained peptide analogues is that if the peptide can be 

restricted to a particular or a few possible conformations with significant energy barriers, 

and still maintain the same or higher desired biological functions to a specific receptor, the 

conformational properties of these conformationally constrained peptide ligands should 

reflect the features of the bioactive conformation of the ligand for the receptor/acceptor 

complex. 

A general strategy has been recently developed in the design of bioactive 

peptides.'"^ '" '® The first step often is N-and C-terminal deletions of the primary structure 

to identify the minimum fragment which retain high afGnity and biological properties. 

Second, a ^Ala and/or Gly screen is used to determine the side chain groups of amino acid 

residues which are important for binding and signal transduction. This is followed by 

consideration of backbone confonnation (a-helix, P-tum, p-sheet, extended, etc.) and the 
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topographical propeities (side chain conformation and the surface properties such as 

hydrophobic patches and charge distribution etc.), and the their relationships to binding and 

signal transduction. Understanding the relationships among the conformational properties, 

dynamic behavior, and the biological activity is the essence of this research approach. It is 

obvious that this is an interdisciplinary approach which requires the close collaboration of 

chemists, biophysical chemists, biochemists and pharmacologists as outlined in Figure 2.1. 

2.2 PEPTIDE CONFORMATIONS 

The conformational properties of peptides are described with a set of dihedral angles 

as defined in Figure 2.2. The backbone conformation is defined by <J>, oj. Since most 

of the amide bonds are trans, the o) angle is usually 180 degrees. Therefore, in most cases, 

the peptide backbone conformation can be completely described by the (()j, \|/j angles. The 

side-chain conformation is addressed by their Xi» Xi angles. The Xi dihedral angle is 

extremely important in topographical design of bioactive peptide analogues since it is the 

angle that directly describes the relative orientation of the functional side-chain to the 

peptide backbone. In the design of conformationally constrained peptide analogues, the 

pep t ide  wi l l  be  modi f i ed  chemica l ly  to  res t r i c t  the  ro ta t ion  f i r eedom o f  <j> ,  \ | f  and  Xi ,  Xi  

one amino acid residue or a group of amino acid residues. The resulting new peptide 

analogues are no longer chemically, but more or less structurally similar to the parent 

peptide compounds, such a modified structure is usually termed as a peptide mimetic that 

may itself be a candidate for potential therapeutic drugs.There are many possible 

approaches available to constrain the peptide backbone and side-chain conformations. 

They can be roughly classified into the following types discussed below. 
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2.3 LOCAL BACKBONE CONSTRAINTS 

I. AMIDE BOND MODIFICATION. The amide bond has an extremely important 

role in determination of the secondary structure of peptides, and also is the major cause for 

rapid metabolism of peptides in vivo. Therefore, modification of the amide bond can have 

tremendous effect on the conformational and biological properties of peptide analogues 

(Figure 2.3). The allgrlation of the amide NH group could greatly effect the 0 torsion 

angle." It excludes the hydrogen-bond donating possibility of the amide bond, and in 

addition, N-alkylation also facilitates cis-trans insomerization of the CO-N(R) group. 

Combination of these two effects may change the overall peptide backbone conformation. 

Since the amide bond has significant double bond characters and similar bond angles 

to the carbon-carbon double bond, replacement of the amide bond with a carbon-carbon 

double bond provides a new analogue which lacks hydrogen-bonding capability, but has 

high rigidity, and different stereoelectronic properties that could dramatically change the 

conformational properties of the peptide backbone.'̂  

Another method to modify the amide bond is the construction of tetrazole 

analogues." The tetrazole ring twists the two a-centers of two adjacent amino acids into a 

rigid conformation similar to that seen in a m amide bond. Reversing the amide bond 

backbone provides another type of peptide analogue called a retro-inverso analogue.^" 

Shifting the bond CONH groups changes the hydrogen-bonding pattem which is expected 

to affect the overall peptide backbone conformation. 

2. a-CARBON MODIFICATION. Chemical modification of the a-carbon not only 

imposes constraints on the side-chain conformation, but also greatly affects the local 
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H3C CHg 

COOH 

1. Aminoisobutric acid (Aib) 

"X  ̂HaN^^^COOH 

2. Dehydrophenylalanine 

HaN' ^COOH 

3. 2,3-MethanophenylaIanine 

CHa 
HaC—/ CHa 

HaN^^*^ COOH .9. 
HaN COOH 

HaN COOH 

4. a-Methylvaline 5. Cycloleucine (AC5C) 
6. Aminocyclohexane-

carboxylic acid (Ac^c) 

COOH 

7. Aminoindane-
carboxylic acid 
(Ind or Ain) 

fj COOH 

8. Tetrahydroisoquinoiine 
carboxylic acid (Tic) 

COOH 

9. Tetrahydrocarboline 
carboxylic acid (Tea) 

Figure 2.4 a-carbon modified unusual amino acids (ref.l4) 
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Figure 2.5 Some typical cyclization approaches of the peptide chain. 

peptide backbone conformation.'"' Typical examples include the incorporation of 

dehydro amino acids,^ a-alkyl amino acids, and 2,3-methano (a,P-cyclopropane) amino 
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acids^ into peptide chains to effect both the side-chain and backbone confonnations. 

Dehydro amino acids have a rigid double bond between the a- and 3-carbon atoms of the 

side chain. The rigidly of the double bond restricts the side chain torsion angle Xp ^so the 

steric interaction of the rigid side chain with the peptide serves to restrict the freedom of the 

<!> and \(f angles. Substitution of the a-hydrogen atom with an alkyl group can restrict the (j> 

and \|/ angles into small regions. One such amino acids is a-amino-isobutyric acid (Aib). 

Because of its a,a-disubstituted nature, this amino acid is restricted to a small portion of 

conformational space, and tends to form a or 3,o helices,^" it also can occupy the i+1 

position of pi- or piH-type turns, or the i+2 position of pi or pn turns. Another example 

is the ot,P-cyclopropane amino acids. The conformational studies of (Z)-2,3-

methanophenylalanine in dipeptides and tripeptides has been carried out with X-ray and 

NMR analysis,- and indicated that this residue preferred the i-t-1, or i+2 position of a p-

tum. An analogous situation has been observed for small peptide molecules that included 

(Z)-2,3-methanoleucine.^ However, hexapeptides with two (Z)-2,3-

methanophenylalanines largely favored an extended conformation.^ It seems this type of 

conformationally constrained amino acid can affect the local global conformational 

environment more than overall global conformation of the peptide analogues. 

2.4 GLOBAL BACBCBONE CONSTRAINTS 

Nature has already adopted the backbone conformational constraint strategy to 

synthesize some natural cyclic peptides such as oxytocin via a disulfide bridge. In fact, 

cyclization of a linear peptide can gready reduce peptide flexibility, and restrict the rotation 

of the dihedral angles <{> and (p, and impose certain constraints on the side-chain 

conformations. Therefore, cyclization has a tremendous effect on the selectivity, potency, 

biological function, efficacy and stability of a peptide ligand, and it has already become the 
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most powerful tool in the development of potent peptide ligands, conversion of agonist 

molecules into antagonists, separation of multiple biological properties, and prolongation of 

activityThe cyclization approaches can be roughly classified as the following 

several types as shown in Figure 2^: 

1. CYCLIZATION OF BACKBONE TO BACKBONE (lactam bridge, etc.) '̂  A 

peptide containing firee C-terminal and free N-terminal could be coupled via a lactam bridge 

to form a cyclic peptide analogue. 

2. SIDE-CHAIN TO BACKBONE CYCLIZATION. In this approach, the side-

chain is covalently linked to the amide backbone via a lactam bridge to restrict the global 

peptide backbone and some side chain conformation. Based on the range of the 

cyclization, this approach can be classified into several different subgroups,"^ such as C°-

to-Nj-type cyclizations, C°-to-N^.,-type cyclization, and N®-to-C^.,-type cyclization which 

is expected to restrict the rotation about four consecutive bonds to the peptide backbone. 

3. COVALENT SIDE CHAIN-TO-SIDE CHAIN CYCLIZATION. This is a very 

popular approach to cyclize linear peptide analogues, since the diverse side-chain groups of 

amino acid residues are available to use for cyclization. Examples include lactam, 

disulfide, carba and thioether,^ bisrthioethers, '̂ azapeptide,'" and other cyclic structures 

such as bridging structure '̂(Figure 2.6). Among the two most popular are lactam bridges 

and disulfide bridges. One of the well-known examples is the design of highly potent and 

selective 5-opioid agonist [D-Pen", J3-Pen^]enkephalin shown in Figure 2.7." It 

dramatically enhances the selectivity of the enkephalin 2(X) fold for the 5 opioid receptor, 

and increases potency as well. Another example is the design of oxytocin antagonist, 

[dl^en', (^lu*, Cys^, Ljys^]oxytocin is a weak agonist to uterine receptor, cyclization of the 

Glu^ and Lys^ via lactam bridge converts a weak agonist into a highly potent uterine 

antagonist." 
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The type of cyclization also has important effects on the biological properties of 

peptide analogues. For example, SAM (Ala-Gly-cyclo(Cys-Lys-Asn-Phe-Phe-Trp-Lys-

Thr-Phe-Thr-Cys)-OH] with a disulfide bridge has the similar oral activiQr and potency to 

the cyclic analog cyclo[Pro-Phe-D-Trp-Lys-Thr-Phe], but the biological properties are 

completely different when the disulfides is changed to methylene bridging.^ Conotoxin 

GI, which is normally a Cys'"^ disulfide, has gready reduced paralytic activity when the 

disulfide is replaced with a lactam cycle.^^ Endothelin, a naturally occurring bicyclic 

disulfide, has been converted to a potent and specific antagonist by replacing the outer 

disulfide with a {D-E»ro'-Asp'̂ } lactam cyclic linkage.^ 

2.5 SECONDARY STRUCTURE TEMPLATES 

Since peptide secondary structures (a-helixes, P-sheets, and reverse turns) are 

generally believed to be involved in diverse biological recognition processes, and act 

primarily as templates or scaffolds to present the side-chain groups of amino acid residues 

for receptor binding and signal activation, extensive work have been done to design and 

synthesize these peptide secondary structure mimetics.""^* One common feature of these 

mimetics is their ({>, \{f dihedral angles that have been fixed or strongly biased to mimic the 

conformation of the peptide secondary structure. 

Incorporation of ±ese mimetics into the peptide backbone can provide direct insights 

regarding the bioactive conformational requirements of the peptide ligands. However, only 

a few studies have been aimed at the design of peptide secondary structure mimetics that 

place side chain groups in three-dimensional space to specifically mimic topographical 

features of peptide ligands that are important pharmacophores. Some reported secondary 

structural mimetics are listed in the Figure 2.7. 
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Table 2.1. Approximate <t),\|f-angies (deg) combinations for the helix and sheet structures 
as well as the standard 4t>,\|f-angies (deg) of reverse turns. 

Secondary 
Structure <1> 

a-helix -57 -47 

3,0 helix -60 -30 

parallel chain -119 +113 

P-plated sheet 

antiparallel chain -139 +135 

extended chain +180 +180 

P-Turns Vi.2 

type I -60 -30 -90 0 

type r +60 +30 +90 0 

type n -60 +120 +80 0 

Type H' +60 -120 -80 0 

Y-turn <|)i Vi.2 

+120 -65 +80 -120 

Ref. Liskamp, R.MJ. Reel. Trav. Chim. Pays-Bas 1994, 113, 1-19. 

5.6 TOPOGRAPHICAL CONSTRAINTS 

Topography is defined as the relative, cooperative three-dimensional arrangements of 

the side chain groups of the amino acid residues in a polypeptide.'̂ '̂  Numerous evidence 

indicates that the topography of the side chains of the amino acid residues in a bioactive 

polypeptide plays a critical role in peptide-receptor recognition and signal transduction.^ 
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The Xi dihedral angles often are the most important indicator for expression of the 

topography of the peptide side chains since they directly describe the relative orientation of 

side chains to the peptide backbone. There are usually three minimiim energy 

conformations available for a natural amino acids. They are gauche (-(-) (Xl = +60°), 

gauche (-) (xl = -60°), and trans (%! = ± 180°) as shown in Figure 2.9. 

Xi=+60P X,= ±180P 

H 

N— 1-̂  
H 

Xi=-6C]P 

g(-) 

Figure 2.9 Three minimum energy conformations of the X\ dihedral angle. 

The rapid transition among all these three minimum energy conformations in the 

natural amino acids make it difficult to figure out which one is the preferred bioactive 

conformation. Therefore, one needs to design unusual amino acids that can explore the 

side chain topography, in which the xl dihedral angles are either locked or biased to ceitain 

ranges within significant energy barriers via chemical modification. In peptide ligand-

receptor/acceptor interactions at physiological temperature, the biased low-energy 
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conformatioa have a major or dominant population due to the high energy barriers and 

energy differences for each low energy state. If these new peptide analogues still mainrain 

the same biological profile as the parent peptide compounds, their side-chain 

conformational features should directiy reflect the topographical requirements of the side 

chain pharmacophores in the bioactive conformation of the peptide ligand. Topographical 

constraint can be most effective for incorporation of a topographically constrained designer 

amino acid into a globally constrained peptide template or non-peptide scaffolds. One such 

example is shown in Figure 3.8 to illustrate the power of this approach. Incorporation of 

topographically constrained designer amino acid (2S,3R)-P-methyl-2',6'-dimethyItyrosine 

(TMT) into the conformationally constrained, designed DPDPE produced a much more 

selective 5-opioid agonist than the parent peptide analogue DPDPE, that still maintained the 

same level of biological potency. '̂ 



44 

CHAPTER 3. DESIGN AND SYNTHESIS OF 
TOPOGRAPHICALLY CONSTAINED DESIGNER 

AMINOACmS 

3.1 INTRODUCTION 

There is overwhelming evidence that the stereostructural properties of the side chain 

groups of amino acid residues in bioactive peptides are extremely important in peptide-

receptor/acceptor recognition and bioactivity/ "-" Therefore, in the rational design of 

peptides and non-peptide mimetics as potential drugs, it is crucial to understand not only 

the global bioactive conformation, but also the optimal orientation of functional side chain 

groups for receptor binding and signal transduction. The topographical approach has been 

developed in our laboratories to explore the side chain stereochemical requirements for the 

binding of peptides to their receptors and for signal transduction/^ This approach can be 

examined by incorporation of specialized, side chain constrained amino acids into 

polypeptide or non-peptide templates. Therefore, design and synthesis of unusual amino 

acids with specific conformationally constrained side chain groups are extremely important 

for the design of highly selective and potent peptide hormone analogues using 

topographical considerations. However, what is the principles we need to follow in the 

design of such topographically cotistrained designer novel amino acids? How do we know 

what kind of side chain orientation may have the most promising opportunity for 

maximizing receptor recognition and biological transduction ? Although these fundamental 

issues catmot be fully answered until a variety of these novel amino acids are incorporated 

into biologically active peptides and generate biologically active analogues, a reasonable 

hypothesis is that no matter what kind of conformation of the side chains biased, it has to 

be consistent with the Nature's preferences to produce biological functions. Thus, the 
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biased conformatioiis of side chain groups that are designed into constrained amino aicds 

must have prefered side chain conformations consistent with those accessible to the natural 

amino acids and not difBcult to be obtained energetically in receptor-ligand interactions. In 

principle, this can be done by introducing conformational constraints into the natural amino 

acids that "choose" specific conformations out of the multiple low energy conformations 

available to the natural amino acids. 
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Figure 3.1. New synthetic topographically constrained designer ^-methyl unusual amino 
acids 

Therefore, in order to put conformational constraints on the side-chain functional 

groups without disturbing the backbone conformation too much, we chose to manipnlarp 

the P carbon of the natural amino acids. Substitution of the diastereotopic P—hydrogens of 

natural a-amino acids with various alkyi or aryl groups not only restricts the rotation of x, 
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and X2 torsional angles, but also produce different stereoisomers. As a matter of fact, a 

series of ^-branched amino acids including P-methylphenylanaline, P-methyltyrosine, P-

methyltryptophane and 2',6'-dimethyl-P-methyltyrosine, and 2',6'-dimethyl-P-

methylphenylalanine have been designed and synthesized in our laboratories as shown in 

the Figure 1. 

More importantly, incorporation of these unusual amino acids into bioactive peptide 

hormones has produced highly selective and potent peptide hormone analogues, and 

provided new insights into the stereochemical requirements in peptide-receptor 

interactions.^ '̂"' It has been clearly demonstrated that the design principle we have 

followed is correct, and the ^-carbon is a good place to modify. These studies also have 

shown that the development of new topographically constrained unusual amino acids with 

more substantial restrictions of side chain mobility could be crucial to determine the detailed 

conformational-activity relationship of peptide ligands. Thus, more highly 

conformationally constrained novel unusual amino acids have been desired to meet the 

needs in the design of topographically constrained bioactive peptides. 

3.2 DESIGN AND RETROSYNTHETIC ANALYSIS 

Design. p-Methyl substitutent can provide constaint to the side chain 

conformation of natural amino acids, but it still is not enough to trap a specific conformer. 

Therefore, if two protons in the P-methyl group are substituted with two methyl groups, 

that is the P-isopropyl substituent, the side-chain group could have much higher energy 

barriers that restrict both and x, torsional rotations so that each diastereoisomer would 

favor only a few low-energy side chain conformations. In addition, the new derived amino 
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acids can be considered as either derivatives of aromatic amino acids or of leucine or 

isoleucine (Figure 3.2). 

NH 

COOH 

CH 

X=H,OH, R1=R2=H, orMe 

Figure 3.2. Structure of ^isopropylphenylalanines, 
* indicates the location of chiral centers. 

The combination of phenyl and isopropyl groups could provide significantly 

increased hydrophobic interaction with a receptor. Thus, peptide ligands containing these 

novel chimeric amino acids will possess unique physical-chemical and conforaiational 

properties and provide useful information about the stereochemical requirements of the 

peptide ligand-receptor interaction. 

Retrosynthetic Analysis. The target novel amino acids have two chiral centers, 

which generate four isomers. The efficient way to prepare four similiar target molecules is 

to do divergent synthesis as far down the synthetic route as possible. Since all the target 

molecules have a common a-aminoisohexanoic acid moiety, the common starting point 

could be the isohexanoic acids. The function and chiraliQr at a carbon could be generated 

and controlled by the chemistry developed in Evan's group and our laboratory if the 

intermediate 2 could be synthesized. '̂ 
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.Aux 

X-H, OH, R1-R2-H, orMe 

:OOH 

CH3-

X-H. OH. R1-R2«H.orMe 

1 

.Aux 

3 

CHs 

.OH 

O 

Figure 3.3. Retrosynthetic analysis 

Although a similiar molecule with ^-methyl substituent has been synthezised via 

asymmetric Michael addition, it is still unknown if it can work well to build a much more 

hindered intermediate 2. The precursor for asymmetric Michael addition could be 

synthezised from isohexanoic acid coupled with a chiral auxiliary group. Therefore, the 

key step in this synthetic route is the asymmetric Michael addition. 

3.3 SYNTHESIS ANS DISCUSSION 

Asymmetric Michael Addition. The stereoselective Michael addition of 

organometallic reagents to oc,p-unsaturated acyl derivatives which contain a chiral auxiliary 

is one of the most reliable methods to synthesize optically pure ^-branched carbonyl 
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derivatives/^"^^ Although various products have been prepared with high 

diastereoselectiviQr via asymmetric Michael additions to chirai oxazoline/^ ester,**^ amide,'*^ 

or imide derivatives,"*^ to our knowledge there still have not been any examples of the 

syntheses of highly sterically hindered ^branched carboxylic acids derivatives by this 

method. As part of our efforts to design and synthesize conformationally constrained novel 

P-branched amino acids, we have developed an efiQcient procedure to prepare these 

important intermediates {Le. enantiomerically pure ^methyl carboxylic acid derivatives) via 

asymmetric Michael addition by using optically pure 4-phenyloxazolidinone as an 

auxiliiary 47 

R*. 

Ph 

V-\ IMgBr/CuBr SMez 

,̂ 0 THF/SMez, -10 ^S°C 

O O 
R—CU 

R. V-V 
(3.1) 

Using this methodology, the asyimnetric Michael addition of various non-hindered 

Grignard reagents in the presence of CuBr-SMe, and the co-solvent dimethylsulfide could 

be carried out with high stereoselectivity and in reasonable yields.^ However, in our initial 

attempts to synthesize much mote sterically-hindered ^-isopropyl aromatic amino acids, 

the Michael addition of isopropyl magnesium chloride to the Michael acceptor, (4R,2E)-3-

[3'-(4-methoxyphenyl)propenyl]-4-phenyl-2-oxazolidinone, did not work well using the 

previously developed reaction conditions. Therefore, we re-examined the asymmetric 

Michael reaction in order to develop a general approach for the asynmietric syntheses of 

hindered unusual ^-isopropyl aromatic amino acids. A new Michael reaction acceptor, 

(4S,2E)-3-(l-oxo-2-isohexenyl)-4-phenyl-2-oxazolidinone 3 prepared from precursor 4 as 
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shown in the scheme 1, was tested, and it was found that it could react with a variety of 

aromatic Grignard reagents, including the highly sterically hindered 2',6'-dimethylphenyl 

magnesium bromide under mild conditions as shown in eq. (3.2). 

Scheme 3.1 Synthesis of P-iPrPhe(l) 

I EtsN/MesCCOa l.E^McjCCOa i 

-7° -W" -=r—-Wv 
° S 2, O . O I 
3a ° ^ S 3b 

As compared to the previously reported reaction conditions,'̂ ^ we have found the 

reactions of the phenyl or substimted phenyl Grignard reagents only require catalytic 

amounts of CuBr-SMCj and no dimethylsulfide as co-solvent. However, the para-

methoxylated phenyl Grignard reagents needed one equivalent of CuBr-SMe, to seciuB the 

complete conjugation addition reaction at a reasonable rate. Otherwise, 1,2-addition 

reactions could be observed, and even became the major reaction pathway. The reason 

why phenyl and para-methoxyphenyl Grignard reagents require different amounts of Cu(I) 

catalyst for 1,4-conjugation addition is still not clear, and demands further investigation. In 

any case, all products were obtained in good to excellent yields with highly optical purity 

(Table 3.1). 
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CHa 

HaC 

Ph 

0 

Y 
O 

1.5 eq. RMgBr 
0.15-1.0 eg. CuBr SMe  ̂

^CrY 
(3.2) 

3a 

Table 3.1. Diastereoselective s)mtheses of ^aryl isohexanoic acid derivatives 

Entry R. R, R, Yield' de" AD(HZ)' 

2a H H H 82% >95% 57.2 

2b OCH3 H H 97% >95% 56.8 

3c OCH3 CH3 H 94% >95% 69.9 

2d H CH3 CHj 68% >95% 98.9 

2e OCH, CH, CH, 86% >95% 98.6 
a. The yields were calculated from the weight of product after column chromatography 

purification; b. The de was determined from 'H NMR of crude product, de>95% means that 

no diasteroisomer was observed from 'H NMR; c. Am is the chemical shift difference between 

the two methyl groups of the P-isopropyl group. 

An X-ray crystal structure of the compound (4S,3'S)-3-[3'-(2,6-dimethyl-

phenyl)isohexanyl]-4-phenyl-2-oxazolidinone 2d has been determined and is shown in 

Figure 3.4. These results suggested that in the asymmetric synthesis, the p-carbon 

configuration was induced from the Si-face presumably because the Re-face was shielded 

by the phenyl ring of the oxazolidinone in the Michael reaction transition state. '̂̂  The 

chemical shift differences (Au) of the two isopropyl methyl groups could be used to assess 

the degree of constraint in these P-aryl isohexanoic acid derivatives. As seen in the Table 

3.1, Au increases with the number of methyl substituents on the aromatic ring. 

Compounds 2d and 2e have the largest Av values, compounds 2a and 2b the smallest AD 

value. The para-methoxy substituent on the aromatic ring has no effects on Av values. 
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Thus, the presence of the 2' and 6'-dimethyl groups and of the P-isopropyl group produces 

torsional constraints which reduce greatly the flexibility of ^-aryl isohexanoic acid 

derivatives, which are important precursors for preparation of ^-isopropyl aromatic amino 

acids. 

Figure 3.4. The Stereo view of the crystal structure of (4S, 3'S)-3-[3'-(2,6-dimethyl-

phenyl)isohexanyl]-4-phenyl-2-oxazolidinone2d 

From the optically pure key intermediate 2, various ^isopropylaromatic amino 

acids become fairly easy to access with further 3-4 step modification as shown in Figure 

3.5. The further transformation was examplified by the total synthesis of all four 

individual steroisomers of P-isopropylphenylalanine as shown below. 



53 

Ph. 

HaC-^CHa 

R = Ph. 4-MeOPh. 
2-Me^McOPh, 
Z6-Me,Ph, 
2,6-Mft,-4-MeOPh 

•OH 

HO. 

•CHA 

HO. 
NH 

,0H 

CH. 

OH 

CH 

NH, 

CHg I O 

Figure 3.5. Possible novel amino acid targets that could be synthesized from Micheal 
reaction product 2. 

Synthesis of P-isopropylphenylalanine (^-iPrPhe) An asymmetric 

Michael addition to the chiral Michael acceptor 3a or 3b produced ^-phenyl isohexanoic 

acid derivatives 2a or 2a'. 
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3a 

3b 

Scheme 3.2 Synthesis of P-iPrPhe (2) 

I) KHMDS. 
PhMgBr II I / \ Trisyl azide 
03 eq. * 
CuBr.McjS 
- 10° C 

-78° C 

2) HOAc 

2a' 

I) KHMDS. „ Ph. 
PhMgBr II 'I / V_ Trisyl azide 

0.3 eq. OXto 
C"Br.M„_S ;_pj 5 « -78»C ^ XT 
-IO°C 2)  HOAc i-Pr " O 

8 

Scheme 3.3 Synthesis of P-iPrPhe (3) 

I) DIEA/(n-Bu)2B0Tf 

2a (T ^ f J V TMGA 
2) NBS. -78°- 0°C Y 

N3 

CH3CN 
i-Pr O o /-Pr O 6 

5 9 

l)DIEA/(n-BuhBOTf Br N, 

2a' y 1 I J V. TMGA y 1 ? /̂~~V 
2)NBS..78».0«C Y CHjCN" Y 

/-Pr O o t-Pr O o 

6 10 
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The direct azidation of 2a or 2a' with trisyl azide at -78°C gave the a-azido compounds 7 

and 8 in 80-83% yield through the potassium imide enolate direct azidation procedure 

described by Evans and coworkers/' No diastereoisomers were detected by 'H NMR in 

the crude azidation products in all cases, which indicated that the bulky ^substituted 

isopropyl group does not have any effect on the chiral induction of the a-azido group. 

C63I  C54  
C23  

C62  Br 
C2l  
C2  CSl  C65  C3  04 

C6 C28  C4  

09  

C9  

Figure 3.6.. The X-ray crystal ctructure of (4R, 211,3'R)-4-phenyl-3-[2'-bromo-
3'-phenylisohexanyl)-2-oxazolidinone 6 

Bromination of 2a or 2a' with NBS at -78°C produced the a-bromo derivatives in 

over 85% yield in all cases/^ and the de was over 95% based on 'H NMR. The 

stereochemistiy induced by the chiral auxiliary in the Michael addition and bromination was 

confirmed by the X-ray diffraction crystal structure of the brominated derivative, 

(4R,211,3 'R)-4-pheny l-3-[2 '-bromo-3 '-phenylisohexanyl)-2-oxazolidnone 6 (Figure 

3.6). It suggested that in the asymmetric synthesis, the ^-isopropyl and a-bromo groups 

were induced from the Re-face, presumably because the Si-face was shielded by the phenyl 

ring of the oxazolidinone in the transition state of Michael reaction and bromination, and the 

bulky isopropyl group did not have significant effects on the chiral induction of the a-
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bromo group. The a-bromo derivatives 5 and 6 were converted into a-azido compound 9 

and 10 by treatment witii tetramethylguanlidine azide via an S^2 mechanism.'" The non

destructive removal of the pbenyloxazolidinone chiral auxiliary from the optical pure 

compounds, 7-10, was obtained by hydrolysis under basic condition. '̂. 

Scheme 3.4 Synthesis of P-iPrPhe (4) 

1. 28PsiH2 Jhrs. 
Ethanol/Ha 

2. Ion-Exchange Column 

LiOH.HiO-, 

0°C.3hrs 

N, 

COOH 

1. 28PsiH2Jhrs. 
Ethanol/HO 

2. Ion-Exchange Column 

Ha 

\-PT 

OOH 

12 16 

I. 28 Psi H, Jhrs. 
EthanoI/HQ 

COOH 'COOH 2. Ion-Exchange Column 

10 
LiOHiiTO, 

0°C.3hrs 

I. 28 Psi H-, Jhrs. 
Ethanol/HO 

COOH 2. Ion-Exchange Column 

i-Pr 

COOH 

14 18 
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The hydrogenolysis of the a-azido acids 11*14 at 28 psi in the presence of 

10% Palladium/carbon catalyst in methanol/HCl mixed solvent, and subsequent purification 

through ion-exchange column chromatography gave the corresponding optically pure a-

amino acids. The diasteroisomeric purity of all ^-isopropylphenylalanine isomers 

{de>95%) was determined by 'H NMR spectroscopy and also by thin-layer 

chromatography on reverse-phase chiral silica gel plates 

3.4 COMPUTER-ASSISTED CONFORMATIONAL STUDIES 

The side chain conformations of amino acids are usually defined by the set of 

torsional angles x'. X"' etc. In the chimeric ^-isopropylphenylalanine/p-phenyleucine two 

side chain groups, phenyl and isopropyl, can act as important binding sites in ligand-

receptor interactions. 

Figure 3.7. Definition of x'S chimeric 
P-isophenylalanine/P-phenyleucine 
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Therefore for a complete expression of conformational features of the chimeric 

amino acids one needs to consider the conformational profiles of both side chain branches. 

Based on the lUPAC nomenclature convention,'*^ two sets of torsional angles for the 

chimeric side chain were defined as shown in Hgure 3.7. We define the higher-priority P-

phenyl branch, as branch 1, and the lower-prionty P-isopropyl branch, as branch 2. 

According to the UP AC convention, two y-methyl carbons in branch 2 are numbered in a 

clockwise sense when viewed in the direction C^ -> C^, i.e. the pro-K carbon is defined as 

C® '̂ and the pro-S carbon is defined as C®^. The torsional angles x" (N-C°-C^-C') and 

X"' (C°-C^-0'-C®") are used to define side chain conformations of the chimeric amino 

acids as a phenylalanine derivative (P-iPrPhe), and the angles x'~ (N-C"-C^-C^) and x~" 

(C°-C^-C^-C® '̂) are used to describe side chain conformations in terms of a leucine 

derivative (P-PhLeu). Note that the angles x" and x'̂  define a rotation about the same C"-

bond, and hence, they are related as x'̂  = x" i 120° ("+" for 3R-isomers, for 3S-

isomers). The (x', X") energy maps for P-iPrPhe/P-PhLeu and corresponding natural 

amino acids, LJD-Phe and LJD-Leu, are given in Figures 3.8 and 3.9, respectively. 

Conformational mobility of the phenylalanine side chain (Figure 3.8, a and b) is not greatly 

restricted. High-energy regions (AE > 8 kcal/mol) occupy only limited parts of the (x', X^) 

space, while low-energy regions (AE < 3 kcal/mol) occupy about 50% of the map area. 

The energy minima corresponding to three staggered x' rotamers, trans (x' = ±180°), 

gauche (+) (x' = 60°) and gauche (-) (x' = -60°), are almost equi-energy and are separated 

by relatively low energy barriers (2 to 4 kcal/mol). The (x'. X^) space of the leucine side 

chain (Figure 3.9, a and b) is more restricted than that of phenylalanine. In particular, the 

gauche (•\-) x' rotamer of ^-Leu or gauche (-) x' rotamer of fi-Leu is about 2 kcal/mol 

higher in energy than two lowest-energy rotamers. The bulky P-phenyl substiment 

restricts considerably rotation of the x^ torsional angle in P-PhLeu. 



a. L-Phe b. 0-Ptw 

X2l 0 

a D 0 
Q 

c. (2S,3S)-HPrPlie 

X2l 0-

E 

e. (2S,3R)-HPrPhe 

X21 0 

E 

180 

0 

D 

1 D 
-180 

-180 -90 

d. (2R,3R)-̂ iPrPhe 

X2I 0-

§ 

180 
f. (2R,3S)-3-*PrPhe 

X2l 0 

•180 
•180 -90 

Figure 3.8. x". X^' Conformational energy map of P-iPrPhe. The energy contours are 
drawn at the intervals of 1 Kcal/mol. 



a. L-Lmi 
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b. O-Lw 
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-180 
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c. (2S,3S)-9-PhLeu 
180-EZ 

i 

e. (2S,3R)-p-PhLeu 

X22 0-

X22o 

d. (2R,3R)-0-PhLeu 

Z22O 

90 180 
X12 

f. (2R,3S)-9-PhLeu 

*22 0-

Figure 3.9. Conformational energy map of p-PheLeu. The energy contours are 
drawn at the intervals of I Kcal/mol. 
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This is illustrated in Figure 3.10 by Newman projections of three staggered rotamers of 

for 3-PhLeu isomers with the 2S and 2R configurations. Note that a gauche position of a 

y-methyl group to phenyl causes unfavorable Van der Waals (VDW) contacts with the C 

and one of the atoms, and a gauche position of a y-methyl to C causes unfavorable 

contacts with and its nearest substituents. Therefore, the ^-PhLeu side chain should 

prefer the rotamers that place one of the y-methyls trans to phenyl and another one trans 

to C°, thus minimizing the number of unfavorable VDW contacts, i.e. the rotamer with x"^ 

= ±180° for the 3S isomers and the rotamer with x^ = 60° for the 3R isomers. 

Figure 3.10. Newman projections of three staggered rotamers of x^ for the pairs of P-
phenylleucine isomers with the 3S (top) and 3R (bottom) configuration at atom (the C^-

C7bond is perpendicular to the plane of the projections). 

(3S)-lsomers 

(3R)-lsomers 
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Indeed, these rotamers correspond to ±e global energy minima of the (x X^) 

maps for the respective isomers of ^PhLeu (Figure 3.9, c to f). 

The constrained ^-isopropyl group influences considerably the x' rotamer 

populations of P-PhLeu isomers. In particular, unfavorable interactions of the isopropyl 

group with the peptide backbone eliminates gauche (+) x'̂  rotamers for the 2S-isomers and 

gauche (-) rotamers for the 2R-isomers. Corresponding energy minima of (x'̂ , x") niaps 

in Figure 9, c to f, are 4-5 kcal/mol higher than the global minima, and they are displaced 

by ±30° from their usual positions at x' = ±60°. Note that according to the relation x'̂  = 

X" ± 120°, the gauche C+^ x'̂  rotamer of (2S,3S)- and (2S,3R)-P-PhLeu corresponds to 

the trans and gauche (-) x" rotamers of (2S,3S)- and (2S,3R)-P-iPrPhe, respectively, 

which become the highest-energy rotamers of the phenyl branch of the chimeric amino 

acids (see Figure 3.8, c and e). Similarly, the trans x" rotamer of (2R,3R)-p-iPrPhe and 

the gauche (+) rotamer of (2R,3S)-P-iPrPhe (Figure 3.8, d and f) are infavorable due to 

the unfavorable gauche (-) conformation of the P-isopropyl group in these D-amino acid 

isomers. The gauche (-) rotamer of the (2S,3S)-isomer and the trans rotamer of the 

(2S,3R)-isomer allow the optimal interaction of the ^-isopropyl group both with the 

backbone and with phenyl ring and, therefore, they correspond to the global energy minima 

of ±e two isomers of P-PhLeu. Note now that the gauche (-) rotamer of (2S,3S)-PhLeu 

and the trans rotamer of (2S,3R)-PhLeu both correspond to the gauche (+) rotamer of the 

phenyl branch in these isomers. Thus, because of the steric preferences of the p-isopropyl 

group, the gauche x" rotamer becomes the lowest-energy side chain conformation of 

(2S,3S)- and (2S,3R)-P-iPrPhe. The same is true for the (2R,3R)- and (2R,3S)-isomer, 

with the only difference that for the ^amino acids the gauche x" rotamer is the most 

favorable one. Note that the gauche (+) x' rotamer is usually the least populated rotamer 
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of natural L-amino acids, i.e. the p-isopropyl substituent biases considerably the rotamer 

population of the phenylalanine side chain. 

Conclusion Four diastereoisomers of the unusual chimeric amino acid P-

isopropylphenylalanine have been synthesized asymmetrically with high optical purity in an 

efBcient fashion. Molecular modeling of the chimeric P-iPrPhe/p-PhLeu amino acids has 

shown that the ^-substituted phenyl group does not change dramatically the conformational 

properties of the leucine side chains. Its influence eliminates the least populated gauche (+) 

rotamer of L-Leu and gauche (-) rotamer of Z)-Leu, and stabilizes a gauche (-) confonnation 

of the leucine branch in (2S,3S)-PhLeu, a gauche (-i-) conformation in (2R,3R)-PhLeu, 

and a trans conformation in (2S,3R)- and (2R,3S)-PhLeu. The steric requirements of the 

P-substituted isopropyl group outweighes those of the phenyl group and inverts 

conformational preferences of the phenylalanine side chain. Its influence differentiates or 

discriminates one between two lowest-energy rotamers of L- and D-Phe and stabilizes the 

least populated conformations of the natural side chain, i.e. the gauche (•¥) rotamer for both 

2S-isomers and the gauche (-) rotamer for both 2R-isomers. Thus, substitution of Phe 

with the chimeric p-iPrPhe amino acids can bias considerably the topographical properties 

of bioactive peptides and modulate the profiles of their biological activities. Incorporation 

of these unusual chimeric amino acids into peptide hormones and neurotransmitters has 

already produced some very interesting results which will be discussed later. 

3.5 EXPERIMENTAL 

General. All reagents, unless otherwise noted, were purchased from Aldrich 

Chemical Co. and were used without fiirther purification. Triisopropylsulfonyl azide and 

tetramethyl guanidine azide were synthesized as described in literamre."" The following 
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solvents were fteshly distilled and stored under argon prior to use: THF from 

Na/benzophenone ketyl, CHjCU from CaH^. Water was distilled and deionized before 

use. All reactions, unless otherwise noted were carried out under the protection of argon; 

the reaction temperatures listed are the bath temperatures. All reaction containers were 

flame dried under vacuum before use. All melting points were taken on a Thomas Hoover 

melting point apparatus. and NMR spectra were recorded with Bruker AM 250 

(operating at 250.0 and 62.9 M Hz) spectrometer, using tetramethylsilane (TMS) or D2O 

(4.66 ppm down field from TMS) as internal standard or CDCI3 (77.0 ppm downfield 

from TMS) as internal standard for NMR. Optical rotations are taken on an Autopol 

m polarimeter using a 1.0 dm cell. Flash column chromatography was performed using 

EM silica gel. Solvents for chromatography were used without further purification. 

Analytical tic was performed on Merck precoated Kieseigel 60 F-254 plates with the 

following solvent systems(v/v): (I) EtOAc/hexanes (3/7), (11) 

EtOAc/hexanes/HOAc(30/70/I), (HI) CH3CN/CH30H/H20(4/1/1). Chiralplate* reverse 

phase silica gel impregnated with a chiral selector and Copper (II) ions(MacheryNageI Co. 

FGR). The separation of optical isomers is based on ligand exchange. Detection were 

made using either ninhydrin, or UV light. A jacked column with the inside diameter of 

1 inch and length of 18 inch purchased fix)m ACE glass was used for ion-exchange 

column chromatography. Elemental analysis was done by Desert Analytics Co., Tucson, 

Arizona. High resolution mass spectra were obtained fiom the Mass Spectroscopy Service 

laboratory. Department of Chemistry, The University of Minnesota, Miimeapolis. 

Molecular Modeling Methods for Calculations. The (x', X^) 

for AcNH-(DX)-Phe-CO-NHME, AcNH-(D, L)-Leu-CO-NHME and stereoisomers of 

AcNH-P-iPrPhe-CO-NHME were calculated using the united-atom OPLS* force field 

implemented in the Macromodel program" (version 4.5 ). The model dipeptides with the 
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blocked amino and carboxyl groups were chosen in order to mimic incorporation of these 

residues into a peptide chain. A dielectric constant e = 4.0 was used to reproduce 

experimental characteristics of peptides. 

The (x', X^) energy maps were calculated with the 20° steps in each direction within 

the intervals from -180° to 180° using the Drive procedure implemented in Macromodel 

4.5. We first calculated a series of "conditional" (x', X^) maps for each compound with the 

backbone constrained in a particular low-energy region of the ((p,V) space by penalty 

potentials ~ (^~^o) appUed when a torsional angle 8 deviates from a 

specified interval 9o±A6. We then merged the "conditional" maps into a "cumulative" 

map, selecting at each grid point the lowest energy value from those obtained in all 

conditional maps. This procedure insures that the final maps represent the (x'. X )̂ 

with an optimal backbone conformation at each grid point. Contours of equal relative 

energies, AE = E-E„„ of the maps in Figures 4 and 5 were drawn with the step of l.O 

kcal/mol from 1.0 to 8.0 kcal/mol using the Plt2D module of Macromodel 4.5. 

General Procedure for Synthesis of 3-(2'-isohexenyl)-4-phenyl-2-

oxazolidone (3). Into a three-neck flask with a magnetic stirring bar was placed 3-

phenylisohexenoic acid (3.2 g, 21.9 mmol) prepared from literature '̂ and THF (124 mL). 

After the solution was cooled to -78°C for 15 min, triethyiamine (3.7 mL, 24.3 mmol) was 

added via syringe followed by trimethylacetyl chloride (3.0 mL, 24.1 mmol). The resulted 

white suspension was stirred at -78°C for 15 min, 0°C for one hr, then at -78°C 15 min 

before transferring via cannula into a light yellow slurry of lithiated 4(S) or 4(R)-4-phenyl-

2-oxazolidinone at -78°C, prepared 10 min in advance at -78°C by addition of n-butylithium 

(15 mL of 1.6 M solution in hexane) into the solution of (4S) or (4R)-4-phenyl-2-

oxazolidinone in THF (74 mL) at -78°C. The resulting slurry was stirred at -78°C for 15 

min, then four hrs at room temperature. The reaction was quenched with 80 mL saturated 
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ammonium chloride. The volatile were removed with rotary evaporation, the residue was 

diluted by addition of SO mL water, then extracted with dichioromethane (3 x 80 mL). 

Evaporation of the dried organic extracts over anhydrous magnesium sulfate left an yellow 

oil. The crude product was purified through flash silica gel chromatography using 1:9 

EtOAc.'hexaxne mixtures as eluent 

(S)-3-(2'-Isohexenyl)-4-Phenyl>2-Oxazolidinone 3a: White solid, 

mp: 103.0-104.0 °C, Rj=0.44 (11), [a]™D=-l03.4° (c=1.0, CHCl,). 'H NMR 5 ppm: 

7.39-7.28(m, 5H, aromatic protons), 7.20(dd, J=16.4, 0.8Hz, IH, -CH=C-), 7.03(dd, 

J=I6.4, 6.5Hz, -C=CH-), 5.46(dd, J=8.7. 3.8Hz, IH, oxazoUdinone PhCH-), 4.67(t, 

IH, J=8.7 Hz, oxazoUdinone, -CYl^-lproR), 4.25 (dd, J=8.7, 3.8Hz, IH, oxazoUdinone, 

-Cn^-lproS ), 2.49[m, IH, , -CH(CH3)2], I.04[dd, J=6.8, -^(CHj)^]. "C NMR 6 

ppm: 164.9, I58.I, 153.7, 139.1, 129.3, 128.5, 125.7, 117.6, 70.4, 57.2, 31.7, 21.4, 

21.3. IR (KBr, cm '): 3037, 2963, 2917, 1774, 1682, 1635, 1393, 1353, 1213, 981, 713. 

Elemental Anal, for C,jH,703N Calcd.% C, 69.48; H, 6.61; N, 5.40. Found: C, 69.46; 

H, 6.57; N, 5.53. 

(R)-3-(2'-Isohexenyl)-4-Phenyl-2-Oxazolidinone 3b: White solid, 

mp: 103.5-104.0 "C, [a]^V +103.1° (c=1.0, CHClj), Rf =0.43 (H). 'H NMR 8 ppm: 

7.39-7.28(m, 5H, aromatic protons), 7.20 (dd, J=16.4, 0.8Hz, IH, -CH=C-), 7.03 (dd, 

J=16.4, 6.5Hz, -C=CH-), 5.46 (dd, J=8.7, 3.8Hz, IH, oxazoUdinone PhCH-), 4.67 (t, 

IH, J=8.7 Hz, oxazoUdinone, -CHn-lproR), 4.25 (dd, J=8.7, 3.8Hz, IH, oxazoUdinone, 

-CH^-lproS ), 2.49 [m, IH, , -^(CHj)^], 1.04 [dd, J=6.7, -^(CHj)^. '̂ C NMR 5 

ppm: 164.9, 158.0, 153.7, 139.1, 129.1, 128.0, 125.9, 117.6, 69.8, 51.1, 31.4, 21.2, 

21.1. IR (KBr, cm '): 3037, 2964, 2915, 1774, 1683, 1636, 1394, 1361, 1212, 980, 712. 

Elemental Anal, for CijHjgOjN Calcd.% C, 69.48; H, 6.61; N, 5.40. Found: C, 69.64; 

H, 6.57; N, 5.36. 
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General Procedure to Synthesize 3-(3'>Arylisohexanyl)*4<phenyl-2-

oxazolidinone (2). To a mixtuie of PhMgBr (1.7 mmol, 1.5 equivalents) and 

CuBr-SMej (36 mg, 0.15 equivalents in 5 mL THF at -20°C was added dropwise a 

solution of (4S^)-3-(2-isohexenyl)-4-phenyl-2-oxazolidinone 3a (1.16 mmol, 1.0 

equivalent) in 3 mL of freshly distilled THF. A yellow color was observed during the 

addition process. The resulting mixture was kept stirring at -15°C for two hours, then 

slowly warmed to room temperature during one hour. The reaction was then quenched 

with 20 mL of saturated ammonium chloride, and the product was extracted with ether (3 x 

20 mL). The combined organic extracts were washed with brine (2 x 20 mL), water (20 

mL), and dried over anhydrous magnesium sulfate. After evaporation of the dried organic 

phases, the crude product was purified by silica gel chromatography. 

(4S,3'S)-3-(3'-Phenylisohexanyl)-4-phenyl-2-oxazolidone (2a). 

White soUd. mp: 102.0-103.5°C. RpO.49 (1). [a] '̂'D=+ 87.3°(c=1.0, CHClj). 'H NMR: 

5 ppm: 7.25-6.77 ppm (m, lOH, aromatic protons), 5.29 (dd, J=8.7, 4.1Hz, IH, 

oxazolidinone Ph-CH-), 4.56 (t, IH, J=8.7 Hz, oxazolidinone, -C^-lproR), 4.07 (dd, 

J=8.7, 4.1Hz, IH, oxazoUdinone, -CK^-lproS ), 3.74 (dd, J=15.7, lOHz, IH, -C^-), 

3.13 (dd, J=15.7, 5.2Hz, IH, -CJi-), 2.95 (m, IH, -CpH-), 2.88 (m, IH, , -

CH(CH3),), 0.96 (d, J=6.7Hz, 3H, -CHj), 0.74(d, J=6.7Hz, 3H, -CH,). '̂ C NMR: 5 

ppm 172.1, 153.7, 142.5, 138.4, 129.0, 128.5, 128.1, 128.0, 126.2, 125.1, 69.8, 57.5, 

48.8, 38.2, 33.3, 20.7, 20.4. IR (KBr, cm '): 3027, 2950, 2868, 1788, 1702, 1392, 

1364, 1187, 1072, 857. Elemental Anal. forC2iH2303N Calcd.% C, 74.47; H, 6.87; N, 

4.15. Found: C,74.61; H,6.93; N,4.22. 

(4R,3 'R)-3-(3 '-Phenylisohexanyl)-4-phenyl>2-oxazolidinone (2a'). 

White soUd, mp: 102.0-103.5°C.R<=0.48(D. [afo=- 80.8° (c=1.0, CHCI3). 'H NMR: 5 

ppm: 7.25-6.77 (m, lOH, aromatic protons), 5.29 (dd, J=8.7, 4.1Hz, IH, oxazolidinone 
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Ph-CH-), 4.56 (t, IH, J=8.7 Hz, oxazolidinone, -CH^-fproR), 4.07 (dd, J=8.7, 4.1Hz, 

IH, oxazolidinone, -CHj-Zpro^ ), 3.74 (dd, 1=15.7, lOHz, IH, -C^-), 3.13 (dd, 

J=15.7, 5.2Hz, IH, -C^-), 2.95 (m, IH, -CpH-), 2.88 (m, IH, , -^(CHj)^), 0.96 (d, 

J=6.7Hz, 3H, -CH3), 0.74 (d, J=:6.7Hz, 3H, -CHj). '̂ C NMR: 5 ppm 171.8, 153.7, 

142.9, 129.0, 128.5, 128.4, 128.0, 126.2, 125.9, 125.1, 69.8, 57.5, 48.4, 38.9, 33.2, 

20.7, 20.5. IR(KBr, cm '): 3027, 2951, 2869, 1788, 1702, 1391, 1364, 1188, 1073, 

858. Elemental Anal, for CjiHjjOjN Calcd.% C, 74.47; H, 6.87; N, 4.15. Found; 

C,74.34; H, 6.97; N, 4.34. 

2b. White soUd. + 54.0° (c=1.0, CHCI3). 'H NMR: 5 ppm: 7.20-6.74 

(m, 9H, aromatic protons), 5.31 (dd, J=8.7, 4.Hz, IH, oxazolidinone, -CHAr-), 4.58 (t, 

J=8.7Hz, IH, oxazolidinone, -CH^-ZproR), 4.08 (dd, J=7.1, 4.8Hz, IH, oxazolidinone, -

CH,-/proS), 3.80(3, 3H, -ArOCH,), 3.74 (dd, J=15.5, 5.2Hz. IH, -C^-/proS), 3.07 

(dd, J=15.5, 5.1Hz, IH, -CJI-/proR), 2.87 (m, IH, -CpH-), 1.83 [m, IH, -CH(CH3)2], 

0.95 (d, J=6.7Hz, 3H, -CH3), 0.72 (d, J=6.7Hz, 3H, -CH3). Further analytical 

characterization is still in process. 

2c. White soUd. + 65.7° (c=1.0. CHCI3). 'H NMR: 5 ppm: 7.20-6.52 

(m, 8H, aromatic protons), 5.28 (dd, J=8.7, 4.1Hz, IH, oxazolidinone, -CHAr-), 4.53 (t, 

J=8.8Hz, IH, oxazolidinone, -CH^-ZproR), 4.04 (dd, J=8.7, 4.1Hz, IH, oxazolidinone, -

CHjZproS), 3.80 (dd, J= 15.0, lO.OHz, IH, -C^-ZproS ), 3.79 (s, 3H, -ArOCHj), 3.13 

(m, IH, -CpH-), 2.97 (dd, J=15.0, 4.7Hz, IH, -C^proR), 2.07 (s, 3H, -ArCHj), 1.81 

[m, IH, - CH(CH3)2], 1.00 (d, J=6.6Hz, 3H, -CHj), 0.72(d, J=6.7Hz, 3H, -CH3); 

Further analytical characterization is still in process. 

2d. White solid. [a]\= + 68.4° (c=1.0, CHCI3). 'H NMR: 8 ppm 7.25-

6.83(m, 8H, aromatic protons), 5.31 (dd, J=8.74, 4.0Hz, IH, oxazolidinone -CHAr-), 
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4.60 (t, J=8.7Hz, IH, oxazolidinone, -CHj-ZproR), 4.13 (dd, J=8.7, 4.1Hz, IH, 

oxazolidinone, -CHj-ZproS), 3.64-3.35(m, 3H, -C,^CpH-), 2.45 (s, 3H, -CHj), 2.25-

2.18[m, IH, -CHCCH,),], 2.17 (s, 3H, -CH3), 1.06 (d, J=6.4Hz, 3H, -CHj), 0.66 (d, 

J=6.7Hz, 3H, -CHJ). Further analytical characterization is still in process. 

2e. White soUd. [a]^D= +59.4° (c=1.0, CHCI3). 'H NMR: 5 ppm: 7.26-6.39(m, 

7H, aromatic protons), 5.31 (dd, J=8.7, 4.0Hz, IH, oxazolidinone, -CHAr-), 4.59 (t, 

J=8.7Hz, IH, oxazolidinone, -CH/proR), 4.13 (dd, J=8.8, 4.0Hz, H, oxazolidinone, -

CHj-ZproS), 3.74 (s, 3H, -ArOCHj), 3.65 (dd, J=15.0, 7.8Hz, IH, -C„H-/proS). 3.50-

3.27 (m, 2H, -CJI-/proR and -CpH-), 2.43 (s, 3H, -ArCH,), 2.14 [m, IH, -CH(CH3)2], 

2.l3(s, 3H, -ArCH3), 1.05 (d, J=6.5Hz, 3H, -CH3), 0.66(d, J=6.7Hz, 3H, -CH3). 

Further analytical characterization is still in process. 

General Procedures for Direct Azidation A typical procedure is illustrated 

by the preparation of (4S, 211, 3'R)-3-(2'-azido-3'-phenylisohexanyl)-4-phenyI-2-

oxazolidinone: To 40 niL of dry THF stirred at -78° C under Ar was added 8 mL of 

KHMDS (0.5 M in toluene, 14 mL, 1.1 equivalents). To the resulting solution was added 

via cannula a precooled solution of (4S, 3'R)-3-(3'-phenylisohexanyl)-4-phenyI-2-

oxazolidinone (4.3 g, 12.7 nunol) in 54 mL of freshly distilled THF at -78° C. The 

resulting yellow solution was kept stiring at -78° C for another 30 min. To the above 

stirring solution of potassium enolate at -78 °C was added via cannula a precooled solution 

of trisyl azide in 50 mL of THF at -78° C. After 2 min, the reaction was quenched with 

AcOH (3.4 mL, 58.4 nmioles, 4.6 equivalents). The reaction flask was immediately 

inmiersed into a water bath at 28 °C for 35 min with stirring, and the reaction was 

monitored by TLC. Then, 150 mL of ether was added, followed by the addition of l(X) 

mL of dilute sodium chloride solution. The organic phase was separated and the aqueous 

phase was extracted with ether (3 x 80 mL). The combined organic phases was dried over 
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anhydrous magnesium sulfate and evaporation of the dried solution gave an light yellow 

oil. The crude product was further purified through silica gel column chromatography with 

1:9 ethyl acetate/hexanes mixture. 

(4S,2'S,3'S)-9-(2'-Azido-3'*phenyiisohexanyl)*4-phenyl>2-oxazoli-

dinone (7). Colorless oU, R^.48(D, [a]^V -10.4° (c=1.0, CHClj). 'H NMR: 6 

ppm 7.34-7.18 (m, lOH, aromatic protons), 5.70 (d, J=7.1Hz, IH, -Cj^H-), 5.18 (dd, 

J=8.4, 3.1Hz, oxazolidinone Ph-CH-), 4.68 (t, J=:8.3Hz, IH, oxazolidinone, -CHj-

IproS), 4.27 (dd, J=8.9, 4.7Hz, IH, oxazolidinone, -d^-lproR), 3.02(dd, J=7.5Hz, IH, 

-CpH-), 2.10 [m, IH, -CH(CH3)J, 1.04 (d, J=6.6 Hz, 3H, -CHj), 0.75 (d, J=6.6 Hz, 

3H, -CH3). IR (film): 3029, 2952, 2102, 1746, 1698, 1387, 1372, 704. MS for 

C.H^jOjN, Calculated 378.1692 (M*), Found: 379.1771 (M*+H). 

(4R,2 'R,3 'R)-3>[2Azido-3 '-phenylisohexanyl]-4-phenyl-2-oxazoli-

dinone (8). Colorless oil, R(=0.49(D. +7.20° (c=1.0, CHCI3). "H NMR: 5 

ppm 7.34-7.18(m, lOH, aromatic protons), 5.70 (d, J=7.1Hz, IH, -C^-), 5.18 (dd, 

J=8.4, 3.1Hz, oxazolidinone Ph-CH-), 4.68 (t, J=8.3Hz, IH, oxazolidinone, -CH2-

IproS), 4.27 (dd, J=8.9, 4.7Hz, IH, oxazolidinone, -CYl^-fproR), 3.02 (dd, J=7.5Hz, 

IH, -CpH-), 2.10 [m, IH, -CH(CH3)2], 1.04(d, J=6.6 Hz, 3H, -CH3). 0.75 (d, J=6.6 

Hz, 3H, -CH3). IR (fihn): 3030, 2953, 2926, 2103, 1763, 1699, 1388, 1372, 1212, 703. 

MS for C2,H2203N, Calculated 378.1692 (M*), Found: 379.1770 (M*+H). 

General Procedures For Bromination Into a solution of 3-[3'-

phenylisohexanyl]-4-phenyl-2-oxazolidinone (8.15 mmol) in 60 mL of freshly distilled 

methylene chloride at -78° C was added diisopropylethylamine (1.7 mL, 9.8 mmol), and 

dibutylboron triflate (9.0 mL, 1.0 M, 9.0 mmol) was added to the stirring solution via 

syringe. The clear solution was stirred at -78° C for 15 min, 0° C for one hr, the solution 
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turned deeper yellow at this moment, and recooled to -78°C for IS min before transferring 

via cannula to a stirring slurry of NBS (2.9 g, 16.3 omiol) in dichloromethane (40 mL) at -

78°C. The resulted purple solution was stirred at -78''C for one hr, the solution turned 

deep purple at this point, and ±en let the solution stirred at 0°C (ice-bath) for 3 hrs. The 

reaction was quenched by addition of 0.5 N sodium bisulfate (3.3g/55 mL water). The 

aqueous and organic solution were separated, and the aqueous phase was extracted with 

dichloromethane (30 mL x 3). The combined organic phases were washed with 0.5 N 

sodium thiosulfate(3 x 80 mL), water (2 x l(X) mL), and dried over anhydrous MgS04. 

Evaporation of the dried solution left the crude product, which was further purified by flash 

column chromatography. 

(4S,2'S,3'S)-3-(2'-Bromo-3'-phenylisohexanyl)-4-phenyl-2-oxazoli-

dinone (5). White solid, mp: 157.5-158.5°, R(=0.49(I), [a]™D= -52.4° (c=l.O, 

CHCI3).. 'H NMR: 5 ppm 7.36-7.16 (m, lOH, aromatic protons), 6.33 (d, J=11.2Hz, 

IH, -C^H"), 5.47 (dd, J=8.9Hz, 4.7 oxazoUdinone Ph-CH-), 4.75 (t, J=8.8Hz, IH, 

oxazolidinone, -CH,-/pro5), 4.28 (dd, J=8.9, 4.7Hz, IH, oxazoUdinone, -CYl^-tproR), 

3.37 (dd, J=10.8, 4.5Hz, IH, -CpH-), 2.02 [m, IH, -CH(CH3)2], 0.84 (d, J=6.7 Hz, 

3H, -CH3), 0.78 (d, J=6.7 Hz, 3H, -CHj) ). '̂ C NMR: 5 ppm 168.1, 152.9, 137.8, 

137.5, 129.6, 129.1, 128.9, 127.7, 127.0, 125.9, 69.9, 58.0, 53.3, 46.7, 30.6, 22.1, 

17.5; ; IR (KBr, cm '): 3038, 2960, 2923, 1774, 1702, 1386, 1366, 1206, 1064, 706. 

Elemental Anal, for CjjHjjOjNBr, Calcd.% C, 60.71, H, 5.34, N, 3.37; Found: C, 

60.56, H, 5.36, N, 3.33. 

(4R,2 'R,3 'R)-3-(2 '-Bromo-3 '•phenylisohexany i)-4-phenyl-2-oxazo-

lidinone (6). White soUd, mp:158-159°, R^ 0.47(1), [a]\ = + 48-9° (c=l.O, 

CHCI3).. 'H NMR: 8 ppm 7.36-7.16 (m, lOH, aromatic protons), 6.33 (d, J=11.2Hz, 

IH, -C„H-), 5.47 (dd, J=8.9Hz, 4.7 oxazolidinone Ph-CH-), 4.75 (t, J=8.8Hz, IH, 
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oxazolidinone, -C^-tproS), 4.28 (dd, J=8.9, 4.7Hz, IH, oxazolidinone, -CH^-fproR), 

3.37 (dd, J=10.8, 4.5Hz, IH, -CpH-), 2.02 [m, IH, -CHCCHj)^], 0.84 (d, J=6.7 Hz, 

3H, -CHj). 0.78 (d, J=6.7 Hz, 3H, -CH,). "C NMR: 6 ppm 168.1, 152.9, 137.8, 

137.5, 129.6, 129.1, 128.9, 127.7, 127.0, 125.9, 69.9, 58.0, 53.3, 46.7, 30.6, 22.1, 

17.5. IR (KBr, cm '): 3039, 2960, 2922, 1775, 1702, 1386, 1366, 1205, 1065, 706. 

Elemental Anal, for C2,H2203NBr, Calcd.% C, 60.71, H, 5.34, N, 3.37; Found: C, 

60.56, H, 5.36, N, 3.33. 

General Procedures For Azide Replacement A mixture of 3-(2'-bromo-3'-

phenylisohexanyl)-4-phenyl-2-oxazolidinone (6.0 mmol, 1.0 equivalent), tetramethyl-

guanidine azide (9 mmol, 1.5 equivalents) in 50 mL of acetonitrile was stirred under Ar at 

room temperature for 24 hrs; TLC indicated that the reaction was complete. The solid was 

filtered off, and the filtrate was evaporated to dryness. The crude product was purifed by 

flash silica gel chromatography. 

(4S,2 'R,3 'S)-3-(2Azido-3 '-pheny lisohexanyl)-4-pheny l-2-oxazoii-

dinone (9). White solid, mp: 151-152°C, R{=0.62(I), [a]^^ = +54.4° (c=1.0, 

CHCIj). 'H NMR: 6 ppm 7.37-6.44 (m, lOH, aromadc protons), 5.76 (d, J=11.5, -

C„H-), 5.30 (dd, J=8.9, 4.7Hz, oxazoUdinone Ph-CH-), 4.68 (t, J=8.8Hz, IH, 

oxazolidinone, -C^^-lproS^, 4.03 (dd, J=8.9, 4.7Hz, IH, oxazolidinone, -C\i^-lproR), 

3.13 (dd, J=4.1, 4.0 Hz, IH, -CpH-), 2.10 [m, IH, -CH(CH3)j], 0.92 (d, J=6.8 Hz, 3H, 

-CHj), 0.82(d, J=6.8 Hz, 3H. -CH,). '̂ C NMR: 6 ppm 169.6, 153.1, 137.3, 136.0, 

129.8, 129.0, 128.2, 128.0, 127.2, 124.8, 69.8, 58.6, 57.6, 52.1, 28.5, 21.1, 17.1. IR 

(KBr, cm '): 3029, 2952, 2925, 2102, 1764, 1698, 1387, 1370, 1212, 703. Hemental 

Anal, for Cj.HjjOjN^, Calcd.% C, 66.44, H, 5.86, N, 14.81. Found: C, 66.54, H, 

5.72, N, 14.63. 
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(4R,2 'S,3 'R)-3-(2Azido-3 '-pheny lisohexanyl)-4-phenyl-2-oxazoli-

dinone (10). White solid, mp: 159-15rC, R<=0.64(I), [a]"[, = -43.2° (c=l.O, 

CHCI3).. 'H NMR: 5 ppm 7.37-6.44(m, lOH, aromatic protons), 5.76 (d, Js=11.5, -

CJI-), 5.30 (dd, J=8.9, 4.7Hz, oxazolidinone Ph-CH-), 4.68 (t, J=8.8Hz, IH, 

oxazolidinone, -CR^-lproS), 4.03 (dd, J=8.9, 4.7Hz, IH, oxazolidinone, -CHj-Z^ro/?), 

3.13 (dd, J=4.1, 4.0 Hz, IH, -CpH-), 2.10 [m, IH, -^(CHj)^, 0.92(d, J=6.8 Hz, 3H, 

-CH3), 0.82 (d, J=6.8 Hz, 3H, -CHj), "C NMR: 5 ppm 169.6, 153.1, 137.3, 136.0, 

129.8, 129.0, 128.2, 128.0, 127.2, 124.8, 69.8, 58.6, 57.6, 52.1, 28.5, 21.1, 17.1. IR 

(KBr, cm '): 3030, 2953, 2926, 2103, 1763, 1699, 1388, 1371, 1213, 703. Hemental 

Anal, for Calcd.% C, 66.44, H, 5.86, N, 14.81. Found: C, 66.61, H, 

5.68. N, 14.66. 

General Procedures for the Hydrolysis of 3-(2'-Azido-3 

phenylisohexanyl)-4-phenyl-2-oxazolidinone: illustrated by the preparation of 

(2R,3R)-2-azido-3-phenylisohexanoic acid. Into a solution of 3-(2'-azido-3 

phenylisohexanyl)-4-phenyl-2-oxazolidinone (2.2 g, 5.82 mmol) in THF (84 mL) was 

added water (29 mL). After the solution was cooled to 0°C in an ice-bath for 15 min, 30% 

hydrogen peroxide (3.75 mL, 32.6 mmol) was added dropwise, followed by the dropwise 

addition of lithium hydroxide monohydrate (0.54 g, 12.8 mmol) in water(3.0 mL). The 

clear solution was stired at 0°C for three hrs. The reaction was monitored by TLC to insure 

completeness. The reaction was quenched by the dropwise addition of 1.3 M sodium 

sulfate (28 mL) in an ice bath, then the solution was allowed to warm up to room 

temperature and be stirred for 30 min. Volatiles were removed by rotary evaporation, and 

the residue aqueous phase was extracted with dichloromethane to remove the chiral 

auxiliary for recycle. The remaining aqueous phase was cooled to O* C and acidified to 

pH=l with 6 N HCl solution, and extracted with dichloromethane (3 x 50 mL). The 
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combined organic phases were dried over anhydrous magnesium sulfate and evaporated in 

vacuo to give an light yellow oil, 0.94 g (70%), RfS=0.30 (30:70:1 EtOAc:Hexane:HOAc) 

(2S,3S)-2-Azido-3-phenylisohexanoic acid (11). Slight yellow oil; Rf = 

0.32(11), [a]^D=-32.5'' (c = 0.4, CHQa). 'H NMR: 5 ppm 10.6 (s, IH, broad, -COOH), 

7.28-7.18 (m, 5H, aromatic hydrogens), 4.51 (d, J=7.0 Hz, -CaH-), 2.79 (t, J=7.3, IH, -

CpH-), 2.15 (m, IH, -CH(CH3)2), 1.07 (d, J=6.7Hz, -CH,), 0.73 (d, J=6.7Hz, -CHj). 

'̂ C NMR 5 ppm 176.0, 137.7, 129.2, 128.9, 128.3, 128.1, 127.3, 63.9, 54.0, 29.3, 

20.9, 20.4. IR (film, cm '): 3500-2500, 2957, 2115, 1712, 1599, 1386, 1367, 1265, 

1074, 913,703. MS for C.^HijO^Nj, Calcd: 233.1164 (M*), Found: 234.1255(M*+H). 

(2R,3R)-2-Azido-3-phenylisohexanoic acid (12). Slight yellow oil, = 

0.34(111), [a]^°o = +12.5° (c = 0.5, CHClj). 'H NMR: 8 ppm (m, 5H, aromatic 

hydrogens). 4.18 (d, J=7.0 Hz, -C^-), 2.94 (t, J=7.3, IH, -CpH-), 2.30 (m, IH, -

CH(CH3)2), 0.95 (d, J=6.7Hz, -CH3), 0.78 (d, J=6.7Hz, -CHj); '̂ C NMR 5 ppm 

176.0, 137.7, 129.2, 128.9, 128.3, 128.1, 127.3, 63.9, 54.0, 29.3, 20.9, 20.4. IR 

(film, cm'): 3500-2500, 2959, 2116, 1713, 1600, 1386, 1367, 1266, 1075, 913, 703. 

MS for CijH.jO^Nj, Calcd: 233.1164 (M*), Found 234.1251(M*+H). 

(2R,3S)-2-Azido-3-phenylisohexanoic acid (13). Slight yellow oil, Rf = 

0.30(n), [a]^°D= -27.5° (c = 1.0, CHCI3). 'H NMR: 5 ppm 9.14 (s, broad, IH, -

COOH), 7.31-7.15 (m, 5H, aromatic hydrogens), 4.18(d, J=7.0 Hz, -CotH-), 2.94 (t, 

J=7.3, IH, -CpH-), 2.30 (m, IH, -CH(CH3)2), 0.95 (d, J=6.7Hz, -CH3), 0.78 (d, 

J=6.7Hz, -CH3). '̂ C NMR 5 ppm 175.6, 138.5, 129.4,128.9, 128.3, 128.0, 127.4, 

64.6, 53.4, 28.7, 21.0, 19.4. IR (film, cm'): 3500-2500, 2957, 2115, 1712, 1599, 

1386, 1367, 1265, 1074, 913, 703. MS for C.jH.jO^Nj, Calcd: 233.1164 (M*), Found 

234.1253(M^+H). 
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(2S,3R)-2-Azido-3-phenylisohexanoicacid (14). Slight yellow oil, = 

0.3 l(n), [a]^D = +17.5 (c=l.2, CHClj). 'H NMR: 6 ppm 9.13 (s, broad, IH, -COOH), 

7.31-7.15 (m, 5H, aromatic hydrogens), 4.18 (d, J=7.0 Hz, 2.94 (t, J=7.3, IH, -

CpH"), 2.30 (m, IH, -CHCCHj)^), 0.95 (d, J=6.7Hz, -CH,), 0.78 (d, J=6.7Hz, -CHj). 

'̂ CNMR 5 ppm 175.4, 138.6, 129.3, 128.9, 128.0, 127.4, 64.7, 53.4, 28.7, 21.0, 

19.4. IR (film, cm '): 3500-2500, 2959, 2116, 1713, 1600, 1386, 1367, 1266, 1075, 

9134, 703. MS for C.jH.sO^N,, Calcd: 233.1164 (M^), Found 234.1255(M^+H). 

General Procedures for the Reduction of The Azido Acids. Illustrated 

by the preparation of (2R,3R) -2-amino-3-phenylisohexanoic acid: into a solution of the 

azide acid (0.94 g, 4.0 nunol) in 100% ethanol (22 mL) and 6N HCI (1.0 mL) in a 

hydrogenation vessel was bubbled with argon for 5 min to remove air, and then 10% Pd/C 

(0.2 g) was added. The reaction vessel was emptied and refilled with H2 three times, and 

shaken under 28 psi H; for 3 hrs. The catalyst was filtered out through celite, and washed 

with 100% ethanol (3 x 20 mL), and the volatile was removed by rotary evaporation. The 

residue was loaded on a coolant jacked ion-exchange column filled with Amberlite IR-

I20(H'') resin (40 g). The column was washed with de-ion water until the eluent was 

neutral. The amino acid was washed out with 20% NH4OH solution, fraction containing 

the product were combined, evaporated to remove NH3, then frozen and lypholized to give 

the titled compound as an off-white solid. 

(2S,3S)-2-Amino-3>Phenylisohexanoic Acid (15). White solid, 

decomposes at 160°C. R,=0.76 (IH) on chirai TLC plate. [ot]^°D = + 21.0° (C=0.2, IM 

HCI). 'H NMR(DP): 6 ppm (2S,3S): 7.26-7.05 (m, 5H, -QH,), 3.96 (d,J=5.5Hz, IH, 

-CJti-), 2.81 (dd, J=9.1, 5.5Hz, lH,-CpH-), 2.01 (m, IH, -^(CHj)^. 0.84 (d, J=6.6 

Hz, 3H, -CHj), 0.63 (d, J=6.6 Hz, 3H, -CHj). IR (Kbr, cm '): 3500-2500, 3409, 2971, 



76 

1739, 1650, 1493, 1390, 1369, 1203, 1133, 707. MS for C.jH^OjN, Calculated 

207.1259, Found 208.1335 (M^+H). 

(2R,3R)-2-Aiiiino-3-Phenylisohexanoic Acid (16). White solid, 

decomposed at 160°C, R,=0.49 (111) on chiral TLC plate. [a]^[,= - 21-8''(C=0.8, IM HQ). 

'H NMRCDP): 5 ppm (2R,3R): 7.26-7.05(m, 5H, -C5H5), 3.96(d,J=5.5Hz, IH, -C^H-), 

2.81(dd, J=9.1, 5.5Hz, lH,-CpH-), 2.01[in, IH, -CHCCHj)^, 0.84(d, J=6-6 Hz, 3H, -

CH3), 0.63(d, J=6.6 Hz, 3H, -CHj). IR (KBr, cm '): 3500-2500, 3420, 2973, 1742, 

1650, 11390, 1369, 1204, 1134, 707. MS for C.^H^OjN, Calculated 207.1259, Found 

208.1338 (M*+H). 

(2R,3S)-2-Aiiiino-3-Phenylisohexanoic Acid (17). White solid, 

decomposed at 185° C, Rf=0.55 (HI) on chiral TLC plate. [a]^D = - 5.7° (C=0.7, IM 

HCl). 'H NMR(D20 ): 5 ppm 7.25-7.08(m, 5H, -CgHs), 4.05(d, J=4.6Hz, IH, -C„H-), 

2.52(dd, J=10.0, 5.4Hz, IH, -CpH-), 2.28(m, IH, -CH(CH3),], 1.02(d, J=6.4Hz, 3H, 

-CH3), 0.54(d, J=6.4Hz, 3H,-CH3). IR (KBr, cm '): 3500-2500, 3433, 2965, 1729, 

1650, 1389, 1339, 1200, 1146,704. MS for C.jH.^N Calculated: 207.1259, Found: 

208.1332 (M*+H). 

(2S,3R)-2-Aiiiino-3-Phenylisohexanoic Acid (18). White solid, 

decomposed at 185°C, R^.74 (111) on chiral TLC plate. [a]^D= + 3.8° (C=0.2, IM HCl). 

'H NMR(D20): 5 ppm (2S,3R): 7.25-7.08(m, 5H, -CgH,), 4.05(d, J=4.6Hz, IH, -C„H-

), 2.52(dd, J=10.0, 5.4Hz, IH, -CpH-), 2.28(m, IH, -CH(CH3)2], 1.02(d, J=6.4Hz, 

3H, -CH3), 0.54(d, J=6.4Hz, 3H,-CH3). IR (KBr, cm'): 3500-2500, 3421, 2963, 

1739, 1651, 1389, 1339, 1195,704. MS for C.jH^OjN, Calculated 207.1259, Found 

208.1335 (M*+H). 
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CHAPTER 4. DESIGN, SYNTHESIS AND DYNAMICS OF 2,3-
METHANO AROMATIC AMINO ACIDS 

4.1 INTRODUCTION 

Most of the naturally existing 2,3-methano amino acids are either important 

intermediates or products of some important bioactive species in biosynthesis. They 

generally exist as a pure amino acid, or in some cases, as simple dipeptides (Hgure 4.1 ).^-

From a peptide design point of view, these type of aminoacids provide an unique way to 

constrain the side-chain conformation, especially the x, dihedral angle, which is locked to 

certain fixed values. Thus, they could be used to ask certain specific questions about the 

side-chain orientation of amino acid residues in peptide-receptor interactions. In addition, 

due to the presence of the (x,P-cyclopropane ring, the chemical reactivity of the pendant 

functional groups of the 2,3-methano amino acid residue, such as the reduced rates of 

hydrolysis of peptide or ester groups, could be expected. Furthermore, due to its 

"unsaturated" character, the cyclopropane ring has partial conjugation with the carbonyl 

functional group which makes this amino acid residue favor certain 0, \)r angles. When 

introduced into a peptide chain, the unique nature of this kind of amino acid residue is 

expected to cause profound changes in the vicinal peptide backbone conformation, such as 

induction of certain secondary or folded structure, which may eventually affect the abiliQr 

of the peptide to fit an enzyme active site or its intended hormone receptor. Finally, as a 

consequence of the severe carbon-carbon angle deformation demanded by the cyclopropane 

ring, a latent instability is incorporated into the peptide which, if urmiasked in vivo, will 

form reactive entities capable of capturing nucleophiles or electrophiles present in a receptor 

or enzyme active site. Due to these unusual properties and the important biological 
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significance of 2,3-nietiianoamino acids, various non-natural cyclopropane amino acids 

have been designed, and synthesized for studies of peptide conformational properties as 

shown in Figure 4.2. Examples include coronatine," 2,3-methanophenylalanine,^ 2,3-

methanoarginine,^^ 2,3-methanoserine and 2,3-methanothionine^, 2,3-methanoleucine," 

2,3-methanotyrosine,'® and other cyclopropane-based peptide templates.'' Two specific 

reviews have been dedicated to the synthesis and application of unusual 2,3-methanoamino 

acids in the design of bioactive peptide ligands in recent years." 

Incorporation of 2,3-methanoamino acids into bioactive peptide hormones ligands 

or peptide-based enzyme inhibitors has resulted in profound effect on their conformational 

and biological properties. 1-Aminocyclopropanecarboxylic acid (ACQ is the first 2,3-

methanoamino acid which was incorporated into peptide hormone. '̂ 

H=N^OOOH 

A h^CHaC ^^COOH 

I-Aminocyclopropanecarboxylic Coronamic add 
Add(ACO 

y^^vcooH 

HsCHiCr NHz COOH 

allo-Coronamic add Camosadine 

Figure 4.1. Some naturally existing 2,3-methanoamino acids 

The amino and carboxyl groups of ACC are more sterically hindered than those of normal 

a-amino acids, but less so than those of Aib. Incorporation of ACC into oxytocin 

produced an oxytocin analogue, [ACC^]-Oxytocin, that has been found to have lower 

bioactivity than oxytocin with dissociation of the uterotonic and galactogogic activities." 
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Asp-ACC-OR was reported to have a distinct sweet taste, and the n-propyl ester, tiie 

sweetest of the series, had 250-300 times the sweemess of sucrose." Using both en^irical 

and ab initio methods, studies on the conformational effects of introducing ACC into a 

peptide chain indicate that it favors the peptide chain to form a C^-helix or y-tum with 

formation of a P-tum being a close second energetically.®* 

H3CS^tC NHz 

COOH 

2^-Methanomethionine 

HOH2 NHz 

COOH 

2J-Methanoserine 

NH 

,NH2 

COOH 

2,3-Methanoarginine 

COOH 
2,3-Methanotyrosine 

COOH 

23-MethanopbenyIalanine 

COOH 

2,3-MethanoIeucine 

Figure 4.2. Some non-natural 2,3-niethanoainino acids 

The crystal structure analysis of (E)-DL-l-benzamido-l-methoxycarbonyl-2-

chlorocyclopropane indicated that the ^ and torsional angles for this compound are -62.5° 

and -33.0° respectively, and are close to the <|), values of the 3,^ helix and the a-helix;®^ 

semi-empirical potential energy calculation showed that different types of helics a—, y—, 

(0-, 3,0" and 5-helics are energetically favorable. Further selective substitution on the 

methylene group of the cyclopropane ring could be used to effectively restrict either <(> or \{f 

values into a very narrow range." The conformationally constrained enkephalin analog [D-

Ala\ (2R,3S)-2,3-methanoPhe^, Leu^]enkephalin showed a very high binding affinity for 
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the 8 opioid receptor (K,—13.0 nM, ^/6=253), but it was inactive in both biological assays 

(MVD and GPI), and showed no antagonistic activities in these tissues.^-^ These results 

indicate that [D-Ala^ (2R,3S)-2,3-methanoPhe\ Leu^]enkaphalin interacts with the § 

opioid receptor in rat brain, but not with those in the mouse vas deferens, and suggests a 

possible differentiation between the peripheral and central nervous system receptors for 

these peptides, and that the 5 opioid receptors in the central and peripheral nervous systems 

are different from each other.^More recently, tri- and tetra-Acc peptides have been shown 

to fold into distorted type I p-bends and 3,o helices, in contrast to the acyclic Aib which 

favors formation of regular type III p-bends and 3,^ helical structures.®^ Incorporation of 

2,3-methanomethionine into a small peptide FMRFamide (Phe-Met-Arg-Phe-NHj) has 

been reported to enhance the antiopiate activity and enzyme resistance of the parent 

hormone.®® Conformational studies on [Phe-(2S, 3S)-2,3-methanoMet-Arg-Phe-NH2] 

indicated that this peptide biases a y-tum conformation due to the presence of the 

conformationally constrained 2,3-methanomethionine at the 2 position.®^ A comparison of 

the effects of some 2,3-methanoamino acids on the conformations of small peptide have 

been performed to understand the local conformational effects of 2,3-methanoamino acids 

on secondary structure, it seems that local effects of 2,3-methanoamino acids are more 

easily rationalized than the secondary structures adopted by the peptidomimetic containing 

them.™ 

4.2 DESIGN AND RETROSYNTHETIC ANALYSIS 

Design Recendy, our laboratory reported the design and synthesis of the side-

chain constrained unusual amino acids P-methyI-2',6'-dimethyltyrosine (TMr).*'** 
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Incorporation of IMF into the bioactive opioid peptides DPDPE and deltorphin I generated 

very potent and S opioid receptor selective conformationally constrained novel peptide 

analogues. '̂'*"' Since much evidence indicated that the trans conformation of TMT 

residues in DPDPE or Deltorphin I is the bioactive side-chain conformation, it would be 

very interesting to see if this hypothesis can be fiirther proved with a different constraint 

like a,p—cyclopropane amino acid because a cyclopropane ring can lock the Xi dihedral 

rotation to a trans conformation. Thus, a new type of 2,3-methano aromatic amino acids 

were designed as shown in Figure 4.3. 

The main feature of this new type of amino acid is the a,P-cyclopropane ring in 

conjunction with a 2',6'-dimethylphenyl ring so that not only is the Xi rotation completely 

locked, but also the Xi angle is biased to one possible value. Incorporating this type of 

amino acid into the peptide hormone analogues is expected to give definite answers about 

the side chain orientation of the peptide ligand in the process of receptor-ligand 

recognition. 

Retrosynthetic Analysis Design and synthesis of cyclopropane amino acids 

are still a hot topic in organic synthesis." Although some optically pure 2,3-methanoamino 

,CCX3H 

P-MethyI-2',6'-Dimethyltyrsine (X=OH) 
P-Methyl-2',6'-Dimethylphenylalanine (X=H) 

2,3—Methano-2,'6'-Dimethyltyrosine, R=OH. 
2,3-Methano-2,'6'-Dimethylphenylalanine R=H. 

Figure 4.3. Design of 2,3-niethanoaromatic amino acids 
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acids have been s3mthesized, the successful asymmetric approach often depends on the 

specific target molecule. No general asymmetric synthetic approach is available at this 

moment 

IZ 

L, 

I X X L  COOEt 

I r 
CH, COOEt 

NH, 

COOH 

IE 

xc 
CH3 

4 

Figure 4.4. Retrosynthetic analysis 

Therefore, we decide to synthesize the racemic 2,3-methano-2',6'-

dimethyltyrosines or phenylalanines in our initial work, then test their effect on the 

bioactivity and conformational properties of natural peptide hormones and 

neurotransmitters. Based on the strategies developed by Stanuner, '̂ as shown in the 

retrosynthetic analysis in Figure 4.4, the amino group in the target molecules from 
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important intermediate 2 could be transformed via Curtis rearrangement fix>m a carboxyiic 

acid to make IE or from a carboxyiic ester to make IZ. The cyclopropane ring in the 

intermediate could be prepared via cyclopropanation of (X,P-unsaturated diester 3 with the 

Corey reagent, trimethylsulfoxonium iodide.^ The intermediate 3 could be prepared via 

Knoevenagel condensation from aldehyde 4. 

4.3 SYNTHESIS AND DISCUSSION 

The synthesis started from conmiercially available 3,5-dimethyl-4-bromophenol 4. 

The hydroxyl group was protected as a methoxyethoxymethyl ether (MEM) by MEMO in 

the presence of diisopropylethylamine (DEEA) at room temperature." Then, the bromide 5 

was converted into a Grignard reagent, which reacted immediately with anhydrous 

dimethylfonnamide in an ice bath to form aldehyde 6, which was used directly for the next 

reaction without further purification after work-up. The resulting aldehyde 6 was then 

transformed into the a,j3-unsaturated diester 7 via Knoevenagel condensation with 

diethylmalonate under refluxing overnight as shown in Scheme 1. Due to the presence of 

two methyl groups on the aromatic ring, the condensation reaction was sluggish. At least 

0.2 equivalents of 1:1 acedc acid/piperidine are needed to maintain a reasonable reaction 

rate for the condensation. The intermediate 7 was then reacted with Corey's reagent, 

trimethylsulfoxonium methylide generated in anhydrous dimethylsulfoxide by sodium 

hydride to form the (X,^-cyclopropane ring in reasonable yield. 
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Scheme 4.1 Synthesis of 2,3-Methano Amino Acids (I) 

OH 

MEMCI/D[EA 
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9b X=OMEM 

10a X=H 
10b X=OMEM 
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The presence of the two aromatic substituted methyl groups do not have obvious effects on 

cyclopropanation. The formation of the cyclopropane ring could be identified by its 

characteristic proton NMR absorption in the range 1.0 to 3^ ppm (see Experimental part). 

Scheme 4.2 Synthesis of 2,3-Methano Amino Acids (2) 

^^3 COOH 

I.NaHCOj.EtOH/Hp j| 

ZNH2NH2.H20^^ 
.CONHzNHz IM H2S04_ 

COOW 
NaN02/Et20 

9a 13 

1. CH3l/Na2C03 

DMSO 

14 

.CON3 

COOMe 

.Toluene. 

2.Me3SiC:H,CH20H 

3. NaOH/EtOHm^ 

15 

CHa V( 
O 

COOH 

,O^SiMe3 

2. Ion-Exchange 

16 

QxAZ""' 
CHa COOH 

17 

Then the trans ester group was regioselectively hydrolyzed to the monocarboxylic 

acid 8, which was converted into the azide by reaction with diphenylphosphorous azide 

(DPPA) in the presence of triethylamine in toluene. The resulting azide was immediately 

converted into 2-(trimethylsilyl)ethyl carbamate 10 via Curtius rearrangement under 
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lefluxing about 3 hours followed by alcoholysis of the resulting isocyanate with addition of 

trimethyisilylethanol. The m-ester group was cleavaged by basic hydrolysis under reflux, 

followed by the acidic removal of the amino protecting groups to give the desired product, 

trans- 2,3-methanoamino acid 11. The ninhydrin test was used to identify the presence of 

primary amino group in the final product 

The synthesis of ctr-2',6'-dimethyl-2,3-methanophenylalanine was accomplished as 

shown in the Scheme 2. The sodium salt of the monoacid 9a was converted into the 

hydrazine 13 under refluxing with hydrazine hydrate in ethanol for 24 hrs. Nitrosation of 

the hydrazine 13 provided the azide 14, which was esterified to 15 by treatment with 

iodomethane in the presence of sodium carbonate. The Curtius rearrangement of azide 15 

under refluxing in toluene, followed by alcoholysis of trimethyisilylethanol and basic 

hydrolysis to remove the trans-ester group, gave the compound 16. The desired product 

17 was obtained by the acidic cleavage of NH protecting group. 

In order to prepare optically pure cyclopropane amino acids, an asymmetric 

cyclopropanation reaction was tried. The idea was to establish the optical pure 

cyclopropane moiety with the help of a chiral auxiliary. As shown in the Scheme 3, the 

trans-cstCT group of the diester 18 was stereoselectively hydrolyzed into the trans-mono 

carboxylic acid, which was then coupled with optically pure (S)-4-phenyloxazolidinone via 

the anhydride to produce the intermediate 21. We hoped that the stereoselectivity of the 

cyclopropanation of the a,P-unsaturated bond in 21 by the Corey reagent would be 

induced by the chiral auxiliary. However, the major product turned out to be a 

dehydrofuran derivatives 22, which was identified by 'H NMR. A possible reaction 

mechanism was proposed as shown in the Scheme 3. Due to steric hindance, the 1,5-

cyclization became more energetically favorable to form the fiiran ring instead of the three 
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member ring via 1,3-cyclizatioii. Further literature investigation revealed that such types of 

reactions were reported in I970s.^* 

Scheme 4.3 Synthesis of 2,3-Methaiio Amino Acids (3) 

MeO CHg MeO. 
.COOEt .COOMe 

COOH 
EtOHWiO 

COOEt 
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(CHshccoa. 
&Y<.THF 

18 19 

COOMe 

(CH3)3C 
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4.4 CONFORMATIONAL AND DYNAMIC STUDIES 

The available side-chain confonnadonal space of 2',6'-dimethyl-2,3-

methanophenylalanine has been evaluated with computer-assisted molecular modeling. As 

expected, the Xi space was completely locked by the (x,P-cyclopropane ring. Only one 

dihedral angle is possible for each stereoisomer of the 2',6'-dimethyl-2,3-

methanophenylalanine (see Table 4.1), it is +6° for the (2S,3S)-isomer, -6°C for the 

(2R,3R)-isomer; +138° for the (2S,3R)-isomer and -138° for the (2R,3S)-isomer. 

Table 4.1. Possible values of Xi and Xz torsion angles of 2',6'-dimethyl-2,3-
methanophenyldanine analogues 

Angles/Isomer (2S,3S) (2R,3R) (2S,3R) (2R,3S) 

X. 
+ 6° -6° +138° 1 00

 0 

X2 
+ 62° -62° + 62° - 62° 

At the same time, due to the strong Van der Waals (Vie/W) interactions between the 

two aromatic substituted methyl groups and the cyclopropane ring, the Xi angle also 

becomes severely restricted. Only one possible dihedral angle is accessible within a 50 

kJ/mole energy barrier (Table 4.1). This angle is +62° for both the (2S,3S) and the 

(2S,3R)-isomers, and -62° for both the (2R,3R) and (2R,3S) isomers. When all of the 

four diasteroisomers are overlapped as shown in Figure 4.5, the aromatic side chain group 

of each stereoisomer points to a specific, but different orientation in three dimensional 

space. Thus this type of unusual amino acids could become a very powerful probe to 

explore the topographical requirements of the side-chain aromatic functional group of the 

amino acid residue during the peptide ligand-receptor/acceptor interactions. 
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In addition, incoqx)ration of this type of unusual amino acids into peptide ligands 

could also greatly effect the dynamic behavior of peptide ligands, especially the side-chain 

functional group due to the close relationship between the dynamic properties of proteins 

and peptides and their biological properties.^^ 

Figure 4.5. Stereoview of the superimposed four stereoisomers of 2,6 - dimethyl-2,3-
methanophenylalanine. 

Therefore, as part of protein and peptide dynamics, rotation of side-chain functional 

group is very important to their biological activities. It is known that the aromatic rings of 

tyrosine and phenylalanine residues in the interior of proteins undergo slow rotation 

(lifetime T=10'^ - 10"^ sec) around their C^-(7 bonds due to the severe steric constraints 

imposed by the dense packing of surrounding atoms.^®^ It was shown that only two 

conformations, X2—- are allowed for the aromatic ring of a tyrosine residue of bovine 

pancreatic trypsin inhibitor (BPTI) in the interior of the protein during the inhibitor-protein 

interaction." A slow 180° ring flips of the tyrosine side chains about Xz was observed in 

both functional forms of the Hlamentous bacteriophage fd coat protein.^' 
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a similar restricted side chain rotation also occur in bioactive peptides such as in 

methionine-enkephalin, a slow rotational motion rate is about the order -400 sec ' for the 

tyrosine ring of this pentapeptide, and - 130 sec ' for the tyrosine ring in the oxytocin 

binding to neurophysin.^ It is clear that the sidechain conformation and dynamics can 

have a great impact on the recognition processes of these peptides by their 

receptor/acceptors, and of the activation processes of the receptors and in peptide-carrier 

protein interactions. Thus, it is extremely important to understand the conformational, 

stmctural and dynamic-activity relationships of peptide hormones in the rational design of 

bioactive peptide analogues. In principle, this information could be obtained via 

incorporation of synthetic amino acid analogues with built-in dynamic character into 

bioactive peptide ligands, and examination of the consequent changes of properties in terms 

of their chemical/physical and biological ejects. As the continuation of the smdies on the 

local conformational constraint in peptide ligands, dynamic studies on the side chain group 

of unusual amino acid residues constitutes a major part of this work.®^ As shown in the 'H 

NMR spectra of (Z)- and (E)-2',6'-dimethyI-2,3-methanophenylaIanine (Figure 4.6 and 

Figure 4.7), the 2' and 6' methyl groups exhibited two distinct single peaks around 2.5 

ppm at room temperature. The peak separation between 2', 6' dimethyl groups is 43 Hz in 

(Z)-isomer, and 30 Hz in (E)-isomer. As the temperature rises, the two peaks get gradually 

closer and coalesce at certain temperatures, and then become sharp single peaks with a 

further increase of temperature. The different chemical shifts for the 2' and 6' methyl 

groups is obviously due to the anisotropy of their environments because they are 

diastereotopic. Restricted rotation around the angle appears to be the reason why the 

two aromatic methyl groups show chemical shifts nonequivalence. 

Entered in Table 4. 2 are the coalescence temperatures (T^), the separation of the 

chemical shifts (Au) of the two 2', 6'-methyl groups (at room temperature), the finee 
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energies of activation (AG*) and the lifetimes (T) at coalescence temperatures estimated by 

equations (1) and (2) shown in the experimental section. The observed coalescence 

temperature (300 -350°C) and their free engergies of activation (AG*) (15 kcal/mol) fall 

into the same range of values as those found for 2',6'-disubstituted phenylalanines.^^ 

Both (Z) and (E)-2',6'-dimethyl-23-niethanophenylalanines showed restricted 

rotation around the Xi angle with a rate comparable to that of tyrosine or phenylanalanine in 

the interior of proteins or in peptide-protein complexes. Although the nature of these 

restricted rotations are the same, their origins are quite different. In proteins or peptide-

protein complexes, the motion of aromatic rings are hindered by atoms close to them in 

space. 

Table 4.2. Proton chemical shift differences (AD) for 2',6'-dimethyl groups at 
room temperature, coalescence temperature (TJ, life time (x) and free energies of activation 

(AG^) 

Compounds AG* (Kcal/mol) Tc A\)(Hz) T (sec"') 

Me 15.6 301 12.8 3.2 X 10"^ 

16.2 313 13.8 3.4 x 10"^ 

%T- 15.7 318 43.3 3.9 X 10-' 

Me 15.2 303 29.8 5.7 X 10"^ 

* The parameters of TMT analogues are from reference 83. 
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In the constrained 2,3-methanophenyiaianines, the effect is rather local and come firom the 

VdW interactions of the aromatic substituted methyl groups and the cyclopropane ring. 

It would be interesting to see the structural and functional consequences of such a 

modification on a peptide chain. The application of these amino acids to biologically active 

peptides, especially conformationally constrained peptides should provide a powerful tool 

for examining the effect of local side chain conformational constraints on a wide variety of 

biologically active peptides, and provide fiirther insights into the topographical and 

dynamic requirements for peptide and peptidomimetic design. 

4.5 EXPERIMENTAL 

General See the Experimentai Part in Chapter 3. Diethylmalonate, piperidine, 

trimethylsuifoxonium iodide, 2-(trimethyIsilyl)ethanol, 60% NaH in mineral oil and 

anhydrous dimethylsulfoxide were purchased firom Aldrich. 

Computer-assisted molecular modeling: See Chapter 3 for details. 

Temperature-dependent NMR studies: The samples were dissolved in 

DjO (Aldrich, 99.9%). Nitrogen gas was bubbled through the sample solution for fifteen 

mins before use. All 'H NMR experiments were performed on a Bruker AM-250 NMR 

spectrometer equipped with an Aspect 3000 computer. The probe temperature was 

controlled by the variable temperature unit on the spectrometer. The precision of the 

temperarnre control was ±1K. 

The firee energy of activation AG' and lifetime t of the exchange processes at 

coalescence temperature T^ were calculated according to the weU known equations for the 

two-site model." 
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T=1/K,=V2/jcAV (1) 

AG/=4.75 TJ9.97 + Iog,o(Tc/AD)} cal/mol (2) 

Methoxyethoxymethyl-3,5-dimethyl>4-bromophenylether (5b). Into a 

solution of 3,5-<limethyl-4-bromophenol 4 (5.0 g, 24.8 mmol) and diisopropylethylamine 

(DIEA) (6.5 mL, 37.3 mmol) in 50 mL freshly distilled dichlorometbane was added 

dropwise MEMQ (4.3 mL, 37.3 mmol) in 15 mL dicbloromethane with stirring at room 

temperature. A white fog was observed in the reaction vessel during the addition process. 

The solution was kept stirring at room temperature for three hrs, then the reaction was 

quenched by addition of 50 mL 0 J N HQ solution. The organic phase was separated, the 

aqueous phase was extracted with DCM (2 x 50 mL). The combined organic phase were 

washed by water (50 mL) and dried over anhydrous MgS04. Evaporation of dried 

solution left an yellow oil. Further purification was carried out on silica gel column 

chromatography with 3:7 ethyl acetate/hexane mixed solvent to give an yellow oil, 6.3 g 

(yield= 88%). "h NMR (CDClj): 5 ppm 6.80(s, 2H, aromatic protons), 5.22(s, 3H, -

OCH,-), 3.83-3.79(m, 2H, -OCH^-), 3.56(m, 2H, -CHp-), 3.38(s, 3H, -OCHj), 

2.37(s, 6H, two -CHj). Elemental Anal, for C,2H,703Br, Calcd.%: C, 49.99; H, 5.95; 

Found: C, 49.72; H, 5.55. 

General procedure to prepare intermediate (6). This is illustrated by the 

synthesis of intermediate 6a. Into a clean, flame-dried 250 mL three neck round bottom 

flask fitted with magnetic stirring bar, and refluxing condenser, and pressure equalizing 

addition fiumel in side and central necks respectively, was placed intermediate 5a (6.3 g, 

21.8 mmol), pre-activated magnesium turnings (0.64 g, 26.1 mmol), and freshly distilled 

THF (70 mL). A small amount of Ij was added to initiate the reaction. The mixture was 

kept stirring refluxing for four hrs, the solution changed color to yellow gradually. After 

cooled to 0°C, a solution of anhydrous dimethylformamide (3.0 mL in 10 mL THF) was 
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added dropwise firom the addition fiinnei. Then the reaction mixture was warmed to room 

temperature and stirred for one hr. The reaction was quenched by decanting the solution 

into a stirring solution of saturated ammonium chloride (100 mL). The reaction flask was 

washed with additional THF (20 mL) which was decanted into the aforementioned 

ammonium chloride solution. The aqueous and organic solution were separated. The 

aqueous solution was extracted with ethyl ether (2 x 50 mL) and combined with the original 

organic solution and dried over anhydrous MgSO^ The drying reagent was filtered off, 

volatiles were removed by rotary evaporation and the residual light yellow oil was used 

directly for next reaction. Purification of the aldehyde 6b on silica gel chromatography 

was found to cause the oxidation of the aldehyde. 

2,6-Dimethylbenzaldehyde (6a). Light yellow liquid (solid below O^C). 'h 

NMR (CDCI3): 5 ppm 10.62 (s, IH, -CHO), 7.35-7.07 (m, 3H, aromadc protons), 2.60 

(s, 6H, two -CH3). Further analytical characterization is still in process. 

4-lVIethoxyethoxyinethoxyl-2,6-dimethylbenzaIdehyde (6b). Light pink 

oil. 'H NMR (CDCI3): 5 ppm 9.85 (s, IH, -CHO), 6.75 (s, 2H, aromatic protons), 5.31 

(s, 2H, -OCH2O-), 3.84-3.80 (m, 2H, -OCH,-), 3.58-3.54 (m, 2H, -CH^O-), 3.39 (s, 

3H, -OCH3), 2.60 (s, 6H, 2 -CH3). Further analytical characterization is still in process. 

General sjrnthetic procedure to make intermediate (7). Illustrated by the 

synthesis of intermediate 7a. A solution of aldehyde 6a (10.0 g, 67 mmol), 

diethylmalonate (15.3 mL, 105 mmol), piperidine (4 mL) and acetic acid (2.0 mL) in 

toluene (31 mL) was heated to reflux for 30 hrs with azeotropic removal of water. After 

cooling to room temperature, the brown solution was diluted with 100 mL toluene and then 

washed with IN KHSO^ (3 x 50 mL) and 5% NaHC03 (3 x 50 mL) and saturated NaCl 

solution (50 mL). The evaporation of the dried organic solution over anhydrous MgS04 
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gave a light brown oil. Puriflcatioii of the crude oil on silica gel column chromatography 

(1:5 EtOAc/hexanes) gave a light brown oil, 17 g (yield = 92%). 

Diethyl 2,6-dimethylbeiizylidenemaIonate (7a): Rf(I) = 0.57. 'h NMR 

(CDas): S ppm 7.88 (s, IH, -CH=C), 6.98-7.13 (m, 3H. -C6H3). 4.33 (q, J=7.1Hz, 

2H, -OCH2CH3), 3.95 (q, J=7.1Hz, 2H. -CK^iCHs). 2.21 (s, 6H, 2CH3). 1-35 (t, 

J=7.1Hz, 3H, -OCH2CH3). 0.90 (t, J = 7.1 Hz, 3H, -OCH2CH3). '^C NNDKCDQj): 5 

ppm 13.3, 13.9, 19.9, 20.0, 60.8, 61.4, 61.5, 126.9, 127.8, 130.9, 133.2, 134.9, 

144.9, 163.3, 164.8. Elemental Anal, for C,6El2o04, Calcd.%: C, 69.55; H, 7.30; Found: 

C, 69.51; H, 7.47. 

Diethyl methoxyethoxymethoxy-2,6-dimethylbenzylideneinalonate 

(7b). Light yellow oil,'h NMR (CDCy: 5ppm 6.71(s, 2H, aromatic protons), 5.3l(s, 

2H, -OCH,p-), 4.3 l(q, J=7.02 Hz, 2H, -OCH,-), 4.04(q, J=7.04 Hz, 2H, -OCR.-), 

3.81(m, 2H, -OCH.-), 3.55(m, 2H, -CH,0-), 3.38(s, 3H, -OCH3), 2.18(s, 6H, two -

CHj), l.35(t, J=7.02 EIz, 3H, -CH,), 0.97(t, J=7.0 Hz, 3H, -CH3). Further analytical 

characterization is still in process. 

Diethyl 4-methoxy-2,6-dimethylbenzylidenemalonate (18). This 

compound was prepared in the same procedures used to prepare intermediate 7. Light 

yellow oU. 'H NMR(CDCl3): 6 ppm 7.85(s, IH, HC=C), 6.56(s, 2H, aromatic protons), 

4.31 (q, J=7.3Hz, 2H, -OCH,), 4.03 (q, J=7.0 Hz, 2H, -OCH,), 3.77 (s, 3H, -OCH3), 

2.l9(s, 6H, two -CH3), 1.33 (t, J=7.3Hz, 3H, -CH3), 0.98 (t, J=7.0 Hz, 3H, -CHj). 

Synthesis of intermediate 21. Into a clean flame-dried three neck round-

bottom flask with magnetic stirring bar was placed intermediate 19 (4.0 g, 14.4 mmol) and 

freshly distilled THE (80.9 mL). The flask was fitted with a rubber septum, and stirring 

initiated. The system was purged with Argon and cooled to -78°C in dry ice-acetone bath. 

Triethylamine (2.21 mL, 15.8 mmol) was added via syringe, followed by trimethyl acetyl 
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chloride (2.13 mL, 17.3 mmol). The suspension (light yellow color) was stirred for 15 

min at -78 °C, 45 min at 0 °C, and then lecooled to -78 "C. The suspension was 

transferred via cannula into a white stirring slurry of lithiated (4S)-4-phenyl-2-

oxazolidinone at -78 °C, prepared 10 min in advance at -78 °C by the addition of n-

butyllithium (9.68 mL, 15.5 mmol) in freshly distilled THF (50 mL) under Argon. The 

resulted suspension was stirred at -78°C for 15 minutes, and then four hours at room 

temperature. The reaction was quenched with 40 mL saturated NH4CI. The volatile were 

removed by rotary evaporator and the residual aqueous slurry was extracted with 

dichloromethane (3 x 50 mL). The combined extracts were washed with saturated brine 

and dried with anhydrous MgSO^ to give an light yellow solid 6.4 g (96%). The crude 

product was purified via silica gel chromatography with 2:8 ethyl acetate/hexane. White 

solid, 'H NMR(CDCl3): 5 ppm 7.52-7.26 (m, 5H, aromatic protons), 6.58 (s, 2H, 

aromatic protons), 5.43 (q, J=8.9 Hz, IH, -CHPh), 4.80 (t, J=8.9Hz, IH, -CHj-Zpro R), 

4.30 (dd, J=8.9, 5.2 Hz, IH, -Oypro S), 4.10(q, J=7.3 Hz, 2H, -OCHj), 3.77 (s, 3H, 

-OCH3), 2.19 (s, 6H, two -CH3), 1.04 (t, J=7.2 Hz, 3H, -CHj). Further analytical 

characterization is still in process. 

General procedures to synthesize intermediate (8). Illustrated by the 

synthesis of intermediate 8a. A solution of dimethylsulfoxonium methylide was prepared 

under Ar via addition of anhydrous DMSO (75 mL) to the mixture of a 60% NaH mineral 

oil dispersion (2.0 g, 50 mmol) and trimethylsulfoxonium iodide (10.2 g, 46.2 mmol), a 

vigorous bubbling was observed. After 30 min, a solution of intermediate 7a (12.8 g, 46 

mmol) in THF (75 mL) was added dropwise. The solution was stirred for 1 hr at room 

temperature and 1 hr at 50 - 54 °C, and then was poured into ice-cold water (150 mL) and 

extracted with ether (3 x 150 mL). The combined ethereal extracts were washed with 

brine, dried, and evaporated to an oil. Purification of the crude product on silica gel 
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column chromatogr^hy with 1:9 ethyl acetate/hexane gave the product 11.4 g (yield = 

85%). 

Diethyl 2-(2,6-dimethylphenyl)cyclopropane-14-<licarboxylate (8a). 

Rfi= 0.62 (I). 'H NMR (CDClj): 5 ppm 6.92-6.99 (m, 3H, aromatic protons), 4.26-4.31 

(m, 2H, -OCH2CH3), 3.78 (q, J=7.0 Hz, 2H, -OCHjCH,), 3.07 (t, J=9.6 Hz, IH, V 

CH), 2.41 (buried, IH, VCH), 2.36 (s, 6H, two -CH3), 1.91 (dd, J=9.6, 5.0 Hz, IH, V 

CH), 1.31 (t, J= 7.0 Hz, 3H, -CH3), 0.83 (t, J= 7.0 Hz, 3H, -CH3), Elemental Anal, for 

C H O. Calcd.%: C, 70.31; H, 7.46; Found: C, 70.35; H, 7.50 
17 22 4 

Diethyl 2-(4-Methoxyethoxymethyl-2,6-dimethylphenyl)cycloprop-

ane-l,l*<llcar boxy late (8b). Colorless oil. 'h NMR (CDQs): 5 ppm 6.66(s, 2H, 

aromatic protons), 5.2l(s, 2H, -OCH^O-), 4.27(q, J=6.98 Hz, 2H, -OCH,), 3.8l(q, 

J=7.20 Hz, 2H, -OCH,), 3.77(m, 2H, -OCHj-), 3.54(m, 2H, -CH,0-), 3.39(s, 3H, -

OCH3), 3.37(t, J=9.2 Hz, IH, VCH-), 3.36(s, 6H, two -CH3), 2.39(dd, J=9.2, 4.9 Hz, 

IH, VCH-), 1.90(dd, J=9.5, 4.9Hz, IH, VCH-), 1.3 l(t, J=6.98 Hz, 3H, -CH3), 0.87(t, 

J=7.20 Hz, 3H, -CH3). Further analytical characterization is still in process. 

Intermediate (23). This compound was synthesized in the same procedure to 

make intermediate 8. White solid. 'H NMR (CDCI3): 5 ppm 7.52-7.26 (m, 5H, aromatic 

protons), 6.49 (d, J=2.7 Hz, IH, aromatic protons), 6.36(d, J=2.7 Hz, IH, aromatic 

protons), 5.36 (t, J=8.8 Hz, IH, -CHPh), 5.03 (dd, J=12.4, 9.5Hz, IH, -CHPh). 4.76 

(t, J=8.8 Hz, IH, -CH), 4.60 (dd, J=rl2.4, 9.2 Hz, IH, -CH), 4.26 (t, J=8.7 Hz, IH, -

CH), 4.17-3.97 (overlapped, 3H, -CH- and -CH^-), 3.70 (s, 3H, -OCH3), 2.33 (s, 3H, -

CH3), 1.65 (s, 3H, -CHj), 1.06 (t, J=7.2 Hz, 3H, -CH3). Further analytical 

characterization is still in process. 

General synthetic procedure to synthesize intermediate (9). Illustrated 

by the synthesis of intermediate 9a. To a solution of 8a (I0.4g, 36 mil) in EtOH (35 mL) 
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was added dropwise a 50% NaOH soludon (11.08 M, 3.4 mL), diluted to 34 mL with 

water. The resulting solution was stirred for 24 hrs at room temperature, the EtOH was 

evaporated, and ±e remaining solution was diluted with water (20 mL) and extracted with 

Et20 (2 X 50 mL) to remove the impurities. The aqueous phase was acidified to pH= 2 

with KHSO4 and extracted with ether (3 x 100 mL), the combined organic phase were 

washed with brine, dried, and evaporation to a white solid 8.6 g (91%). 

(2)-l-(Ethoxycarbonyl)-2-(2',6'-dimethylphenyl) cyciopropane car-

boxylic acid (9a). White soUd. Rfdll) =0.26. 'h NMR (CDQ,): 5 ppm 6.95-

7.07(m, 3H, aromatic protons), 3.77(q, J=7.1, 2H, -OCH2-), 3.27(t, J=9.8 Hz, IH, 

ACH), 2.47-2.57 (m, 2H, ACH2), 2.43(s, 3H, -CH3), 2.17(s, 3H, -CH3), 0.62(t, J=7.I 

Hz, 3H, -CH3). '^C NMR (CDOj): 5 ppm 12.8, 20.0, 20.9, 26.7, 26.8, 32.5, 39.8, 

62.5, 127.9, 128.7, 131.6, 137.6, 170.9, 174.9. Elemental Anal, for C H ,0 , 
15 18 4 

Calcd.%: C, 68.67; H, 6.92; Found: C, 68.87; H, 6.99. 

(2)-l-(Ethoxycarbonyl)«2-(4'-niethoxyethoxymethoxyl-2',6'-dimethyl 

phenyl)cyclopropane carboxylic acid (9b). Light yellow oil. 'H NMR(CDCl3), 6 

ppm: 6.69(s, 2H, aromatic protons), 5.22(s, 2H, -(XHJ-), 3.83-3.78(m, 4H, -OCHj- and 

-OCH,-), 3.56-3.53(m, 2H, -CH,0-), 3.54(s, 3H, -OCH3), 3.20(t, J=9.4 Hz, IH, CH), 

2.5I-2.44(m, 2H, CH,), 2.44(s, 3H, -CH,), 2.17(s, 3H, -CH3). 0.69(t, J=6.8Hz, 3H, 

CH3). Further analytical characterization is still in process. 

(2)-l-(Ethoxycarbonyl)-2-(4'-inethoxy>2',6'-dimethylphenyldehydro-

propane carboxylic acid (19). This compound was synthesized in the same 

procedures to make intermediate 9. Colorless oil; 'H NMR (CDCI3): 5 ppm 8.50 (s, IH, 

HC=C), 6.59 (s, 2H, aromatic protons), 4.08 (q, J=7.2Hz, 2H, -OCH^), 3.84 (s, 3H, -

OCH3), 2.16 (s, 6H, two -CH3), 0.93 (t, J=7.2 Hz, 3H, CH3). Further analytical 

characterization is still in process. 
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General synthetic procedure to synthesize intermediate (10). 

Illustrated by the synthesis of intermediate 10a. A solution of 9a (3 g, 11.4 mmol), 

trimethylamine (2.6 mL, 18 mmol) and DPPA (2.7 mL, 12.6 mmol) in toluene (115 mL) 

was heated at reflux for one hr. After cooling, 2-(trimethylsilyl)ethanol (3 mL) was added, 

the solution was stirred for 48 hrs and washed with 10% citric acid (2 x 50 mL) and 10% 

NaHCOj (2 x 50 mL). The organic phase was saved. The aqueous washings were 

combined and extracted with ether (2 x 50 mL). The organic phases were combined, dried, 

and evaporated to a light yellow oil. Further purification was carried out on a silica gel 

column chromatography using EtOAc/hexanes (1:4) as the eluent. 

N-[[2-(triinethylsilyl)ethoxy]carbonyl]-(E)-(2',6'-diniethyl)-2,3-

methano- phenylalanine ethyl ester (10a). White solid. Rf(I) = 0.58. 'h 

NMR(CDCl3): 5 ppm 6.93-7.02 (m, 3H, -C^Hs). 5.59 (s, IH, -NH), 4.20 (dd, 2H, -

OCH^CH^Si-), 3.78(q, t=7.1, 2H, -OCHjCH,Si-), 2.52(dd, J=9.5, IH, CH), 2.23-

2.40(overlapped, 5H, -CH^ and -CH^), 2.24(s, 3H. -CHp, l.02(dd, 2H, -OCH,CH,Si-), 

0.74(t, J=6.5 Hz, 3H, -OCH,CHp, 0.03[s, 9H, -Si(CH3)3], '^C NMR (CDCI,): 5 ppm: 

-1.6, 13.4, 17.7, 20.7, 24.5, 29.6, 32.6, 41.1, 60.88, 60.94, 61.00, 63.5, 126.7, 

127.7, 128.6, 132.5, 137.9, 156.7, 170.9. Hemental Anal, for C^^H^^O^SiN, Calcd.%: 

C, 63.62; H, 8.28; N, 3.71; Found: C, 63.98; H, 8.43; N, 3.77. 

N-[[2-(trimethylsilyl)ethoxy]carbonyl]-(E)-(4'-niethoxyethoxy-

methoxy-2',6'-diniethyl)-2,3>methanophenyl alanine ethyl easter (10b). 

'H NMR(CDCl3), 5 ppm: 6.66 (s, 2H, aromatic protons), 5.49 (s, IH, -NH), 5.20 (s, 

2H, -OCH2O-), 3.99-4.11 (m, 2H, -OCHjCHjSi-), 3.80-3.65 (m, 4H, -OCH,- and -

OCH,-), 3.51-3.43 (m, 2H, -CHp-), 3.37 (s, 3H, -CX:H3), 2.49-1.90 (overlap, 9H, two 

CHj, and CHjCH), 1.24 (t, J=7.24 Hz, 3H), 0.0l(m, 9H, -SiMe,). Further analytical 

characterization is still in process. 
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General synthetic procedure to synthesize (11). Illustrated by the 

synthesis of intermediate 11a. To a solution of 10a (1.2 g, 3.44 mmol) in EtOH (IS mL) 

was added dropwise a solution of NaOH (5.37 mmol in 15 mL water). The resulted 

mixture suspension was heated to reflux for 2.5 hr, and stirred at room temperature for 24 

hr. The volatile was removed by rotary evaporation. The residue was diluted by addition 

of 60 mL H2O, then acidified to pH = 2 with KHSO4 solution, extracted by EtOAc (3 x 60 

mL). The combined organic phases were dried over anhydrous MgS04, and evaporation 

of the dried solution gave crude product which was further purified on silica gel column 

chromatography with 2:8 ethyl acetate/hexane as eluenL 

N-[[2-(trimethylsilyl)ethoxy]carbonyl]-(E)-(2',6'-dimethyI)-2,3-

methanophenylalanine (ll)a. White solid, 'h NMR(CDa3): 5 ppm 6.93-7.00 (m, 

3H, aromatic protons), 5.48 (s, IH, -NH), 4.17 (t, J = 8.7 Hz, 2H, -OCH,CH,Si), 2.03-

2.05 (overlapped, 9H, CH, CH,, and 2CHj), 0.38 [s, 9H, -Si(CH3)3], 0.99(t, J=8.4 Hz, 

2H, -OCHjCHjSi-). Further analytical characterization is still in process. 

N-[[2-(triniethyisilyl)ethoxy]carbonyl]-(E)-(4'-Methoxyethoxy-

methoxyI-2',6'-diniethyl)-2,3-niethano-phenylalanine (lib). White solid. 'H 

NMR(CDCl3): 6 ppm 6.66 (s, 2H, aromatic protons), 5.49 (s, IH, NH), 5.17 (s, 2H, -

0CH20-),4.16 (q, 8.3Hz, 2H, -OCH^), 3.79-3.75 (m, 2H, -OCHj-), 3.56-3.53 (m, 

2H, -CHp-), 3.37 (s, 3H, -OCH3), 2.49-1.92 (overlap, 9H, two -CH,, CH and CH,-), 

0.99 (t, J=8.3 Hz, 2H, -CH^Si-), 0.00 (m, 9H, -SiMe,). Further analytical 

characterization is still in process. 

General synthetic procedure to prepare aminoacid (12). A solution of 

11 (0.1 g, 0.27 mmol) in ice-cold 2 mL of 2 N HCl solution in 1:1 dioxane/methanol was 

stirred for two hrs for 12a or 24 hrs for 12b at room temperature. Then the volatiles were 
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removed by rotary evaporatioa. The residue was diluted with 10 mL water, and the 

resulting cloudy mixture was lyophilized to give a white solid. 

(E)-2%6'<dimethyl-2,3-methanophenylaIanine hydrochloric salt 

(12a). White solid. 'H NMR (DjO): 5 ppm 6.86-6.94 (m, 3H, -aromatic protons), 2.74 

(t, IH, CH), 2.18(s, 3H, -CHj), 2.06 (s, 3H, -CHj), 1.81-1.95 (m, 2H, CHj). Further 

analytical characterization is still in process. 

(E)-2%6'-dimethyl-2,3-methanotyrosine (12b). White solid. 'H NMR 

(D^O): 5 ppm 6.36 (s, 2H, aromatic protons), 2.35 (t, J=9.6Hz, IH, CH), 2.16-2.10 

(overlap, 4H, -CHj and CH), 2.01 (s, 3H, -CHj), 1.62 (q, J=10.2, 4.3Hz, IH, CH). 

Further analytical characterization is still in process 

N-[2-(trimethyIsilyl)ethoxy]carbonyl]-(Z)-(2',6'-dimethyl)-2,3* 

methanophenylalanine Ethyl Ester (16). The sodium salt of 9a was prepared by 

neutralization to pH = 7 of a solution of 8a (0.5 g, 1.9 mmol) in a mixed solvent of EtOH 

(4 mL) and water (1.5 mL) using 5% KHCO3 (4 mL). The solution was evaporated to 

dryness by rotary evaporation, and re-evaporated twice from EtOAc and cyclohexane. The 

resulting solid was heated to reflux with NHjNHj.HjO (3.0 mL, 61.8 mmol) in 3 mL 

EtOH for 36 hrs. The residue upon evaporation was dissolved in water, and the solution 

was lyophilized to give a white solid 13. To the solution of 13 and NaNOj (0.2 g, 2.9 

mmol) in water (6 mL) was added ether (11 mL) and, after cooling to 0 °C, 5 mL of IM 

H2SO4 solution was added dropwise. The heterogeneous mixture was stirred for 2 hrs at 

5 °C or less. The aqueous phase was separated and extracted with ether (3 x 15 mL). The 

combined organic extracts were washed with brine, dried, and evaporation to afford a 

yellow oil 14. To the mixture of the yellow oil 14 in 10 mL of DMSO and Na^COj (0.5 g) 

was added CH3I (0.8 mL). The mixture was kept stirring for 2 hrs and then filtered to 

remove the Na^COj. The filtrate was poured into 30 mL water, and extracted with ether (3 



104 

X 20 mL). The combined extracts were dried, and evaporated to an oil 15. The oil 15 

obtained above was heated to reflux in toluene (10 mL) for one and one half hr. After 

cooling, 2-(trimethylsilyl)ethanol (1.0 mL) was added and the refluxing was continued 

overnight Evaporation of the reaction solution left an yellow oil which was sequentially 

dissolved in 15 mL of ethanol, than to the resulting solution was added a solution of NaOH 

(0.5 g) in 15 mL of water. The solution was stirred at room temperature for 24 hrs. The 

volatile was removed. The residue was diluted with 15 mL of water, then acidified to 

pH=l with citric acid, then extracted with ether (3 x 15 mL). Evaporation of the dried 

solvent left an sticky brown oil. The crude product was purified via silica gel 

chromatography by using CHajrEtOHiHOAc 90:10:1 mixed eluent. The third fraction 

(Rj=0.2) was collected. After evaporation, it was off-white solid. 0.3 g (yield = 10%). 

'H NMR (CDClj), 5 ppm: 7.09(m, 3H, aromatic protons), 4-50(s, IH, NH), 4.08(broad, 

2H, -OCH,-), 2.76(t, J=8.7Hz, IH, CH), 2.47-2.19(overlapped, 8H, two CH,, and 

CH,), 0.94(t, J=8.4 Hz, 2H, -CH,-), 0.03(m, 9H, -SiMej). Further analytical 

characterization is still in process. 

(Z)-(2',6'-dimethyl)-2,3-methanophenyI alanine 17. The solution of the 

compound 16 (0.3 g) in 10 mL TFA was stirred for 3 hr. After removing the solvent, the 

resulting brown oil was purified by ion-exchange colunm. The collected eluent was 

evaporated to remove NHj, and then lyophilized to give a white solid. 'H NMR, 5 ppm: 

7.01-6.98(m, 3H, aromatic protons), 2.48(t, J=7.3 Hz, CH), 2.22(s, 3H, -CH,), 2.10(s, 

3H, -CHj), 2.16-2.02(overlapped, 2H, CH,). Further analytical characterization is still in 

process. 
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chapter 5. design topographically constrained 
5-opioid selective bioactive peptides 

5.1 INTRODUCTION 

Opioid peptides are important neurotransmitters in peripheral tissues and in the 

central nervous systems (CNS), and can produce opioid biological effects like analgesia, 

respiratory depression, prolactin release, decreased gastrointestinal transit, etc. From 

medicinal and pharmacological points of view, studies on opioid peptides may provide a 

way to understand the mechanism and biological significance of pain modulation, and 

develop safe and effective analgesics for treatment of chronic acute pain and recovery from 

drug abuse. 

It has been confirmed that there are three different opioid receptors, |i, S and k 

through which the opioid peptides exert their biological effects on the CNS.*^ In the past 

twenty years, many endogenous opioid peptides have been discovered with modest to high 

selectivity for a specific opioid receptor as listed in Table 5.1. Further modifications on 

these endogenous opioid peptides or other non-peptide ligands such as morphine have 

resulted in many highly selective and potent opioid agonists and antagonists. These new 

artificial opioid ligands have played vital roles in the identification of a particular opioid 

receptor type that are involved in the transduction of specific physiological effects, such as 

analgesia. The recent cloning of the 5 and ic opioid receptors has provided the structural 

basis for the classification of these opioid receptor types.It is clear now that the opioid 

receptors share a high degree of homology.*® They belong to the superfamily of G-protein 

linked receptors, and' initiate their signal transduction via the activation of one or more 

guanine nucleotide-binding regulatory proteins (G-proteins). 



Table 5.1 Opioid receptors and some major endogenous opioid peptides and their biological properties 

/eceptors Endogenous opioid peptides. Physiological Functions mediated by the receptor 

^ opioid receptor (cloned) dermorphin, morphiceptin, P-endorphin 
endomorphin. 

supraspinal analgesia, prolactin, and ACTH release, 

inhibition of GI transit, respiratory depression, 

dopamine turnover. 

5 opioid receptor (cloned) deltorphins, enkephalins, 
dermenkephalin. 

Spinal analgesia, inhibition of lutelninzing hormone 

and testosterone release, dopamine turnover, 

cardiovascular regulation, feeding behavior, 

hyperthermia, electroconvulsive shock-induced 

analgesia, seizure activity. 

K opioid receptor (cloned) dynorphin A, dynorphin B, neo-
endorphin. 

spinal analgesia, psychotomimetic effects, fluid 

balance, diuresis, appetite modulation, eating 

bahavior, cardiovascular regulation, spinal injury, 

stroke, prolactin aand ACTH release, inhibition of 

oxytocin and vasopressin release, hypothermia. 
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Among the three opioid receptors, in addition to supraspinal antinociception, 

activation of the |x-opioid receptor is always concomitant with many unwanted side-effects 

such as respiratory depression, constipation and related gastrointestinal effects, and 

physical dependency. Therefore, development of ideal non-side effect analgesics should 

exclude the interaction of the drug with ^-opioid receptors as much as possible. The 

agonist ligands selective for the 5-opioid receptor show great potential to be ideal non-side 

effect drugs since they can produce strong analgesia without depression of respiratory 

function, without constipation or other adverse gastrointestinal effects, and only with 

minimal physical dependence." '" As for agonist ligands for the K-opioid receptor, they 

also showed some promise to be potential analgesics due to the reduced likelihood of 

physical dependence and with minor adverse gastrointestinal effects, but more research is 

required to obtain a complete picture of the biological properties of this receptor." '^ 

Therefore, development of highly potent and selective 5-opioid ligands is currently the 

most popular direction to discover novel ideal analgesic medicines for the treatment of 

chronic or persistent pain state. 

There are two major types of 5-opioid selective endogenous peptide ligands, 

enkephalins and deltorphins. One of the most important common features of these two 

types of peptide ligands are their capability to inhibit electrically induced contractions much 

more effectively in the mouse vas deferens (MVD) than in the guinea pig ileum (GPI) in 

which morphine has more potent effects. Enkephalin peptides, Met-enkephalin (Tyr-Gly-

Gly-Phe-Met-OH) and Leu-enkephalin (Tyr-Gly-GLy-Phe-Leu-OH), were first reported 

by Hughes, Kosterlitz and their collaborators in 1975." Their discovery initiated a long

time fascination in opioid peptide research due to their potential ther^utic applications and 

their important significance for understanding the mechanism of pain modulation. 

Numerous enkaphalin analogues have been designed and synthesized since then. The 
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milestone compound is cyclo[D-Pen^, [)-Pen^]enkephaiin (DPDPE) developed in Hruby's 

laboratoryDPDPE tremendously enhances the potency and selectivity for the 5-opioid 

receptor and now has become a very important peptide template to fiirther explore the 

topographical requirements of opioid peptide ligands in ligand-receptor interactions. 

Further studies revealed that enkephalin or DPDPE-based peptide analogues are 5, subtype 

receptor ligands, which is distinguished from Deltorphin-based peptide analogues that are 

§2 subtype receptor ligands.'^'^ 

All four endogenous deltorphin family members were isolated and identified from 

the skin of the south American frogs. E)ermenkephalin (Tyr-D-Met-Phe-His-Leu-Met-Asp-

NH2) was isolated from Phyllomedusa sauvagei^ Deltorphin I (Tyr-^Ala-Phe-Asp-Val-

Val-Gly-NHj) and Deltorphin II (Tyr-D-Ala-Phe-Glu-Val-Val-Gly-NHj) were isolated 

from Phyllomedusa bicolor.^ The last member ID-Leu^lDeltorphin (Tyr-D-Leu-Phe-Ala-

Asp-Val-Ala-Ser-Thr-Ile-Gly-Asp-Phe-Phe-His-Ser-Ile-NH,) was isolated from 

Phyllomedus burmeisteri, but does not have either the potency or selectivity for 5 opioid 

receptors." Due to their extremely high potency and selectivity for 5-opioid receptors, 

Deltorphin I (DELT 1) and Deltorphin II (DELTII) have become the 5-opioid peptide leads 

for further modification in order to explore the bioactive conformation and develop new 

analgesic reagents. 

Based on the classification of the recognition elements in peptide hormones 

proposed by Schwyzer,'® the deltorphin peptide family is considered to be 

psychnologically organized peptides, the N-terminal tripeptide region, H-Tyr-D-Ala(or D-

Met)-Phe constitutes the "message" domain, which is responsible for signal transduction, 

biological activities, and facilitated receptor recognition.'*" '®^ The C-terminal sequences 

contain the "address" domain which is responsible for 5-opioid receptor selectivity and 

binding affinity.''"*'"'^ A topographical model (hot dog structure) for the bioactive 



109 

conformation of deltorphin and dermenkenphalin at the delta opioid receptor has been 

proposed, in which a hydrophilic residue from the N- to C-termini is surrounded by 

lipophilic residues.'"^ The C-terminal amide group has been demonstrated to be critical for 

facilitating the ligand's 5-afBnity, and an anionic group is an absolute requirement for the 

high 5-binding selectivity of these peptides. Further studies have shown that the 

anionic group of Asp"* in Delt I or Asp^ in DELT A is not involved in binding contact at the 

5-receptor site, nor in maintaining a 5-bioactive folding of the peptides. Rather, these side 

chains function to confer high 8-selectivity by preventing ^.-site recognition and binding.'"* 

COOH 
COOH 

Me OH NH2 

M^ePhe 
P-Vfethylphenylalanine 

P-OHPhe 
P-Hydroxylphenylalanine 

Phg 
Phenylglycine 

COOH 

Hfe APhe CMePhe 
a-Methylphenylalanine 

Homopheny lalanine Dehydrophenylalanine 

COOH COOH 

Aic 
2-Aminoindane-2-
carboxylic acid 

Ate 
2-Anunotetralin-2-
carix)xylic acid 

Tetrahydro-3-isoquinoline 
carboxyiic acid 

Tic 

Figure 5.1 Structures of some amino acids incorporated in position 3 of deltorphin 1 
analogues. 
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Studies on the deltorphin N-tenninal tetrapeptide with various C-teiminai 

modification suggest that the tetrapeptide exhibits receptor selectivity different from that of 

the parent heptapeptide.'"^ As shown in the Table 5.2 and 5.3, the aromatic ring of the 

phenylalanine residue at three position of Deltorphin I has been demonstrated to be 

extremely important pharmacophore for ligand binding to 5-opioid receptor and for signal 

transduction. A series of 5- and 6-membered ring and bicyclic aromatic amino acids 

replacements at position 3 of Deltorphin I provide evidence that the 5-receptor is very 

sensitive to changes in the composition, conformation, and orientation of the side chain of 

residue 3 in Deltorphin I.'°® Introduction of a hydrophilic group (OH) into the P-carbon of 

the Phe^ residue decreases the affinity and biological activity for 5-opioid receptors."" 

Table 5.2 The binding affinities of deltorphin I analogues substituted only at position 3 

Compounds IC50, nM IC50, nM |i/5 Ref. 
(6) (n) 

|i/5 

T yr-D-Ala-Phe-Asp-Val-Val-GIy-NHj 0.60 2100 3500 108 

Deltorphin I 

[(2S,3S)-p-MePhe^]DELT I 1.8 1100 610 108 

[(2S,3R)-p-MePhe^]DELT I 2.5 7200 28,000 108 

[(2R,3R)-P-MePhe^]DELT I 11 400 36 108 

[(2R,3S)-P-MePhe^]DELT I 530 20,000 38 108 

[(2S,3S)-P-OHPhe^]DELT I 19.4 35% at 80 nM >4000 107 

[(2S,3R)-p-OHPhe^]DELT I 15.7 39% at 10 ^iM >600 107 

[(2R,3S)-p-OHPhe^]DELT I 410 20,000 50 107 

[(2R,3R)-p-OHPhe^]DELT I 427 12% at 80 ^iM 180 107 
[Phg"]DELT I 2.8 3750 1314 106b 
[Hfe^DELT I 4.8 326 67 106b 

[APhe^lDELT I 4.2 114 27 106b 
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Table 5.2-Continued 

[N°MePhe]DELTI 284 19000 67 106b 

[(R or S)C°MePhe^]DELT I 69 1360 20 106b 

[(R or S)C°MePhe'lDELT I 48 3400 70 106b 

[Tyr'lDELT I 34 1180 35 106b 

[MeOTyr'lDELT I 45.4 526 12 I06b 

[ffis'lDELT I 45.5 3720 82 106b 

[TrplDELT I 2.3 323 138 106b 

[NapCn^lDELT I 0.61 279 457 I06b 

[Nap(2')^]DELT I 10.7 770 72 I06b 

[Tic']DELT I 90 7810 87 106b 

Aic 0.2 56 281 I06b 

[(R or S)Atc]DELT I 0.07 178 2475 106b 

[(R or S)Atc]DELT I 0.12 82 686 106b 

[p-FPhe^DELT I 0.51 554 1086 106a 

[p-ClPhe']DELT I 1.58 287 181 106a 

[p-BrPhelDELT I 2.39 4787 2003 106a 

[p-IPhelDELT I 1.62 1413 872 106a 

[p-NH2Phe3]DELT I 33.9 506 15 106a 

[p-NOjPheSlDELT I 72 2391 33 106a 

Table 5.3 The bioiogicai activities of deltorphin I analogues substituted only at site 3 

Compounds IC 50 

MVD(5) GPI(n) ^/S Ref. 

Tyr-D-Ala-Phe-Asp-Val-Val-Gly-NHj 0.36 

Deltorphin I 

[(2S,3S)-p-MePhe^]DELT I 

[(2S,3R)-P-MePhe^]DELT I 

[(2R,3R)-p-MePhe']DELT I 

2900 

1900 

2600 

5200 

8100 

2400 

2600 

4300 

108 

108 

108 

108 
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Table 5.3-Continued 

[(2R,3S)-p-MePhe^]DELT I 970 >120,000 >1200 108 

[(2S,3S)-p-OHPhe^]DELT I 6.3 20,000 3200 107 

[(2S,3R)-p-OHPhe^]DELT I 5.3 6.300 1200 107 

[(2R,3R)-p-OHPhe']DELT I 228 27% at 105 \iM >500 107 

[(2R,3S)-p-OHPhe^]DELT I lU 22% at 120 >650 107 

[N°MePhe^]DELTI >10 [iM >10nM 106b 

[(R or S)C^ePhe^]DELTI 554 >10 ^iM >18 I06b 

[(R or S)C°MePhe^]DELTI 498 >10|jM >20 106b 

[TiclDELTT 156 >10 pM >65 I06b 

[Aic']DELTT 0.41 369 900 106b 

[(R or S)Atc^]DELTI 0.46 1620 3522 I06b 

[(R orS)Atc-']DELTI 0.38 606 106b 

[p-FPhelDELT I 3.5 1100 314 106a 

[p-ClPhelDELT I 0.16 1800 11250 106a 

[p-BrPhe']DELT I 1.1 7000 6363 106a 

[p-IPhe']DELT I 17 >10000 >590 I06a 

[p-NHjPheSJDELT I 1100 >10000 >9 106a 

[p-N0,Phe3]DELT I 1200 >10000 >8 106a 

The substitution of a P-MePhe for Phe^ in Deltorphin I produced a large and variable effect 

on the bioactivities of the synthesized analogues.'"* Both [(2S,3S)-P-MePhe^]DELT and 

[(2S,3R)-P-MePhe^]DELT are very potent 5-opioid agonist, but have almost the same 

biopotency and cannot definitively determine the preference of the |3-carbon chirality in the 

Phe residue to 5-opioid receptor. 

As shown in Table 5.4, incorporation of the conformationally constrained amino 

acid, tetrahydroisoquinoline 3-carboxylic acid (Tic), into the second position of a foil 
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agonist and partial 5-agonist peptide, H-Tyr-NMePhe-Phe-Phe-NHj, generated a highly 

potent and 5-selective antagonist H-Tyr-Tic-Phe-Phe-OH (Ki®=1.2 nM, Kj®/K,''=1410)."'' 

With the removal of the last Phe residue at C-terminal, the tripeptide analogues (H-Tyr-Tic-

Phe-OH and H-Tyr-Tic-Phe-Niy retain very potent 5-selective antagonist activity."" The 

surprising change of selectivity induced by the change of chirality in peptides containing a 

Tic in second position turned out to be the presence of the universal 5-opioid antagonist 

message domain Tyr-Tic. This hypothesis was tested through the synthesis of Tyr-L-Tic-

NHj, Tyr-D-Tic-NH,, Tyr-L-Tic-Ala-NH,, Tyr-L-Tic-Ala-OH and Tyr-D-Tic-Ala-NHj; 

All peptides containing Tyr-L-Tic behave as very selective 5-antagonists and those 

containing Tyr-D-Tic as non-selective agonists."" Further demonstration came from the 

incorporation of the Tyr-Tic segment into [Leu^]enkephalin, a selective 5 agonist, and 

dermorphin, a selective ^ agonist, both of which were converted from either 5- or (i-

agonists to 5-selective antagonists.'" A 90° arrangement of the two aromatic rings was 

found in the cts-Tyr-L-Tic moiety, typical of N-methylnaltrindole and other 5-seIective 

opiate antagonists, responsible for the antagonist activity of all these peptides."* 

Furthermore, the 5 selectivity and antagonism of the Tyr-Tic unit could be further enhanced 

by substitution of Tyr' with 2,6-dimethyl-L-tyrosine (DMT)."^ 'H NMR studies indicated 

that there are two similar confonners, characterized by a cis or trans DMT-Tic bond. A 

detailed conformational analysis in solution of DMT-Tic -NHj shows that these confonners 

have a shape very similar to that of the bioactive MeNaltrindole."^ 

Cyclization between position 2 and 5 via disulfide bridge of Deltorphin I revealed 

that the cyclization from two cysteine residues does not effect the potency but decrease the 

selectivity to 5-opioid receptor (only six fold) as a result of a large increase in the affinity 

for |j.-receptor."^ 
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Table 5.4 Binding affinities of tripeptide and dipeptide opioid antagonists to 5-receptors 

Compounds KI(ji,nM) Ki(5,nM) |i/5 Ref. 

Tyr-D-Tic-Phe-NHj 121 396 0.3 109 

Tyr-Tic-Phe-NHj 624 12 12 109 

H-Tyr-Phe-OH 1280 9 141 109 

Tyr-Tic-NHj 28712 166 170 110 

Tyr-Tic-Ala-NH, 33844 55 610 110 

Tyr-Tic-Ala-OH 8291 56 148 110 

Tyr-D-Tic-NHj 3135 5959 0.53 110 

T yr-D-Tic-Ala-NH, 8146 21076 0.49 110 

Dmt-Tic-Ala-OH 0.28 5813 20396 113 

Dmt-Tic-Ala-NH, 0.24 47.1 195 113 

Dmt-D-Tic-Ala-OH 88.7 82.8 0.93 113 

Dmt-D-Tic-Ala-NH, 46.4 5.8 0.13 113 

Tyr-Tic-Ala-OH 56.1 8291 148 113 

T yr-Tic-Ala-NH, 55.5 33844 610 113 

Tyr-D-Tic-Ala-OH 2346 14028 6 113 

Tyr-D-Tic-Ala-NH, 21076 8146 0.39 113 

Dmt-Tic-OH 0.022 3317 150773 113 

Dmt-Tic-NH, 0.22 276.8 227 113 

Dmt-D-Tic-OH 13.5 224.4 17 113 

Dmt-D-Tic-NH, 56.9 3.8 0.067 113 

Dmt-Tic-CHiOH 0.44 151.4 344 113 

Tyr-Tic-OH 191.7 28411 148 113 

Tyr-Tic-NHj 165.9 28712 173 113 

Tyr-D-Tic-OH 9046 26258 2.9 113 

Tyr-D-Tic-NH, 5959 3135 0.53 113 

Tyr-Tic-CH,OH 128 11003 86 113 

Substitution of Cys residues in the cyclic deltorphin I analogues with D-Pen at 

position 2 and 5 improved the selectivity, and L-Pen substitution at position 5 always 



115 

generates analogues with high potency and selectivity to 5-receptor compared to ^Pen 

containing analogues."^ In this research, the highly topographically constrained unusual 

amino acids p-isopropylphenylalanine and P-methyl-2',6'-dimethyltyrosine will be 

incorporated into the three position of Deltorphin I and the first position of the 5-selective 

antagonist "message" domain unit Tyr-Tic, respectively, to explore the stereochemical 

requirements of the Phe and of the tyrosine residues of these peptide iigands in ligand-

receptor interactions. 

5.2 DESIGN, SYNTHESIS AND BIOLOGICAL EVALUATION 

OF [P-iPrPhe']DELT 1 

Design One of the most difficult tasks in peptide design is to find a proper tool to 

address a specific issue. It seems that Nature requires a much more subtle bioactive 

conformation for agonists than for antagonists in order to initiate biological signal 

transduction. Cyclization can dramatically reduce the flexibility of a linear peptide, and at 

the same time, also make the bioactive conformation more sensitive to any additional 

consuraint, in particular at the cyclic moiety of the peptide. 

On the other hand, both terminal regions of a cyclic peptide have enough freedom to 

adjust to a bioactive conformation during ligand-receptor interaction. Therefore the 

terminal portions beyond the cyclic core would be good sites for topographical 

consideration in peptide design if some pharmacophores exist in these areas. Incorporation 

of topographically constrained unusual amino acids to these areas often produces satisfying 

results. A good example is the (TMT'JDPDPE." Therefore, A successful combination of 

both global conformational constraint and topographical consideration in peptide design 

needs careful evaluation of the location of substitution in the parent peptide template. 
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Linear peptides have much more freedom than cyclic peptides to tolerate constraint 

of individual amino acid residues. Incorporation of the topographically constrained novel 

amino acids into linear peptides often increase the potency and selectivity of parent 

peptides, and can provide information about the stereochemical requirements of 

pharmacophores. More importandy, the topographically constrained unusual amino acids 

often induce the linear parent peptide into certain secondary or folded structures in solution. 

This could directly provide very valuable information about the mechanism of peptide and 

protein folding, and the peptide bioactive conformation. For example, the incorporation of 

(X,p-cyclopropane methionine into a peptide hormone induce the parent peptide to form a 

y-tum secondary structure." 

Obviously, a linear peptide with Phe as an important phannacorphore, or a cyclic 

peptide with Pbe at a terminal portion is an ideal peptide template to incorporate the highly 

conformationally constrained ^-isopropylphenylalanine. 

As discussed in the introduction, the Phe^ residue in Deltophin I is extremely 

important for the potency and selectivity for the 5-receptor, and the location of Phe^ residue 

in the linear peptide makes it an ideal template to carry out the topographical studies and test 

what idnd of secondary or folded structure could be induced by a conformationally 

constrained amino acids. In fact, Deltorphin I analogues containing locally 

conformationally constrained ^-MePhe and P-OHPhe at the three position have been 

synthesized and evaluated for their pharmacological properties."" '"® However, due to the 

weak interaction between a,p-carbons, these deltorphin I analogues caimot provide 

definitive insights regarding the stereochemical requirement of Phe^ for the 5-receptor. 

Therefore, mcorporation of more conformationally constrained P-iPrPhe into position 3 of 

DELTI is expected to provide a clearer picmre in this regard (Figure 5.2). 
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OOH 

HjC'^Ha 

COOH 

(P-iPrPhe IDeltorphin I 

COOH 

NH, 

i 
HjC^^CH, 

COOH cy: 
HaC'^CHj 

COOH 

(2SJRVMPrPhe OSJSV^iPrPlie (2IUR)-P-IPrPhe aiUS)-^-{PrPlie 

Rgure 5.2 Design of topographically constrained [P-tPrPhe^Oeitotphin I analogues 

Synthesis The synthetic scheme of [P-iPrPhe^]DeIt I is shown in Figure 5.4. 

Fmoc- solid phase peptide synthesis is used to synthesize these analogues, and 

HOBt/HBTU was chosen as the coupling reagent."® 

OCH3 NHFmoc 

HaCa 

Rink Resin 

Figure 5.3. The chemical structure of Rink Resin 
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Rink Resin (0^ mM, 0.57g) 

20% Piperidine 

NH2-Resin 

Fmoc-Gly-OH, 
HBTU/HOBt/DIEA 

11 

Fmoc-GIy-NH-Resin 

Fmoc-Val-OH 
Fmoc-Val-OH 
Fnioc-Asp(OBut)-OH 
Fmoc-iPrPhe-OH 

1 r 
Fmoc-iPrPhe-Asp(OBut)-Val-Val-GIy-NH-Resin 

55% Piperidine 
Fmoc-D-AIa-OH 
Fmoc-Tyr-(OBut)-OH 

, f 20% Piperidine 

NH2-Tyr(But)-D-AIa-iPrPhe-Asp(OBut)-VaI-Val-Gly-NH-Resin 

TFA/Anisole/1,2-Ethanedi thiol 

f  

'' Methyl Sulfide, 0°C 

NHrTyr-D-Ala-iPrPhe-Asp-Val-VaI-GIy-NH2 

Figure 5.4. The General synthetic protocol to prepare [P-iPrPhe']DELT I 

The Rink resin [4-(2',4'-Dimethoxyphenyl-Fmoc-aminoniethyl)phenoxy resin 

(substitution 0.44 mM/g) was used to make the amide at the C-terminal."^ All synthesis 

were started from the C-terminal. The protection of the amino group on the Rink resin was 

removed with 20% piperidine reagent; then, Fmoc-Gly was hooked up to the resin in 

anhydrous DMF under standard coupling conditions. The first coupling is very fast, half 
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an hour is enough to complete the reaction, the optimistic amount of DIEA is 7.8 

equivalents for all coupling steps (lesser amounts of DIEA often cause slower reaction 

rates, especially in the coupling of Fmoc-Val-OH to NH2-Gly-NH-Resin). Then, the 

Fmoc was deprotected with 20% piperidine. The resin was washed with anhydrous DMF 

and is ready for the next coupling reaction. The same cycles were repeated until the 

deprotection of Fmoc-P-iPrPhe-Asp(OBut)-Val-Val-Gly-NH-Resin. This step requites 55-

60% piperidine reagent to remove the Fmoc protecting group fixim the P-iPrPhe residue. 

Then, the D-Ala and Tyr were hooked up to the peptide chain via standard Fmoc chemistry. 

After the final deprotection from the N-terminal, the resin was washed with DMF, DCM, 

and dried in vacuo overnight. The dried peptide-linked resin was treated with a cleavage 

reagent containing trifluoroacetic acid and scavengers (anisole, 1,2-ethanedithiol and 

methyl sulfide ) in an ice bath to cleavage peptide from resin. 

Table 5.5. Analytical characterization of [P-iPrPhe3]DELT I analogues 

Peptides TLC Rf Values HPLC (kO (Tr. Min ) 

MS*+1 

Peptides 

I n in IV IV V MS*+1 

[(2S,3S)iPrF^]DELT I 0.48 0.71 0.21 0.75 7.84(21.4) 6.98(17.9) §11 

[(2S,3R)iPrFlDELT I 0.48 0.71 0.33 0.69 7.68(21.0) 6.98(17.9) 811 

[(2R,3R)iPrFlDELT I 0.48 0.70 0.31 0.73 7.22(19.9) 6.67(16.1) 811 

[(2R,3S)iPrFlDELT I 0.51 0.70 0.27 0.71 6.90(19.1) 6.13(15.2) 811 

TLC conditions: Merk DC-FertigpIatten Kieseigal 60 F254 Plates (ninhydrin monitored). 
Solvent systems are as follows: I, butanol-acetic acid-water 4:1:5 (upper phase); II, 
butanol-pyridine-acetic acid-water 15:10:3:12; m. n-butanol/acetic acid/ethyl acetat^water 
(5:1:3:1); IV. 1-amyl alcohol/py/water (7:7:6), (v/v/v/v). Capacity factors (kO and 
retention time (T^, min) were recorded from the following systems. Vydac 218TP104 C,g 
Column (25 x 0.4 cm) with IV(linear gradient 0-55% of CHjCN in 30 min with 0.1% 
TFA) and V(linear gradient 10-55% of CHjCN in 30 min with 0.1% TFA) at a flow rate of 
1.5 mL/min at 280 rmi). 
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After filtering the resin, the filtrate was evaporated to a small volume, and the 

peptide was precipitated with ether. The peptide was collected and dissolved in acetic acid 

solution, lyophilized to dryness, and purified via HPLC. 

Binding assay against radiolabeled ligands."^ The binding results for [p-

iPrPhe']DELT I were obtained using in vitro assays using ['H]-[p-Cl-Phe^]DPDPE (S) and 

[^H]-DAMGO (n) as the displaced ligands, and the results are shown in Table 5.6. 

Incorporation of (2S,3S)-P-iPrPhe into the third position of Deltorphin I to replace natural 

Phe residues led to about a 20 fold decrease in binding affinity for 5 opioid receptors, but 

over a 40 fold decrease in binding affinity for ^.-receptor, resulting in selectivity for 5 

opioid receptors over ^.-receptor double that of DELT I. Incorporation of the (2S,3R)-P-

iPrPhe into E)elt I maintains almost the same level of potency to the parent peptide, but lead 

to a 30 fold decrease in the binding affinity for the ^.-receptor, thus leading to an overall 

eight fold increase of the selectivity for the 5 opioid receptors. Incorporation of both D-P-

iPrPhe isomers into Delt I caused a dramatic drop of potency and selectivities to 5 opioid 

receptors, especially (2R,3R)-P-iPrPhe which turned Delt I into a micromolar binder with 

only a 30 fold selectivity for 5- over n- opioid receptors. 

Table 5.6 Binding affinity (IC50, nM) of [P-iPrPhe^]Deltorphin I 

Compound [^H]p-C1DPDPE (5) DAMGO (^) p/5 

Deltorphin I 0.60 ± 0.30 2,100 ± 700 3500 

[(2S,3S)-p-iPrPhe^]DELT I 14.1 ± 1.0 100,000 ± 72,100 7092 

[(2S,3R)-p-iPrPhe^]DELT I 2.14 ±0.00 63,100 ± 35,000 29488 

[(2R,3R)-P-iPrPhe^]DELT I 74 ± 18 51,500 ± 14,400 695 

[(2R,3S)-P-iPrPhe^]DELT I 1410 ±245 42,200 ± 11,200 30 
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It is obvious that the S configuration of the a-carbon can provide the best 

orientation for the side chain to recognize the 5 opioid receptors, and the R configuration at 

the P carbon is preferred to get better binding afBnity and selectivity for 5 opioid receptors. 

Comparing to the [P-MePhe^]Dlet I analogues in the Table 5.1, P-iPrPhe analogues 

obviously have the ability to provide the more detailed information and can even distinguish 

the stereochemical requirements of the P carbon of the Phe^ residues at the 3-position of 

DELTI for 5 opioid receptors. 

Bioassays."^ The functional bioassay results for the four [P-iPrPhe^]DELT I 

analogues in the m vitro guinea pig ileum (GPI, |i receptor assay ) and mouse deferens 

(MVD, 5 receptor assays) are shown in Table 5.7. These results are consistent with those 

found in the binding assays for [P-iPrPhe^]DELT I. 

Table 5.7 Biological activity (IC^, nM) of [p-iPrPhe^]Deltorphin I 

Compound MVD (8) GPI(^i) H/5 

Deltorphin 1 0.36 ± 0.04 2900±250 8055 

[(2S,3S)-P-iPrPhe^]DELT I 4.29 ± 1.49 91785 ±4305 21380 

[(2S,3R)-P-iPrPhe^]DELT I 1.23 ±0.32 32482 ±4635 26386 

[(2R,3R)-P-iPrPhe^]DELT I 342.9 ±54.1 29% at 120 jiM. 
not a mu antagonist.  

>350 

[(2R,3S)-p-iPrPhe^]DELT I 246.9 ±65.1 45100 ±34300 182 

Incorporation of (2S,3S)-P-iPrPhe into Deltorphin I led to a 10 fold decreased potency in 

the MVD (6) assay, and a 30 fold decrease in potency in the GPI (p.) assay, thus resulting 
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in a near 3 fold selectivity increase for the 5-opioid receptor over the ^.-opioid receptor, 

compared to Deltorphin I. Replacement of Phe^ residue in DELT I with (2S,3R)-3-iPrPhe 

led to an extremely highly potency and selective 5-agonist Incorporation of both D-^-

iPrPhe amino acids into three position of DELT I caused a thousand fold potency decrease 

in the MVD (5) assay, and showed no significant activity at the p. receptor. 

Therefore, it can be concluded that the combination of an S configuration at the a 

carbon and an R configuration at the P carbon of the aromatic amino acid residue at the 

three position in DELT I can provide maximum interaction of the aromatic side-chain with 

the 5-opioid receptor. It also is obvious that the bulky P-isopropyl substituent of the P-

iPrPhe in DELT I can be tolerated by the 5-opioid receptor during the peptide ligand-

receptor interactions. 

5.3 CONFORMATIONAL STUDIES OF [P-iPrPhe3]DELT I 

Nuclear Magnetic Resonance (NMR) Studies. The essential parameters of 

the NMR spectra of [P-iPrPhe^]DELT I analogues such as chemical shifts, coupling 

constants and ROE data are summarized in Tables 5.8-5.11. ID proton NMR 

spectroscopy, z-filtered total correlation spectroscopy (^-TOCSY), rotating frame 

Overhauser enhancement spectroscopy (ROESY), proton detected heteronuclear single 

quantum correlation spectroscopy (HSQC), and temperature dependent studies of NH 

proton chemical shifts were performed on all four [P-iPrPhe^]DELT I peptide analogues by 

our collaborator Dr. Katalin E. Kover. Details of the methods are described in the 

Experimental section. The sequential assigmnent of proton resonances was carried out by 



Table 5.8 "C NMR chemical shifts ( ppm) for [13-iPrPheJDELT I 

Residue 
c„ c„ CV CFI 

ss sr rr rs ss sr rr rs ss sr rr rs ss ss rr rs 
Tyr' 54.1 54.3 54.2 54.1 37.1 37.2 37.1 37.2 

D-Ala' 48.2 49.1 48,8 48.9 19.2 19.6 19.3 19.4 

Phe^ 54.2 55.0 54.9 54.8 55.3 53.6 54.5 54,0 28.3 27.9 28,7 27.7 22.9/ 
18.3 

22.2/ 
19.2 

22.6/ 
19.4 

22.3/ 
18.3 

Asp' 50.4 50.1 50.2 49.4 36.7 36.6 36.3 35,4 

VaP 58.4 58.4 58.5 58.2 31,3 31,2 31,1 

~3W 

31.3 19.9/ 
18.7 

19.9/ 
18.7 
19.9/ 
19.1 

19.9/ 
18.7 

20,0/ 
18,5 

Val" 58.8 59.1 59.0 59.2 

"4275" 

30.8 30,7 

31,1 

~3W 30.7 19.9/ 
19.1 

19.9/ 
18.7 
19.9/ 
19.1 

19.9/ 
19,0 

20.0/ 
19.0 

Gly' 42.5 42.5 42.5 

59.2 

"4275" 

30.7 19.9/ 
19,0 

l(2S,3S)iPrPhr']DLET 1: "C for aromatic ring of Tyr (131.0/115,6) and Phe (130.3/127.8/126.7), 'Jcvhu=2.5 ±0.3 Hz. 
[(2s,3R)iPrPhr'lDLET I; "C for aromatic ring of Tyr (130.0/115.1) and Phe (130.6/127.6/126.4). 'Jc.^,u=2.6 ±0.3 Hz (long-nge coupling 
constants for Phe\ 
[(2R,3R)iPrPhr']DLET I: "C for aromatic ring of Tyr (115,9/131,2) and Phe (126.9/128,3/130,4). 'Jc^,a=2.4 ±0.3 Hz. 
[(2R.3S)iPrPhr']DLET I; '^C for aromatic ring of Tyr (115.8/131.1) and Phe (126.9/128.2/130.7). Hz 



Table 5.9 'H NMR chemical shifts (5 ppm) and coupling constants (J in H z )  and temperature coefficients in brackets 

(ppl/K) under NH for [L-p-iPrPhe]DELT I 

Residue NH H" HP H^ H® 
ss sr ss sr ss sr ss sr ss sr 

Tyr' NA NA 3.95 4.02 2.81(|i,P') 2.90(P,P' 
) 
J„«=7.0 

D-Ala' 8.34 
(-5.3) 

8.52 
(-4.8) 

4.26 
•'NHO=8.2 

4.43 

•'NHO~7'5 

0.37 
J„«=6.9 

1.10 
J„n=7.1 

Phe' 8.01 
(-8.2) 

8.24 
(-5.1) 

4.89 

•'NH«~^-4 

4.81 2.92 
JaB=9.8 

2.92 
J.«=9.0 

1.90 2.11 
Jbv=4.5 

0.74/0.72 
iv«=6.2 

0.78/0.63 
Jv«=6.3 

Asp' 8.05 
(-8.9) 

8.14 
(-8.0) 

4.63 
J =7 3 •"NHU 

4.37 2.65(P) 

2.49(p') 

J„r6.4 
J„r=8.3 
Jpp=16.7 

2.53(P) 
2.2l(P') 

J„r6.6 
J„p.=6.2 
J(jp.= 16.6 

1.90 

Val' 7.76 
(-4.5) 

7.49 
(-2.7) 

4.25 
JNH„=8.9 

4.09 

•'NHa~7-8 

1.97 
„«=6.4 

1.87 
Ja«=7.3 

0.84/0.81 
J„=6.9 

0.77/0.73 
J.w=6.5 

Val" 7.85 
(-5.0) 

7.80 
(-5.1) 

4.10 

•'NHU '̂8.2 

4.05 
J =7 5 •"NHU 

1.97 
Ja«=6.1 

1.97 
JaB=7.5 

0.86 
J«v=7.1 

0.84 
JBV=6.5 

Gly' 8.07 
(-6.5) 

8.05 
(-6.1) 

3.67/3.61 

J =5 9 •"NHa 

•'NHa'~5.5 

J«a=»6.8 

3.67(a)/ 

3.59(a') 

•'NHU^^.O, 
•'NHa*~5.9 



Table 5.10 'H NMR chemical shifts ( 8 ppm) and coupling constants (J in Hz) and temperaluce coefflencts of NH in brackets 

for ip-iPrPhe)DELT 1 

Residue NH H" H® 

IT rs rr rs rr rr rr rs rr rs 
Tyr' NA NA 3.98 4.07 2.87^2.82''' 

0 
J™,^14.2 

2.91(P,P') 

D-Ala' 8.29 
(-3.7) 

8.39 
(-3.8) 

4.21 
JNII.I=7 .5 

4.43 
INIITI=7.3 

0.90 
J„«=7.L 

1.09 
J..»=7.2 

Phe' 7.66 
(-7.2) 

8.31 
(-7.1) 

4.88 
JNII<I=9.2 

4.88 
JNIIN=8.8 

2.87 
J„»=8.6 

2.86 
J„«=I0.4 

1,91 
J«^5.1 

2.08 
J«^.l 

0.83/0.63 
J-=6,3 

0.72 
J-=6.2 

Asp^ 8.65 
(-7.6) 

8.30 
(-8.1) 

4.58 
'NIIO'=7 .9 

4.15 2.72(P) 
2.51(P) 
IAB=6.L 
J..B-8.5 
J„«=I6.9 

2.37/1.65 
J„«=9.3 
J„B-4.2 
J5«=I6.3 

Val' 

"var~' 

7.70 
(-3-7)_ 
7.83 
(-5.0) 

7.39 

7.81 
(-5.1) 

4.18 

4.08 
INLLN=7.6 

4.17 

4.04 
JNIIFI=7.2 

1.97 
JUA=7.3 
1.97 
J„«=7.4 

1.93 
J„FL=6.9 
1.96 
J„R.=7.6 

0.79/0.76 
JJJ^6.6 
0.85 
JII^6.8 

0.77/0.72 
JQY^6,5 
0.84 
JII^6.5 

Gly' 8.07 
(-6.7) 

7.97 
(-5.6) 

3.66/3.60 
''NHA-5.9, 

J„„=I6.6 

3.66(a)/ 
3.58(a') 
JNIIII—' I 

J„„=I6.6 
"H NMR of aromaiic protons for Tyr'(6.70/7.0), Phe'(7.0/7.3) in rr; and Tyr'(6.7/7.l) and Phe(7.0-7.3) in rs. 
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Table 5.11 Relative Volumes of ROE Cross-Peaks of [P-iPrPhelDELT I 
Residues Proton Pair (2S.3S)- f2S.3R) f2R.3S) f2R,3R) 
Tyr' aNi + 1 42.8 40.9 35.7 47.9 Tyr' 

Pgv..+la3, 8.1 7.6 7.6 3.0 
aB, 24.5 23.8 15.7 27.8 

D-Ala' Na 7.8 9.2 9.5 10.0 
N3, 10.7 11.7 10.9 12.9 
ap. 25.3 32.3 22.4 30.6 
aN;+ 1 51.3 42.4 36.7 55.3(ov) 
3, N, + 1 lA 6.3 6.0 8.0 
N= N: + I no 2.4 ov 3.3 

P-iPrPhe' Na 6.1 7.8 ov 8.8 
Np 21.6 18-7 20.2 19.0 
Ny no 16.4 12.1 4.9 
N6 no 1.4 2.2 no 
aN,., 40.0 37.7 48.4(ov) 42.6 
3N,., 4.3 11.0 7 11.5 
YN,., 3.0 no no no 
5N,., 4.6 no no 2.9 
NiN,., 2.9" 3.4" ov 5.7 
aP 10.2 14.1 6.2 18.0 
ay 8.2 6-6 6.7 7.6 
a6 unci) 7.5/17.1 20.2(2) 17.4/13.7 
P6 26.9" 20-6" 22.8 25.9 
Y5 54.0('2) 26.5/23.3 

Asp'' Na 8.7 14.9 9.1 11.4 Asp'' 
Np 4.2 4.0 8.5 5.2 
Np' 12.0 9.5 8.2 15.9 
a N ; ^ ,  38.2 36.6 38.7(ov) 44.1 
3N,.. 2.8 no 1.1 3.2 
PN,., no no no no 
N.N,., 2.96 5.38 2.7 2.8 
PP 43.5(ov) 100" 100^ 100" 
aP. 16.9 14.4 7.0 17.4 
aB 12.8 15.0 14.3 12.7 

Val' Na 9.1 9.4 ov ov 
NP 13.1 10.0 6.8 11.0 
a N . ,  36.1 44.3 (ov) 27.9 39.1 
PN... 15.9(ov) 6-5 13.2(ov) 18.0(ov) 
N;N.. 3.3 5.5" 4.6 5.3" 
aB 19.8 18.4 15.0 20.2 

Val' Na 8.7 ov 6.9 9.4 
Np 15.9(ov) 10.8 13.2(ov) 18.0(ov) 
a N i . ,  34.0 32.5 22.4 34-4 
PN,., 5.2 4.6 3-8 5.6 
N,N,., 3.6 4.0 3-1" 3.4" 
aB 17.6 14.8 11-7 18.5 

Glv' a, a'-N 24.6 22.3 16.4 23.1 
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a) For 3 isomers, the volume of Asp* PP' cross peaks was taken as standard(100%). For 
(2S,3S) isomer, a(Phe^)NH(Asp*) peak was taken as standard (40%). b) Average of two 
^agon^-symmetrical peaks, ov- exact estimation or assignment is impossible because of 
cross-peak overlep. 

using Z-filtered total correlation spectroscopy (Zf-TCXZSY) and ROESY spectra. One-

dimensional (ID) proton and two-dimensional (2D) zf-TOCSY spectra were used to 

measure the homonuclear vicinal coupling constants. z-Hltered carbon coupled HSQC-

TCXZSY experiments were used for the assignment of carbon resonances and for the 

evaluation of long range heteronuclear coupling constants. 

Side-Chain Rotamer Populations. The rotamer populations of side chain 

conformations were obtained firom the measured homonuclear (^JHOHP) ^nd heteronuclear 

(^JHOCT-) coupling constants.'̂  Due to the bulky P-isopropyl substituent, as predicted in 

the Chapter 3, each diasteroisomer of P-iPrPhe in the three position of Deltorphin I 

preferred one particular Xi rotamer population in DMSO (Table 5.12), gauche (-) rotamer 

(XI =-60°) for (2S,3S)-P-iPrPhe, trans (x, =180°) for (2S,3R)-p-iPrPhe, gauche (+) 

rotamer (Xi = +60°) for (2R,3R)-P-iPrPhe, and trans (x, =180°) for (2R,3S)-P-iPrPhe. 

The favorable rotamer populations ranged from 49% in (2R,3R)-P-iPrPhe to 66% in 

(2R,3S)-P-iPrPhe.Although the most favorable rotamers are not completely the same as the 

ones predicted in the (Xp X2) calculated from computer-assisted molecular modeling 

(Chapter 3), they are among the predicted favorable rotamers. In addition, the constraints 

in the P-iPrPhe^ residue of DELT I also effected the Xi rotamer preferences of the vicinal 

Asp^ residues, Asp"^ preferred the gauche (-) rotamer (x, =-60°) in [(2S,3S)-P-iPrPhe^] 

DELT I and [(2R,3R)-p-iPrPhe^] DELT I, and trans (x, =180°) in [(2R,3R)-p-iPrPhe'] 

DELT I. 
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Table 5.12. Calculated population of the side chain rotamers in [P-iPrPhe^]DELT I 
analogues based on NMR data 

Peptides Amino acid Populations(%) 
residues 

gauche(-) trans gauche 

[(2S,3S)iPrF^]DELT I Tyr' 33 33 33 

P-iPrPhe 60 15 25 

Asp^ 52 35 13 

[(2S,3R)iPrF^]DELT I Tyr' 33 33 33 

P-iPrPhe 17 53 30 

Asp"* 34 35 31 

[(2R,3R)iPrF']DELT I Tyr' 33 33 33 

P-iPrPhe 37 14 49 
Asp' 54 32 14 

[(2R,3S)iPrF']DELT I Tyr' 33 33 33 

P-iPrPhe 34 66 0 

Asp"* 15 61 24 

Computer-assisted molecular modeling In order to search for the possible 

bioactive conformation and the possible folded structures that might be induced in the linear 

peptides, Deltorphin I, by the highly conformationally constrained P-iPrPhe residue, 

[(2S,3R)-P-iPrPhe^]DELT I was chosen for comprehensive molecular modeling studies 

because it is the most potent and selective [^-iPrPhe^lDELT I analogue, and has a set of the 

firmest ROE data. A combination of restrained molecular dynamic simulated annealing 

(MDSA) and restrained molecular dynamics simulation were performed in collaboration 

with Dr. Mark D.Shenderovich on [(2S,3R)-p-iPrPhe^]DELT I with comparison of the 

ROE-derived interproton distance constraints in Table 5.13. The molecualr modeling 

results indicate that there is equilibrium among several possible low-energy conformers in 

the DMSO solution of [(2S,3R)-P-iPrPhe^]DELT I. These conformationers can be 
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repieseatated by two different conformations as shown in the Figure S.5. Both of them 

have a folded backbone conformation induced by the unusual ^-iPrPhe^ residue, although 

neither is a well-defined secondary structure. The tyrosine amino group forms a hydrogen 

bond with the carboxylic group of Asp"* residue. The main difference between these two 

conformations is that the ^-iPrPhe^ residue in one conformation has a trans side-chain 

conformation, and a gauche C+^ in the other. 

Bioactive coiifonnation. As discussed in the introduction, Deltorphins are the 

most potent and selective natural peptide analogues for the 5-opioid receptor. Thus, it 

would be very desirable to know the bioactive conformation of the deltorphin peptide 

analogues binding to 5-opioid receptor and for signal transduction. The topographical 

requirements of the Phe^ residue has been proposed to be the trans rotamer in the 5-opioid 

selective conformation.'"' A hydrogen bond also was suggested between the tyrosine 

amino group and the carboxylic group of Asp^ in DELT I in a "hot dog" model.'" 

Although the Deltorphin analogues are believed to exist in an equilibrium of folded and 

extended conformations in solution, a P-tum conformation has been considered to be the 

bioactive conformation for the Tyr'-D-AA-Phe^ fragments in deltorphin and demorphin 

analogues for recognition of either 5- or ^.-opioid receptors."" '̂  In order to determine 

whether the two representative solution conformations of [(2S,3R)-P-iPrPhe^]DELT I are 

possible bioactive conformation for recognition 5-opioid receptor, three fairly rigid non-

peptide 5-opioid ligands, SIOM,'̂  TAN-67'" and OMI'̂  were chosen for comparison. 

All of the three non-peptide ligands have small or medium selectivivty for the 5-opioid 

receptors, and have only one or two possible conformations available due to very 

constrained molecular structures. 
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Table 5.13 The Distance Constraints for the Restrained molecular dynamics/simulate 
annealing (MDSA) calculation of [(2S3R)-P-iprPhe^lDELT I 

Resdue Protons ROE Aven^ Coastraints Force Constants 
Distance (A) distance Limits (A) U/mol. A 

Tyr' aN; + 1 s 2.10 2.25±0.25 50 

D-AIa^ aNi+ 1 s 2.08 2.25±0.25 50 
Ni N; + 1 w 3.36 3.5± 0.5 25 
3,N..+ 1 w 3.3 3.5±1.0 25 

P-iPrePhe aNi,, s 2.21 2.2510.25 50 
NiN,,, w 3.17 3.0±0.5 25 
Np m/s 2.39 2.5±0.25 25 

m 2.61 2.5±0.5 25 
Ny m 2.44 2.5±0.5 25 
YN,., no - 4.5±1.0 25 
aP ra/s 2.50 2.5±0.25 25 

3Y m/s 2.35 2.5±0.25 25 
Asp"* Na m/s 2.48 2.5±0.25 25 

aN,,, s 2.13 2.25±0.25 50 
N.N,,. w 2.95 3.00±0.25 25 
Np w 3.09 2.75±0.75 25 
Np' m 2.67 2.75±0.75 25 

no - 4.5±1.0 25 

PK.  no - 4.5±1.0 25 
ap m/s 2.40 2.5±0.25 25 
aP' m/s 2.48 2.5±0.25 25 

Val^ aN,,. s ov 2.25±0.25 50 
NiN,,, w 2.93 3.0±0.25 25 
NP m 2.65 2.5±0.5 25 
PN,,. w 2.85 3.0±0.5 25 
aP m/s 2-39 2.5±0.25 25 

Val'' aN,,, s 2.18 2.25±0.25 50 

NiN„, w 3.09 3.0±0.5 25 
Np m 2.62 2.5±0.5 25 
PN... w 3.02 3.0±0.5 25 
aP m 2.48 2.5±0.5 25 
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The assumption is that since SIOM, TAN-67, OMI and [(2S,3R)-P-iPrPhe^]DELT 

I are potent S-opioid ligands, and piesumable they share common pharmacophores, they 

should have common bioactive topographies for recognition of the S-opioid receptor. 

Table 5.14 The Comparison of the key parameters of pharmacophore geometry in the 
suggested bioactive conformations of SIOM, OMI, TAN-67, [(2S,3R)-TMT']DPDPE 

and [(2S,3R)-P-iPrPhe']DELT I 

Distances e 
(A) 

SIOM OMI TAN-67 Non-peptide 
query'' 

MD-I 
(bioactive one) 

MD-n 

R1-R2 7.6 6.3 6.7 7.0 ± 1.3 7.9±0.0.9 5.7±1.0 

Rl-N 4.4 4.5 4.9 4.7 ± 0.5 4.110.2 4.0±0.2 

R2-N 8.3 7.7 8.7 8.2±1.0 9.8±0.5 6.3±0.1.5 

R1 is the aromatic ring in the phenylalanine residue or correspond moiety in non-peptide 
ligand. 
R2 is the phenol ring in the tyrosine residue or corresponding moiety in non-peptide ligand. 
N is the t]^oamine in peptide analogues or the amine group in non-peptide ligand. 
MD-I and MD-II are the model I and model n conformations respectively of [(2S,3R)-P-
iPrPhe']-DELT 1. 

As shown in the Figure 5.6 and Table 5.14, conformational comparison of these 

four 5-opioid ligands indicates that the two representative conformations of the [(2S,3R)-P-

iPrPhe^lDELT I match quite well with the conformations of the three non-peptide 5-opioid 

ligands. Since [Tic^]DELT I did not show high potency and selectivity for the 5-opioid 

receptor, the only possible g(+) and g(-) side-chain conformations of Tic obviously cannot 

provide the maximum interaction of the side-chain to the receptor.In addition, the most 

populated rotamer for [(2S,3R)-P-iPrPhe^]DELT I is trans. Therefore we suggest that the 

conformation with a trans P-iPrPhe' is the bioactive conformation of Deltorphin I for 5-

opioid receptor. 
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5.4 DESIGN, SYNTHESIS AND BIOLOGICAL EVALUATION OF 

TMT-TIC 

As discussed in the introduction of this chapter, Tyr-Tic is the smallest peptide 

moiety which has shown 5-selective antagonist activi^r. Substimtion of the Tyr residue in 

the dipeptide analogue with the more hydrophobic 2',6'-dimethyl-L-tyrosine (DMT) was 

reported to dramatically enhance the selectivity and antagonist potency for the 5-opioid 

receptor."^ Due to its very constrained side-chain conformations and high hydrophobicity, 

2',6'-dimethyl-P-methyltyrosine (TMT) has been shown to have certain advantages over 

DMT and P-methyltyrosine in the design of potent and more selective 5-opioid peptide 

ligands. '̂'*"' Therefore, we believe that substitution of the Tyr residue in Tyr-Tic with 

TMT could also provide more detailed information about the bioactive conformation of 

TMT-Tic for antagonist ligand-receptor interactions. As illustrated in Figure 5.8, the 

synthesis started from the commercially available amino acid Boc-Tic-OH. The free 

carboxylic acid was first protected as the benzyl ester. The Boc protection group was then 

removed with IN hydrochloric acid. The free amino group was coupled with Boc-TMT-

OH in anhydrous DMF under Argon in the presence of diisopropylethylamine (DIEA), 

HATU and DCC in an ice bath to form the protected dipeptide Boc-Tyr-TMT-OBn.'̂  

Deprotection of benzyl ester and Boc group was carried out respectively with catalytic 

hydrogenolysis and IN hydrochloric acid in sequence. The final product was precipitated 

with ether, and purified with RP-HPLC. 

The binding studies of all four TMT-Tic dipeptide analogies were performed in 

vitro with the radiolabel opioid Ugand [^H]p-C1DPDPE for 5-opioid receptor, and 

[^H]DAMGO for |i-opioid receptor. Both D-TMT-L-Tic dipeptide analogues did not show 

significant binding affinity for either or 5-opioid receptors. 



BnCI/DCM/NaHC03 

TEBACI Acetic acid 'COOH 'COOBn 

NHBOC • XOOH 

HATU/DIEA/DCC 
2, IN HCI/CHjCOOH 

COOBn 

Figure 5,7 Synthetic scheme of TMT-L-Tic dipeptide analogues. 
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Table 5.15. Analytical data of NHj-TMT-L-Tic-OH analogues 

TLC (Rf) HPLC (Tr. time) 

Compounds I n in IV I n MS*+1 

(2S,3S)-TMT-Tic-OH 0.48 0.59 0.21 0.73 0.89 0.91 283 

(2S,3R)-TMT-Tic-OH 0.60 0.69 0.86 0.72 0.80 0.87 283 

(2S,3R)-TMT-Tic-OBn 0.64 0.70 0.80 0.83 0.93 0.92 374 

(2R,3R)-TMT-Tic-OH 0.36 0.56 0.28 0.76 0.89 0.91 283 

(2R,3S)-TMT-Tic-OH 0.35 0.53 0.24 0.73 0.82 0.87 283 

TLC conditions: Merk DC-Fertigplatten Kieselgal 60 F254 Plates (ninhydiin monitored). 
Solvent systems are as follows: I, butanol/acetic acid/water 4:1:5 (upper phase); II, 
butanol/pyridine/acetic acid/water 15:10:3:12; m. n-butanol/acetic acid/ethyl acetate/water 
(5:1:3:1); IV. 1-amyl alcohol/pyridine/water (7:7:6), (v/v/v/v). Capacity factors (kO and 
retention time (TR, min) were recorded from the following systems. Vydac 218TP104 C,G 
Colurrm (25 x 0.4 cm) with I (linear gradient 10-55% of CHjCN in 30 min with 0.1% 
TFA) at a flow rate of 1.5 mL/min at 280 nm) and II (linear gradient 0-55% of CHjCN in 
30 min with 0.1% TFA). 

In the L-TMT-L-Tic analogues, (2S,3R)-TMT-L-Tic-OH has a 9.3 nM binding 

affinity and 3800 fold selectivity for the 5-opioid receptor vs the ^-receptor. Benzylation 

of the C-terminal resulted in another potent dipeptide derivative (2S,3R)-TMT-L-Tic-OBn, 

which has 19 nM binding afflnity, and 450 fold selectivity for the S-opioid receptor due to 

the 4 times increase binding affinity for the |i-opioid receptor. Further bioassay studies of 

the most potent (2S,3R)-TMT-L-Tic-OH was performed on MVD and GPI showed that 

this dipeptide is very potent and highly selective 5-opioid antagonist as expected. 
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Table S.16 Binding affinities (ICJQ, nM) of dipeptide TMT-Tic analogues 

Compound r^Hlp-DPDPE (8) [^HIDAMGO (U) S/M. 
(2S,3S)-TMT-L-ric-OH 124 ±26.5 >80000 >500 

(2S,3R)-TMT-L-Tic-OH 9.3 ± 0.53 35000 ±18000 3800 

(2S,3R)-TMT-L-Tic-OBn 19 ±4.7 8400 ±62 450 

(2R,3S)-TMT-L-Tic-OH >10000 >80000 N/A 
(2R,3R)-TMT-L-Tic-OH >10000 >80000 N/A 

Bioassay MVD(5) GPI(H) 

(2S,3R)-TMT-L-Tic-OH inactive at 1 |iM, 
1.0 shifts DPDPE 

547 fold. 

30% at 30 

does not antagonize 

PL-017. 

5.5 CONFORMATIONAL STUDIES OF TMT-TIC 

In order to determine the bioactive conformation of the 5-opioid selective dipeptide 

TMT-Tic antagonist, the available low-energy (energy criteria = 5 kcal/mol) conformation 

search of the most potent and selective dipeptide (2S,3R)-NH2-TMT-L-Tic-OH was 

performed with computer-assisted molecular modeling. As we predicted in the design, due 

to the high constraints fn)ci both unusual amino acids, (2S,3R)-TMT and L-Tic. the 

dipeptide analogue (2S,3R)-NH2-TMT-L-Tic-OH does not have much freedom to access 

other conformations, only one possible low energy conformation is available for this 

molecule within 5 kcal/mol energy barrier. In this only available conformation, the Tic 

residue has g(+) side-chain conformation, and the (2S,3R)-TMT has a trans side chain 

conformation around the Xi dihedral angles. These values are consistent with the results 

reported from this laboratory for other bioactive peptides before." '"®^ 



RgweS.7. The confanMlkiml •uNP'witioo of (2S3R>-TMr-L-Tic and OMI (RMS«I.O A) 
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The overall inspection of this conformation also revealed that the two aromatic rings in the 

two amino acid residues are positioned with an £^)proximate 90° arrangement. As shown in 

the Figure 5.9, this dipeptide conformation is also matched perfectly with the highly 

conformationally constrained non-peptide d-opioid antagonist OMI that only has one 

principal low-energy conformation available. It is obvious that this conformation has a 

reasonable chance to have, at least in part the bioactive conformation for 5-opioid dipeptide 

antagonists. From the inspection of the stereoview of the overlapped conformations of 

OMI and (2S,3R)-TMT-L-Tic-OH, the C-terminal carboxylic group seems to be an 

additional moiety that has nothing to do with the ligand-receptor interaction, the &ee 

carboxylic acid may have the same fimction similar to that of Asp^ in DELT I,which is to 

prevent the interaction of the ligand with the p. opioid receptor. 

5.6 EXPERIMENTAL 

General. All Deltorphin I peptide analogues designed in this investigation were 

synthesized by manual solid-phase techniques in a peptide synthesis reaction vessel under 

Ni. N^-Fmoc- and N"-Boc-protected amino acids, and 4-(2',4'-dimethoxyphenyl-Fmoc-

amino-methyl)phenoxy resin (Rink resin) were purchased from Bachem (Torrence, CA) or 

from Peptides International Inc. (Louisville, KY). Unusual amino acids N°-Fmoc-P-

iPrPhe and N°-Boc-TMT were synthesized by literature methods.*™ "® Other chemicals 

and solvents were purchased from the following sources: trifluoroacetic acid (TEA) 

(Halocarbon Products, NJ), anisole, 1,2-ethanedithiol, 1-hydroxybenzotriazole (HOBt), 

diisopropylcarbodiimide (DIC), dicyclohexylcarbodiimide (DCC), l-hydroxy-7-

azabenzotriazole (HO At) and 0-(7-azabenzotriazoIe-l-yl)-l,l,3,3-tetramethyluronium 
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hexafluorophosphate (HATU) (NfiUipoie Corporation, Bedford, MA), dichloromethane 

(£)CM) (Mallinkrodt Special^ Chemicals, Paris, iCY); HPLC-quality acetonitrile (Buidick 

& Jackson, Muskegon, MI); anhydrous NJ4-dimethylformamide (DMF) (J.T.Baker, 

Philisburgh, NJ). All amino acids were of the L-configuration unless otherwise stated. 

The purity of the peptides were checked by thin layer chromatography (TLQ using Merck 

silica gel 60 F-254 plates 0.25 mm layer thickness in four different solvents and analytical 

RP-EiPLC(VYDAC 218 TBP-16 column, 4.6 x 2.5 cm) at 280 and 225 nm. The peptides 

were detected on the TLC plates using iodine vapor. The structures of the pure peptides 

were characterized by electrospray or FAB mass spetrometry, and amino acid analysis. 

The purification was achieved using HPLC on a C,8-bonded silica column(VYDAC 218-

TBP-16, 16 X 250 mm). The peptides were eluted with a linear gradient of acetonitrile 

from 10% to 50% in 0.1% aqueous TFA over 50 min at a flow rate of 5.0 mUtnin. The 

separations were monitored at 280 nm and integrated with a Perkin-Elmer LC-235 diode 

array detector. The amino acid analyses were done at the University of Arizona 

Biotechnology Core Facility. The system used was an Applied Biosystems Model 420A 

Amino Acid Analyzer with automated hydrolysis (vapor phase at 160°C for 1 hr 40 min 

using 6N HCl and pre-column phenylthiocabamyl-amino acid (PTC-AA) analysis. 

Radiolabled ligand binding assays. The binding assays were performed by 

Kako Hosohat in Prof. Yamamura's laboratory at the Department of Pharmacology in the 

University of Arizona. The procedures follow: Adult male Sprague-Dawley rats (200-300 

g) were sacrificed and their brains immediately removed and placed on ice. Whole brain 

was homogenized in 20 volumes of 50 mM Tris-HQ stock buffer (pH 7.4) with a glass-

teflon homogenizer. The homogenate was centrifiiged (48,00 x g for 15 min), 

resuspended and preincubated (25 °C for 30 min) to remove endogenous opioids. The 

homogenate was centrifiiged and resuspended again (0.5% final conc.). Binding affinities 
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of the compounds were measured against [^H][p-Cl-Phc'']DPDPE (['H]Tyr-c[D-Pen-Gly-

Phe(p-Cl)-D-Pen-OH] (41.0 Ci/mmol) and [^H]DAMGO (['H]Tyr-D-Ala-Gly-N-Methyl-

Phe-Gly-oI) (48.9 Ci/mmol) (New England Nuclear) by a rapid filtration technique. A 

solution of 0.75 nM [^H][p-Cl-Phe*]DPDPE or l.O nM ['H]DAMGO in a total volume of I 

mL of 50 mM Tris-HCl buffer (pH 7.4) containing bovine serum albumin (1.0 mg/mL), 

bacitracin (50 ^g/mL), bestatin (30 p-gM), captopril (10 fiM) and phenylmethylsulfonyl 

fluoride (0.1 mM) was used and assays were done in duplicate with 10 naltrexone 

hydrochloride used to define non-specific tissue binding. The binding reaction was 

terminated by rapid filtration through presoaked (0.5 % polyethylenimine solution) GF/B 

Whatman glass fiber strips with a Brandel Cell Harvester followed immediately by three 

rapid washes with 4 mL aliquots of ice-cold saline solution. The filters were removed and 

soaked in 10 mL scintillation fiuid at 4 °C for at least 6 hr before bound radioactivity was 

measured. The data was analyzed by non-linear least squares regression analysis. 

In vitro bioassays. The bioassays were performed by Peg Davis in Prof. 

Porreca's laboratory at the Department of Pharmacology in the University of Arizona. 

Electrically induced smooth muscle contractions form mouse vas deferens (MVD) and 

guinea pig ileum (GPI) longitudinal muscle-myenteric plexus were used for bioassays. 

Tissues came from male ICR mice weighing 25 - 30 g and from male Hartley guinea pigs 

weighing 150-4(X) g. The tissues were tied to gold chains with suture silk, suspended in 

20 mL baths containing 37''C oxygenated(95% O2, 5% COj) Krebs bicarbonate solution 

(magnesium-fiee for the MVD), and allowed to equilibrate for 15 min. The tissues were 

then stretched to optimal length previously determined to be 1 g tension (0.5 g for MVD) 

and allowed to equilibrated for 15 min. The tissues were stimulated transmurally between 

platinum plate electrodes at 0.1 Hz for 0.4 ms pulses (2.0 ms pulses for MVD) and 

supramaximal voltage. Drugs were added to the baths in 20-60 pL volumes. The agonists 
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remained in tissue baths for 3 min and were removed by rinsing several times with firesh 

Krebs solution. Tissues were given 8 min to re-equilibrate and regain predrug contraction 

height. Antagonists were added to the bath 2 min prior to the addition of the agonists. 

Percent inhibidon was calculated by dividing height for 1 min preceding the addition of the 

agonist by the contraction height 3 min after exposure to the agonist. ICj,, values represent 

the mean of not less than four tissues. Estimates and relative potency estimates were 

determined by fitting the mean data to the Hill equation by using a computerized nonlinear 

least-squares method. In some cases, the weak p. agonist action of these analogues did not 

permit completion of full dose-response curves in the GPL 

Nuclear Magnetic Resonance Experiments. All NMR experiments were 

performed and the NMR assignments made by Dr. Katalin E. Kover at the Department of 

Organic Chemistry at L. Kossuth University in Hungary. All NMR parameters presented 

in this chapter were obtained form ID and 2D experiments performed at 305 K with Bruker 

DRX 500 (500 MHz proton frequency) equipped with Indy workstation and 5 mm inverse 

probehead. Peptide samples were dissolved in DMSO-^/^ at a concentration of 14.3 mg/0.5 

mL for [(2R,3S)-p-iPrPhe^]DELT 1,16 mg/0.5 mL for [(2R,3R)-p-iPrPhe^]DELT I, 34.5 

mg/0.5 mL for [(2S,3R)-p-iPrPhe^]DELT I and 17.5 mg/0.5 mL for [(2S,3S)-p-

iPrPhe^]DELT 1. The proton and the carbon chemical shifts were referenced to the solvent 

(2.49 ppm for residual 'H signal of DMSO-c/g and 39.5 ppm for '̂ C signal). Sequendal 

assignments of proton resonance's have been achieved by the combined use of 2D total 

correlation spectroscopy (z-filtered TOCSY)'̂ ' '" and ROESY experiments. 2D TOCSY 

spectra were recorded in the phase sensitive mode using TPPI (time proportional phase 

incrementation) method'̂ ' and the isotropic mixing was achieved by the MLEV-17 

sequence.In ROESY experiments, a continuous wave spin-lock field was employed 

for spin-locking. The 'H chemical shifts and the conformationally important homonuclear 



143 

vicinal coupling constants were extracted firom the resolution enhanced ID spectra, or in 

case of signal overlap, from the highly digitized ID traces of 2D z-filtered TOCSY spectra. 

The ^Jhohp coupling constants in combination with the observed intra-residue NOE patterns 

were used for the stereospecific assignment of Hp protons and for the determination of 

preferred side chain conformations. Proton detected heteronuclear spectroscopy including 

heteronuclear multiple quantum correlation (HMQC) experiments, and z—filtered carbon 

coupled HSQC-TOCSY experiments were used for the assignment of carbon resonance 

and for the evaluation of long-range heteronuclear coupling constants ^Jnocr Side-chain 

conformations of the P-iPrPhe^ residues ( with one Hp proton) in peptide analogues were 

deduced from the measured homonuclear (%oHp) ^nd heteronuclear (^acy) vicinal 

coupling constants using the following equations: 

•^HoHp" P ̂  1 -AJOHP 

^<1 

where P and P' are rotamer populations corresponding to the anti-periplanar (ap) 

arrangements of the relevant spins. The following values JHOHP- ^ 

Hz, ""'VHOCY=8.5 HZ, and 1-4 hz were used for antiperiplanar and synclinal (sc) 

arrangements. An error of ± 5% for rotamer populations can be estimated from the 

inaccuracy of the coupling constants. 

Computer modeling The initial search for conformations consistent with ROE-

derived interproton distances was performed using a restrained molecular dynamic 

simulated annealing protocol (MDSA). Then a series of restrained molecular dynamics 

simulations (RMD) were performed starting with the most characteristic 3D structures 

found by MDSA search in order to calculate average intramolecular distances in each type 
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of structuie for comparison with distances derived from ROE cross-peak intensities. All 

conformations found in MDSA and RMD simulations were re-minimized without distance 

constraints in order to obtain a representative set of low energy structures from which 

potential "boactive" conformations of the petide could be selected. The average interproton 

distances ry"" were calculated from integral ROE cross-peak volume assuming a linear 

relationship between ROE intensities and cross relaxation rates; 

The well-resolved cross peaks between geminal P-protons of Asp^ and distance 

between the geminal protons r^sLSO A were used as standard values (100% ROE) in Asp"* 

in the three stereoisomers of [P-iPrPhe^]DELT I except for [(2S,3S)-P-iPrPhe^]DELT I in 

which the cross peak between a-protons of Phe^ and NH of Asp^ was taken as standard 

(40% ROE). 

5.7 SOLID-PHASE SYNTHESIS OF [p-iPrPhe']DELTORPHIN I 

General protocol to synthesize [P-iPrPhe^]Deltorphiii I analogues 

using N°-Fmoc chemistry [P-iPrPhe^]Deltorphin I analogues were prepared using an 

N°-Fmoc synthesis strategy. The C-terminal amide bonds were constructed by using 4-

(2',4''-dimethoxyphenyl-Fmoc-aminomethyl)-phenoxy resin. The synthesis of the peptide 

analogues are all carried out manually on a peptide synthesis vessel. The coupling of the 

amino acids to the growing peptide chain was accomplished using HOBt/HBTU coupling. 

The following side-chain protecting group were used: Asp(0-tBu) and Tyr (O-tBu). The 

unusual amino acid P-iPrPhe was protected as Fmoc format in standard procedures.'"' The 

resin (0.25 mmol, substitution 0.44 nunol NH/g) was placed in the reaction vessel and 
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stayed in anhydrous DCM were for three hours before deprotection. Then, 20 mL of 20% 

piperidine solution in DCM was added into the vessel to remove the Ftnoc protecting 

group. After deprotection, the resin was washed with DMF (20 mL) three times, and was 

ready for the coupling. Four equivalents of the desired N®-Fmoc amino acid were activated 

in situ as the HOBt/HBTU ester followed by coupling to the growing peptide chain until 

the ninhydrin test is negative. The N°-protecting group was removed with 20% piperidine 

in DMF or 55% piperidine to remove the N°-protecting group of the Fmoc-P-iPrPhe-

peptide-resin. The following optically pure protected amino acids were added in a stepwise 

fashion to the growing peptide chain: N°-Fmoc-Gly, N°-Fmoc-Val, N°-Fmoc-Val, N°-

Fmoc-Asp-OtBu, N°-Fmoc-P-iPrPhe, N^-Fmoc-D-Ala, and N°-Fmoc-Tyr. Finally, the N-

terminal amino acid was deprotected with 20% piperidine in DMF and the resin was 

washed thoroughly with DMF, DCM and dried over Nj. 

The protected peptide resin was cleaved to remove the resin firom the desired 

peptide and to remove the side-chain protecting groups. The cleavage mixture consisted of 

TFA (18.0 mL), anisole (1.0 mL), 1,2-ethanedithiol (0.5 mL) and methyl sulfide (0.5 

mL). The cleavage mixture was chilled on ice and the peptide resin was placed in a 25 mL 

of vial, and bubbled over N, for 2 minutes. The mixture was gently stirred at room 

temperature for 2 hrs. The resin turned very pink during the process. The solution was 

filtered using a suction fiumel filter, and the resin was washed with TFA (1.0 mL) 

followed by 3 X 10 mL of dichloromethane. The filtrate was transferred to a round bottom 

flask and rotary evaporated to a final volume of about 0.5-1.0 mL, followed by the addition 

of cold newly-opened anhydrous ethyl ether (40 mL). The flask was cooled and stirred for 

I hour in dry ice/ethanol bath. The precipitated peptide was filtered and washed thoroughly 

with 3 X 30 mL of cold ethyl ether. The peptide was dissolved in a minimum of glacial 

acetic acid/distilled water (30-60%) and lyophilized. The crude peptide was dissolved in 
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0.1 % TFA water, filtered via a microfilter to remove any particles, and purified on a Vydac 

2187P1010CI8 RP-HPLC column (25 cm x I cm) with linear gradient elution of 10 - 50% 

CHjCN in 0.1% trifiuoroacetic acid (TFA) solution at a flow rate of 5 mL/min. The more 

lipophilic impurities were washed from the column with 100% CHjCN for 10 min, and 

after equilibrium (5 min, 10% CH3CN), the column was ready for use again. The UV 

detector was set at 280 nm during the entire purification process. The major peak was 

isolated and lyophilized to afford a white product. The analytical data are presented in 

Table 5.5. 

5.8 SOLUTION-PHASE SYNTHESIS OF NH,-TMT-L-TIC-OH 

Synthesis of N"-Boc-Tic-OBn 2. To a solution of N°-Boc-L-Tic (2.0 mmol) 

and saturated aqueous sodium bicarbonate solution (2.0 mL) was added a solution of 

benzyltriethylanmionium chloride (0.43 g) and benzyl bromide (0.33 mL, 2.82 mmol) in 

IXM (2.0 mL) at room temperature. The mixture was kept stirring vigorously until the 

reaction is complete (about 4 hours), monitored by TLC. Water (10 mL) was added to 

quench the reaction. The mixture was extracted with DCM (3 x 15 mL). The combined 

extracts were washed with water (2 x 30 mL), dried over anhydrous MgSO^. Evaporation 

of the dried solution left an yellow-brown oil, which was purified via column 

chromatography with 2:8 EtOAc/hexanes to give the product, colorless oil, yield=70%. 

= 0.53 (3:7 EtOAc/Hexane). 'H NMR (CDCl,), 5 ppm, 7.29-7.09(m, 9H, aromatic 

protons), 5.22-4.48(m, 3H, CH, and CH^), 5.05(s, 2H, -CH^), 3.26-3.15(m, 2H, CHj), 

1.46(d, 9H, t-butyl protons). Further analytical characterization is still in process. 
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Synthesis of HCLNHj-Tic-OBn 3. Into the flask containing intermediate (2) 

(0.8 g) was added 20 mL of ice-cold 1.0 N HCl in acetic acid. The resulted solution was 

kept stirring at room temperature until the reaction is complete (about half an hour), 

monitored by TLC. The volatiles were evaporated, and the residue was precipitated with 

ether. The white precipitate was collected on a filter, washed with ether and dried in vacuo. 

White solid, yield > 90%. 'H NMR (D^O), 5 ppm, 7.41-7.24(m, 9H, aromatic protons), 

5.34(8, 2H, -CH2), 4.43(s, 2H. -CH,), 4.56(m, IH, -CH), 3.50-3.15(m, 2H, -CH^). 

Further analytical characterization is still in process. 

General Procedures To Prepare Boc-NH-TMT-Tic-OBn 4. To a 

saturated mixture of HCl.NH-Tic-OBn(0.2 g, 0.66 mmol, 1.0 equivalent), Boc-NH-TMT-

OH(0.23 g, 0.72 mmol, I.l equivalents) and HUAT (0.27 g, 0.72 mmol, 1.1 equivalents) 

in 3.8 mL of anhydrous DMF under Ar was added 0.88 mL of DIEA (2.64 nmiol, 8 

equivalent) via syringe. The resulting clear light yellow solution was kept stirring in an ice-

bath for 10 min before 1.44 mL of ice-cold 1.0 M EXZC (1.44 nunoi, 2.2 equivalents) was 

added via a syringe. Then the reaction was kept stirring at 0°C for 1.5 hours, at room 

temperature until the TLC indicated the reaction is complete. Then 20 mL of water was 

added to quench the reaction, followed by addition of 20 mL of dichloromethane. The 

organic phase was separated, the aqueous phase was extracted with EXZM (3 x 20 mL). 

The combined organic phases were washed with saturated anunonium chloride(2 x 40 mL), 

water (2 x 40 mL), dried over anhydrous magnesium sulfate. Evaporation of the dried 

solution left a light yellow oil, which was further purified through silica gel 

chromatography. 

(2R,3S)-Boc-TMT-L-Tlc.OBn. SoUd. Yield=80%, R(=0.29 (3:7:1% 

EtOAc/ Hexanes/HOAc). 'H NMR (QXII3) 5 ppm 7.26-6.90(m, 9H, aromatic protons), 

6.3 l(s, IH, aromatic proton), 6.12(s, IH, aromatic proton), 5.46-5.20(m, 2H, -CHjPh), 
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4,53(d, J=15.4 Hz, IH, -CH). 4.l6(s, IH, -CH), 4.l0(m, 2H, IH), 3.52(m, IH, -CH), 

3.0(dd, J=15.8, 2.4 Hz, IH, -CH), 2.46(s, 3H, CH,), 2.29(s, 3H, -CHj), 1.54(m, 9H, 

t-butyl protons). Further analytical characterization is still in process. 

(2R,3R)-Boc-TMT-L-Tic-OBii. SoUd, yield=83%, R^.23(3:7:l% EtOAc/ 

Hexanes/HOAc). Further analytical characterization is still in process. 

(2S,3S)-Boc-TMT.L-Tic-OBii. SoUd, yield=75%, R<=0.21(3:7:1% EtOAc/ 

Hexanes/HOAc). Further analytical characterization is still in process. 

(2S,3R)-Boc-TMT-L-Tic-OBn. SoUd, yield=85%, R^.46(3:7:l% EtOAc/ 

Hexanes/HOAc). Further analytical characterization is still in process. 

General Procedure to Prepare H-TMT-L-Tic-OH (5). A mixture of Boc-

TMT-Tic-OBn and 10% Pd/C in methanol was stirred under H, atmosphere until the 

debenzylation is complete, monitored with TLC. The catalyst was filtered out through a 

layer of celite in a suction funnel. The residue was washed with methanol (3x5 mL). The 

combined filtrates were evaporated to an oil with a rotary evaporator. Then to the residue 

was added 5 mL of ice-cold IN HCl in acetic acid. The resulting light yellow solution was 

kept stirring at room temperature for 1.5 hrs, TLC indicated the starting material is 

completely gone. The volatiles were removed with rotarevaporator. The crude peptide was 

dissolved in 0.1% TFA water, filtered via microfilter to remove any particles, and purified 

on a Vydac 2187P1010C18 RP-HPLC column (25 cm x I cm) with linear gradient elution 

of 10 - 50% CHjCN in 0.1% trifluoroacetic acid (TFA) solution at a flow rate of 5 

mL/min. The more lipophilic impurities were washed from the column with 100% CH3CN 

for 10 min, and after equilibrium (5 min, 10% CH3CN), the column was ready for use 

again. The UV detector was set at 280 nm during the entire purification process. The 

major peak was isolated and lyophilized to afford a white product. The analytical data of 

these dipeptide analogues are listed in Table 5.12. 
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(2R,3S)-H-TMT-LrTic.OH(TFA salt). White soUd, yield=80%. 'H NMR 

(CDODJ) 5 ppm: 7.14-6.94(m, 4H, aromatic protons), 6.30(s, 2H, aromatic protons), 

5.1 l(m, IH, -CH), 4.83(d, J=11.4 Hz, IH, -CH), 4.56(d. J=I5.2Hz, IH, -CH), 3.90(d, 

J= 15.3Hz, IH, -CH), 3.10(dd, 1^15.7, 2.0Hz, IH, -CH), 2.49(s, 3H, -CHj), 2.43(s, 

3H, -CH,), 1.51(d, J=7.3 Hz, 3H, -CH,). MS for C^jH^gN,©^, Calculated: 382.1892, 

Found: 383.1961 (M + H*). 

(2R,3R)-H-TMT-L-Tic-OH(TFA salt). White soUd, yield=78%. 'H NMR 

(CDODj) 5 ppm: 7.12-7.02(m, 4H, aromatic protons), 6.4l(d, J=2.45Hz, IH, aromatic 

protons), 6.3l(d, J=2.6oHz, aromatic proton), 5.18(dd, J=6.1, 3.7Hz, IH, -CH), 

4.73(m, IH, -CH), 4.39(m, IH, -CH), 3.58(m, IH, -CH), 3.24-3.16(m, 2H, -CH, and -

CH), 2.31(5, 3H, -CHj), 2.25(s, 3H, -CHj), 1.22(d, J=7.4Hz, 3H, -CHj). MS for 

C^H^gNjO^, Calculated: 382.1892, Found: 383.1974 (M + H*). 

(2S,3R).H-TMT-L.Tic-OH(TFA salt). White soUd, yield = 80%. 'H NMR 

(CDODj) 5 ppm: 8.94 (s, IH, -OH), 7.73-7.32(m, 4H, aromatic protons), 6.28(s, 2H, 

aromatic protons), 4.88(d, J=11.42Hz, IH, -CH), 4.78-4.80(s, 2H, CHj, buried in 

solvent peak), 3.44(m, 2H, -CH,), 3.32-3.17(m, 2H, -CH and CH), 2.31(s, 3H, -CHj), 

2.15(s, 3H, -CHj), 1,2 l(d, J=7.2 Hz, 3H, -CHj). MS for C^^H^gN^O^, Calculated: 

382.1892, Found: 383.1972 (M + H*). 

(2S,3S)-H-TMT-L-Tic-OH(TFA salt). White soUd, yield = 75%. 'H NMR 

(CDODj) 5 ppm: 7.18-7.03(m, 4H, aromatic protons), 6.44(s, 2H, aromatic protons), 

5.28(t, J=4.2 Hz, IH, -CH), 4.89(m, 2H, -CH^), 3.58(m, 2H, -CH^), 3.17(m, IH, -

CH), 2.45(s, 3H, -CHj), 2.23(s, 3H, -CHj), 1.39(d, J=7.4 Hz, 3H, -CHj). MS for 

C^HjgNjO,, calculated: 382.1892, Found: 383.1979 (M + H*). 
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CHAPTER 6 DESIGN, SYNTHESIS, BIOLOGICAL 
EVALUATION OF TOPOGRAPHICALLY CONSTRAINED 

BICYCLIC OXYTOCIN ANTAGONISTS 

6.1 INTRODUCTION 

Oxytocin (OT) is one of a number of neurohypophyseal hormones found in 

mammals. It is the first peptide hormone to have its chemical structure completely 

determined, and the first to be totally synthesized.^ This marvelous pioneering work 

earned du Vigneaud the Nobel Prize in 1955. Traditionally, oxytocin was considered to be 

synthesized in brain and then transported to other parts of the body for various biological 

fimctions including uterine contractions responsible for labor and milk ejection,'̂ ' sexual, 

maternal, and grooming behavior,"^ effects on glucose and insulin metabolism,'̂ ' and a 

role in memory and learning.'" 

S S 
I I 

H2N-Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-GIy-NH2 

Figure 6.1 Primary strucmre of Oxytocin 

The latest research''̂  indicates that oxytocin also can be synthesized in other tissue 

besides the brain and is involved in many other reproductive-related biological functions, 

including control of the estrous cycle length, follicle luteinization in the ovarian 

steroidogenesis, and regulate testicular steroidogenesis and conversion of testosterone to 

dehydrotestosterone in the male, and ejaculation. It also is released within the brain to 
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modulate a variety of reproductive and affective behavior patterns including the control of 

food and salt intake. 

Oxytocin has been extensively applied clinically for many years for the treatment of 

delayed labor. Now, strong evidence indicates that oxytocin may also be involved in the 

spontaneous uterine contractions which brings about premature delivery, that has became 

the single most important cause of death among infants and a major cause of newborn and 

child morbidity."® '" On the other hand, antagonists of oxytocin at the uterine receptor 

have been shown to have great potential to treat the threatened and established preterm labor 

via efficaciously inhibiting uterine contraction.'̂  Therefore, development of potent and 

selective oxytocin antagonists to uterine receptors can provide not only a good opportunity 

to understand the fimdamental mechanisms of ligand-receptor interaction, but also effective 

medicines to benefit humans. 

Numerous oxytocin antagonists to uterine receptor have been synthesized and 

evaluated for their antagonistic capabilities to uterine receptor.'̂ '"'"*' Generally, there are 

three approaches to convert an oxjrtocin agonist into an uterine receptor antagonist. 

The first one involves the substitution of position 1 of oxytocin or vasopressin with 

a bulky p,p-dialkyl cysteine derivatives, as demonstrated in the synthesis of oxytocin 

antagonists [Pen'loxytocin.'"*^ It has been recognized that the inhibitory activity of 

penicillamine-containing analogues are caused by conformational constraints in the vicinity 

of the disulfide bridge, so that the right-handed disulfide helicity would be limited via the 

low energy conversion to the left-handed disulfide bridge, so that the side chain groups at 

position 2 and or position 5 in these analogues could not be properly placed over the 20-

membered ring as is apparently needed for agonist activity.'̂ '" 

The second way to convert agonists into antagonist is the incorporation of the D-

aromatic amino acids with lipophilic para-subsituents into oxytoxin.'"*' Substitution of the 
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Tyr^ residue by either an O-alkylated tyrosine or a p-all^lphenylalanine derivative also 

results in potent oxytocin antagonists, which exert a minimal conformational and steric 

perturbation on the peptide chain.These results suggest that these analogues can bind to 

the or receptor in a similar but different mode than oxytoxin agonists, and thus will not 

transduce the biological message either due to the improper fit of the aromatic side-chain of 

D-configuration amino acids or that the important pharmacophore phenol group of the Tyr 

residue is not available anymore for transduction. Table 6.1 and 6.2 lists some of the 

oxytocin analogues with substitution at position 2. 

The recent teport of a highly conformationally constrained bicyclic oxytocin 

antagonist, [P-Mpa', cyclo(Glu'*JLys')]OT provides another approach to design oxytocin 

antagonist.A striking feature in the design of the bicyclic oxytocin antagonists is the 

introduction of a second lactam bridge by cyclizing Glu^ and Lys® side chain to further 

constrain the monocyclic [P-Mpa', Glu^, Lys®]OT analogue, a weak agonist, into a highly 

potent antagonist [P-Mpa', cyclo(Glu'*,Lys®)]OT peptide analogue. 

The structure-activity studies of the bicyclic oxytocin antagonist suggested that the 

potent antagonistic properties of the bicyclic analogues [Mpa', cyclo(Glu'*Xys®)]OT and 

[dPen', cyclo(GIu^,Lys®)]OT can be attributed mainly to the effect of the lactam bridge on 

the conformational flexibility and topographical properties of the analogues rendering them 

more favorable for binding to the receptor in such a manner as to prevent transduction of a 

biological response.Furthermore, the fact that substitutions of p-Mpa' with dPen has an 

additive effect on the potency of the antagonism might suggest that the bicyclic oxytocin 

antagonist interact with the uterine receptor in a similar fashion to classical oxytocin 

antagonists such as [dPen']oxytocin. 

The conformational studies of bicyclic analogues such as [Mpa', 

cyclo(Glu"*J..ys®)]OT using NMR, molecular mechanics, and molecular dynamics 
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simulation revealed that there is a type HI ^-tum at residue Tyr^-De^ and a cis-peptide bond 

at Cys'̂ -Pro\ and that the lactam bridge between Giu** and Lys' imposes severe constraints 

upon the configuration of the Cys^-Pro^ peptide bonds, which leads to a stable backbone 

structure and an equilibrium between the left- and right-handed conformations of the 

disulfide bridge.'"^ 

Another class of peptide oxytocin antagonist is represented by the cyclic 

hexapeptide, L-365209, derived from Streptomyces^*^ Structure-activity studies in the 

cyclic hexapeptide OT antagonists have demonstrated the importance of the D-Phe^-Ile^ 

dipeptide for obtaining good receptor afOnity, which is consistent with the observation that 

the lipophilicity of the dipeptide fragment ^AA'-De^ (AA = aromatic amino acids) at 

positions 2 and 3 was found to be the most critical residues for obtaining potent oxytocin 

antagonist to uterine receptor.'̂  The conformational analysis of three-dimensional shape of 

the cyclic hexapeptide L-365209 and bicyclic oxytocin antagonist implicate a common 

pharmacophore responsible for binding to the uterotonic receptor.'̂ ' 

Nonpeptide compounds are often the ideal candidates to be developed into a 

practical drug. Oxytocin nonpeptide antagonists have been developed based on a 

spiroindenepiperidine ring system.'" 

Table 6.1 Analogues of Oxytocin substituted by aromatic amino acids in position 2 

Analogue Amino Acids In Vivo Activity References 
in position 2 U/mg 

Oxytocin Tyr 450 3 

[D-Tyr]OT D-Tyr 6.6 151 

[Tyr(3-OH)lOT Tyr(3-0H) 26 152 

[Tyr(Me)lOT Tyr(Me) pA2=7.8 153 



Table 6.1-Continued 

[Tyr(Et)10T Tyr(Et) 0.15 153,154 

pA2=7.5 

[(2S,3S)P-MeTyi^]OT (2S.3S)P-MeTyr^ 618 155 

[(2S,3R)P-MeTyr^]OT [(2S.3R)P-MeTyr2 0.2 155 

[Phe"]OT Phe 32 156 

P-Phe-'JOT D-Phe pA2=6.00 157 

[(2S,3S)P-MePhe^]OT (2S,3S)P-MePhe^ 127 158 

[(2S,3R)p-MePhe^]OT (2S,3R)P-MePhe^ 8.7 158 

[Phe(4-NH2)-]OT Phe(4-NH2) 31 159 

[Phe(4-N02)']0T Phe(4-N02) 0.66 159 

[Phe(Me)lOT Phe(Me) 19, 153,154 

pA2=8.0 

[Phe(4-Et)"]OT Phe(Et) 6.5 153,154 

pA2=7.7 

[D-Phe(4-Et)-]OT D-Phe(Et) pA2=8.15 143b 

[Tic-]OT Tic pA2=5.46 160 

P-Tic^OT D-Tic pA2=6.50 160 

[Gly(Phe)']OT Gly(Ph) 0.01 161 

[TrplOT Trp 0.24 161 

P-Trp-]OT D-Trp pA2=6.87 157 
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Table 6.2 Biological Activities of Bicyclic Oxytocin Antagonists and Related Peptide 

Analogues 

Analogues Rat uterotonic 
(lU/mg) 

Rat pressor 
(lU/mg) 

galactogenic 
(lU/mg) 

References 

Oxytocin 546 3.1 410,450 3 

[p-Mpa']OT 803 1.44 541 I39a 

[Glu*]OT 1.5 <0.1 11 162 

[Mpa', Glu^]OT 13.3 ND 34.2 I39a 

[Lys'']OT 80 133 185 163 

[Mpa', Lys®]OT 20 ND ND 139a 

[Mpa', Glu^Lys^OT 0.4 0.10 9.1 33 

[Mpa', c(GIu''J.ys")]OT pA2=8.2 0.10 pA2=6.0 33 

[Pen']OT pA2=6.86 0 ND 139a 

[dPen']OT pA2=6.94 pA2=6.27 MC I39a 

[dPen', Glu\Lys'']OT pA2=5.8 0 <0.01 145 

[dPen', c(Glu\Lys'')]OT pA2=8.74 pA2=6.3 MC 145 

All activities were determined in rat ND= not determined. MC=mixed character. 

A computer-assisted molecular modeling comparison between the nonpeptide compound 

and the bicyclic oxytocin peptide antagonist revealed a common bioactive conformation to 

uterine receptor.'̂ '" A mimic of the D-AA^-Ile^ ( AA = aromatic amino acid) dipeptide 

fragment is also found to exist in the nonpeptide antagonists as a critical pharmacophore. 

Based on the above discussion, it is obvious that the aromatic amino acid residue at 

position 2 plays a critical role in the interaction of the oxytocin antagonist to uterine 

receptor. Although numerous oxytocin analogues have been synthesized in the past three 

decades, and a lot of information about the bioactive backbone conformation of oxytocin 
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antagonists has been revealed, there is still little known regarding the bioactive 

conformation of the side-chain groups, the crucial pharmacophores for receptor 

recognition. The recendy synthesized conformadonally constrained bicyclic oxytocin 

peptide analogues firom our laboratory provided an excellent template for the application of 

the topographical consideration to explore the answers for these questions.'̂ ^ The purpose 

in this research project is to examine this goal. 

OH 

O 

Figure 6.2 Chemical structure of bicyclic oxytocin antagonist lead fdPen', cyclofGlu^, 
Lys*)]oxytocin 

6.2 DESIGN, SYNTHESIS AND BIOASSAY 

Design The solution conformation of the potent bicyclic oxytocin antagonist 

[Mpa', cyclo(GIu'*4-ys*)]OT has been shown to have a cis-petide bond at Cys®-Pro' due to 

the presence of the lactam bridge, which is in contrast to the monocyclic analogs of 

oxytocin that favor the rrtwis-peptide bond.'"*® *" However, detailed computer-assisted 
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molecular modeling indicated that a trans-^px6& bond would be energetically mote 

favorable between Cys^-Pro^ dipeptide in the bioactive confomoation, and this trans peptide 

might be biased via the substitution of the L-Pro^ residue with a D-Proline. 

S S 
I I 

dPen-XX-De-Glu-Asn-Cys-VY-Lys-Gly-NH2 
I I 

XX= (2S,3S)-MeOTMT, (2S,3R)-MeOTMT, 
(2R,3R)-MeOTMT, (2R,3S)-MeOTMT 

YY=D-Pro, L-Pro. 

Figure 6.3 New designed bicyclic oxytocin antagonist 

Therefore, a new peptide analogue, [Mpa', cyclo(Glu^ D-Pro^, Lys®)]OT was designed to 

test the stereochemical requirement for the formation of the trans-amide bond in the 

fragment of Cys®-D-Pro^ and how the Cys®-D-Pro^ fragment will effect the biological 

properties of the bicyclic oxytocin antagonists. 

As discussed in the introduction, the Tyr^-Ile^ dipeptide fragment has been 

demonstrated to be critical to produce high binding affinity of oxytocin antagonists to the 

uterine receptor. Therefore, four diasteroisomers of a highly conformationally constrained 

amino acid, para-methoxy-P-methyl-2',6'-dimethyltyrosine (p-MeOTMT), was 

incorporated into position 2 of the bicyclic oxytocin antagonist [dPen', cycloCGlu"*, 

Lys^)]OT to explore the stereochemical requirements of the aromatic amino acid residues at 

AA'-IIe^ dipeptide fragment (AA =aromatic amino acid). 

Synthesis A new protocol for synthesis of bicyclic oxytocin antagonists has been 

reported recently.'®^ All peptides were prepared by the solid-phase method of peptide 
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synthesis utilizing the p-methylbenzyldiylamine resin (p-MBHA-tesin) and using the new 

synthetic protocol in which the lactam bridge was built on resin before the disulfide bridge 

was formed in solution. Coupling of the N '̂-Boc-amino acid derivatives to the growing 

peptide chain was accomplished using diisopropylcarbodiimide (DIQ and 

hydroxybenzotriazole (HOBT) as additives to prevent racemization and other side reactions 

such as dehydration. 

Table 6.3 Analytical data of bicyclic oxytocin antagonist analogues 

Peptides 
TLC ( R f )  HPLC (Tr.min) 

Peptides I n in IV I n MS*+I 

1 •• "1 
[dpen'. GIu^, Lys'lOT 0.31 0.69 0.68 0.70 

0.84 

(15.1) 

0.88 
(19.4) 1019 

1 1 
[dpen', Glu', D-Pro\ Lys*]OT 0.25 0.69 0.67 0.70 

0.80 

(11.9) 

0.86 

(I7J2) 1019 

[D-Pen', GiurLys''10T 0.23 0.65 0.64 0.70 

0.84 

(14.6) 

0.88 

(19.1) 1034 

[dpen'. (2S JS)-MeOTMT^. GIu*. Lys']OT 0.31 0.66 0.82 0.75 

0.89 

(213) 

0.90 

(24.9) 1075 

1 1 
[dpen'. (2SJR)-MeOTMT^. GIu*. Lys']OT 0.31 0.66 0.82 0.75 

0.89 

(21.1) 

0.90 

(25.0) 1075 

1 1 
[dpen'. (IRJRKMeOTMT'. Glu\ Lys']OT 0.34 0.68 0.86 0.77 

0.90 

(22.6) 

0.91 

(26.5) 1075 

[dpen'. (2RJS)-MeOTMT^. Glu*. Lys'jOT 0.34 0.73 0.87 0.77 

0.89 

(22.1) 
0.91 

(26.4) 1075 

TLC conditions: Merk DC-Fertigplatten Kieselegal 60 F254 plates (I2). Solvent systems are: 
I. butanol/acetic acid/water, 4:1:5 (upper phase); n. butanol/pyridine/acetic acid/water, 
15:10:3:12; HI. EtOAc/Pyr/HOAc/water, 5:5:1:3; IV. 1-amyl alcohol/pyridine/water, 7:7:6 
(v/v/v). Capacity factors (kO and retention times (t^, min) were recorded from the following 
systems, Vydac 218TP104 C,g column (25 x 0.4 cm) with I (linear gradient 10 - 90% of 
CHjCN in 50 min with 0.1% TFA) and n(linear gradient 0 - 90% CHjCN in 50 min with 
0.1% TFA) at a flow rate of 1.5 mL/min at 280 nm, and 225 nm). 
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NHa-pMBHA-resin (035 mM/g resin) 

I. 
2-

3. 
4. 
5. 

Boc-Gly, DIC/HOBT 
Boc-Lys(N^-Fmoc) 
Boc-Cys(S-4'-MeBn) 
Boc-Asn 
Boc-GIu(C)-Fin) 

Boc-Glu(0-Fm)-Asn-Cys(S-4'-MeBn)-Pro-Lys(N^-Fraoc)-GIy-p-MBHA-resin 

6. 
7. 
8. 

20% Piperidine/DMF 
DIEA/CH2CI2 
Bop, DIEA, HOBt/DMF 

Boc-GIu-Asn-Cys(S-4'-MeBn)-Pro-Lys-GIy-p-MBHA-resin 

9. 
10. 

11. 

12. 

Boc-IIe 
Boc-p-MeO-TMT 
dPen 
HF, 5% p-cresol/5% thicx:resoI 
0°C. Ihr 

i I 
dPen(SH)-MeOTyr-Ile-Glu-Asii-Cys(SH)-Pro-Lys-GIy-NH2 

13. 

14. 

K3Fe(CN)6. PH 8.5 

Purification 

I I 
dPen-MeOTyr-Ile-Glu-Asn-Cys-Pro-Lys-Gly-NHj 

I I 

Figure 6.4. Synthesis of a bicyclic oxytocin analogue containing 
a disufide and a lactam bridge 
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The cyclic lactam pomon of the structure is assembled first on the solid support 

using a mixed N"-Boc-N®-Fmoc strategy as outlined in the Figure 63. Then the rest of the 

peptide chain is assembled continuously on the solid support by the N"-Boc strategy. 

Removal of the N°-Boc-protection on the p-MeOTMT residue was found to be more 

difGcult than for normal amino acids. It requires 60% or even more concentrated TEA 

solution in DCM, and over one hour treatment to remove the protective group completely. 

The peptide was cleaved from the solid support with concomitant removal of the side-chain 

protecting group using HP cleavage conditions, and the disulfide ring was formed in 

aqueous solution under oxidative conditions.'" The final product is purified by RP-

HPLC. The analytical data is listed in table 6.3. 

Structure-Activity Relationships. The newly designed bicyclic oxytocin 

analogues were examined in two oxytocin assays, the in vitro uterotonic assay on isolated 

rat uterine strips, and the in vivo galactogogic assay, and in a vasopressin assay, that is the 

rat pressor activity in vivo J" In order to compare the newly designed bicyclic oxytocin 

analogues with the analogues that have reported before, the bicyclic oxytocin antagonist 

lead [dPen', cyclo(Glu^, Lys®)]OT was synthesized and again evaluated biologically with 

the new oxytocin antagonist analogues under the same conditions. Due to the different 

animal model, the new measured potency of the lead analogue [dPen', cyclo(Glu'*, Lys®)]-

OT is not as high as reported before. As shown in the Table 6.4, substitution of £-Pro 

with D-Pto resulted in a analogues with the same level or slighdy higher potency and 

binding affinity. It has been found that substitution of D-Pro at position 7 of a monocyclic 

oxytocin antagonist [Cpp', D-Trp^, Arg*]OT maintain full antagonistic property of the 

parent analogue.'®* In this case, it seems that the bicyclic analogue is very 

conformationally constrained, and D-Pro can slightly bias the overall backbone 
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a. L-Tyr b. D-Tyr 

d. (2R.3R)-TMT c. (2S,3S)-TMT 

Figure 6.5. Xp X2 Conformational energy map of TMT. The energy contours are drawn at 
the intervals of 1 Kcal/mol. 
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conformation to tlie bioactive one, since Pro residue has very important effect on the lactam 

bridge backbone conformation in the bicyclic oxytocin analogues. Further NMR and 

computer-assisted molecular modeling studies are needed to verify how the backbone 

conformation is affected and whether a trans amide bond has already been formed between 

Cys^ and D-Prci' residues. Substitution of the deaminopenicillimine with Z>-penicillamine 

at position 1 dramatically reduced the potency of the parent antagonist analogue as predicted 

by the requirement of a hydrophobic binding site at position 1 for oxytocin antagonists. 

This analogue does not even show any activity in vivo. Incorporation of topographically 

constrained novel amino acids para-methoxy-P-methyl-2',6'-dimethyltyrosine 

Table 6.4 Biological activities of bicyclic oxytocin antagonist analogues 

Peptides 

Activities (pAi) Affinity 

Peptides Uterotonic 

(no Mg**) 

in vitro 

(ImM Mg~) in vivo pressor 

ICjo, [nM] 

1 1 
[dPen', Glu\ Lys''10T 8.10 7.30 6.03 6.27 130±26 

1 1 
[dPen'. Glu\ D-Pro', Lys'']OT 8.00 7.45 6.18 7.05 84±28 

[D-Pen', (jIu\ llys*]OT 7.14 6.00 0 0 1800±430 

[dPen', (2S.3S)-MeOTMT% Glu'. Lys'lOT 8.26 7.85 6.88 7.10 

[dPen'. (2S.3R)-MeOTMT% DLUULYS'lOT -5.60 0 0 0 

1 1 
[dPen'. (2R,3R)-MeOTMT^ Glu\ Lys»]OT 7.80 7.60 6.08 6.00 160 ±21 

[dPen'. (2R,3S)-MeOTMT% Cilu'. Lys^JOT -5.50 0 0 0 

* Binding affinity is with uterine membranes. 0 means inactive up to the dose of 4 x 10'̂  
mg/rat. 
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(p-MeOTMT) into position 2 of the bicyclic oxytocin template [dPen', cycIo(Glu^ 

Lys^)]OT dramatically modified the biological properties of the parent peptide lead as 

predicted. 

It is very interesting that incorporation of both (2S,3S)-TMT and (2R,3R)-TMT 

into the bicyclic oxytoxin template produced two very potent oxytocin and vasopressin 

antagonists. [dPen', (2S,3S)-MeOTMT^ cycloCGlu"*, Lys®)]-OT is actually the most potent 

peptide oxytocin antagonist reported so far, and also has extremely potent antagonist 

activity in both the in vivo galactogogic assay and in the vasopressin assay. This also is 

another example demonstrating that conformational constrained peptide analogues can resist 

en2ymatic degradation in vivo. On the other hand, incorporation of both (2S,3R)- and 

(2R,3S)-p-MeO-TMT into the bicyclic oxytocin template produced two almost inactive 

bicyclic oxytocin analogues both in vitro and in vivo. The stereo configuration of the a-

carbon in the p-MeOTMT residue obviously did not play a critical role on the biological 

properties of these bicyclic oxytocin analogues. It has been demonstrated that the side-

chain conformational constraint imposed by the TMT has biased each of the four TMT 

disateroisomers to a particular conformer that dramatically affects the biological properties 

of peptide analogues.'' As shown in the Xi. Xi conformational energy map of TMT in a 

peptide chain in Figure 6.5, in the p-MeOTMT bicyclic oxytocin analogues, both (2S,3R)-

and (2R,3S)-p-MeOTMT residues preferred the trans side-chain conformation, and 

(2S,3S)- and (2R,3R)-p-MeOTMT residues preferred either (-) or gauche (+) side-

chain conformation. As illustrated in Figure 6.6, the gauche (+) rotamer in (2R,3R)-p-

MeOTMT and the gauche (-) rotamer in (2S,3S)-p-MeOTMT residues orient the aromatic 

pharmacophores in the direction in three dimensional space so that they can interact with a 

hydrophobic binding pocket of the uterine receptor, where the trans conformers in both the 

(2R,3S)- and (2R,3S)-p-MeOTMT residues orient the aromatic pharmacophore to the 
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Aromatic ring binding pocket in 
uterine receptor 

.CHa' MeO 
Receptor 

CH 

HN CO 

Receptor 

MeO. 

CH. 

CHa 

HN CO 
H 

g(+) g(-) 

(2R,3R)-p-MeOTMT (2S.3S)-p-MeOTMT 

Aromatic ring binding pocket in 
uterine receptor 

Receptor 
OMe 

Receptor 

Trans 

OMe 

(2R,3S)-p-MeOTMT (2S,3R)-p-MeOTMT 

Figure 6.6 Side chain-receptor recognition in the preferred rotamers of four p-MeOTMT 
stereoisomer residues in BC-OT. The g(-) and gf+J conformation of the p-MeOTMT residues in 
[(2S,3S)-TMT'1- BC-OT and [(2R,3R)-TMT']BC-OT repectively can be recognized by the 
uterine receptor, but the trans in both [(2S,3R)-TMT']BC-0T and [(2R,3S)-TMT']BC-0T 
cannot. 
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another direction which can not make the aromatic pharmacophores reach the hydrophobic 

binding pocket of the uterine receptor. Due to the crucial role of an aromatic amino acid 

residue in the antagonist properties of oxytocin analogues, we propose that the differential 

topography of the aromatic pharmacophores in the series of [dPen', MeOTMT^ Glu'*, 

Lys*]OT peptide analogues is the origin of why both [dPen', (2S,3S)-MeOTMT^, Glu"*, 

Lys®]OT and [dPen', (2R,3R)-MeOTMT^ Glu"*, Lys®]OT are very potent oxytocin 

antagonists, and both [dPen', (2S,3S)-MeOTMT\ Glu*, Lys®]OT and [dPen', (2R,3R)-

MeOTMT^, Glu"*, Lys*]OT are not active. It may be concluded that the bioactive 

conformation of the aromatic side-chain pharmacophore at the position 2 of bicyclic 

oxytocin antagonist is g(+) in D-AA and g(-) in L-AA (AA= aromatic amino acid). This 

series of conformationally and topographically constrained bicyclic oxytocin analogues 

provides an excellent example of the importance and uniqueness of topographical 

consideration in the design of novel bioactive peptides to explore in detail information about 

the peptide-receptor/acceptor recognition and for signal transduction. 

6.3 EXPERIMENTAL 

General. All amino acids were of the L configuration unless otherwise noted. 

Protected amino acid derivatives and p-methylbenzhydrylamine (MBHA) resin were 

purchased from Bachem (Torrence, CA) unless otherwise stated. N°-Boc-Glu-OFm was 

obtained from Chem-Impex International (Wood Dale, EL). S-(4-

MethyIbenzyl)deaminopenicillamine [dPen(S-4-MeBzl)] was prepared based on literature 

methods.The N°-Boc-p-methyl-2',6'-dimethylmethoxytyrosines were prepared based 

on a literature method,"'̂ '' and the a-amino groups were protected as Boc by using the 

standard Boc procedure."® All peptides were prepared on a MBHA resin using standard 



166 

manual techniques of solid phase peptide synthesis."^ A coupling cycle is desciibted in the 

Table 6.5. The N°-Boc-amino acids were coupled to the resin with DIC!/HOBt in 

anhydrous NJ«f-dimethylfonnamide (DMF). The side-chain protecting groups for the Lys® 

and Glu"* residues involved in the lactam bridge are N'-Fmoc andy-Ofin. The cyclization of 

the lactam bridge was accomplished with benzotriazol-l-yl-oxy-

tris(dimethylamino)phospho-niumhexafluorophosphate (BOP reagent)/HOBT in DMF. 

Completion of all the coupling reactions was monitored by the ninhydrin test or 

bromophenol Blue for secondary amines. Purity of the final product was assessed by thin-

layer chromatography (TLQ in four different solvents, by reversed-phase high-

performance ligand chromatography (RP-HPLC), by FAB or electro-spray mass 

spectrometry, and by amino acid analysis and optical rotation measurement which are still 

in process. 
I I 

Synthesis of dPen-Tyr-Ile-Cylu-Asn-Cys-Pro-Lys-Gty-NH^ The title 

compound was prepared using methods reported previously as before. MBHA resin (0.5 

mM, 1.76 g, 0.3 mM NHVg) was solvated and neutralized with a 10% solution of 

diisopropylethylamine (DEA) in DMF, and washed with DCM, DMF, then a mixture of 

anhydrous DMF (2 mL), IM DIC(2.0 mL, 4.0 eqv.), IM HOBT(2.0 mL, 4.0 eqv.) and 

N°-Boc-Gly ( 4.0 eqv.) was added. The reaction was continued until the ninhydrin test 

was negative. The N°-Boc group was removed firom the N"-Boc-Gly-NH-MBHA resin by 

treatment of 50% trifluoroacetic acid (TFA) in DCM. This process was repeated for the 

stepwise addition of N°-Boc-Lys(N®-Fmoc), N^-Boc-Pro, N"-Boc-Cys(S-4-MeBzl), N°-

Boc-Asn, N°-Boc-Glu(OFm). Then, the N°-Boc-Glu(OFm)-Asn-Cys(S-4-MeBzl)-Asn-

Cys-Pro-Lys(N-Fmoc)-Gly-NH-MBHA was treated with 20% piperidine in 1:1 

DCM/DMF (2 X 50 mL) for 20 min. to remove both Fmoc and Ofm protecting groups on 

the side chains of Lys' and Glu^ residues which involve lactam formation. Then, the resin 
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was washed with DCM (3 x 40 mL), 10% DIEA (2 x 40 mL), DCM(3 x 30 mL), 

ninhydrin test (+), and DMF (2 x 40 mL). Then, 2.5 mL of IM HOBt (5 eqv.),  l . lg 

BOP reagent (5 eqv.), and 0.43 mL of DIEA (10 eqv.) were added into the reaction vessel 

and bubbled for 16 to 24 hours until the ninhydrin test became negative. Then the peptide 

chain assembly continued in the order Boc-De, Boc-Boc-Tyr(0-2,6-C12-Bzl), and dPen(S-

4-MeBz). 

Table 6.5 Peptide synthesis protocol for coupling cycle used in this study 

step Description Reagent/solvent Time(Min) Rep 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

Deprotection 

amino group 

Washing 

Neutralization 

Washing 

Test for free 

amino groups 

Coupling 

Coupling analysis 

Washing 

of 50% TFA, 2% anisole, IXM 

DCM 

10% DIEA in DCM 

DCM 

ninhydrin test or bromophenol 

bluetest 

N°-Boc-AA 

Die and HOBT in DMF 

ninhydrin or bromophenol blue 

test 

DCM 

10 

4 

3 

I 

1 

3 

30-60 

After complete assembly of the peptide chain, the peptide was extensively washed 

with DCM, then methanol, and dried in vacuo. The dried resin was then treated with 
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anhydrous HF-p-thiocresol-m-thiocresol (10:1:1) (20 mL) for 1 br at 0°C in order to 

remove the peptide from the resin and, simultaneously, to remove all protecting groups 

except the p-methoxy protecting group in the TMT residue. After evaporation of the HF 

and scavenger in vacuo, the residue was washed with anhydrous diethyl ether (3 x 30 mL). 

The resin was extracted with deaerated glacial acetic acid (50 mL), and 30% acetic acid (3 x 

30 mL), and 0.2 N acetic acid (50 mL) and water (50 mL). The aqueous extracts were 

combined and lyophilized to yield the crude deprotected peptide. 

The white powder was dissolved in 10 mL of the mixed solvents containing 

degased water (bubbled with Ar for 20 min.), 9 mL of acetonitrile and 6 mL of methanol. 

The solution was added via syringe at a rate of 1.0 mL/h to an oxidizing solution containing 

200 mL of 0.1% acetic acid, 10 mL of saturated ammonium acetate, 3.0 eq of oxidizing 

reagent K3Fe(CN)6 (0.49 grams, 1.5 nmiol) whose pH was adjusted to pH=8.5 with 3 N 

NH^OH. After completion of the addition, the solution was continued to stirring for 

further 2 hrs. The pH was then brought to 4.8 with 3N acetic acid. Then, 40 mL of the 

settled volume of Amberlite IRA-68 resin was added. The mixture was stirred for 2 hrs to 

remove excess ferro and ferricyanide. The resin was filtered off, and washed with 30% 

acetic acid (2 x 25 mL). The combined filtrate was lyophilized to white solid. The crude 

peptide was purified by preparative RP-HPLC by using linear gradient of 10-50% 

acetonitrile in aqueous 0.1% TFA. The peptide was obtained as its TFA salt in a yield of 

10 mg. The analytical data is listed in the Table 6.3. 

Synthesis of dPen-Tyr-Ile-Glu-Asn-CyS'Q-Pro-Ljjs-GIy-NH;^ N°-Boc-

Gly, N°-Boc-Lys(N®-Fmoc), N°-Boc-D-Pro, N"-Boc-Cys(S-4-MeBzl), N"-Boc-Asn, N"-

Boc-Glu(OFm), N°-Boc-De, N°-Boc-Tyr(0-2,6-Cl2-Bzl), and N°-Boc-fi-Pen(S-4-MeBz) 

were coupled as above to the MBHA resin (0.5 mM, 1.76g, 0.3 mM/g). The peptide resin 
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was worked up following the same procedure as above to give title compound in a yield of 

10 mg. The TLC, analytical HPLC, and electro-spray mass spectroscopy data are given in 

Table 6.3. 

Synthesis of n-^cn-Tyr'Iie-Glu-Asn-^tlyS'Pro-Lys-Gly'NH^^ N°-Boc-

Gly, N"-Boc-Lys(N®-Fmoc), N"-Boc-Pro, N°-Boc-Cys(S-4-MeBzl), N"-Boc-Asn, N°-

Boc-Glu(OFm), N^-Boc-Ile, N"-Boc-Boc-T5fr(0-2,6-Cl2-Bzl), and N°-Boc-D-Pen(S-4-

MeBz) were coupled as above to the MB HA resin (l.O mM, 3.52 g, 0.3 mM/g). The 

peptide resin was worked up following the same procedure as above to give title compound 

in a yield of 40 mg. The TLC, analytical HPLC, and electro-spray mass spectroscopy data 

are given in Table 6.3. 
I I 

Synthesis of dPen-(2S,3S)MeOTMT-Ile-GIu-Asn-Cys-Pro-Lys-GIy-

NHj N"-Boc-Gly, N'^-Boc-LysOT-Fmoc), NT-Boc-Pro, N' '-Boc-Cys(S-4-MeBzl),  N°-

Boc-Asn, N"-Boc-Glu(OFm), N^-Boc-De, N°-Boc-(2S,3S)MeOTMT, and NT-Boc-

dPen(S-4-MeBz) were coupled as above to the MB HA resin (0.5 nM, 1.76g, 0.3 nM/g) 

except the coupling and deprotection of Boc-(2S,3S)MeOTMT to the peptide resin which 

was carried out as below: 

To the NHj-Ile-Glu-Asn-Cys-D-Pro-Lys-Gly-NH-MBHA in the peptide synthesis 

vessel was added a solution prepared 3 minutes in advance composed of HOBT (4 equiv.), 

BOC-MeOTMT (4 equiv.), followed with BOP reagent (4.0 equivlents), and 0.70 mL of 

DIEA. The reaction was continued until the ninhydrin test is negative. Then, the Boc 

protecting group of the MeOTMT® residue was removed with 60% TFA ( 2 x 40 mL) after 

washing with E)CM (3 x 40 mL), then follow the standard procedure to complete synthesis 

of the peptide chain by coupling the Boc-dPen(S-4-MeB2) to the peptide resin. The peptide 

resin was worked up as before and cyclize the disulfide bridge following the same 
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procedure as above to give dde compound in a yield of 15 mg. The TLC, analytical 

HPLC, and electro-spray mass spectroscopy data are given in Table 6.3. 
I 1 

Synthesis of dPen-(2S,3R)MeOTMT-Ile-GiU'Asn-Cys-Pro-Lys-Gly-

NHj N°-Boc-Gly, N°-Boc-Lys(N®-Fmoc), N°-Boc-Pro, N®-Boc-Cys(S-4-MeBzl),  N°-

Boc-Asn, N"-Boc-Glu(OFm), N°-Boc-De, N°-Boc-(2S,3R)MeOTMT, and dPen(S-4-

MeBz) were coupled as above to the MB HA resin (0.5 mM, 1.76 g, 0.3 mM/g). The 

peptide resin was worked up as before and cyclize the disulfide bridge following the same 

procedure as above to give title compound in a yield of 13 mg. The TLC, analytical 

HPLC, and electro-spray mass spectroscopy data are given in Table 6.3. 
I 1 

Synthesis of dPen-(2R,3R)MeOTMT-Ile-Glu-Asn-Cys-Pro-Lys-Gly-
I I 

NH, N°-Boc-Gly, N°-Boc-Lys(N^-Fmoc), N°-Boc-Pro, N°-Boc-Cys(S-4-MeBzl),  N°-

Boc-Asn, N°-Boc-Glu(OFm), N^-Boc-IIe, N"-Boc-(2R,3R)-MeOTMT, and dPen(S-4-

MeBz) were coupled as above to the MB HA resin (0.5 mM, 1.76 g, 0.3 mM/g). The 

peptide resin was worked up and cyclize the disulfide bridge following the same procedure 

as above to give title compound in a yield of 20 mg. The TLC, analytical HPLC, and 

electro-spray mass spectroscopy data are given in Table 6.3. 
I 1 

Synthesis of dPen-(2R,3S)'MeOTMT-Ile-Giu-Asn-Cys-Pro-L^s-

Gly-NHj N°-Boc-Gly, N°-Boc-Lys(r*r-Fmoc), N"-Boc-Pro, N°-Boc-Cys(S-4-MeBzl),  

N°-Boc-Asn, N"-Boc-Glu(OFm), N°-Boc-Ile, N®-Boc-(2R,3S)-MeOTMT, and dPen(S-4-

MeBz) were coupled as above to the MBHA resin (0.5 mM, 1.76 g, 0.3 mM/g). The 

peptide resin was worked up and cyclize the disulfide bridge following the same procedure 

as above to give title compound in a yield of 10 mg. The TLC, analytical HPLC, and 

electro-spray mass spectroscopy data are given in Table 6.3. 

Biological Assay Methods. The bioassay were performed in Dr. Jirina 

Slaninova's laboratory at the Institute of Organic Chemistry and Biochemistry, Academy of 
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Sciences of the Czech Republic. Wiistar rats were used in all experiments. Rat uterotonic 

test in vitro was performed according to Holton's method in Musick's solution.'̂  Two 

parallel group of experiments were carried out without the presence of magnesium and with 

1.0 mM magnesium respectively. Cumulative dose-response curves were constructed. 

Rats were estrogenized 24-48 hrs before the experiment The galactogogic test was 

performed on ethanol anaesthetized lactating rats S-IS days after delivery.'̂ " Synthetic 

oxytocin was used as standard in these tests. Pressor activity was determined on pithed rat 

preparation'̂ ' by using synthetic arginine vasopressin as a standard. A detailed decription 

can be found in some related references."^ 
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CHAPTER 7. DESIGN AND SYNTHESIS OF 5-OPIOID 
SELECTIVE NON-PEPTIDE MIMETIC AGONISTS BASED ON 

PEPTIDE LEADS 

7.1 INTRODUCTION 

As discussed in tiie previous chapters, the potential of natural peptide hormones and 

neurotransmitters are often limited by the inherent properties of the peptide amide bond 

such as low bioavailability, rapid metabolism in vivo, and lack of oral activity. However, 

due to their high potency and crucial roles as the "switch" in regulation of the vast majority 

of cellular, intercellular, and other physiological processes, natural peptides or proteins are 

still the ideal lead compounds in the development of potential novel new therapeutics. As a 

matter of fact, one major approach in current dmg discovery is the translation of the three 

dimensional pharmacophoric information existing in natural peptide analogues into a small 

organic molecule, that is non-peptide mimedcs, to overcome the limitations of peptide 

analogues as practical drugs. By definition, a so-called non-peptide mimetic is a small 

molecule that no longer contains any peptide bonds.'" The advantage of some non-peptide 

mimetics is that without any peptide bonds in the molecule, they can be administered orally 

compared with the parental administration often necessary for peptides. The problems 

associated with stability, storage, and immunoreactivity of peptides are no longer 

experienced with the non-peptide mimetics.'" 

However, how to translate the three dimensional pharmacophore information of 

peptide hormone and neurotransmitters into small organic molecules is still elusive from a 

rational point of view. It certainly requires very strong collaboration among chemists, 

biologists and pharmacologists. It also requires an appreciation of the bioactive 
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conformation and of detailed structure-activity relationships of the peptide ligands. Except 

for a system in which enzyme- or receptor-bound peptides have been observed directly by 

X-ray or NMR, the complete three dimensional pharmacophore information is generally 

very difBcult to obtain, even with studies of constrained peptide analogues, since a 

completely constrained peptide molecules is almost impossible to synthesize and probably 

would have no bioactivity at all. Therefore, at a current stage, a practical and successful 

strategy to design non-peptide drug from a peptide lead still relies on the combination of 

rational design and random screening of non-peptide small organic molecules.We call 

this strategy "semi-rational design" or "semi-empirical design", which is characterized by 

the use of three different information sources: 

1). Traditional peptide structure-activity relationship (SAR). The SAR is used to 

determine possible pharmacophores, and to provide structural, conformational and dynamic 

information of the ligands for receptor binding and signal transduction. 

2). Peptide mimetics developed by incorporating uimatural amino acids, 

topographical and conformational constraints, and peptide secondary-structure mimetics 

into the peptide chain.The peptide mimetics may provide information about the peptide 

bioactive conformation and a possible transition between simple peptide analogues and 

nonpeptide structures. Optimization and eventual translation of a peptide lead to a small 

molecule drug probably will require isosteric replacements, cyclic peptide derivatives, 

amide bond surrogates, and conformational constraints as logical steps in the process. 

3). Small organic lead compounds are identified by random screening and 

subsequently optimized through structural modification. In principle, a lead is a molecule 

with micromolar affinity, or activity that lends itself to easy chemical modification.'̂ '* 

These lead compounds can help to clarify how structurally different the nonpeptides may be 

from their corresponding peptides (lacking flexibility, amide bonds, and obvious 
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pharmacophoie similarity) and how their modification can lead to highly selective ligands 

for subtypes of receptors for both peptide and nonpeptide compounds."^ 

The successful design of non-peptide mimetics as drugs therefore is not feasible 

before such information is available, and before the peptide backbone has been shown not 

to be a critical element in receptor binding. 

In the past twenty years, tremendous progress has been made in the development of 

5-selective peptide analogues as potential therapeutics as discussed in Chapter 5. Many 

conformationally constrained high potent and 5-selective opioid peptide agonists have been 

synthesized based on endogenous opioid peptides including enkephalins, dynorphins and 

P-endorphins.'°' "® E)etailed structure-activity relationship studies on 5-selective opioid 

peptides have revealed crucial pharmacophore, conformational and stereochemical 

requirements of the peptide ligands for 5-opioid receptor binding and biological 

activity.'̂ ' '" In contrast to the extensive studies on 5-selective opioid peptide ligands, 

there are little progress in the development of 5-opioid selective non-peptide agonists until 

recently several novel non-peptide opioid agonists were reported. These include SIOM,'̂  

TAN-67,'̂ '* (±)-BW373U86,'̂ * and its methoxy analogues (-)-SNC80.'" 

o 

SNC-80 TAN-60 
SIOM 

Figure 7.1 The chemical structures of three representative non-peptide 5-opioid selective 
agonists. 
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However, these potent 5-selective opioid non-peptide agonists were discovered 

either from random screening or developed from morphine-based derivatives, not from 

than 5-selective opioid peptide ligands. In addition, these non-peptide mimetics either have 

low activity in vivo, or different pharmacological profiles, as seen for the corresponding 

peptide opioid ligands. Therefore, it is extremely important to design the non-peptide 

mimetic ligand directly based on the S AR information of peptide ligands. 

The detailed structure-activity relationship studies on 5-selective peptide ligands in 

the past decades have demonstrated that the phenol ring, the amino group in the tyrosine 

residue, and the phenyl ring in the phenylalanine residue are the essential pharmacophores 

for peptide ligands to recognize 5-opioid receptors and produce physiological 

effects.'" '̂ ' ""'' The basic assumption behind our design from peptide to non-peptide 

mimetics is that if these pharmacophores could be presented properly in three dimensions 

by a non-peptide scaffold, the biological properties of the peptides could be embodied in 

the new designed mimic molecule. It is obvious that the correct understanding of the three-

dimension relationship of the pharmacophores in the bioactive conformation of the parent 

peptide iigand plays critical role for a successful design. Therefore, the first task in our 

design was the determination of the distances among the important pharmacrophores such 

as the phenol and phenyl rings in the bioactive conformation of 5-selective peptide ligands. 

7.2 DESIGN, SYNTHESIS AND STRUCTURE-ACTIVITY 

RELATIONSHIP 

Design. Recently, our laboratories reported a highly conformationally constrained 

and very potent 5-opioid selective peptide ligand, [(2S,3R)-TMT']DPDPE, which provides 

an excellent starting point to design corresponding non-peptide mimetics. '̂ Detailed 

computer-assisted molecular modeling studies by Dr. Mark D. Shenderovich indicated that 
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there are still several possible confomiations available to [(2S,3R)-TMT'] DPDPE within a 

5 kcal/mole energy barrier.'" Thus, the 5-selective non-peptide agonist SIOM was chosen 

to help screen all the available conformations of [(2S,3R)-TMT'] DPDPE. 

hV h o 

HaC^T^S HaaCHs 
^3^ "H 

Binding affinity (ICso) «5 (nM) 

Selectivity (5/ti.)= 850 

Peptide Lead [(2S,3R)-TMT3DPDPE 

Binding affinity (kj »1.4 (nM) 

Selectivity (5/^)= 8 

Non-peptide compound SIOM 

Figure 7.2. A comparison of the common pharmacophores between the peptide lead 
[(2S,3R)-TMT']DPDPE and the non-peptide ligand SIOM. 

The hypothesis behind this work is that since both SIOM and [(2S,3R)-TMT'] 

DPDPE are potent 5-opioid agonists and may have similar pharmacophores (Figure 7.2), 

they should have a common bioactive conformation for receptor binding and signal 

transduction, but they should also have differences due to the fact that SIOM is not 6-

receptor selective. Therefore, a common conformation was selected in which the three 

pharmacophores overlap very well, and the distance between centers of the aromatic rings 

in tyrosine and phenylalanine residues in the bioactive conformation of [(2S,3R)-

TMTl'DPDPE was found to be in the range of 7.6 ±1.5 
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J pharmacophore 
Aromatic Pharmacophorss 

Hydrophobic 
group HO hyttopnooidiy to me Fkst Qenerattan of 

NoivPepdda miinjBi i 

I(2&3RVTMr|DP0P6 

Figure 7.3. Design non-peptide mimetics from peptide lead [(2S,3R)-TMT'DPDPE 

Further molecular modeling indicated that two 1,4-disubstituted benzyl-like 

aromatic rings on six-member ring scaffold could be kept at such distances if a proper 

constraint is applied to the scaffold, and the hydroxyl group of phenol should be in meta 

position to obtain a proper superimposition with the corresponding pharmacophore in a 5-

selective opioid peptide ligand. Since increasing hydrophobicity of the tyrosine derivatives 

can enhance the selectivity and binding affinity of the peptide ligand," '®' and the P-

dimethyl groups in the two D-Pen residues also could provide additional contribution to the 

selectivity for 5-opioid receptor," a branch R group was designed to test how the 

hydrophobicity of R would affect the selectivity and binding afBnity of the mimetics. In 

order to facilitate the synthetic process, we have initially used 1,4-piperazine as a six-

member ring scaffold for the first generation of non-peptide mimetics. 

Therefore, although the nitrogen in the piperazine has not been ideally positioned in 

the three-dimension space to mimic the amino group in the lead peptide analogue, we still 



Figure 7.4. Tiie overlapped slereoview of ihc bit)uciive conloniiaiioii.s ol peptide lead [(2S,3R)-TMT'JDPDPE 
and ihe designed n()n-|)eplide niinieiii- analogue SL-3088 

00 
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decided not to complicate the synthetic procedure by introduction of an additional amino 

substituent into the first series of designed compounds (Hgure 7.3). 

Therefore, the purpose of the first generation of non-peptide mimetics was mainly 

aimed at an exploration of the essential binding sites for a non-peptide mimetic to the 5-

opioid receptor. As shown in the Figure 7.4, the two aromatic pharmacophores can be 

presented perfectly on the piperazine ring in three dimensional space to mimic the bioactive 

conformation of [(2S,3R)-TMT]'DPDPE, the phenyl group can play the hydrophobic role 

as the methyl groups of Z)-Pen in [(2S,3R)-TMT]'DPDPE. 

Synthesis The synthesis begins from the commercially available 3-

hydroxyibenzaldehyde (1) or 3-methoxybenzldehyde (2b) as shown in the synthetic 

scheme (Scheme 7.1). The hydroxyl group is protected as an MEM 

(methoxyethoxymethyl) ether, since the synthetic route involves Grignard reagents and 

basic nucleophilic reactions. MEM has been demonstrated to be very stable under these 

conditions and can be cleaved under relatively mild conditions." Except for alcohol 3a 

(R=H) which was prepared through direct reduction of aldehyde 2 with sodium 

boronhydride, all other alcohols 3b-e are synthesized by reaction of the aldehyde 2 with 

corresponding Grignard reagents as shown in synthetic Scheme 1. Alcohols 3 were 

converted into chloride 4 under neutral conditions in the presence of triphenylphosphine.'®^ 

The chloride 4 is reacted with l-benzylpiperazine in the presence of potassium carbonate 

under refluxing overnight to produce compound 5. Then the MEM protecting group was 

removed with 2N HCl in 1:1 methanol/dioxane solvents. The final products 6 were 

isolated as white solid hydrochlorec salts in a racemic forms. As shown in Scheme 2, 

analogue 12 was prepared to test how the para-hydroxyl group can effect the biological 

properties of the mimetic analogues. 
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Scheme 7.1 Synthesis of non-peptide mimetics (1) 

OH 

CHO 

MEMO 
DIEA/DCM 

pr" 
CHO 

RMgBr 
THF 

OMEM 

2a. P-MEM. 
2b. P-Me 

3a. P-MEM, R=H 
3b. P-MEM, R=Me 
3c. P«MEM, R>i-Bu 
3d. P»MEM. R=Ph 
3e P=MEM, R=p-t-BuPh 
3f. P=Me, R=p-t-BuPh 

PPh3/CCl4 
refluxing 

C"] 
So 

K2C03/ CH3CN r^N: 

4a. P=MEM, R=H 
4b. P=MEM. R=Me 
4c. P=MEM, R=i-Bu 
4d. P-MEM, R«Ph 
4e. P=MEM, R-p-t-BuPh 
4f. P=Me, R=p-t-BuPh 

5a. P=MEM, R=H 
5b. P^MEM, R=Me 
5c. P=MEM, R=i-Bu 
5d. P=MEM, R=Ph 
5e. P^MEM, R«p-t-BuPh 
5f. P«Me, R«p-t-BuPh 

2N HCI 

6a. R=H 
6b. R^Me 
6c. R=i-Bu 
SL-3088(6d), R=Ph 
SL-3in. R=p-t-BuPh 
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Scheme 7.2 Synthesis of non-peptide mimetics (2) 

MEM( OMEM 

.C(CH3)3 MEMCl t-BuPhMgBr 

DIEA/DCM 

MEMO. 

refluxing 
K2CO/CNCH3 

10 

OMEM 

(HjOjC 
(H3C)3C 
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Scheme 7.3 Synthesis of non-peptide mimetics (3) 

BOCN; HQ 

13 

CH^q 

K^COs. CHjCN 

BOC-N; 

14 

I. TFA 

2. Ether/HQ (g) 

OMEM 
•OMEM 

K2CO3/CNCH3 
(HjQsC 

2NHCI 

(HjOjC 

17 
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Since [Phe(p-C1)'*]DPDPE has shown high potency and selectivity, we also 

synthesized analogue 17 as shown in the Scheme 3. The para and meta chloro was used 

to test the best position fortheligand-receptor interaction. 

The Structure-Activities Reiationsiiip. The afOnities of compound 6a-d, 

6e(SL-3111), 12, 17a, 17b, 21 and 5f for p. and 5 opioid receptors were determined 

by inhibition of the binding of pH]DAMGO (n selective ligand) to rat brain membranes'" 

and [^H][Phe(p-CI)*]DPDPE (5 selective ligand) to mouse brain membranes.'" From 

Tables 1 and 2, the binding affinity to ^-opioid receptor varies with the R group. Without 

bulky substituent (R = H) in 6a or with bulky substuents (R= i-Bu or p-tBuPhe) in 6c or 

6e, the binding affinity to ^.-opioid receptor is poor. With a less bulky methyl in 6b or 

planar phenyl group in 6d, mimetic compounds have the best binding affinity. 

Table 7.1. Binding affinity of the first non-peptide mimetics 

No. 

Structure Binding data IC;,, (nM) ± SEM 
['H]DAMGO (jt) [^H]P-

C1DPDPE(5) 

Selectivity 
(p/5) 

No. 
[(2S,3R)TMT']DPDPE* 4300 ±820 5.0 ±0.1 850 

6a 
OH 

8100 ±788 6360±3230 1 

6b 
OH 

>N 
H3C  ̂

780 ±72 610 ±310 1.3 

6c 
H,r N-'' 

f Ho 
H3C 

2070 ±600 420 ±38 5.0 
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Table 7.1 - Continued 

6d 
(SL-3088) 

OH 

r>N 
( * >  

495 ±52 34 ± 17 15 

6e 
(SL.3111) 

OH 

© 
_>N 

(HjQaC 

17,000 ± 3,025 8.4 ± 1.6 2,021 

5f 

OMe 

_>N 

(HjQgC 

>8000 1840 N/A 

12 

HO 

>N 

(HjQjC 

29,600 ± 6,800 95± 16 311 

I7a 

CI 

_>N N-^ 

(HjChC 

15,900 ± 5600 35 ±5 453 

17b 

OH CI 

>N N-^ 

(HsQiC 

34,3000 ± 3,000 12,00 ± 500 28 

* The binding 
affinity for ^.-receptor is measured against [^HJCTOP. 

A less bulky hydrophobic R group may have a better fit for the |j.-receptor. As the 

hydrophobicity of the substituent R increases in 6a-SL3111 from a methyl to a para-t-

butylphenyl group, the binding affinity and selectivity for 6 receptor increases. SL-3111 

has the highest binding afiini^ for 5-opioid receptor with an ICj^ =8.4 nM that is at the 

same level as that of [(2S,3R)-TMT']DPDPE. It also have very weak binding affinity for 

the jx receptor, which makes it one of the most selective non-peptide mimetic Iigands 

reported so far with a 2000-fold selectivity for 5-opioid receptor, which exceeds that of the 
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lead peptide ligand [(2S,3R)-TMT']DPDPE. When the hydroxyl group was blocked as 

methyl ether in 5f, the binding affinity dropped more than 200 fold fix>m 8.4 nM in SL-

3111 to 1840 nM in 5f. This demonstrates that the free hydroxyl group is an essential 

pharmacophore in the non-peptide mimetic, which exactly mimic the phenol group in the 

tyrosine residue in 5-selective opioid peptide analogue [(2S,3R)-TMT']DPDPE. In 

contrast, modifying the hydroxyl group of (±)-BW373U86 as a methyl ether in (+)-

SNC80 caused a dramatic increase in the selectivity, while maintaining the same level of 

binding affinity for the 5-opioid receptor.Therefore, we suggest that SL-3111 has 

the same or a similar binding mode to the 5-receptor as the lead peptide analogue DPDPE, 

and a different mode from the non-peptide opioid agonists such as (•i-)-SNC80 or (±)-

BW373U86. A binding assay of SL-3111, [Phe(p-C1)*]DPDPE, and SNC 80 to 

mutated human 5-opioid receptor is currently in progress. These experiments may provide 

further evidence for the suggestion of different binding modes. 

Compounds 6d and SL-3111 with good binding afSnity were consequendy 

evaluated in the isolated mouse vas deference (MVD) and in guinea pig ileum (GPI) 

bioassay'̂ ^ (Table 2). Comparing to the binding affinity, 6d showed a 5-fold decrease of 

the potency in the MVD (5), and a 2.5-fold decrease of the potency in the GPI (^i) assay, 

while SL-3111 showed a lO-fold decrease of the potency in the MVD(5) assay and a 2-

fold decrease of the potency in the GPI(n), while still maintaining very high (459-fold) 

selectivity. The relatively low potency may be accounted for by the improper positioning 

of the nitrogen atoms in these non-peptide analogues. In addition, these compounds are 

racemic mixtures, and it is quite possible that one of the enantiomers could be an antagonist 

which might cause the potency decrease in the bioassays. The peptide lead 

[(2S,3R)TMT']DPDPE showed a two-fold increase of the potency in the 5-receptor 
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bioassay, and antagonism for the \L receptor. '̂ This makes the peptide compound super 

selective for the 5-opioid receptor. 

Table 7.2. Biological potencies of the non-peptide mimetics 

Compound R Bioassay data eCJD (nM) ± SEM, 

GPI(^l) MVD(6) 

Selectivity 
(M/5) 

[(2S.3R)TMT']DPDPE 
• 

0% at60pM 
(antagonist, 

ICso=5^M) 
1.8±0.3 >33000 

6d Ph 1250 ±240 
174 ± 15.5 

CTAP insensitive, 
ICI-174.864 sensitive 

7.1 

SL-3111 P-tBuPhe 39,000 ± 2,580 
84.7±10.1 

CTAP insensitive, 
IQ-174,864 sensitive 

4 59 

* The biological potency of [(2S,3R)TMT']DPDPE is cited from reference 39 

It has been suggested that the amino group is not essential for an antagonist to interact with 

the 5-opioid receptor.'" The difference in the binding affinity and biological potency of 

peptide leads [(2S,3R)TMT']DPDPE and non-peptide mimedc SL-3111 provides 

additional experimental evidence that the charged nitrogen may not be important for ligand 

binding to the 5-opioid receptor, but is extremely important for signal transduction and for 

the efficacy of the ligands. Therefore, SL-3111 and related non-peptide ligands show 

promise to be useful compounds to explore the stereochemical requirements of 5-opioid 

selective non-peptide ligands binding to 5-opioid receptor and for signal transduction, and 

provides new leads to develop new 5-selective non-peptide mimetics. 
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7.3 EXPERIMENTAL 

General: All reagents, unless otherwise noted, were purchased from Aldrich 

Chemical Co. and were used without fiuther purification. 3-Hydroxybenzylaldehyde and 

I-benzylpiperazine were purchased &om Lancaster Chemical Co.. The following solvents 

were freshly distilled prior to use: THF from Na/benzophenone ketyl, CHjCl, from CaH,. 

Carbon tetrachloride was destilled and stored over molecular sieves. Water was distilled 

and deionized before use. Acetonitrile is HPLC grade from Jonhson Co. without ftirther 

purification. All reactions, unless otherwise noted were carried out under the protection of 

AT. All reaction containers were flame-dried under vacuum before use. 'H NMR spectra 

were recorded with Bruker AM250 operating at 250.00 MHz spectrometer, using 

tetramethylsilane (TMS), or solvents such in case of CDjOD or 0,0 as solvents, as internal 

standard. Gravity column chromatography was performed using EM silica gel (230-400 

mesh ASTM). Solvents for chromatography were used without further purification. 

Analytical TLC was performed on Merck precoated Kieselgel 60 F-254 plates with the 

following solvent systems (V/V): (I) EtOAc/Hexanes (3/7); (II) 

EtOAc/Hexanes/EtjN(30/70/I); (HI) EtOAc/Hexanes (2/8). Detection was made using 

either oi" light-

Computer modeling; The computer-assisted molecular modeling was mainly 

performed by Dr. Mark Shenderovich in our laboratory, and carried out using the 

Macromodel program installed on a Silicon Graphics Work Station. The force field is the 

united-atom AMBER force filed, and the generalized Bom/Surface area model was used to 

calculate solvation energies. The molecular dynamic (MD) simulations is carried out at 3(X) 

K, the equilibration time was 20 ps, and the acquisition time was ICX) ps; the time step was 

Ifs; Shake for H/Lp. The energy minimization MD strucmres were saved each Ips. 
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Bioassays: See Chapter 5. 

3-(2-Methoxyethoxymethyl)benzylaldehyde 2. Into a solution of 3-

hydroxylbenzyladehyde (3.7 g, 30 mmol) in 60 mL of dichloromethane was 

diisopropylethylamine (7.6 mL, 43.7 mmol) with stirring. To the resulting brown solution 

was added dropwise MEMCl (5.0 mL, 43.7 mmol) in 17 mL of dichloromethane. A white 

fog was observed in the addition process. The resulting solution was kept stirring at room 

temperature for 3 hrs, then quenched by addition of 60 mL 0.5 N HCl. Organic phase was 

separated, the aqueous phase was extracted with DCM (3 x 60 mL). The combined organic 

phases were washed with 5% Na^COj (3 x 60 mL), water (3 x 60 mL ), then dried over 

anhydrous MgSO^. Evaporation of the dried solution left an orange oil, 5.4 g (85.6%). 

R^0.38(I) 'H NMR (CDCl,): 5 ppm 9.90(s, IH, -CHO). 7.57-7.45(m, 4H, aromatic 

protons), 5.33(s, 2H, -OCHjO-), 3.86-3.82(m,2H, -OCH^-), 3.58-3.54(m, 2H, -CH^O-

), 3.38(s, 3H, -OCHj); ''C NNDKCDClj) 5 ppm 191.8, 157.7, 137.7, 130.0, 123.5, 

122.6, 116.1, 93.3, 71.4, 67.7, 58.9; Further analytical characterization is in process. 

4-(2-Methoxyethoxymethyl)benzylaldehyde 8. Colorless oil, yield =70%, 

Rf=0.23 (I). Further analytical characterization is in process. 

[3-(2-Methoxyethoxymethyl)]benzyl Alcohol 3a. Into a solution of 1 

(1.0 g ) in 30 mL of ethanol was added slowly sodium borohydride powder until the 

bubbling stopped. Then the reaction was quenched with 2N HCl. The product was 

extracted with ether (3 x 30 mL). The combined extracts were washed with NaHCOj (40 

mL), brine (40 mL) and dried over anhydrous magnesium sulfate. Evaporation of the dried 

solution left an light yellow oil, which was ftirther purified through silica gel column 

chromatography to give an colorless oil; yield=95%, Rp0.06(l). 'H NMR (CDClj) 8 ppm 

7.30-6.95(m, 4H, aromatic protons), 5.27(s, 2H, -OCH2O-), 4.65(s, 2H, -CH,Ph), 

3.84-3.80(m, 2H, -OCH,-), 3.57-3.54(m, 2H, -CHp-), 3.37(s, 3H, -OCH3), l.94(s. 
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broad, IH.-OH); "C NMRCCDOj) 6 ppm 157.4, 1142.8, 129.6, 120.3, 115.4, 114.7, 

93.3, 71.5, 67.6,65.1, 59.0; Further analytical characterization is in process. 

General Synthetic Procedure To Ssmthesis Compounds 3b>e. 

Illustrated by the syndesis of [3-(2-methoxy- ethoxymethyl)]phenyl methyl methanol 3b: 

Into the solution of methyl magnesium bromide (3.0 M, 4.5 mL. 5 eqv.) in 10 ml THF at 

0° C was added dropwise a solution of (I) in 5 mL THF. Then, the resulted gray 

suspension was warmed to RT for 15 minutes, until the TLC showed that the reaction is 

complete. The reaction was quenched by addition of 0.5 N HCI (about 30 mL). The 

product was extracted with ether (40 mL x 3). The combined organic phases were washed 

with brine (60 mL), water (60 mL x 3), then, dried over anhydrous MgSO^. Evaporation 

of the dried solution gave the crude product which was further purified through silica gel 

column chromatography with 2:8 EtOAc/Hexanes. 

Sec-[3-(2-Methoxyethoxymethyl)]phenethyl Alcohol 3b. Colorless oil, 

Yield=95%, R^.l(I). 'H NMR (CDCl,): 5ppm 7.30-6.98(m, 4H, aromatic protons), 

5.27(s, 2H, -OCHjO"), 4.87(q, IH, J=6.5Hz, -CHCHj), 3.85-3.8 l(m, 2H, -OCH,-), 

3.58-3.55(m, 2H, -CH,0-), 3.38(s, 3H, -OCHj), 1.97(s, broad, IH, -OH). 1.48(d, 

J=6.8Hz, 3H, -CHCHj). Further analytical characterization is in process. 

[3-(2-Methoxyethoxyniethyl)]phenisopentyl Alcohol 3c. Colorless oil, 

yield=45%, R^.22 (I). 'H NMR (CDCI3): 5 ppm 7.27-6.93(m, 4H, aromatic 

protons), 5.27(s, 2H, -0CH,0-), 4.69(m, IH, -CHOH), 3.83-3.79(m, 2H, -OCH.-), 

3.56-3.52(m, 2H, -CH,p-), 3.37(s, 3H, -OCH3), I.94-1.60(m, 2H, -CHCH^-), 1.49-

I.45[m, IH, -CH(CH3)2], 0.94[d, J=6.3Hz, 6H, CH(CH3)]. Further analytical 

characterization is in process. 

[3-(2-Methoxyethoxyniethyl)]Benzhydrol 3d. Colorless oil, 95%, 

R^.23(I). 'H NMR(CDCl3): 5 ppm 7.35-6.85(m, 9H, aromatic protons), 5.75(s, IH, 
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-CH), 5.24(s, 2H, -OCH^O-).), 3.78-3.72(m,2H, -CXZHj-), 3.41-3.48(m, 2H, -CH^O-), 

3.35(s, 3H, -OCH3), 2.30(s, broad, IH, -OH). Further analytical characterization is still 

in process. 

4-t-Butyl-Sec-[3'-(2-methoxyethoxymethyl)]benzhydrol 3e. Colorless 

oil, yield=85%, R(=0.25(I). 'H NMR (CDQ,) 5 ppm 7.36-6.98(m, 8H, aromatic 

protons), 5.77(d, J=3.5Hz, IH, -CHOH-), 5.24(s, 2H, -OCH^O-),), 3.82-3.78(m, 2H, -

OCH,-), 3.55-3.5Km, 2H, -CH^O-), 3.35(s, 3H, -OCH3), 2.29(s, J=3.5Hz, IH, -OH), 

I.29[s, 9H, -C(CH3)3]; NMRCCDClj) 6 ppm 157.2, 150.3, 145.6, 140.7, 129.4, 

126.2, 125.3, 119.9, 114.9, 114.5, 93.3, 75.7, 71.5, 67.5, 58.9, 34.4, 31.2; Further 

analytical characterization is in process. 

4-t-Butyl-3'-methoxylbenzyhydrol 3f. Colorless oil. Yield=80%, 

R^.51(I). 'H NMR (CDCI3): 5 ppm 7.36-6.76(m, 8H, aromatic protons), 5.77(d, IH, 

-CHOH-), 3.78(s, 3H, -OCH3), 2.26(s, broad, IH, -OH), 1.29[s, 9H, -C(CH3)3]. 

Further analytical characterization is in process. 

4-t-Butyl-4 •methoxylbenzyhydrol 9. Colorless oil, yield=80%, 

R(=0.27(I), 'H NMRCCDClj): 8 ppm 7.32-6.99(m, 8H, aromatic protons), 5.76(d, IH, -

CHOH-), 8.24(s, 2H. -OCHj-), 3.79(m, 2H, -OCH^-), 3.53(m, 2H, -CHjO-), 3.35(s, 

3H, -OCH3), 2.19(s, broad, IH, -OH), 1.30[s, 9H. -C(CH3)3]. Further analytical 

characterization is in process. 

General Synthetic Procedure To Synthesize Compounds 4. A mixture 

of 3 (2.38 mmol, l.Oequiv.) and triphenyiphosphine (0.9 g, 3.43 mmol, 1.5-2.0 equiv.) 

in 6.0 mL carbon tetrachloride was heated under Ar to reflux for 3 hrs. A white 

precipiptate was isolated during the process. After cooling to room temperature, 10 mL of 

anhydrous ether was added to the mixture. The solid was filtered out and washed with 
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ether (3 x 10 mL). The combined filtrate was evaporated to dryness which was further 

purified by silica gel column chromatography. 

[3-(2-Methoxyethoxymethyl)]benzyl Chloride (4a). Colorless oil, 

yield= 20%. R<=0.44(I). 'H NMRCCDClj): 8 ppm 7.30-6.99(m, 4H, aromatic protons), 

5.27(s, 2H, -OCKjO-), 4.55(s, 2H, -CH^a), 3.85-3.8 l(m, 2H, -OCH^-), 3.58-3.54(m, 

2H, -CHiO"), 3.38(s, 3H, -OCH3). Further analytical characterization is in process. 

[3-(2-Methoxyethoxymethyl)]phenethyl Chloride (4b). Colorless oil, 

R<=0.48(I). 'H NMR(CDCl3): 6 ppm 7.16-6.87(m, 4H, aromatic protons), 5.17(s, 2H, -

0CH,0-), 4.93(q, IH, J=6.8Hz, -CHQ), 3.74-3.70(m, 2H, -OCHj-), 3.47-3.43(m, 

2H, -CHjO-), 3.27(s, 3H, -OCHj), I.72(d, J=6.8Hz, 3H, -CHCH3). Further analytical 

characterization is in process. 

[3-(2-Methoxyethoxymethyl)]pheiilsopentyl Chloride (4c). Colorless 

oil, 80%. R{=0.52(I). 'H NMR(CDa3): 6 ppm 7.29-6.97(m, 4H, aromatic protons), 

5.27(s, 2H, -OCHjO-), 4.88(dd, J=8.7, 6.0Hz, IH, -CHC1-). 3.85-3.8l(m, 2H, -OCH^-

), 3.57-3.53(m, 2H, -CHp-), 3.37(s, 3H, -OCH3), 2.12-1.95[m, IH, -CHCH(CH3)2 ], 

1.84-1.76(m, 2H, -CHCH(CH3)2], 0.95-1.95[dd, J=6.4, 2.0Hz, 6H, CH(CH3)2]. 

Further analytical characterization is in process. 

[3-(2-Methoxyethoxymethyl)]Benzhydryl Chloride (4d). Colorless 

oil, R{=0.46(I). 'H NMR(CDCl3): 5 ppm 7.43-7.06(m, 9H, aromatic protons), 6.08(s, 

IH, -CHC1-), 5.25(s, 2H, -OCH^O-),), 3.83-3.78(m,2H, -OCH^-), 3.54-3.52(m, 2H, -

CHjO"), 3.36(s, 3H, -C)CH3). Further analytical characterization is in process. 

4>t-Butyl-Sec-[3'-(2-methoxyethoxymethyl)benzhydryl Chloride (4e). 

Coloriess oil, 34%. R,=0.47(I). 'H NMR(CDCl3): 5 ppm 7.34-7.00(m, 8H, aromatic 

protons), 6.06(s, IH, -CHC1-), 5.25(s, 2H, -OCHjO-),), 3.82-3.70(m, 2H, -OCH^-), 
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3.64-3.50(m, 2H, -CHjO-), 3.35(s, 3H, -OCH3), 1.29[s, 9H, -CCCHj),]. Further 

analytical characterization is in process. 

4-t-Butyl-sec-4'-methoxybenzylhydryi Chloride (4f)« Colorless oil, 

yield=60%, 'H NMRCCDClj): 5 ppm 7.34-6.80(in, 8H, aromatic protons), 6.08(s, IH, -

CHC1-), 3.75(s, 3H, -OCH3), 1.29[s, 9H, -CCCHj)^; Further analytical characterization 

is in process. 

4-t-ButyNsec-4'-methoxyethoxymethylbenzylhydryl Chloride (10) 

Colorless oil, yield=70%. This compound is very difBcult to purify on silica gel column 

which can convert the chloride into alcohol very quickly. 'H NMR 5 ppm 7.22-7.00(m, 

8H, aromatic protons), 6.10(s, IH, -CHC1-), 5.25(s, 2H, -OCHjO-), 3.80(m, 2H, -

OCH,-), 3.55(m, 2H, -CH,©-), 3.37(s, 3H, -OCH3), 1.30[s, 9H, -C(CH3)3]; Further 

analytical characterization is in process. 

Synthesis of l-4'-Chlorobenzyl>4*t-butylacetylpiperaziae 14. 

Colorless oil, yield=95%, Rf=0.35 (H). 'H NMRCCDC^: 5 ppm 7.30-7.22(m, 4H, 

aromatic protons), 3.45(s, 2H, -CH2-), 3.43(t, J=5.0 Hz, 4H, piperazine protons), 

2.35(t, J=5.0Hz, 4H, piperazine protons), 1.45(s, 9H, t-butyl protons). Further analytical 

characterization is in process. 

Synthesis of l-4'-chlorobenzylpiperazine Hydrochloride Salt 15. To 

the intermediate 14 was added TFA at room temperature. After stirring for one hour, the 

solvent was evaporated with rotary evaporator. The residue oil was dissolved in ether, 

then to the ether solution was bubbled through HCl gas. A precipitate was formed during 

the process. The white solid was filtered and washed with ether, then dried in vacuum. 

White solid, yield 95%, 'H NMRCCDjOD): 5 ppm 7.38-7.29(m, 4H, aromatic protons), 

4.28(s, 2H, -CH2), 3.42(s, 8H, piperazine protons). Further analytical characterization is 

in process. 
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General Synthetic Procedure For the Sjrnthesis of N,N'-Disubstituted 

Piperazine Derivatives 5. The mixture of 1-benzylpiperazine (0.8 g, 4.8 mmol, 3.5 

eqv.) and potassium carbonate (0.4 g, 2.9 nmiol, 2.2 eqv.) and 2 (1.3 mmol, 1.0 eqv.) in 

6.0 mL of acetonitnle was heated to reflux under Ar for 2 hrs. After cooling to room 

temperature, the solid was filtered off and washed with acetonitrile (3 x 10 mL). The 

filtrates ware combined and concentrated to an yellow oil, which was further purified by 

silica gel chromatography to provide the pure product 

l,4-[3-(2-Methoxyethoxyniethyl]dibenzyi Piperazine, 5a. Colorless oil, 

80%. R^.IO (II). 'H NMR(CDa3): 5 ppm 7.31-6.93(m, 9H, aromatic protons), 

5.26(s, 2H, -OCH2O-) 3.84-3.80(m, 2H, -OCHj-), 3.57-3.53(m, 2H, -CHjO-), 3.50(s, 

2H. -CH,), 3.48(s, 2H, -CH,Ph), 3.37(s, 3H, -OCH3), 2.47(s, broad, 8H, piperazine 

protons). Further analytical characterization is in process. 

l-Benzyl-4-[3-(2-methoxyethoxyniethyi)]phenethyl Piperazine 5b. 

Colorless oU, yield=62%, R^.24 (H). 'H NMR(CDa3): 5 ppm 7.30-6.90(m, 9H, 

aromatic protons), 5.26(s, 2H, -OCHjO-) 3.85-3.8l(m, 2H, -OCH,-), 3.58-3.5 l(m, 2H, 

-CH,p-), 3.49(s, 2H, -CHjPh), 3.37(s, 3H, -OCH3), 3.35(q, J=6.7Hz, IH, -CHCH3), 

2.44(s, broad, 8H, piperazine protons), 1.34(d, J=6.7Hz, 3H, -CHCHj). Further 

analytical characterization is in process. 

l-BenzyI-4-[3-(2-niethoxyethoxymethyl)phenisopentyl Piperazine 5c. 

Colorless oil, 22%. R<=0.24 (II). 'H NMR(CDCl3): 5 ppm 7.27-6.8 l(m, 9H, aromatic 

protons), 5.26(s, 2H, -OCH^O-), 3.84-3.8l(m, 2H, -OCH^-), 3.57-3.55(m, 2H, -CHjO-

), 3.45(s, 2H, -CHjPh), 3.40-3.36(m, 4H, -OCH3 and -CH-), 2.43(s, broad, 8H, 

piperazine protons), 1.68(dd, J=6.7, 6.2Hz, 2H, -CHj-), 1.35(m, IH, -CH(CH3)2], 

0.84[t, J=6.3,6H, -CH(CH3)2]. Further analytical characterization is in process. 
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l-Benzyl-4-[3-(2-methoxy-ethoxymethyl]pheahydryl Piperazine (5d) 

Colorless oil, 77%, R{=0.23 (II). 'H NMR(CDCl3): 5 ppm 7.40-6.84(in, I4H, aromatic 

protons), 5.23(s, 2H. -OCHjO-), 4.18(s, IH, -CH), 3.80-3-77(m, 2H, -OCH^-), 3.54-

3.50(m, 4H, -CHjPh and -CHjO-), 3.35(s, 3H, -OCH3), 2-44(s, broad, 8H, piperazine 

protons). Further analytical characterization is in process. 

1-Benzy 1-4-[4-t-buty l-3'-(2-methoxyethoxymethy I) ] benzy liiydry 1 

Piperazine 5e. Colorless oil, 95%. Rf=0.35(II). 'H NMR 6 ppm 7.28-7.12(m, 

13H, aromatic protons), 5.23(s, 2H, -OCH^O-), 4.15(s, IH, -CH-), 3.8l-3.77(m, 2H, -

OCH2-), 3.53-3.49(m, 2H, -CH^O-), 3.48(s, 2H,-CHjPh), 3.35(s, 3H, -OCH3), 2.45(s, 

broad, 8H, piperazine protons), 1.25(s, 9H, -C(CH3)3]. Further analytical characterization 

is in process. 

l-Benzyl-4-(4-t-butyl-3'-methoxybenzylhydryl)piperazine 5 f. 

Colorless oil, yield=70%. R^.36 (11). 'H NMR(CDa3; 5 ppm 7.34-6.68(m, 13H, 

aromatic protons), 4.13(s, IH, -CH-), 3.77(s, 3H, -OCH3), 3.50(s, 2H, -CH,-), 2.45(s, 

broad, 8H, piperazine protons), 1.28(s, 9H, -C(CH3)3]; Further analytical characterization 

is in process. 

l-Benzyl-4-[4-t-butyl-4'-niethoxyethoxymethyi)benzylhydryl)-

piperazine 11. Colorless oil, yield=75%, R^.34 (II). 'H NMR(CDCl3): 5 ppm 7.32-

6.92(m, 13H, aromatic protons), 5.20(s, 2H, -0CH,0-), 4.15(s, IH, -CH-), 3.78(m, 

2H, -OCH2-), 3.52(m, 2H, -CHp-), 3.50(s, 2H,-CHjPh), 3.33(s, 3H, -OCH3), 2.45(s, 

broad, 8H, piperazine protons), 1.29(s, 9H, -C(CH3)3]; Further analytical characterization 

is in process. 

l-(4-Chlorobenzyl)-4-(4-butyl-3'-(2-niethoxyethoxymethyl)]-

benzhydryl piperazine 16. Colorless oil, yield=70%, R(=0.37(II). IH 

NMR(CDCl3): 5 ppm 7.34-7.10(m, 12H, aromatic protons), 5.23(s, 2H, -OCH^O-), 
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4.13(s, IH, -CH-), 3.79(m, 2H, -OCHj-). 3.54(m, 2H, -CHj-). 3.45(s, 2H, -CH^Ph), 

3.35(s, 3H, -OCH3), 3.42(s, broard, 8H, piperazine protons), 1.29(s, 9H, t-butyl 

protons). Further analytical characterization is in process. 

General Synthetic Procedure For Cleavage of MEM Ether of N,N'-

Disubstituted Piperazine Derivatives 5 To Synthesize 6. A solution of 2N HQ 

(2 mL/O.lg) in 1:1 methanol/dioxane was added to the sample 5 at 0°C, and the solution 

was wanned to room temperature for 24 hrs. The volatiles were remove in vacuo at room 

temperature. To the residue was added ether to precipitate the product. If no any 

precipiptate was formed, dissolve the residue into ethyl acetate, and to the resulting solution 

was added hexane to precipitate the product The white precepitate was filtered and washed 

with ether, and dried in vacuao. 

SL-3102 (6a). Hydrochloride salt, white solid, >95%. 'H NMRCCDjOD): 5 

ppm 7.32-6.78(m, 9H, aromatic protons), 4.27(s, 2H, -CH^PhOH), 4.20(s, 2H, -

CH^Ph), 3.43(s, broad, 8H, piperazine protons). MS for C,gH230N2, Calculated 

383.1810 (M*), Found: 283.1808(M*). 

SL>3121 or Sl-3085 (6b). Hydrochloride salt, white solid, >95%. 'H 

NMR(CD30D): 5 ppm 7.34-6.8 l(m, 9H, aromatic protons), 4.34(q, J=6.9Hz, IH, -

CHCH3-), 4.28(s, 2H, -CHiPh), 3.45(S, 4H, piperazine protons), 3.30(s, broad, 4H, 

piperazine protons), 1.58(d, J=6.8Hz, 3H, -CH3). MS for C„H25N20, Calculated: 

297.1967 (M*), Found: 287.1972(M*). 

SL-3124 (6c). Hydrochloride salt, white solid, >95%. 'H NMR(CD30D): 5 

ppm 7.35-6.80(m, 9H, aromatic protons), 4.24(m, 3H, -CH-and -CHjPh), 3.40(s, 4H, 

piperazine protons), 3.20(s, broad, 4H, piperazine protons), 2.(X)(m, IH, -CHj-

/prochiral), 1.70(m, IH, -CH/prochiral), 1.03[m, IH, -CH(CH3)2], 0-69(d, J=9.8Hz, 
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3H, -CHj), 0.66(d, J=9.6Hz, 3H, -CH,); MS for CjjHj.NjO, Calculated; 339.2436 

(M*), Found: 339.2425 (M*). 

SL-3081 (6d). Colorless oU, R^. 17(11). 'H NMRCCDQj): 5 ppm 7.37-

6.58(m, 14H, aromatic protons 4.17(s, IH, -CH-), 3.53(s, 2H, -CH^Ph), 2.48(s, broad, 

8H, piperazine protons). MS for C24H27N2O, Calculated: 359.2123 (M*), Found: 

359.2128 (M*). 

SL-3111 (6e). Hydrochloride salt, white solid, >95%. 'H NMRCCDjOD): 5 

ppm 7.73-7.21(m, 13H, aromatic protons), 4.49(s, IH, -CHPhOH), 3.73(s, 2H, -

CHjPh), 3.73(s, broad, 4H, piperazine protons), 3.55(s, 4H, piperazine protons), L20[s, 

9H, C(CH3)3]. MS forCjgHjsNjO, Calculated: 415.2749 (M*), Found:415.2742 (M^). 

l-Benzyl-4-[4-t-batyl-4'-hydroxyl)benzhydrylpiperazine (12, SL-

4088). Hydrochloride salt, white solid. Yield=60%. 'H NMR(CD30D): 5 ppm 7.65-

6.72(m, 13H, aromatic protons), 5.40(s, IH, -CHPhOH), 4.39(s, 2H, -CHjPh), 3.60(s, 

broad, 4H, Piperazine protons), 3.42(s, 4H, piperazine protons), 1.18[s, 9H, C(CH3)3]. 

MS for QgHjsNjO, Calculated: 415.2749 (M*), Found:415.2761 (M*). 

1 -4' -Chlorobenzy N4-[4-butyl-3'-(2-methoxyethoxymethyl)]-

benzhydryl piperazine 17. White solid, yield=70%. 'H NMR(CD30D): 5 ppm 8.38-

6.62(m, 12H, aromatic protons), 4.29(s, IH, -CH-), 4.06(s, 2H, -CHjPh), 3.3l(s, 

broard, 4H, piperazine protons), 3.05(s, broard, 4H, piperazine protons), 1.22(s, 9H, t-

butyl protons). MS for C2gH340N2Cl, Calculated: 449.2360 (M*), Found: 449.2361(M*). 
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CHAPTER 8. FUTURE PLANS 

As discussed in tiie previous chapters, we have achieved significant 

accomplisiiments in the topographical design of bioactive peptide analogues to explore the 

bioactive conformation of peptide ligands for receptor recognition and signal activation. In 

the [P-iPrPhe^]DELT I analogues, the preferred stereochemical configurations of P-iPrPhe^ 

residue have been determined to be S and R at the a and 3 carbons, respectively. A folded 

bioactive conformation, in which the (2S,3R)-P-iPrPhe residue has a trans side-chain 

conformation, has been suggested for the [(2S,3R)-P-iPrPhe^]DELT I for ^-opioid 

receptor recognition and for signal transduction. This conformation will provide very 

valuable information for the design of next generation of deltorphin I peptide and non-

peptide mimetic analogues. 

In the dipeptide 5-opioid selective antagonist TMT-Tic, the preferred configuration 

of the a and |3 carbons of the TMT residue for 5-opioid receptor recognition and maximum 

binding interaction is the S and the R configurations respectively. A bioactive 

conformation has been proposed which matches the bioactive conformation of the well-

known S-opioid selective non-peptide antagonist N-MeNaltrindol. It indicates that the 

TMT-Tic and N-MeNaltrindol both have the same binding mode to the 5-opioid receptor. 

Two possible directions are worth exploring. The first is the chemical modification of 

(2S,3R)-TMT-Tic to increase its stability. Since (2S,3R)-TMT-Tic-OBn also showes good 

affinity for the 5-opioid receptor, (2S,3R)-TMT-Tic-OMe may have a good chance to be 

the ideal candidate. Since the methyl group is much smaller than benzyl group, it will 

reduce the binding affinity of the ligand to ^.-opioid receptor and increase the selectivity for 

the 5-opioid receptor over the ji receptor. Another direction is an exploration of the 

differences of binding modes between 5-opioid selective agonists and antagonist. The 
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following designed dipepdde analogues in Hgure 8.1 may be good tools to answer these 

questions. 

Figure 8.1 Some designed structures for exploration of the binding modes of 5-opioid 
selective agonists and antagonists. 

In the bicyclic oxytocin antagonists, the side-chain bioactive conformation of the 

Tyr^ residue has been determined. It has also been demonstrated that the bicyclic oxytoicn 

peptide analogue is an excellent template for study of the side-chain topographical 

requirements. Further questions should focus on the differentiation of the uterine receptor 

and vasopresin receptor. How to modify the bicyclic oxytocia antagonist lead so that it can 

become either a uterine selective or a pressor selective ligand is still a very interesting 

question. A comparison of the bioactive conformation between the bicyclic peptide 

oxytocin and non-peptide oxytocin antagonists could be the guide for further design. 

OH 
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In 5-opioid selective non-peptide mimetics, we have already found a excellent lead 

SL-3111, with good binding affinity and selectivity for the 5-opioid receptor. The current 

question is how to improve the efficacy of the ligand. The N-terminal amino group is very 

important pharmacophore which has not been taken proper position in the lead compound 

SL-3111. In addition, the p-t-butylphenyl group may be too restricted so that the whole 

molecule cannot adjust to the optimal binding mode. Therefore two new analogues have 

been designed and may help to improve the efficacy of the non-peptide ligand (Rgure 8.2). 

The proposed synthetic procedures are in Schemes I and 2. 

Figure 8.2 The chemical structures of two new designed non-peptide mimetics 

As shown in Scheme 1, the synthesis can be started from commercially available N-

benzylglycine, which couples with O-benzyl-N-Boc-serine to form a dipeptide intermediate 

2 in the presence of E)CC/HOBL The basic hydrolysis of the ester followed by the 

deprotection of the Boc group will give intermediate 3. Cyclization of the intermediate 3 

can be carried out in the presence of DCC in DMF or DCM to form the six-membered ring 

4.'®' The amide bond can be reduced into the piperazine derivative 5 by lithium aluminum 

hydride or boron hydride.'®® Intermediate 5 reacts with chloride 6 in the presence of 

nu OH 

R = Hydrophobic groups 
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Scheme 8..1 Proposed synthetic route to new non-peptide mimetics (1) 

Bn—n' ^COOEt 

Boc-Ser-OBn I. l^eqv.NaOH 

COOEt DICTHOBI V 2. INHClorTFA 
B" NHBoc 

1 2 

N^^COOH DCC/HOBt / ^ LiAlH, / \ 
Bn—N NH Bn—N NH 

DMF or DCM V~~C. OR ^^3 ^ 

OBn OBn 

MEMO-\Ji 

NazCOj/CHjCN V^OMEM OMEM 
CHjOH 

1. Swem [O] 

2. NH4OAC/ 
NaBHjCN 

%^OMEM 
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Scheme 8.2 Proposed synthetic route to new non-peptide mimetic (2) 

Bn—N NH 

OBn 

I. nBuLi 

2. RBr 
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13 

/~\ 
Bn—N NBoc 

OBn 

H2. Pd/C 

11 

Bn-N NBoc 
INHCl / \ 

^ Bn—N NH.HCI 

14 OH 

Bn—N NBoc 

12 

OMEM 

OH 

15 Br 

Na^COj 

OMEM 
OMEM 

NH4OAC 
Bn-N N—^ Swem[o] 

Bn-N N—^ NaBHsCN 

\:ho 

16 17 

OMEM 



202 

sodium carbonate in acetonitrile will give intemiediate 7. The hydroxyl protecting benzyl 

group can be removed by hydrogenolysis,'" and then the free hydroxyl group can be 

oxidized to the aldehyde 8. Then the reduction amination will give the desired primary 

amine."* The final removal of the hydroxyl protection will give the desired product 10. 

As shown in the Scheme 2, the secondary amine in intermediate 5 can be Boc 

protected, and the benzyl ether can be cleavaged by hydrogenolysis in the presence of 

Pd/C. The alkylation can be carried out by using butyl lithium reagent and alkyl bromide as 

alkylating reagents to form intermediate 13.'*^ Then the chloride 15 can react with 

intermediate 13 to form the compound 16, followed the Swem oxidation, reduction 

amination, deprotection, so that the final desired compound 19 can be obtained. 
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