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ABSTRACT 

The discovery of endogenous opioid peptides has greatly accelerated research in 

opioid ChcmiStlY and biology. Studies of the physiological and pharmalogical roles of 

these receptors require highly potent and receptor-selective ligands for Il, 0, and K 

receptors. 

The major goal of this project is to design and synthesize highly potent and K 

receptor-selective dynorphin A analogues with specific conformational and topographical 

features. Therefore, a series of linear and cyclic dynorphin A analogues with global and/or 

local conformational constraints have been designed, synthesized, and evaluated for their 

biological activities. Several leads from dynorphin A analogues have been developed, and 

have provided new insights into requirements for high K receptor-selectivity and potency. 

The incorporation of side chain conformationally constrained amino acids such as 

derivatives of p-methylphenylalanine and p-methyltyrosine into peptides can provide new 

insights into topographical requirements for peptide ligand-receptor binding. An efficient 

synthesis of 2', p-dimethyltyrosine in large quantities has been developed. A new strategy 

of the syntheisis of optically pure isomers of p-methylphenylalanine derivatives also has 

been developed. These unnatural amino acids can be incorporated into pep tides for the 

development of novel peptides with high potency and enhanced receptor-selectivity. 



CHAPTER 1 

INTRODUCTION 

1.1 Interaction of ligands with receptors 

19 

Receptors are those entities in or on cells which interact initially with bioactive 

1 
molecules to bring about physiological effects. Receptors are assumed to interact with 

endogenous molecules such as hormones and neurotransmitters, and mediate their 

biological effects. All of the endogenous molecules are agonists and cause activation when 

they interact with receptors. 

Receptors for hormones and drugs are macromolecule that provide a three

dimensional matrix with which the ligand can interact, and then provide transduction. In 

the majority of instances the ligand forms a non-covalent molecular complex with the 

receptor through the operation of the physical forces between molecules. Electrostatic 

+ -
interactions occur between ionized functional groups such as NH3 ' COO of the ligand 

and of the receptor. Dipolar forces, hydrogen bonds and dispersion forces also are 

important interactions. Molecules m'e prevented from approaching too closely by the 

repulsion of their electron clouds (van der Waals repulsion). The solvent in which the 

ligand-receptor interaction takes places is very important. The polm'ity between the ligand 

and the solvent and the hydrophobic effect are important for the binding of the ligand. 

Overall, the binding of ligands depends on a good match in shapes of the ligand and 

receptor site, and appropriate charge distribution and hydrophobic patches. 
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Most drugs affect the central nervous system by modifying the effects of 

neurotransmitters. Many drugs are analogues of natural regulators and hormones, or 

analogues of enzyme substrates. For hormones and neurotransmitters, the endogenous 

ligands were discovered before their receptors were identified. For the opiate drugs, an 

opioid receptor was identified first, and then the endogenous ligands were identified. 
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1.2 Pharmacological effects of opiates 

Opium (from Greek - juice) is the dried exudate from unripe seed capsules of the 

opium poppy, Papaver somnijerum, indigenous to Asia Minor, but now widely cultivated. 

Opium relieves pain and anxiety, promotes sleep and induces a feeling of well-being. The 

alkaloids of opium constitute approximately 25% by weight of the latex and are over 20 in 

number; however, only four - morphine, codeine, papaverine, and noscapine- have 

medicinal uses (Figure 1.1). 

n) 

d) 0 

< o 

Figure 1.1 Medicinally useful alkaloids of opium: a) morphine, b) codeine, c) papaverine, 

d) noscapine (narcotine). 
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Pure alkaloids were isolated and taking the place of opium preparations in medicinal 

use. However, the parental use of morphine is liable to give rise to dependence and 

compulsive drug use. Recognition of the problem of misuse stimulated the continuing 

search for effective substitutes for morphine. 

The opium alkaloids are conventionally classified as the phenanthrene derivatives 

and the benzylisoquinoline derivatives, which differ considerably in their pharmacological 

properties. Morphine is one of the main phenanthrene derivatives and the most impOltant 

alkaloid which is chiefly responsible for the pharmacological actions of opium.2-4 The 

pharmacological effects of morphine in the central nervous system m'e: analgesia, sedation, 

depression of cough reflex, depression of respiratory center, depression of vasomotor 

center, depression of spinal reflex, decreased release of corticotrophin, mitosis, nausea and 

vomiting, and increased tolerance and dependence. The peripheral effects include: reduced 

motility of gastrointestinal tract, reduced endocrine activity, increased urinary urgency, 

dilation of cutaneous blood vessels, itching, contraction of erect muscles, and prolongation 

of labor. 

Morphine is relatively poorly absorbed after oral ingestion, but can be administrated 

subcutaneously, intramuscularly or intravenously, in an initial dose of 10 mg. Free 

morphine rapidly leaves the blood and is concentrated in kidney, liver, lung, spleen and 

skeletal muscle tissue. Although the brain is the site for the action of morphine, relatively 

little of an administered dose penetrates the blood-brain barrier. The major pathway for 

metabolism is conjugation with glucuronic acid to form morphine-3-monoglucuronide 

which is excreted in the urine. The main therapeutic uses of morphine are the following: to 

relieve visceral and traumatic pain, to relieve anxiety in serious disorders (e.g. shock and 



23 

cardiac arrest), to allay anxiety in the terminally ill, to control diarrhea, and to suppress 

cough. 
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1.3 Endogenous opioids and the opioid receptors 

Evidence for the existence of an opioid receptor resulted in many investigations into 

the nature of opiate-active molecules. It was suggested that opiates were interacting with a 

specific binding site or receptor which then triggered the pharmacological response typical 

of the organ in which the receptor resided. It has been proposed that "morphine-like" 

compounds might mimic an ongoing biochemical process.2 Two opioid-like substances 

[LeuS]enkephalin and [MetS]enkephalin, which were isolated from the brain and the 

pituitary, were discovered in 1975 (Figure 1.2).2,3 They differ only in their carboxyl-

terminal amino acid 

a) 

o 

Figure 1.2 Chemical structures of opioid active peptides a) [Leu5]enkephalin, b) 

[Met5]enkephalin. 
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residues. Since then, larger active peptides have been isolated and identified such as ~-

endorphin5 and dynorphins6 which have [Met5]- or [Leu5]enkephalin at their amino-

terminus. 

Studies of the endogenous peptides have been difficult due to the ready action of 

proteolytic enzymes both in vivo and in vitro. Since the substitution of Gly2 with D-Ala 

led to DADLE which displayed increased stability, several stable analogues have been 

developed such as DAMG07 and DPDPE8 (Figure 1.3). 

a) 

b) 

Figure 1.3 Structures of synthetic opioid active pep tides a) DAMGO, b) DPDPE. 
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Three receptor types9,10 were identified and designated as /l, lC, and 0', named 

after the receptor-selective agonists used, morphine, ketocycIazocine and SKFI0047 (N

a1lylnormetazocine), respectively (Figure 1.4). The more selective agonists DAMGO and 

DPDPE are now routinely used to characterize these receptors, which have been identified 

in variety of central nervous system and peripheral tissues. 

a) 1-0 b) 1-0 

Figure 1.4 Receptor-selective agonists a) ketocycIazocine, b) SKFlO047. 

Dynorphins have been shown to have preference for lC-opioid receptors. l1 -13 

Non-peptide, lC receptor-selective compounds such as tifluadom and U50488H have been 

discovered. More potent and lC-selective compounds such as the Upjohn compound 

U69593 and the Parke-Davis compound CI977 have been developed 14 (Figure 1.5). 
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u) b) 

Figure 1.5 The K-selective compounds a) Tifluadom, b) U50488H, c) U69593, d) CI977. 

To characterize receptors, antagonists are necessary. Naloxone is the prototype 

opioid antagonist but is non-selective among ~l, 0 and K receptors. The K-selective 

antagonist, nor-binaltorphimine (norBNI), 15 was developed with a substantial K/~ and K/o 

profile. 16 A o-selective antagonist, naltrindole, and a ~-selective antagonist, CTOP were 

developed (Figlll'e 1.6).17, 18 
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Figure 1.6 The opioid receptor-selective antagonists a) Naloxone, b) norBNI, c) 

Naltrindole, d) CTOP. 

Opioid receptors are believed to belong to the class of receptors consisting of 7-

transmembrane units linked to second messenger systems via G-proteins. One such 

second messenger is adenyl ate cyclase (AC), the enzyme that converts adenosine 

triphosphate (ATP) to cyclic adenosine monophosphate (cAMP), and constitutes part of a 

regulatory system that controls the actions of hormones and neurotransmitters at their sites 

of action. A family of guanidine triphosphate (GTP) binding regulatory G-proteins exist 

that convey information between the bound receptor and AC. The G-proteins interact with 

the receptor-legend complex, bind GTP, and become activated. Part of the G-protein then 
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interacts with AC to alter the rate of cAMP synthesis and finally, their action on AC is 

terminated by hydrolysis GTP to GDP. The original sequence of events was determined 

for ~-receptors which were shown to couple positively to AC, but negative coupling 

(inhibitory) is known. Although early studies focused exclusively on the role of G

proteins in the regulation of receptor-mediated stimulation of adenyl ate cyclase, it is now 

clear that a range of effectors including phospholipases of the C and A2 classes, cyclic 

nucleotides, phosphodiesterases and numerous classes of K+, Na+ and Ca2+ channels are 

regulated by G-proteins. 19 
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1.4 The dynorphin family of peptides 

1.4.1 Pharmacological effects of dynorphin A 

Research in the development of selective and potent opioid peptides has been 

mainly devoted to the /l and 8 opioid receptors;20-24 however, targeting of the lC receptor 

is equally important in mediating analgesia.25 The pharmacology of lC receptors and their 

ligands involves a lower abuse potential and a milder form of dependence and withdrawal 

symptoms in comparison to the prototypic /l opiate morphine. It has been suggested that 

lC-selective ligands may have therapeutic utility as a new treatment for head injury and 

stroke.26 Nevertheless, adverse side effects such as dysphoria, psychotomimesis and 

diuresis have been implicated with the lC opioid ligands. 27 It also has been reported that 

Dyn A can induce a hind limb paralysis and spinal cord injury in the rat which is not opioid 

receptor mediated.28 To fl\l'ther examine the role of lC receptors for nociception and 

adverse side effects, it is necessary to develop stable, highly potent and selective ligands 

for these receptors and their subtypes.29,30 
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1.4.2 Structure-activity studies of dynorphin A 

Dynorphin A (Dyn A), a potent heptadecapeptide interacting preferentially with K 

opioid receptors, is postulated to be an endogenous ligand for K receptors3I ,32 (Figure 

1.7). 

H-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln-OH 

Figure 1.7 The structure of dynorphin A( l-I7)-OH 

Stl'llcture-activity studies of dynorphin related peptides have been reviewed 

extensively,33 Sequential removal of amino acids from the C-terminus has shown that 

deletion of residues 14-17 or even 12-17 did not significantly affect the agonist potency of 

Dyn A. 34 Nevertheless, the basic residues Arg6, Arg 7, Lys 11, and to a lesser extent 

Lys 13, were reported to be important for K receptor-selectivity and/or potency, although 

not all of the results could be confirmed,34-37 In the message sequence Tyr-Gly-Gly-Phe, 

the two aromatic residues Tyrl and Phe4 are repOited to be important for opioid activity.34 

Substitutions of Gly2 with various amino acids led to weakly potent analogues in the GPI 

bioassays, but substitutions with D- amino acids led to analogues with high Il-and K-

affinities in the GPB binding assay,38 Finally, N-mono-alkylations of Tyrl were reported 

to lead to analogues that are highly selective for the central K VS. Il and 0 receptors, for 

example [N-benzyl-Tyrl, D-Pro 10] Dyn A I-I3-NH2 (K/)lIol Ki ratio = 111070/6080),39 

Thus far, only N-methyl-N-[7 -( I-pyrrolidinyl)-I-oxaspiro[ 4,5]dec-8-yl]benzo[b ]furan-4-
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acetamide (U-69,S93), a non-peptide K agonist, has been shown to possess a higher K vs. 

11 selectivity (Ki ratio = 1520).40 

Several conformationally constrained Dyn A analogues have been reported. The 

first, the cyclic disulfide c[Cys2, CysS] Dyn AI-13-NH2 analogue which constrained in 

the putative message sequence of the peptide, was reported to exhibit high potency in the 

GPr bioassay,41 and a high MVD/GPI ICSO ratio was reported, indicating a strong 

interaction with the 11 and/or K receptors. This analogue also exhibited a high p, affinity in 

the rat brain. Several cyclic lactam analogues, c[OmS, Asp8] Dyn A l-l3-NH2, c[OmS, 

AsplO] Dyn Al-l3-NH2 and c[OmS, Asp l3] Dyn Al-l3-NH2, have been synthesized 

and evaluated for their biological activities.42 They displayed weak activities in both the 

MVD and GPI bioassays, and also displayed Naloxone Ke values, indicating interaction 

with the 11 receptor)l,43 In binding studies, analogues c[OmS, AspS] Dyn A 1-l3-NH2 

and c[OmS, Asp!3] Dyn AI-l3-NH2 displayed high affinity for the 11 receptor and 

moderate 11 over 0 selectivity. The cyclic analogue c[D-Om2, AspS] Dyn Al-S-NH2 

showed high potency in the GPI bioassay, but again a Naloxone Ke value of 1.5 nM, 

indicating that the interaction was primarily with the ~l receptor. Surprisingly, none of the 

above peptides retained the K vs. 11 or K vs. 0 selectivity of the parent Dyn A in the 

peripheral nervous system. Another cyclic lactam analogue c[D-Asp2, DapS] Dyn AI-l3-
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NH2 was synthesized, but like other analogues constrained in the message sequence, it 

turned out to be /J. selective in the brain.44 

It has been shown that substitutions of Ile8 with lipophilic residues and certain D

amino acids at position 8 of Dyn A led to analogues with increased selectivity for the K 

receptor.4S ,46 These results suggest that a reverse turn around this position may be 

important for interactions with the K receptors. Substitution with a D-Pro residue at 

position lO also increased the selectivity for the K receptor and was compatible with high 

potency for the K-receptor.46-48 These suggested that the K receptor prefers a reverse turn 

centered at the 8 01' the 10 position; however, no spectroscopic proof has been found to 

support this hypotheses. In order to test the potential importance of a reverse turn in 

positions 8 or 10, several address sequence-constrained Dyn A( 1-11)-NH2 analogues, 

with a disulfide-bridge between positions S and II or 8 and 13, were previously designed 

and synthesized in our laboratory.49,SO These ring systems could result in a conformation 

with a reverse turn centered around the 8- or the lO-position and would not affect the 

important basic residues Arg6, Arg7 and Arg9. Analogues c[D-Cys8, Cys13] Dyn A 1-

13-NH2 and c[D-Cys8, Cysll] Dyn A l-13-NH2 were reported to display high potencies 

in the aPI bioassay (lCso = 2.27 and 1.7S nM, respectively), and high K vs. /J. ratios, as 

measured by the extent of antagonism of the analogue by the /J.-selective antagonist CT AP. 

In the aPB binding assay, these peptides retained high K receptor-affinities (lCso = 1.76 

and 0.11 nM, respectively), but low K vs. /J. selectivities (ICSO ratio = S.8 and 3.3, 
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respectively). Furthermore, cyclic analogues c[CysS, Cys 11] Dyn AI-II-NHZ, c[CysS, 

D-Ala8, Cys11] Dyn A1-11-NHZ and c[PenS, Cys11] Dyn A1-11-NH2 exhibited binding 

affinities and selectivities for the central K receptor comparable to those of Dyn A itself, but 

poor potencies at the peripheral K receptor (lCSO = 1080, 4406 and >10000 nM, 

respectively), leading to high selectivity ratios between the central and the peripheral K 

receptors. 

As previously discussed, the structure-activity results have provided some leads for 

K-receptor ligands that are highly selective for the K vs. II and K vs. 5 receptors, and 

especial1y for the brain vs peripheral receptors. However, there is still a need to further 

develop the conformation activity relationships for Dyn A analogues, to develop highly 

potent and K receptor-specific peptides with metabolic stabilitiy, and to determinate more 

specifical1Y the role of the receptor in opiate action. 
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1.5 Conformational studies of dynorphin A 

Oynorphin A consists of an N-terminal "message" sequence (Tyr-Gly-Gly-Phe), 

and a C-terminal"address" sequence that determines the potency and/or selectivity of Oyn 

A for the K receptor. 51 

In solution, Oyn A exhibits a completely disordered, random coil structure as 

indicated by NMR,52-54 FT - IR,53 and CO.55 In anisotropic environments such as 

membranes56 or phase interfaces57 secondary structure has been observed for dynorphin 

and its analogues, but the form of the structure is highly dependent on the environment and 

the experimental conditions employed. Therefore, no theoretical calculations on the 

conformational preferences of Oyn A have been attempted thus far due to its long linear 

structure and the lack of experimental data that might be used to reduce the scale of a 

conformational search and analysis. 

Theoretical and conformational studies are greatly aided by conformationally 

constrained analogues with unique structural and biological properties such as high potency 

and selectivity for the K receptor.58 Cyclic analogues c[Cys5, CyslI]Oyn A(I-II)-NH2 

and c[Cys5, Q-Ala8, Cys II ]Oyn A(l-II)-NH2 (Figure 1.8) were found not only to retain 

K receptor selectivity but also to exhibit extraordinary preference for K receptors in the 

central vs the peripheral nervous systems: 3,800- and II ,OOO-fold more potent in the GPB 

binding assay than ill the GPI bioassay.49 Thus, these peptides were chosen as the leads 

for conformational studies by molecular modeling in our laboratory.59 Molecular 

mechanics systematic search and energy minimization were conducted on these model ring 
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a) 

b) 
I I 

Tyrl -Gly-Gly-Phe4-Cys 5- Arg-Arg - lle8_ Arg-Pro-Cys II_NH2 

c) I I 
Tyrl -Gly-Gly-Phe 4_ Cys 5_ Arg-Arg-DAla8-Arg-Pro-Cys II_NH2 

d) I 5 8 I 
Ac - Cys - Ala-Ala - Ala - Ala-Pro-Cys II_NH2 

e) Ac - C~s5- Ala-Ala- DAla8_Ala-Pro-c~s I I -NH2 

f) I 4 I 5 8 I I I 
Ala -Gly-Gly-Ala -Cys - Ala-Ala -Ala - Ala-Pro-Cys -NH2 

g) I I II 
Ala I -Gly-Gly-Ala4 - Cys 5_ Ala-Ala- DAla8-Ala-Pro-Cys -NH2 

Figure 1.S Chemical structures a) linear sequence of dynorphin A, b) c[Cys5, Cys 11 ]Dyn 

A(1-11)-NH2, c) c[Cys5, D-AlaS, Cysl1]Dyn A(1-11)-NH2, d) model ring system of 

c[Cys5, Cysll ]Dyn A(I-11)-NH2, e) model ring system of c[Cys5, D-AlaS, Cysll ]Dyn 

A(1-l1 )-NH2, f) extended model system of c[Cys5, Cys 11 ]Dyn A(l-11 )-NH2, g) 

extended model system of c[Cys5, D-AlaS, Cys 11 ]Dyn A( 1-11 )-NH2. 
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systems. Molecular dynamics simulations for low energy ring conformations found for the 

model ring systems were conducted on extended model systems. Molecular mechanics 

systematic searching of the conformational preferences of the cyclic moieties of c[Cys5, 

Cysl 1 ]Dyn A( 1-11)-NH2 and c[Cys5, D-Ala8, Cysl1 JDyn A(I-11)-NH2 located 125 and 

154 low energy conformers respectively. By RMS superimposition, these low energy 

structures were grouped into five conformational families for each ring system. 

Comparison of the lowest energy structure of each family demonstrated that four had a 

conformational counterpart in the other ring system; thus these four structures of c[Cys5, 

Cysll]Dyn A(l-Il)-NH2 and c[Cys5, D-Ala8, Cysll]Dyn A(l-Il)-NH2 were predicted 

to be the putative binding conformations for dynorphin A at 1( receptors in the brain. 

Interestingly, one of these putative binding stl'l1ctures exhibited an ex, helical conformation 

in the disulfide bridged ring which has not been observed for small cyclic peptides before. 

Molecular dynamics simulation of the helical binding structures indicated that the helical 

conformation of c[Cys5, D-Ala8, Cysll ]Dyn A(l-II)-NH2 is lower in energy and thus 

conformationally more stable than that of c[Cys5, Cys 11 ]Dyn A(l-Il)-NH2. This was 

correlated with the increased selectivity and potency of c[Cys5, D-Ala8, Cysll]Dyn A(l-

11 )-NH2 for the central vs the peripheral 1( receptors, and it was suggested that this may be 

due to an ex, helical conformation in the cyclized address or helical induction in the message 

sequence. 

It was suggested that if a helical conformation in the cyclic structure of c[Cys5, 

Cysll]Dyn A(l-II)-NH2 and c[Cys5, D-Ala8, Cysl1]Dyn A(l-1l)-NH2 is biologically 
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important, it may have its effects in one of two ways. Firstly, the ex helical structure may 

be important in itself in the address sequence of the cyclic peptide. This was supported by 

CD and theoretical studies in anionic lipids, which indicated a strong helical propensity for 

residues 5 to 9 of Oyn A55 Alternatively, the discovelY of such a helical conformation 

suggests an intriguing and novel consequence of the cyclic constraint. It also was 

suggested that if the first turn of a helix is stabilized in the cyclic region of these cyclic 

analogues, it could induce helical character into all or part of the message sequence of Oyn 

A In a similru' manner, rigid synthetic scaffold molecules were successfully designed to 

act as nucleating sites for helical induction in lineru' peptides.60 Molecular dynamic 

simulations of the linecu' tetrapeptide Ala-Gly-Gly-Ala attached to ring conformation 

indicated that O-Ala8 residue stabilizes a helical structure in the linear sequence more 

effectively than that observed for 1-Ala8, and suggested that this hypothesis is credible. A 

helical conformation has been suggested for the message sequence of Oyn A in its 

interaction with biological membranes as a prelude to opioid receptor binding,61 and 

evidence for such a conformation was provided by IR-ATR spectroscopic studies of Oyn A 

bound to model bilayer systcms.56,62 

Recently, a 1 H -NMR study of Oyn A 1-17 indicated that residues Gly3 to Arg9 

formed a helical conformation when bound to lipid micelles.63 This is consistent with the 

results of molecular mechanics and dynamic simulations, and supports the suggestion that a 

helical stl'llcture is biologically important in the message sequence of Oyn A 

To complete the conformational analysis, novel peptide analogs must be designed, 

synthesized, and tested to determine which of the binding conformation(s) is correct. In 
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cases where p turns have been indicated, this may be facilitated by incorporation of 0 -

amino acids, N-methyl amino acids, proline or other reverse turn mimetics. Certain side 

chain to side chain lactam cyclization has been shown to stabilize ex helical peptides;64 thus 

this constraint can be utilized to investigate the binding properties of the helical 

conformation. For example, helical stabilization by lactam bridged between the side chains 

of aspartic acid and lysine at positions 5 and 9 of Dyn A can determine whether this 

conformation is important in the address sequence of Dynorphin A. Alternatively, a similar 

cyclization between positions 2 and 6 or 3 and 7 of Dyn A can determine whether this 

conformation is important in the address sequence of Dyn A. 
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RESEARCH PLAN 
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Understanding the physical-chemical principles that govern biological activitiy and 

receptor selectivity of peptide neurotnmsmitter requires a rational approach to design and 

synthesis of peptides which will display high potency, high receptor specificity, prolonged 

biological activity, and increased stability to degredative enzymes. We have developed a 

multi-disciplinary approach utilizing computer modeling, synthetic organic, physiological, 

and pharmacological approaches to design, synthesize, and evaluate the biological activities 

of synthetic peptides. 

The specific aims of this project are: 

1. To design and synthesize novel peptides with high potency, high K receptor-selectivity, 

and enhanced enzymatic stability. Dynorphin A( 1-11 )-NH2 served as the lead compound 

for these studies. 

2. To evaluate the potencies and binding affinities of all synthesized peptides at K, /..t, and 

o receptors using guinea pig brain homogenate. 

3. To evaluate opioid agonist activities of synthesized peptides by in vitro peripheral 

bioassays with electrically driven GPI. 

4. To characterize the properties of highly selective compounds in vivo. 

5. To evaluate the chemical-physical (conformational and dynamics) properties of 

carefully chosen compounds with unique biological and structural properties (Le. peptide 

incorporated with constrained unnatural amino acids), and to utilize the results of these 

studies to develop a rational approach to design more potent and selective analogues. 
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6. To investigate the possible differences between K, /..l, and 0 receptor-selective 

compounds by computer modeling studies, and to carefully test the developed models by 

computer aided drug design. 

7. To synthesize a series of constrained unnatural amino acids which can be incorporated 

into peptides to examine the topographical effects on the bioactivity of dynorphin A. 

The results obtained from these studies will provide new insights into requirements 

for high potency and receptor specificity of dynorphin A analogues. The development of K 

receptor-selective peptides will provide further insights into the physiological roles of the 

opioid receptors and the distinguished bioactivities of opioid peptides. 
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CHAPTER 3 

ADDRESS SEQUENCE.MODIFICATIONS OF DYNORPHIN A 

3.1 Disulfide-bridged dynorphin A analogues 

3.1.1 Design and synthesis of disulfide-bridged dynorphin A analogues 

The interesting results with conformationally constrained dynorphin A (Dyn A) 

analogues c[Cys5, Cysl1 ]Dyn A(l-11)-NH2 and c[Cys5, D-Ala8, Cysll]Dyn A(l-Il)-

NH2 prompted us to further investigate the conformational and topographical requirements 

of amino acids at positions 5 and II of Dyn A for high potency and selectivity for the K 

receptor.65 Therefore, we designed and synthesized a complete series of cyclic Dyn A( 1-

1l)-NH2 analogues by incorporating 1-Cys, D-Cys,...1-Pen, and D-Pen into positions 5 

and II of Dyn A, leading to 16 disulfide-bridged pep tides (Figure 3.1). The three linear 

peptides, Dyn A(l-ll)-NH2, [D-Leu5]Dyn A(l-11)-NH2, and [D-Lysll]Dyn A(1-11)-

NH2, were synthesized as control analogues to assess the importance of the chirality of the 

residues at the 5 and II positions. 

I I 
H-Tyr-Gly-Gly-Phe-AAx 

5 -Arg-Arg-IJe-Arg-Pro-AA y 11_NH2 

AAx = 1-Cys, D-Cys, 1-Pen, and D-Pen 

AAy = 1-Cys, D-Cys, 1-Pen, and D-Pen 

Figure 3.1 Structures of disulfide-bridged Dyn A(I-ll)-NH2 analogues. 

All 16 cyclic peptides were synthesized by solid phase methods (Figure 3.2). The 



Boc-Q-Cys(pMeBz) + 
H~ __ 

f-I:lN-C~. Resin 

6 
~ Bop, DIEA, NMP (coupling reaction) 

Boc-Q-Cys(pMeBz) II-NH-Resin 

1
50 % TFA in DCM (deprotection) 
DIEA (neutralization) 
DCM (washing) 

H-Q-Cys(pMeBz)II-NH-Resin 

t 
Repeat deprotection and coupling with: 
Boc-Pro, Boc-Arg(Tos), Boc-lIe, Boc-Arg(Tos), 
Boc-Arg(Tos), Boc-Cys(pMeBz) 

Boc-Cys(pMeBz)5 -Ar(Tos)g6-Arg(Tos) 7 -I1e8-Arg(Tos) 9_pro 10_ Q-Cys(pMeBz) II_NH -Resin 

t 
Repeat deprotection and coupling with: 

Boc-Phe, Boc-Gly, Boc-Gly, Boc-Tyr 

Boc-Tyrl-Gly2_Gly3 -Phc4-Cys(pMcBz)5 -Arg(Tos)6-Arg(Tos) 7 -lIc8-Arg(Tos)9 -ProlO-D-Cys(pMcBz) II_NH_R 

~ Deprotection 

~ HF cleavage 

H-Tyr I_Gly2_Gly 3_Phe4 -Cys 5-Arg 6-Arg 7 -lIe8-Arg 9 -Pro IO_Q-Cys II_NH 2 

~ K3Fe(CN)6/H20 

I I 
H-Tyrl-Gly2_Gly3-Phe4-Cys5-Arg6-Arg 7-I1e8-Arg9-Pro ID-Q-Cys II_NH2 

Figure 3.2 Solid phase peptide synthesis of disulfide-bridged Dyn A analogues. 
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crude peptides were purified by reverse phase high performance liquid chromatography 

(RP-HPLC) and characterized by mass, thin layer chromatography (TLC), and amino acid 

analysis. 

To efficiently synthesize these peptides, we designed the synthetic route as shown 

in Figure 3.3. The first few steps for the synthesis of side chain protected Boc-Arg-Arg

Ile-Arg-Pro-Lys-NH-resin are the same as shown in Figure 3.2. After obtaining the 

peptide-resin quantitatively, it was separated into four portions, which were individually 

coupled to the amino acid residues to yield the desired sequences of peptides. The 

following procedures for the cleavage of the peptide from the resin and cyclization of the 

disulfide-bridge are the same as shown in Figure 3.2. Four peptide analogues with various 

amino acids at the 5-position of Oyn A were synthesized efficiently by this synthetic plan. 



I I 
H-Tyrl-Gly2_Gly3-Phe4-AAI5-Arg6-Arg 7_IleB_Arg9 -Pro IO-AAII I-NH2 

Boc-Arg(Tos)6-Arg(Tos) 7 -Ile8-Arg(Tos)9-Pro IO_Q-Cys(pMB) II-NH-Resin 

I Divided by 4 (analogues) 

Deprotection ~ Deprotection Deprotection Deprotection 

~Boc-D-pen(PMB) ~BOC-pen(PMB) ~BOC-CYS(PMB) BOC-D-CYS(PMB)~ 

Boc-Cys(pMB)5VV' D-Cys(pMB)II_NHR 

~ ~ ~ Repeat Deprotection and ~ 
Coupling Reaction with: 

~ ~ ~ ~ Boc-Phe, Boc-Gly, 
Boc-Gly, Boc-Tyr 

~ ~ ~ ~ Deprotection 

~ ~ ~ ~ HF cleavage 

~ ~ ~ 
[Cys 5, D-Cys II] 

+ + 
~ O.oIN K,Fe(CN)6 I H2O 

+ 
pH = 8-8.5 

I I 
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I I 
[D-Pen 5, D-Cysll ] [Pen 5, D-Cys II] 

I I 
[ Cys 5, D-Cys II] 

I I 
[D- Cys5, D-Cys II ] 

Figure 3.3 Synthetic plan for the efficient synthesis of disulfide-bridged Dyn A analogues. 
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3.1.2 Biological results and discussion 

Opioid receptor binding affinities and selectivities in the GPB binding assay 

The pep tides were evaluated for opioid receptor affinities at K, /-t, and a receptors 

by measuring the inhibition of binding of [3H]c[D-Pen2, p-CI-Phe4, D-PenS]enkephalin (8 

ligand), [3H]DAMGO ([D-Ala2, MePhe4, GlyolS]enkephalin) (/-t ligand), and [3H]U-

69,S93 (N-methyl-N-[7-( I-pyrrolidinyl) l-oxaspiro[4,S] dec-8-yl]benzo[b]furan-4-

acetamide) (K ligand), respectively to opioid receptors in plasma membrane homogenates of 

the guinea pig brain (GPB) (Table 3.1). The selectivities are defined as the ICSO ratios of 

/-t vs K and a vs K receptors. The linear Dyn A(I-II)-NH2 (1) was chosen as the standard 

to compare with the synthetic Dyn A analogues. It is striking to note that all eight cyclic 

analogues with an L- amino acid at the S-position of Dyn A(l-Il)-NH2 are more potent 

(ICso ranging from 0.71 to IS.3 nM) at the K receptor than analogues with a D- residue at 

the same position (lCso ranging from 18.0 to 104 nM). A similar result is obtained for 

Dyn A( 1-1l)-NH2 (1) and [D-LeuS]Dyn A(l-II)-NH2 (3): 1 with L-LeuS is more potent 

for the K receptor than 3 with D-LeuS (ICso values are 0.S8 and IS.3 nM, respectively). 

Cyclic analogues 4-7 with L-CysS showed higher binding affinities for the K receptor 

(ICSO values ranged from 0.71 to 1.1 nM) than analogues 8-11 with an L-PenS residue 

(ICSO ranged from 2.0 to IS.0 nM). Surprisingly, the opposite result is observed if the 

configuration of the amino acid at position S is D. For example, [D-PenS, D-Cys ll ]Dyn 

A(1-11)-NH2 (17) has a higher binding affinity than [D-Cys5, D-Cysl1]Dyn A(l-ll)-
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NH2 (13) (ICSO are 18.0 and 96 nM), and [D-PenS, D-Penll]Dyn A(l-1l)-NH2 (19) 

has a higher binding affinity than [D-CysS, D-Pen 11 ]Dyn A( 1-11 )-NH2 (15) (ICSO are 

70.S and 100 nM). In a series of analogues bearing the same residue at position S, the 

influence of the amino acid at position 11 appears to be of less importance. Nevertheless, a 

D-Cys residue gives slightly improved results compared wiyh its L-counterpart. For 

example, [PenS, D-CysII]Dyn A(l-1l)-NH2 (9) is more potent than [PenS, Cysll]Dyn 

A(l-II)-NH2 (8) (lCso are 2.0 and 2.3 nM, respectively), but the opposite is observed 

with Pen residues: [PenS, PenII]Dyn A(l-Il)-NH2 (10) is more potent than [PenS, D

Pen II ]Dyn A(l-II )-NH2 (11) (lCso are 3.1 and IS.0 nM, respectively). Therefore, we 

conclude that the presence of an 1- residue at position 5 of Dyn A is important for binding 

at the K receptor, but the physical size and/or the constraints of the amino acid do not 

appear to be important. Moreover, the K receptor seems to be able to accommodate many 

kinds of residues at position 11, but appm'ently with a preference for the smaller D

residue, D-Cys. Finally, it is quite remarkable to notice that cyclization does not greatly 

affect the binding affinities of the most potent cyclic analogues 4-10 (ICSO values ranged 

from 0.71 to 3.1 nM), comparing to the standards 1 and 2 (lCso values m'e 0.58 and 0.53 

nM, respectively). In general, these cyclic peptides follow the same trend as the standards 

1-3. 
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Table 3.1 Binding Affinities and Selectivities ofDyn A Analogues in GPB Homogenate 

Analogues of 1Cso (nM)U± SEM selectivity 

Dyn A(1-11)-NH2 

I( fl 0 fl/l( oil( 

1. Dyn A(1-11)-NH2 0.58 ± 0.03 9.9 ± 2.0 25.5 ± 3.4 17.1 44.0 

2. [D-Lysll] 0.53 ± 0.01 5.2 ± 1.9 18.6 ± 4.3 9.8 35.1 

3. [D-Leu5] 15.3 ± 2.0 116 ± 20 1,740 ± 190 7.6 114 

4. e[Cys5, Cysll] 1.0 ± 0.4 12.2 ± 3.7 13.9 ± 6.0 12.2 13.9 

5. e[Cys5, D-Cysll] 0.71 ± 0.10 5.2 ± 0.7 15.9 ± 1.1 7.3 22.4 

6. e[Cys5, Pen II] 1.0 ± 0.2 17.0 ± 0.5 319 ± 75 17.0 319 

7. e[Cys5, D-Pen 11] 1.1 ± 0.4 31.0 ± 2.0 242 ± 54 28.2 220 

8. e[Pen5, Cysll] 2.3 ± 0.3 7.1 ± 1.0 232 ± 16 3.1 100 

9. e[Pen5, n-Cysll] 2.0 ± 0.1 5.0 ± 0.7 245 ± 15 2.5 123 

10. e[Pen5, Pen 11] 3.1 ± 0.8 67.6 ± 11.1 717 ± 94 21.8 231 

11. e[Pen5, D-Pen ll ] 15.0 ± 6.0 473 ±45 1,000 ± 320 31.5 66.7 

12. e [D-Cys5, Cys 11 ] 104 ± II 128 ± 13 1,030 ± 128 1.2 9.9 

13. e [D-Cys5, D-Cys 11] 96.2 ± 9.1 27.4 ± 4.5 2,190 ± 235 0.3 22.7 

14. e [D-Cys5, Pen II ] 42.6 ± 0.6 99.0 ± 2.6 2,340 ± 98 2.3 54.9 

15. e [D-Cys5, D-Pen 11] 100 ± 12 108 ± 15 1,370 ± 370 1.1 13.7 

16. e[D-Pen5, Cys11] 87.1 ± 16.9 87.0 ± 17.0 2,000 ± 320 1.0 22.9 

17. e[D-PenS, D-Cysll] 18.0 ± 2.6 51.1 ± 10.2 390 ± 99 2.8 21.6 

18. e [D-Pen5, Pen 11] 26.1 ± 7.0 224 ± 82 1,360 ± 430 8.6 52.1 

19. e [D-Pen5, D-Pen II ] 70.5 ± 1.5 563 ± 101 1,908 ± 313 8.0 27.1 

liThe radioligands used were [3H]U-69,593 (x: receptor), [3H]DAMGO (~L receptor) and 

[3H] e[D-Pen2, p-Cl-Phe4, Q-pen5]cnkephalin (0 receptor). 
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The binding affinities of the cyclic analogues for the Il receptor follow to some 

extent the same pattern as those observed for the K receptor, but it seems hard to identify 

the relative importance of the different factors (e.g. Cys vs Pen residues, of 1- or D

configuration) for binding at the Il receptor. Overall, analogues with an 1 residue at 

position 5 are generally more potent than analogues with a D residue at the same position. 

The use of 1-Pen instead of 1-Cys at position 11 decreases the affinity for the ~l receptor, 

comparing 8 and 10 (lC50 values of 7.1 and 67.6 nM at the Il receptor, respectively). 

These results indicate that the stJ'l1cture and configuration of the residue at position 11 of 

Dyn A strongly affect the binding for the Il receptor. The effect is even more dramatic with 

D- residues; for example, analogue 9 has an affinity almost a hundred times better than 

analogue 11 (lC50 values of 5.0 and 473 nM, respectively). In a similar manner to 1 and 

2, and as for the K receptor, an analogue incorporating a D-Cys amino acid at position 11 

shows higher affinity for the Il receptor than its 1 counterpart. However, the opposite is 

observed for Pen residues. 

The binding results of analogues 1-3 at the 0 receptor demonstrate that the linear 

analogue [D-Lys 11 ]Dyn A(1-11 )-NH2 displayed slightly increased potency at the 0 

receptor (lC50 values changed from 25.5 to 18.6 nM), whereas the analogue [D-Leu5]Dyn 

A(1-11)-NH2 displayed significantly decreased potency (IC50 changed from 25.5 to 1,740 

nM). The main difference is that in this case the potency decreases much more drastically 

(1 and 3, respectively). Results obtained for the cyclic analogues incorporating a D amino 
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acid in position S (analogues 12-19) show that these peptides also have low potencies 

(sub-micro molar for some) at the 0 receptor (lCso values ranged from 390 to 2,340 nM). 

In addition, by comparing analogues 4 and 5 to 8 and 9, it is found that the small Cys 

residue in this position is much preferred to the bulkier Pen residue (lCso values dropped 

from 13.9 and lS.9 nM to 232 and 24S nM, respectively). These same observations can 

be made for analogues 6 and 7 together with 10 and 11. The results with other cyclic 

analogues previously obtained in our laboratory, c[D-Pen2, D-PenS], c[D-Pen2, 1-PenS], 

c[D-Pen2, D-CysS] and c[D-Pen2, L-CysS] enkephalins,42,43 also showed that an L 

residue at the S position is better than a D residue, and a CysS is better than a PenS residue 

for higher potency at the 0 receptor (lCso values are 16.2, 10.0, 7.2 and 3.4 nM, 

respectively). However, the loss in affinity induced by the nature and the chirality of the 

residue at position S is much less for the enkephalin analogues than the one observed for 

the cyclic dynorphin analogues. These results demonstrate that the chirality of the residue 

at position S is important when the message sequence is followed by an address sequence, 

as in dynorphins. Apparently this residue aligns the message and address sequences in a 

spatial conformation which is good for binding to the K receptor. On the other hand, it 

remains unclear why the incorporation of an 1-Pen residue in position S of cyclic 

dynorphin induces such a loss in binding affinity. The incorporation of a Cys amino acid 

of 1- or D- configuration at position 11 leads to analogues with much higher affinities than 

those with a D- or L-Pen at the same position, as shown by comparing analogues 4 to 6, 5 

to 7 and 8 to 10. However, no conclusion can be drawn with respect to the necessary 

configuration of the residue in position 11, as results do not demonstrate a general trend. 

In conclusion, requirements for good binding at the 0 receptor are highly stringent 
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compared to these for binding at the K receptor. In fact, only analogues 4 and 5 retain 

affinities comparable to those of 1 and 2 at the 0 opioid receptor. 

Binding selectivities among 1(. 11. and 0 receptors 

Though dynorphin A is believed to be the endogenous ligand for the I( receptor, 

Dyn A and its shorter analogue Dyn A(1-11)-NH2 also are potent for binding to Il and 0 

receptors (Table 3.1). The parent analogue Dyn A(1-11)-NH2 (1) showed selectivity for Il 

vs K and 0 vs K as IC50 ratios of 17.1 and 44.0, respectively. The linear fJ2-Lysll ]Dyn 

A( I-ll)-NH2 (2) with a D residue at position 11 does not dramatically alter these ratios, 

since it improves binding at all three receptors (lC50 ratios = 9.8 and 35.1 for Il vs I( and 0 

VS K, respectively). On the other hand, for the linear [D-Leu5]Dyn A(I-II)-NH2 (2), the 

O/K IC50 ratio increases from 44.0 to 114; this modification affects the binding at the 0 

receptor more drastically. For the cyclic peptides 4-11 which contain an 1 residue at 

position 5, the Il vs K selectivities do not vary much (IC50 ratios range from 2.5 to 31.5), 

and these selectivities are comparable to those of 1 and 2 (IC50 ratios are 17.1 and 9.8, 

respectively). For analogues 12-19, the Il vs I( selectivity ratio is lower and below 10 in 

general; several peptides such as 15, 16 or even 14 are almost equipotent at these two 

receptors. It therefore seems that a D residue at position 5 affects binding at the I( receptor 

more than at the Il receptor. The results are quite different for the 0 vs I( selectivities. 
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Among all cyclic peptides with an L amino acid at position 5, only 4 and 5 show 

selectivities comparable to those of 1 and 2 (lC50 ratios are 13.9 and 22.4 vs 44.0 and 

35.1, respectively). For analogues 6-11, the selectivity ratios ranged from 66.7 to 319, 

indicating that the structural requirements for good binding at the 5 receptor are much more 

critical than those for binding at the J( receptor. For example, the J( receptor can 

accommodate an L-Pen residue at position 5 and any other at position 11 of Dyn A 

(peptides 8-11), whereas the 5 receptor cannot. Finally, for analogues 12-19 (with a D-

residue in position 5), the 5 vs J( selectivities are in the same range of 1 (lC50 ratios from 

9.9 to 54.9). These demostrate that the binding of our cyclic analogues to the J( and the 5 

receptors is primarily and strongly affected by the nature and the chirality of the amino acid 

at position 5 of Dyn A( 1-11 )-NH2. 

Bioactivities in the aPI bioassay (Table 3.2) 

The opioid activities of these pep tides also were measured by their ability to inhibit 

the electrically evoked contraction of the aPI (guinea pig ileum).66 Dyn A(l-II)-NH2 

exihibited an IC50 value of 1.07 nM in the aPI bioassay, but no significant shift in 

potency upon addition of the highly /l-selective ligand CTAP,67 indicating that the activity 

is due to the peripheral J( receptor rather than to the /l receptor. Incorporation of a D 

residue at position 5 (analogue 3) or position 11 (analogue 2) leads to the same changes for 

potencies in the aPI as were observed in the aPB, for example, a slightly increased 

potency for 2 (lC50 value is 0.30 nM) and a strongly decreased potency for 3 (lC50 value 

is 94.0 nM). As previously described, cyclization of a disulfide bridge between positions 5 
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Table 3.2 Bioassays with the Smooth-Muscle Tissue of the Guinea Pig Ileum 

Analogues of ICso (nM) ± SEM 

Dyn A(l-II)-NH2 

GPI shifta 

1. Dyn AI-IINH2 1.07 ± 0.31 ns 

2. [D-Lysll] 0.30 ± 0.02 ns 

3. [D-Leu5] 94.0± 18.1 ns 

4. c[Cys5, Cysll] 219 ± 20 ns 

5. c[Cys5, D-Cysll] 213 ±2 ns 

6. c[Cys5, Pen 11 ] 1,660 ± 106 ns 

7. c[Cys5, D-Pen ll ] 686 ± 194 ns 

8. c[Pen5, Cys 11] 940 ± 156 ns 

9. c[Pen5, D-Cysll] 1,130 ± 328 ns 

10. c[Pen5, Pen 11] 716 ± 57 ns 

11. c[Pen5, D-Pen II] 615 ± 145 ns 

12. c [D-Cys5, Cys II ] 19,100 ± 5338 nt 

13. c [D-Cys5, D-Cys II ] 6,240 ± 1402 nt 

14. c [D-Cys5, Pen 11] 10,100 ± 1610 ns 

15. c[D-Cys5, D-Pen ll ] 1,460 ± 581 nt 

16. c[D-Pen5, Cysll] 3,640 ± 769 nt 

17. c [D-Pen5, D-Cysll] 92.3 ± 17.6 ns 

18. c[D-Pen5,Pen ll ] 3,450 ± 659 nt 

19. c [D-Pen5, D-Pen II] >30,000 ± 802 nt 

ant: not tested; ns: no significant shift observed with 1,000 nM of CTAP used as a /l 

antagonist. 
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and II led to pep tides with much lower activities in the GPI. Overall, analogues with an 

Lresidue at position 5 displayed higher activities (analogues 4-11, 1C50 values range from 

213 to 1,660 nM) than those analogues with a D residue (analogues 12-19, except 17, 

IC50 values range from 1,460 to >30,000 nM). In general, analogues incorporating an L

Cys residue at the 5 position did not have higher potencies than those incOlporating the 

spatially larger and more constrained L-Pen, but no clear conclusion can be reached 

regarding the requirements for the amino acid and its configuration at position 11 since the 

results were highly variable. Nevertheless, only analogues 4 and 5 exhibited high activity 

at the peripheral1C receptor (IC50 values are 220 and 213 nM, respectively). 

Selectivity between the central (GPB) and the peripheral CGPn 1C receptors 

The selectivity between the central and peripheral 1C receptor systems is defined as 

the IC50 ratio of the GPB and GPI (Table 3.3). Except for compound 17, the highest 

selectivities, measured as the ratio between the IC50 values in the GPI and GPB, are 

obtained for analogues 4-10, analogues which possess an L residue at position 5 (ratios 

range from 219 to 1,660). Due to their extremely low activities in the GPI, 14 and 19 also 

can be considered in this list (ratios are 238 and >426, respectively). The requirements for 

high activity at the peripheral 1C receptor differ dramatically from those of the central 1C 

receptor. First of all, cyclization between positions 5 and 11 of Dyn A strongly reduces the 

activity in the GPI, but does not significantly alter the affinity for the central 1C receptor. 

This demonstrates the different conformational requirements at these receptors and implies 

that there might be subtypes of the 1C receptor. This also indicates that the peripheral 1C 

receptors are much more sensitive to changes in residues and/or their configurations at 



55 

Table 3.3 Central vs Peripheral K Receptors Selectivities of Dyn A Analogues 

Analogues of ratio of ICso 

Dyn A(1-11)-NH2 GPIIGPB 

1. Dyn A(l-1l)-NH2 1.8 

2. [D-Lysll] 0.6 

3. [D-Leu5] 6.1 

4. c[Cys5, Cysl1 ] 219 

5. c[Cys5, D-Cysll] 300 

6. c[Cys5, Pen 11] 1,660 

7. c[Cys5. D-Pen 11] 624 

8. c[Pen5, Cys 11] 409 

9. c[Pen5, D-Cysll] 565 

10. c[Pen5, Pen 11 ] 231 

11. c[Pen5 , D-Pen ll ] 41 

12. c [D-Cys5, Cys 11 ] 183 

13. c [D-Cys5, D-Cys 11 ] 64 

14. c[D-Cys5, Pen ll ] 238 

15. c [D-Cys5, D-Pen 11 ] 15 

16. c [D-Pen5, Cysll] 42 

17. c [D-Pen5, D-Cysl1] 5.1 

18. c [D-Pen5, Pen 11 ] 132 

19. c [D-Pen5, D-Pen 11] >426 
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positions 5 and 11 than the central receptors are. The fact that only peptides 4 and 5 retain 

accommodate larger residues such as Pen at positions 5 and 11, whereas the central I( 

modest activity in the GPI bioassay shows that the peripheral I( receptor cannot receptor 

can. These results are in consistent with those reported previollsly,49,50 but we do not see 

a selectivity ratio as large as previously reported from our laboratory. The reasons for 

these discrepencies m'e unclear since direct comparisons with previously prepared samples 

are not possible. 

Conclusions 

Cyclic analogues, especially c[Cys5, D-Cys 11 ]Dyn A(1-11 )-NH2, c[Cys5, L- or 

D-Penll]Dyn A(l-1l)-NH2, c[Pen5, L-Penll]Dyn A(1-11)-NH2 and c[Pen5, L- or D

Cys 11 ]Dyn A(1-11 )-NH2, retained the same affinity and selectivity (vs the /l and 8 

receptors) as the parent compound Dyn A(1-11)-NH2 in the guinea pig brain (GPB). 

These same analogues and most others exhibited much lower activity in the guinea pig 

ileum (GPI), leading to peptides which cu'e selective between central and peripheral I( 

receptors. This series of analogues also provided new insights into which amino acids 

(and their configurations) may be used in positions 5 and 11 of Dyn A analogues for high 

potency and good selectivity at I( opioid receptors. The results obtained in the GPB 

suggest that requirements for binding are not the same for the 1(, /l or 8 central receptors. 
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3.2 Lactam-bridged dynorphin A analogues 

3.2.1 Design and synthesis of lactam-bridged dynorphin A analogues 

The incorporation of a disulfide bridge into the address sequence of Dyn A( 1-11)-

NH2 has resulted in great differences in potencies of the central and peripheral K receptor, 

as shown by c[Cys5, Pen 11 JDyn A(1-11)-NH2 (lC50 ratio for the central vs peripheral K 

receptor is 1660). To investigate further conformationally constrained Dyn A analogues 

and their effects on the potency and selectivity for the K receptor, we incorporate a lactum 

bridge between aspartic acid at position 5 and lysine 01' ornithine (S) 2,5-diaminopentanoic 

acid) at position 11, into Dyn A to produce the cyclic lactum peptides c[Asp5, Lysll JDyn 

A(1-ll)-NH2 (20) and c[Asp5, am 11 JDyn A( 1-11)-NH2 (21) (Figure 3.4). 

I 5 I II 
a) H-Tyr-Gly-Gly-Phe-Asp -Arg-Arg-I1e-Arg-Pro-Lys -NH2 

I I 
b) H-Tyr-Gly-Gly-Phe-Asp5 -Arg-Arg-I1e-Arg-Pro-Orn II_NH2 

Figure 3.4 Structures of cyclic lactums of Dyn A a) c[Asp5, LysllJDyn A(1-11)-NH2 

and b) c[Asp5, Orn 11 JDyn A(1-11)-NH2 
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3.2.2 Results and discussion 

Opioid receptor binding affinities and selectivities in the aPB bioassay 

In the aPB bioassay, it was found that analogues c[Asp5, Lysll ]Dyn A(l-II)

NH2 (20) and c[Asp5, Ornll]Dyn A(1-1l)-NH2 (21) which have an L-Asp at the 5 

position of Dyn A displayed good affinities for the central I( receptor (lC50 = 1.79 and 

3.99 nM, respectively), are equipotent to the disulfide-bridged Dyn A(1-11)-NH2 

analogues with an L-residue at 5 position, but displayed poor selectivities for I( vs IJ. and I( 

vs 0 receptors (lC50 ratios m'e 6 and 12 for 20, and 8 and 5 for 21) (Table 3.4). The 

binding results indicate that the conformational constraints induced by the lactam bridge and 

the disulfide bridge have about the same effects on the potency and selectivity. These 

analogues with address sequence-cyclized conformational constraints discriminate poorly 

among central 1(, IJ., and 0 receptors. 

Table 3.4 Binding Affinities and Selectivities of Dyn A Analogues in aPB Homogenate 

Dyn A( 1-11 )-NH2 Analogues IC50 (nM)a selectivity 

I( IJ. 0 IJ./I( oil( 

1. Dyn A(1-11)-NH2 0.58 ± 0.03 9.9 ± 2.0 25.5 ± 3.4 17.1 44.0 

20. c[Asp5, Lys 11 ] 1.79 11.3 21.6 6 12 

21. c[Asp5, Om 11] 3.99 32.1 18 8 5 

aThe radioligands used were [3H] U-69,593 (I( receptor), [3H] DAMao (IJ. receptor) and 

[3H] c[D-Pen2, p-CI-Phe4, D-Pen5] enkephalin (0 receptor). 
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Biological activities in the guinea pig ileum CGPI) bioassay 

The results obtained in the guinea pig ileum (GPI) bioassay show that both 

analogues are less potent than the standard 1 (ICso = 390 and 227 nM vs. 1.1 nM for 1) at 

the K receptor. It also was found that both analogues interact with the peripheral K and /..l 

receptors, since shifts in activity can be observed upon addition of the /..l antagonist CTAP. 

These results indicate that conformational changes induced by incorporation of [S to II] 

lac tam-bridges into Dyn A are not compatible with the conformational requirements for 

potency and selectivity enhancement for the peripheral J( receptor. 

Table 3.S Bioassays with the Smooth-Muscle Tissue of the Guinea Pig Ileum 

Dyn A(1-II)-NH2 Analogues ICSO (nM) ± SEM 

GPI shifta 

1. Dyn A(l-II )-NH2 1.07 ± 0.31 1.8 

20. [AspS, Lys II ] 390 ± 7 1.9 

21. [AspS, Oro II ] 227 ± 50 1.5 

ant: not tested; ns: no significant shift observed with 1,000 oM of CTAP used as a /..l 

antagonist. 
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Conclusions 

Though modifications in the address sequence of Dyn A(l-ll )-NH2, by 

incorporating local and global conformational constraints into these peptide analogues, 

provide some insights into requirements for the K receptor potency and selectivity, they did 

not lead to analogues with enhanced selectivity for K vs. /.l and K vs. 0 receptors. These 

results and the results from the conformational analysis of c[Cys5, Cyst I JDyn A(1-lI)

NH2 suggest that for further enhancement of potency and selectivity, the message sequence 

is a promising site for further modifications. 
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CHAPTER 4 

MESSAGE SEQUENCE MODIFICATIONS OF DYNORPHIN A 

4.1 Modifications of amino acids at the I-position of dynorphin A analogues 

4.1.1 Design of Dyn A analogues with modifications at position 1 

The studies of linear Dyn A(l-II)-NH2 analogues in our laboratory were begun 

with investigating structural requirements that had not been addressed, namely whether the 

configuration ofTyr1 could be changed to D-Tyr l , and whether the hydroxyl (OH) group 

ofTyrl is important for the binding affinity, potency and selectivity for the K receptor. The 

high K receptor affinity (ICso value is 1.6 nM) and especially enhanced selectivities of the 

Phe 1 analogue for K vs.1l and K vs. 8 receptors (ICSO ratios are 38 and 200, respectively) 

led to further studies of Dyn A(l-II)-NH2 analogues with a Phe l or substituted Phe1 

substitution and other substitutions46 previously suggested to be compatible with high K 

receptor selectivity such as D-Ala8. Substitution of lipophilic residues and certain D-amino 

acids at the 8 position have increased the K receptor selectivity. It was suggested that a 

reverse turn around the 8-position has important effects on the K receptor selectivity. The 

lead for these studies was the [p-BrPhe l , D-Ala8]Dyn A(l-1l)-NH2 analogue which 

displayed high K receptor affinity (ICSO value is 1.7 nM), increased selectivity for K vs. Il 
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receptors (ICso ratio is 28), and greatly enhanced selectivity for K vs. a receptors (ICso 

ratio is 624). 

The suprisingly high K receptor affinity and selectivity of [Phe I, D-Ala8]Dyn A( I

II )-NH2(22) and [p-BrPhe I, D-Ala8]Dyn A( 1-1l)-NH2 (23) suggest that the 

stereoelectronic properties of amino acid at the I-position of Dyn A may be biologically 

important (Figure 4.1). The D-Ala8 analogue was chosen because it had been shown to 

a) H-Phe1-Gly-Gly-Phe-Leu-Arg-Arg-D-Ala8-Arg-Pro-Lys-Leu-Lys-NH2 

b) H-p-BrPhe 1-Gly-Gly-Phe-Leu-Arg-Arg-D-AIa8-Arg-Pro-Lys-Leu-Lys-NH2 

c) H-D-Phe I_GIy-GIy-Phe-Leu-Arg-Arg-D-AIa8-Arg-Pro-Lys-Leu-Lys-NH2 

d) H -(2S ,3S)-p-MePhe I_GI y-Gly-Phe-Leu-Arg-Arg-D-AIa8-Arg-Pro-Lys-Leu-Lys-NHZ 

e) H-p-N02Phel-GIy-Gly-Phe-Leu-Arg-Arg-D-Ala8-Arg-Pro-Lys-Leu-Lys-NH2 

Figure 4.1 Structures of D-Ala8-containing Dyn A analogues with position 1 modifications 

a) [Phe l , D-Ala8]Dyn A(l-11)-NH2 (22), b) [p-BrPhe l , D-AIa8]Dyn A(l-11)-NH2 

(23), c) [D-Phe 1, D-Ala8]Dyn A(l-ll)-NHZ (24), d) [(2S,3S)-p-MePhe l , D-AIa8]Dyn 

A(1-11)-NH2 (25), e) [p-N02Phel, D-AIa8]Dyn A(1-11)-NH2 (26). 
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impart greater selectivity. To further examine the stereochemical, stereoelctronic and 

topographic requirements for high K receptor affinity and selectivity, [D-Phe 1, D-Ala8]Dyn 

A(1-11)-NH2 (24), [p-N02Phel, D-Ala8]Dyn A(1-11)-NH2 (25), and [(2S,3S)-P

MePhe 1, D-Ala8]Dyn A(1-11)-NH2 (26) were designed, synthesized, and evaluated for 

their biological activities. 
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4.1.2 Results and discussion 

Opioid receptor binding affinities and selectivities in the OPB binding assay 

The replacement with D-Phe 1 was designed to examine the importance of 

configuration for the K receptor interaction, The [D-Phe I, D-Ala8]Dyn A(l-Il)-NH2 

analogue (24) displayed poor affinities for the central K, f..l and a receptors (lC50 values are 

147,2264, and 4240 nM, respectively), and decreased selectivities for K vs. f..l and K vs. a 

receptors (lC50 ratios are 15 and 29, respectively) (Table 4.1). The [(2S,3S)-p-MePhe 1, 

D-Ala8]Dyn A( 1-11 )-NH2 analogue (25) was designed to examine the topographic effect 

on the K receptor affinity and selectivity. This analogue displayed moderate K receptor 

affinity (lC50 value is 42.1 nM), but poor affinities for f..l and a receptors (IC50 values are 

1464 and 1164 nM, respectively), leading to increased selectivity for K vs. f..l receptors 

(IC50 ratio is 35). These results suggest that the incorporation of constrained p-MePhe 

derivatives at position 1 may impose specific topographic properties that are important for 

the K receptor affinity. To complete this study requires all four isomers of p-MePhe, 

which recently have been synthesized in our laboratory. The replacement with p-N02Phel 

was designed to examine the importance of stereoelectronic properties for the K receptor 

interaction. Interestingly, the [p-N02Phel, D-Ala8]Dyn A(1-1l)-NH2 analogue (26) 
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displayed good K receptor affinity (lC50 value is 8.9 nM), but poor affinities for /l and 0 

receptors (IC50 values are 870 and 3311 nM, respectively), leading to increased selectivity 

for K vs. /l and K vs. 0 receptors (lC50 ratios are 98 and 372, respectively). These results 

indicate that the stereoelectronic properties and topographic effect of residues at position I 

have important effects on the K receptor binding affinity and selectivity. 

The [p-N02Phel, D-Ala8]Dyn A(l-ll)-NH2 analogue (26) with good IC receptor 

affinity and greatly increased selectivity became the lead for this study and demonstrated 

important stereoelectronic effects on the IC receptor selectivity. 

Table 4.1 Binding Affinities and Selectivities of Dyn A Analogues in GPB Homogenate 

Dyn A( I-II )-NH2 Analogues 1C50 (nM)a selectivity 

K /l 0 /l/K O/K 

1. Dyn A(l-II)-NH2 0.58 9.9 25.5 17.1 44.0 

22. [Phe I, D-Ala8] 1.26 130 528 24 419 

23. [p-BrPhe l , D-Ala8] 1.7 47 1060 28 624 

24. [D-Phe l , D-Ala8] 147 2264 4240 15 29 

25. [(2S,3S)-~-MePhel, D-Ala8] 42.1 1464 1164 35 28 

26. [p-N02Phe 1, D-Ala8] 8.9 870 3311 98 372 

liThe radioligands used were [3H] U-69,593 (K receptor), [3H] DAMGO (/l receptor) and 

[3H] c[D-Pen2, p-CIPhe4, D-Pen5] enkephalin (0 receptor). 
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Biological activities in the guinea pig ileum capn bioassay 

All of the synthesized peptides displayed poor activity for the peripheral lC opioid 

receptors (Table 4.2). The [D-Phe l , D-Ala8]Dyn A(l-II)-NH2 (24) analogue displays 

much lower potency than the related [Phe l , D-Ala8]Dyn A(l-1l)-NH2 analogue (22) 

(ICso = 79,400 nM), whereas analogues 25 and 26 display higher potencies (ICso are 

2000 and 705 nM, respectively) than 22, but lower lC receptor potencies than [p-BrPhe l , 

D-Ala8]Dyn A(l-II)-NH2 (23) (ICSO = 460 nM). The 2.I-fold shift of ICSO of the 

(2S,3S)-p-MePhe analogue indicates that the response was mediated via both lC and Il 

opioid receptors. These biological results suggest that the requirements for high potency 

are different for the central and peripheral lC receptors. It appears that the hydroxyl group 

ofTyrl is more important for the potency at the peripheral lC receptor (1.07 nM vs. 79400 

nM for 1 vs. 22) than the central lC receptor (0.58 nM vs. 1.26 nM for 1 vs. 22). 
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Table 4.2 Bioassays with the Smooth-Muscle Tissue of the Guinea Pig Ileum 

Analogues of ICso (nM) ± SEM 

Dyn A(1-11)-NH2 

GPI shiftn 

1. Dyn A(l-11)-NH2 1.07 ± 0.31 ns 

22. [Phe 1, D-Ala8] 79400 11t 

23. [p-BrPhe 1, D-Ala8] 460 ns 

24. [D-Phe 1, D-Ala8] 25 % at 30 11M nt 

25. [(2S,3S)-p-MePhe 1, D-Ala8] 705 ± 310 2.1 

26. [p-N02Phel, D-Ala8] 2000 ± 710 nt 

ant: not tested; ns: no significant shift observed with 1,000 oM of CTAP used as a 11 

antagonist. 

Selectivity between the central and peripheral K receptors 

The selectivity was measured as the ratio between the ICSO values in the GPI and 

GPB (Table 4.3). Analogue 22 displayed high affinity for the central K receptor but poor 

potency at the peripheral 1C receptor, leading to high selectivity (lCso ratio is 63,000) 

between the central and peripheml 1C receptors. Interestingly, analogue 24 displayed 

moderate affinity for the central 1C receptor but very poor potency at the peripheral 1C 
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receptor, leading to great selectivity (lCso ratio » 1 0,000) between the central and 

peripheral K receptors. Analogues 23, 25, and 26 showed low selectivities (ICSO ratios 

range from 16.7 to 269.) between the central and peripheral K receptors. 

Table 4.3 Central vs. Peripheral K Receptor Selectivities of Dyn A Analogues 

Analogues of ratio of ICSO 

Dyn A(1-11)-NH2 GPIIGPB 

1. Dyn A(l-II)-NH2 1.8 

22. [Phe I, D-Ala8] 63,000 

23. [p-BrPhe I, D-Ala8] » 10,000 

24. [D-Phe 1, D-Ala8] 269 

25. [(2S,3S)-p-MePhe I, D-Ala8] 16.7 

26. [p-N02Phel, D-Ala8] 220 
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In vitro stability studies of Dyn A analogues 

The stabilities of the lead [p-N02PheI, D-Ala8]Dyn A(1-11)-NH2 (26) was 

determined in mouse serum and mouse brain membranes. It is interesting to note that 

modifications at positions 1 and 8 led to analogue 26 with increased stabilities in both 

mouse serum and mouse brain membrane (50 vs. 16 minutes and 111 vs. 49 minutes for 

analogue 26 vs. native Dyn A( 1-17)-OH, respectively). 

Conclusions 

It has been found that the replacement of Phe l with D-Phe in Dyn A(1-11)-NH2 

resulted in a decrease in the central K receptor binding affinity and selectivity. These results 

demonstrate the important stereochemical effect of the L-configuration on the central K 

receptor binding affinity and selectivity. Though [(2S,3S)-p-MePhe 1, D-Ala8]Dyn A(1-

11)-NH2 (25) displayed lower K receptor binding affinity than 22, it displayed increased 

selectivity for the K vs. 11 receptors. These results indicate that the incorporation of 

topographically constrained amino acids into peptides is a rational approach for the design 

of K receptor selective peptide ligands. The most interesting results, the high K receptor 

affinity, greatly increased selectivity, and enhanced enzymatic stabilities of [p-N02Phe I, 

D-Ala8]Dyn A(1-11)-NH2 (26), provide us with a new lead compound for further 

enhancement of K receptor affinity, selectivity, stability, and potency of Dyn A analogues. 

The various approaches in this studies also provide further insights into the requirements 

for high K receptor selectivity and enhanced enzymatic stabilities. 
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4.2 Modifications of amino acids at the 4-position of dynorphin A analogues 

4.2.1 Design of Dyn A analogues with modifications at position 4 

Structure activity studies have shown that the Phe4 residue of dynorphin A peptides 

is important for agonist activity. To further investigate topographic effects of the aromatic 

amino acids at position 4 of Dyn A on the K receptor selectivity, a series of Dyn A(l-II)-

NH2 analogues with topographically constrained p-methylphenylalanine at position 4 were 

synthesized and tested for their biological activities (Figure 4.2).68 The [D-Phe4]Dyn A( 1-

11)-NH2 analogue (29) was designed to examine the importance of configuration for the 

potency and selectivity for the K receptor. 
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Figure 4.2 Structure of local conformationally constrained Dyn A analogues a) [(2S,3S)-

p-MePhe4]Dyn A(l-11)-NH2 (27), b) [(2S,3R)-p-MePhe4]Dyn A(l-11)-NH2 (28), 

c) [(2R,3S)-p-MePhe4]Dyn A(l-11)-NH2 (30), d) [(2R,3R)-p-MePhe4]Dyn A(I-II)-

NH2 (31). 
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4.2.2 Results and discussion 

Opioid receptor bindin~ affinities and selectivities in the OPB bindin~ assay 

The replacements of Phe4 with (2S,3S)-p-MePhe4 and (2S,3R)-p-MePhe4, L-Phe 

were prepared to examine the imp011ance of topographic effects for the lC receptor 

interaction. The [(2S,3S)-p-MePhe4]Dyn A(1-11)-NH2 analogue (27) displayed 

decreased affinities for the centrallC, /.l and 8 receptors (lC50 values m'e 13, 210, and 70 

nM, respectively), and decreased selectivities for lC vs. /.l and lC vs. 8 receptors (lC50 ratios 

are 16 and 5.4, respectively) (Table 4.4). Interestingly, the related [(2S,3R)-P

MePhe4]Dyn A(1-11)-NH2 analogue (28) displayed high potency for the lC receptor (lC50 

value is 0.51 nM) and increased selectivity for lC vs. 8 receptors (lC50 ratio is 192). The 

replacement with D-Phe4 was prepared to examine the importance of the configuration at 

the 4 position for the lC receptor interaction. [D-Phe4]Dyn A(l-II)-NH2 (29) displayed 

decreased potency for lC receptor (lC50 value is 86 nM) and poor potencies for /.l and () 

receptors (IC50 values are 470 and 4700 nM, respectively), leading to increased selectivity 

for lC vs. 8 receptors (lC50 ratio is 54). Interestingly, the [(2R,3S)-p-MePhe4]Dyn A(1-

11)-NH2 analogue (30) displayed good affinity for the lC receptor (IC50 is 11 nM), but 

decreased affinities for /.l and () receptors (IC50 values are 1800 and 8400 nM, 

respectively), leading to greatly improved selectivities for lC vs. /.l and lC vs. () receptors 
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(IC50 ratios are 168 and 776, respectively). The related [(2R,3R)-p-MePhe4]Dyn A(l-

1l)-NH2 analogue (31) also displayed good affinity for the I( receptor (lC50 value is 33 

nM) and increased selectivity for I( vs. 11 and I( vs. a receptors (lC50 ratios are 40 and 123, 

respectively). These results demonstrate that the incorporation of constrained p-MePhe 

derivatives at position 4 impose specific topographic properties which have important 

effects on 1( receptor binding affinity and selectivity. 

Table 4.4 Binding Affinities and Selectivities of Dyn A Analogues in GPB Homogenate 

Dyn A(1-11)-NH2 Analogues IC50 (nM)a selectivity 

I( 11 a 11/1( a/I( 

1. Dyn A(l-II)-NH2 0.58 9.9 25.5 17.1 44.0 

27. [(2S,3S)-p-MePhe4] 13 210 70 16 5.4 

28. [(2S,3R)-p-MePhe4] 0.51 9.4 98 18 192 

29. [D-Phe4] 86 470 4700 5.5 55 

30. [(2R,3S)-p-MePhe4] II 1800 8400 164 764 

31. [(2R,3R)-p-MePhe4] 33 1300 4000 39 121 

aThe radioligands used were [3H] U-69,593 (I( receptor), [3H] DAMGO (11 receptor) and 

[3H] c[D-Pen2, p-CIPbe4, D-Pen5] enkepbalin (a receptor). 
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Biological activities in the guinea pig ileum (OPI) bioassay 

All of the synthesized peptides display decreased activity for the peripheral J( opioid 

receptors, compared to the native Dyn A(I-11)-NH2. The [(2S,3S)-~-MePhe4]Dyn A(I-

11)-NH2 analogue (27) displays lower potency (IC50 values is 525 nM) than the related 

analogue 28. The related [(2S,3R)-~-MePhe4]Dyn A(l-11)-NH2 analogue (28) is the 

most potent (IC50 values is 30.4 nM) at the peripheral J( receptor of synthesized Dyn A 

analogues. The [D-Phe4]Dyn A(l-1l)-NH2 (29) analogue displays poor potency at the 

peripheral J( receptor (IC50 value is 30.4 % at 40 11M). The constrained D-amino acid-

containing analogue [(2R,3S)-~-MePhe4]Dyn A(l-1l)-NH2 (30) displays lower potency 

than the related [(2R,3R)-~-MePhe4]Dyn A(l-II)-NH2 analogue (31) (IC50 values are 

1500 nM and 194 nM, respectively). These biological results suggest that the 

topographical modification of residues at position 4 of Dyn A have an important effect on 

the potency at the peripheral J( receptor. 



75 

Table 4.5 Bioassays with the Smooth-Muscle Tissue of the Guinea Pig Ileum 

Analogues of ICso (nM) ± SEM 

Dyn A(1-11)-NH2 

GPI shiftn 

1. Dyn A(1-11)-NH2 1.07 ± 0.31 ns 

27. [(2S,3S)-p-MePhe4] 525 ± 101 ns 

28. [(2S,3R)-p-MePhe4] 30.4 ± 6.9 ns 

29. [D-Phe4] 30.4 % at 40 11M nt 

30. [(2R,3S)-p-MePhe4] 1500± 228 nt 

31. [(2R,3R)-p-MePhe4] 194 ± 33 0.6 

ant: not tested; ns: no significant shift observed with 1,000 nM of CT AP used as a 11 

antagonist. 

Selectivity between the central and peripheral K: receptors 

The selectivity was measured as the ratio between the IC50 values in the GPI and 

GPB (Table 4.6). Analogue 27 displayed good affinity for the central K: receptor and 

moderate potency at the peripheral K: receptor, leading to low selectivity (lC50 ratio is 40) 

between the central and peripheral K: receptors. The [(2S,3R)-p-MePhe4]Dyn ACl-ll)-
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Table 4.6 Central vs. Peripheral K Receptors Selectivities of Dyn A Analogues 

Analogues of ratio of ICSO 

Dyn A(1-11)-NH2 GPI/GPB 

1. Dyn A(1-11)-NH2 1.8 

27. [(2S,3S)-p-MePhe4] 40 

28. [(2S,3R)-p-MePhe4] 60 

29. [D-Phe4] » 10,000 

30. [(2R,3S)-p-MePhe4] 136 

31. [(2R,3R)-p-MePhe4] S.9 

NH2 analogue (28) displayed high affinity for the central K receptor and good potency at 

the peripheral J( receptor, leading to low selectivity (ICSO ratio is 60) between the central 

and peripheral J( receptors. Analogue 29 displayed moderate affinity for the central K 

receptor but very poor potency at the peripheral J( receptor, leading to complete selectivity 

for the central vs. peripheral J( receptors. Interestingly, analogue 30 displayed good 

affinity for the central J( receptor but very poor potency at the peripheral K receptor, leading 

to higher selectivity (ICSO ratio is l36) between the central and peripheral J( receptors than 
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for related analogues. Analogue 31 displayed moderate affinity for the central K receptor 

and moderate potency at the peripheral K receptor, leading to poor selectivity (IC50 ratio is 

5.9) between the central and peripheral K receptors. 

Conclusions 

It is interesting that the replacement of Phe4 with (2S,3S)-~-MePhe4 in Dyn A(1-

11)-NH2 resulted in a decrease in potency, whereas replacement with the related (2S,3R)

~-MePhe4 resulted in increased K receptor affinity and selectivity. These results suggest 

that the topographic effect is important for the affinity to the central K receptor. The most 

interesting analogue, [(2R,3S)-~-MePhe4]Dyn A(l-11)-NH2 (30), with good affinity and 

greatly increased selectivity for the central K receptor turns out to be a new lead compound 

for further enhancement of potency and selectivity. This analogue also display increased 

selectivity for the central vs. peripheral K receptor. These results clearly indicate that the 

incorporation of topographically constrained amino acids into pep tides is a rational 

approach to the design of novel peptide ligands with high K receptor affinity, potency and 

selectivity. 
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4.3 Modifications of amino acids at positions 2 and 3 of dynorphin A analogues 

4.3.1 Design of Dyn A analogues with modifications at 2 and 3 positions 

Modifications ofTyr! and Phe4 in dynorphin A have been shown to have important 

effects on opioid activity and selectivity. The glycine residues in the 2- and 3- positions of 

dynorphin A may affect the relative orientation of the aromatic rings of Tyr and Phe at 

positions 1 and 4, but their flexibility precludes careful analysis. To examine these effects 

on dynorphin A, Gly2 was substituted with D-norleucine, and Gly3 was substituted with 

D-alanine and L-alanine to form the linear analogues [D-Nle2]Dyn A(l-II)-NH2 (32), [D

Ala3]Dyn A(l-II)-NH2 (33) and [Ala3]Dyn A(l-I!)-NH2 (34). The designed linear Dyn 

A analogues were synthesized and tested for their biological activities. 

a) H-Tyr-D-Nle2-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pl'O-Lys-NH2 

b) H-Tyr-Gly-D-Ala3-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-NH2 

c) H-Tyr-Gly-Ala3-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-NH2 

Figure 4.3 Stl'llctures of linear Dyn A analogues with modifications at positions 2 and 3 

a) [D-Nle2]Dyn A(1-11)-NH2 (32), b) [D-Ala3]Dyn A(l-11)-NH2 (33), c) [Ala3]Dyn 

A(1-11)-NH2 (34). 



79 

4.3.2 Results and discussion 

Opioid receptor binding affinities and selectivities in the GPB binding assay 

Substitution of Gly2 with D-Nle led to analogues 32 that displayed good affinity at 

the central K opioid receptor (IC50 = 3.7 nM) and enhanced selectivities for K vs. 11 and K 

vs. 0 receptors (IC50 ratios are 59 and 92, compared to 17 and 44 for 1) (Table 4.7). 

Table 4.7. Binding Affinities and Selectivities of Dyn A Analogues in GPB Homogenate 

Dyn A(l-ll)-NH2 Analogues IC50 (nM)a ± SEM selectivity 

K ~l 0 I1/K O/K 

1. Dyn A(l-11)-NH2 0.58 ± 0.03 9.9 ± 2.0 25.5 ± 3.4 17.1 44.0 

32. [D-Nle2] 3.70 ± 0.25 218 ± 50 342 ± 22 59 92 

33. [D-Ala3] 0.76 ± 0.28 260 ± 57 1000 ±422 350 1300 

34. [Ala3] 1.1 ± 0.4 210 ± 40 730± 5 190 660 

aThe radioligands used were [3H] U-69,593 (K receptor), [3H] DAMGO (11 receptor) and 

[3H] c[D-Pen2, p-CI-Phe4, D-Pen5] enkephalin (0 receptor). 

Substitution of Gly3 with D- and L-alanine led to analogues 33 and 34 that 

displayed high affinities at the central K opioid receptor (IC50 = 0.76 and 1.1 nM, 
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respectively) similar to that of Dyn A(1-11)-NH2 (1) (ICso = 0.S8 nM) and, rather 

surprisingly, greatly enhanced selectivities for K vs. 11 and K vs. 0 receptors (ICSO ratios 

are 3S0 and 1300 for 33, and 190 and 660 for 34), due to poor affinities for 11 and 0 

receptors. The binding affinity obtained for analogue 34 differs somewhat from one 

previously published for [Ala3]Dyn A(1-13).69 This latter study used a 1-13 analogue, a 

different radioligand, and much shorter incubation time in the binding assay (30 vs. 180 

minutes). 

The [D-Ala3]Dyn A(1-11)-NH2 analogue (33) is one of the most K receptor 

selective dynorphin-like pep tides reported, and can be compared to [N-benzyl-Tyrl, D

prolO] Dyn A(l-13)-NH2, a peptide that exhibits so far the highest reported selectivity for 

the central K vs. 11 and 0 receptors (KIWO Ki ratio = 111070/6080).39 The fact that a higher 

K selectivity can be observed with both analogues 33 and 34 by incorporating the two 

alanine enantiomers suggests that the increase in lipophilicity could be more important than 

a specific orientation of the methyl group of alanine. Another possibility is that replacing 

an a-helix-breaking residue like glycine could increase the a-helical content of the message 

segment of dynorphin A, which has been postulated to be important for K-site selection.62 
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Biological activities in the guinea pig ileum CGPI) 

The results obtained in the GPI bioassay show that analogues 33 and 34 interact 

specifically with the peripheral J( receptors as no shift in activity was observed upon 

addition of the 11 antagonist CTAP, whereas analogue 32 showed small shift upon addition 

of the ).t antagonist CTAP. rn-Nle2]Dyn A(l-1l)-NH2 (32) is quite potent for the 

peripheral J( receptor (ICSO = 40 nM), and interacts preferentially with the peripheral J( 

receptors. Though [D-Ala3] Dyn A(l-11)-NH2 (33) and [L-Ala3] Dyn A(l-11)-NH2 

(34) are still potent at these opioid receptors, they display somewhat lower potencies than 

the standard 1 (lCso = 8.1 and 1.7 nM for 33 and 34, vs. 1.1 nM for 1). 

Table 4.8 Bioassays with the Smooth-Muscle Tissue of the Guinea Pig Ileum 

Dyn ACl-ll)-NH2 Analogues ICSO (nM) ± SEM 

GPI shifta 

1. Dyn ACl-ll)-NH2 1.07 ± 0.31 ns 

33. [D-Nle2] 40. ± 4.4 1 

33. [D-Ala3] 8.1 ± 2.3 ns 

34. [Ala3] 1.7 ± 0.2 ns 

ant: not tested; ns: no significant shift observed with 1,000 nM of CTAP used as a 11 

antagonist. 
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Selectivities between the central and peripheral K receptors 

All synthesized linear analogues (32-34) are quite potent at the central and 

peripheral K receptors, leading to low selectivities between central and peripheral K 

receptors (ICSO ratios are 11, 11, and 1.6, respectively) (Table 4.9). These results indicate 

that hydrophobicity of residues at the 2- and 3-positions of Dyn A affect the binding 

affinities and potency of Dyn A, and the structural effects of modifications of residues at 

the 2- and 3-positions are compatible with the conformational requirements for the central 

and peripheral K receptors. 

Table 4.9 Central vs. Peripheral K Receptors Selectivities ofDyn A Analogues 

Analogues of ratio of ICSO 

Dyn A(l-II)-NH2 GPI/GPB 

1. Dyn A(l-Il)-NH2 1.8 

32. [D-Nle2] 11 

33. [D-Ala3] 11 

34. [Ala3] 1.6 
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In vitro stability studies of Dyn A analogues 

The stabilities of [D-Nle2]Dyn A(l-11)-NH2 (32) and [D-Ala3]Dyn A(l-II)-NH2 

(33) were determined in mouse serum and mouse brain membranes. It is important that the 

position 2-modified [D-Nle2]Dyn A( 1-11 )-NH2 analogue (32) displayed increased 

stability in mouse serum (20 vs. 16 minutes for analogue 32 vs. the native Dyn A(1-17)

OH), and greatly enhanced stability in mouse brain membrane (286 vs. 49 minutes for 

analogue 32 vs. the native Dyn A( 1-17)-OH). Modification at position 3 of Dyn A led to 

[D-Ala3]Dyn A(l-Il)-NH2 (33) with increased stability in mouse serum (25 vs. 16 

minutes for analogue 33 vs. the native Dyn A(1-17)-OH), and enhanced stability in mouse 

brain membrane (84 vs. 49 minutes for analogue 33 vs. the native Dyn A(l-17)-OH). 

These results suggest that the lipophilic properties and/or the structural effects of residues at 

positions 2 and 3 of Dyn A are important for increasing the enzymatic stabilities in both 

mouse serum and mouse brain membrane. 
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Conclusions 

It is impOltant that substitution of Gly3 with D- and L-alanine in Dyn A( 1-11 )-NH2 

(analogues 2 and 3) resulted in a dramatic increase in selectivity for 1( receptors, when 

compared to Dyn A(l-11)-NH2 itself. Though it still is not possible to say whether these 

results are due to 1) an increase in Iipophilicity of the peptide, 2) a possible enhancement of 

the a-helical content of the message segment of this peptide, 3) a more favorable spatial 

arrangement of the relative positions of the aromatic residues, or 4) a combination of these 

different effects, they are highly interesting, as they provide us with new lead compounds 

for further enhancement of 1( receptor potency and selectivity of Dyn A analogues. The 

enhanced stability of [D-Nle2]Dyn A(l-ll )-NH2 (32) and [D-Ala3]Dyn A(l-Il)-NH2 

(33) provide us with further insights into the requirements for enhanced enzymatic stability 

of Dyn A analogues. 
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4.4 Further modifications at the 3-position of dynorphin A 

4.4.1 Design of 3-position modified Dyn A analogues 

The interesting results with the [D-Ala3]Dyn A(1-11 )-NH2 analogue prompted us 

to further investigate the structure-activity relationships involving the residue at the 3-

position of Dyn A( 1-11 )-NH2. A series of Dyn A analogues with various substitutions at 

the 3-position have been synthesized to examine the importance of the Iipophilicity of 

amino acid residues at position 3 of Dyn A (Figure 4.4). The synthesized linear Dyn A 

analogues were evaluated for their binding affinities, selectivities, and biological 

activities,70 

H-Tyr-Gly-AAz3-Phe-Leu-Arg-Arg-I1e-Arg-Pro-Lys-NH2 

AAz = D-IIe, D-Phe, Phe, D-Tyr (lipophilic amino acids) 

AAz = D-Lys, Lys, D-Arg, D-Glu, Glu (hydrophilic amino acids) 

Figure 4.4 Structures of linear Dyn A analogues with modifications at position 3 

(analogues 35-43). 
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4.4.2 Results and discussion 

Opioid receptor binding affinities and selectivities in the OPB binding assay 

In the OPB binding assay, analogues [D-Ala3]Dyn A(I-11)-NH2 (33) and .Lt.-

Ala3]Dyn A( I-II )-NH2 (34) displayed high affinities at the central K opioid receptor and 

greatly enhanced selectivities for K vs. /.l and K vs. 8 receptors (Table 4.10). As [D

Ala3]Dyn A(1-11)-NH2 (33) is one of the most K receptor selective dynorphin-like 

pep tides reported, we incorporated further position 3 modifications into Dyn A analogues 

to examine the requirements for further enhanced K receptor selectivity. Substitution with 

bulky D-Ile led to the [D-Ile3]Dyn A(I-II)-NH2 (35) analogue which displayed moderate 

affinity (ICSO = 54.8 nM) at the K receptor, and enhanced selectivities for K vs. /l and K 

vs. 8 receptors (19 and 258, respectively), compare to Dyn A(1-11 )-NH2 (l). These 

results suggest that the topographic effects of the p-methyl group of D-I1e or the increased 

Iipophilicity may be important for K receptor binding affinity. Further modification with 

aromatic amino acid led to the [D-Phe3]Dyn A(l-Il)-NH2 analogue (36). It displays good 

affinity at the K receptor (IC50 = 5.91 nM), but is only selective for K vs. 8 receptors 

(ICSO ratio is 125). Interestingly, the related [Phe3]Dyn A(1-11)-NH2 analogue (37) 

displays great affinity at the K receptor (IC50 = 0.89 nM) and is quite selective for K vs. /l 
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Table 4.10 Binding Affinities and Selectivities ofDyn A Analogues in GPB Homogenate 

Analogues of IC50 (nM)a ± SEM Selectivity 

Dyn A(1-11)-NH2 

K 11 0 I1IK olK 

1. Dyn A(1-1l)-NH2 0.58 ± 0.03 9.9 ± 2.0 25.5 ± 3.4 17 44 

33. [D-Ala3] 0.76 ± 0.28 260 ± 57 1000 ± 422 350 1300 

34. [Ala3] 1.1 ± 0.35 210 ± 40 730 ± 4.5 190 660 

35. [D-Ile3] 55.0 ± 2.1 1030 ± 14 14000 ± 150 19 260 

36. [D-Phe3] 5.90 ± 0.77 86 ± 13 740 ± 190 15 125 

37. [Phe3] 0.89 ± 0.31 27.1±7.2 280 ± 41 30 3J5 

38. [D-Tyr3] 23.1 ± 4.6 650 ± 180 5600 ± 570 28 240 

39. [D-Lys3] 380 ± 81 1900 ± 220 16000 ± 2300 5 42 

40. [Lys3] 240 ± 36 7400 ± 1400 30%/80,OOOnM 31 >330 

41. [D-Arg3] 230 ± 69 5100 ± 1300 > 60,000 22 > 260 

42. [D-Glu3] 1100±21O 2500± 230 13000 ± 3800 2.3 12 

43. [GI1I3] 150 ± 20 6600 ± 1300 3040 ± 560 44 20 

aThe radioJigands used were [3H] U-69,593 (K receptor), [3H] DAMGO (11 receptor) and 

[3H] c[D-Pen2, p-CI-Phe4, D-Pen5] enkephalin (0 receptor). 
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and K vs. a receptors (lC50 ratios are 31 and 319, respectively). These results demonstrate 

that the stereochemical and structural effects of residues at the 3-position of Oyn A play 

important roles on the K receptor binding affinity and selectivity. Substitution with O-Tyr 

in position 3 was designed to analyze the requirement for the phenolic hydroxyl function. 

The [O-Tyr3]Oyn A(l-II)-NH2 analogue (38) displays a moderate potency (JC50 = 23.4 

nM) and enhanced selectivities for K vs. /l and K vs. 0 receptors (28 and 239, 

respectively). To further explore the importance of functional groups of residues at 

position 3 of Oyn A, D-Lys, L-Lys, O-Arg, O-Glu, and L-Glu were incorporated into Oyn 

A to yield analogues 39-43. Though some of these showed increased selectivities for K 

vs. /l and/or K vs. 0 receptors, all of them displayed poor affinities at the K receptor (IC50 

range from 150 to 1100 nM). It is concluded that Oyn A(1-11)-NH2 analogues with 

lipophilic residues at position 3 (compounds 33·38) generally display higher K receptor 

affinity and/or selectivity than analogues with hydrophilic residues at the same position 

(compounds 39-43) 

Biological activity in the guinea pig ileum CGPJ) bioassay 

The results obtained in the GPI bioassay show that, as no shift in activity can be 

observed upon addition of the /l antagonist CTAP, potent analogues 33, 34, 37 interact 

only or specifically with the peripheral K receptors (Table 4.11). It is noted that all of the 

analogues are more potent for the central than peripheral K opioid receptors. It also isfound 
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Table 4.11 Bioassays with the Smooth-Muscle Tissue of the Guinea Pig Ueum 

Analogues of IC50 (nM) ± SEM 

Dyn A( 1-11)-NH2 

GPI shifta 

I.Dyn A(l-11)-NH2 1.0 ± 0.3 ns 

33. [D-Ala3] 8.1 ± 2.3 ns 

34. [Ala3] 1.7 ± 0.2 n8 

35. [D-IIe3] 5.7 % at 60 11M nt 

36. [D-Phe3] 370 ± 61 nt 

37. [Phe3] 1.1 ± 0.1 ns 

38. [D-Tyr3] 41.7 % at 60 11M nt 

39. [D-Lys3] 21000 ± 9300 nt 

40. [Lys 3] 15.6 % at 30 11M nt 

41. [D-Arg3] 14.3 % at 60 11M nt 

42. [D-GI1I3] 5700 ± 949 nt 

43. [GI1l3] 48 % at 30 11M nt 

ant: not tested; ns: no significant shift observed with 1,000 nM of CT AP used as a 11 

antagonist. 
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that Dyn A analogues with lipophilic residues at position 3 are more potent than analogues 

with hydrophilic residues at this position at the peripheral K receptor. As previous 

described, [D-Ala3] Dyn A(l-1l)-NH2 and [L-Ala3] Dyn A(1-11)-NH2 arepotent at these 

opioid receptors but somewhat less potent than the standard 1. Interestingly, the 

[Phe3]Dyn A(l-II)-NH2 analogue is the most potent (lC50 = 1.1 nM) of all analogues at 

the peripheral K receptor, but the related [D-Phe3]Dyn A(1-11 )-NH2 only displays 

moderate potency (lC50 = 370 nM). [D-Ala3]Dyn A(1-11)-NH2 displays lower potency 

than [L-Ala3]Dyn A(1-11)-NH2 «(lC50 = 8.13 and 1.73 nM, respectively) at the peripheral 

K receptor; interestingly, these results are opposite for these analogues at the central K 

receptor. These results suggest that the stereochemical requirements for high potency and 

selectivity are different between the central and peripheral K receptors. Analogues [D-

Ile3]Dyn A(1-11)-NH2 (35) and [D-Tyr3]Dyn A(1-1l)-NH2 (38), which displayed good 

affinity at the central K receptor, showed poor potencies at the peripheral K receptor, 

making them very selective for the central vs. peripheral K receptors. The interesting 

biological results with the Gly3_substituted Dyn A analogues led us to explore further the 

configurational, functional, and structural requirements of residues at position 3 which are 

compatible with reasonable potency and/or selectivity for the K receptor. 
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Conclusions 

The [D-Ala3]Dyn A(l-1l)-NH2 and [D-Ala3]Dyn A(1-11)-NH2 analogues with 

greatly increased IC receptor selectivity are highly interesting. Although the structure

biological activity relationships of Ala-containing analogues was previously studied for 

Dyn A(1-13),35 relatively little has been reported on structure-activity relationships 

involving amino acid residues at position 3 of Dyn A. Thus, we synthesized a series of 

Dyn A(l-11)-NH2 analogues with various substitutions at the 3-position. It was found 

that substitution of Gly3 with Phe3 results in enhanced selectivities for IC vs. 11 and IC vs. 8 

receptors relative to Dynorphin A(l-ll )-NH2, while substitution of Gly3 with D-Phe, D

Tyr, and D-Ile only resulted in modestly increased selectivity for IC vs. 8 receptors. These 

results suggest that the configurational and/or structural effects of the residue at the 3-

position of Dyn A playa role in the potency and selectivity for the IC receptor. The greatly 

decreased binding affinities for the IC receptor caused by introducing hydrophilic residues 

into Dyn A suggest that the lipophilicity of residues at the 3-position of Dyn A also is 

important for the potency and/or selectivity for the IC receptor. We suggest that for the 

development of novel pep tides with high potency, selectivity and stability for IC receptor, 

the 3-position of Dyn A is a promising site for further modifications. 



92 

4.5 Topographic modifications at the 3-position of dynorphin A 

4.5.1 Design of Dyn A analogues with topographical constraints at position 3 

The interesting results with [Phe3]Dyn A( 1-11 )-NH2 suggest that the incorporation 

of a local conformational constraint provided by ~-substituted phenylalanine derivatives 

into this analogue should provide further insights into the stereochemical and topographical 

requirements for high K receptor affinity, selectivity, and potency. Thus, several 

constrained amino acids have been synthesized by methods developed in our laboratory 71 

and incorporated into Dyn A to yield [(2S,3S)-~-MePhe3]Dyn A(l-1l)-NH2 (44), 

[(2S,3R)-~-MePhe3]Dyn A(l-ll )-NH2 (45), [(2S,3S)-~-Me-2' ,6' -Me2-Phe3]Dyn A(l-

11 )-NH2 ([(2S,3S)-tri-McPhe3]Dyn A(l-ll )-NH2; 46), and [(2S,3R)-~-Me-2' ,6' -Me2-

Phe3]Dyn A(I-11)-NH2 ([(2S,3R)-tri-MePhe3]Dyn A(l-11)-NH2; 47) (Figure 4.5). 



a) 

b) 

c) 

d) 

Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-NH2 

~ 

H3C411" R 2
~ 

H' 1\\H 
H-Tyr-Gly , /" .,\ Phe-Leu-Arg-Arg-I1e-Arg-Pro-Lys-NH2 

~ sy 
o 

H3C CH3 
H3C,". R H 

H-Tyr-Gly ,H .,\~ 

. ~ o 

Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-NH2 

Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-NH2 
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Figure 4.5 Topographical constrained Dyn A analogues. a)[(2S,3S)~-MePhe3]Dyn A(1-

11)-NH2 (44), b) [(2S,3R)~-MePhe3]Dyn A(1-11)-NH2 (45), c) [(2S,3S)-~-Me-2',6'-

Me2-Phe3]Dyn A(l-11)-NH2 (46), d) [(2S,3R)-~-Me-2' ,6'-Me2-Phe3]Dyn A(l-11)-NH2 

(47). 
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4.5.2 Results and discussion 

Opioid receptor bindin~ affinities and selectivities in the GPB bindin~ assay 

These analogues display lower affinities (IC50 values range from 6.0 to 127 nM) 

and lower selectivities for the 1( receptor than the related [Phe3]Dyn A(1-11)-NH2 analogue 

(Table 4.12). Of all the analogues with constrained amino acids, [(2S,3R)-p-MePhe3]Dyn 

A(l-11)-NH2 (45) is the most potent and displays increased selectivities for 1( vs. /-l and 1( 

vs. 0 receptors (IC50 ratios are 20 and 112, respectively). The (2S,3S)-p-MePhe3 

analogue (44) displays poor potencies for all three receptors and decreased selectivities for 

1( vs. /-l and 1( vs. 0 receptors. Analogues with further 2', 6' dimethyl-substitution in the 

aromatic ring, [(2S,3S)-tri-MePhe3]Dyn A( 1-11 )-NH2 (46) and [(2S,3R)-tri

MePhe3]Dyn A(l-11)-NH2 (47), displays slightly increased selectivity for 1( vs. /-l 

receptors (IC50 ratio m'e 25 and 18.4, respectively), but decreased selectivity for 1( vs. 0 

receptors (IC50 ratio are 40 and 22.3, respectively). The interesting results with 

[Phe3]Dyn A(l-11)-NH2 and analogues with p-methylphenylalanine demonstrate the 

topographical effects of constrained amino acids on potency and selectivity, and suggest 

that the incorporation of local conformationally constrained amino acids into peptide 

analogues could provide further insights into the stereochemical and topographical 

requirements for high 1( receptor affinity, selectivity, and potency. 
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Table 4.12 Binding Affinities and Selectivities ofDyn A Analogues in GPB Homogenate 

Analogues of IC50 (nM)a ± SEM Selectivity 

Dyn A(1-11)-NH2 

I( Il 0 Il/I( 0/1( 

1. Dyn A(1-11)-NH2 0.58 ± 0.03 9.9 ± 2.0 25.5 ± 3.4 17 44 

36. [D-Phe3] 5.90 ± 0.77 86 ± 13 740 ± 190 15 125 

37. [Phe3] 0.89 ± 0.31 27.1 ± 7.2 280 ± 41 30 315 

44. [(2S,3S)-p-MePhe3] 120 ± 16 1350±513 1500 ± 76 11 13 

45. [(2S,3R)-p-MePhe3] 6.0 ± 1.2 112 ± 8 670 ± 51 20 112 

46. [(2S,3S)-tri-MePhe3] 11O± 6 2800 ± 506 4500 ± 405 25 41 

47. [(2S,3R)-tri-MePhe3] 130 ± 27 2350 ± 102 2800 ± 145 18.4 22.3 

HThe radioligands used were [3H] U-69,593 (I( receptor), [3H] DAMGO (Il receptor) and 

[3H] c[D-Pen2, p-CI-Phe4, D-Pen5] enkephalin (0 receptor). 
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Biological activities in the guinea pig ileum (OPl) bioassay 

In the OPI bioassay, the results obtained showed that the [(2S,3S)-p-MePhe3]Dyn 

A( 1-11)-NH2 analogue (44) displays poor potency (ICso is 2190 nM) for the peripheral K 

receptor (Table 4.13). The [(2S,3S)-tri-MePhe3]Dyn A(l-II)-NH2 analogue (46) with 

further 2', 6'-dimethyl-substitution in the aromatic ring displays very poor potency for the 

peripheral K receptor (ICSO is 40800). The related [(2S,3R)-tri-MePhe3]Dyn A(l-II)-

NH2 analogue (47) displays poor potency for the peripheral K receptor (ICSO is 2830), but 

higher than that of the analogue 46. 

Table 4.13 Bioassays with the Smooth-Muscle Tissue of the Ouinea Pig Ileum 

Analogues of ICSO (nM) ± SEM 

Dyn ACl-ll)-NH2 
OPI shina 

1. Dyn A(l-ll)-NH2 1.0 ± 0.3 ns 

36. [D-Phe3] 370 ± 61 nt 

37. [Phe3] 1.1 ± 0.1 ns 

44. [(2S,3S)-p-MePhe3] 2190 ± 720 nt 

45. [(2S,3R)-p-MePhe3] - -

46. [(2S,3S)-tri-MePhe3] 40800 ± 7404 nt 

47. [(2S,3R)-tri-MePhe3] 2830 ± 192 nt 

ant: not tested; ns: no significant shift observed with 1,000 nM of CT AP used as a f..l 

antagonist. 
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Selectivities between the central and peripherall( receptors 

The [(2S,3S)-~-MePhe3]Dyn A(l-1l)-NH2 analogue (44) which displayed 

moderate affinity for the central K receptor and poor potency for the peripheral K receptor 

showed poor selectivity (lCso ratio is 18) between the central and peripheral K receptors 

(Table 4.14). The [(2S,3S)-tri-MePhe3]Dyn A(l-11 )-NH2 analogue (46) which displayed 

moderate affinity for the central l( receptor and very poor potency for the peripheral K 

receptor showed good selectivity (lCso ratio is 360) between the central and peripheral K 

receptors. The related [(2S,3R)-tri-MePhe3]Dyn A(l-II)-NH2 analogue (47) which 

displayed moderate affinity for the centrall( receptor and poor potency for the peripheral K 

receptor showed poor selectivity (lCso ratio is 22) between the central and peripheral K 

receptors. 
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Table 4.14 Central vs. Peripheral1C Selectivities of Dyn A(1-11)-NH2 Analogues 

Analogues of ratio of IC50 

Dyn A(1-11)-NH2 GPI/GPB 

1. Dyn A(1-11)-NH2 1.9 

36. [D-Phe3] 62 

37. [Phe3] 1.2 

44. [(2S,3S)-p-MePhe3] 18 

45. [(2S,3R)-p-MePhe3] -

46. [(2S,3S)-tri-MePhe3] 360 

47. [(2S,3R)-tri-MePhe3] 22 
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4.6 Modifications with conformational constraints at position 3 of dynorphin A 

4.6.1 Design of Dyn A analogues with global conformational constraints at position 3 

The high potency and excellent selectivity of [D-Ala3]Dyn A(1-11 )-NH2 suggest 

that for further design of novel peptides with high potency, selectivity and stability for K 

receptor, position 3 of Dyn A is a promising site for further modifications. We 

incorporated a global conformational constraint into Dyn A to produce disulfide-bridged 

Dyn A analogues as shown in Figure 4.6. 

I 3 I 6 
a) H-Tyr-Gly-Cys -Phe-Leu-Cys -Arg-Ile-Arg-Pro-Lys-NH2 

I I 
b) H-Tyr-Gly-D-Cys3-Phe-Leu-Cys6-Arg-Ile-Arg-Pro-Lys-NH2 

I I 
c) H-Tyr-Gly-Cys 3-(2S, 3S)-p-MePhe4-Leu-Cys6-Arg-Ile-Arg-Pro-Lys-NH2 

Figure 4.6 Structures of disulfide-bridged Dyn A analogues a) c[Cys3, Cys6]Dyn A(l-

11)-NH2 (48), b) c[D-Cys3, Cys6]Dyn A(l-II)-NH2 (49), c) c[Cys3,6, (2S,3S)-P-

MePhe4]Dyn A(1-11)-NH2 (50). 
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4.6.2 Results and discussion 

Opioid receptor binding affinities and selectivities in the GPB binding assay 

In the GPB binding assay, all of the synthesized disulfide-bridged Dyn A analogues 

displays decreased affinities for all three opioid receptors and poor selevctivities for the lC 

receptor, however, the D-Cys-containing analogue (49) displays higher affinity than the 1-

Cys-containing analogues (48 and 50) (Table 4.15). These results indicate that the global 

conformations of [3, 6] disulfide-bridged Oyn A analogues lack the conformational 

requirements for enhanced lC receptor selectivity and potency. 

Table 4.15 Binding Affinities and Selectivities of Oyn A Analogues in GPB Homogenate 

Analogues of IC50 (nM)a ± SEM Selectivity 

Oyn A(l-II)-NH2 

I( Il 0 III I( oil( 

1. Oyn A(l-11)-NH2 0.58 ± 0.03 9.9 ± 2.0 25.5 ± 3.4 17 44 

48. c[Cys3, Cys6] 244± 24 1940 ± 505 1320 ± 346 8 5 

49. c [D-Cys3, Cys6] 145 ± 17 109 ± 17 240 ± 7.3 1 2 

50. c[Cys3,6, (2S,3S)-~-MePhe4] 2700 ± 260 5000 ± 900 1600 ± 290 2 0.6 

aThe radioligands used were [3H] U-69,593 (lC receptor), [3H] OAMGO (Il receptor) and 

[3H] c[1l-Pen2, p-CI-Phe4, ll-Pen5] enkephalin (0 receptor). 
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Biological activities in the GPI bioassay 

In the GPI bioassay, all of the disulfide-bridged Dyn A analogues displayed poor 

affinities for the peripheral K receptors (Table 4.16). These results indicate that the 

designed conformational constraints also are not compatible with the conformational 

requirements for the peripheral K receptor. 

Table 4.16 Bioassays with the Smooth-Muscle Tissue of the Guinea Pig Ileum 

Analogues of IC50 (nM) 

Dyn A(l-11)-NH2 

GPI fold-shifta 

1. Dyn A(l-II)-NH2 1.07 ± 0.31 ns 

48. c[Cys3, Cys6] 45% at 30 /!M nt 

49. c [D-Cys3, Cys6] 47% at 30 /!M nt 

50. c[Cys3, 6, (2S,3S)-p-MePhe4] 5.5 % at 60 /!M nt 

ant: not tested; ns: no significant shift observed with 1,000 nM of CTAP used as a /! 

antagonist. 



CHAPTER 5 

MIXED MESSAGE/ADDRESS SEQUENCES-MODIFICATIONS OF 

DYNORPHIN A 

5.1 Modifications of Dyn A analogues with cyclic [i to i+4] lactam-bridges 

5.1.1 Design and synthesis of cyclic [i to i+4] lactams of Dyn A analogues 

102 

We previously have reported fOllr possible binding conformations of Dynorphin A 

(Dyn A) for the central K opioid receptors and suggested that an a-helical conformation in 

the cyclized address sequence or a helical conformation induced by the conformational 

characteristics of the message sequence may be important for binding potency and receptor 

selectivity. 59 Side-chain to side-chain lactam bridges between the i and i+4 positions have 

been shown to stabilize the a-helical conformation. Therefore, positions 2 to 6, 3 to 7, and 

5 to 9 are chosen as the sites for incorporating cyclic conformational constrains to form 

cyclic lactam analogues of Dyn A(l-11)-NH2 (Figure 5.1).72 The designed cyclic 

analogues were tested in the guinea pig brain (GPB) binding assay and guinea pig ileum 

(GPI) bioassay to evaluate the conformational analysis prediction, and further, to 

investigate the conformational requirements for high potency and selectivity for the K 

opioid receptor. 

All Dyn A analogues were synthesized as C-terminal carboxamide analogues to 

impart stability to exopeptidase73 by solid phase methods (Figure 5.2). The Na-Boc 
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I 2 I 6 
a) H-Tyr-Asp -Gly-Phe-Leu-Lys -Arg-Ile-Arg-Pro-Lys-NH2 

I 2 I 6 
b) H-Tyr-D-Asp -Gly-Phe-Leu-Lys -Arg-Ile-Arg-Pro-Lys-NH2 

I 3 I 7 
c) H-Tyr-Gly-Asp -Phe-Leu-Arg-Lys -Ile-Arg-Pro-Lys-NH2 

I 3 I 7 
d) H-Tyr-Gly- D-Asp -Phe-Leu-Arg-Lys -Ile-Arg-Pro-Lys-NH2 

I I 
e) H-Tyr-Gly-Gly-Phe-Lys5 -Arg-Arg-Ile-Asp9 -Pro-Lys-NH2 

I I 
f) H-Tyr-Gly-Gly-Phe-Lys 5 -Arg-Arg-Ile-,Q-Asp9 -Pro-Lys-NH2 

g) H-Tyr-Asp2-Gly-Phe-Leu-Lys6-Arg-Ile-Arg-Pro-Lys-NH2 

h) H-Tyr-D-Asp2_Gly-Phe-Leu-Lys6-Arg-Ile-Arg-Pro-Lys-NH2 

i) H-Tyr-Gly-Asp3-Phe-Leu-Arg-Lys 7 -Ile-Arg-Pro-Lys-NH2 

j) H-Tyr-Gly-D-Asp3-Phe-Leu-Arg-Lys 7 -Ile-Arg-Pro-Lys-NH2 

k) H-Tyr-Gly-Gly-Phe-Lys5-Arg-Arg-Ile-Asp9-Pro-Lys-NH2 

I) H-Tyr-Gly-Gly-Phe-Lys5-Arg-Arg-IIe-D-Asp9-Pro-Lys-NH2 

Figure 5.1 Structures of cyclic [i to i+4] lactams of Dyn A and related linear analogues. 



Boe-Lys(2,4-C12Z) + 
H-o-H2N¢ ~ b Resin 

CH3 

tBOP, DIEA, NMP 

Boe-Lys(2,4-C12Z)II-NH-Resin 

Repeat deproteetion and coupling with: 
Boe-Pro, Boe-Arg(Tos), Boe-Ile, 
Boc-Lys(Fmoc), Boc-Arg(Tos), 
Boe-Leu, Boe-Phe, Boe-D-Asp(OFm) 
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Boc-n-Asp(OFm) 3_Phe4_Leu 5-Arg(Tos) 6-Lys(Fmoc)7 -lie 8-Arg(Tos) 9_pro IO-Lys(2,4-CI2Z)II-NH-Resin 

~ 20% Piperidine in NMP 

~ BOP, DIEA, NMP 

Boc-D-A
1
sp3 -Phe4-Leu 5-Arg(Tos) 6_LY~ 7-I1e 8-Arg(Tos)9 -Pro IO-Lys(2,4-CI2Z)II_NH-R 

~ Repeat deprotection and coupling with: 

~ Boe-Gly, Boc-Tyr 

I I 
Boc-Tyr I_Gly2_ n-Asp3 -Phe 4-Leu5-Arg(Tos) 6 -Lys 7 -lie 8 -Arg(Tos) 9 -Pro I O-Lys(2,4-CI2Z) II_NH_R 

t Deproteetion 

~ HF cleavage 

I I 
H-Tyrl-Gly2_D-Asp3-Phe4-Leu5-Arg6-Lys 7 -I1e8-Arg 9-pro IO-Lys II_NH2 

Figure 5.2 Solid phase synthesis of [D-Asp3, Lys 7]Dyn A(1-11)-NH2. 
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amino acids were sequentially coupled to the growing peptide chain using Bop reagent and 

diisopropylethylamine (OlEA) in N-methyl-2-pyrrolidinone (NMP) as coupling reagent. 

The coupling reaction time was 1 h. Side-chain protecting groups used were 9-

fluorenylmethyloxycarbonyl (Fmoc) or 2,4-dichlorobenzyloxycarbonyl (2,4-CI2Z) for 

Lys, toluenesulfonyl (Tos) for Arg, 2,6-dichlorobenzyl (2,6-CI2Bzl) for Tyr, and 

fluorenylmethyl (Fm) for Asp. Trifluoroacetic acid (TFA, 50% in OCM) was used to 

remove the Na-Boc protecting group, and 20% piperidine was used to remove the Fmoc 

side-chain protecting group from Lys and the OFm group from Asp. 

Oiisopropylethylamine (DlEA) was used as a base and dichloromethane (OCM) and NMP 

were used as solvents for washing. The cyclic peptide was cyclized on the resin by 

removing the Fmoc side-chain protecting group from Lys and the OFm group from Asp, 

cyclizing to the lactcill1 ring using Bop reagent, and then deprotecting the last Na_Boc 

group. Each peptide-resin was dried ill vacuo and the peptide was then cleaved from the 

resin using liquid anhydrous hydrofluoric acid (HF) in the presence of cresol (10% w/v) 

for 1 hI' at 0 oc, After removal of HF under reduced pressure, the residue was washed 

with anhydrous ether and extracted with 30 % aqueous acetic acid. The acetic acid solution 

was evaporated to give a white residue. The crude peptide was then purified by semi

preparative reverse phase HPLC under the conditions described above to yield a white 

powder after lyophilization (11 %). 

To efficiently synthesize these peptides, we designed the synthetic route shown in 

Figure 5.3. The first few steps for the synthesis of Boc-Phe-Leu-Arg(Tos)-Lys(Fmoc)

IJe-Arg(Tos)-Pro-Lys(2, 6-CI2Z)-NH-resin (2 mmole, 0.5 mmole/analogue) are the same 

as shown in Figure 5.2. The obtained peptide-resin was separated into two portions, and 



106 

Boc-Phe4 -Leu5 -Arg(Tos) 6-Lys(Fmoc) 7 -TIe 8-Arg(Tos) 9-Pro IO_Lys(2,4-di-CIZ) II_NH_R 

I Divided by 2 

~ Deprotection 

I Boc-l,-Asp(OFm), t Bop, DIEA, NMP 

~ Deprotection 

I Boc-Q-Asp(OFm), 
,BOP, DIEA, NMP 

Boc-L-Asp(OFm)~ NH-R Boc-D-Asp(OFm)dvv- NH-R 

Llncar I 
+ 
t 
t 
t 
+ 
~ 

Cyclic 

+ 

t 
t 
t 
t 
~ 

~ 
t 

rI 

Lincllr Cyclic 

50%TFA 0% PiperidinelNMP 

t Boc-Gly t BOP, DIEA, NMP 

tDeprotecton BOC-Q-~sL-~-ReSin 
+ Boo· ry, ~ DopWlecHoo 

~ 20% P;p,ridloolNMP ~",-GIY 

+ Deprotcction Boc-Gly-Q-Asp3, Lys 7_ ~ - Resin 

I I Deprotection 
,HF Cleavage , 

I Boc-Tyr 
rn-Asp3, Lys7] , 

r:-l 
Boc-Tyr-Gly-Q-Asp3, Lys 7_ ~ - Resin 

t Deprotection 

t HF cleavage 

r-1 
[Asp3, Lys7]Dyn A(1-11)-NH2 [Q-Asp3, Lys7jDyn A(1-11)-NH2 

Figure 5.3 Synthetic plan for the synthesis of cyclic lactams of Dyn A and related linear 

analogues. 
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then individually coupled to D-Asp and L-Asp to yield the desired sequences of peptides. 

Each of the peptide-resins was then separated into two portions for further synthesizing the 

linear and cyclic peptides. Four peptide analogues of Dyn A were synthesized efficiently 

by this synthetic plan. 
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5.1.2 Results and discussion 

Opioid receptor binding affinities and selectivities in the aPB binding assay 

In the aPB binding assay, it was found that Dyn A analogues with D-residue at 

positions 2, 3, or 9 (analogues 54, 56, 58, 60 and 62) are generally more potent for the 

I( receptor than the corresponding analogues with L-residues at the same position (53, 55, 

57,59, and 61) (Table S.O. The cyclic c[Asp2, Lys6]Dyn A(1-11)-NH2 analogue (51) 

displays poor affinities for 1(, /l, and 0 receptors (IC50 are 102, 2981, and 911 nM, 

respectively), but slightly increased selectivity for I( vs. /l receptors (ICSO ratio is 29.2). 

Interestingly, the related cyclic analogue c[D-Asp2, Lys6]Dyn A( 1-11)-NH2 (52) displays 

similar affinity for the I( receptor (lC50 value is 109 nM), but greatly improved affinities 

for /l and 0 receptors (ICSO values are 3.4 and 12.3 nM, respectively), leading to ligands 

that preferentially interact with /l and 0 receptors. The cyclic analogue c[Asp3, Lys 7]Dyn 

A(1-II)-NH2 (53) displays moderate affinity for the I( receptor (IC50 is 24.7 nM) and 

greatly decreased affinities for /..l and 0 receptors (lC50 values are 739 and 1710 nM, 

respectively), leading to increased selectivities for I( vs. /l and I( vs. 0 receptors (ICSO 

ratios are 30 and 69). On the other hand, the corresponding cyclic analogue c[D-Asp3, 

Lys7]Dyn A(1-11)-NH2 (54) displays good affinity for the I( receptor (lCso value is 4.9 

nM, ) and also is the most selective for I( vs. /..l receptors (ICSO ratio is 64) of all analogues 

synthesized in this study. To our knowledge, analogues 53 and 54 are the first message-
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Table 5.1 Binding Affinities and Selectivities ofDyn A Analogues in GPB Homogenate 

Analogues of IC50 (nM)a ± SEM Selectivity 

Dyn A(1-11)-NH2 

I( /1 0 /1/1( oil( 

1. Dyn A(l-Il)-NH2 0.58 ± 0.03 9.9 ± 2.0 25.5 ± 3.4 17.1 44.0 

51. c[Asp2, Lys6] 102±42 3000 ± 610 910 ± 62 29.2 8.9 

52. c [D-Asp2, Lys6] 109 ± 26 3.4 ± 2.1 12.3 ± 4.9 0.03 0.10 

53. c[Asp3, Lys7] 24.7 ± 5.1 740 ± 97 171O±256 30 69 

54. c [D-Asp3, Lys 7] 4.9 ± 0.6 312 ± 40 134 ± 12 64 27 

55. c[Lys5, Asp9] 102 ± 42 117 ± 25 146 ±7 1.1 1.4 

56. c[Lys5, D-Asp9] 6.6 ± 2.5 12 ±4 50 ± 1 1.8 7.6 

57. [Asp2, Lys6] 220 ± 27 290± 70 560 ± 29 1.3 2.5 

58. [D-Asp2, Lys6] 1.5 ± 0.4 0.08 ± 0.04 1.15 ± 0.02 0.05 0.77 

59. [Asp3, Lys 7] 185 ± 46 1300 ± 421 180 ± 330 7.1 9.7 

60. [D-Asp3, Lys7] 47 ± 15 660 ± 202 870 ± 250 14.2 18.6 

61. [Lys5, Asp9] 35 ± 9 403 ± 110 3300 ± 810 11.5 94 

62. [Lys 5, D-Asp9] 17.5 ± 6.4 555 ± 165 1970 ± 328 32 112 

aThe radioligands used were [3H] U-69,593 (I( receptor), [3H] DAMGO (/1 receptor) and 

[3H] c[D-Pen2, p-CI-Phe4, D-Pen5] enkephalin (0 receptor). 
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cyclized peptide ligands that retain K opioid receptor selectivity. These interesting 

biological results provide new insights into the requirements for high affinity and selectivity 

for the K receptor. These results also suggest that helical conformations in the message 

sequence of Dyn A may be induced and stabilized by a D-Asp3. The structural effects of 

L-Asp2 vs. D-Asp2 and L-Asp3 vs. D-Asp3 clearly play an important role in 

discriminating binding preference for K, /1 and 0 receptors. To further investigate the effect 

of ring size of this global conformation on binding affinity and selectivity for the K 

receptor, the incorporation of conformational constraints between positions 3 and 6, 3 and 

8, or 3 and 9 of Dyn A(1-11)-NH2 may be a rational approach. The cyclic analogue 

c[LysS, Asp9]Dyn A(1-11 )-NH2 (55) displays poor affinity for all of the opioid receptors 

and is non-selective for the K receptor. The cyclic analogue c[LysS, D-Asp9]Dyn A( 1-11)-

NH2 (56) exhibits good affinity (6.6 nM) for the K receptor, but decreased selectivity for 

the K receptor. We suggest that further moditications in the message sequence of cyclic 

Dyn A analogues may lead to novel peptides with high potency and selectivity. Of all the 

synthesized analogues, the linear [D-Asp2, Lys6]Dyn A(1-l1)-NH2 (58) displays the 

greatest affinities for K, /1, and 0 receptors (ICSO values are 1.5, 0.078, and I. IS nM, 

respectively). However, this linear analogue preferentially interacted with /1 and 0 

receptors. The high affinities of analogue 58 at all three receptors may be due to increased 

enzymatic stability and/or to the stabilization of secondary conformations. Of particular 

note is the very high affinity of 58 at the /1 receptor. It appears that an acidic amino acid in 
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the 2 position leads to very strong binding to Il receptors that deserves further examination 

in other opioid ligands. The structural effects of D-Asp2 on the aromatic ring of Tyr 1 may 

also be responsible for the preference for Il and 0 receptors. The other message sequence-

modified linear analogues, [Asp2, Lys6]Dyn A(1-11)-NH2 (57), [Asp3, Lys7]Dyn A(1-

11)-NH2 (59), and [D-Asp3, Lys7]Dyn A(l-11)-NH2 (60), all display decreased receptor 

binding affinities and selectivities for 1(, Il and 0 receptors. It is interesting to note that, 

with the exception for analogue 58, the message-cyclized analogues generally display 

somewhat higher affinity at the K receptor than the related linear analogues (51 vs. 57, 53 

vs. 59, and 54 vs. 60). This indicates that the incorporation of global conformational 

constraints into peptides induced the conformational changes in the message sequence of 

Dyn A that are important for maintaining high receptor affinity at the I( receptor, but not at 

Il and 0 receptors. The corresponding linear analogue [Lys5, Asp9]Dyn A( 1-11 )-NH2 

(61) displayed moderate affinity for the I( receptor (IC50 value is 35 nM) and enhanced 

selectivities for I( vs. 0 receptors (IC50 ratio is 94). Interestingly, the linear analogue 

[Lys5, D-Asp9]Dyn A(l-Il)-NH2 (62) exhibited moderate affinities for the I( receptor 

(IC50 value is 17.5 nM) and enhanced selectivities for K vS.1l (IC50 ratio is 32) and K vs. 

o receptors (IC50 ratio is 112). These results indicate that the stereochemical and 

electrochemical properties produced by the replacement of Arg9 with an 1-Asp9 or D-Asp9 

residue (61 and 62, respectively), though reducing the binding affinity at the K receptor, 
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generally have an even greater effect on Jl and cS receptor bindings. Interestingly, 

cyclization of these analogues generally leads to increased affinities at K, Jl, and cS 

receptors, except for analogue 52. 

Biological activities in the aPI bioassay 

The opioid activities of these peptides also were measured by their ability to inhibit 

the electrically evoked contraction of the aPI (Table 5.2).25 Dyn A(l-II)-NH2 (1) 

showed an IC50 value of 1.07 nM in the aPI bioassay. It has been shown that this activity 

is due only to a peripheral K receptor rather than the Jl receptor because the highly Jl 

selective antagonist ligand CTAp27 has no effect on the activity of 1 in the aPI assay. All 

the analogues synthesized are less potent than Dyn A(l-II)-NH2 (1), but display increased 

selectivities for the central vs. peripheral K receptors (ratios range from 2.6 to 380.8, 

measured as the IC50 ratios of the aPB and aPI). Except for analogue 62, analogues 

with a D-residue at positions 2, 3, or 9 are more potent and selective than analogues with 

an 1-residue at the same position. The cyclic analogue c[D-Asp2, Lys6]Dyn A(l-Il)-NHZ 

(52) showed a great shift (17-fold) which is affected by the highly Jl selective antagonist 

ligand CTAP. This indicates that the activity of analogue 52 is due to a peripheral Jl 

receptor rather than the K receptor. The cyclic analogue c[D-Asp3, Lys7]Dyn A(l-ll)

NH2 (54) exhibited good selectivity for the central vs. peripheral K receptors (lC50 ratio is 

122) and was found to be the most potent (lC50 value is 600 nM) of the cyclic analogues. 

The cyclic analogue c[D-Asp2, Lys6]Dyn A(l-II)-NH2 (52) also exhibited good 



Table 5.2 Bioassays with the Smooth-Muscle Tissue of the Guinea Pig Ileum 

Analogues of ICso (nM) 

Dyn A(I-l1)-NH2 

GPI fold-shifta 

1. Dyn A(l- I I)-NH2 1.07 ± 0.31 ns 

51. c[Asp2, Lys6] 16,000 ± 1300 nt 

52. c [D-Asp2, Lys6] 606 ± 23 17 

53. c[Asp3, Lys7] 1500 ± 86 nt 

54. c[D-Asp3, Lys7] 600± 51 nt 

55. c[Lys5, Asp9] 9300 ± 95 nt 

56. c[Lys5, D-Asp9] 2500 ± 180 nt 

57. [Asp2, Lys6] 494± 74 nt 

58. [D-Asp2, Lys6] 14.2 ± 1.8 4.5 

59. [Asp3, Lys 7] 13,300 ± 182 nt 

60. [D-Asp3, Lys7] 4900 ± 288 nt 

61. [Lys5, Asp9] 3170 ± 510 nt 

62. [Lys5, D-Asp9] 4160 ±423 nt 

lint: not tested; ns: no significant shift observed with 1,000 nM of CT AP used as a /l 

antagonist. 

113 
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selectivity for the central vs. peripheral K receptors (ICSO ratio is IS7). These results 

suggest that the incorporation of conformational constraints into the message sequence may 

produce or stabilize a conformation which is important for selectivity for central vs. 

peripheral K receptors. The cyclic analogue c[LysS, D-Asp9]Dyn Al-IINH2 (56) showed 

the highest selectivity (ICSO value is 380) of all analogues synthesized. Linear analogues 

[D-Asp3, Lys7]Dyn A(1-11)-NH2 (60), and [LysS, D-Asp9]Dyn A(l-1l)-NH2 (62) 

exhibited poor potency for the peripheral K receptor, but high selectivities for central vs. 

peripheral K receptors (ICso ratios are lOS and 240, respectively). 

Selectivities between the central and peripheral K receptors 

The selectivity between the central and peripheral K receptor systems is defined as 

the ICSO ratio of the GPB and GPI. The cyclic c[D-Asp3, Lys7]Dyn A(l-II)-NH2 (54) 

analogue showed higher selectivity for the central vs. peripheral K receptors than c[Asp3, 

Lys 7]Dyn A(l-I1)-NH2 (53) (ICSO ratio is 122 vs. 61). The cyclic c[LysS, D-Asp9]Dyn 

A(1-11)-NH2 (56) analogue showed much greater selectivity for the central vs. peripheral 

K receptors than [LysS, Asp9]Dyn A(l-11 )-NH2 (55) (ICso ratio is 380 vs. 91). These 

results suggest that the D-Asp3- and D-Asp9-containing cyclic Dyn A analogues may 

discriminate the conformational requirements for the central vs peripheral K receptors. 

Interestingly, the linear D-Asp-containing analogues (58, 60 and 62) are more selective 

than the related 1-Asp-containing analogues (57,59,61). These results suggest that the 
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Table 5.3 Central vs. Peripheral K Receptors Selectivities of Dyn A Analogues 

Analogues of ratio of 1Cso 

Dyn A(1-11)-NH2 GPI/GPB 

1. Dyn A(l-I1)-NH2 1.8 

51. c[Asp2, Lys6] 157 

52. c [D-Asp2, Lys6] 5.6 

53. c[Asp3, Lys7] 61 

54. c [D-Asp3, Lys 7] 122 

55. c[Lys5, Asp9] 91 

56. c[Lys5, D-Asp9] 380 

57. [Asp2, Lys6] 2.2 

58. [D-Asp2, Lys6] 9.5 

59. [Asp3, Lys 7] 72 

60. [D-Asp3, Lys7] 105 

61. [Lys 5, Asp9] 91 

62. [Lys5, D-Asp9] 240 
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D-configuration play an important role for discriminating the conformational requirement 

between the central and peripheral K receptors. 

In vitro stability studies of Dyn A analogues 

The stability of c[Asp2, Lys6]Dyn A(1-11)-NH2 (51) was determined in mouse 

serum and mouse brain membranes. Cyclization involving position 2 led to c[Asp2, 

Lys6]Dyn A(1-11)-NH2 (51) with increased stability in mouse serum (47 vs. 16 minutes 

for analogue 51 vs. the native Dyn A( 1-17)-OH), and greatly enhanced stability in mouse 

brain membrane (190 vs. 49 minutes for analogue 51 vs. the native Dyn A( 1-17)-OH). It 

is important to note that the position 2-modified linear [D-Nle2]Dyn A(1-11 )-NH2 (32) 

analogue also displayed increased stabilities in mouse serum and in mouse brain membrane 

(20 and 286 minutes, respectively). Stability studies of the linear [D-Nle2]Dyn A(l-ll)

NH2 analogue (32) and the cyclic c[Asp2, Lys6]Dyn A(l-1l)-NH2 analogue (51) 

demonstrate that the incorporation of certain D-amino acids and global conformational 

constraints into the 2-position of Dyn A increased the stabilities of peptides. It is suggested 

that modifications with lipophilic amino acids and/or global conformational constraints in 

the message sequence of Dyn A are promising for increasing the enzymatic stabilities of 

Dyn A analogues. 
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Conclusions 

The biological results provide some new insights for the future design of 

conformationally constrained Dyn A analogues. These results also demonstrate that the 

configuration, position, and electrochemical properties of the residues that are incorporated 

into the cyclic lactam analogues of Dyn A have great effects on the binding affinity and 

selectivity for the K receptor. It also is found that for both cyclic and linear Dyn A 

analogues, especially analogues with a D-Asp incorporated at positions 2, 3, or 9 of Dyn 

A-(1-11)-NH2 are more potent than analogues with an L-Asp incorporated at the same 

positions. The cyclic analogues c[Asp3, Lys 7]_ and c[D-Asp3, Lys 7]Dyn A(1-11)-NH2 

(53 and 54), which display good affinity and increased selectivity for the K receptor, 

appear to be lead compounds for this study. These results suggest that the incorporation of 

[3 to 7] lac tam conformational constraints into Dyn A analogues may induce a 

conformational change that is compatible with the requirements for binding at the K 

receptor, and is able to discriminate the conformational requirements between I( and Il, 8 

receptors, leading to enhanced selectivity for K vs. Il and/or K vs. 8 receptors. Stability 

studies of the cyclic c[Asp2, Lys6]Dyn A(1-1l)-NH2 analogue (51) suggest that 

modifications with global conformational constraints in the message sequence of Dyn A are 

promising for increasing the enzymatic stabilities of Dyn A analogues. Therefore, we 

suggest that cyclization through the 3-position of Dyn A to give conformationally 

constrained analogues could have useful effects on binding affinity, selectivity, and 

potency for K receptors. 
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5.2 Modifications of Dyn A analogues in the message and address sequences of Dyn A 

5.2.1 Design of cyclic Dyn A analogues with modifications in the message and address 

sequences 

We have developed several lead compounds with high affinity, potency, enhanced 

selectivity for K receptors, or increased stability. Based on the interesting biological results 

with the leads, we design two Dyn A analogues with modifications which have previously 

been shown to have important biological effects. Both analogues, c[N-MeTyr l , (2S,3S)-

~-MePhe4, Cys5, D-Ala8, Cysll]Dyn A(l-II)-NH2 (63) and c[N-MeTyr l , D-Ala3, 

Cys5, D-Ala8, Cys II ]Dyn A(l-ll )-NH2 (64), are modified in both the message and 

address sequences of Dyn A. They were synthesized and evaluated for their biological 

activities to examine whether the modifications shown to be biologically important are 

applicable to the designed analogues. 

I I 
a) Me-N-Tyrl-Gly-Gly-(2S,3S)-~-MePhe4-Cys5-Arg-Arg-12-Ala 8-Arg-Pro-Cys II_NH2 

I I 
b) Me-N-Tyr I_Gly_ D-Ala3 -Phe-Cys 5 -Arg-Arg-D-Ala8 -Arg-Pro-Cys II_NH2 

Figure 5.4 Structures of disulfide-bridged Dyn A(1-11)-NH2 analogues. 
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5.2.2 Results and discussion 

Opioid receptor binding affinities and selectivities in the GPB binding assay 

In the GPB binding assay, the designed Dyn A analogues with modifications in the 

message and address sequencse of Dyn A, cyclic analogues c[N-MeTyr1, (2S,3S)-P-

MePhe4, Cys5, D-Ala8, Cysll ]Dyn A(l-ll)-NH2 (63) and c[N-MeTyr l , D-Ala3, Cys5, 

D-Ala8, Cysl1 ]Dyn A(l-11)-NH2 (64), are less potent for the K receptor than Dyn A(1-

11)-NH2 (1). The c[N-MeTyr1, (2S,3S)-p-MePhe4, Cys5, D-Ala8, Cysll]Dyn A(1-11)-

NH2 analogue (63) displays low affinities for K, Il, and 0 receptors (lC50 are 116, 136, 

and 853 nM, respectively) and poor selectivity for K vs. Il and K vs. 0 receptors (lC50 ratio 

are I and 7, respectively). The c[N-MeTyr l , D-Ala3, Cys5, D-Ala8, Cys11 ]Dyn A(l-I1)

NH2 analogue (64) displays poor affinities for K, Il, and 0 receptors (lC50 are 297, 1600, 

and 23400 nM, respectively) and decreased selectivity for K vs. Il and K VS. 0 receptors 

(lC50 ratios are 5 and 79, respectively). 
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Table 5.4 Binding Affinities and Selectivities of Dyn A Analogues in GPB Homogenate 

Analogues of IC50 (nM)a ± SEM Selectivity 

Dyn A(l-11)-NH2 

K 11 0 IlIK olK 

1. Dyn A(l-II)-NH2 0.6 9.9 25.5 17 44 

63. c[N-MeTyrl, (S,S)p-MePhe4, Cys5,11, D-Ala8] 116 136 853 I 7 

64. c[N-MeTyrl, D-Ala3, Cys5,1l, D-Ala8] 297 1600 23400 5 79 

UThe radioligands used were [3H] U-69,593 (K receptor), [3H] DAMGO (11 receptor) and 

[3H] c[D-Pen2, p-CI-Phe4, D-Pen5] enkephalin (0 receptor). 

Biological activities in the GPI bioassay 

The opioid activities of these peptides were measured by their ability to inhibit the 

electrically evoked contraction of the GPI25 (Table 5.5). The designed Dyn A analogues, 

cyclic analogues c[N-MeTyrl, (2S,3S)-p-MePhe4, Cys5, D-Ala8, Cysll ]Dyn A(l-11)-

NH2 (63) and c[N-MeTyrl, D-Ala3, Cys5, D-Ala8, Cysll]Dyn A(l-1l)-NH2 (64), 

displayed poor potencies for the peripheral K receptor (lC50 is 15918 nM for 63 and 37 % 

at 60 mM for 64). 



Table 5.5 Bioassays with the Smooth-Muscle Tissue of the Guinea Pig Ileum 

Analogues of ICso (nM) 

Dyn A(l-11)-NH2 

GPI shiftn 

1. Dyn A(l-11)-NH2 1.07 ± 0.31 

63. c[N-MeTyr1, (S,S)~-MePhe4, Cys5, D-Ala8, Cysll] 19500 ± 13000 

64. c[N-MeTyr1, D-Ala3, Cys5, D-Ala8, Cysl1] 37 % at 60 J..lM 

ant: not tested; ns: no significant shift observed with 1,000 nM of CT AP used as a J..l 

antagonist. 

Selectivities between the central and peripheral K receptors 

ns 

nt 

nt 
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The designed Dyn A analogues with modifications in the message and address 

sequences ofDyn A, c[N-McTyr1, (S,S)~-MePhe4, Cys5, D-Ala8, Cysl1]Dyn A(l-ll)-

NH2 (63) and c[N-MeTyr1, D-Ala3, Cys5, D-Ala8, Cys11 ]Dyn A(1-ll)-NH2 (64), 

display moderate potencies for the K receptor and poor potencies for the peripheral K 

receptor, leading to excellent selectivities between the central and peripheral K receptors. 
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Table 5.6 Central vs. PeripheralK Receptors Selectivities of Dyn A Analogues 

Analogues of ratio of ICso 

Dyn A(l-11)-NH2 OPI/OPB 

1. Dyn A(l-ll )-NH2 1.8 

63. c[N-MeTyr l , (S,S)~-MePhe4, Cys5, D-Ala8, Cysl1] 168 

64. c[N-MeTyr1, D-Ala3, Cys5, D-Ala8, Cysll] > 10,000 



CHAPTER 6 

FURTHER DESIGN OF HIGHLY KAPPA RECEPTOR-SELECTIVE 

DYNORPHIN A ANALOGUES 
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We have obtained several important lead compounds with potential for further 

development of highly K receptor-selective peptides. Structure-activity studies and 

conformational analysis of disulfide [5 to II] bridged Dyn A analogues suggest that the 

message sequence of Dyn A is the promising site for further modifications. The high K 

receptor selectivity of [p-N02Phel, D-Ala8]Dyn A(I-ll)-NH2 demonstrate the importance 

of the stereoelectronic propelty for the receptor interaction. The greatly improved K 

receptor selectivity of the (2R,3S)-p-MePhe4 analogue demonstrates the important 

topographic effects of the aromatic ring of Phe4 on the ligand-receptor interaction. The 

surprisingly high K receptor selectivity and potency of [D-Ala3] analogues clearly indicate 

that further modifications involving amino acids at the 3-position of Dyn A may lead to 

novel peptides with high K receptor selectivity and potency. The interesting results with 

message-cyclized analogues, c[D-Asp2, Lys6]Dyn A(1-11)-NH2 and c[D-Asp3, 

Lys 7]Dyn A(l-II )-NH2, provide us with new insights into the structural and 

conformational requirements for enhanced K receptor selectivity and enzymatic stability. 

Conformational and NMR studies of the two interesting profiles, c[D-Asp2, Lys6]Dyn 

A(1-II)-NH2 and c[D-Asp3, Lys7]Dyn A(1-11)-NH2, suggest that the conformation 
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induced by the lac tam [3 to 7] bridge is responsible for the increased K receptor affinity and 

selectivity. Based on all the results of biological tests, conformational studies, and 

spectroscopic studies, we propose that the incorporation of cyclic conformational 

constrains into Dyn A with modifications at the important aromatic amino acids at positions 

1 and 4 of Dyn A with topographically constrained amino acids and/or stereoelectronically 

modified amino acids are imp0l1ant approaches to the development of highly receptor 

selectivity, potent, and enzymatically stable Dyn A analogues. 

The enhancement of K receptor selectivity of the p-N02Phe Lcontaining analogue, 

[p-N02Phel, D-Ala8]Dyn A(1-II)-NH2, the greatly improved receptor selectivity of ~-

MePhe4-containing analogues, and the interesting results with message-cyclized analogues, 

c[D-Asp2, Lys6]Dyn A(1-11)-NH2 and c[D-Asp3, Lys7]Dyn A(1-Il)-NH2, provide us 

with new insights into the stereochemical, structural and conformational requirements for 

improved K receptor selectivity and enzymatic stability. The cyclic analogue c[Asp3, 

Lys7]Dyn A(1-II)-NH2 (53) displayed increased selectivities for K vs. ).l and K vs. 0 

receptors (ICso ratios are 30 and 69), and the corresponding cyclic analogue c[D-Asp3, 

Lys7]Dyn A(1-11)-NH2 (54) displayed good affinity for the K receptor and increased 

selective for K vs. ).l receptors (lCso ratio is 64). These results suggest that the helical 

conformation induced in the message sequence of Dyn A may be stabilized by a D-Asp3 

and this helical confarmation may be responsible for the good binding affinity at the K 

receptor. Therefore, we propose that the incorporation of cyclic [3 to 7] lactam 
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conformational constrains into Dyn A and modifications with p-N02Phe or topographically 

constrained amino acids at positions 1 and 4 of Dyn A may lead to the development of 

highly potent, receptor selective, and enzymatically stable peptides. A series of cLL- or D-

Asp3, Lys 7]Dyn A(l-11 )-NH2 with modifications at positions 1 and 4 is suggested to be 

synthesized for further development of novel Dyn A analogues with interesting bioactivities 

(Figures 6.1 and 6.2). 

1 I 3 I 7 11 H-AAa -Gly-D-Asp -Phe-Leu-Arg-Lys -Ile-Arg-Pro-Lys -NH2 

AAa = p-N02Phe, derivatives of p-Me-Phe or p-Me-Tyr 

I 3 4 I 7 11 H-Tyr-Gly-D-Asp -AAa -Leu-Arg-Lys -Ile-Arg-Pro-Lys -NH2 

AAa = p-N02Phe, derivatives of p-Me-Phe or p-Me-Tyr 

Figure 6.1 Designed cyclic ill-Asp3, Lys7]Dyn A (l-11)-NH2 Aanalogues with 

modifications at positions 1 or 4. 
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1 I 3 I 7 11 
H-AAa -Gly-L-Asp -Phe-Leu-Arg-Lys -Ile-Arg-Pro-Lys -NH2 

AAa = p-N02Phe, derivatives of ~-Me-Phe or ~-Me-Tyr 

I 3 4 I 7 11 H-Tyr-Gly-L-Asp -AAa -Leu-Arg-Lys -Ile-Arg-Pro-Lys -NH2 

AAa = p-N02Phe, derivatives of ~-Me-Phe or ~-Me-Tyr 

Figure 6.2 Designed cyclic [L-Asp3, Lys7]Dyn A (l-1l)-NH2 Aanalogues with 

moditications at positions 1 or 4. 

To further investigate conformational effects of the ring size of global conformation 

on potency and selectivity for the K receptor, we suggest that the incorporation of 

conformational constraints between positions 3 and 6, 3 and 8, or 3 and 9 of Dyn A(l-l1)

NH2 is a rational approach to the development of receptor selective and/or potent peptide 

analogues. The suggested analogues to be synthesized are shown in Figure 6.3. 
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I 3 I 6 II 
H-Tyr-Gly-D-Asp -Phe-Leu-Lys -Arg-Ile-Arg-Pro-Lys -NH2 

I I 
H-Tyr-Gly-L-Asp3 -Phe-Leu-Lys6-Arg-Ile-Arg-Pro-Lys II_NH2 

I 3 I 8 II 
H-Tyr-Gly-D-Asp -Phe-Leu-Arg-Arg-Lys -Arg-Pro-Lys -NH2 

I 3 I 8 II 
H-Tyr-Gly-L-Asp -Phe-Leu-Arg-Arg-Lys -Arg-Pro-Lys -NH2 

I 3 I 9 II 
H-Tyr-Gly-D-Asp -Phe-Leu-Arg-Arg-Ile-Lys -Pro-Lys -NH2 

H-Tyr-GIY-L-A~p3 -Phe-LeU-Arg-Arg-ne-Lts9 -Pro-Lys "-NH2 

Figure 6.3 Designed cyclic Dyn A(l-11)-NH2 analogues with variolls size of Iactam 

rings. 
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Summary 

Analogues with aromatic amino acids (AA) substituted at positions 1 and 4 of Dyn 

A are designed to examine the topographic and stereoelectronic requirements of Dyn A for 

high potency and selectivity for K: receptors. Cyclic conformationally constrained 

analogues with lactams bridged between 3 to 7, 3 to 6, 3 to 8, and 3 to 9 are designed to 

enhance the stability and to examine the conformational effect of variolls ring sizes of the 

lactam bridge on the receptor potency and selectivity of Dyn A analogues. 
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CHAPTER 7 

SYNTHESIS OF UNNATURAL AMINO ACIDS FOR INCORPORATION 

INTO PEPTIDES 

7.1 Introduction 

The design of receptor selective peptide ligands with highly potent and specific 

biological properties has became one of the central goals of molecular biology and 

molecular pharmacology. Developing a rational approach for the design of potent, receptor 

selective, and stable peptides requires a highly interdisciplinary approach involving aspects 

74 
of biophysics, biology, and chemistry. Among the approaches that have been examined, 

the incorporation of topographically constrained amino acids into the peptides has great 

potential. Therefore, the design and synthesis of optically pure isomers of constrained 

amino acids has become one of the most important research areas in biochemistry, 

75·80 
bioorganic chemistry and medicinal chemistry. 

Several biologically active phenylalanine- and/or tyrosine-containing analogues 

have demonstrated the essential role of these amino acids for their biological activities, and 

for the design of bioactive peptides with specific conformational and topographical 

81-85 
features. The use of side chain-constrained analogues that can fix or bias the Xl or X2 

conformations to specific torsional angles could provide valuable insights into the 

conformational requirements for the ligand-receptor interaction and the signal transduction. 

For constraint of Xl, the introduction of p-methylphenylalanine (p-MePhe) and P-
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86 
methyltyrosine (p-MeTyr) has been very useful. For constraints of Xl and X2, the use 

of p-methyl-2',6'-dimethylphenylalanine and p-methyl-2' ,6' -dimethyltyrosine has been 

87-89 
very useful. Thus, synthetic routes for the synthesis of all isomers of each aromatic 

amino acid have to be developed. 

The asymmetric syntheses of all four stereoisomers of p-MePhe and p-MeTyr have 

previously been developed in our laboratory. A total asymmetric synthesis of (2S,3R)-2', 

p-dimethyltyrosine has been accomplished as a summer research project. Among the 

various approaches to the development of efficient synthetic methods, a simple 0-

demethylation method for the removal of the methyl group from the methoxy groups of aryl 

methyl ethers has been developed. Several new synthetic routes for the synthesis of all 

four stereoisomers of p-MePhe and p-MeTyr have also been developed. We have 

developed an efficient synthetic route to all four stereoisomers of 2' ,p-dimethyltyrosine in 

large quantities, and a new strategy for the synthesis of p-MePhe derivatives. We 

demonstrate the utility of 4(R)- and 4(S)-phenyl-2-oxazolidinone. These developments 

will be discussed in detail in this Chapter. 
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7.2 Asymmetric synthesis of optically pure derivatives of tyrosine 

In connection with our structure-activity studies of dynorphin A analogues and 

molecular design of peptides, extensive explorations for new synthetic routes for the total 

synthesis of the individual isomers of constrained amino acids have been made in this 

90-95 
laboratory. 

The use of chiral boron enolates was introduced by Evans and coworkers for the 

asymmetric synthesis of optically pure a-amino acids in which an oxazolidinone auxiliary 

96-98 
was used to control the chirality of the a-carbon position. 4(R)- and 4(S)-phenyl-2-

oxazolidinone were selected as the chiral auxiliaries for the synthesis of the target amino 

acids in this study, because they are found to be suitable for lA-conjugate additions, 

capable for additions at the a-carbon, and stable to other transformations. These chiral 

auxiliaries are synthesized in large quantities by a general method in our laboratory (Figure 

7.1), and can be easily recovered. 

The optically pure 4(S)-phenyl-2-oxazolidinone (67) and 4(R)-phenyl-2-

99 
oxazolidinone (70) are prepared by a modified method. (S)-Phenylglycine (65) is 

reacted with in situ generated borane , which is produced by the treatment of lithium 

borohydride in THF with trimethylsilyl chloride at 0 oC, to obtain the crude 2(S)

phenylglycinol (66). The crude product is recrystallized, and then cyclized by reacting 

with diethyl carbonate and potassium carbonate in a preheated oil bath to produce the 

desired chiral auxiliary, 4(S)-phenyl-2-oxazolidinone (67). 4(R)-Phenyl-2-oxazolidinone 
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(70) is prepared by similar procedures to that described for the synthesis of 67, using (R)

phenyl glycine (68) as the starting material. 

a) PHo LiBH3, (CH3hSiCI Ph (EtOhCO, K2C03 Ph ... .. 
H2N OH THF H2N OH heat HNyO 

65 66 0 

67 

Ph 0 
LiBH:h (CH3hSiCI 

Ph 
(EtOhCO, K2C03 

Ph 
b) H -::: -::: .. n ... n 

H2N OH THF H2N OH heat HNyO 

68 69 ° 
70 

Figure 7.1 Synthesis of chiral auxiliaries a) 4(S)-phenyl-2-oxazolidinone, b) 4(R)-phenyl-

2-oxazolidinone. 

The first route for the synthesis of the target L-threo-2',~-dimethyltyrosine (80) 

was based on a general synthetic route in our laboratory (Figure 7.2). The starting 

material, 2(E)-3-(4'-methoxy-2'-methylphenyl)propenoic acid (71), was coupled with 

4(S)-phenyl-2-oxazolidinone by the mixed anhydride method. The stereochemistry at the 

~-carbon was controlled by asymmetric l,4-conjugate addition to 4(S)-4-phenyl-3-[3-(4'-

methoxy-2'-methylphenyl)-(2E)-propenoylJ-2-oxazolidinone (72). In order to induce the 
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Figure 7.2 The first route to (2S,3R)-2' ,p-dimethyltyrosine (80). 
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desired chirality of the a-carbon, 4(S)-phenyl-2-oxazolidinone was hydrolyzed and 

replaced by 4(R)-phenyl-2-oxazolidinone. After bromination and azide displacement, 73 

with 2S and 3R configurations was obtained. Hydrolysis, reduction, and demethylation 

gave the target L-threo-amino acid 80. 

We began the synthesis on a small scale. 5 g of the synthetic starting material 71 

was coupled with 4(S)-phenyl-2-oxazolidinone (67) to.obtain 5.9 g of 72 in 75 % yield. 

Asymmetric 1,4-conjugate addition to 72 gave 3(3S,4S)-4-phenyl-3-[3-(4'-methoxy-2'

methylphenyl)-butanoyl]-2-oxazolidinone (73) in 76 % yield. In order to induce the 

desired chirality to the a-carbon, 4(S)-phenyl-2-oxazolidinone was hydrolyzed to produce 

74 in 91 % yield and replaced by 4(R)-phenyl-2-oxazolidinone to produce 75 in 79 % 

yield. After bromination to produce 76 in 74 % yield, followed by azide displacement 

reaction to produce 78 in 76 % yield, the intermediate with 2S and 3R configurations was 

obtained. Hydrolysis, reduction, and demethylation gave the target L-threo-amino acid 80. 

Conditions for the coupling reaction with chiral auxiliary are very critical, and the 

yield for this reaction is not high (70-75 %), so this route involving the removal and 

recoupling reactions is not very efficient. However, since the initial difficulty for creating 

the Grignard reagent of 4-bromo-3-methylanisole has not been overcome at that time, with 

the synthetic 2(E)-3-(4'-methoxy-2'-methylphenyl)propenoic acid (71) on hand as the 

starting material, this was the first route tried for the target amino acid (2S,3R)-2' ,p

dimethyltyrosine (80). 
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The synthetic starting material 71 was prepared from 3-methylanisole (81) by 

improved procedures in our laboratory (Figure 7.3). The first step for the synthesis of 71 

was the preparation of 4-bromo-3-methylanisole (82) using bromine in tetrachloride at -25 

°C. The following steps are the preparation of the Grignard reagent using magnesium 

metal and bromoethane as catalyst, and the reaction of the Grignard reagent with 

dimethylformamide to produce 4-methoxy-2-methylbenzaldehyde (83). The aldehyde was 

homologated by the Wittig reaction to produce the ester (84), and this ester was hydrolyzed 

to produce the a,p-unsaturated acid, 2(E)-3-(4'-methoxy-2'-methylphenyl)propenoic acid 

(71). 

81 82 

84 

~ I 
I. Mg, EtBr, THF, H3C0'Qy 
2. DMF, 0 °C :::,.. 0 

CH s H 

83 

71 

Figure 7.3 The synthesis of 71 as the unsaturated acid precursor of the target amino acid. 

Attempts to improve the method for creating the Grignard reagent of 4-bromo-3-

methylanisole required large amount of 4-bromo-3-methylanisole (82). 38 g of 4-bromo-
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3-methylanisole was prepared for modifying the conditions for this reaction. Among this 

and other approaches, alternative routes to the synthesis of p-constrained amino acids have 

90 
been developed. An alternative route to the synthesis of (2S,3R)-2' ,p-dimethyltyrosine 

appear to be promising, because it saves two synthetic steps, the removal and recoupling of 

chiral auxiliary (Figure 7.4). 

As shown in Figure 7.4, 2(E)-2-butenoic acid (85) was coupled to 4(R)-phenyl-2-

oxazolidinone (70) to obtain 86. The key step to induce an R configuration at p-carbon 

was controlled by asymmetric l,4-conjugate addition of an organocuprate from bromide 82 

to 86. The following procedures for the bromination, azide displacement, hydrolysis, 

reduction, and demethylation are similar to those described for the synthesis of (2S,3R)-

2' ,p-dimethyltyrosine (80). To obtain the desired Ncx-Boc protected tyrosine derivatives 

87 and 88, amino acids 79 and 80 are reacted with di-tert-butyl dicarbonate by the general 

procedures in our laboratory. 

This alternative synthetic route to the synthesis of 2',p-dimethyltyrosine derivatives 

90 
has been successfully applied to the synthesis of other unnatural amino acids. 
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Figure 7.4 Alternative route for the synthesis of individual isomers of 2' ,p-

dimethyltyrosine. 
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7.3 A simple, efficient demethylation of aryl methyl ethers 

Methylation of phenolic hydroxyl groups provides an important tool in organic 

synthesis. Often the methyl group in the resulting anisole unit has to be removed later to 

produce the desired phenol unit in the total synthesis. The agents we used for 

demethylation of aryl methyl ether units in tyrosine derivatives were HBr/HOAc. Since in 

the case of 21,6',~-trimethyltyrosine derivatives, some racemizations at the a-carbon have 

100 
been reported, we attempted to further improve this demethylation method using 48% 

hydrobromic acid and sodium iodide to replace the original HBrlHOAc system. 

The commercially available compounds 1,3-dimethoxybenzene (89) and 1,2,4-

trimethoxybenzene (90) were used to examine the utility of these reagents for 

demethylation (Figure 7.5). 

a) 

89 

b) MOCH
, I~ 

~ 
H3CO OCH3 

90 

48% HBr 

Nal (2.2 eq) 
90-95°C 

48% HBr 

Nal (3.3 eq) 
90-95°C 

... a 1-10 ~ 01-1 

91 

OH n ~ 

HO ~ OH 

92 

Figure 7.5 a) The bis-O-demethylation, b) The tri-O-demethylation. 
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1,3-Dimethoxybenzene (89) produced the bis-O-demethylated 1,3-benzenediol 

(91) in 95.8 % yield, using a large excess of 48% hydrobromic acid and 2.2 equivalents of 

sodium iodide and stirring at 90-95 0C in a hot water bath for 2 hours. 1,2,4-

Trimethoxybenzene (90) afforded tri-O-demethylated 1,2,4-benzenetriol (92) in 61 % 

yield, using a large excess of 48% hydrobromic acid and 3.3 equivalents of sodium iodide 

under the same conditions. The yield of tri-O-demethylation should be improved by 

allowing a longer time for reaction or using EtOAc to replace Et20 for the extraction of the 

101 
reaction mixture. 

The removal of methyl groups from aryl methyl ethers under milder conditions 

provide a useful method for the synthesis of tyrosine derivatives with multiple methoxy 

102.103 
groups us protecting groups. The developed method has been successfully applied 

to the removal of methyl group from the methoxyl group of tyrosine derivatives and other 

unnatural aromatic amino acids, and the desired products have been obtained without 

88 
racemization. 

Conclusions 

In this study, we have developed a method for removal of two and three methyl 

groups from aryl methyl ethers. Treatment of an aryl methyl ether containing two 01' three 

methoxylunits with 2.2 or 3.3 equivalent of Nal in 48% HBr at 90-95 0C in a sealed flask 

produced the corresponding phenol in 61-96% yield after aqueous workup. We suggest 

that the developed method will be very useful for mono-, bis-, tri-, and multi-O

demethy lations. 
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7.4 Approaches for the asymmetric synthesis of unnatural amino acids 

7.4.1 Approaches for the asymmetric synthesis of p-methylphenylalanine derivatives 

Attempting to shorten by one step the synthesis of p-methylphenylalanine or p

methyltyrosine derivatives by direct azidation, we proposed the synthetic route shown in 

Figure 7.6. We proposed to synthesize the important intermediate 95 using one pot 

Michael type 1, 4-addition and direct azidation. 95 can then be hydrolyzed, deprotected, 

and reduced to form the target amino acid 98. We chose the commercially available 2(E)-

3-phenylpropenoic acid (93) as the starting material. 

93 (8 g) was coupled to 4(R)-phenyl-2-oxazolidinone (70) to form 7.3 g of 94 in 

50% yield, after recrystallization from EtOAclhexane. The produced 2(E)-3-(3-phenyl-l

oxopropenyl)-4-phenyl-2-oxazolidinone (94) was then tried in a one pot Michael type 1, 4-

addition and direct azidation. The reaction seems to occur but is not complete under the 

conditions applied; the desired intermediate 95 was obtained in very small amounts by 

NMR spectroscopy, but undesired side products were also produced. Thus, this route is 

not very efficient. However, with pure 2(E)-3-(3-phenyl-l-oxopropenyl)-4-phenyl-2-

oxazolidinone (94) on hand and the interest in identifying other produced products, we 

attempted to further examine this reaction by modifying the reaction conditions. 
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Figure 7.6 The proposed synthetic route to amino acids involving direct azidation. 
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With pure 94 on hand, we tried to further examine this reaction by modifying the 

reaction conditions. Interestingly, a new kind of one-pot tandem Michael type 

addition/indirect bromination reaction has been discovered in which MeMgBr-CuBr-Me2S 

was used as a Michael-like addition reagent and simultaneously as an electrophilic 

\04 
halogenation reagent (Figure 7.7). 
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Figure 7.7 A new tandem Michael-like addition/indirect bromination for the synthesis of 

amino acids. 
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Conclusions 

Attempting to shorten by one step the synthesis of p-methylphenylalanine or p-

methyltyrosine derivatives by direct azidation, we discovered a new kind of one-pot tandem 

Michael type addition/indirect bromination. This new reaction is expected to be more 

105 
convenient for the synthesis of p-branched a-amino acids. 
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7.4.2 Direct NMR investigation of asymmetric conjugate addition 

Asymmetric l,4-additions of organocuprates to a,p-unsaturated N-acyl-4-phenyl-

2-oxazolidinones have been successfully used in the stereoselective synthesis of optically 

100 107 
pure isomers of p-branched carboxylic acids and unusual amino acids. The detailed 

understanding of this reaction process is theoretically and practically imp0l1ant for 

improving reaction conditions to obtain high stereoselectivities and yields for these kinds of 

asymmetric syntheses. 

Studies of the mechanism of the conjugate addition reactions with organocuprates 

108 
have been made, but no definitive mechanism has been generally accepted. Recent 

NMR spectroscopic investigations of the mechanism for the l,4-addition of lithium 

organocuprates to enones and enolates have led to the suggestion that a 1t-complex of the 

109. 
cuprate at the cm'bon-carbon double bond with a lithium-cm'bonyl interaction is formed. 

113 114 
Organocopper(I) reagents have not been studied extensively mechanistically. To 

our knowledge, the mechanism of asymmetric Michael-like additions of copper(!) reagents 

to oxazolidinones has not been examined. Knowledge about the mechanism and the 

structure of intermediates in this reaction will be helpful for the design of highly 

stereoselective syntheses. The methods used in these syntheses are very difficult, and the 

short lifetimes of the intermediates along the reaction path make their structure 

determinations very challenging. 
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NMR spectroscopy provides the single most useful tool for characterization of 

compounds and for studying their behavior in solution. Dynamic NMR spectroscopy also 

provides a powerful method for the elucidation of mechanism and of conformational 

interchange. Therefore, we attempt to study the mechanism of the asymmetric Michael 

addition by IH- and 13C-NMR spectroscopy, using optically pure 4-phenyl-2-

oxazolidinone as a mechanistic probe. 

Operation of this synthesis and preparing the short-lived intermediates along the 

reaction path are difficult, therefore, 10 g of (4R)-4-phenyl-3-[phenyl-2(E)-propenoyIJ-2-

oxazolidinone (94) was prepared as the starting material for the following addition reaction 

(Figure 7.8). The organocopper(I) reagent Me2CuMgBr was then produced from the 

reaction of GrignaI'd reagent with the dimethyl sulfide complex of cuprous bromide in a 

115'116 
solvent mixture of DMS and THF. This organocopper(l) reagent, Me2CuMgBr, 

was then added to 94. 
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This reaction has been studied by 1 H- and 13C-NMR spectroscopy in the 

temperature range from 213-318 K. Based on the NMR spectra analysis, we propose the 

mechanism shown in Figure 7.9. Three intermediates, the copper(l) 1t-complex 101 and 

the magnesium enolates 102 and 103 were observed directly by both 1H- and 13C-NMR 

spectroscopy. The NMR data confirmed that the Michael-like addition goes through 

chelated intermediates, and that two methyl groups are asymmetrically attached to the 

117 
copper(I) 1t-complex 101. 

In conclusion, we have studied the synthetic process for the asymmetric conjugate 

addition by 1 H- and 13C-NMR spectroscopy, using optically pure 4-phenyl-2-

oxazolidinone as a mechanistic probe. We demonstrate that the Evans-type auxiliaries, 

chiral 4-phenyl-2-oxazolidinones, are useful chiral auxiliaries to probe the mechanism of 

conjugate additions, and probably can be extended for studies of other important 

asymmetric reactions, e.g. the aldol condensation reaction. We also propose that this 

Michael-like conjugate addition goes through chelated intermediates, and that only two 

117 
methyl groups are asymmetrically attached to the copper(l) 1t-complex 101. 
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7.5 An efficient synthesis of p-methyl derivatives of tyrosine 

Though some of the previously described approaches for the synthesis of P

methylated phenylalanine derivatives have improved the general methodologies for the 

asymmetric synthesis of unnatural amino acids, the development of new routes to 

synthesize target amino acids, such as 2' ,p-dimethyltyrosines, efficiently and quantitatively 

are still needed. 

We began this study with the general methodology that we have reported for the 

synthesis of unnatural aromatic amino acids, summarized in Figure 7.10. We found that 

73, 106, 109, and 75 are important precursors for the total syntheses of all four isomers 

of 2' ,p-dimethyltyrosine. Since the starting unsaturated acids for coupling reaction and 

aryl Grignard reagents for conjugate addition are not commercially available, it is important 

to develop a more efficient way to synthesize these important precursors. 

We began the retrosynthesis with D- and 1-2' ,p-dimethyltyrosine derivatives 112 

and 115, and proposed the use of the racemic acids 114 as the starting material to 

synthesize the precursors 73, 106, 109, and 75 efficiently and quantitatively by using 

4(R)- or 4(S)-phenyl-2-oxazolidinone as a resolution reagent and as a chiral auxiliary for 

the synthesis of desired tyrosine derivatives, 104,107,110, and 80 (Figure 7.11). 
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Figure 7.10 General synthetic methodology for the synthesis of all four isomers of 2', p-

dimethyltyrosine. 
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Figure 7.11 Retrosynthesis of the desired unnatural amino acids. 

Among approaches to the synthesis of p-methyl-2'-methyltyrosine derivatives this 

approach appears to be very attractive. Instead of stm1ing with four individual asymmetric 

syntheses of desired amino acids, the racemic acids 114 could be prepared in large 

quantities, and then coupled to each chiral auxiliary to resolve all foul' important precursors 

(Figure 7.12). Following these general methods, the individual isomers of 2',p-

dimethyltyrosine can be obtained efficiently. 
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Figure 7. 12 Proposed separation of the important precursors using 4(R)- and 4(8)

phenyl-2-oxazolidinones as resolution reagents. 
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To obtain optically pure isomers of the p-methyl derivatives of tyrosine by this 

route, 4(R)- and 4(S)-phenyl-2-oxazolidinones and 3(R)- and/or 3(S)-3(4'-methoxy-2'-

methylphenyl)butyric acid are needed. Since the desired acids are not commercially 

available, we attempted to synthesize them by the route shown in Figure 7.13. We began 

with the synthesis of bromide 82, then Michael-type addition of bromide 82 to 3-penten-2-

one (117) to obtain the racemic ketones 118. The reaction conditions are critical and the 

yield is low; however, we tried to convert the racemic ketones to the acids 114. Since the 

yield is low and the workup of these reactions is difficult, we found this approach not 

promising for the synthesis of the desired racemic acids. 
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Figure 7.13 The synthesis of racemic 3(R)- and 3(S)-3-(4'-methoxy-2'-

methylphenyl)butanoic acids 114 involving a Michael-type addition. 
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Another route for the synthesis of the desired racemic acids 114 began with the 

protection of 4-hydroxy-2-methylacetophenone (119), followed by a Wittig reaction, 

hydrolysis and catalytic hydrogenation (Figure 7.14). 
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The synthesis of racemic 3(R)- and 3(S)-3-(4'-methoxy-2'-

methylphenyl)butanoic acids (114) from 4-hydroxy-2-methylacetophenone (119). 

Several methods were tried to prepare 4-methoxy-2-methylacetophenone (120); the 

yield from the protection of 4-hydroxy-2-methylacetophenone (119) was improved to 91 

%. The Wittig reaction of 4-methoxy-2-methylacetophenone (120) was found to produce 

a mixture of the unsaturated esters (E : Z, 7 : 3, by NMR), followed by hydrolysis to form 

the corresponding unsaturated acids 121 in 73 % yield. Catalytic hydrogenation of the 

unsaturated acids 121 produced the desired racemic acids 114 in 99 % yield. We have 

thus developed an efficient synthesis of the racemic acids 114 in large ljuantities by this 

approach. 
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The racemic acids 114 were coupled to the chiral auxiliary, 4(S)-4-phenyl-2-

oxazolidinone, to form the mixture 113, which was found to be a mixture of diastereomers 

73 and 106 in a ratio of 55:45. Mixture 113 was separated by simple recrystallization 

from ethyl acetate and hexane (Figure 7.15). This synthesis of these two important 

precursors 73 and 106 provides an efficient way for the large scale synthesis of optically 

pure tyrosine derivatives. 

On a l<u'ge scale synthesis of 73 and 106, 50 g of 4-hydroxy-2-

methyl acetophenone (119) was used to produce 49.8 g of 4-methoxy-2-

methylacetophenone (120) in 91 % yield. The Wittig reaction of 48.5 g of 4-methoxy-2-

methyl acetophenone (120) produced a mixture of the unsaturated esters, followed by 

hydrolysis to form 44 g of the corresponding unsaturated acids 121 in 72 % yield. 

Catalytic hydrogenation of 38 g of the unsaturated acids 121 produced the desired racemic 

acids 114 in 99 % yield. The racemic acids have thus been synthesized successfully on a 

large scale under the improved conditions. 

With large amounts of racemic acids 114 on hand, we can couple to the chiral 

auxiliary, 4(S)- or 4(R)-4-phenyl-2-oxazolidinone to form mixture 113 or 116, which 

then can be separated to the individual isomers 73, 106, 109, and 75 by simple 

recrystallization (Figure 7.15). 
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Figure 7.15 Separation of racemic 114 using chiral auxiliaries as resolution reagents. 
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Subsequent bromination, azide displ!J.cement, removal of chiral auxiliary and 

reduction would yield all four stereoisomers of 2' ,~-dimethyltyrosine as shown in Figures 

7.16 and 7.17. 
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Figure 7.16 The synthesis ofD-erythro-2',~-dimethyltyrosines. 
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Figure 7.17 The synthesis of D-threo-2' ,~-dimethyltyrosines. 
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The stereochemistry of the product 3(2R,3S), 4R 3-[2-bromo-3-(4'methoxy-2'

methylphenyl)-1-oxopropyl-4-phenyl-2-oxazolidinone was confirmed by X-ray structure 

analysis. 

In summary, we have developed an efficient synthesis of precursors of p

methyltyrosine derivatives on a large scale. These precursors elaborated readily to their 

respective amino acids. 1 18 
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7.6 The application of 4(R)- and 4(S)-phenyl-2-oxazolidinones as resolution reagents 

This successful resolution of precursors of tyrosine derivatives prompted us to 

further examine the application of 4(R)- and 4(S)-phenyl-2-oxazolidinones as resolution 

reagents for a-position racemized acids. Racemic a-methoxyphenylacetic acids (134) and 

2-phenylpropionic acids (135) were selected for this study (Figures 7.18 and 7.19). They 

were coupled to 4(S)-phenyl-2-oxazolidinone to obtain the diastereomer mixture in good 

yield, and then separated by chromatography 01' fractional crystallization. Hydrolysis of 

each of the resolved compounds afforded the individual a-substituted acids in high yield. 

Racemic a-methoxyphenylacetic acid (134) was coupled to 4(S)-phenyl-2-

oxazolidinone to obtain the diastereomer mixture 136 in 84 % yield, which was found to 

contain the individual compounds in a 60 : 40 ratio. This mixture can be easily separated 

by chromatography 01' fractional crystallization from the EtOAc/hexane mixture. 

Hydrolysis of each of the diastereomers 137 and 138 afforded the individual a-substituted 

acids 139 and 140 in 98 % yield. Racemic 2-phenylpropionic acids (135) was coupled to 

4(S)-phenyl-2-oxazolidinone to obtain diastereomer mixture 141 in 80 % yield, which 

was found to contain the individual compounds in a 56 : 44 ratio. The racemic mixture was 

easily separated by chromatography 01' fractional crystallization from the EtOAclhexane 

mixture. Hydrolysis of each of the diastereomers 137 and 138 afforded the individual a

substituted acids 139 and 140 in 86 % yield. 
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Figure 7.18 The resolution of (±)-a-methoxyphenylacetic acids (134). 
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Figure 7.19 The resolution of (±)-2-phenylpropionic acids (135). 
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These successful resolution of a-position and ~-position racemized acids 

demonstrate the utility of 4(R)- and 4(S)-phenyl-2-oxazolidinones as resolution 

120 
reagents. 
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7.7 A new strategy for the synthesis of optically pure isomers of p-methylphenylalanine 

Among approaches to develop efficient synthetic routes for the synthesis of 

unnatural amino acids, we have successfully synthesized all individual isomers of p-

methylphenylalanine using a boron enol ate such that the p-chiral center can be used to 

direct the chirality of the a-position. This methodology can be used in conjunction with 

our newly developed tandem Michael-like addition followed by electrophilic bromination, 

such that all four stereoisomers of p-methylphenylalanine can be obtained in high chiral 

purity. The detailed procedures for the synthesis of (2R,3R)- and (2S,3S)-P

methylphenylalanine, and (2S, 3R)- and (2R,3S)-p-methylphenylalanine are illustrated in 

Figures 7.20 and 7.21. 
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The stereoselectivities of the brominations were determined using IH-NMR (250 

MHz) through the integration of the downfield doublets of the a-protons of the bromides 

(147, 152, 157, 162, ranging from 5.95 to 6.00 ppm). The crude products were readily 

purified by silica gel chromatography [E. Merck silica gel 60 (230-400 A)]. The purified 

bromides were converted to the corresponding azides (148, 153, 158, 163) by SN2 

displacement with tetramethylguanidinium azide in acetonitrile at 0 0C for 15 min. and at 

room temperature for 3-4 h. Oxazolidinones were removed by hydrolysis with LiOH in the 

presence of hydrogen peroxide to yield the azido acids (149, 154, 159, 164). The azido 

acids were subject to catalytic hydrogenation (10% Pd/C) at 34-38 psi for 24 h, and the 

resulting crude products were purified by ion-exchange chromatography (Amberlite IR 

120). No racemizations were observed in these procedures. The four final amino acids 

were found to be identical to authentic samples. 
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Figure 7.20 The synthesis of D- and L-erythro-~-methylphenylalanines. 
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Figure 7.21 The synthesis of D- and L-threo-p-methylphenylalanines. 
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The (2R,3R) and (2S,3S) bromide precursors 157 and 162 were synthesized by 

tandem asymmetric Michael-like addition/electrophilic brominations in which both ex.- and 

~-chiral centers were directed by the auxiliary. We propose that the syntheses of the 

(2S,3R) and (2R,3S) bromide intermediates 147 and 152 are achieved by 1,2-asymmetric 

cis induction through the boron enolates with allylic strain. To our knowledge, such 

effects as we observed in boron enolates with ex. nonchiral oxazolidinone derivatives have 

not been observed before (Figure 7.22). The reaction conditions are similar to those 

95-98 
described in the literature for related reactions. 

~~O~ 
CH30 0 

01 CH3 f\ 
~ II", •••. ~NJ(O 

H 0 0 
;B. 

n-Bu Bu-n 

136 
146 

ii ~I !ilr f\ --~ .. ~ 'NO 
:. If 
CH30 0 

137 

i. n-Bu2BOTf, DIEA, dichloromethane (DCM), -78 °c-.. OoC; 

ii. NBS, DCM, -78°C. 

Figure 7.22 The 1, 2-cis induction through the allylic strain effect in the boron enolate. 

In conclusion, this newly established method is expected to be applicable to the 

120 
asymmetric synthesis of other specialized amino acid analogues. It is very effective for 

the total synthesis of ~-methylphenylalanines. 
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7.8 Synthesis of NCx-Boc-protected S-(pMeBz)-L.-penicillamine and L.-methionine 

In recent years the tert-butoxycarbonyl (Boc) group has achieved a leading role as a 

121 
protecting group for the amino moiety of amino acids in peptide synthesis. At one time, 

122-125 
the most widely used tert-butoxycarbonylating agent was the hazardous and toxic 

126. 127 
tert-butyl azidoformate. Di-tert-butyl dicarbonate now serves as a highly reactive 

and safe reagent for the tert-butoxycarbonylating reaction which reacts under mild 

128-139 140-142 
conditions with amino acids and peptides in aqueous solvent mixtures to 

form pure derivatives in good yields. 

Most of the N(X-Boc-protected amino acids that we incorporated into peptides were 

synthesized by this general method. The amino moiety of commercially available amino 

acids were protected with tert-butyloxycarbonyl group using di-tert-butyl dicarbonate as the 

tert-butoxycarbonylating reagent. 

Though L.-Pen(pMB) (168) is commercially available, we decided to synthesize it 

using the cheaper L.-penicillamine as starting material. The synthesized L.-Pen(pMB) was 

then protected by tert-butyloxycarbonylation. 

When L.-Pen(pMB) (168) ,md D-Pen(pMB) were synthesized from L.- and D

penicillamine (166) (Figure 7.23), the yield was initially low « 50 %). The yield was 

improved to 83 % using excess sodium, prolonged reacting time, and stilTing the 

suspension at low temperature (-78 oc) for 4 h and then, instead of removing the stopper 
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to evaporate the NH3, further stirring the suspension at room temperature overnight. We 

have successfully synthesized 35.3 g of 1-Pen(pMB) in 83.3 % yield, using 25 g of 1-Pen 

as starting material. Overall, about 150 g of 1-Pen(pMB) has been synthesized in this 

way. 

H ~NH2 
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3 X "'COOH 

HS CH3 

166 

168 

Figure 7.23 Synthesis of S-(pMeBz)-1-penicillamine (1-Pen(pMB)). 

The obtained 1-Pen(pMB) served as the starting material for the synthesis of Boc-

1-Pen(pMB). Boc-1-Pen(pMB) was synthesized by protecting the N-terminal of 1-

Pen(pMB) with butyloxycarbonyl group (Figure 7.24). Boc-1-methionine was 

synthesized by the same method using 1-methionine as the starting material. 
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Figure 7.24 Synthesis of N -Boc-protected amino acids a) synthesis of Boc-L-

Pen(pMB), b) synthesis of Boc-L-Met. 

In summary, large amounts of Boc-L.-Pen(pMB) and Boc-L-methionine have been 

synthesized for incorporation into various peptides. They were synthesized by protecting 

the N-terminal ofL.-Pen(pMB) and L.-methionine with butyloxycarbonyl group in 70-75 % 

yields. Other Boc-protected amino acids such as NIl-Boc-(2S,3S)-~-MePhe and NIl-Boc-

D-Pen(pMB) also were synthesized for incorporation into Dyn A analogues. 
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CHAPTER 8 

EXPERIMENTAL METHODS IN SOLID PHASE PEPTIDE SYNTHESIS 

AND IN BIOASSA YS AND STABILITY STUDIES 

8.1 Binding assay 

Radioligand binding assay 

Radioligand binding assays of synthesized Dyn A analogues were done by 

collaborators in Dr. Henry Yamamura's group. Membranes were prepared from whole 

brains taken from adult male guinea pigs (200-400 g) obtained from SASCO. Following 

decapitation, the brain was removed, dissected, and homogenized at 0 0C in 20 volumes of 

50 mM Tris-HCI (Sigma, St. Louis, MO) buffer adjusted to pH 7.4 using a Teflon-glass 

homogenizer. The membrane fraction obtained by centrifugation at 48,000 g for 15 min. at 

4 0C was resuspended in 20 volumes of fresh Tris-HCI buffer and incubated at 25 0C for 

30 min. to dissociate any receptor bound endogenous opioid peptides. The incubated 

homogenate was centrifuged again as described and the final pellet resuspended in 10 

volumes of fresh Tris-HCl buffer. Radioligand binding inhibition assay samples were 

prepared in an assay buffer consisting of 50 mM Tris-HCI, 1.0 mglmL bovine serum 

albumin, 30 ~lM bestatin, 50 ~g/mL bacitracin, 1 0 ~M captopril and 0.1 mM 

phenylmethylsulfonyl fluoride, pH 7.4 (all from Sigma, St. Louis, MO, except bestatin 

that was purchased from Peptides International, Louisville, KY). The radioligands used 

were [3H] cyclo[D-Pen2, p-CI-Phe4, D-Pen5]-enkephlin (8 receptor) at a concentration of 

0.75 nM, [3H] DAMGO (~receptor) at a concentration of 1.0 nM, and [3H] U-69,593 (l\: 
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receptor) at a concentration of 1.5 nM (all obtained from New England Nuclear, Boston, 

MA). Peptides were dissolved in the assay buffer prior to each experiment and added to 

duplicate assay tubes at 10 different concentrations over an 800-fold range. Control (total) 

binding was measured in the absence of any inhibitor, while nonspecific binding was 

measured in the presence of 10 J1M naltrexone (Sigma, St. Louis, MO). The final volume 

of the assay samples was 1.0 mL. Incubation was performed at 25 0C for 3 h after which 

the samples were filtered through polyethylenimine (0.5 % w/v, Sigma, St. Louis, MO) 

treated GF/B glass fiber filter strips (Brandel, Gaithersburg, MD). The filters were washed 

three times with 4.0 mL ice-cold 1 M NaCI solution before transfer to scintillation vials. 

The filtrate radioactivity was measured after adding 7-10 mL of cocktail (EcoLiteTM (+), 

ICN Biomedicals, Inc) to each vial and allowing the samples to equilibrate over 8 h at 4 

°C. 

Binding data were analyzed using the nonlinear least-square regression analysis 

program Inplot 4.03 (GraphPadTM, San Diego, CA). Statistical comparisons between 

one- and two-site fits were made using the F-ratio test using a p value of 0.05 as the cutoff 

for significance. Data best fitted by a one-site model were analyzed using the logistic 

equation. Data obtained in at least three independent measurements are presented as the 

arithmetic mean +/- SEM. The results are not corrected for the actual peptide content. 
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8.2 Bioassay 

III vitro GPI bioassay 

Bioassays of synthesized Dyn A analogues were done by collaborators in Frank 

Porreca's group. Electrically induced smooth muscle contraction of strips of guinea pig 

ileum longitudinal muscle-myenteric plexus were used for the bioassay. Tissues from male 

Hartley guinea pigs weighing 250-500 g were prepared as described previously. The 

tissues were tied to a gold chain with suture silk, suspended in 20 mL baths containing 37 

0C oxygenated (95% 02, 5% C02) Krebs buffer (118 mM NaCI, 4.7 mM KCI, 2.5 mM 

CaCI2, 1.19 mM KH2P04, 1.18 mM MgS04, 25 mM NaHC03, and 11.48 mM 

glucose), and allowed to equilibrate for 15 min. The tissues were then stretched to optimal 

length previously determined to be 1 g tension and again allowed to equilibrate for 15 min. 

The tissues were stimulated transmurally between platinum wire electrodes at 0.1 Hz, 0.4-

ms pulses of supramaximal voltage. Drugs were added to the baths in 15-60 ilL volumes. 

The agonists remained in contact with the tissue for 3 min. before the addition of the next 

cumulative doses, until maximum inhibition was reached. Percent inhibition was calculated 

by using the average contraction height for 1 min. preceding the addition of the agonist 

divided y the contraction height 3 min. after exposure to the dose of the agonist. To further 

define the opioid selectivity of the agonist effect, the Il selective antagonist CT AP was used 

at the concentration of 1000 nM. IC50 values represent the mean of no less than four 

tissues. IC50 estimates, relative potency estimates, and their associated standard errors 

were determined by fitting the mean data to the Hill equation by a computerized nonlinear 

least-square method. The results are not corrected for the actual peptide content. 
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8.3 The stability of dynorphin A analogues 

III vitro stability studies 

The in vitro stabilities of dynorphin A analogues were done in Dr. Frank Porreca's 

laboratory. They were determined in washed brain membranes obtained from anesthetized 

(sodium pentothal), adult male, CD-l mice. Fresh whole brains minus cerebellum were 

143 
homogenized in cold tris buffer at pH 7.4 as previously described. After the final 

centrifugation, the membranes were resuspended in a volume of 6.67 mL cold 50 mM tris 

per gram of brain tissue originally homogenized. This gave a protein concentration of 

144 
7mg/mL. Brain membranes were aliquoted and stored at -40 0C until use. 

For peptide incubation, membrane aliquots were thawed at room temperature and 

then sonified for 30 sec at a 20 % cycle and an output setting of 3 on a Branson sonifier 

450 (Branson Ultrasonic Corp., Danbury CT) in order to thoroughly disperse the 

membranes which aggregate upon freezing. Incubations were conducted by addition of 20 

ilL portions of 1 mM peptide solution to 0.18 mL portions of brain membranes, and 

suspending samples in a 37 °C waterbath for various time intervals. Incubations were 

halted by addition of 0.2 ml of acetonitrile to each sample and vortex mixing. Samples 

were further diluted by addition of 0.4 mL of 0.5 % (v/v) HOAc. After mixing, chilling on 

ice and centrifugation, supernatants were analyzed by HPLC. Three incubation time 

intervals were used, in addition to zero time control samples. For each peptide, incubations 

were performed in triplicate with a pool of membranes prepared from four to six mice 

brains. 
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HPLC analyses were performed with a 0.46 x 15 cm Ineltsil ODS-2 column 

(MetaChem Technologies Inc., Torrance CA) at a flow rate of 1.5 mLlmin. The 

separations were achieved with linear gradients of acetonitrile against 0.1 M sodium 

phosphate, pH 2.4. Integrated peak areas for peptides were used to calculate 

decomposition rate constants (k) for the various peptides studied using a "first order drug 

145 
decay" computer program. Half-life values were calculated from the equation Tl/2 = 

0.693/k. Half-life values of synthesized Dyn A analogues are given in Table 8.3. 
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8.4 Solid phase peptide synthesis 

8.4.1 Materials and methods 

Most pep tides were synthesized manually by the developed efficient synthetic 

routes to Oyn A analogues, some were synthesized by the solid phase method utilizing an 

automated synthesizer (Applied Biosystems Inc. Model 431 A), a Boc/benzyl strategy, and 

a p-methylbenzhydrylamine (p-MBHA) resin (Advanced Chern Tech, Louisville, KY), as 

previously described for dynorphin analogues. Side chain-protected Na.-Boc amino acids 

were purchased from Bachem (Torrance, CA), whereas the other amino acids were 

synthesized by standard methods. Side-chain protection was as follows: 2,4-

dichlorobenzyloxycarbonyl or 9-fluorenylmethyloxycarbonyl (Fmoc) for Lys, 

toluenesulfonyl (Tos) for Arg, p-methylbenzyl (pMB) for Cys and Pen, 2,6-dichlorobenzyl 

(2,6-CI2Bzl) for Tyr, benzyl for Glu, and fluorenylmethyl (Fm) for Asp. Trifluoroacetic 

acid (TFA) was used to remove the Na.-Boc protecting group, and 20% piperidine was 

used to remove the Fmoc side-chain protecting group from Lys and the OFm group from 

Asp. Oiisopropylethylamine (OlEA) was used as a base and dichloromethane (OCM) and 

NMP were used as solvents for washing. 

Thin-layer chromatography of synthetic pep tides was performed on silica gel plates 

(0.25 mm, Analtech, Newark, OE) with the solvent systems given in Table 8.1. Peptides 

were detected with ninhydrin reagent. HPLC was carried out using a binary pump (Perkin

Elmer LC 250) equipped with an UVlVis detector (Perkin-Elmer LC 90 UV model) and 

integrator (Perkin-Elmer LCI 100 model). The solvent system used for analytical HPLC 
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was a binary system composed of water containing 0.1 % of TFA (pH 2.0) and acetonitrile 

as the organic modifier, and solvent programs using the following linear gradients: (1) 10 

to 90 % acetonitrile over 40 min.; and (2) 10 to SO % over 40 min. with flow rates of 2 

mL/min. for both cases. The column used for analytical chromatography had dimensions 

of 4.S x 2S0 mm(Vydac, 10 mm particle size, C-18). HPLC on a semi-preparative scale 

was performed with a reverse phase column (Vydac, 10 x 2S0 mm, 10 11m particle size, C-

18) employing the solvent system (1) above with a flow rate of S mLlmin. Mass spectra 

(fast-atom bombardment, low resolution full scan, glycerol matrix) were performed by the 

Center for Mass Spectroscopy, University of Arizona, Tucson, AZ. Hydrolysis of the 

pep tides was performed in 4 N methanesulfonic acid (0.2 % 3-(2-aminoethyl)indole) at 110 

oC for 24 h and amino acids were analyzed with an automatic analyzer (Beckman 

Instruments, Model 7300). The results were reported in Table 8.2. 
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8.4.2 General procedures for the synthesis of Dyn A analogues 

General Procedures for the Synthesis of Linear Dyn A Analogues. 

p-Methylbenzhydrylamine resin (0.41 meq/g, 1.22 g, 0.5 mmol) was coupled with 

NlX-Boc-NE-(2,4-dichlorobenzyloxycarbonyl)lysine via its N-hydroxybenzotriazole 

(HOBt) active ester. The NlX_Boc amino acids (4 equiv.) were sequentially coupled to the 

growing peptide chain using diisopropylcarbodiimide (DIC) and N-hydroxybenzotriazole 

(HOBt) in N-methyl-2-pyrrolidinone (NMP), and the coupling reaction time was 1 h. 

Trifluoroacetic acid (TFA) was used to remove the Boc group. Diisopropylethylamine 

(DIEA) was used as a base and dichloromethane (DCM) and NMP were used as solvents 

for washing. After deprotection of the last NlX_Boc group, the peptide-resin was dried in 

vacuo to yield the side chain-protected peptide-resin. The protected peptide-resin was 

cleaved from the resin using liquid anhydrous hydrofluoric acid (HF) in the presence of 

cresol (10% w/v) for 1 h at 0 0C. After removal of the HF in vacuo, the residue was 

washed with anhydrous ether and extracted with 30 % aqueous acetic acid (3 x 50 mL). 

The acetic acid solution was then lyophilized to give a white solid. The crude peptide was 

purified by semi-preparative reverse phase HPLC to yield a white powder after 

lyophilization. The structure assignment was corroborated by the results of the amino acid 

analysis and mass spectrometry, and the purity of the product was assessed by analytical 

HPLC and TLC (Tables 8.1 and 8.2). 
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General Procedures for the Synthesis of Linear Dyn A Analogues 

with Unnatural Amino Acids. 

p-Methylbenzhydtylamine resin was coupled with Ncx-Boc-NE_(2,4-

dichlorobenzyloxycarbonyl)lysine via its N-hydroxybenzotriazole (HOBt) active ester. The 

Ncx-Boc amino acids (4 equiv.) were coupled to the growing peptide chain using 

diisopropylcarbodiimide (DIC) and N-hydroxybenzotriazole (HOBt) in N-methyl-2-

pyrrolidinone (NMP). The unnatural Ncx-Boc amino acids (1.1 equiv.) were coupled to 

the growing peptide chain using benzotriazole-I-yloxy-tris( dimethylamino )-phosphonium 

hexafluorophosphate (BOP) and diisopropylethylamine (DIEA) in N-methyl-2-

pyrrolidinone (NMP). The coupling reaction time was about I h. Trifluoroacetic acid 

(TFA) was used to remove the Boc group. Diisopropylethylamine (DIEA) was used as a 

base and dichloromethane (DCM) and NMP were used as solvents for washing. After 

deprotection of the last Ncx-Boc group, the peptide-resin was dried in vacuo to yield the 

side chain-protected peptide-resin. The protected peptide-resin was cleaved from the resin 

using liquid anhydrous hydrofluoric acid (HF) in the presence of cresol (10% w/v) for I h 

at 0 0c. After removal of the HF in vacuo, the residue was washed with anhydrous ether 

and extracted with 30 % aqueous acetic acid (3 x 50 mL). The acetic acid solution was then 

lyophilized to give a white solid. The crude peptide was purified by semi-preparative 

reverse phase HPLC to yield a white powder after lyophilization. The structure assignment 

was corroborated by the results of the amino acid analysis and mass spectrometry, and the 

purity of the product was assessed by analytical HPLC and TLC (Tables 8.1 and 8.2). 
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General Procedure for the Synthesis of Disulfide-Bridged 

Compounds. 

p-Methylbenzhydrylamine resin (0,41 meq/g, 1.22 g, 0.5 mmol) was coupled with 

N<X-Boc-S-(p-methylbenzyl)cysteine using benzotriazole-l-yloxy-tris(dimelhylamino)

phosphonium hexafluorophosphate (BOP) and diisopropylethylamine (OlEA) in N-methyl-

2-pyrrolidinone (NMP) as coupling reagents. The unnatural N<X-Boc amino acids (1.1 

equiv.) were coupled to the growing peptide chain using benzotriazole-l-yloxy

tris( dimethylamino )-phosphonium hexafluorophosphate (BOP) and diisopropylethylamine 

(DIEA) in N-methyl-2-pyrrolidinone (NMP) as coupling reagents. The Na-Boc amino 

acids (4 equiv.) were coupled to the growing peptide chain using diisopropylcarbodiimide 

(DIC) and N-hydroxybenzotriazole (HOBt) in N-methyl-2-pyrrolidinone (NMP), and the 

coupling reaction time was 1 h. Trifluoroacetic acid (TFA) was used to remove the Boc 

group. Diisopropylethylamine (DIEA) was used as a base and dichloromethane (DCM) 

and NMP were used as solvents for washing. After deprotection of the last N<X-Boc 

group, the peptide-resin was dried in vacuo to yield the side chain-protected peptide-resin. 

The protected peptide-resin was cleaved from the resin using liquid anhydrous hydrofluoric 

acid (HF) in the presence of cresol (10% w/v) for 1 h at 0 °C. After removal of the HF in 

vacuo, the residue was washed with anhydrous ether and extracted with 30 % aqueous 

acetic acid (3 x 50 mL). The acetic acid solution was then lyophilized to give a yellowish 

white solid. The crude peptide was dissolved in 60 mL of acetonitrile and water mixture 

(2: 1, v/v) and transferred to a syringe. The dissolved peptide was slowly added to a 

O.OIM aqueous solution of K3Fe(CN)6 (2 equiv. of crude peptide) at pH 8.3-8.5 at a rate 

of 3 mL/h via a syringe pump. The addition time was about 20 h and the pH value of the 
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solution must be kept between 8 and 8.5 by adding concentrated NH40H or using a buffer 

(saturated aqueous solution of ammonium acetate). Once the cyclization was finished, the 

pH value was reduced to 4 by adding glacial acetic acid. An ion exchange resin (IRA 60 

Amberlite, chloride form) was added to get rid of the excess of K3Fe(CN)6. After I h, the 

ion exchange resin was filtered off and the solvent was removed by rotary evaporation. 

The crude cyclic peptide was then purified by semi-preparative I-IPLC to yield a white 

powder after lyophilization. The structure assignment was corroborated by the results of 

the amino acid analysis and mass spectrometry, and the purity of the product was assessed 

by analytical HPLC and TLC (Tables 8.1 and 8.2). 



General Procedure for Lactam-Bridged Compounds. 

The Na-Boc amino acids (1.5 equiv.) were sequentially coupled to the 

growing peptide chain using benzotriazole-l-yloxy-tris{ dimethylamino)

phosphonium hexafluorophosphate (BOP) and diisopropylethylmnine (OIEA) in N

methyl-2-pyrrolidinone (NMP) as the coupling reagents to form the linear peptide

resin. Side-chain protecting groups used were 2,4-C12Z or Fmoc for Lys, Tos for 

Arg, 2,6-C12BzI for Tyr, and Fm for Asp. Trifluoroacetic acid was used to remove 

the Na-Boc protecting group, and 20% piperidine was used to remove the Fmoc 

side-chain protecting group from Lys and the OFm group from Asp. 

Oiisopropylethylamine (OIEA) was used as a base and dichloromethane (OCM) and 

NMP were used as solvents for washing. The protected linear peptide-resin was 

cyclized by removing the Fmoc side-chain protecting group from Lys and the OFm 

group from Asp, and then cyclizing the lactcun ring using Bop as the coupling 

reagent. The last Na-Boc group was removed by 50 % TFA and the produced 

peptide-resin was dried in vacuo. The peptide was then cleaved from the resin 

using liquid anhydrous hydrofluoric acid (HF) in the presence of cresol (1O% w/v) 

for 1 h at 0 0c. After removal of HF in vacuo, the residue was washed with 

anhydrous ether and extracted with 30 % aqueous acetic acid. The acetic acid 

solution was evaporated to give a white residue. The crude peptide was then 

purified by semi-preparative reverse phase HPLC to yield a white powder after 

lyophilization. The structure assignment was corroborated by the results of the 

amino acid analysis and mass spectrometry, and the purity of the product was 

assessed by analytical HPLC and TLC (Tables 8.1 and 8.2). 

-------- ---
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8.4.3 Specific procedures for the synthesis of Dyn A analogues 

Side Chain-Protected Peptide-Resin, Dyn A(1-11)-NH2-Resin. 

p-Methylbenzhydrylamine resin (0.41 meq/g, 1.22 g, 0.5 mmo!) was coupled with 

N<X-Boc-NE-(2,4-dichlorobenzyloxycarbonyl)lysine via its N-hydroxybenzotriazole 

(HOBt) active ester. The N<X-Boc amino acids (4 equiv.) were sequentially coupled to the 

growing peptide chain using diisopropylcarbodiimide (DIC) and N-hydroxybenzotriazole 

(HOBt) in N-methyl-2-pyrrolidinone (NMP), and the coupling reaction time was 1 h. 50 

% TFA in DCM was used to remove the Boc group. Diisopropylethylamine (DIEA) was 

used as a base and dichloromethane (DCM) and NMP were used as solvents for washing. 

After deprotection of the last N<X-Boc group, the peptide-resin was dried in vacuo to yield 

the side-chain-protected Dyn A(1-11)-NH2-resin. 

Dyn A(1-11)-NH2 (1). 

The peptide was cleaved from the resin using liquid anhydrous hydrofluoric acid 

(HF) in the presence of cresol (10% w/v) for I hr at 0 oc. After removal of the HF in 

vacuo, the residue was washed with anhydrous ether and extracted with 30 % aqueous 

acetic acid (3 x 50 mL). The acetic acid solution was then lyophilized to give a white solid. 

The crude peptide was purified by semi-preparative reverse phase HPLC to yield a white 

powder after lyophilization. The structure assignment was corroborated by the results of 

the amino acid analysis and mass spectrometry, and the purity of the product was assessed 

by analytical HPLC and TLC (Tables 8.1 and 8.2). 
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Synthesis of Linear Dyn A analogues (2, 3, 22-31, 32-43, 44-47). 

Linear Oyn A analogues were synthesized and purified by methods similar to those 

employed for compound 1. All were obtained as white powders of high purity (> 97%). 

The structure assignment was corroborated by the results of the amino acid analysis and 

mass spectrometry, and the purity of the product was assessed by analytical HPLC and 

TLC (Tables 8.1 and 8.2). 

Synthesis of Disulfide-Bridged Dyn A Analogues, c[CysS, 

Cysll ]Dyn A(1-11)·NH2 (4). 

p-Methylbenzhydrylamine resin (0.41 meq/g, 1.22 g, 0.5 mmol) was coupled with 

Ncx-Boc-S-(p-methylbenzyl)cysteine using benzotriazole-l-yloxy-tris( dimethylamino)

phosphonium hexafluorophosphate (BOP) and diisopropylethylamine (OlEA) in N-methyl-

2-pyrrolidinone (NMP) as coupling reagents. The unnatural Ncx-Boc amino acids (1.1 

equiv.) were coupled to the growing peptide chain using benzotriazole-l-yloxy

tris(dimethylamino)-phosphonium hexafluorophosphate (BOP) and diisopropylethylamine 

(OlEA) in N-methyl-2-pyrrolidinone (NMP) as coupling reagents, the Ncx-Boc amino acids 

(4 equiv.) were coupled to the growing peptide chain using diisopropyIcarbodiimide (0lC) 

,md N-hydroxybenzotriazole (HOBt) in N-methyl-2-pyrrolidinone (NMP), and the 

coupling reaction time was 1 h. Trifluoroacetic acid (TFA) was used to remove the Boc 

group. Oiisopropylethylamine (OlEA) was used as a base and dichloromethane (OCM) 

and NMP were used as solvents for washing. After deprotection of the last Ncx-Boc 

group, the peptide-resin was dried in vacuo to yield the side chain-protected peptide-resin. 

The peptide was cleaved from the resin using liquid anhydrous hydrofluoric acid (HF) in 
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the presence of cresol (10% w/v) for 1 h at 0 oc, After removal of the HF in vacuo, the 

residue was washed with anhydrous ether and extracted with 30 % aqueous acetic acid (3 x 

50 mL). The acetic acid solution was then lyophilized to give a white solid. The crude 

peptide was taken up in about 20 mL of water. The dissolved peptide was slowly added to 

the O.OlM aqueous solution of K3Fe(CN)6. The addition time was about 20 h and the pH 

value of the solution must be kept between 8 and 8.5 by adding concentrated NH40H or 

using a buffer (saturated aqueous solution of ammonium acetate). Once the cyclization was 

finished, the pH value was reduced to 4 by adding glacial acetic acid. An ion exchange 

resin (IRA 60 Amberlite, chloride form) was added to get rid of the excess of K3Fe(CN)6. 

After one hour, the ion exchange resin was filtered off and the solvent was removed by 

rotary evaporation. The crude cyclic peptide was then purified by semi-preparative HPLC 

to yield a white powder after lyophilization. The structure assignment was corroborated by 

the results of the amino acid analysis and mass spectrometry, and the purity of the product 

was assessed by analytical HPLC and TLC (Tables 8.1 and 8.2). 

Boc-Arg(Tos)-Arg(Tos)-Ile-Arg(Tos)-Pro-D-Cys(pMBz)-Resin. 

p-Methylbenzhydrylamine resin (0.41 meq/g, 9.75 g, 4 mmol) was coupled with 

NCX-D-Boc-S-(p-methylbenzyl)cysteine using benzotriazole-l-yloxy-tris(dimethylamino)

phosphonium hexafluorophosphate (BOP) and diisopropylethylamine (DIEA) in N-methyl-

2-pyrrolidinone (NMP) as coupling reagents. The unnatural Ncx-Boc amino acids (1.1 

equiv.) were coupled to the growing peptide chain using benzotriazole-l-yloxy

tris(dimethylamino)-phosphonium hexafluorophosphate (BOP) and diisopropylethylamine 

(DlEA) in N-methyl-2-pyrrolidinone (NMP), the Ncx-Boc amino acids (4 equiv.) were 

coupled to the growing peptide chain using diisopropylcarbodiimide (DIC) and N-
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hydroxybenzotriazole (HOBt) in N-methyl-2-pyrrolidinone (NMP), and the coupling 

reaction time was 1 h. Trifluoroacetic acid (TFA) was used to remove the protecting Boc 

group. Diisopropylethylamine (DIEA) was used as a base and dichloromethane (DCM) 

and NMP were used as solvents for washing. After deprotection of the last NIX_Boc 

group, the peptide-resin was dried in vacuo to yield the side chain-protected peptide-resin. 

The protected peptide-resin was separated into four portions for further couplings with four 

different amino acids at the 5-position of Dyn A. 

Cyclic Dyn A Analogue, c[H-Tyr-Gly-Gly-Phe-Cys5-Arg-Arg-I1e

Arg-Pro-D-Cys11.NH2] (5). 

Synthesized Boc-Arg(Tos )-Arg(Tos)-Ile-Arg(Tos)-Pro-D-Cys(pMBz)-resin (1 

equiv.) was coupled with the NIX_Boc amino acids (1.5 equiv.) sequentially using Bop and 

DIEA in NMP as coupling reagent, followed by the previously mentioned methods to 

produce the white powder. 

Disulfide-Bridged Dyn A Analogues (4, 6-19, 48-50, 63, 64). 

Disulfide-bridged compounds were synthesized and purified by a method 

similar to those employed for compound 5. All were obtained as white powders of 

high purity (> 97 %). 



Peptide-Resin, Boc-Tyr(2,6-CI2Bz1)-Gly-Asp(Fm)3-Phe-Leu

Arg(Tos )-Lys (Fmoc) 7 -I1e-Arg(Tos )-Pro-Lys(2,4-CI2Z) -NH -Resin. 
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The Ncx-Boc amino acids (1.5 equiv.) were sequentially coupled to the growing 

peptide chain using benzotriazole-l-y loxy-tris( dimethy lamino )-phosphonium 

hexafluorophosphate (BOP) and diisopropylethylamine (OlEA) in N-methyl-2-

pyrrolidinone (NMP) as coupling reagents. The completion of coupling reaction was 

determinated by ninhydrin test. Side-chain protecting groups used were 2,4-

dichlorobenzyloxycarbonyl (2,4-CI2Z) or 9-fluorenylmethyloxycarbonyl (Fmoc) for Lys, 

toluenesulfonyl (Tos) for Arg, 2,6-dichlorobenzyl (2,6-CI2BzI) for Tyr, and 

fluorenylmethyl (Fm) for Asp. Trifluoroacetic acid (TFA) was used to remove the Ncx-Boc 

protecting group, and 20% piperidine was used to remove the Fmoc side-chain protecting 

group from Lys and the OFm group from Asp. Oiisopropylethylamine (OlEA) was used 

as a base and dichloromethanc (OCM) and NMP were used as solvents for washing. The 

fully protected peptide-resin was dried and separated into two portions for synthesizing the 

cyclic and linear peptides. 

Cyclic Dyn A Analogue, c[Asp3, Lys7]Dyn A(1-1l)-NH2 (53). 

The dried peptide-resin, Boc-Tyr(2,6-CI2Bzl)-Gly-Asp(Fm)3-Phe-Leu-Arg(Tos)

Lys(Fmoc) 7 -Ile-Arg(Tos)-Pro-Lys(2,4-CI2Z)-NH-resin, was cyclized by removing the 

Fmoc side-chain protecting group from Lys and the OFm group from Asp, and then 

cyclizing the lactam ring using Bop as the coupling reagent. The last Ncx-Boc group was 

removed by TFA and the peptide-resin was dried in vacuo. The peptide was then cleaved 
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from the resin using liquid anhydrous hydrofluoric acid (HF) in the presence of cresol 

(10% w/v) for 1 h at 0 0C. After removal of HF in vacuo, the residue was washed with 

anhydrous ether and extracted with 30 % aqueous acetic acid. The acetic acid solution was 

evaporated to give a white residue. The crude peptide was then purified by semi

preparative reverse phase HPLC to yield a white powder after lyophilization. The average 

yield for cyclic peptides was II %. 

c[Asp2, Lys6]Dyn A(1-11)-NH2 (51). 

The cyclic lactam 51 was synthesized by methods similar to those described for the 

synthesis of 53. 

c[D-Asp2, Lys6]Dyn A(1-11)-NH2 (52). 

The cyclic lactam 52 was synthesized by methods similar to those described for the 

synthesis of 53. 

c [D-Asp2, Lys6]Dyn A(1-11)-NH2 (54). 

The cyclic lactam 54 was synthesized by methods similar to those described for the 

synthesis of 53. 

c[Lys5, Asp9]Dyn A(1-11)-NH2 (55). 

The cyclic lactam 55 was synthesized by methods similar to those described for the 

synthesis of 53. 
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c[Lys5, D-Asp9]Dyn A(1~11)-NH2 (56). 

The cyclic lactam 56 was synthesized by methods similar to those described for the 

synthesis of 53. 

The linear analogue [Asp3, Lys 7]Dyn A(1~11)-NH2 (59). 

The dried peptide-resin, Boc-Tyr(2,6-CI2BzI)-Gly-Asp(Fm)3-Phe-Leu-Arg(Tos)

Lys(Fmoc) 7 -IIe-Arg(Tos)-Pro-Lys(2,4-CI2Z)-NH-resin, was deprotected by removing the 

Fmoc side-chain protecting group from Lys and the OFm group from Asp by using 20% 

piperidine, and then removing the last NU-Boc group by 50% TFA. The produced 

peptide-resin was dried in vacuo and the peptide was then cleaved from the resin using 

liquid anhydrous hydrofluoric acid (HF) in the presence of cresol (10% w/v) for I h at 0 

0C. After removal of HF in vacuo, the residue was washed with anhydrous ether and 

extracted with 30 % aqueous acetic acid. The acetic acid solution was evaporated to give a 

white residue. The crude peptide was then purified by semi-preparative reverse phase 

HPLC to yield a white powder after lyophilization. The average yield for linear peptides 

was 14 %. 

[Asp2, Lys6]Dyn A(1-11)-NH2 (57). 

The linear analogue 57 was synthesized by methods similar to those described for 

the synthesis of 59. 

[D-Asp2, Lys6]Dyn A(1-11)-NH2 (58). 

The linear analogue 58 was synthesized by methods similar to those described for 

the synthesis of 59. 
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[D.Asp3, Lys7]Dyn A(1·11).NH2 (60). 

The linear analogue 60 was synthesized by methods similar to those described for 

the synthesis of 59. 

[Lys5, Asp9]Dyn A(1·11)·NH2 (61). 

The linear analogue 61 was synthesized by methods similar to those described for 

the synthesis of 59. 

[Lys5, D.Asp9]Dyn A(1·11)·NH2 (62). 

The linear analogue 62 was synthesized by methods similar to those 

described for the synthesis of 59. 
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Table 8.1 Analytical Properties of Various Dyn A Analogues 

DynA TLC Rf valuesU K'valuesb FAB-MSc 

analogues I II III IV 1 2 

1 0.65 0.20 0.80 0.65 3.4 5.0 1362 [M+] 

2 0.60 0.15 0.85 0.60 3.5 5.1 1362 [M+] 

3 0.70 0.25 0.80 0.65 3.4 4.9 1362 [M+] 

4 0.70 0.25 0.85 0.70 3.3 5.4 1325 [M+] 

5 0.65 0.25 0.80 0.55 3.2 5.2 1325 [M+] 

6 0.55 0.20 0.95 0.75 3.6 5.1 1353 [M+] 

7 0.70 0.25 0.90 0.65 2.8 3.6 1353 [M+] 

8 0.50 0.15 0.90 0.65 2.9 3.8 1353 [M+] 

9 0.55 0.15 0.85 0.70 3.8 4.3 1353 [M+] 

10 0.60 0.20 0.80 0.60 3.4 5.5 1381 [M+] 

11 0.60 0.25 0.95 0.65 3.7 5.4 1381 [M+] 

12 0.65 0.20 0.90 0.60 3.4 5.0 1325lM+] 

13 0.70 0.15 0.85 0.55 3.3 5.1 1325 [M+] 

14 0.65 0.20 0.80 0.65 3.1 4.0 1353 [M+] 

15 0.60 0.20 0.95 0.70 3.7 5.4 1353 [M+] 

16 0.70 0.15 0.90 0.65 2.7 3.6 1353 [M+] 

17 0.70 0.15 0.90 0.70 3.4 5.7 1353 [M+] 

18 0.65 0.20 0.85 0.70 3.0 4.6 1381 [M+] 

19 0.55 0.25 0.85 0.60 4.2 5.7 1381 [M+] 

20 0.71 0.26 0.95 0.78 2.8 3.6 1345 [M+H+] 

21 0.67 0.15 0.88 0.83 2.5 3.3 1330 [M+H+] 

22 1304 [M+] 146 

23 1383 [M+]146 

24 0.64 0.26 0.98 0.66 3.4 5.7 1304 [M+] 

25 0.68 0.28 1.0 0.72 3.9 5.9 1318 [M+H+] 
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Table 8.1 Analytical Properties of Various Dyn A Analogues (continued) 

DynA TLC Rr valuesu K'valuesb FAB-MSc 

analogues I II III IV 1 2 

26 0.60 0.19 0.93 0.83 4.1 5.7 1348 [M+H+] 

27 1376 [M+] 147 

28 1376 [M+] 147 

29 1362 [M+]147 

30 1376 [M+] 147 

31 1376 [M+] 147 

32 0.72 0.21 0.94 0.74 2.8 3.6 1353 [M+] 

33 0.66 0.09 0.78 0.8 4.72 8.11 1376 [M+] 

34 0.59 0.17 0.35 0.66 4.19 5.96 1376 [M+] 

35 0.72 0.07 0.63 0.77 5.06 8.87 1419 [M+H+] 

36 0.65 0.09 0.45 0.82 6.10 10.96 1452 [M+] 

37 0.68 0.09 0.35 0.77 4.75 8.67 1452 [M+] 

38 0.74 0.08 0.52 0.79 4.79 8.60 1468 [M+] 

39 0.46 0.09 0.22 0.71 3.89 6.40 1433 [M+] 

40 0.48 0.09 0.25 0.73 3.69 6.10 1433 [M+] 

41 0.56 0.03 0.59 0.78 3.54 7.03 1461 [M+] 

42 0.59 0.09 0.76 0.77 4.41 6.65 1434 [M+H+] 

43 0.63 0.09 0.77 0.79 4.0 6.65 1434 [M+H+] 

44 0.65 0.20 0.85 0.70 3.0 4.6 1367 [M+] 

45 0.65 0.20 0.85 0.70 3.0 4.6 1367 [M+] 

46 0.65 0.20 0.85 0.70 3.0 4.6 1381 [M+] 

47 0.65 0.20 0.85 0.70 3.0 4.6 1381 [M+] 

48 2.45 1353 [M+]148 

49 2.34 1353 [M+] 148 

50 0.73 0.84 0.02 0.79 3.59 1366 [M+] 148 
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Table 8.1 Analytical Properties of Various Dyn A Analogues (continued) 

DynA TLC Rf values!! K' valuesb FAB-MSc 

analogues I II III IV 1 2 

51 0.66 0.24 0.74 0.77 3.72 3.19 1374 [M+] 

52 0.69 0.29 0.73 0.77 2.91 2.76 1374 [M+] 

53 0.71 0.37 0.93 0.82 3.51 2.90 1374 [M+] 

54 0.74 0.41 0.92 0.80 2.51 2.32 1374 [M+] 

55 0.61 0.25 0.91 0.73 2.44 3.29 1318 [M+] 

56 0.63 0.28 0.64 0.77 2.39 2.63 1318 [M+] 

57 0.53 0.26 0.79 0.72 2.50 2.25 1391 [M+] 

58 0.58 0.22 0.73 0.74 2.53 3.22 1391 [M+] 

59 0.65 0.17 0.68 0.78 2.58 2.64 1392 [M+] 

60 0.58 0.39 0.58 0.77 2.60 2.50 1392 [M+] 

61 0.49 0.30 0.71 0.69 1.88 1.64 1336 [M+] 

62 0.49 0.16 0.66 0.65 2.59 1.56 1335 [M+] 

63 0.70 0.79 1.0 0.77 2.89 3.75 1311 [M+] 

64 0.76 0.70 1.0 0.81 2.79 3.55 1311 [M+] 

a Solvent systems: I, 1-butanol/pyridine/acetic acid/water (15/10/3/8); II, I-butanol/acetic 

acid/water (4/115); III, 2-propanol/concentrated ammonium hydroxide/water (3/10/10); IV, 

1-butanol/pyridine/acetic acid/water (6/6/115). bland 2 refer to the HPLC gradients as 

described in material and methods. c Fast atom bombardment mass spectroscopy. 
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Table 8.2 Amino Acid Analysis of Dyn A Analogues 

DynA amino-acidsu 

Tyr Gly Phe Leu Arg lIe Pro Lys Pen Cys Asp 

1 1.1 2.0 1.1 1.1 2.8 1.1 0.9 1.0 

(1) (2) (1) (1) (3) (1) (1) (1) 

2 1.0 2.1 0.9 1.0 3.1 0.9 1.0 0.9 

(1) (2) (1) (1) (3) (1) (1) (1) 

3 1.1 2.1 ( 0.9 l.0 2.9 0.9 1.1 0.9 

(1) 2) (1) (1) (3) (1) (1) (1) 

4 0.9 1.9 1.0 3.0 1.0 0.9 1.8 

(1) (2) (1) (3) (1) (1) (2) 

5 0.9 2.0 1.0 3.1 1.0 0.9 1.9 

(1) (2) (1) (3) (1) (1) (2) 

6 1.0 2.0 1.1 2.9 1.1 1.0 1.0 1.1 

(1) (2) (1) (3) (1) (1) (1) (1) 

7 1.0 2.1 1.0 3.0 1.0 1.0 0.9 0.9 

(1) (2) (1) (3) (1) (1) (1) (1) 

8 1.1 2.1 ( 1.0 2.8 0.9 1.1 1.1 0.9 

(1) 2) (1) (3) (1) (1) (1) (1) 

9 1.0 1.9 1.0 2.9 0.9 1.0 0.9 1.0 

(1) (2) (1) (3) (1) (1) (1) (1) 

10 0.9 2.0 1.1 3.0 0.9 0.9 1.9 

(1) (2) (1) (3) (1) (1) (2) 
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Table 8.2 Amino Acid Analysis of Dyn A Analogues (continued) 

DynA tlmino-acidsll 

Tyr Gly Phe Leu Arg lIe Pro Lys Pen Cys Asp Om 

11 0.9 1.9 1.0 3.1 0.9 0.9 1.9 

(1) (2) (I) (3) (1) (1) (2) 

12 0.9 2.0 0.9 2.9 0.9 0.9 2.0 

(1) (2) (I) (3) (I) (1) (2) 

13 1.0 2.0 o.~ 3.0 1.0 1.0 1.9 

(1) (2) (1) (3) (1) (1) (2) 

14 1.0 2.1 1.0 2.8 1.0 1.0 1.0 1.1 

(1) (2) (1) (3) (1) (1) (1) (1) 

15 1.1 2.1 ( 1.0 3.1 1.1 1.1 0.9 1.0 

(1) 2) (1) (3) (I) (1) (1) (1) 

16 1.0 1.9 1.1 3.1 1.0 1.0 1.0 1.1 

(I) (2) (I) (3) (I) (1) (1) (1) 

17 0.9 1.9 1.0 2.8 0.9 0.9 0.9 1.0 

(1) (2) (1) (3) (1) (1) (1) (1) 

18 1.0 2.0 1.0 2.9 1.0 1.0 1.8 

(1) (2) (I) (3) (I) (1) (2) 

19 0.9 2.0 0.9 3.0 0.9 1.1 1.9 

(1) (2) (1) (3) (1) (1) (2) 

20 0.9 1.9 1.0 3.0 0.9 1.0 0.9 0.9 

(1) (2) (1) (3) (1) (1) (1) (1) 
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Table 8.2 Amino Acid Analysis of Dyn A Analogues (continued) 

DynA amino-acidsu 

Tyr Gly Phe Leu Arg lIe Pro Lys Pen Cys Asp Orn 

21 0.9 1.9 1.0 3.1 0.9 0.9 0.9 0.9 

(1) (2) (1) (3) (1) (1) (1) (1) 

22 0.9 2.0 0.9 2.9 0.9 0.9 2.0 

(1) (2) (1) (3) (1) (1) (2) 

23 1.0 2.0 0.9 3.0 1.0 1.0 1.9 

(1) (2) (1) (3) (1) (1) (2) 

24 1.0 2.1 1.0 2.8 1.0 1.0 1.0 1.1 

(1) (2) (I) (3) (1) (1) (1) (1) 

2S 1.1 2.1 ( 1.0 3.1 1.1 1.1 0.9 1.0 

(I) 2) (1) (3) (1) (1) (1) (1) 

26 1.0 1.9 1.1 3.1 1.0 1.0 1.0 1.1 

(I) (2) (1) (3) (1) (1) (1) (1) 

27 0.9 1.9 1.0 3.1 0.9 0.9 1.0 

(1) (2) (1) (1) (3) (1) (1) (1) 

28 0.9 1.9 1.0 3.1 0.9 0.9 1.0 

(1) (2) (1) (1) (3) (1) (1) (1) 

29 0.9 1.9 1.0 3.1 0.9 0.9 1.0 

(1) (2) (1) (1) (3) (1) (1) (1) 

30 0.9 1.9 1.0 3.1 0.9 0.9 1.0 

(1) (2) (1) (1) (3) (1) (1) (1) 
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Table 8.2 Amino Acid Analysis ofDyn A Analogues (continued) 

DynA amino-acidsu 

Tyr G1y Phe Leu Arg lIe Pro Lys Ala Cys Asp Nle 

31 0.9 1.9 1.0 3.1 0.9 0.9 1.0 

(1) (2) (1) (1) (3) (1) (1) (1) 

32 0.9 2.0 0.9 2.9 0.9 0.9 1.0 

(1) (2) (1) (3) (1) (1) (1) 

33 0.9 1.0 1.0 1.0 2.9 0.8 0.9 1.0 1.0 

(1) (1) (1) (1) (3) (1) (1) (1) (1) 

34 0.9 1.0 1.0 1.0 2.9 0.8 0.9 1.0 1.0 

(1) (1) (1) (I) (3) (1) (1) (1) (1) 

35 1.0 1.0 1.0 1.0 2.9 2.0 1.1 1.0 

(I) (1) (1) (I) (3) (2) (1) (1) 

36 1.0 1.0 2.1 1.0 3.1 0.9 1.0 1.0 

(I) (I) (2) (I) (3) (1) (1) (1) 

37 1.0 1.0 2.1 1.0 3.1 0.9 1.0 1.0 

(I) (I) (2) (1) (3) (1) (I) (1) 

38 1.7 1.0 1.0 1.0 2.8 1.0 1.1 1.0 

(2) (1) (1) (1) (3) (1) (1) (1) 

39 0.9 1.1 1.0 1.0 2.9 0.9 1.1 2.2 

(1) (1) (1) (1) (3) (1) (1) (2) 

40 0.9 1.1 1.0 1.0 2.9 0.9 1.1 2.2 

(1) (1) (I) (1) (3) (1) (1) (2) 
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Table 8.2 Amino Acid Analysis ofDyn A Analogues (continued) 

DynA amino-acidsa 

Tyr Gly Phe Leu Arg Ile Pro Lys Glu bF Cys 

41 0.9 1.1 1.0 1.0 3.8 0.8 1.1 1.1 

(1) (1) (1) (1) (4) (1) (1) (1) 

42 0.9 1.0 0.9 1.0 3.0 0.9 0.9 1.0 0.9 

(I) (1) (1) (1) (3) (1) (1) (1) (1) 

43 0.9 1.0 0.9 1.0 3.0 0.9 0.9 1.0 0.9 

(1) (1) (I) (1) (3) (1) (1) (1) (1) 

44 1.0 l.0 1.0 1.0 2.8 1.0 l.0 l.0 

(1) (1) (1) (1) (3) (1) (1) (1) (1) 

45 1.0 1.0 1.0 1.0 2.8 1.0 1.0 1.0 

(1) (1) (1) (1) (3) (1) (1) (1) (1) 

46 1.0 1.0 1.0 1.0 2.8 1.0 1.0 l.0 

(1) (1) (1) (1) (3) (1) (1) (1) (1) 

47 1.0 1.0 1.0 1.0 2.8 1.0 l.0 l.0 

(1) (1) (1) (1) (3) (1) (1) (1) (1) 

48 1.0 1.0 1.0 1.0 1.8 1.0 1.0 1.0 2.0 

(1) (1) (1) (1) (2) (1) (1) (1) (2) 

49 1.0 1.0 1.0 1.0 1.8 1.0 1.0 1.0 2.0 

(1) (1) (1) (1) (2) (1) (1) (1) (2) 

50 1.0 1.0 1.0 1.8 1.0 1.0 1.0 nt 2.0 

(1) (1) (1) (2) (1) (1) (1) 
(1) 

(2) 
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Table 8.2 Amino Acid Analysis ofDyn A Analogues (continued) 

DynA amino-acidsu 

Tyr Gly Phe Leu Arg Ile Pro Lys Asp Cys 

51 0.9 1.0 1.1 1.0 2.0 0.9 1.0 2.0 1.0 

(1) (1) (1) (1) (2) (1) (1) (2) (1) 

52 1.0 1.0 1.0 1.0 2.0 0.9 0.8 2.0 1.0 

(1) (1) (1) (1) (2) (1) (1) (2) (1) 

53 1.1 1.0 1.0 1.0 2.0 0.9 1.0 2.0 1.0 

(1) (1) (1) (1) (2) (1) (1) (2) (1) 

54 1.0 1.0 1.0 1.0 2.0 0.9 1.0 2.0 1.0 

(1) (1) (1) (1) (2) (1) (1) (2) (1) 

55 1.1 2.0 1.1 1.9 1.0 1.1 1.9 0.9 

(1) (2) (1) (2) (1) (1) (2) (1) 

56 1.1 2.0 1.1 1.9 1.0 1.1 1.9 0.9 

(1) (2) (1) (2) (1) (1) (2) (1) 

57 1.0 1.0 1.0 1.0 2.0 0.9 1.0 2.0 0.9 

(1) (1) (1) (1) (2) (1) (1) (2) (1) 

58 1.0 1.0 1.0 1.0 2.0 1.0 1.0 2.0 1.0 

(1) (1) (1) (1) (2) (1) (1) (2) (1) 

59 1.1 1.0 1.0 1.0 1.9 0.9 1.0 2.0 1.0 

(1) (1) (1) (1) (2) (1) (1) (2) (1) 

60 1.0 1.0 1.0 1.0 2.0 0.9 1.0 2.0 1.0 

(1) (1) (1) (1) (2) (1) (1) (2) (1) 
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Table 8.2 Amino Acid Analysis of Dyn A Analogues (continued) 

DynA amino-acidsll 

Tyr Gly Phe Leu Arg lie Pro Lys Asp bF Cys Ala 

61 1.1 2.0 1.1 1.9 1.1 1.0 2.0 1.1 

(1) (2) (1) (2) (I) (1) (2) (1) 

62 1.0 2.1 1.0 2.0 1.0 1.0 2.0 1.0 

(1) (2) (1) (2) (I) (1) (2) (1) 

63 2.0 3.0 1.0 n1 1.8 1.0 

(1) (2) (3) (1) 
(1) 

(2) (I) 

64 1.0 3.0 1.0 n1 1.8 1.9 

(1) (1) (3) (1) 
(1) 

(2) (2) 

a Theoretical values in parentheses. 1- or D-Amino acids for Cys, Pen, Ala, Asp, lie, Phe, 

Tyr, Arg, GIll. bF represents p-MePhe derivatives. Hydrolysis in 4 N methanesulfonic 

acids (0.2 % 3-(2-aminoethyl)indole) at 110 0C for 24 hours. b nf: Not found. 
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Table 8.3 In Vitro Stabilities of Various Dyn A Analogues 

Dyn A Analogues Mouse Serum Mouse Brain 

Membrane 

Dyn A( 1-17)-OH 16 min. 49 min. 

1. Dyn A(1-I1)-NH2 - 42 min. 

26. [p-N02Phe I , D-Ala8] 50 min. 111 min. 

32. [D-Nle2] 20 min. 286 min. 

33. [D-Ala3] 25 min. 84 min. 

51. [Asp2, Lys6] 47 min. 190 min. 
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All reagents were purchased from Aldrich Chemical Co. (Milwaukee, WI), and 

used without further purification. Tetrahydrofuran and dichloromethane were disti11ed 

from sodium-benzophenone ketyl under argon in a recycling still and stored over calcium 

hydride (CaH2) under argon. 

Nuclear magnetic resonance (nmr) spectra were run in CDCl
3 

on a Bruker WM 250 

Ff instrument (Bruker Instrument, Inc., Bellerica, MA) at 250 MHz for proton and 93.65 

13 
MHz for C unless otherwise stated. Spectra at 500 MHz were recorded on a Bruker AM 

500 spectrometer. Chemical shifts are reported on the 8 scale in ppm with tetramethylsilane 

as an internal reference. Mass spectra were recorded on an HP 5988A mass spectrometer. 

Elemental analyses were performed by Desert Analytics (Tucson, AZ).IOO Melting points 

were determined on a Thomas-Hoover capillary melting point apparatus (Authur H. 

Thomas Co., Philadelphia, PA) and are uncorrected. Optical rotations were taken on an 

Autopol III polarimeter (Rudolph Research, Fairfield, NJ). Column chromatography was 

performed using normal phase silica gel (60 A, 70-230 mesh). Thin layer chromatography 

(TLC) was performed using Merck silica gel 60 F 254 and U niplate ™ silica gel glass-

backed plates. Detection was done by 1
2

, ninhydrin, or ultraviolet light. 
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9.1 Asymmetric synthesis of (2S,3R)-L-threo-2',~-dimethyltyrosine 

COUPLING REACTIONS 

Synthesis of (4S)-4-Phenyl-3-[3-( 4' -methoxy-2' -methylphenyl)-(2E)-

propenoyl]-2-oxazolidinone (72). 

Into a clean, dry 250 mL round-bottomed flask with a magnetic stirbar was placed 

(2E)-3-(4'-methoxy-2'-methylphenyl)-2-propenoic acid (71, 5 g, 26 mmol) and freshly 

distilled tetrahydrofuran (120 mL). The flask was fitted with a rubber septum, purged with 

nitrogen gas and cooled to -78 °C. Triethylamine (4 mL, 28.6 mmol, 1.1 eq) and pivaloyl 

chlol'ide (3.5 mL, 28.6 mmol, 1.1 eq) were added via syringe to the stirring solution. The 

resulting suspension was then transferred via cannula to a slurry of the lithiated (4S)-4-

phenyl-2-oxazolidinone at -78 °C (prepru'ed 10 min. in advance at -78 °C by the addition of 

n-butyllithium (14.6 mL, 1.6 M in hexane, 23.4 mmol, 0.9 eq) to a solution of (4S)-4-

phenyl-2-oxazolidinone (3.8 g, 23.4 mmol, 0.9 eq) in freshly distilled tetrahydrofuran 

(100 mL) under nitrogen gas. The resulting suspension was stirred at -78 °C for IS min. 

and at room temperature overnight. The reaction was quenched by the addition of saturated 

sodium bicarbonate solution (100 mL). Volatiles were removed by rotary evaporation and 

the residual aqueous solution was extracted with chloroform (3 x 100 mL). The combined 

extracts were washed with dilute aqueous sodium bicarbonate (2 x 150 mL) and dilute 

aqueous sodium chloride (2 x 150 mL), dried over anhydrous magnesium sulfate, filtered 

and rotary evaporated to obtain a white solid (5.9 g, 75% yield). Mp 135-137 0C (lit:
92 

Mp 136-137 oC); IH nmr (250 MHz, CDCI~, TMS) 8 8.00 (d, J = 15.5 Hz, 1 H, Ar

CH=CH-), 7.73 (d, J = 15.5 Hz, 1 H, Ar-CH=CH-), 7.64 (d, J = 8.6 Hz, 1 H, ru'Omatic 
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6' H), 7.38-7.28 (m, 5 H, chiral auxiliary aromatic H's), 6.73 (dd, J = 8.5 Hz, 2.8 Hz, I 

H, aromatic 5' H), 6.66 (d, J = 2.8 Hz, 1 H, aromatic 3' H), 5.50 (dd, J = 4.0 Hz, 8.7 

Hz, 1 H, oxazolidinone Ar-CH-), 4.67 (t, J = 8.8 Hz, 1 H, oxazolidinone -CH2-/Pro R), 

4.24 (dd, J= 4.0 Hz, 8.8 Hz, 1 H, oxazolidinone -CH2-/pro S), 3.76 (s, 3 H, Ar-OCH3), 

2.34 (s, 3 H, Ar-CH3); 13C nmI' 0 165.0, 161.3, 153.8, 143.7, 140.4, 139.2, 129.1, 

128.7,128.5,125.8,115.8,114.8,112.0,69.8,57.8, 55.2, 20.0; IR (KBr, em-I) 1770, 

1680, 1600, 1340, 1200, 1050,700; ElMS calcd. for C20H19N04 338.13922 (M+l). 

MS: mle (relative intensity) 338 (M+l, 100), 163 (36), TLC Rf:: 0.38 (3:7, EtOAc:hex, 

v/v); Anal. calcd. for C20H19N04: C, 71.20; H, 5.68; N, 4.15; Found: C, 71.22; H, 

25 . 92 22 
5.60; N, 4.19; [a)D = -21.5 (c = 1.03, CHCI3) (LIt: . [a)D = -20.0, c = 1.10, 

CHCI3)· 

MICHAEL-LIKE CONJUGATE ADDITIONS 

Synthesis of (3S,4S)-4-Phenyl-3-[3-( 4' -methoxy-2' -methylphenyl)-

butanoyl)-2-oxazolidinone (73). 

Into a clean, dry 250 mL round-bottomed flask with a magnetic stirbar was placed 

copper (I) bromide-dimethyl sulfide complex (4.67 g, 22.7 mmol). The flask was fitted 

with an addition funnel, covered with rubber septa and purged with nitrogen gas. Freshly 

distilled tetrahydrofuran (50 mL) and anhydrous dimethyl sulfide (20 mL) were added into 

the flask and the resulting mixture was cooled to 0 °C and methylmagnesium bromide (3.0 

M in ethyl ethel', 7.6 mL, 22.7 mmol) was added via syringe. The resulting yellow slurry 

was stirred for 10 min. at 0 oC. The solution of (4S)-4-phenyl-3-[3-(4'-methoxy-2'

methylphenyl)-(2E)-propenoyl)-2-oxazolidinone (72, 5.0 g, 14.8 mmol) in THF (25 mL) 
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was charged in the addition funnel and added dropwise into the slurry. The mixture was 

o 
stirred for 45 min. at ° C and 1.5 h at room temperature. The reaction was quenched by 

the slow addition of IN hydrochloric acid (25 mL) and stirring for 15 min. The organic 

phase was separated and aqueous phase was extracted with ethyl ether (2 x 50 mL). The 

combined organic layers were dried over anhydrous magnesium sulfate, filtered and silica 

gel (5 g) was added. Volatiles were removed by rotary evaporation and the residue solid 

was purified by column chromatography on additional silica gel (200 g) using 3:7 

EtOAc:hex (v/v) as eluant. A white solid was obtained (4 g, 76% yield) after the solvents 

was removed by rotary evaporation. Mp 100-102 oC (Lit:
92 

Mp 103-104 oC); IH nmr 

(CDCI3, TMS) 07.32-7.29 (m, 3 H, aromatic I-I's), 7.21 (d, J = 8.5 Hz, 1 H), 7.09-7.06 

(m, 2 H), 6.65 (d, J =2.8 Hz, 1 H), 5.43 (dd, J = 8.8, 4.0 Hz, 1 H, oxazolidinone-CH2-

),4.67 (dd, J = 8.8, 8.8 Hz, I H, oxazolidinone Ar-CH-), 4.23 (dd, J = 8.8, 4.0 Hz, 1 

H, oxazolidinone-CH2-), 3.81 (s, 3 H, Ar-OCH3), 3.57 (m, 2 H), 3.15-3.04 (m, I H), 

2.24 (s, 3 H, Ar-CH3), 1.22 (d, J = 6.4 Hz, 3 H, CH3-CH); 13C nmr 0 171.7, 157.3, 

153.6, 138.6, 136.6, 135.8, 128.9, 128.3, 126.4, 125.4, 115.8, 111.2, 69.7, 57.4, 

55.0, 42.1, 30.5, 21.7, 19.5; IR (KBr, cm-l); 2830, 1780, 1700, 1500, 1380, 1340, 

1250, 1200; ElMS caIcd. for C21 H23N04 354.17052 (M + 1). MS: mle (relative 

intensity) 354 (M + I, 100), 149 (81); TLC Rf = 0.47 (3:7, EtOAc:hex, v/v); Anal. calcd. 

for C21H23N04: C, 71.37; H, 6.53; N, 3.97; Found: C, 71.40; H, 6.53; N, 3.97; [a]D25 

= + 30.5 (c = 1.02, CHCI3). 
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HYDROLYSIS FOR THE REMOVAL OF CHIRAL AUXILIARY 

Synthesis of (3S)-3-(4'-Methoxy-2'-methylphenyl)butanoic Acid (74) 

Into a clean, dry 250 mL round-bottomed flask with a magnetic stirbar was placed 

(3S,4S)-4-phenyl-3-[3-( 4' -methoxy-2' -methylphenyl)-butanoy ]-2-oxazolidinone (73, 3 g, 

8.5 mmol). Tetrahydrofuran (190 mL) and water (60 mL) were added into the flask. The 

flask was fitted with a pressure equalizing additional funnel, thermometer, and stopper. 

The solution was cooled to 0 °C and 30 % hydrogen peroxide (5.2 mL, 50.7 mmol, 6 eq) 

was added dropwise over 5 min., followed by dropwise addition of lithium hydroxide 

monohydrate (0.77 g, 17.9 mmol) in 10 mL of water. The cloudy solution was stirred for 

2 h at 0 °C. The reaction was quenched by the slow addition of 1.3 M sodium sulfite (45 

mL) and warming to room temperature for 30 min. Volatiles were removed by rotary 

evaporation and the aqueous phase extracted with dichloromethane (3 x 100 mL) to remove 

the chiral auxiliary. The organic phase containing the chiral auxiliary was dried over 

anhydrous sodium sulfate and filtered to yield a white solid which was identical to authentic 

chiral auxiliary. The aqueous phase was cooled to 0 oC and acidified to pH 1 with 4 N 

hydrochloric acid. The solution was extracted with dichloromethane (3 x 100 mL). The 

extracts were dried over anhydrous sodium sulfate. The drying agent was filtered and the 

filtrate was evaporated to obtain a yellow sticky solid (1.6 g, 91 % yield). 1 H nmr () 7.11 

(d, J = 8.2 Hz, 1 H, aromatic 6' H), 6.75 (dd, J = 8.6 Hz, 2.8 Hz, 1 H, aromatic 5' H), 

6.71 (d, J = 2.8 Hz, 1 H, aromatic 3' H); 3.77 (s, 3 H, Ar-OCH3); 3.50 (m, 1 H, -CH-

CH3); 2.63 (dd, J = 16.7 Hz, 7.6 Hz, Ha), 2.54 (dd, J = 16.7 Hz, 7.1 Hz, Ha',), 2.35 

(s, 3 H, Ar-CH3), 1.25 (d, J = 6.9 Hz, 3 H, CH3-CH); 13C nmr () 177.3, 157.5, 136.6, 

135.8, 125.9, 115.9, 111.4, 77.5, 76.9, 55.1, 41.7, 30.6, 21.5, 19.6. Caled. for 
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C 12H 1603 208.2 (M). Found: mle (relative intensity) 208.2 (M, 100), 190.12 (M+ + 1, 

42),149.1 (79); TLC Rf= 0.78 (3:7:1, EtOAc:hex:AcOH, v/v/v). 

COUPLING REACTION 

Synthesis of (3S,4R).4·Phenyl·3·[3·( 4' ·methoxy·2' ·methylphenyl). 

butanoyl]·2·oxazolidinone (75) 

Into a clean, dry 250 mL round-bottomed flask with a magnetic stirbar was placed 

(3S)-3-(4'-methoxy-2'-methylphenyl)butanoic acid (74, 1.5 g, 7.2 mmol) and freshly 

distilled tetrahydrofuran (55 mL). The flask was fitted with a rubber septum, pl1l'ged with 

argon and cooled to -78 °C. Triethylamine (1.1 mL, 7.9 mmol, 1.1 eq) and pivaloyl 

chloride (0.98 mL, 7.9 mmol, 1.1 eq) were added via syringe to the stirring solution. The 

resulting suspension was then transferred via cannula to a sll1l'ry of the Iithiated (4R)-4-

o 
phenyl-2-oxazolidinone at -78 °C (prepared 10 min. in advance at -78 C by the addition of 

n-butyllithium (4.05 mL, 1.6 M in hexane, 23.4 mmol, 0.9 eq) to a solution of (4R)-4-

phenyl-2-oxazolidinone (1.1 g, 6.48 mmol, 0.9 eq) in freshly distilled tetrahydrofuran 

(100 mL) under argon. The resulting suspension was stirred at -78 °C for 15 min. and at 

room temperature overnight. The reaction was quenched by the addition of saturated 

sodium bicarbonate solution (100 mL). Volatiles were removed by rotary evaporation and 

the residual aqueous solution was extracted with chloroform (3 x 100 mL). The combined 

extracts were washed with dilute aqueous sodium bicru'bonate (2 x 100 mL) and dilute 

aqueous sodium chloride (2 x 100 mL), dried over anhydrous magnesium sulfate, filtered 

and rotary evaporated to obtain a white solid (5.9 g, 75% yield). Mp 100-103 0C (lit:
loo 
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Mp = 101-103); IH nmr /) 7.30-7.27 (m, 3 H, chiral auxiliary aromatic H's), 7.19 (d, J = 

8.5 Hz, 1 H, aromatic 6' H), 7.07-7.04 (m, 2 H, chiral auxiliary aromatic H's), 6.74 (dd, 

J = 8.5 Hz, 2.8 Hz, 1 H, aromatic 5' H), 6.63 (d, J = 2.8 Hz, 1 H, aromatic 3' H), 5.41 

(dd, J = 8.8 Hz, 4.0 Hz, IH, oxazolidinone Ar-CH-), 4.65 (t, J = 8.8 Hz, 1 H, 

oxazolidinone -CH2-/Pro R), 4.20 (dd, J= 8.8 Hz, 4.0 Hz, 1 H, oxazolidinone -CH2-/Pro 

S), 3.79 (s, 3 H, Ar-OCH3), 3.54 (m, 2 H, -CHa and -CHB), 3.13-3.02 (m, 1 H, -

CHa',), 2.21 (s, 3 H, Ar-CH3), 1.20 (d, J = 6.3 Hz, 3 H, CH3-CH); 13C nmr 0 171.7, 

157.4, 153.6, 138.6, 136.6, 135.8, 128.9, 126.4, 125.4, 115.8, 111.2, 69.7, 57.4, 

55.0, 42.1, 30.5, 21.7, 19.5; IR (KBr, em-I) 2970, 1780, 1700, 1500, 1380, 1300, 

1190,760,710; ElMS calcd. for C21H23N04 354.17052 (M+ + 1). Found: mle (relative 

intensity) 354.20 (M+ + 1, 100), 353.2 (M+, 26), 149.1 (28); TLC Rf = 0.42 (3:7, 

EtOAc:hex, v/v); Anal. calcd. for C21H23N04: C, 71.37; H, 6.56; N, 3.96; Found: C, 

71.20; H, 6.45; N, 4.33; [aJD25 = -34 (c = 1.10, CHCI3). 

BROMINATIONS 

Synthesis of 3-(2R,3R,4R)-3-[2-Bromo-3-(4'-methoxy-2'-methylphenyl)

l-oxobutylJ -4-phenyl-2-oxazolidinone (76) 

Into a clean, dry 250 mL round-bottomed flask with a magnetic stirbar was placed 

(3S,4R)-3-[3-( 4' -methoxy-2' -methylphenyl)-I-oxobutyIJ-4-phenyl-2-oxazolidinone (75, 2 

g, 5.6 mmol) and freshly distilled dichloromethane (25 mL). The flask was fitted with a 

rubber septum, purged with argon and cooled to -78°C. Diisopropylethylamine (1.3 mL, 

6.2 mmol, 1.1 eq) and dibutylboron triflate (5.9 mL, 5.9 mmol, 1.05 eq) were added via 



210 

syringe to the stirring solution. The resulting clear yellow solution was stirred at -78 DC 

for 15 min., ° DC for 1 hand recooled to -78 DC. The solution was then transferred via 

cannula to a slurry of N-bromosuccinimide (1.11 g, 6.2 mmol, 1.1 eq) in dichloromethane 

(15 mL) at -78 DC. The resulting brown solution was stirred at -78 DC for 75 min. and at 

-4 DC for 1 h. The reaction was quenched by the addition of 0.5 N sodium bisulfate 

solution (150 mL) and stirring at room temperature for I h. The aqueous and organic 

solutions were separated. The organic layer was washed with 0.5 N sodium thiosulfate (2 

x 100 mL) and water (2 x 100 mL). The organic solution was dried over anhydrous 

magnesium sulfate, filtered and rotary evaporated to obtain a brownish yellow solid (1.8 g, 

74 % yield). Mp 181.5-184 DC; IH nmr 5 7.41-7.34 (m, 5 H, chiral auxiliary m'omatic 

H's), 7.16 (d, J = 8.5 Hz, 1 H, m'omatic 6' H), 6.79 (dd, J = 8.5 Hz, 2.7 Hz, 1 H, 

aromatic 5' H), 6.70 (d, J = 2.7 Hz, 1 H, aromatic 3' H), 5.98 (d, J = 10.8 Hz, 1 H, 

-CHBr-), 5.50 (dd, J = 8.9 Hz, 4.8 Hz, 1 H, oxazolidinone Ar-CH-), 4.73 (t, J = 8.9 Hz, 

1 H, oxazolidinone -CH2-/Pro R), 4.27 (dd, J= 8.9 Hz, 4.8 Hz, 1 H, oxazolidinone -

CH2-/pro S), 3.78 (s, 3 H, Ar-OCH3), 3.57 (m, 1 H, -CHP-), 2.31 (s, 3 H, Ar-CH3), 

1.27 (d, J = 7.0 Hz, 3 H, CH-CH3); 13C nmr 5 164.8, 158.0, 152.8, 137.5, 133.2, 

129.2, 128.9, 126.9, 125.8, 115.7, 111.7, 69.9, 57.9, 55.1, 48.2, 37.1, 20.0, 19.7; IR 

(KBr, cm-1); 2980, 1780, 1700, 1610, 1510, 1390, 1200, 1040, 760; CIMS caJcd. for 

C21H22N04Br 432.01109 (M+ + 1). Found: m/e 432.0773 (M+ + 1); TLC Rf = 0.52 

(3:7, EtOAc:hex, v/v); Anal. calcd. for C21H22N04Br: C, 58.74; H, 5.13; N, 3.24; 

Found: C, 58.60; H, 5.00; N, 3.03; [a.]D 25 = -13.5 (c = 1.05, CHCI3) (Lit: 93 [a.]D 27 = 

-13.2, c = 3.2, CHCI3). 
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AZIDATION 

Synthesis of 3(2S,3R,4R)-3-[2-Azido-3-(4'-methoxy-2'-methylphenyl)-1-

oxobutyl]-4-phenyl-2-oxazolidinone (77) 

Into a clean, 50 mL round-bottomed flask with a magnetic stirbar was placed 

3(2R,3R,4R)-3-[2-bromo-3-( 4' -methoxy-2' -methylphenyl)-I-oxobutyl]-4-phenyl-2-

oxazolidinone (76, 1.2 g, 3.4 mmol) and acetonitrile (5 mL). Amberlite IRA-400 azide 

exchange resin (3.8 meq/g, 4.12 g, 15.7 mmol, 4.6 eq) was added and the solution stirred 

at room temperature for 5 days. The resin was filtered and washed with ethyl acetate (50 

mL x 3). The filtrate was concentrate by rot my evaporation to obtain a brownish yellow 

solid (1.8 g, 74 % yield. Mp 161-163 oC; 1H nmr 0 7.20 (m, 5 H, chiral auxilimy 

aromatic I-I's), 6.75 (d, J = 8.5 Hz, 1 H, aromatic 6' H), 6.58 (dd, J = 8.5 Hz, 2.7 Hz, 1 

H, aromatic 5' 1-1), 6.45 (d, J = 2.7 Hz, 1 H, al'omatic 3' H), 5.43 (d, J = 16 Hz, 1 H, -

CHN3-), 5.32 (dd, J = 8.6 Hz, 4.3 Hz, IH, oxazolidinone Ar-CH-), 4.6 (t, J = 8.6 Hz, 1 

H, oxazolidinone -CH2-/pro R), 4.07 (dd, J= 8.9 Hz, 4.8 Hz, 1 H, oxazolidinone -CH2-

/pro S), 3.78 (s, 3 H, Ar-OCH3), 3.48 (m, 1 H, -CHP-), 1.95 (s, 3 H, Ar-CH3), 1.27 (d, 

J = 6.8 Hz, 3 H, CH-CH3); l3C nmr 0 169.8, 158.0, 137.5, 137.4, 131.0, 128.8, 

128.1, 127.8, 125.3, 116.6, 111.0,62.2,57.4,55.0,35.7, 19.33, 19.27; IR (KBr, 

em-I); 2980, 2110, 1770, 1720, 1610, 1500, 1330, 1200, 860; CIMS calcd. for 

C21H22N404 394.16409 (M+). MS: m/e 394; TLC Rf = 0.59 (3:7, EtOAc:hex, v/v); 

Anal. calcd. for C21H22N404: C, 63.95; 1-1, 5.62; N, 14.20; Found: C, 69.05; H, 5.45; 

N, 13.93; [a]D25 = -5.9 (c = 1.00, CHC13). 
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HYDROLYSIS FOR THE REMOVAL OF CHIRAL AUXILIARY 

Synthesis of (2S,3R)-2-Azido-3-(4'-methoxy-2'-methylphenyl)butanoic 

Acid (78) 

Into a clean, dry 250 mL round-bottomed flask with a magnetic sth'bar was placed 

3(2S,3R,4R)-3-[3-( 4' -methoxy-2' -methylphenyl)-I-oxobutyl]-4-phenyl-2-oxazolidinone 

(77, I g, 2.53 mmol). Tetrahydrofuran (60 mL) and water (20 mL) were added into the 

flask. The flask was fitted with a pressure equalizing additional funnel, thermometer, and 

stopper. The solution was cooled to 0 DC and 30 % hydrogen peroxide (3 mL, 29.2 mmol, 

3.5 eq) was added dropwise over 5 min., followed by dropwise addition of lithium 

hydroxide monohydrate ( 0.26 g, 5.1 mmol, 2 eq) in 10 mL of water. The cloudy solution 

was stirred for 2 h at 0 DC. The reaction was quenched by the slow addition of 1.3 M 

sodium sulfite (25 mL) and warming to room temperature for 30 min. Volatiles were 

removed by rotary evaporation and the aqueous phase extracted with dichloromethane (3 x 

100 mL) to remove the chiral auxiliary. The organic phase containing the chiral auxiliary 

was dried over anhydrous sodium sulfate and filtered to yield a white solid which was 

identical to authentic chiral auxiliary. The aqueous phase was cooled to 0 DC and acidified 

to pH 1 with 4 N hydrochloric acid. The solution was extracted with dichloromethane (3 x 

100 mL). The extracts were dried over anhydrous sodium sulfate. The drying agent was 

filtered and the filtrate was evaporated to obtain a yellow solid (0.6 g, 99% yield). Mp 

115-117 DC; IH nmr 87.20 (d, J = 8.4 Hz, 1 H, m'omatic 6' H), 6.75 (m, 2 H, momatic 

3', 5' H's); 4.04 (d, J = 6.1 Hz, 1 H, -CHN3-), 3.79 (s, 3 H, Ar-OCH3); 3.59 (m, I H, 
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-CH~); 2.34 (s, 3 H, Ar-CH3), 1.32 (d, J = 7.0 Hz, 3 H, CH3-CH); l3C nmr 0 175.7, 

158.3, 136.9, 131.5, 127.8, 116.2, 111.3, 66.9, 55.1, 35.9, 16.9, 16.1; HR-CIMS 

calcd. for C12H15N303 250.11916 (M+ + 1). Found: mJe 250.1172 (M + 1); [a]D25 = 

+ 7.7 (c = 1.00, CHCI3). 

REDUCTION OF AZIDO ACIDS BY HYDROGENATION 

Synthesis of (2S,3R)-2-Amino-3-(4'-methoxy-2'-methylphenyl)butanoic 

Acid; Threo-L-O-Methyl-2' ,~-dimethyltyrosine (79) 

Into a 250 mL hydrogenation bottle was placed (2S,3R)-2-azido-3-(4' -methoxy-2'

methylphenyl)butanoic acid (78, 0.5 g, 2.2 mmol), glacial acetic acid (25 mL), and water 

(10 mL). The solution was bubbled with argon and 10 % palladium on activated carbon 

catalyst (0.22 g) was added. The mixture was shaken under 40-50 psi H2 overnight. The 

catalyst was filtered through a Celite cake and the solvent was removed by rotary 

evaporation. To the residue was added 6 N hydrochloric acid (20 mL) and the solution 

rotary evaporated to dryness to obtain a pale yellow solid (0.1 g, 20 % yield; the yield was 

improved to 99% by using prolonged reacting time and more catalyst). Mp 110-112 oC; 

1 H nmr 0 7.00 (m, 1 H, aromatic 6' H), 6.65 (m, 2 H, aromatic 3', 5' H's); 3.62 (m, 1 

H, CHa), 3.58 (s, 3H, Ar-OCH3); 3.52 (m, 1 H, -CHP); 2.13 (s, 3 H, Ar-CH3), 1.08 

(d, J = 6.9 Hz, 3 H, CH3-CH); IR (KBr, cm- 1) 2960, 1610, 1500, 1250, 1060; HR

CIMS calcd. for C12H17N03 224.1287 (M + O. Found: mJe 224.1264; TLC Rf = 0.61 

(4:1:1, acetonitrile:methanol:water, v/v/v); [a]D25 = -21.3 (c = 0.57, CH30H). 
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REMOVAL THE PROTECTING METHYL ETHER BY HYDROL YSTS 

Synthesis of (2S,3R)-2-Amino-3-(4'-hydroxy-2'-methylphenyl)butanoic 

Acid; Threo-L-2' ,~-dimethyltyrosine (80) 

Into a 250 mL round bottom flask was placed the salt of (3S,3R)-2-amino-3-(4'

methoxy-2' -methylphenyl)butanoic acid (79, 0.1 g, 0.4 mmol) and glacial acetic acid (0.8 

mL). The solution was heated to reflux and 48 % hydrobromic acid (4 mL) was added. 

The mixture was refluxed for 4 hand recooled to room temperature. Solvents were 

removed by rotary evaporation. Water (20 mL) was added to the residue and the solution 

rotary evaporated to dryness to obtain a brownish yellow solid (0.7 g, 70 % yield). Mp 

197-200 0 C; IH nmr (D20) a 6.96 (d, J = 8.0 Hz, 1 H, aromatic 6' H'S), 6.53 (m, 2 H, 

aromatic 3', 5' H); 3.84 (d, I H, CHa), 3.54 (m, 1 H, -CH~); 2.08 (s, 3 H, Ar-CH3), 

1.11 (d, J = 7.2 Hz, 3 H, CH3-CH); 13C nmr (D20) a 172.1, 154.2, 144.5, 127.5, 

117.3, 115.6, 113.7, 56.4, 35.8; IR (KBr, em-I) 2930, 1730, 1620, 1510, 1210; HR

CIMS caIcd. for C IIH 15N03 210.1130 (M+ + 1). Found: m/e 210.1220; TLC Rf=0.66 

(4:1:1, acetonitrile: methanol: water, v/v/v RP chiral plate); [a]o 25 = + 7.3 (c = 0.5, 

CH30H). 
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BROMINA TION 

Synthesis of 4.Bromo·3.methylanisole (82) 

Into alL three-neck round bottom flask was placed 3-methylanisole (81, 24.2 g, 

198 mmol) and carbon tetrachloride (350 mL). The flask was fitted with a pressure 

equalizing addition funnel, low temperature thermometer, and the third neck covered with a 

rubber septum. The addition funnel was charged with a solution of bromine (12 mL, 

217.8 mmol, 1.1 eq) in carbon tetrachloride (70 mL). The internal temperature was 

lowered to - 25 0C by CCl4/dry ice and the bromine solution was added dropwise over 8 

h. The resulted red solution was then stirred 17 h while warming to room temperature. 

The solution was poured into 1 L of water and stirred for 1.5 h (smoky solution, after 30 

min.; the red color disappeared). The aqueous and organic phases were separated and the 

aqueous phase was extracted with ethyl ether (3 x 200 mL). The combined organic phases 

were dried over anhydrous magnesium sulfate, filtered and solvents were removed by 

rotary evaporation to dryness to obtain a purple liquid (38.3 g, 96 % yield). Bp 104 0C at 

2.4 torr
lOO

; IH nmr (D20) 0 7.39 (d, J = 8.0 Hz, 1 H, aromatic H), 6.78 (d, J = 3 Hz, 1 

H, aromatic H); 3.75 (s, 3 H, O-CH3); 2.37 (s, 3 H, Ar-CH3); TLC Rf = 0.85 (15 : 35 : 

3, EtOAc:hex:CH3CN, v/v/v). 
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9.2 Demethylation of the aryl methyl ether 

Bis·O·demethylation of 1,3.Dimethoxybenzene to Produce 1,3·Benzenediol 

(91) 

Into a 250 mL round bottom flask were placed 1,3-dimethoxybenzene (89, 2 g, 

14.5 mmol), 48 % hydrobromic acid (95 mL), and sodium iodide (4.77 g, 31.8 mmol, 2.2 

eq). The neck of the flask was covered with a rubber septum and the solution in the sealed 

system was stirred at 90-95 0C in a hot water bath for 2 h (being careful with the increased 

pressure in the sealed system). The resulting solution was cooled to room temperature and 

solvents were removed by rotary evaporation. The brownish yellow solid was dissolved 

in 50 mL of water and then extracted with ethyl ether. The combined organic phases were 

dried over magnesium sulfate and filtered. Solvents were removed by rotary evaporation 

to obtain a brown oil. The crude product was purified by column chromatography to give a 

white solid (1.5 g, 95 % yield). Mp 109-111 0C (Lit:Aldrich Mp 110-112 oC); MS: 110.11; 

IH nrnr (D20) 06.88 (dd, 1 H, aromatic H at position 5),6.15 (m, 3 H, aromatic H's); 

13C nmr (D20) 0168.2,139.8,116.7,112.8; TLC Rf= 0.45 (1:1, EtOAc:hex, v/v). 
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Tri-O-Demethylation of 1,2,4-Trimethoxybenzene to Produce 1,2,4-

Benzenetriol (92) 

Into a 250 mL round bottom flask was placed 1,2,4-dimethoxybenzene (90, 2 g, 

11.9 mmo), 48 % hydrobromic acid (190 g, excess, 197 eq), and sodium iodide (5.88 g, 

39.2 mmol, 3.3 eq). The neck of the flask was covered with a rubber septum and the 

solution in the sealed system was stirred at 90-95 °C in hot water bath for 2 h (being 

careful with the increased pressure in the sealed system). The resulting solution was 

cooled to room temperature, and solvents were removed by rotary evaporation. The dark 

brown solid was dissolved in 50 mL of water and then extracted with ethyl ether (use 

EtOAc might be better). The combined organic phases were dried over magnesium sulfate 

and filtered. Solvents were removed by rotary evaporation to obtain a deep brown oil. 

The crude product was purified by column chromatography to give a white solid, which is 

sensitive and became a wet gray residue (0.9 g, 61 % yield, maybe due to a loose septum). 

Mp 138-140 oC (Lit:t\I~rich Mp 140 oc). MS: 126.11. IH nmr (D20) 0 6.91 (m, I H, 

aromatic H at position 6), 6.62 (m, I H, aromatic H at position 3), 6.49 (m, I H, ru'omatic 

H at position 5); l3C nmr (D20) 0 150.3, 145.6, 137.6, 115.9, 105.5, 103.7; TLC Rf = 

0.29 (l: 1, EtOAc:hex, v/v). 



218 

9.3 An efficient synthesis of D-2' ,~-dimethyltyrosine derivatives 

THE O-METHYLA TION REACTION 

Synthesis of 4'-Methoxy-2'-methylphenylacetophenone (120) 

Into a 1L three-neck round-bottom flask fitted with magnetic stirbar were added 4'

hydroxy-2'-methylacetophenone (119, 50 g, 333 mmol), acetone (400 mL), potassium 

carbonate (46.4 g, 336 mmol, 1.01 eq), and methyl iodide (98%, 72.3 g, 499 mmol, 1.5 

eq). The reaction mixture was heated to reflux and monitored by tIc (3:7, EtOAc:hex, v/v) 

until no starting material was visible. The solid residue was filtered and the filtrate was 

concentrated by rotary evaporation. The yellow slurry was dissolved in dichloromethane 

(300 mL) , washed with water (3 x 150 mL), dried over anhydrous magnesium sulfate, 

filtered, and rotary evaporated to obtain a yellow liquid (49.8 g, 91 % yield). 1 H nmr () 7.8 

(d, 1 H, aromatic H), 6.85-6.75 (m, 2 H, aromatic H's), 3.78 (s, 3 H, Ar-OCH3), 2.57 

(s, 3 H, CO-CH3), 2.55 (s, 3 H, Ar-CH3); 13C nmr () 199.2, 161.8, 142.0, 132.5, 

130.0, 117.4, 110.4,55.1, 28.9, 22.5. 

WITTIG REACTION 

Synthesis of (2E)-3-(4'-Methoxy-2'-methylphenyl)butenoic Acid (121) 

4'-Methoxy-2'-methylacetophenone (120, 48.5 g, 295 mmol) in freshly distilled 

tetrahydrofuran (250 mL) was added to a stirred solution of the ylide formed from 

potassium tert-butoxide (95 %, 64.7 g, 548 mmol, 1.85 eq) and triethyl phospho no acetate 

(122.9 g, 548 mmol, 1.85 eq) in freshly distilled tetrahydrofuran (500 mL). The reaction 

mixture was stirred at room temperature for 2 h, and then at 50 0C in a hot water bath 
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overnight. The yellow slurry was evaporated to remove the solvent. Methanol (200 mL), 

water (200 mL) and lithium hydroxide monohydrate (37.1 g, 900 mmol, 3 eq) were added 

to the yellow residue. After stirring at 50 0C in a hot water bath overnight, volatiles were 

removed by rotary evaporation and water (1500 mL) was added to the slurry. The solution 

was then washed with dichloromethane (5 x 200 mL) and acidified with 6N hydrochloric 

acid to pH = 3 to form a yellow precipitate. The yellow solid ( 44 g. 73 % yield) had I H 

nmr 8 6.94 (d, I H, J = 8.5 Hz, aromatic H), 6.65-6.62 (m, 2 H, aromatic H's), 3.71 (s, 

3 H, Ar-OCH3), 2.35 (d, J = 1.3 Hz, 3 H, CH3-C=C), 2.19 (s, 3 H, Ar-CH3); l3C nmr 

8171.6,128.2,126.9,118.9,115.9,110.9,77.5,76.9, 55.1, 43.1, 27.7, 21.3, 19.3; 

TLC Rf = 0.56 (3:7: 1 EtOAc:hex:AcOH, v/v). 

REDUCTION 

Synthesis of (3R)- and (3S)-3-(4'-Methoxy-2'-methylphenyl)butanoic 

Acids (114) 

Into a 250 mL hydrogenation bottle was placed (2E)-3-[4' -methoxy-2'

methylphenyl]butenoic acid (121,38 g, 184 mmol), tetrahydrofuran (200 mL), and glacial 

acetic acid (5 mL). The solution was bubbled with argon and 10 % palladium on activated 

carbon catalyst (4 g) was added. The mixture was shaken under 40-50 psi H2 for 2 days. 

The catalyst was filtered through a Celite cake and the THF solvent was removed by rotary 

evaporation to obtain a yellow oil (38 g, 99 % yield, mixture of (R)- and (S)-3-[ 4'-

methoxy-2' -methylphenyl]butanoic acids ); 1 H omr 8 7.11 (d, J = 8.2 Hz, I H, aromatic 

6' H), 6.75 (dd, J = 8.6 Hz, 2.8 Hz, 1 H, aromatic 5' H), 6.71 (d, J = 2.8 Hz, I H, 

aromatic 3' H); 3.77 (s, 3 H, Ar-OCH3); 3.50 (m, 1 H, -CH-CH3); 2.59 (dd, J = 13.2 
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Hz, 6.5 Hz, Ha), 2.54 (dd, J = 13.2 Hz, 7.1 Hz, Ha',), 2.35 (s, 3 H, Ar-CH3), 1.25 (d, 

J = 6.9 Hz, 3 H, CH3-CH); 13C nmr 0 177.3, 135.8, 125.9, 115.9, 111.4, 77.5, 76.9, 

55.1,41.7,30.6,21.5, 19.6. TLC Rf = 0.78 (3:7:1, EtOAc:hex:AcOH, v/v/v); MS: m/e 

(relative intensity): 208.2 (100),190.2 (42), 149.1 (79). Calcd C12H1603: C 69.21; H, 

7.74; For (R)-3-[4'-methoxy-2'-methylphenyl]butanoic acid: Lit:
92 

[a]D 22: + 31.7 (c = 

1.30) 

COUPLING REACTION AND RESOLUTION 

Synthesis of (3S,4S)- and (3R,4S)-4-Phenyl-3-[3-(4'-methoxy-2'-

methylphenyl)-butanoyl]-2-oxazolidinones (113, Mixture of 73 and 106) 

Into a clean, dry 250 mL round-bottomed flask with a magnetic stirbar was placed 

racemic (3S)- and (3R)-3-(4'-methoxy-2'-methylphenyl)butanoic acid (114, 18 g, 86.5 

mmol) and freshly distilled tetrahydrofuran (250 mL). The flask was filted with a rubber 

septum, purged with argon and cooled to -78 0c. Triethylamine (13.3 mL, 95.2 mmol, 

1.1 eq) and pivaloyl chloride (11.7 mL, 95.2 mmol, 1.1 eq) were added via syringe to the 

stirring solution. The resulting suspension was then transferred via cannula to a slurry of 

the lithiated (4S)-4-phenyl-2-oxazolindinone at -78 °C (prepared 10 min. in advance at -78 

°C by the addition of n-butyllithium ( 51.4 mL, 1.6 M in hexane, 82.2 mmol, 0.95 eq) to a 

solution of (4S)-4-phenyl-2-oxazolidinone (13.4 g, 82.2 mmol, 0.95 eq) in freshly 

distilled tetrahydrofuran (100 mL) under argon. The resulting suspension was stirred at -

78 0C for 15 min. and at room temperature overnight. The reaction was quenched by the 

addition of saturated sodium bicarbonate solution (l00 mL). Volatiles were removed by 

rotary evaporation and the residual aqueous solution was extracted with chloroform (3 x 
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100 mL). The combined extracts were washed with dilute aqueous sodium bicarbonate (2 

x 150 mL) and dilute aqueous sodium chloride (2 x 150 mL), dried over anhydrous 

magnesium sulfate, filtered and rotary evaporated to obtain a white solid (21.6 g, 70 % 

yield, a ratio of 55:45 for 73:106 by NMR spectra). The mixture 113 was separated by 

simple recrystallization from EtOAc:hex (20:40mL). For resolved compound 73: Mp 100-

102 DC (Lit:92 Mp 103-104 DC); IH illTIl' (CDCI3, TMS) 0 7.32-7.29 (m, 3 H, m'omatic 

H's), 7.21 (d, J = 8.5 Hz, I H), 7.09-7.06 (m, 2 H), 6.65 (d, J =2.8 Hz, I H), 5.43 (dd, 

J = 8.8, 4.0 Hz, 1 H, oxazolidinone-CH2-), 4.67 (dd, J = 8.8, 8.8 Hz, 1 H, 

oxazolidinone Ar-CH-), 4.23 (dd, J = 8.8, 4.0 Hz, 1 H, oxazolidinone-CH2-), 3.81 (s, 3 

H, Ar-OCH3), 3.57(m, 2 H), 3.15-3.04 (m, 1 H), 2.24 (s, 3 H, Ar-CH3), 1.22 (d, J = 

6.4 Hz, 3 H, CH3-CH); 13C nmr 0 171.7, 157.3, 153.6, 138.6, 136.6, 135.8, 128.9, 

128.3, 126.4, 125.4, 115.8, 111.2, 69.7, 57.4, 55.0, 42.1, 30.5, 21.7, 19.5; IR (KBr, 

em-I); 2830,1780,1700,1500, 1380, 1340, 1250, 1200; ElMS calcd. for C21H23N04 

354.17052 (M + 1). MS: m/e (relative intensity) 354 (M + 1, 100), 149 (81); TLC Rf = 

0.47 (3:7, EtOAc:hex, v/v); Anal. calcd. for C21H23N04: C, 71.37; H, 6.53; N, 3.97; 

Found: C, 71.40; H, 6.53; N, 3.97; [aJ
D 

25 = +30.5 (c = 1.02, CHCI3). For resolved 

9" 1 compound 106: Mp 92-94 DC (Lit: - Mp 94.5-96 DC); H nmr 0 7.40-7.25 (m, 5 H, 

chiral auxiliary aromatic H's), 7.15 (d, J = 8.5 Hz, 1 H, aromatic 6' H), 6.69-6.66 (m, 2 

H, aromatic 5' , 3' H's), 5.31 (dd, J = 8.6 Hz, 3.6 Hz, 1 H, oxazolidinone Ar-CH-), 4.56 

(t, J = 8.6 Hz, 1 H, oxazolidinone -CH2-), 4.20 (dd, J= 8.6 Hz, 3.6 Hz, 1 H, 

oxazolidinone -CH2-), 3.78 (s, 3 H, Ar-OCH3), 3.38 (dd, J = 16.7 Hz, 7.6 Hz, I H), 

3.14 (dd, J = 16.7 Hz, 7.1 Hz, H,), 2.31 (s, 3 H, Ar-CH3), 1.15 (d, J = 7.0 Hz, 3 H, 

CH3-CH); 13C nmr 8 171.4, 157.3, 153.9, 138.9, 136.7, 136.0, 129.0, 128.5, 126.1, 
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125.7, 115.7, 111.2,69.7,57.4,55.0,42.4,30.0,21.8, 19.6; IR (KBr, cm-l); 2830, 

1780, 1700, 1500, 1380, 1340, 1250, 1200; ElMS calcd. for C21H23N04 354.17052 

(M+ + 1). Found: mJe (relative intensity) 354.20 (M+ + 1, 100), 149.05(69); TLC Rf = 

0.47 (3:7, EtOAc:Hex, v/v); Anal. calcd. for C21H23N04: C, 71.37; H, 6.53; N, 3.97; 

Found: C, 71.40; H, 6.53; N, 3.97; [a]D = +77 (c = 1.10, CHCI3). 

BROMINATIONS 

Synthesis of 3(2S,3S,4S)-3-[2-Bromo-3-(4'-methoxy-2'-methylphenyl)-1-

oxobutyl]-4-phenyl-2-oxazolidinone (128) 

Into a clean, dry 250 mL round-bottomed flask with a magnetic stirbar was placed 

(3S,4S)-3-[3-( 4' -methoxy-2' -methylphenyl)-I-oxobutyl]-4-phenyl-2-oxazolidinone (106, 

2 g, 5.7 mmol) and freshly distilled dichloromethane (25 mL). The flask was titted with a 

rubber septum, purged with argon and cooled to -78 °C. Diisopropylethylamine (1.2 mL, 

6.2 mmol, 1.2 eq) and dibutylboron tritlate (6.0 mL, 6.0 mmol, 1.05 eq) were added via 

syringe to the stirring solution. The resulting clear yellow solution was stirred at -78 °C 

for 15 min., 0 °C for I hand recooled to -78 °C. The solution was then transferred via 

cannula to a slurry of N-bromosuccinimide (1.13 g, 6.3 mmol, I.1 eq) in dichloromethane 

(15 mL) at -78 oc, The resulting brown solution was stirred at -78°C for 75 min. and at -

4 °C for 1 h. The reaction was quenched by the addition of 0.5 N sodium bisulfate 

solution (150 mL) and stirred at room temperature for 2 h. The aqueous and orgaic 

solutions were separated. The organic layer was washed with 0.5 N sodium thiosulfate (2 

x 100 mL) and water (2 x 100 mL). The organic solution was dried over anhydrous 

magnesium sulfate, filtered and rotary evaporated to obtain a brownish yellow solid (2.2 g. 
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89 % yield); Mp 183-185 °C (Lit:93 Mp 184-185 oC); IH nmr 0 7.44-7.31 (m, 5 H, chiral 

auxiliary aromatic H'S), 7.15 (d, J = 8.5 Hz, 1 H, aromatic 6' H), 6.78 (dd, J = 2.7, 8.5 

Hz, 1 H), 6.7 (d, J = 2.7 Hz, 1 H), 5.98 (d, J = 10.8 Hz, 1 H, -CHBr-), 5.49 (dd, J = 

8.9,4.8 Hz, 1 H, oxazolidinone Ar-CH-), 4.72 (t, J = 8.9 Hz, 1 H, oxazolidinone -CH2-

),4.28 (dd, J= 8.9, 4.8 Hz, 1 H, oxazolidinone -CH2-), 3.78 (s, 3 H, Ar-OCH3), 3.70-

3.78 (m, 1 H), 2.31 (s, 3 H, Ar-CH3), 1.27 (d, J = 6.9 Hz, 3 H, CH3-CH); l3C nmr 0 

168.4, 158.0, 152.9, 137.5, 133.1, 129.2, 128.9, 126.8, 125.7, 115.7, 111.7, 69.9, 

57.9, 55.1, 48.4, 37.0, 20.0, 19.6; IR (KBr, cm-l); 2980, 1780, 1700, 1600, 1510, 

1390, 1200, 1040, 760; ElMS calcd. for C21H22N04Br 432.01109 (M+ + 1). Found: 

mle 432 TLC Rf= 0.56 (3:7, EtOAc:hex, v/v); [aJD 25 = +13.8 (c = 0.8, CHCI3). 

Synthesis of 3(2S,3R,4S)-3-[2-Bromo-3-(4'-methoxy-2'-methylphenyl)-1-

oxobutyIJ-4-phenyl-2-oxazolidinone (122) 

The title compound was synthesized by procedure similar to that described for 128. 

Mp 135-137 °C (Lit:93 Mp 135.5-137 oC); IH nmr 0 7.40-7.22 (m, 5 H, chiral auxiliary 

aromatic H'S), 7.15-7.07 (m, 1 H), 6.72-6.67 (m, 2 H), 6.18 (d, J = 11.1 Hz, 1 H), 5.12 

(dd, J = 8.8, 4.2 Hz, 1 H), 4.46 (t, J = 8.9 Hz, 1 H), 4.12 (dd, J= 8.7, 4.8 Hz, 1 H), 

3.76 (s, 3 H, Ar-OCH3), 3.65-3.55 (m, 1 H), 2.31 (s, 3 H, Ar-CH3), 1.40 (d, J = 7.0 

Hz, 3 H, CH3-CH); 13C nmr 0167.8,158.0,152.8,137.7,133.2,129.1,128.8, 126.1, 

125.6, 116.3, 111.4, 69.7, 57.4, 55.1, 49.0, 37.0, 20.8, 20.0; IR (KBr, cm- 1); 2980, 

1790,1700, 1580, 1390, 1320, 1210, 1100,710; [aJ D
25 = +116.8 (c = 0.6, CHCI3). 
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9.4 The Application of 4(R)- and 4(S)-phenyl-2-oxazolidinones as resolution reagents 

COUPLING REACTIONS 

Synthesis of 2(R)-and 2(S)-4R-3-(2-Methoxy-1-oxobenzyl)-4-phenyl-2-

oxazolidinones (136, mixture of 137 and 138) 

Into a clean, dry 250 mL round-bottomed flask with a magnetic stirbar were placed 

(±)-a-methoxyphenylacetic acid (134, 3 g, 18.1 mmol) and freshly distilled 

tetrahydrofuran (150 mL). The flask was fitted with a rubber septum, purged with argon 

and cooled to -78°C. Triethylamine (2.8 mL, 19.9 mmol, 1.1 eq) and pivaloyl chloride 

(2.4 mL, 19.9 mmol, 1.1 eq) were added via syringe to the stirring solution. The resulting 

suspension was then transferred via cannula to a slurry of the lithiated (4R)-4-phenyl-2-

oxazolidinone at -78°C (prepared 10 min. in advance at -78°C by the addition of n

butyllithium (10.7 mL, 1.6 M in hexane, 17.1 mmol, 0.95 eq) to a solution of (4R)-4-

phenyl-2-oxazolidinone (2.8 g, 17.1 mmol, 0.95 eq) in freshly distilled tetrahydrofuran 

(50 mL) under argon. The resulting suspension was stirred at -78°C for 15 min. and at 

room temperature overnight. The reaction was quenched by the addition of saturated 

sodium bicarbonate solution (100 mL). Volatiles were removed by rotary evaporation and 

the residual aqueous solution was extracted with chloroform (3 x 100 mL). The combined 

extracts were washed with dilute aqueous sodium bicarbonate (2 x 100 mL) and dilute 

aqueous sodium chloride (2 x 100 mL), dried over anhydrous magnesium sulfate, filtered 

and rotary evaporated to obtain a crude white solid (4.5 g, 84 % yield) which was found to 

be a mixture of two products by TLC. The crude solid was recrystallized from 

EtOAclhexane (50 mU20 mL) and resolved as 2(2R)- and 2(2S)-4R-3-(2-methoxy-l

oxobenzyl)-4-phenyl-2-oxazolidinone (1.8 and 2.7 g, 40 % : 60 %, w/w); TLC Rf = 0.46 
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and 0.24 (EtOAc:hex, 5:2, v/v). For resolved 137: Mp 157-160 DC; IH nmr 0 7.54-7.51 

(m, 4 H, <U'omatic H'S), 7.38-7.35 (m, 6 H, aromatic H'S), 6.02 (s, 1 H, -CH-OCH3), 

5.35 (dd, J = 8.5 Hz, 3.1 Hz, 1 H, oxazolidinone Ar-CH-), 4.59 (t, J = 8.5 Hz, 1 H, 

oxazolidinone -CH2-), 4.20 (dd, J= 8.9 Hz, 3.3 Hz, 1 H, oxazolidil1one -CH2-), 3.26 (s, 

3 H, Ar-OCH3). For 138: IH nmr 07.28-7.25 (m, 6 H, aromatic H'S), 6.92-6.88 (m,4 

H, aromatic H'S), 6.12 (s, 1 H, -CH-OCH3), 5.50 (dd, J = 8.5 Hz, 3.1 Hz, 1 H, 

oxazolidinolle Ar-CH-), 4.71 (t, J = 8.5 Hz, 1 H, oxazolidinone -CH2-), 4.10 (dd, J= 8.9 

Hz, 3.3 Hz, 1 H, oxazolidinol1e -CH2-), 3.30 (s, 3 H, Ar-OCH3). 

Synthesis of 2(2R)· and 2(2S).4R.3.(2.Methyl.l.oxobenzyl).4.phenyl.2. 

oxazolidinone (141, mixture of 142 and 143) 

Into a clean, dry 250 mL round-bottomed flask with a magnetic stirbar was placed 

(±)-2-phenylpropionic acid (135, 2 g, 13.3 mmol) and freshly distilled tetrahydrofuran 

(100 mL). The flask was fitted with a rubber septum, purged with argon and cooled to -78 

DC. Triethylamine (2.0 mL, 14.6 mmol, 1.1 eq) and pivaloyl chloride (1.8 mL, 14.6 

mmol, 1.1 eq) were added via syringe to the stirring solution. The resulting suspension 

was then transferred via cannula to a slurry of lithiated (4R)-4-phenyl-2-oxazolidinone at -

78 DC (prepared 10 min. in advance at -78 DC by the addition of n-butyIlithium (7.9 mL, 

1.6 M in hexane, 12.7 mmol, 0.95 eq) to a solution of (4R)-4-phenyl-2-oxazolidinone (2.1 

g, 12.7 mmol, 0.95 eq) in freshly distilled tetrahydrofuran (50 mL) under argon. The 

resulting suspension was stirred at -78 DC for 15 min. and at room temperature overnight. 

The reaction was quenched by the addition of saturated sodium bicarbonate solution (100 

mL). Volatiles were removed by rotary evaporation and the residual aqueous solution was 
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extracted with chloroform (3 x 100 mL). The combined extracts were washed with dilute 

aqueous sodium bicarbonate (2 x 100 mL) and dilute aqueous sodium chloride (2 x 100 

mL), dried over anhydrous magnesium sulfate, filtered and rotm'Y evaporated to obtain 

crude white solid (4.5 g, 84 % yield) which was found to be a mixture of two products by 

TLC. The crude solid was recrystallized from EtOAc/hexane solution (50 mU20 mL) and 

resolved as 2(2S)- and 2(2R)-4R-3-(2-methyl-l-oxobenzyl)-4-phenyl-2-oxazolidinone 

(1.72 g and 1.38 g, 56 % : 44 %, w/w); TLC Rf = 0.71 and 0.57 (3:7, EtOAc:hex, v/v); 

For resolved 144: IH nmr 87.41-7.27 (m, 5 H, aromatic H's), 5.35 (dd, J = 8.5 Hz, 3.2 

Hz, 1 H, oxazolidinone Ar-CH-), 5.13 (q, J = 3.5 Hz, 1 H, -CH-CH3), 4.57 (t, J = 8.7 

Hz, 1 H, oxazolidinone -CH2-), 4.23 (dd, J= 8.8 Hz, 3.2 Hz, 1 H, oxazolidinone -CH2-

), 1.42 (d, J = 8.0 Hz, 3 H, -CH3-CH). For resolved 145: IH nmr 8 7.29-6.9 (m, 5 H, 

aromatic H's), 5.46 (dd, J = 8.5 Hz, 3.2 Hz, 1 H, oxazolidinone Ar-CH-), 5.15 (q, J = 
3.5 Hz, 1 H, -CH-CH3), 4.67 (t, J = 8.7 Hz, 1 H, oxazolidinone -CH2-), 4.19 (dd, J= 

8.8 Hz, 3.2 Hz, 1 H, oxazolidinone -CH2-), 1.42 (d, J = 8.0 Hz, 3 H, -CH3-CH). 

HYDROLYSIS FOR THE REMOVAL OF CHIRAL AUXILIARY 

Synthesis of (R)-( -)-a-Methoxyphenylacetic Acid (139) 

Into a clean, dry 250 mL round-bottomed flask with a magnetic stirbar was placed 

2(2R), 4R 3-(2-methoxy-l-oxobenzyl)-4-phenyl-2-oxazolidinone (137, 1 g, 3.3 mmol). 

Tetrahydrofuran (75 mL) and water (25 mL) were added into the flask. The flask was 

fitted with a pressure equalizing additional funnel, thermometer, and stopper. The solution 

was cooled to 0 DC and 30 % hydrogen peroxide (2 mL, 19.6 mmol, 6 eq) was added 

dropwise over 5 min., followed by dropwise addition of lithium hydroxide monohydrate 
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(0.27 g, 6.5 mmol, 2 eq) in 10 mL of water. The cloudy solution was stirred for 2 h at 0 

°C. The reaction was quenched by the slow addition of 1.3 M sodium sulfite (15 mL) and 

warming to room temperature for 30 min. Volatiles were removed by rotary evaporation 

and the aqueous phase extracted with dichloromethane (3 x 100 mL) to remove the chiral 

auxiliary. The organic phase containing the chiral auxiliary was dried over anhydrous 

sodium sulfate and filtered to yield the white solid which was identical to authentic chiral 

auxiliary. The aqueous phase was cooled to 0 0C and acidified to pH 1 with 4 N 

hydrochloric acid. The solution was extracted with dichloromethane (3 x 100 mL). The 

extracts were dried over anhydrous sodium sulfate. The drying agent was filtered and the 

filtrate was evaporated to obtain a white solid (10.53 g, 98 % yield). Mp 66-68 °C (Lit: 

Mp 66-68 oC); [a]D
25 = -14r (c = 1.02, H20) (Lit: [a]D

25 = -154°, c = 1, H20). IH nmr 

07.41-7.27 (m, 5 H, aromatic H's), 3.78 (s, 3 H, -OCH3), 1.42 (s, 1 H, - CHa ). 

Synthesis of (S)·( + ).2.Phenylpropionic acid (144) 

Into a clean, dry 250 mL round-bottomed flask with a magnetic stirbar was placed 

2(2S), 4R 3-(2-methyl-l-oxobenzyl)-4-phenyl-2-oxazolidinone (142, 0.7 g, 2.4 mmol). 

Tetrahydrofuran (75 mL) and water (25 mL) were added into the flask. The flask was 

fitted with a pressure equalizing additional funnel, thermometer, and stopper. The solution 

was cooled to 0 °C and 30 % hydrogen peroxide (1.5 mL, 14.2 mmol, 6 eq) was added 

dropwise over 5 min., followed by dropwise addition of lithium hydroxide monohydrate ( 

0.2 g, 4.7 mmol, 2 eq) in 10 mL of water. The cloudy solution was stirred for two hours 

at OOC. The reaction was quenched by the slow addition of 1.3 M sodium sulfite (10 mL) 

and warming to room temperature for 30 min. Volitiles were removed by rotary 
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evaporation and the aqueous phase extracted with dichloromethane (3 x 100 mL) to remove 

the chiral auxiliary. The organic phase containing the chiral auxiliary was dried over 

anhydrous sodium sulfate and filtered to yield a white solid which was identical to the 

chiral auxiliary. The aqueous phase was cooled to 0 0C and acidified to pH 1 with 4 N 

hydrochloric acid. The solution was extracted with dichloromethane (3 x 100 mL). The 

extracts were dried over anhydrous sodium sulfate. The drying agent was filtered and the 

filtrate was evaporated to obtain a white solid (10.53 g, 98 % yield). Mp 28-30 DC (Lit: 

Mp 29-30 DC); IH nmr 87.33-7.31 (m, 5 H, aromatic H's), 3.74 (q, 1 H, -CH-CH3); 

25 . 22 
1.51 (d, J = 7.2 Hz, 3 H, -CH3-CH); [a]D = -70°C, c = 1.5, CHCl3 (Lit: [a]D =-72 
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9.5 Synthesis of the Ncx-Boc-protected amino acids 

GENERAL METHODS FOR TERT-BUTOXYCARBONYLATION OF AMINO ACIDS 

Synthesis of N-tert-ButoxycarbonyI-1-methionine, Ncx-Boc-1-Met (171) 

Into a clean, dry 1 L round-bottomed flask with a magnetic stirbar was placed L

methionine (170,14.9 g, 0.1 mole), 1, 4-dioxane (150 mL) and water (50 mL). The flask 

was fitted with a pressure equalizing additional funnel, thermometer, and stoppers. The 

solution was cooled at 0 DC in an ice bath and the pH adjusted to 10.5 with 1 M sodium 

hydroxide solution (16 g of NaOH in 400 mL of water). Oi-tert-butyl dicm'bonate solution 

(24 g of Boc20 in 50 mL of 1,4-dioxane, 0.11 mole, 1.1 eq) was added into the solution 

After stirring for 3 h at 0 DC and overnight at room temperature, the solvent was removed 

by rotary evaporation in vacuo at low temperature « 35 oc). The aqueous solution was 

placed in an ice bath, 200 mL of ethyl acetate was added, and 4 % HCI added to pH 2-3. 

The aqueous solution was extracted with ethyl acetate and the combined organic layers 

were washed with water (2 x 100 mL). The organic phase was dried over anhydrous 

magnesium sulfate and filtered to yield an oil which was purified to give a white solid (17.4 

g,70 % yield). Mp = 138.5-140 DC (Lit: Mp 139-140 DC); [a]o = + 17.6 (ethanol, c = 

2.1) (Lit: [CX]025= + 18.2, ethanol, c = 2.0) 
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Synthesis of N-tert-Butoxycarbonyl-D-Pen(pMB), N(X.-Boc-D-Pen(pMB). 

Into a clean, dry 1 L round-bottomed flask with a magnetic stirbar were placed D

Pen(pMB) (5 g, 0.02 mole), I, 4-dioxane (150 mL) and water (50 mL). The flask was 

fitted with a pressure equalizing additional funnel, thermometer, and stoppers. The 

solution was cooled at 0 °C in an ice bath and adjusted the pH to 10.5 with 1 M sodium 

hydroxide solution (16 g of NaOH in 400 mL of water). Di-tert-butyl dicm'bonate solution 

(4.9 g of Boc20 in 50 mL of 1 A-dioxane, 0.02 mole, 1.1 eq) was added and the solution 

was stirred for 3 h at 0 °C and then overnight at room temperature. Solvent was removed 

by rotary evaporation in vacuo at low temperature « 35 oc). The aqueous solution was 

placed in an ice bath and 200 mL of ethyl acetate was added. After acidifying with 4 % 

HCI to pH 2-3, the aqueous solution was extracted with ethyl acetate and the combined 

organic layer was washed with water (2 x 100 mL). The organic phase was dried over 

anhydrous magnesium sulfate and filtered to yield a sticky, colorless oil (5.3 g. 75 % 

yield). 
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Synthesis of L-Pen(pMB) (168) 
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Into a clean, dry 2 L round-bottomed flask with a magnetic stirbar was placed L

Pen(pMB) (167, 25 g, 0.168 mole). Liquid ammonia (NH3, 1500 mL) was transferred 

from the tank into the flask, using dry ice/acetone to condense the anhydrous NH3 at -78 

0C and a flask as a trap. The suspension was stirred at - 78 °C for 1 h and about 15 g of 

sodium, which was cut into pieces, washed with anhydrous ethel', and wiped to dry, was 

added slowly to the stirring suspension. After the blue color persisted for 45 min., a small 

amount of NH4Cl was added until the blue color disappeared, and a-chloro-p-xylene (37.7 

g, 24.6 mL, 0.27 mole, 1.6 eq) was added dropwise and the solution stirred for 2 h at 0 °C 

and overnight at room temperature. The NH3 in the flask was evaporated in a hood, and 

the white residue was dissolved in 1 L of water. The solution was extracted with ethel', 

and acidified with acetic acid in an ice bath to yield a white powder which was 

recrystallized from a hot solution of MeOH in H20 (35.3 g, 83 % yield). Mp: 193-195 "c, 

Synthesis of Na-Boc-L·Pen(pMB) (169). 

The procedures for the synthesis of Na-Boc-L-Pen(pMB) is similar to that 

described for the synthesis of Na-Boc-D-Pen(pMB). A sticky, colorless oil was produced 

in 75 % yield. 
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APPENDIX A 

NMR Studies of 1<: Receptor-Selective Dyn A Analogues 
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ROESY 20-NMR studies of cyc1oID-Asp2, Lys6l0yn A(1:-11)-NH2 

TL-ill-28: HPLC purified cyc1oID-Asp2, Lys6l0yn A(1-11)-NH2 
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TOCSY 20-NMR studies ofm-Ala lOyn A(1-11)-NH2 

TL-I-l44: HPLC purified m-Ala3lOyn A(1-11)-NH2 
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ROESY 20-NMR studies of [D:-Ala
3
]Oyn A( 1-11 )-NH2 

~ 

TL-I-l44: HPLC purified [D:-Ala
3
]Oyn A(1-11)-NH2 
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IH chemical shift studies of ID-Ala3
]- and cycloID-Asp2, Lys6] Dyn A(1-11)-NH2: 

. 

Table 1: .1H chemical shifts for DAla3 Dynorphin A1-11-NHZ 
& Cyclic[DAspZ, Lys6] Dynorphin A,_, ,-NHz 

Residue NH Ha . H~ OIher 

Tyr' NlA 3.96, 11=2·98.2.79 OH=9.37. 9.J7 
4.0S 2.93.2.B 2.6H=7.03.7.06 

3.5H=6.68. 6.68 

~f~ B.6S 00::3.82.3.71 
DAs B.SS 4.S0 2.70.2.4S 

D-Afa3 B.17 04.29 "..5 
Gfy3 B.37 3.77.3.41 

I 2.6H=7.22.7.30 
Phe' B.17 ".57 1l::3.03. 2.70 3.5H=7.21.7.24 

7.97 4.54 2.99.2.91 "H=7.15. 7.17 

Leu! B.07 ".31 1.59 
,),=""9.1.46 

B.IB 4.17 J.S8 6--0.90. 0.91 
~'=O.87. 0.84 

ArgS B.04 4.29 1.66 
,),=1.51.1.68 

LysS 7.91 4.29 1.52 6=2.74.1.4S 
£:3.2.3.0 
NH=7.78 

Arg7 B.05 ".29 1.52 
,),=1.66.1.71 

7.69 4.21 1.SS 6=3.07.3.10 
NH=7.78. 7.02 

lIeB 7.75 ".19 1.65 
,),=1.36. 1.47 

7.66 4.21 1.68 1=1.04.1.06 
6--0.78.0.70 

Arg9 8.13 4.43 1.53 ,),=1.69.1.71 
8,B 4.47 I.SS 

li=3,07.3.10 

Pro'o N/A 4.29 2.03.1.88 
,),=1.6<. 1.82 

1.83.1.83 
4.32 2.04.1.89 li=3.6B. 3.55 

3.71.3.S8 

Lys" 7.89 4.0B 1.50 
,),=1.30. 1.32 

7.8/1 4.09 1.S1 li=1.65.1.67 
[=2.74.2.78 

[NH=7.25. 7.22 

Proton chemical shift studies of ID-Ala3
]- and cyclolD-Asp2, Lys6] Dyn A(1-11)-NH2 
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Temperature dependence of amide proton chemical shift studies of [1}A1a3
]- and cyclo(Jl-

2 6 Asp, Lys ] Dyn A(1-11)-NH2: 

Temperature Dependence of Amide Proton Chemical 

Shifts for DAla3 Oynorphin A l-11-NHZ 

& Cyclic[DAsp2, Lys6j Dynorphin A,-, ,-NHz 

Residue dS/dT ddldT 

Tyr'(OH)· 5.1 5.B 

Glr (OAsp2) 5.6 5.B. 

O-Ala3 (GIy3) ·6.0 4.3 

Phe4 5.9 2.4 

Leu5 6.5 6.2 

Arg6 (Lys6) 6.5 6.4 

Arg7 6.B 6.4 

lIeB 4.2 4.2 

Arg9 6.0 5.6 

Pro'o N/A NIl>. 

Lys" 5,4 3.5 

Amide proton chemical shift of [l}A1a3
]- and cyc1o[l}Asp2, Lys6] Dyn A(1-11)-NH2 
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NOE studies of [J}Ali]Dyn A(1-11)-NH2 and cyclo[J}~p2, Lys6]Dyn A(I-11)-NH2: 

NOE for DAla3 Dynorphin A l-ll-NHz 
& Cyclic[DAsp2, Lys6] Dynorphin A7-7 7-NHz 

DAla3 Dynorphln A1.11-NH2 

aH(i)·NH(i+1) 

aH(i)·NH(i) 

aH(i)·pH(i) 
. aH(i)·p'H(i) 

Other: 

Tyr1-Gly2-DAla3-Phe4-Lue5-Arg6-Arg 7 -lIeB-.Arg9-Pro 10·-Lys" NH2 

(S) (N) (6) (N) (S) (M) (S) (S) (N) (S) 

(S) (S) (S) (6) (S) (W) (W) (N) (W) 

Phe4 (S), Tyr1 (W), Arg9 (W) 
Tyr1 (W) 

Gly2a, a'H' .. Leu5NH (W), 
LeuS lm .. •Phe4cj12,6 (W), 
Pro100, O'···Arg9aH (M) 

Cyc/ic[DAsp2, Lys6j Dynorphln Af.71-NH2 

aH(i)·NH(i+ 1) Tyr' -DAsp2-Gly3-Phe4-Lue5-Lys6_Arg 7 -lIeB-Arg9-Pro 1 O-Lys l' NH2 

(5) (S) (N) (S) (S) (S) (W) (S) (N) (S) 

aH(i)·NH(i) (W) (W) (W) (W) (M) (W) (W) (W) (N) (S) 

NH(i)·NH (1+1) Gly3(NH)-Phe4(NH) 

aH(i)·pH(i) 
aH(i)·p'H(i) 

Other: 

Phe4 (M), Tyr1(W), DAsp2(M) 

DAsp2(W) 

LeuSNH ... Arg7pH (W) 
Arg7 aH ... Lys110H (W) 
Pro100, 6' .. ·Arg9aH (MS) 

NOE studies of ID-Ala3]Dyn A(1-11)·NH2 and cyclo[.Q-Asp2, Lys6]Dyn A(l-11)-NH2 
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APPENDIX B 

Conformational Studies of 1( Receptor-Selective Dyn A Analogues 
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. Cyclo[Q-Asp3, Lys']Dyn A(l-11)-NH2: the lowest-energy EDMC conformer, view along helical axis 
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The model ring system of cycloID-Asp3, Lys ']Oyn A( 1-11)-NH2: the lowest-energy EOMC cnnformer, view along helical axis 
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The model ring system of cyclo(J}Asp , Lys lOyn A(l-II)-NH2: the lowest-energy EOMC conformer 
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APPENDIX C 

NMR Spectra of Important Precursors to (2S,3R)-2' ,~-Dimethyltyrosine 
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APPENDIX D 

NMR Spectra of O-Demethylated Aryl Methyl Ether 
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APPENDIX E 

NMR Spectra of the Key Precursors to All Stereoisomers of 2' ,~-Dimethyltyrosine 
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APPENDIX F 

NMR Spectra of the Resolved a-Position Racemized Acids 
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APPENDIX G 

NMR Spectra of S-(pMBz)-L-Pen(pMB) and NIX-Boc-D-Pen(pMB) 
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APPENDIX H 

Stabilities of Dyn A analogues to enzyme degradation 
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In Vitro stability of Dynorphin A( 1-17)-NH2 in 15 % of mouse brain homogenate: 
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In Vitro stability of Dynorphin A(1-17)-NH2 in 100 % of mouse serum: 
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In Vitro stability of Dynorphin A(1-11)-NH2 in 15 % ofm~use brain homogenate: 
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In Vitro stability of [Q-Nle
2
]Dynorphin A(1-II)-NH2 in IS % of mouse brain homogenate: 
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In Vitro stability of [l}Nle
2
]Dynorphin A(l-1l)-NH2 in 100 % of mouse serum: 
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In Vitro stability of £n-Ala3]Dynorphin A(1-11)-NH2 in 1~% of mouse brain homogenate: 
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In Vitro stability of IJ}-Ala3]Dynorphin A(1-11)-NH2 in lQO% of mouse serum: 
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In Vitro stability of [p-N02Phel
, D-Ala8]Dynorphin A(I-11)-NH2 in 15% of mouse brain 

homogenate: 
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In Vitro stability of [p-N02Phe l,l}A1a 8]Dynorphin A('I-11 )-NH2 in 100% of mouse 

serum: 
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In Vitro stability ofc[Asp2, Lys6]Dynorphin A(I-11)-NH2 in 15% of mouse brain 

homogenate: 
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In Vitro stability of C[ASp2, Lys 6jDynorphin A( 1-11 )-NH2 in 100% of mouse serum: 
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